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The dairy sector is facing a decisive challenge in developed countries, which could deeply influence
its future and its historical status of being a pillar for human nutrition. The most challenging issue is
to give suitable answers to the demand for nutritionally balanced and environmentally sustainable
products, the two main aspects of the new “food paradigm” that increasingly sees foods as drugs
(specifically renamed as “nutraceuticals”) and imposes a stringent eco-friendly approach in their
production (“green foods”) [1,2]. In this context, all animal products are often met with hostility that is
not always justified under the scientific point of view, particularly when it results in imposing their
complete elimination [3,4]. As expected, this challenge has soon been met by researchers in dairy and
food sciences, who are giving suitable scientific answers and are driving dairy farms and industries
to develop new products and processes that can better satisfy the new requirements. In this context,
the Special Issue “Chemical and Technological Characterization of Dairy Products” has collected
13 articles (12 original researches and one review) that give an interesting contribution to the field.
The articles can be grouped into three categories: the first one concerns product innovation and includes
eight papers reporting technological and compositional details on innovative dairy products developed
in line with the nutritional and/or environmental requirements mentioned above; the second one has
an interdisciplinary approach (animal husbandry-food technology) and is made of three studies aimed
to deepen the influence of the cattle rearing conditions on cheese quality; the third one contains two
papers dealing with different aspects of dairy science.

Product Innovation. Abdel-Hamid et al. [5] and Dhawi et al. [6] developed different types
of functional buffalo milk yogurt and investigated their chemical, microbiological, organoleptic
and bioactivity characteristics. In the first case, a functional yogurt was obtained by fortifying
milk with Chinese sweet tea extract (Rubus suavissimus S. Lee leaves). The phenolic compounds
included as a consequence of extract addition improved biological activity in terms of antioxidant
and antihypertensive activity and inhibition of the Caco-2 carcinoma cell line; on the other hand,
the viability of the yogurt starter cultures during refrigerated storage was not significantly affected.
Finally, the sensory analysis demonstrated a high acceptability of the product and allowed for
establishing the most suitable level of fortification. In the second paper, two different plant-based
ingredients were used as yogurt-fortifying agents: fenugreek (Trigonella foenum-graecum) seed flour
and Moringa oleifera seed flour. Moringa oleifera samples had higher values of phenolic compounds
and antioxidant activity as compared to fenugreek, and exerted higher antibacterial activity against
several undesired species. On the contrary, the viability of Streptococcus thermophilus and Lactobacillus
bulgaricus was improved. Incorporation of the flours caused a modification of the concentration
of mineral compounds, with connected increase of some valuable elements, and of the sensory
characteristics. Saleh et al. [7] investigated the use of different types of starch (corn, sweet potato,
potato, Turkish beans, and chickpea) as fat replacer in set yogurt. The results show that all starches
used reduced syneresis and improved firmness of the product, but at different level due to their origin
and amylose content. Yogurts with corn and tuber starches had the highest viscosity, chickpea starch
exhibited the highest storage moduli. Different starches behave differently during yogurt storage,
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and some of them performed better at the beginning of the storage period. Sensory evaluation
showed a preference for starch-containing samples as compared to the control, regardless of the starch
type. The work of Chen et al. [8] focused on a stirred acidified dairy gel used as a model system for
studying ingredient functionalities in yogurt. The study regarded the effect of including black tea
infusion on the physicochemical properties, antioxidant capacity and microstructure of the system
during a 28-day cold storage period. The results suggest that tea improved antioxidant capacity but
significantly altered the texture of gel. The papers published by Serra et al. [9] and Faccia et al. [10]
dealt with two types of innovative fresh cheeses. The first one regarded a cheese obtained both by
sheep and buffalo milk by using kiwi juice as a coagulant, and it was addresses to assess the influence
on flavor and on the presence of nutraceutical substances in comparison with calf rennet. Although the
kiwifruit extract caused a longer coagulation and syneresis time than calf rennet, a positive effect on
the nutraceutical properties of the cheese was found due to a higher presence of polyphenols and
phytosterols. Contrastingly, the profile of volatile organic compounds was not deeply affected, since the
typical odorants of the kiwi aroma were poorly transferred to the cheese; the authors suggested the
need for further study to evaluate the impact on the sensory characteristics. Faccia et al. described
the production technology and the compositional/sensory characteristics of a cheese obtained by the
enzymatic coagulation (microbial rennet) of donkey milk. Donkey milk coagulated rapidly, but the
curd remained soft, and was only suitable for making fresh cheese; contrastingly, cow milk (used as
control under the same conditions) coagulated almost instantaneously and gave rise to a semi-hard
curd. Higher yields than those reported in the literature were obtained, probably due to the high
protein content of the milk used. The main compositional and sensory characteristics of the cheese
were assessed and discussed. Solid Phase Micro Extraction-Gas Chromatography-Mass Spectrometry
(SPME-GC-MS) analysis allowed for identifying 11 volatile compounds in milk and 18 in cheese.
The other two papers included in this category regard two very innovative products. Buhler et al. [11]
investigated the effect of defatting cheese (instead of milk) as an alternative way for obtaining a low-fat
Parmigiano Reggiano cheese type. Two defatting procedures were tested, and the composition of the
nitrogen fraction of the obtained products were compared. Moreover, the nitrogen compounds were
extracted and subjected to simulated gastrointestinal digestion in order to test the antioxidant and
angiotensin converting enzyme (ACE) inhibition capacities of the digests. The results obtained show
that the defatted products kept the same nutritional properties of the whole cheese. Tian et al. [12] made
use of the emulsifying property of polymerized goat whey proteins (PGWP) to prepare soy isoflavones
(SIF) nanoparticles. High encapsulation efficiencies were ascertained, and the inclusion of isoflavones
increased the particle size and lower zeta potential compared with PGWP alone. The secondary
structure of the proteins changed after interacting with SIF, with the transformation of α-helix and
β-sheet to disordered structures. The authors concluded that PGWP might be a good carrier material
for the delivery of SIF in functional foods.

The influence of rearing conditions on cheese quality. Formaggioni et al. [13] compared the fatty acid
profile and the sensory properties of a traditional cheese manufactured from milks of cows reared and
fed under different conditions. The experimentation demonstrated that the fat of the cheese obtained
from cows fed indoors was richer in medium-chain fatty acids, whereas grazing positively influenced
the concentrations of long-chain and unsaturated fatty acids, such as oleic, Conjugated Linoleic Acids
(CLAs) and omega 3 fatty acids. Nevertheless, the sensory analysis showed that the tasters were not
always able to find significant differences among the cheese samples. Martino et al. [14] dealt with the
relationships between feeding dairy sheep with zinc (a key mineral that is not stored in the animal
body) supplementation and cheese characteristics. The feeding strategy induced a significant increase
in zinc concentration in milk, but it also seemed to be connected to an increase in vaccenic, rumenic and
total polyunsaturated fatty acids, in both milk and cheese. The study suggests possible positive effects
of dietary zinc supplementation in improving the nutritional characteristics of fresh and ripened
dairy products. Franceschi et al. [15] deepened the effect of season and factory on cheese-making
efficiency in Parmigiano Reggiano cheese manufacture. They focused particularly on the relationship
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between cheese-making losses and protein and fat content by considering the production process of
288 Parmigiano Reggiano cheese moulds manufactured in three different cheese factories. The authors
reported that estimated cheese losses strictly depend on milk characteristics, in particular, milk fat,
casein contents, and rennet coagulation properties; they concluded that estimated cheese-making
losses of protein and fat can be used as an instrument for controlling the manufacturing process.

Two further papers complete the Special Issue: an Original Article and a Review Article. The first
one [16] is a very interesting study in which confocal Raman microscopy was applied to investigate the
microstructure of high moisture cream cheese after freezing and thawing in comparison with confocal
laser scanning microscopy. Raman spectroscopy is very interesting since it allows for observing
different classes of molecules in situ, in complex food matrices, without modifying them. The results
show that it was possible to identify and map the large water domains formed during freezing and
thawing and that this technique could be complementary to confocal laser scanning microscopy.
In addition, the microscopy data complemented the information derived from low-resolution Nuclear
Magnetic Resonance (NMR), suggesting that NMR and Raman microscopy can be complementary to
distinguish between different commercial formulations, and different destabilization levels. Finally,
the Review by Manoni et al. [17] supplies exhaustive information about the formation of bovine milk
fat globules and the milk fat globule membrane (MFGM), highlighting the main similarities and
differences across the MFGM proteomes of the most-studied mammal species. Moreover, the potential
supplementation of MFGM fractions in infant formula in order to underline the beneficial effects
exerted by MFGM bioactive components was investigated.

In summary, the Special Issue “Chemical and Technological Characterization of Dairy Products”
offers readers a series of innovative information that can be useful both for developing new research
ideas and for developing new types of dairy products.

Funding: This research received no external funding.

Conflicts of Interest: The author declare no conflict of interest.
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Abstract: The assessment of the efficiency of the cheese-making process (ECMP) is crucial for the
profitability of cheese-factories. A simple way to estimate the ECMP is the measure of the estimated
cheese-making losses (ECL), expressed by the ratio between the concentration of each constituent in
the residual whey and in the processed milk. The aim of this research was to evaluate the influence of
the season and cheese factory on the efficiency of the cheese-making process in Parmigiano Reggiano
cheese manufacture. The study followed the production of 288 Parmigiano Reggiano cheese on
12 batches in three commercial cheese factories. For each batch, samples of the processed milk
and whey were collected. Protein, casein, and fat ECL resulted in an average of 27.01%, 0.72%,
and 16.93%, respectively. Both milk crude protein and casein contents were negatively correlated
with protein ECL, r = −0.141 (p ≤ 0.05), and r = −0.223 (p ≤ 0.001), respectively. The same parameters
resulted in a negative correlation with casein ECL (p ≤ 0.001) (r = −0.227 and −0.212, respectively).
Moreover, fat ECL was correlated with worse milk coagulation properties and negatively correlated
with casein content (r = −0.120; p ≤ 0.05). In conclusion, ECLs depend on both milk characteristics
and season.

Keywords: milk composition; Parmigiano Reggiano cheese; cheese-making efficiency; curd fines;
cheese-making losses

1. Introduction

The cheese-making process of rennet coagulated cheeses consists in the formation of a
three-dimensional network of paracasein, in which fat globules and part of the milk whey are
entrapped. The quantity of milk constituents recovered into cheese is strictly dependent on the
quality of the milk (casein content, casein micelle structure, and integrity) and conditions of the
cheese-making process (for example, pre-acidification of processed milk, type and quantity of rennet,
cooking temperature, acidification of the cheese mass), and thus varies depending on the cheese type.

The assessment of the efficiency of the cheese-making process (ECMP) is crucial for the profitability
of cheese-factories. The best way to quantify the ECMP is to measure the recovery of milk constituents
into cheese through a mass balance determination. This can be obtained by measuring the quantity of
a constituent in the processed milk and the resulting cheese. However, to perform this kind of analysis,
it is necessary to also measure the weight of both the processed milk and cheeses. This is not always
possible, especially in artisanal cheese factories, as those involved in Parmigiano Reggiano production,
where the weight of the processed milk is estimated using a wooden measuring stick with a sensitivity,
are not acceptable for research purposes.

Although less reliable than a mass balance, a rough and simple alternative way to estimate the
ECMP is to measure the estimated cheese-making losses (ECL). In this method, the estimated loss of
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a milk constituent is expressed by the ratio between its concentration in the cheese whey (C-whey)
(that remains in the vat after the extraction of the cheese mass) and that in the processed vat milk
(V-milk). Consequently, the determination of ECL is easier and faster to perform, since for a single milk
constituent it is necessary to only measure its concentration in V-milk and C-whey. No weight of milk,
cheese, or whey is needed, and it is not necessary to sample and analyze the cheese. Moreover, to date,
the concentration of most milk constituents can be rapidly assessed by applying the mid infrared
technology (MIR) [1–3]. The MIR technology is widely used by a lot of laboratories which provide
analysis and technological consulting services to dairy farms producing Parmigiano Reggiano cheese.
In these laboratories, this kind of analysis is routine, cheap, and certified ISO/IDF. The ECLs have been
used in several studies to estimate the effect of breed [4], storage conditions [5], and somatic cells [6,7]
on efficiency in Parmigiano Reggiano cheese-making.

Parmigiano Reggiano is a hard, cooked, and long-ripened protected designation of origin (PDO)
cheese made from raw milk, following a strict manufacture procedure [8]. In case of raw milk
cheese, the quality of milk-in terms of chemical composition and microbial characteristics is one of
the main factors influencing the efficiency of the cheese-making process. Seasonal variations of milk
characteristics at the herd level were reported in several studies [9,10]. Significant variations of the
chemical and microbial quality of milk employed for Parmigiano Reggiano cheese throughout the
year have also been reported [11,12]. These variations could have repercussions on ECLs and curd
fines, as reported by Formaggioni et al. [13] and by Franceschi et al. [5]. However, these papers
considered a limited number of cheese-making trials and milk traits, since minerals were not taken
into account and only two periods of the year were considered. Moreover, in the majority of PDO
cheese manufacture, such as Parmigiano Reggiano, where milk standardization and automation of the
processes are not implemented, a strong variability in the ECMP is expected among dairy farms [14].
However, the quantification of this variability has never been carried out.

The aim of this research was to evaluate the influence of the season and cheese-factory on ECLs on
the quantity of curd particles lost in the whey (curd fines) in Parmigiano Reggiano cheese manufacture
carried out in field conditions.

2. Materials and Methods

2.1. Cheese-Making Process

Cheeses were produced by the approved method of the Consortium [8,15]. A natural whey starter
culture (about 2.5–3 L for every 100 kg V-milk), obtained by the spontaneous acidification of previous
day milk whey (C-whey), was added to the V-milk before coagulation. It was then heated to 33 ◦C
and clotted in 10–12 min with 2.5 g for every 100 kg V-milk of calf rennet (1:125,000 units). The curd
was broken up into small granules (approximately the size of a rice grain) and cooked. During this
operation, the temperature was increased in two steps to 55 ◦C within 10–15 min; during this phase
the curd was stirred continuously. After cooking the broken-up curd particles, thy were deposited by
simple decantation at the bottom of the vat, where they aggregated and blended together spontaneously.
In this step, the temperature was 55–53 ◦C and the process lasted 45–60 min. The cheese mass was then
removed from the vat, divided into two parts, and placed in special molds called “fascere” for two days.
During this period, the cheese wheels were naturally cooled and periodically turned over to allow
an homogeneous drying. Furthermore, pH decreased from about 6.0 (at the extraction from the vat)
to about 5.1 at the end of the two days. This is related to the activity of thermophilic lactic bacteria
added with the natural whey starter, which converts lactose to lactic acid. The cheese wheels were then
placed into a saturated brine for a period of 20–25 days. Finally, the cheese entered the ripening phase,
a process that lasts about 24 months, and, at the end of the ripening, the cheese wheels resulted in a
cylindrical in shape, with a slightly convex side, 22–24 cm high, 40–45 cm diameter, weight 35–36 kg.
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2.2. Experimental Design and Sampling Procedure

The research involved 288 Parmigiano Reggiano cheese-making trials, carried out in 3 cheese
factories (CF1, CF2, and CF3), throughout two years.

Briefly, every cheese factory vat (that was filled with the milk of the same herd throughout the
two years of the experimental period) was selected (6 vats in CF1, 3 in CF2, and 3 CF3). Each selected
vat was sampled once a month, and all the vats of the same cheese factory were sampled on the same
day. Each vat always contained the milk from the same farm. From each cheesemaking, samples
of V-milk and C-whey were collected, following the International Dairy Federation standard [16].
V-milk samples were collected at the beginning of the cheese making process, before the addition of the
natural whey starter culture. C-whey samples were collected after the extraction of the cheese mass
and stirring of the whey.

2.3. Analytical Methods

The following traits were determined or calculated on both V-milk and C-whey. Total N (TN)
and non casein N (NCN) were measured on milk and acid whey at pH4.6, respectively, by Kjeldahl,
from which the values of crude protein (TN × 6.38/1000) and casein ((TN-NCN) × 6.38/1000) were
calculated [7]. Fat content was assessed by the mid infrared method using a FT 6000 (Foss Electric,
DK-3400 Hillerød Denmark); dry matter was measured after oven drying at 102 ◦C and ash was
measured after muffle calcination at 530 ◦C [17]; total Ca and Mg were determined on a chloridric
ash solution by atomic absorption spectrometry (AAS) with a wavelength reading at 422.7 and
285.2 nm, respectively; and total P was assessed on a chloridric ash solution following the colorimetric
method [18] with a wavelength reading at 750.0 nm. Titratable acidity was measured only on V-milk by
titration of 50 mL of milk with 0.25 N sodium hydroxide with the Soxhlet–Henkel method [7]. Rennet
coagulation properties were also measured on V-milk, using Formagraph (Foss Electric, DK-3400
Hillerød Denmark) [4]. The analysis was performed adding 0.2 mL (1:100) of rennet solution (1:19,000;
Chr. Hansen, I-20094 Corsico MI, Italy) to milk samples (10 mL). The rennet coagulation properties,
milk clotting time, curd firming time, and curd firmness, were measured at 35 ◦C. Milk clotting time
is the time from the addition of rennet to the onset of gelation. Curd firming time is the time from
the onset of gelation till the signal attains a width of 20 mm. Curd firmness is the width of the signal
30 min after the addition of rennet. To record curd firming time values in milk samples that do not
reach a width of 20 mm within 30 min, the analysis was prolonged to 60 min. The curd fines were
determined in C-whey by the gravimetric method proposed by van den Berg et al. [19]. In this method,
250 of C-whey were centrifuged at 2000 g for 30 min. The pellet was resuspended in distilled water
and filtered on a Whatman 40 filter paper. The filter was dried at 102 ◦C for 2 h and weighed.

ECLs of dry matter, protein, casein, fat, calcium, phosphorus, and magnesium were calculated
as follows:

ECL = [C-whey] × 100/[V-milk]

where ECL is expressed as percentage; C-whey = concentration in whey, expressed as g/100 g (mg/100 g
for Ca, P, Mg); V-milk = concentration in milk, expressed as g/100 g (mg/100 g for Ca, P, Mg).

2.4. Statistical Analysis

The significance of the differences between seasons and cheese-factories were tested by analysis
of variance, using the software for statistical analysis SPSS (IBM SPSS Statics 23, Armonk, New York
10504-1722, NY, USA), according to the following univariate model:

Yijk = μ + Si + Cj + εijk

where Yijk =dependent variable; μ= overall mean; Si = effect of season (i= 1, . . . , 4; winter, from January
to March; spring, from April to June; summer, from July to September, Autumn, from October to
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December); Cj = effect of cheese-factory (j= 1, . . . , 3; CF1, CF2, CF3); εijk = residual error. The Bonferroni
post-hoc test was employed to evaluate the significance of the differences between means.

Data were also processed by the Pearson product moment correlation coefficient to measure the
degree of linear relationship between milk constituents and ECLs.

3. Results

3.1. Overall Average Values and Descriptive Statistics

The descriptive statistics of V-milk characteristics, ECLs values, and curd fines content in whey
are reported in Table 1. The Pearson product moment coefficient of correlations between the milk
characteristics, ECLs values, and curd fines content are reported in Table 2.

Table 1. Descriptive statistics of vat milk characteristics and estimated cheese-making loss (ECL) values
from 288 Parmigiano Reggiano cheese-making trials.

Mean SD 1 Minimum Maximum CV 2 (%)

Vat milk
characteristics

Dry matter g/100 g 11.73 ± 0.32 10.67 12.45 2.70
Crude protein g/100 g 3.18 ± 0.12 2.76 3.47 3.77

Casein g/100 g 2.46 ± 0.10 2.11 2.66 3.94
Fat g/100 g 2.68 ± 0.21 2.02 3.13 7.86

Fat to casein ratio Value 1.09 ± 0.08 0.85 1.27 7.04
Ash g/100 g 0.73 ± 0.01 0.69 0.78 2.02

Calcium mg/100 g 119.59 ± 5.31 109.22 138.46 4.44
Phosphorus mg/100 g 88.62 ± 3.29 77.90 97.90 3.71
Magnesium mg/100 g 10.67 ± 0.76 9.23 15.14 7.17

Titratable acidity ◦SH/50 mL 3.29 ± 0,11 2.95 3.60 3.37
Clotting time min 18.52 ± 2.20 11.50 24.00 11.89

Curd firming time min 7.01 ± 2.80 2.75 11.25 39.94
Curd firmness mm 26.25 ± 6.10 9.44 43.48 23.23

ECLs 3

Dry matter % 66.91 ± 3.12 58.77 75.18 4.66
Protein % 27.01 ± 0.93 22.44 31.59 3.45
Casein % 0.72 ± 0.05 0.10 3.50 6.94

Fat % 16.93 ± 3.59 10.31 27.78 21.21
Ash % 75.42 ± 1.57 70.07 84.57 2.08

Calcium % 36.51 ± 2.73 28.07 44.08 7.48
Phosphorus % 50.87 ± 2.25 44.43 58.76 4.42
Magnesium % 76.54 ± 4.59 54.83 88.57 6.00

Curd fines mg/kg 122.01 ± 66.63 9.30 428.00 54.61
1 Standard deviation; 2 Coefficient of variation; 3 Estimated cheese-making losses, expressed as the % of ratio
between the concentrations in the residual cheese whey and vat milk.

The average contents of crude protein, casein, and fat in V-milk results were consistent with those
reported by Formaggioni et al. [14] in a research carried out on 89 vat milk samples. Both contents
results of the crude protein and casein in V-milk were negatively correlated with protein ECL and
casein ECL. Moreover, casein content negatively correlated with fat ECL. This is in agreement with
Malacarne et al. [4], who observed how milk with high casein content gives rise to a rennet curd with
an improved capacity to entrap fat globules in the cheese matrix during coagulation. The casein ECL is
lower if compared to those reported by Franceschi et al. [5], who found a casein ECL value of 1.25% for
V-milk that was stored at 20 ◦C before processing. However, it is worth noting that Franceschi et al. [5]
analysed only three samples collected in the winter season and three samples collected in the summer
season. Protein ECL results were higher with respect to casein ECL, but showed a lower variability.
The protein ECL average value was consistent with those reported by Franceschi et al. [5] (27.81%)
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and Summer et al. [7] (27.33%). The difference between the average values of protein ECL and casein
ECL is due to milk whey proteins, which remain in the C-whey. Fat ECL showed a higher variability
with respect to protein ECL and casein ECL. In this case, the average value found was consistent with
the data reported by Franceschi et al. [5] (14.75%) and Summer, et al. [7] (14.95%). Fat ECL results
correlated with the rennet coagulation parameters of V-milk. In particular, positive correlations were
found with clotting time and curd firming time, while a negative correlation was evidenced with
curd firmness. In fact, faster coagulating milk and firming curd give rise to higher curd firmness and,
consequently, have an improved capacity to entrap fat globules into the paracasein matrix.

Table 2. Pearson product moment correlation coefficient (r) between the milk characteristics and the
estimated cheese-making loss (ECL) values and curd fines. Only significant correlations (p < 0.05)
are reported.

ECLs 1 (%)

Protein Casein Fat Curd Fines

r p 2 r p 2 r p 2 r p 2

Dry matter −0.112 * −0.114 *
Crude protein −0.141 * −0.227 *** −0.185 **

Casein −0.223 *** −0.212 *** −0.120 * −0.195 ***
Fat

Clotting time 0.141 *
Curd firming time 0.169 ** 0.109 *

Curd firmness −0.176 ** −0.152 *
1 Cheese-making loss for a milk constituent is expressed as the % ratio between the concentrations in the residual
cheese whey and vat milk; 2 p-value: * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001.

The curd fines are cheese particles that are too small to precipitate on the vat bottom, and therefore
remain in suspension in the C-whey [20]. Consequently, they are not included in the cheese wheels.
The curd fines content results were approximately twice than that reported by Franceschi et al. [5]
(66.40 mg/kg), but this difference could be expected because, in their investigation, these Authors
considered only six samples and the quantity of curd fines is generally small and its variability very
high. The curd fines quantity in the C-whey results negatively correlated with the contents of crude
protein and casein in V-milk and with the curd firmness, and positively correlated with the curd
firming time. This is due to the fact that the higher the casein content is in the milk, the higher the
crude protein content is [21] and the lower the results for the curd firming time [22], with a consequent
higher curd firmness [21,22].

3.2. Seasonal Variations of ECLs

Seasonal variations of ECLs are shown in Table 3. The ECLs of dry matter, casein, fat, and
calcium and the content of curd fines in the C-whey showed statistically significant differences among
the seasons.

The estimated loss of dry matter result were lower in summer and higher in winter. It is
worth noting that, although statistically significant, the differences were very small, amounting to
approximately 1.5 percentage units. Additionally, casein ECL showed a very small variation, and result
were higher in spring and lower in autumn. This is mainly due to the lactation stage of cows,
which affects milk casein content with repercussions on casein ECL values. In fact, as reported by
Summer et al. [11], during the spring season, most of cattle are in the early stage of lactation, which
is characterized by a progressive increase of milk production and a decrease in milk protein content.
In this season, milk samples showed the lowest average value of casein (2.40 g/100 g, data not shown
in table). On the contrary, during the autumn season, most of cattle are in late lactation, which is
characterised by a progressive decrease of milk production and an increase of milk protein and casein
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contents [11]. In this season, milk samples showed the highest casein content (2.52 g/100 g, data not
shown in table).

Table 3. Seasonal variation of estimated cheese-making loss values and curd fines (least square
means values).

Winter n 1 = 72 Spring n 1 = 72 Summer n 1 = 72 Autumn n 1 = 72 SE 2 p 3

Dry matter % 67.61 b 66.94 a,b 66.08 a 67.01 a,b 0.35 *
Crude
protein % 27.05 26.82 26.95 27.21 0.11 NS

Casein % 0.79 b,c 0.87 c 0.63 a,b 0.58 a 0.06 **
Fat % 15.94 a 16.51 a,b 17.52 b,c 17.74 c 0.35 **
Ash % 75.43 75.76 75.42 75.06 0.19 NS

Phosphorus % 50.84 51.18 50.91 50.54 0.28 NS
Calcium % 36.96 b 37.13 b 36.83 b 35.00 a 0.42 ***

Magnesium % 76.70 76.69 76.43 76.41 0.83 NS
Curd fines mg/kg 104.17 a 137.27 b 124.89 a,b 121.68 a,b 5.81 *

1 Number of samples; 2 Standard error of the mean; 3 p-value: a, b, and c are different for p ≤ 0.05; NS, p > 0.05;
* p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001.

Fat ECL results were lower during winter and spring and higher in summer and autumn. The high
value of fat ECL during the summer season is due to the general worsening of the milk characteristics
in this season, as reported by Summer et al. [11] and Bertocchi et al. [12]. The production area of
Parmigiano Reggiano cheese during the summer period is characterised by a high temperature-humidity
index [12]. This could induce heat stress conditions for the cow with an increase of the milk somatic
cell content [11,12]. The increase of somatic cell content leads to a decrease of milk casein content [7],
titratable acidity value [7,11], and alteration of milk mineral content and salts distribution [7,23], with a
worsening of rennet coagulation properties [24,25] and an increase of fat losses [7,13].

Curd fines results were lowest in winter and highest in spring. This is in contrast with reports from
Summer et al. [20], who did not find significant differences among seasons. However, Summer et al. [20]
collected the samples from May to January and considered only two seasonal categories, namely
Spring–Summer and Autumn–Winter. The seasonal trend of curd fines, although significant, is difficult
to explain because the quantity of curd fines that remain in the C-whey is affected by many factors,
such as milk casein content, curd firming time, and curd firmness [5,13,20]. For example, in a research
carried out on 102 milk samples, Formaggioni et al. [13] showed a significant correlation between
curd fines content of C-whey, curd firming time, and curd firmness of milk. In the present research,
milk casein content and rennet coagulation properties (data not shown) showed different seasonal
trends and, it is likely that, since all these parameters influenced the curd fines content in different
measures, curd fines did not show a clear seasonal trend.

3.3. Difference of ECLs among Cheese Factories

Difference of ECL values among cheese factories are shown in Table 4. The cheese-making losses of
dry matter, fat, protein, casein, phosphorus, ash, and curd fines showed significant differences between
the cheese factories. Compared to the other two cheese factories, CF3 showed higher values of protein,
casein, fat, and ash ECLs. This in turn affected the dry matter ECL that was significantly higher in this
cheese-factory. It is not easy to explain the difference of the ECLs based on CF3 milk characteristics, as
they were not always the worst among cheese factories. Even when considering the level of cheese
production and the location of the three cheese factories, differences in ECLs are hard to explain. In fact,
CF1 is characterized by a higher production and is located in the plain zone; CF2 is characterised by a
small production and is located in the hill zone; and the CF3 is characterised by a small production,
similar to the CF2, and is located in the plain zone, like the CF1. The difference in ECLs among cheese
factories can be explained with differences in the technological process. Parmigiano Reggiano cheese is
still a craftsmanship product, not a standardized product, and only the crucial technological steps are
reported in the Parmigiano Reggiano cheese disciplinary. A lot of variability can be observed between
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different cheese factories on the duration of technological steps, the dimensions of curd granules during
the curd broken step, and the quantity of whey starter cultures that are added to the V-milk in the
pre-acidification milk step.

Table 4. Differences among cheese factories in estimated cheese-making loss values and curd fines.

Cheese Factory 1 n 1 = 144 Cheese Factory 2 n 1 = 72 Cheese Factory 3 n 1 = 72 p 4

LSMean 2 SE 3 LSMean 2 SE 3 LSMean 2 SE 3

Dry matter % 67.68 0.25 b 65.84 0.36 a 66.40 0.36 b ***
Crude
protein % 26.97 0.07 a 26.89 0.10 a 27.25 0.10 b *

Casein % 0.63 0.04 a 0.75 0.06 a,b 0.85 0.06 b *
Fat % 15.53 0.25 a 16.71 0.36 b 19.99 0.36 c ***
Ash % 75.75 0.13 b 74.83 0.18 a 75.33 0.18 a,b ***

Phosphorus % 51.24 0.19 b 50.53 0.27 a 50.45 0.27 a *
Calcium % 36.90 0.26 35.94 0.36 36.19 0.36 NS

Magnesium % 77.21 0.46 75.74 0.64 76.09 0.64 NS
Curd fines mg/kg 111.06 5.42 a 127.21 7.78 a,b 139.07 7.78 b *

1 Number of samples; 2 Least square means values; 3 Standard error of the mean; 4 p-value: a, b, and c are different
for p ≤ 0.05; NS, p > 0.05; * p ≤ 0.05; *** p ≤ 0.001.

4. Conclusions

In conclusion, the two most relevant parameters of the cheese-making losses are protein and fat
ECLs; they strictly depend on milk characteristics, in particular, milk fat, casein contents, and rennet
coagulation properties. Since the season affects the milk composition and the rennet coagulation
properties, it also influences the ECL. Finally, the differences in the technology of milk transformation in
cheese that exists among the cheese factories strongly affected the ECLs. The estimated cheese-making
losses of protein and fat can be used as an instrument for the control of the technological process.
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Abstract: Zinc represents a ubiquitous element in cells with relevant roles in the metabolism of
essential nutrients in animals. The aim of this study was to investigate the effect of dietary zinc
supplementation on nutritional and aromatic properties of milk and Pecorino cheeses obtained from
lactating ewes. Fifty-two commercial ewes were randomly assigned to two groups. The control
group was fed with a conventional complete diet, while the experimental group received a daily
supplementation of 375 mg/head of zinc oxide. At the end of the trial, which lasted 30 days,
samples of milk and related cheese were collected in order to obtain information about the chemical
composition and volatile profile. The experimental feeding strategy induced a significant increase
in zinc concentration in milk. Furthermore, both in milk and cheese, was observed an increase in
vaccenic, rumenic and total polyunsaturated fatty acids, with the consequent significant reduction
of atherogenic and thrombogenic indices. The volatile profile of dairy products was also positively
affected by dietary zinc intake, with an increase in concentration of hexanoic acid and ethyl esters.
The present study suggests interesting possible effects of dietary zinc supplementation of ewes in
improving the nutritional characteristics of fresh and ripened dairy products, although more specific
and in-depth assessments should be performed on these new products, in order to characterize
potential variations on consumers acceptability.

Keywords: zinc; ewes’ milk cheese; rumenic acid; zinc-dependent enzyme; volatile compound

1. Introduction

Zinc (Zn) belongs to the family of transition metals and the considerable importance of this
microelement lies in its fundamental role in the correct execution of several biochemical mechanisms
which mostly provide for the activity of zinc-dependent enzymes [1]. Zn is not stored in animal body,
for that reason a constant dietary supply is necessary in order to avoid the onset of a wide range of
pathological conditions, such as skin parakeratosis, reduced or cessation of growth, general debility,
lethargy and increased susceptibility to infection [2].

It has been reported that almost the half of the soils in the world may be zinc deficient, causing
decreased Zn content in plant. In many of these areas, where grazing livestock is widespread, zinc
deficiency is prevented by zinc fertilization of pastures. For livestock under more defined conditions,
such as poultry, swine, and dairy cattle, feeds are enriched with zinc salts to prevent deficiency [3].
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The essentiality of Zn in livestock nutrition is well established, for this reason several feeding strategies
have been tested over time to ensure the adequate dietary intake of all the necessary trace elements.
In addition to this, the concentration of these elements in milk and dairy products has been reported to
be heavily influenced by the feeding strategy. Regarding Zn, the chemical form mostly used for the
industrial preparation of animal feeds is represented by zinc oxide (ZnO), although it has recently
been introduced the nano zinc oxide (nZnO) in an attempt to improve solubility and Zn availability,
without inducing toxicity [4].

Nutritional requirements of ruminants are different from those of monogastric animals. Several
studies showed that the bioavailability of specific trace elements is of primary relevance in supporting
an adequate ruminal fermentation and digestion. Sonawane and Arora [5] conducted an in vitro study
in which observed an increased synthesis of microbial proteins as a consequence of ruminal fluid
incubation with additional Zn as ZnCl2 or ZnSO4; more recently, has been demonstrated the Zn ability
to inhibit the ruminal hydrolysis of urea when fed to steers consuming low quality hay, therefore
avoiding the excessive increase in NH3 concentration which could negatively interfere with protein
synthesis by ruminal microbes [6]. In ewes, the extra dietary Zn supplementation was also reported to
induce the transcriptional modulation of protein mediators of cellular signaling, cardiac contractility
and immune response [7].

Over time different studies have been performed with the aim to evaluate productive and
qualitative parameters of milk obtained from ruminants fed a dietary supplementation of organic and
inorganic Zn. Salama et al. [8] reported that milk yield was not significantly affected by Zn-methionine
intake in dairy goats [8], furthermore no variations were observed concerning the percentages of
protein, lactose, fat, solid non-fat, total solid, and density of milk. Recently, Ianni et al. [9] confirmed
this finding in lactating dairy cows supplemented with ZnO, also highlighting an improvement in
the nutraceutical properties of milk, due to the increased concentration of conjugated linoleic acids
(CLA). In similar studies has been also found an increase in Zn concentration both in milk and in
bovine cheese, as evidence of the fact that changes in animal feeding represent promising approaches
to modify Zn amount in milk and related dairy products [10,11].

The objective of this study was to assess the influence of a dietary zinc oxide supplementation in
lactating ewes on nutritional characteristics, fatty acids composition, lipid peroxidation and volatile
profile of fresh and 90-days ripened ewes’ milk cheese. There are adequate evidences that would
support a positive role for Zn in influencing the biochemical mechanisms directly involved in defining
the qualitative parameters of the animal production.

2. Materials and Methods

2.1. Experimental Design, Cheese Manufacturing Protocol and Sampling

Fifty-two half-bred ewes have been randomly divided into two groups: a control group (CG)
and an experimental group (EG) whose diet was supplemented with Zn. Individual milk samples
were collected before the trials to obtain information about milk yield, chemical composition and
fatty acid profile. This approach was useful to verify the eventual presence of variations among the
selected groups.

For 30 days, the CG received a complete diet that was prepared in accordance with the sheep
nutritional needs, and guaranteeing each animal the daily Zn requirement of about 79 mg. The EG
received the same complete food, formulated according to the same requirements and prepared in the
same way, however enriching the daily ration of each sheep with additional 296 mg Zn in order to
obtain a total intake of about 375 mg. The management of Zn doses was executed according to the
Regulation (EC) No. 1831/2003 of the European Parliament and of the Council of 22 September 2003 on
additives for use in animal nutrition [12].

With regard to the Pecorino cheese, the production was performed by the same company in
which the trial was conducted, located in the province of Teramo (Abruzzo, Italy). The manufacturing
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protocol provided the bulk ewes’ milk pasteurization at 70 ± 1 ◦C for 15 s, followed by cooling at 40 ◦C
and inoculation with a freeze-dried starter culture (Streptococcus thermophilus, Lactobacillus casei and
Lactobacillus delbrueckii subsp. bulgaricus) produced by FERM IN (ChemiFerm s.r.l., Livraga, Italy). Then,
milk was coagulated by adding kid rennet paste (75% chymosin and 25% pepsin; 1:18,000 strength;
Clerici, Cadorago, Italy) and the curd was subsequently cut into small pieces by stirring with a spatula,
heated to 42 ± 1 ◦C and manually pressed. The resulting cheeses, of about 1 kg each, were held at 10
◦C until the next day, when they were salted in aqueous solution containing 18% of sodium chloride
for 12 h. Ripening was conducted at 12 ± 1 ◦C.

With the purpose of evaluating variations in chemical composition and quality attributes due
to ripening, the sampling of ewes’ milk cheese was carried out after 1 (T1) and 90 (T90) days from
the cheese-making. Samples, collected in triplicate from three different cheese-makings, were partly
immediately analyzed and partly packed under vacuum and frozen at −20 ◦C until analysis.

2.2. Chemical Analysis of Milk and Cheese

MilkoScan FT 6000 (Foss Integrator IMT; Foss, Hillerød, Denmark) was used to determine the
chemical composition of milk (fat, protein, casein, lactose, and urea), while somatic cells count (SCC)
and total bacterial count (TBC) were performed using respectively the Fossomatic TM FC and the
BactoScan FC (Foss, Hillerød, Denmark). In cheese, the evaluation of pH, moisture, total proteins,
lipids and ash were performed according to AOAC methods (1990) [13]; water-soluble nitrogen (WSN)
and trichloroacetic acid-soluble nitrogen (TCA-SN) were determined according to the International
Standard ISO 27871 IDF 224 (2011) [14], and results have been reported as percentage of total nitrogen,
following appropriate calibration.

The total amount of Zn in milk and cheese was determined by inductively coupled plasma mass
spectrometry (ICP-MS) by using an Agilent 7500ce (Agilent Technologies, Palo Alto, CA, USA) and
following the procedure reported by Gerber et al. [15] with slight modifications. Samples, 5 mL of milk
or 5 g of cheese, were accurately inserted into quartz digestion vessels. At this point, 3 mL of 30 %
hydrogen peroxide (Sigma Aldrich, Milan, Italy) and 10 mL 65 % nitric acid (Sigma Aldrich, Milan,
Italy) were added to each tube, which was then closed for sample digestion at 95 ◦C for 2 h. After the
vessels had cooled down, the digests were transferred into 50 mL volumetric flasks and filled to the
mark using ultrapure water. One milliliter of the solution was added with 9 mL of distilled nitric acid
(1%) and analyzed. The Zn determination was performed by referring to a calibration and results were
expressed in mg/kg.

2.3. Evaluation of Fatty Acid Profile in Milk and Cheese

Extraction of the milk lipid fraction was made according to the AOAC official method [16],
while in cheese was used a mix of chloroform and methanol (2:1, v/v; Sigma Aldrich, Milan, Italy).
Trans-methylation of lipid extracts and separation of fatty acyl methyl esters (FAMEs) was performed
according to the procedure reported by Ianni et al. [17]. Individual FAMEs were identified by comparing
the retention time of a standard mixture (FIM-FAME7-Mix; Matreya LLC, Pleasant Gap, PA, USA),
and individual C18:1 trans-11 and C18:2 cis-9, trans-11 (Matreya LLC). The ChromeCard software was
used for the quantification of peak areas, and each FAME was expressed as a percentage of the total
FA. These values were used to obtain the sum of saturated (SFA), monounsaturated (MUFA) and
polyunsaturated fatty acids (PUFA). Furthermore, atherogenic and thrombogenic indices (AI and TI,
respectively) were calculated in milk and ewes’ cheese using the formulas proposed by Ulbricht and
Southgate [18], whereas the desaturation index (DI) was defined as proposed by Mele et al. [19].

2.4. Evaluation of Lipid Peroxidation by TBARS-Test

Lipid peroxidation in Pecorino cheese was determined by evaluating the amount of thiobarbituric
acid reactive substances (TBARS). The analysis was performed in accordance with the procedure
described by Bennato et al. [20] with slight modifications. Five grams of frozen cheese were mixed,

17



Foods 2019, 8, 656

within 2 min of sample withdrawal from the freezer, with 500 μL of 0.1% of butylated hydroxytoluene
(BHT; Sigma Aldrich, Milan, Italy) in methanol to block the oxidation process. The mixture was
homogenized with Ultra Turrax T-25 high speed homogenizer (IKA, Staufen, Germany) in 50 mL of
an aqueous solution containing 7% trichloroacetic acid (TCA; Sigma Aldrich, Milan, Italy), and then
distilled (ASTORI Tecnica s.n.c., Poncarale, BS, Italy). For each distillate, 2 mL were mixed with an
equal volume of a 0.02 M thiobarbituric acid (TBA; Sigma Aldrich, Milan, Italy) solution in 90% acetic
acid and then heated up to 80 ◦C in a thermostated bath, keeping the temperature constant for 1 hour.
The absorbance at 534 nm was evaluated with a spectrophotometer (Jenway, Essex, UK) after cooling.
The malondialdehyde (MDA) amount in each sample was calculated by referring to a calibration curve
ranging from 0 to 100 ppm (R2 = 0.989), and results were expressed in μg of MDA per g of cheese.

2.5. Analysis of Volatile Compounds

Volatile compounds (VOC) were extracted from Pecorino cheese samples through solid-phase
microextraction (SPME), and the analysis was performed with a gas chromatograph (Clarus 580;
Perkin Elmer, Waltham, MA, USA) coupled with a mass spectrometer (SQ8S; Perkin Elmer, Waltham,
MA, USA). The gas chromatograph was equipped with an Elite-5MS column (length × internal
diameter: 30 × 0.25 mm; film thickness: 0.25 μm; Perkin Elmer, Waltham, MA, USA). The samples
preparation and the settings relating to the thermal program used for the analysis were performed
as previously reported by Ianni et al. [21]. Five grams of cheese previously grated were mixed with
10 mL of saturated NaCl solution (360 g/L). After the addition of 10 μL of internal standard solution
(4-methyl-2-heptanone; 10 mg/kg in ethanol), the vials were sealed and stirred at 50 ◦C; VOCs were
extracted from the headspace with a divinylbenzene-carboxen-polydimethylsiloxane SPME fiber
(length: 1 cm; film thickness: 50/30 μm; Supelco, Bellefonte, PA, USA) with an exposition time of 60 min.
VOCs were identified by comparison with mass spectra of a library database (NIST Mass Spectral
library, Search Program version 2.0, National Institute of Standards and Technology, U.S. Department
of Commerce, Gaithersburg, MD, USA) and by comparing the eluting order with Kovats indices.

2.6. Statistical Analysis

All analyses were performed at least in triplicate and results were reported as mean ± standard
deviation. The SigmaPlot 12.0 software (Systat software, Inc., San Jose, CA, USA) for Windows operating
system was used to analyze the statistical significance of the differences between the averages for each
group (ANOVA, Student’s t-test); p values lower than 0.05 were considered statistically significant.

3. Results

3.1. Chemical Composition of Milk and Cheese

Taking into account the milk production over the entire duration of the dietary zinc enrichment, no
significant differences were evidenced between the two groups, reflecting the fact that such parameter
was not affected by diet. Regarding the chemical quality of milk (Table 1), all the analyzed parameters
did not undergo variations during the experimental period. Similarly, no significant differences were
observed as regards the ureic content and pH, whereas the EG samples showed a lower SCC with
respect to the CG (p < 0.01). In regards to the amount of Zn, in the experimental group were found
higher average values (4.82 ± 0.23 vs 5.42 ± 0.34 mg/kg, in CG and EG respectively; p < 0.05).
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Table 1. Milk yield and chemical composition of milk obtained from the control group (CG) and the
experimental group (EG).

Diet p
CG EG

Animal Parameters
Milk yield (mL/day) 778 ± 38 810 ± 45 n.s.

Item
Fat (%) 7.53 ± 0.58 7.49 ± 0.41 n.s.

Protein (%) 6.03 ± 0.48 6.17 ± 0.45 n.s.
Casein (%) 4.78 ± 0.37 4.89 ± 0.29 n.s.
Lactose (%) 4.64 ± 31 4.63 ± 0.26 n.s.

Urea (mg/100 mL) 57.68 ± 4.21 57.72 ± 3.74 n.s.
SCC (LS) 1 5.51 ± 0.12 5.07 ± 0.09 **

Total bacterial count (TBC, UFC/mL 103) 686 ± 72 633 ± 54 n.s.
pH 6.54 ± 0.13 6.55 ± 0.09 n.s.

Zinc (mg/kg) 4.82 ± 0.23 5.42 ± 0.34 *

Data are expressed as mean ± S.D. 1 Somatic cell count (SCC) is reported in linear score (LS): LS = log2[(cells/μL)/100]
+ 3. *p < 0.05; ** p < 0.01; n.s. = not significant.

As evidenced for milk, the dietary supplementation did not influence cheese yield (p > 0.05).
Regardless of the feeding strategy, no significant differences in composition of cheeses were evidenced
(Table 2). Regarding the ripening time, as expected a significant reduction in moisture was found in
T90 samples (p < 0.05); protein and lipids were not influenced by ripening, as well as the zinc amount
which maintained similar values between the two groups. Furthermore, in T90 samples obtained from
EG, the nitrogen fractions were significantly higher (0.94% vs. 0.63%, p < 0.05, for WSN; 0.56% vs.
0.35%, p < 0.05, for TCA-SN).

Table 2. Chemical composition of Pecorino cheese obtained from the control group (CG) and the
experimental group (EG), analyzed after 1 (T1) and 90 (T90) days after the cheese-making.

T1 T90

Item CG EG CG EG

Moisture (%) 46.35 A ± 2.12 49.47 A ± 2.23 37.66 B ± 1.54 39.31 B ± 1.68
Fat 1 (%) 28.44 ± 2.03 27.86 ± 1.87 25.08 ± 1.93 23.98 ± 1.79

Protein1 (%) 22.03 ± 2.14 19.89 ± 1.54 21.18 ± 1.64 19.04 ± 1.65
WSN (%N) 0.58 ± 0.06 0.63A ± 0.07 0.64 a ± 0.06 0.94 b,B ± 0.08

12% TCA-SN (%N) 0.27 ± 0.03 0.35A ± 0.04 0.33 a ± 0.04 0.56 b,B ± 0.05
pH 6.41 ± 0.15 6.64 ± 0.17 5.86 a ± 0.15 5.46 b ± 0.15

Zinc (mg/kg) 2.21 ± 0.18 2.16 ± 0.19 1.96 ± 0.21 1.88 ± 0.20

Data are expressed as mean percentage± S.D. 1 Data are reported on a dry matter (DM) basis. a,b Means with different
superscripts are significantly different by diet (p < 0.05). A,B Means with different superscripts are significantly
different by ripening time (p < 0.01).

3.2. Fatty acid Profile of Milk and Cheese

The fatty acid composition of individual milk samples collected at the beginning and at the end
of the trial by both the experimental groups is reported in Table 3. At T0 not significant variations
between CG and EG were evidenced testifying to the homogeneity of the animals selected for the study.
At the end of the experimental period, samples of milk obtained from EG evidenced an increase in the
content of vaccenic acid (C18:1 trans11; p < 0.05), rumenic acid (RA; p < 0.01) and total polyunsaturated
fatty acids (PUFA, p < 0.05).
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Table 3. Fatty acid profile of milk and fresh cheese obtained from the control group (CG) and the
experimental group (EG).

Milk Fresh Cheese

T0 T30

CG EG p CG EG p CG EG p

C4:0 2.21 ± 0.19 2.03 ± 0.18 n.s. 2.02 ± 0.17 1.98 ± 0.16 n.s. 2.16 ± 0.18 2.08 ± 0.16 n.s.
C6:0 2.14 ± 0.18 2.18 ± 0.16 n.s. 2.06 ± 0.16 1.94 ± 0.16 n.s. 1.98 ± 0.16 1.89 ± 0.17 n.s.
C8:0 2.23 ± 0.20 1.91 ± 0.16 n.s. 2.28 ± 0.17 2.16 ± 0.18 n.s. 2.33 ± 0.19 2.25 ± 0.20 n.s.

C10:0 7.45 ± 0.61 7.33 ± 0.56 n.s. 7.89 ± 0.54 7.50 ± 0.61 n.s. 7.76 ± 0.64 7.41 ± 0.59 n.s.
C11:0 0.27 ± 0.03 0.33 ± 0.03 n.s. 0.31 ± 0.03 0.29 ± 0.03 n.s. 0.35 ± 0.03 0.32 ± 0.03 n.s.
C12:0 5.16 ± 0.49 4.61 ± 0.42 n.s. 5.00 ± 0.36 4.49 ± 0.34 n.s. 5.21 ± 0.44 4.71 ± 0.41 n.s.
C14:0 13.08 ± 1.12 12.11 ± 0.97 n.s. 12.99 ± 1.03 11.76 ± 0.98 n.s. 13.26 ± 0.99 12.02 ± 1.02 n.s.
C15:0 1.29 ± 0.11 1.22 ± 0.12 n.s. 1.20 ± 0.15 1.18 ± 0.09 n.s. 1.16 ± 0.12 1.11 ± 0.11 n.s.
C16:0 25.12 ± 2.14 26.53 ± 2.09 n.s. 26.28 ± 1.83 27.00 ± 1.65 n.s. 26.58 ± 2.07 27.09 ± 2.24 n.s.
C17:0 0.61 ± 0.06 0.52 ± 0.05 n.s. 0.53 ± 0.04 0.49 ± 0.04 n.s. 0.55 ± 0.05 0.43 ± 0.04 n.s.
C18:0 6.78 ± 0.62 7.04 ± 0.68 n.s. 7.97 ± 0.61 7.29 ± 0.63 n.s. 7.59 ± 0.65 6.88 ± 0.58 n.s.
SFA 66.34 ± 3.67 65.81 ± 3.11 n.s. 68.53 ± 2.98 66.08 ± 3.02 n.s. 68.93 ± 3.05 66.19 ± 2.27 n.s.

C14:1 0.85 ± 0.08 0.88 ± 0.08 n.s. 0.82 ± 0.07 0.86 ± 0.09 n.s. 0.83 ± 0.06 0.89 ± 0.08 n.s.
C16:1 1.02 ± 0.09 0.95 ± 0.09 n.s. 0.96 ± 0.07 1.12 ± 0.09 n.s. 1.15 ± 0.09 1.21 ± 0.10 n.s.

C18:1 trans11 0.72 ± 0.07 0.75 a ± 0.05 n.s. 0.67 ± 0.06 0.88 b ± 0.07 * 0.57 ± 0.06 0.79 ± 0.07 **
C18:1 cis9 18.13 ± 1.24 17.89 ± 1.31 n.s. 17.40 ± 1.12 17.94 ± 1.19 n.s. 17.73 ± 1.24 19.85 ± 1.41 n.s.

C18:1 cis11 0.55 ± 0.06 0.71 ± 0.07 n.s. 0.51 ± 0.06 0.62 ± 0.06 n.s. 0.44 ± 0.04 0.57 ± 0.06 n.s.
MUFA 21.27 ± 1.78 21.18 ± 1.23 n.s. 20.36 ± 1.17 21.42 ± 1.24 n.s. 20.72 ± 1.21 23.31 ± 2.13 n.s.
C18:2 1.78 ± 0.14 1.85 ± 0.16 n.s. 1.84 ± 0.13 2.09 ± 0.16 n.s. 1.66 ± 0.14 1.71 ± 0.16 n.s.
C18:3 1.01 ± 0.09 0.92 ± 0.09 n.s. 0.86 ± 0.07 0.96 ± 0.08 n.s. 0.75 ± 0.07 0.83 ± 0.08 n.s.

RA 1.71 ± 0.11 1.67 a ± 0.13 n.s. 1.73 ± 0.14 2.13 b ± 0.16 ** 1.56 ± 0.15 1.89 ± 0.17 *
C20:4 0.05 ± 0.00 0.06 ± 0.00 n.s. 0.07 ± 0.01 0.06 ± 0.01 n.s. 0.04 ± 0.00 0.04 ± 0.01 n.s.
PUFA 4.55 ± 0.38 4.50 a ± 0.31 n.s. 4.50 ± 0.32 5.24 b ± 0.39 * 4.01 ± 0.19 4.47 ± 0.26 *
Others 7.84 ± 0.67 8.34 ± 0.71 n.s. 7.71 ± 0.44 7.36 ± 0.53 n.s. 6.44 ± 0.62 5.03 ± 0.48 *

DI 0.06 ± 0.00 0.07 ± 0.01 n.s. 0.06 ± 0.00 0.07 ± 0.01 n.s. 0.06 ± 0.00 0.07 ± 0.01 n.s.
AI 3.20 ± 0.27 3.10 ± 0.16 n.s. 3.35 ± 0.21 2.94 ± 0.16 * 3.43 ± 0.31 2.77 ± 0.25 *
TI 2.97 ± 0.21 3.09 ± 0.24 n.s. 3.33 ± 0.27 3.05 ± 0.25 n.s. 3.41 ± 0.31 2.88 ± 0.26 *

Analysis on milk have been performed at the beginning (T0) and at the end of the trial (T30). SFA = saturated fatty
acid; MUFA =monounsaturated fatty acid; PUFA = polyunsaturated fatty acid; RA = rumenic acid; AI = atherogenic
index; TI = thrombogenic index; DI = desaturation index. Data are expressed as mean (%) ± S.D. * p < 0.05; ** p <
0.01; n.s. = not significant. a,b Means with different superscripts (in milk) are significantly different by time (p < 0.05).

Similarly, the evaluation of the total fatty acids profile in cheese evidenced modifications
already evident in milk (Table 3), with an increase in concentration, in EG, of vaccenic acid (C18:1
trans11; p < 0.01), rumenic acid (RA; p < 0.05) and total PUFA (p < 0.05). Based on the obtained FA
profile, calculations of desaturation, thrombogenic and atherogenic indices were performed. Dietary
supplementation with zinc did not induce significant modifications of desaturation index (p > 0.05)
both in milk and cheese; thrombogenic index was significantly lower only in cheese samples obtained
from EG (p < 0.05), whereas atherogenic index decreased both in milk and cheese obtained from the
EG (p < 0.05).

3.3. Analysis of the Oxidative Stability in Pecorino Cheese

Diet enrichment with zinc did not induce alterations of the oxidative stability in samples of fresh
cheese (Figure 1). Very interesting is instead the result obtained after 90 days from the cheese making,
as expected lipid peroxidation increased in all the analyzed samples, but in ewes’ milk cheese obtained
from EG the value of malondialdehyde was stood at significantly lower values if compared to samples
of the control group (0.092 vs 0.066 μg MDA/g of cheese, in CG and EG respectively; p < 0.05).

20



Foods 2019, 8, 656

 

Figure 1. Lipid peroxidation in fresh and ripened Pecorino cheese samples obtained from control group
(CG) and experimental group (EG).

3.4. Volatile Profile of Cheese

The analysis of the volatile profile allowed to identify 24 volatile compounds (VOC) in samples of
T1 and T90 cheese obtained from CG and EG: 6 carboxylic acids, 5 ethyl esters, 3 aldehydes, 2 alcohols,
2 lactones, 2 ketones and 4 classified as aromatic hydrocarbons (Table 4).

Table 4. Volatile compounds (VOCs) detected in cheese samples obtained from control group (CG) and
experimental group (EG).

T1 T90

VOC CG EG p CG EG p

Acids

acetic acid 1.98 ± 0.14 1.76 ± 0.11 n.s. 2.29 ± 0.17 2.48 ± 0.19 n.s.
hexanoic acid 2.12 ± 0.17 1.99 ± 0.16 n.s. 2.06 ± 0.18 6.75 ± 0.45 **
octanoic acid 3.83 ± 0.28 3.56 ± 0.29 n.s. 7.40 ± 0.45 7.74 ± 0.56 n.s.
nonanoic acid 1.76 ± 0.14 1.34 ± 0.10 * 1.09 ± 0.08 1.24 ± 0.10 n.s.
decanoic acid 9.63 ± 0.73 10.23 ± 0.88 n.s. 9.67 ± 0.62 5.09 ± 0.39 **

dodecanoic acid 13.63 ± 1.04 15.23 ± 1.29 n.s. 9.57 ± 0.63 6.67 ± 0.44 **

Aldehydes
hexanal 4.11 ± 0.22 4.73 ± 0.37 n.s. 7.46 ± 0.53 9.86 ± 0.24 *
heptanal 6.88 ± 0.43 8.07 ± 0.67 n.s. n.d. n.d. n.s.
nonanal 13.29 ± 1.15 10.21 ± 0.77 * 1.68 ± 0.14 1.12 ± 0.09 *

Alcohols
3-methylbutanol 4.87 ± 0.29 5.31 ± 0.34 n.s. 5.98 ± 0.36 3.27 ± 0.22 *
2,3-butanediol n.d. n.d. n.s. 2.72 ± 0.23 2.15 ± 0.18 n.s.

Esters

butanoic acid, ethyl ester n.d. n.d. n.s. 4.21 ± 0.31 9.29 ± 0.76 **
hexanoic acid, ethyl ester 6.57 ± 0.41 6.79 ± 0.42 n.s. 8.96 ± 0.64 11.66 ± 0.98 *
octanoic acid, ethyl ester 8.32 ± 0.52 7.67 ± 0.39 n.s. 11.85 ± 0.78 7.31 ± 0.56 **
decanoic acid, ethyl ester n.d. n.d. n.s. 4.10 ± 0.29 4.78 ± 0.38 n.s.

dodecanoic acid, ethyl ester n.d. n.d. n.s. 0.40 ± 0.05 0.31 ± 0.04 n.s.

Lactones
δ-decalactone 3.89 ± 0.26 3.83 ± 0.29 n.s. 1.22 ± 0.10 1.09 ± 0.07 n.s.

δ-dodecalactone 4.44 ± 0.32 3.86 ± 0.34 n.s. 0.98 ± 0.08 0.85 ± 0.07 n.s.

Ketones
2-heptanone 1.91 ± 0.09 1.39 ± 0.08 ** 3.18 ± 0.25 2.95 ± 0.22 n.s.
2-nonanone n.d. n.d. n.s. 0.82 ± 0.06 1.03 ± 0.09 n.s.

Aromatic
hydrocarbons

ethylbenzene n.d. n.d. n.s. 2.22 ± 0.19 1.94 ± 0.15 n.s.
1,3-dimethylbenzene n.d. n.d. n.s. 0.27 ± 0.03 0.32 ± 0.03 n.s.

1,2,3,4-tetramethylbenzene n.d. n.d. n.s. 0.84 ± 0.06 0.95 ± 0.08 n.s.
p-cymene n.d. n.d. n.s. 0.62 ± 0.06 0.77 ± 0.07 n.s.

Data are expressed as mean (%) ± S.D. * p < 0.05; ** p < 0.01; n.s.: not significant; n.d.: not detectable.

Regarding the carboxylic acids, is interesting the increase in concentration of the hexanoic acid
in the EG samples after 90 days of ripening (6.75% vs. 2.06% in EG and CG samples respectively;
p < 0.01); in T90 samples should also be underlined the significant reduction of the longer chain acids:
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decanoic acid (9.67% vs. 5.09% in CG and EG respectively; p < 0.01) and dodecanoic acid (9.57% vs.
6.67% in CG and EG respectively; p < 0.01).

In the case of esters, the dietary zinc supplementation induced the increase of butanoic acid ethyl
ester (p < 0.01) and of hexanoic acid ethyl ester (p < 0.05) at the end of the ripening period. Different
resulted the behavior of octanoic acid ethyl ester, which is higher in the T90 samples obtained from CG
(11.85% vs. 7.31%, p < 0.01).

In the most ripened samples was also found the hexanal increase in EG samples (9.86% vs. 7.46%,
p < 0.05), and variations of both nonanal (1.68% vs. 1.12% in CG and EG respectively; p < 0.05) and
3-methylbunanol (5.98% vs. 3.27% in CG and EG respectively; p < 0.05).

Additionally, in T1 samples have been evidenced some significant differences, specifically in EG
cheeses have been observed lower concentrations of nonanoic acid (p < 0.05), nonanal (p < 0.05) and
2-heptanone (p < 0.01).

4. Discussion

In the present study, Zn enrichment of ewes’ diet did not induce significant changes on milk
composition, and this finding is consistent with what has been previously reported in dairy cows [22,23]
and dairy goats [8]. According to what was observed in milk, no variations were evidenced in the
chemical composition of Pecorino cheese samples, both in relation to dietary treatment and ripening
time. The analysis on milk showed instead the capacity of the experimental diet to markedly reduce
the number of somatic cells, a datum already observed in dairy cows by Pechová et al. [24] who tested
the effect of dietary Zn at a daily dose of 440 mg/animal, therefore by administering a Zn dose similar to
that used in the present work but on animals with a much greater body weight. Such phenomenon was
justified by assuming an increased Zn supply into the mammary gland with a consequent improvement
of the immune response. A precise and exhaustive evaluation of the influence of this parameter
on the quality of dairy products is not feasible, however, it is known that somatic cells contribute
to proteolysis in milk and cheese because of their tendency to release proteolytic enzymes in the
extracellular environment [25].

A finding deserving special attention concerns the Zn content, which is higher in EG milk samples,
whereas no variations were highlighted in cheese. The Zn concentration in cheese could be directly
related to the presence of caseins, with which the microelement interacts through a complex kinetic
that develops in two phases: an initial rapid stage in which about the 70% of Zn interacts with
polar amino acids of casein, and a significantly slower second stage in which the equilibrium is
reached [26]. Since after the cheese-making both CG cheese and EG cheese showed similar protein
concentrations, it could be supposed that in EG samples the Zn excess, not associated with caseins,
may have been lost with serum after rennet breakage. In addition to this, it should be also noted that
in this study Zn seems to show a moderate capacity for association with caseins, as can be proved by
the reduced Zn concentration in cheeses as compared with milk (considering the casein concentration
by cheesemaking).

The Zn enrichment of ewes’ diet showed effective in inducing variations in the FA profile, both in
milk and its derived cheese; in all EG samples, the amount of vaccenic acid (C18:1 trans11), rumenic
acid (RA) and total PUFA significantly increased. With regard to vaccenic acid, the result is explainable,
at least in part, by taking into account the study of Szczechowiak et al. [27], in which the increase in
concentration of this compound was justified by the action of bioactive compounds taken through the
diet which tend to slow down or totally inhibit the terminal steps of ruminal biohydrogenation, thus
avoiding the formation of stearic acid (C18:0). The relevance of vaccenic acid is its role as substrate of
the mammary gland stearoyl coenzyme A desaturase (SCD), an endoplasmic reticulum-bound enzyme
which is responsible for the catalytic mechanism that gives origin to CLA [28–30]. In this study the RA
concentration effectively increased in both milk and cheese obtained from the experimental group.
A similar finding was recently reported by Ianni et al. [9] who tested a dietary zinc supplementation in
lactating dairy cows. In that case, the phenomenon was partly justified by advancing the hypothesis
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of a role of the Zn supplemented diet in promoting the catalytic function of site-2 protease (S2P),
a Zn-dependent metalloprotease which contributes to the activation of the sterol response element
binding protein (SREBP), a transcription factor responsible for the regulation of several genes encoding
for SCD and other lipogenic factors.

RA has been indicated as a factor with a strong antioxidant function which is able to improve
the mammary gland functionality by protecting the mammary epithelial cells from lipoperoxidation
through the reduction of the reactive oxygen species [31]. For humans, the ruminant products represent
the primary dietary source of CLA, which are credited of several health benefits; the most relevant
examples concern the modulation of the immune system response [32], and their potential activity in
slowing down the progression of different pathological conditions, as in the case of atherosclerosis [33].

Both in milk and its derived cheese, the feeding strategy based on Zn enrichment also induced an
overall increase of PUFA concentration, at the expense of SFA. As a direct consequence of this evidence,
the atherogenic and thrombogenic indices decreased, testifying a noteworthy improvement of the
health functionality of animal productions.

The oxidative damage in cheese was determined by evaluating the amount of thiobarbituric acid
reactive substances. Zn has been reported to act as a free radical scavenger in biological systems,
with the consequent inhibition of free radical lipid peroxidation [34]. Additionally, in this study,
Zn appeared to provide antioxidant protection since at the end of the 90 days of ripening (T90) the TBA
values, although rising in both experimental groups, were found to be significantly lower in cheese
samples deriving from the dietary Zn supplementation.

The analysis performed with the purpose to characterize the volatile profile of fresh (T1) and
ripened (T90) ewes’ milk cheese, led to the identification of different families of compounds, the most
represented of which are those of free fatty acid (FFA) and ethyl esters. The biochemical mechanism
behind the increased concentration of FFA could relate to the degradation of triglycerides by enzymes
of both endogenous and microbial origin. Among FFA the hexanoic acid was present at higher
concentrations in EG samples after 90 days of ripening. This compound can only originate from
lipolysis [35], and the datum concerning its increase in concentration, should have a significant influence
in the determination of cheese flavor, due to its association with strong odors, described as cheesy,
rancid and sweaty. In addition to this, the increase of hexanoic acid could also derive from the lipolytic
action on longer chain acids, decanoic and dodecanoic, which in fact undergo a marked reduction in the
EG samples [36]. What has just been described would suggest a condition characterized by an increase
in lipolysis during the ripening period. Some authors explain this phenomenon with an increase in
the autolysis of bacterial starters, with the consequent release in the extracellular environment of a
wide range of enzymes capable to attack and degrade both the protein component and fatty acids,
contributing to the development of the organoleptic properties in ripened cheeses [37]. The autolysis
process is, in turn, mediated by peptidoglycan hydrolases, named autolysins, that in the presence of
certain stimuli degrade the cellular envelope which separates the cytoplasmic compartment from the
extracellular matrix [38,39].

The FFAs, in addition, to directly contribute to the cheese flavor, represent the substrate for
the biosynthesis of other classes of compounds: ethyl esters, methyl ketones, secondary alcohols,
aldehydes, and lactones [36]. With regard to esters, the EG samples analyzed at the end of the ripening
period were characterized by higher concentrations of butanoic acid ethyl ester and hexanoic acid
ethyl ester. Generally, this class of compounds is responsible for the supply of sweet, fruity, and floral
notes in surface ripened cheese [40], and is considered to be decisive in defining the cheese flavor
because of the low odor threshold. Among aldehydes, was instead evidenced a marked increase of
hexanal after ripening in EG samples; this compound gives what is called "green grass-like” aroma,
with lemon, herbal and slightly fruity notes. A strange behavior is associated to alcohols which mainly
derive from FFAs catabolism; after the 90 days of ripening, these compounds are not well represented,
and their concentration tends to decrease in the EG samples. Specifically, we found a significant
reduction of 3-methylbutanol, which is generally found on surface-ripened cheese and is responsible
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for alcoholic, fruity, grainy, and solvent-like notes [34]. No variations were evidenced for lactones and
ketones, therefore further analysis could be necessary in order to better characterize the biochemical
mechanisms that contribute to their biosynthesis.

5. Conclusions

The experimented feeding strategy showed able to modify the nutritional properties of ewes’ milk
and its derived Pecorino cheese. The main finding concerns the increase in concentration of vaccenic
acid, rumenic acid and total PUFA both in milk and cheese, as evidence of a presumable improvement
in the health functionality of the products. In addition to this, a clear improvement of the oxidative
stability was also shown in the 90-days aged cheese, an aspect that deserves interesting implications
for the preservation of the cheese quality during ripening. The volatile profile of ewes’ milk cheese was
also positively affected by the dietary Zn intake. Of particular interest, with a view to improving the
cheese aroma, is the increase in concentration in hexanal and 3-methylbutanol at the end of ripening.
However, it would be necessary to plan a specific investigation aimed at assessing the approval rate of
these new products by consumers.
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Abstract: Making cheese from donkey milk is considered unfeasible, due to difficulties in coagulation
and curd forming. Two recent studies have reported the protocols for making fresh cheese by using
camel chymosin or calf rennet, but the chemical and sensory characteristics of the products were
not thoroughly investigated. The present paper aims to give a further contribution to the field,
by investigating cheesemaking with microbial rennet and evaluating the chemical composition,
total fatty acid, volatile organic compounds (VOCs) and sensory profile of the resultant product.
Six trials were undertaken at laboratory scale on donkey milk from a Martina Franca ass, by applying
the technological scheme as reported for calf rennet, with some modifications. Bulk cow milk was
used as a control. Donkey milk coagulated rapidly, but the curd remained soft, and was only suitable
for making fresh cheese; differently, cow milk coagulated almost instantaneously under these strong
technological conditions, giving rise to a semi-hard curd in very short time. The moisture level
of donkey cheese was almost the same as reported in the literature, whereas the yield was higher,
probably due to the high protein content of the milk used. The total fatty acid composition of cheese
presented some differences with respect to milk, mostly consisting in a higher presence of saturated
compounds. A connection with a better retention of the large sized fat globules into the curd was
hypothesised and discussed. The VOC analyses, performed by solid-phase micro extraction gas
chromatography-mass spectrometry, allowed the identification of 11 compounds in milk and 18 in
cheese. The sensory characteristics of donkey cheese were strongly different with respect to the
control, and revealed unique and pleasant flavours.

Keywords: cheesemaking; donkey milk; fatty acids; sensory analysis; VOC

1. Introduction

The use of equid milk for human nutrition and wellness has an ancient history. The use of mare
milk for producing koumiss, a lactic–alcoholic beverage, belongs to the food tradition of several ethnic
groups from Central Asia [1]. Ancient Romans and Greeks were already aware of the cosmetic and
therapeutic properties of donkey milk, as evidenced by the legendary milk bath of Cleopatra and
Poppea, and Hippocrates’ indications as a remedy for several diseases [2,3]. After a long and slow
decline, donkey rearing is now undergoing a revival, due to an interest in innovative and nutraceutical
foods. Donkey milk is not in competition with cow’s milk, and represents an added value functional
food with high market potential. Besides, European policy encourages the diversification of agricultural
production and the valorisation of local genetic resources. Donkeys are able to use marginal areas
unsuitable for specialised dairy cows, and they are better adapted to warm climates.

Foods 2020, 9, 16; doi:10.3390/foods9010016 www.mdpi.com/journal/foods27



Foods 2020, 9, 16

For these reasons, rearing donkeys for milk is gaining increasing attention in the Mediterranean
area, in particular Italy [4], where milk is sold as a raw product directly at farms. Other forms of
marketing at niche level also exist, such as selling online or through pharmacies as pasteurised or,
rarely, as UHT-treated or freeze-dried product [5]. The interest of the food researchers towards donkey
milk is also increasing; several protocols for manufacturing innovative fermented milks and functional
beverages at laboratory level are already available [6–8]. Unfortunately, studies on cheesemaking
are very rare, since rennet coagulation is commonly considered as unfeasible. Apart from economic
considerations connected to the high cost and low availability of the raw matter, the main technical
obstacles seem to be the low casein concentration (0.64 to 1.03 g/100 g milk) and different micelle
structure with respect to ruminants [9]. Recent studies have reported that donkey casein micelles are
much larger than bovine micelles (298.5 ± 18.9 nm at pH 6.8 versus 186.5 ± 1.2 nm), have a lower
absolute zeta potential (−15.4 ± 0.5 mV), poor colloidal stability and different abundance of the casein
fractions [10,11]. This latter aspect has long been debated, until the work of Chianese et al. [12]
definitively clarified the matter using electrophoresis and immunostaining of the protein bands with
polyclonal antibodies against the four ‘classic’ caseins. The authors ascertained the presence of κ-casein,
and demonstrated that β-casein was the most abundant fraction, followed by αs1 and αs2.

Despite the difficulty in milk coagulation, some successful efforts in making fresh donkey cheese
have been recently reported. In particular, Iannella [13] and Faccia et al. [14] developed two different
cheesemaking protocols, based on the use of camel chymosin or calf rennet, respectively. Even though
the results obtained were encouraging, the two studies had some conflicting points, and the products
were only poorly investigated. The aim of the present study was to provide a more in-depth insight on
the chemical and sensory traits of a cheese made from donkey milk by using microbial rennet.

2. Materials and Methods

2.1. Milk and Cheesemaking Trials

Milk was derived from 10 donkeys (Martina Franca ass) at the mid-period of lactation routinely
milked by a mechanical milker at a farm located in the Apulia region (Southern Italy). The gross
composition (fat, protein and lactose) was assessed by Infrared Spectroscopy by MilkoScan™ FT1 (FOSS,
Hillerød, Denmark). Cheesemaking with donkey milk, using bulk cow milk as the control, was carried
out at laboratory level (six replicates) by following the protocol reported by Faccia et al. [14] with some
modifications (Figure 1). The experimentation was performed in small pots using 5 L milk, which was
heated and maintained at the desired temperatures in a thermostatic water bath. The starter used
was Streptococcus termophilus (Choozit Star, Danisco/Dupont, Cernusco sul Naviglio, Italy), whereas
microbial rennet was Fromase from Rhizomucor miehei (normal strength, DSM, Delft, The Netherlands).
The curd cutting time was established by using a vibro-viscometer (SV-10; A & D Company, Limited,
Tokyo, Japan) applied to a 40 mL aliquot acidified and renneted milk sample, taken from the pot
and kept at 42 ◦C. Cutting started when the viscosity value did not change within 3 min; the control
milk coagulum was also cut at the same time. After moulding, samples of whey were taken for
determination of the fat content (Gerber method) and of the total fatty acids profile. The cheeses
obtained, weighing about 300 g, were kept at 25 ◦C for 2 h, and then were dry salted and stored
overnight at 4 ◦C. The following morning (about 24 h after production), they were weighted for yield
calculation and subjected to chemical and sensory analyses.
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Figure 1. Technological scheme used for donkey milk cheesemaking.

2.2. Chemical and Sensory Analyses

The moisture content in cheese was assessed by the method IDF 4:1986, fat by the Soxhlet method,
total protein by the Kjeldhal method, ash by muffle furnace incineration at 530 ◦C, and pH by the
HI99165 pH Meter equipped with penetration electrode (Hanna Instruments, Woonsocket, RI, USA).
Total fatty acids (TFA) analyses were performed on milk, whey and cheese by gas chromatography
(GC), as reported by Faccia et al. [15], with some modifications. Briefly, the fatty acids methyl esters
were obtained by transesterification of about 25 mg lipid sample obtained by Soxhlet extraction (for
cheese) and centrifugation at 2.360 RCF at 4 ◦C (for milk and whey), previously dissolved in 2 mL
of petroleum ether. Samples were injected into a Fisons model MFC 800 gas chromatograph (Fisons,
Milan, Italy) equipped with a 60 m × 0.32 mm i.d. and 0.5 μm film thickness fused-silica capillary
column (Stabilwax, Restek, Bellefonte, PA, USA). The operating conditions were: (a) oven temperature
70 ◦C for 5 min, then to 220 ◦C at 1 ◦C/min, and held at 220 ◦C for 30 min; (b) carrier gas helium 20 cm/s
at 170 ◦C; (c) injector at 250 ◦C, 1 μL; split 40:1; (d) flame-ionisation detector, 250 ◦C. Volatile compounds
were extracted by the HS-SPME technique using a DVB-CAR-PDMS fiber (Supelco, Bellefonte, Pa.,
USA), as reported by Gambacorta et al. [16], with some modifications. The sample (1.0 mL milk or
1 g cheese), 0.2 g sodium chloride and 10 L of 3-pentanone (internal standard, 81.9 ng/L in water)
were placed in 20 mL screw-cap vial, tightly capped with a PTFE-silicon septum, and conditioned for
10 min at 40 ◦C. A TriPlus RSH™ Autosampler (Thermo Fisher Scientific, Rodano, Italy) was used
to optimise and standardise the entire extraction procedure. The fiber then was introduced into the
headspace of the vial for 40 min at 40 ◦C. Then, desorption of volatiles from fiber took place in a
splitless mode for 3 min at 220 ◦C. The separation of volatile compounds was performed by a Trace
1300 gas chromatograph (Thermo Fisher Scientific) equipped with a VF-WAXms capillary column
(Agilent, Santa Clara, CA, USA), 60 m length × 0.25 mm I.D. × 0.25 μm film, and coupled with an ISQ
single quadrupole mass spectrometer (Thermo Fisher Scientific). The chromatographic conditions
were: oven, 45 ◦C (5 min) to 210 ◦C at 4 ◦C/min, held for 3 min; detector, source temperature 250 ◦C;
transfer line temperature 250 ◦C; carrier gas, helium at constant flow of 0.4 mL/min. The impact energy
was 70 eV. Data were acquired using the full-scan mode in the range of 35 to 150 m/z at an acquisition
rate of 7.2 Hz. Volatile compounds were tentatively identified by comparing the experimental spectra
with those reported in the National Institute of Standards and Technology (NIST) Library, and with
those obtained by the available pure standard compounds. Semi-quantitation was carried out by
considering the relative areas of the compounds related to that of the internal standard, and assuming
arbitrarily that their response factors were the same.
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Acquisition and processing of peaks was carried out using Xcalibur v 4.1 software (Thermo Fisher
Scientific). All analyses were done in triplicate, and means and standard deviations were calculated.
Two different electrophoresis (EF) techniques were used for investigating the protein fraction in milk,
whey and cheese. A sample of isoelectric whey, used as a standard, was also prepared. The milk and
cheese samples were analysed by urea polyacrylamide gel electrophoresis (PAGE) as indicated by
Andrews [17], whereas sodium dodecyl sulphate (SDS) PAGE as reported by Harper et al. [18] was
applied to the whey samples. Identification of the protein bands was done by comparison with the
data reported by Egito et al. [19,20] and Chianese et al. [12], and for SDS PAGE, the molecular weight
was also taken into consideration.

For sensory analysis, the Flavour Profile Method (FPM) was applied, since the product was very
innovative, and derived from an “uncommon” raw matter. In fact, due to lack of familiarity, during
the training sessions the assessors familiarised with a sample of raw donkey milk before approaching
the cheese. Even though FPM can suffer of possible influences among assessors during the final
discussion, the analysis is easier to perform than the other descriptive methods [21,22]. It requires a
restricted group of trained panellists (at least four) and the generation of a group consensus profile.
A trained panel composed of five members (two males and three females aged 28–56 years with
three years’ experience in cheese analysis) coordinated by a panel leader, performed the evaluation.
The identification and selection of descriptors was carried out according to the ISO 11035 protocol [23].
The panel had two open sessions for approaching the new product, during which the cheese was
tested by smelling, touching and tasting. A first list of descriptive terms was developed, and then
the list was reduced according to the value of frequency of citations × the perceived intensity [24].
For quantitation, a series of reference products were chosen, on which the panel performed three
training sessions. Finally, two sessions (in duplicate) were used for developing the qualiquantitative
profile by adopting a nonstructured scale. By collegial discussion, a final graph was developed in
which the attributes appeared in temporal order (from left to right, from the first to the last perceived,
respectively) and their intensity was expressed by a vector of different length.

3. Results and Discussion

The adopted protocol allowed rapid milk coagulation, since the time from rennet addition to curd
cutting was 9.15 ± 3.10 min. However, as already reported for calf rennet [14], the coagulum was very
soft, and gentle processing was needed to obtain a curd with sufficient firmness, suitable to be moulded
(Figure 2). The process consisted of cutting the curd by knife, heating to 46 ◦C and keeping constant the
temperature while progressively removing the whey. On the average, this phase required more than
30 min, and the total processing time (until moulding) was 42.10 min. The cheese texture remained
soft and slightly compacted after 24 h. Differently (and as expected), when applied to cow milk,
the same technological conditions caused immediate coagulation, very firm curd and intense syneresis,
with a total processing time of about 13 min. The results of the present experimentation, together with
those previously reported for the use of calf rennet [14], suggest that any type of rennet allows curd
formation, if used under suitable conditions. These findings refute the hypothesis of Iannella [13],
according to which only camel chymosin can be used for making donkey cheese. Differently, it was
evident that the most relevant difficulty does not lie in the primary phase of coagulation, but in the
secondary one, which is mainly driven by ionic calcium, heat and casein concentration. In this study,
fortification with ionic calcium (CaCl2) and heating were applied at the same level, as in the previous
study on calf rennet (0.3 g/L−1 and to 46 ◦C, respectively; [14], since increasing them to 0.4 g/L−1 and
50 ◦C had no effect.
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Figure 2. Donkey cheese manufacturing: curd at the cutting time (a); moulded curd (b); cheese after
24 h (c).

Table 1 shows the characteristics of the donkey cheese in comparison with the control one
manufactured from cow milk. As expected, the processing time, yield and chemical composition were
very different. For donkey, the processing time was more than three times longer and yield was more
than three times lower. As to the chemical composition, it was very close to be a fat-free product,
and the moisture content was typical of fresh, soft cheeses; the control was semi-hard.

Table 1. Chemical characteristics of donkey and cow milk and corresponding cheeses (mean values ±
standard deviation (SD)).

Item Donkey Cow (Control)

Milk Cheese Milk Cheese

pH 7.01 ± 0.03 a 5.85 ± 0.10 c 6.71 ± 0.02 b 5.61 ± 0.06 d

Total Solids% n.a. 34.19 ± 2.64 b n.a. 49.88 ± 1.16 a

Protein% 2.21 ± 0.11 d 25.87 ± 3.37 a 3.33 ± 0.07 c 17.29 ± 2.96 b

Fat% 0.33 ± 0.08 d 2.90 ± 0.11 c 3.62 ± 0.39 b 23.76 ± 3.11 a

Lactose% 6.76 ± 0.07 a n.a. 4.91 ± 0.02 b n.a.
Ash% 0.39 ± 0.06 d 3.31 ± 0.30 b 0.81 ± 0.05 c 4.83 ± 0.44 a

Total processing time *, min 42.10 ± 6.82 a 13.20 ± 0.20 b

Cheese yield% 7.21 ± 0.76 b 23.52 ± 1.50 a

Values in the same row bearing different superscripts (a,b,c,d) are significantly different, p < 0.05. n.a., not assessed;
* from addition of rennet.

The total solids contentd of donkey cheese was close to those reported in the literature [13,14],
whereas the yield was much higher. This latter result was probably connected to the high protein
content of the milk, but the impact of microbial rennet should be investigated further. In fact, since all
caseins contribute to the colloidal stability of the micelle (κ-fraction is poorly present in donkey milk),
the typical, nonspecific, proteolytic activity of microbial coagulant could have some relevance [25,26].
As regards the total processing time, it was not very different from that reported when using calf rennet,
but much shorter with respect to that when camel chymosin was applied. Such great difference could
indicate that this latter product was not obtained by ‘pure’ enzymic coagulation, but by ‘combined
enzymic-acid’ technology. In fact, the total processing time reported for camel chymosin (more than
5 h) very likely allowed acidification by the starter microflora added, which contributed to coagulation
and curd formation.

TFA analyses of milk, whey and cheese samples were carried out in order to evaluate if the fatty
acid profiles remained unchanged after cheesemaking. Table 2 shows the results obtained. As to
donkey milk, the most abundant compound was oleic acid, followed by palmitic, linoleic, capric
and lauric.
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Table 2. Fat content (%) and fatty acid composition (% of total fatty acids) of donkey’s and cow’s milk,
cheese and whey.

Item Donkey Cow (Control)

Milk Cheese Whey Milk Cheese Whey

Total fat content 0.33 ± 0.08 2.90 ± 0.11 <0.1 3.62 ± 0.39 23.76 ± 3.11 0.28 ± 0.10
Butyric Acid 0.22 ± 0.11 0.19 ± 0.09 n.d. 4.99 ± 0.05 4.85 ± 0.11 5.19 ± 0.23
Caproic Acid 0.40 ± 0.21 0.72 ± 0.66 n.d. 2.73 ± 0.21 2.91 ± 0.19 2.03 ± 1.21
Caprylic Acid 3.69 ± 1.27 a 1.50 ± 0.19 b 2.71 ± 0.90 a 1.29 ± 0.24 1.44 ± 0.34 1.51 ± 0.54
Capric Acid 7.85 ± 1.22 a 4.08 ± 0.10 b 6.00 ± 1.73 a 2.41 ± 0.19 2.55 ± 0.49 2.92 ± 0.55

Undecanoic Acid 1.02 ± 0.22 a 0.30 ± 0.12 b 1.80 ± 0.64 a 0.81 ± 0.11 0.73 ± 0.15 0.33 ± 0.39
Lauric Acid 7.56 ± 0.40 a 4.07 ± 0.09 b 6.74 ± 1.78 a 4.21 ± 0.58 4.40 ± 0.27 4.33 ± 0.61

Tridecanoic Acid 0.03 ± 0.06 n.d. n.d. n.d. n.d. n.d.
Myristic Acid 6.07 ± 0.62 b 12.16 ± 0.33 a 7.77 ± 4.77 a,b 11.94 ± 0.31 12.41 ± 0.77 13.07 ± 1.00

Myristoleic Acid 0.29 ± 0.07 b 1.15 ± 0.46 a n.d. 0.49 ± 0.11 0.32 ± 0.21 0.44 ± 0.33
Pentadecanoic Acid 0.29 ± 0.37 b 1.19 ± 0.46 a n.d. 0.90 ± 0.23 0.70 ± 0.31 0.61 ± 0.42

Palmitic Acid 19.08 ± 0.34 b 33.08 ± 0.60 a 21.37 ± 1.47 b 28.45 ± 0.21 30.18 ± 0.37 29.41 ± 3.17
Palmitoleic Acid 2.27 ± 0.11 a 1.97 ± 0.08 b 2.48 ± 1.66 a,b 1.37 ± 0.05 1.01 ± 0.49 1.78 ± 0.52
Margaric Acid 0.29 ± 0.20 0.71 ± 0.26 n.d. 0.45 ± 0.02 0.38 ± 0.12 n.d.

Eptadecenoic Acid 0.34 ± 0.46 n.d. n.d. n.d. n.d. n.d.
Stearic Acid 1.87 ± 0.47 c 8.80 ± 0.15 a 5.18 ± 3.14 b 10.46 ± 0.17 b 13.09 ± 1.22 a 9.67 ± 0.94 b

Elaidic Acid n.d. 0.95 ± 0.16 n.d. 0.84 ± 0.30 0.54 ± 0.23 0.89 ± 0.21
Oleic Acid 24.46 ± 1.96 21.84 ± 2.01 24.34 ± 0.84 23.61 ± 0.91 20.08 ± 1.88 22.57 ± 1.90

Linoleic Acid 18.27 ± 0.25 a 5.10 ± 0.13 b 16.54 ± 3.46 a 3.05 ± 0.56 2.80 ± 0.41 3.56 ± 0.68
Linolenic Acid 5.32 ± 0.16 a 1.45 ± 1.66 b 5.07 ± 2.56 a,b 1.21 ± 0.11 0.97 ± 0.05 1.69 ± 0.97
Arachidic acid 0.09 ± 0.05 b 0.21 ± 0.05 a n.d. 0.11 ± 0.04 0.23 ± 0.09 n.d.
Gadoleic Acid 0.24 ± 0.16 0.52 ± 0.46 n.d. 0.30 ± 0.11 0.41 ± 0.15 n.d.

Eicosadienoic Acid 0.29 ± 0.07 n.d. n.d. 0.38 ± 0.01 n.d. n.d.
Mean saturated 48.46 67.01 51.57 70.35 73.87 68.27

Mean monounsaturated 27.60 26.43 26.82 26.61 21.95 25.68
Mean polyunsaturated 23.92 6.55 21.61 4.64 4.18 5.25

Values in the same row bearing different superscripts (a,b,c,d) are significantly different, p < 0.05. n.d., not detected.

The results agree with those obtained by Martemucci and D’Alessandro [27] in samples taken at
90 days of lactation. Some differences were observed with the data of Gastaldi et al. [28], who reported
a different order of abundance. This discrepancy could be connected to a different lactation stage;
however, the authors did not indicate the period in which they took the samples. The total amount of
saturated fatty acids was very close to that found by Martini et al. [29] in milk from the Amiata donkey,
whereas the concentration of polyunsaturated was much higher. The average TFA profile of the bovine
milk used as control (bulk milk samples taken from an industrial dairy) was within the typical range
of this type of milk, and the high saturated/polyunsaturated ratio suggests possible derivation from
intensive farms. The TFA profile of the cheese showed some changes with respect to milk, due to an
increase of some saturated compounds (in particular stearic acid) and decrease of the polyunsaturated
ones (mainly linoleic and linolenic acids). This result was surprising, and was only partially reflected
by the control, for which the differences were less pronounced and the significance was only found for
stearic acid. At our knowledge, this argument has been poorly investigated, and more analyses are
needed to confirm the result. A possible cause could lie in a different retention of the fat globules into
the cheese, depending on their size. According to the literature, small sized and large sized globules
of cow milk present some differences in the fatty acid composition of glycerides: the small globules
contain less short chain fatty acids, less stearic and more oleic acid [30,31] than larger ones. For donkey
milk, no information is available on TFA composition of fat globules glycerides, but Martini et al. [29]
reported that globules have different size, ranging from less than 2 to more than 5 μm, and that the
small ones are much more abundant (about 70% of total). If, as theoretically expected, the small
globules are less retained into the curd, some differences in the TFA profile of milk, cheese and whey
should arise. Unfortunately, the TFA analyses of the whey samples did not give further elements for
supporting this hypothesis, since the standard deviation was too high. A specific study is required to
in order to clarify the matter.
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The volatile organic compounds (VOCs) analyses gave the results shown in Table 4, in which
only the compounds detected in at least four trials (out of six) are shown. Information on VOCs in
donkey milk is rare: Conte et al. [32], Tidona et al. [33] and Vincenzetti et al. [34] identified 7, 6 and 19
compounds, respectively. In our study, 11 individual volatile compounds were identified (versus 21
in the control), and the total peak area was much lower than in cow milk. The different fat content
in the two types of milk should play a role in the formation and release of VOCs. In this regard, it
must be underlined that the results on the donkey samples (both milk and cheese) had low standard
deviations, differently from those obtained in the cow cheese. It could be connected to the different
concentration at which VOCs are present in the two types of samples, or to the variability of the fat
content (3.62 ± 0.39) in the cow milk samples used. The most abundant volatile compounds in donkey
milk were acetic acid and acetone: they can both derive from animal metabolism and microbial activity.
These two compounds were also detected in cheese, but at a lower level, probably because they were
lost into the whey during cheesemaking. Among the other compounds, 6-methyl-5-hepten-2-one
was the third in order of abundance: it is commonly called sulcatone, and presents an apple, bitter
and citrus flavour. It is a powerful attractant for mosquitos, and is emitted by a variety of plants and
animals, including humans, horses, cows and sheep. Sulcatone is also present in the faeces of mares in
estrous and in the hair of horses [35,36]: this can explain the presence in donkey milk and consequently
in cheese, where its concentration almost doubled. As regards cheese, 18 compounds were identified in
the donkey product (versus 34 in the control one). The most abundant were acetoin, 2-methylbutanal
and 2-ethylhexanol, followed by 2-ethylhexanal and hexanoic acid. Acetoin and methylbutanal are
commonly found in any types of dairy products; they present butter and green odors and derive from
lactic acid bacteria fermentation [37–39]. 2-Ethylhexanol has a fruity, green, cucumber odour [40] and
likely derives from microbial metabolism, since it was not present in milk [41]. However, it has also
been reported to be a pollutant deriving from plastic tools. In particular, it is a metabolic derivative
of 2-ethylexylphtalate (DEHP), an additive commonly added to plastics to make them flexible [42].
Possible pollution from the cheesemaking environment (i.e., plastic electrode, tools for milking and
plastic baskets used for cheese moulding) should be ascertained. All other newly formed compounds
had been widely reported in the literature for cow’s cheese.

Table 3. Volatile organic compounds (VOCs) detected in milk and cheese (μg/kg ± SD).

Compoun.d. Donkey Cow (Control)

Milk Cheese Milk Cheese

Acids
acetic 5.65 ± 0.03 b 0.19 ± 0.01 d 2.69 ± 0.17 c 66.03 ± 5.74 a

butanoic n.d. 0.36 ± 0.03 c 5.09 ± 0.24 b 8.77 ± 1.05 a

hexanoic n.d. 0.55 ± 0.10 c 7.55 ± 0.87 b 10.73 ± 0.82 a

heptanoic n.d. n.d. n.d. 0.68 ± 0.09
octanoic n.d. 0.29 ± 0.07 c 3.91 ± 0.33 b 5.02 ± 0.22 a

nonanoic n.d. n.d. 1..44 ± 0.03 b 2.10 ± 0.07 a

decanoic n.d. n.d. 3.22 ± 0.40 3.01 ± 0.44
Alcohols
ethanol n.d. n.d. n.d. 17.46 ± 2.07

2-ethylhexanol n.d. 7.16 ± 0.12 n.d. n.d.
isoamylalcohol n.d. 0.42 ± 0.02 n.d. n.d.

3-methyl,1-butanol n.d. n.d. n.d. 71.84 ± 6.47
3-methyl-2-buten-1-ol n.d. n.d. n.d. 1.19 ± 0.52

1-nonanol n.d. 0.16 ± 0.01 n.d. n.d.
2-octyloxy-ethanol n.d. n.d. n.d. 16.26 ± 3.62

phenylethyl alcohol n.d. n.d. n.d. 1.92 ± 0.09
2-propyl-1-pentanol n.d. n.d. 1.48 ± 0.39 a 0.47 ± 0.16 b
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Table 4. Volatile organic compounds (VOCs) detected in milk and cheese (μg/kg ± SD).

Compoun.d. Donkey Cow (Control)

Aldheydes
diacetyl (2,3-butanedione) n.d. n.d. n.d. 27.35 ± 2.70

hexanal n.d. n.d. 1.04 ± 0.05 b 5.33 ± 0.19 a

heptanal n.d. n.d. 0.27 ± 0.07 b 1.02 ± 0.10 a

octanal n.d. n.d. 0.48 ± 0.13 b 1.77 ± 0.51 a

nonanal 0.02 ± 0.01 d 0.39 ± 0.08 c 3.22 ± 1.26 b 17.97 ± 3.97 a

decanal n.d. n.d. 2.05 ± 1.11 2.54 ± 0.33
2-methylbutanal 0.08 ± 0.01 8.79 ± 0.37 n.d. n.d.
3-methylbutanal n.d. 0.15 ± 0.01 n.d. 63.66 ± 0.29
2-ethylhexanal 0.09 ± 0.11 0.71 ± 0.02 n.d. n.d.

Esters
ethylacetate 0.09 ± 0.01 b 0.08 ± 0.03 b n.d. 17.83 ± 5.72 a

1-butanol-3-methyl-acetate n.d. n.d. n.d. 1.03 ± 0.58
Ketones
acetone 2.84 ± 0.03 c 0.65 ± 0.01 d 59.11 ± 9.11 a 31.55 ± 0.29 b

2-butanone 0.03 ± 0.01 d 0.14 ± 0.02 c 4.21 ± 1.21 b 13.78 ± 2.85 a

2-heptanone 0.09 ± 0.02 d 0.37 ± 0.01 c 4.81 ± 0.93 b 16.09 ± 3.74 a

3-heptanone 0.07 ± 0.01 n.d. n.d. n.d.
2-nonanone n.d. 4.37 ± 0.47

2-un.d.ecanone n.d. 0.85 ± 0.23
3-hydroxy 2-butanone

(acetoin) 0.07 ± 0.02 c 11.93 ± 0.04 b n.d. 91.71 ± 23.70 a

6-methyl-5-hepten-2-one 0.15 ± 0.04 d 0.38 ± 0.05 c 0.88 ± 0.29 b 1.83 ± 0.18 a

2,3 pentanedione n.d. n.d. 0.60 ± 0.38 b 23.56 ± 6.20 a

Others
dimethyl sulfide n.d. n.d. 0.12 ± 0.07 b 1.33 ± 0.40 a

dimethyl sulfone n.d. 0.26 ± 0.01 b 1.97 ± 0.28 a 1.83 ± 0.19 a

hexane n.d. n.d. 1.27 ± 0.53 b 2.98 ± 0.81 a

heptane n.d. n.d. 0.77 ± 0.12 b 7.20 ± 1.00 a

Values in the same row bearing different superscripts (a,b,c,d) are significantly different, p < 0.05. n.d., not detected.

Figures 3 and 4 show the results of the electrophoretic study. For interpreting the gel, the works of
Chianese et al. [12] on donkey milk, and of Egito et al. [19,20] on equine caseins in buffered solutions,
were considered. By comparing the urea-PAGE patterns of milk and cheese (Figure 3), it was evident
that some new bands appeared after 24 h from cheesemaking. In the upper zone of the gel, the intensity
of several bands strongly increased in cheese: they should correspond to γ-casein-like fragments
deriving from β-caseins. In the central area, five new bands appeared: for those coded x1 and x2,
no possible correspondence was found in the literature, whereas those coded x3, x4 and x5 laid in the
same zone of β-I- and β-II-caseins-like fragments. Finally, the diffuse band positioned in the lower
zone (coded x6 and probably composed of two or three overlapping bands), could correspond to
proteose-peptone-like fragments deriving from β-casein, or to fragments with high electrophoretic
mobility deriving from αs1-casein. Considering that the cheese was analysed at 24 h after production,
it is likely that these fragments derive from the activity of microbial rennet, which is able to hydrolyse
all casein fractions in very short time [43].

Due to scarce resolution of whey proteins in the urea-PAGE system, SDS-PAGE was used for
analysing the whey samples [44]. The patterns of isoelectric and cheese whey were very similar, except
for the total absence of residual casein in the latter (Figure 4).

34



Foods 2020, 9, 16

Figure 3. Urea polyacrylamide gel electrophoresis (urea-PAGE) patterns of donkey milk (left slot) and
cheese after moulding (right slot).

Figure 4. Sodium dodecyl sulphate (SDS)-PAGE patterns of isoelectric donkey milk whey (left slot)
and donkey cheese whey after moulding (right slot).

Table 5 and Figure 5 show the results of the sensory analyses. The restricted list of descriptors and
the corresponding reference products that were developed for the experimental and control cheeses
are shown in Table 5. For the former, 9 descriptors were selected from a pool of 13 initial attributes,
3 of which regarded texture, 3 aroma, 2 taste and 1 colour. The term “gamy” was adopted to indicate
the typical animal odour of donkey milk. For the control, the descriptors were mostly different (10
developed). The colour was white in both cases, but with different gradations. The texture was very
close to that of fresh Feta cheese for donkey, and to that of Edam cheese for cow.
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Table 5. List of descriptors and reference product developed for donkey cheese.

Descriptor Reference Product Donkey Cow (Control)

Colour
White +

Ivory white +
Texture
Corky Rubber stopper +

Crumbly Feta cheese +
Semi-hard Carrot +

Soluble Meringue +
Springy Edam cheese +

Juicy Water melon +
Aroma

Buttery Butter +
Caramel Cooked sugar +
Egg yolk Raw egg yolk +

Gamy Fresh donkey milk +
Lactic Fresh uncultured milk +
Yogurt Plain yogurt +
Taste
Salty 0.5% NaCl in water + +
Sweet 0.5% sucrose in water + +
Acid 0.5% citric acid +

Figure 5. Flavour profile (aroma, texture and taste) of donkey and control cheese made with
microbial rennet.

An extremely distinctive aroma was perceived in the former, for which a unique descriptor was
developed, that is “egg yolk”. As to taste, the most intense descriptor selected was “sweet”, whereas
the control also had a slight acid taste. This difference should be ascribed both to different pH values
(it was slightly lower in the control cheese) and/or possible masking of the sour taste by the sweetness
of donkey samples.

The differences in aroma, texture and taste can be clearly observed in Figure 5, where the flavour
profiles are shown. The most intense odour in donkey cheese was “egg yolk”, followed by “gamy”
and “caramel”. By comparing these results with those reported in the literature for egg yolk [45],
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a possible connection with the VOC profiles can be hypothesised. In fact, the two matrices present
several volatile compounds in common, such as dimethyl sulphone, acetic, butanoic and hexanoic
acids. As to texture, the cheese lacked elasticity, and became dry and chalky after a few days storage at
13 ◦C and 75% relative humidity, indicating that it was not suitable to ripening (results not shown).
Overall, the sensory profile was rather similar to that previously reported for cheesemaking with calf
rennet, and the flavour was judged as pleasant.

4. Conclusions

The present experimentation confirmed that donkey milk can be processed into fresh cheese
by enzymatic coagulation under suitable technological conditions, by using microbial rennet.
Such conditions result in being very severe when applied to cow milk, and lead to the formation of a
semihard curd in a very short time. The chemical and sensory composition of fresh donkey cheese
can be very interesting from a nutritional point view, due to very low fat levels and pleasant flavour.
However, the scarce availability and high cost of the raw material currently limit practical application.
Further studies are necessary by animal husbandry scientists to increase the milk yield of lactating
donkeys, and by food scientists for improving the cheese texture and cheesemaking yield. Efforts
for improving curd firmness should focus on increasing casein concentration: to this aim, protein
enrichment could be pursued by water evaporation (at low temperature, in order to avoid deterioration
of the already weak coagulation properties) or membrane filtration.
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Abstract: This study was conducted to investigate the effect of various native starches on the
rheological and textural properties of non-fat set yogurt. The yogurt samples were prepared while
using five types of starches (potato, sweet potato, corn, chickpea, and Turkish beans). The physical
properties of the prepared yogurt were analyzed while using shear viscosity, viscoelasticity, and
texture analysis. The tests were performed after 0, 7, and 15 days storage. The effect of these starches
on the yogurt viscoelastic properties, texture, syneresis, and sensory evaluation were determined
under optimum conditions. The results showed that adding 1% starch could significantly (p < 0.05)
reduce syneresis and improve yogurt firmness. Starches exhibited different effect on the overall quality
of the yogurt due to their origin and amylose content. Regardless of the number of storage period
duration, all of the samples, including the control behaved as pseudoplastic materials (n < 1) with
various levels of pseudoplasticity. Yogurts with corn and tuber starches had the highest consistency
coefficient (k), which indicated higher viscosity. The yogurt sample with chickpea starch exhibited
the highest G´, making the gel more solid like. Therefore, the influence of tuber starches (potato and
sweet potato) on G´ was different when compared to corn or legume starches. The behavior of the
starches changed with storage time, where some starches performed better only at the beginning of
the storage period duration. Wheying-offwas significantly reduced, regardless of starch type. The
pH of the yogurt remained unchanged through storage. Sensory evaluation showed a preference for
starch-containing samples as compared to the control, regardless of the starch type. The variation
in yogurt quality as a function of starch type could be attributed to the starch granule structure,
gelatinization mechanism, or amylose content.

Keywords: starch; yogurt; rheology; sensory; texture

1. Introduction

Nowadays, yogurt is considered to be one of the most popular fermented milk products and it
has gained widespread consumer acceptance as a healthy food [1]. It is prepared by fermenting milk
with bacterial cultures consisting of a mixture of Streptococcus thermophiles and Lactobacillus [2]. Yogurt
is as nutritious as many other fermented milk products, since it contains high level of milk solids
in addition to the nutrients developed during the fermentation process. In the yogurt industry, the
major concern is the production and maintenance of a product with optimal consistency and stability
during transportation and storage. The texture, viscosity at high total solids, variation in the processing
variables, and characteristics of the starter culture are the main components that determine yogurt’s
consistency [3].

The consumption of whole fat products (e.g., full fat yogurt) has declined due to the awareness of
the probable harmful effect of fat on consumer’s health, thus the dietary habits of consumers have
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changed and market interest moved in favor of low or nonfat dairy products [4]. The Code of Federal
Regulations of FDA reported that the low fat yogurt and nonfat yogurt are similar in description to full
fat yogurt, but low fat contains 0.5% to 2% and nonfat is less than 0.5% milk fat [5,6].

In yogurt products, milk fat plays a major role in the texture, flavor, and color development of the
final products [7]. Therefore, the reduction in fat will subsequently reduce the total solids content (in
low-fat and nonfat yogurt), leading to weak body, poor texture, and increased whey separation, unless
various stabilizers are used [8].

Food hydrocolloids, such as starches, are usually used in the food industries as thickeners,
stabilizer, gelling agents, syneresis controller, and emulsifiers [9,10]. On the other hand, they regulate
flavor and aroma release [11]. The use of stabilizers in manufactured dairy products, such as yogurt,
is very important for appropriate viscosity, sensory properties, and inhibiting/reducing wheying-off
during storage and transportation, as well as boosting the ratio of total solids. There are many kinds of
stabilizers, for instance, synthetic (carboxyl methyl cellulose) or natural. Plant origin stabilizers are
considered to be the cheapest and they include the commonly used ones, such as corn starch. Starch is
preferred in the yogurt industry, because it is a good thickener and its ability to reduce yogurt flaws
by improving texture and make the product more appealing to consumers [12–14]. Starches, such as
corn, sweet potato, potato, and chestnut, are commonly used by the yogurt industry at 0.25 to 1%”.
Although the use of starch in yogurt manufacturing is currently practiced, a comparison between the
performance of starches form different sources and dissimilar amylose content, such as tubers, cereals,
or legumes, is not done to the best of our knowledge. Therefore, the focus of this study was to explore
the effect of corn, sweet potato, potato, Turkish beans, and chickpea starches on the physicochemical,
rheological, and sensory properties of the none-fat set yogurt during and after storage.

2. Materials and Methods

2.1. Materials

Nonfat milk powder (34.5% protein, 3.5% moisture, 7.2% ash, 55% lactose) of Nino brand was
purchased from a local supermarket. Fresh potato and sweet potato were obtained from the produce
market (Riyadh, Saudi Arabia). Chickpea and Turkish beans were purchased from local store, whereas
ARASCO (Riyadh, Saudi Arabia) donated the corn starch.

2.2. Starches Extraction

2.2.1. Potato and Sweet Potato Starches Isolation

The potato or sweet potato starch was extracted according to [15]. The tuber was thoroughly
washed, peeled, and diced into small pieces. Slurry was prepared by blending the diced tubers in
distilled water (50:50 v/v) for 3 min. while using kitchen aid blender at medium speed (B. Braun
Melsungen, AG, Hessen, Germany). The slurry was filtered through a muslin cloth and the overs were
re-suspended in distilled water (1:2 v/v), blended, and filtered in the same way, and finally the filtrate
is sieved while using 200 mesh sieve. Starch was allowed to settle for 1 h at room temperature and the
supernatant was discarded. The starch was re-suspended in distilled water and then centrifuged at
2000× g for 15 min. After centrifugation, the top dark layer was removed and the white material at the
bottom of the bottle is reconstituted in distilled water and then centrifuged until pure white starch
fraction is obtained. The isolated starch is dried, ground, and stored as in air tight jars at 5 ◦C.

2.2.2. Chickpea and Turkish Bean Starches Isolation

Whole meal of Turkish beans was prepared by crushing the dry beans in the blender at fast speed
for 3 min. Slurry was prepared by blending the whole meal of chickpea or Turkish beans in distilled
water (50/50; w/w) in heavy duty blender (B. Braun Melsungen, AG, Hessen, Germany) for 5 min. at
medium speed. The slurry was passed through 200 mesh sieves and the filtrate was centrifuged at
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2000× g for 15 min. [16,17]. After centrifugation, the top layer on the precipitate was removed and the
white material at the bottom of the bottle (the pellet) was then re-suspended in distilled water and
centrifuged while using the above-mentioned conditions. This procedure was repeated five times to
get the pure white starch. The starch was air dried, ground in a coffee grinder, and stored in air-tight
glass bottles at 4 ◦C for further analysis.

2.3. Amylose Content

Amylose content was determined according to the method of Williams, et al. [18]. The method is
based on weighing 0.1 g of starch dry basis, 1 mL ethanol, 9 mL NaOH (I M). The mixture is boiled for
10 min. in water bath and then cooled to room temperature. To 5 mL mixture, 1 mL acetic acid (1 N),
2 mL iodine solution (2.0 g of potassium iodide and 0.2 g of iodine diluted to 100 mL with distilled
water) and the absorbance (A) was red at 620 nm. The percent amylose content was calculated, as
follows: 3.06 × A × 20.

2.4. Yogurt Preparation

Nonfat yogurt was prepared while using powdered skim milk (14.0% total solids) and starch.
The blends were prepared by replacing 1.0 g of the skim milk with 1.0 g of starch. So as to ascertain
complete solubility, dry starch and milk powder were mixed first. To the dry ingredients, water was
added to finally maintain 14% total solids and the mixture was preheated to 60 ◦C for 30 min., cooled to
42 ◦C, and the yogurt starter was added at 3.0% of the dry ingredients. The microbial starter included
Streptococcus thermophiles and Lactobacillus bulgaricus. The mixture (14 g) was divided into plastic
cups (100 mL) and incubated at 42 ◦C until coagulation occurs or the pH reached 4.6 (Barrantes et al.,
1994) [4]. The yogurt samples were stored at 5 ± 0.2 ◦C and then analyzed after 0, 7, and 15 days of
storage. Three replicates were tested. The pH of yogurt samples was determined at 25 ◦C.

2.5. Yogurt Composition

2.5.1. Total Solids Contents

The total solids content of yogurt samples were determined according to the Association of Official
Agricultural Chemists AOAC Method (940.09) [19]. Yogurt sample (10 g) was dried in air forced oven
at 105 ± 5 ◦C for 1 h. The remaining weight was expressed as percent total solids content.

2.5.2. Total Ash Content

The ash content of the yogurt samples was determined according to the AOAC Method (942.05) [19],
where 5 g of yogurt sample was heated in a muffle furnace at 550 ◦C for 5 h and the residue was
expressed as % Ash content.

2.5.3. Crude Protein

The crude protein content was estimated according to the Kjeldahl method, as described in the
AOAC method (992.15) [19]. The yogurt sample (2 g) was digested in concentrated sulfuric acid and
the total nitrogen content was multiplied by 5.70.

2.5.4. Crude Fat

The crude fat content was determined while using the Gerber Method and the percent crude fat
was determined by directly reading calibrated butyrometer (Badertscher et al., 2007) [20].
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2.5.5. Total Carbohydrates

The carbohydrate contents were determined by the difference method given using the expression
given below:

Carbohydrates (%) = 100− (protein % + fat % + moisture % + ash %). (1)

2.6. Apparent Viscosity

The yogurt viscosity measurements were carried out at ambient temperature (25 ◦C) while using
Brookfield viscometer (Brookfield Engineering Inc., Model RV-DV II Pro+, New York, NY, USA) with
spindle number 63. The disk spindle was selected because of the nature of the yogurt sample, which
allows for readings within the instrument sensitivity. According to the manufacturer (Brookfield),
samples should be kept in a thermostatically controlled water bath at 25 ◦C for about 10 min. before
measurements. The first measurements were taken 2 min. after the spindle was immersed in the
sample to allow for thermal equilibrium to eliminate the effect of immediate time dependence effect.
The data were collected every 40 sec and the measurement was duplicated and the average value was
considered. The experimental data obtained was converted to shear rate/shear stress and fitted to the
power law model.

σ = k × γn (2)

where σ is shear stress (Pas), γ is shear rate (s−1), n is the flow behavior index, and k is the consistency
index (Pas). The values for the flow behavior index n were obtained from plotting the log of shear
stress versus log of shear rate and the slope of the line (if the dependence is sufficiently close to a linear
one) is simply equal to the flow index (n).

2.7. Dynamic Rheology, Steady Flow Behavior

The dynamic viscoelastic properties of nonfat yogurt were determined while using TA Instrument
Discovery Hybrid Rheometer (HR-1) that was installed with parallel plates system (40 mm in diameter
and 50 μm gaps (TA Instruments, New Caste, PA, USA). The samples were transferred to the plate
and rheometer was calibrated at 25◦C for one minute and excess sample was wiped offwith spatula.
Dynamic shear data were obtained at frequency sweeps ranging from 0.1–100 rad/s and 0.5% constant
strain at 25 ◦C. Experimental data were collected using the software that was provided by the
manufacturer. The storage moduli (G′), loss moduli (G”), and viscosity are the parameters obtained for
every run. A strain-sweep experiment was performed to establish that all measurements were done
within the linear viscoelastic rage of the experiment. Linear viscoelasticity indicates that the measured
parameters are independent of shear strains. To determine the liner viscoelastic range (LVR), a stress
sweep was increased from 0.1 to 50.0 Pas at a constant frequency of 0.1 Hz (0.628 rad/s). Frequency
sweeps between 0.1 to 10 (rad/s) were implemented within the LVR of the yogurt samples at a constant
stress of 1.0 Pas. The frequency range used here is typically used for frequency sweep to ascertain
that G′, G”, and η* were within the linear region. The behavior of all the measured materials in this
study was in the linear range below 1% strain. Measurement was repeated three times with fresh
samples. The relative errors were within the range of ±10%. All of the calculations were performed
with the Rheology Advantage Data Analysis software (Version 5.7.0., TA Instruments, New Caste, PA,
USA) that was provided by the manufacturer. The viscosity profile was used to provide information
regarding the possibility of slippage, where the viscosity profile as a function of shear rate of duplicate
runs was plotted in the same graph to ascertain the repeatability and slippage behavior of the material.
No slippage was recorded.

2.8. Yogurt Texture Profile Analysis (TPA)

The double compression test was performed while using texture analyzer (TA-XT2 Texture
Analyzer, Texture Technologies Crop, Scarsdale, NY, USA) equipped with a software. Plastic cylinder
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(45 Perspex Cone, 432–081) is attached to crosshead moving at speed of 70 mm/min. in both upward
and downward directions. The yogurt sample was placed on a flat holding plate and the plastic
cylinder was inserted 20 mm below the surface of the yogurt sample. The firmness of the yogurt was
calculated according to the method that was described by Steffe 1996 [21].

2.9. Whey Separation (Wheying-Off)

The volume of the separating whey (wheying-off) on the surface of the yogurt sample was
collected as an indicator for wheying-off (g/100 g yogurt) according to the siphon method. The level
of spontaneous whey separation of undisturbed set yogurt was determined while using a siphon
drainage method [22]. In this study, a cup of set yogurt was taken out of the cold room (4 ◦C), weighed,
and kept at an angle of approximately 45 ◦C to allow for whey collection on the side of the cup. A
syringe was used to draw the whey from the surface of the sample every 10 s, and the cup of yogurt
was weighed again. The syneresis was expressed as the percent weight of the whey over the initial
weight of the yogurt samples.

2.10. Sensory Evaluation

The sensory evaluation was carried out by a group of 10 trained sensory assessors. The evaluation
of the yogurt samples included the following sensory attributes; appearance, color, texture, aroma,
taste, aftertaste, and overall acceptability. The scale used was nine points hedonic scale, where 1
represents dislike extremely, 5 for neither dislike or like, and 9 for extremely like.

2.11. Statistical Analysis

Statistical analysis was performed while using SPSS (SPSS Inc., Hong Kong, China). All of the
measurements were done in triplicate and then subjected to analysis of variance (ANOVA) using
factorial design. Duncan’s multiple range tests at p ≤ 0.05 was used to compare means while using
PASW® Statistics 18 software (SPSS Inc., Hong Kong, China).

3. Results and Discussion

3.1. Shear Viscosity

Three different sets of temperatures were selected, 36–38 ◦C, 40–42 ◦C, and 44–46 ◦C, in order to
determine the appropriate incubation temperature. The yogurt made at all three sets of temperature
was tested for its texture, viscosity and wheying-off. Unlike the other temperatures, the yogurt that
was prepared at 40–42 ◦C had good texture and viscosity as well as less wheying-off. Therefore, yogurt
with or without starch was prepared at 42 ◦C. In addition, the pH was monitored throughout the
incubation time and was found to decrease with the same rate in the presence of starch when compared
to the control. Williams et al. (2003) [23] reported that when a modified waxy maize starch was added
to yogurt prepared at 43 ◦C, the product had a grainy texture and high viscosity. The authors were
able to improve the texture and viscosity by lowering the fermentation temperature to 35 ◦C and then
increased the fermentation time. In this work, we used common native starch (non-waxy) and, by
trying different temperatures, we found that 42 ◦C was the best.

The proximate composition of the yogurt showed no significant difference between the control and
the yogurt/starch blends with respect to the total solids, lipids, and ash. However, lower carbohydrates
and higher protein content were recorded for the control. The percent amylose content for potato,
sweet potato, corn, chickpea, and Turkish bean starches were 21.8, 22.9, 20.4, 32.2, and 17.5, respectively.
Figure 1 shows the effect of the starches on the shear rate and shear stress of the yogurt. By observing
the shape of the curves in Figure 1, it is clear that yogurt exhibited shear thinning and yield stress
behavior that indicates interactive structure [24], where the entangled molecules of the yogurt start to
disentangle and become less resistant to flow which results in shear thinning as indicated by lower
viscosity. Yield stress is the applied stress at which irreversible deformation is first observed across
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the sample. Yield stress studies can help to evaluate the product performance and process-ability
and predict product’s long-term stability and shelf life. A higher yield stress prevents the material
to undergo phase separation or break down and it reduces flow under shipping vibrations. At the
beginning of cold storage at, the yield stress of the control and the yogurt/starch blends can be ranked
as: Turkish beans > corn > chickpea > potato > sweet potato > control (Figure 1a). The gaps between
the profiles (curves) in Figure 1a point to similar effect of the tubers, where the chickpea was in the
middle. The highest yield stress of corn and Turkish starches indicates structural stability of the gel.
After seven days of storage, the yield stress of potato starch ranked first, Turkish beans and sweet
potato were the lowest and the control became firmer as compared to zero storage days (Figure 1b). The
gaps between the profiles were further apart than those of at the beginning of cold storage. The sweet
potato and Turkish bean were similar, whereas the control was similar to the chickpea. After 15 days,
the picture was not very different than seven days, except that chickpea starch exhibited a higher value
(Figure 1c). The role of these starches appeared to be time dependent, because Turkish-beans starch
exhibited the highest yield stress at zero storage days, while it has the least yield stress after seven
days of storage. This could be due to the mechanism of starch gelatinization during the first steps of
yogurt making. Another reason could be amylose retrogradation and syneresis (water separation due
to amylose retrogradation). Therefore, the use of potato or corn starch for set yogurt to maintain good
gel firmness is recommended for longer storage time. Yield stress was the highest at seven storage
days than zero or 15 days, which could be attributed to maximum physical interaction between the
starch and the casein. Shear viscosity analysis showed Turkish-beans as starch with the highest yield
stress and stability at the beginning of cold storage, whereas potato starch with the highest yield stress
and stability after 15 days of storage.

 

 

Figure 1. Shear rate shear stress relationship for fresh yoghurt fortified with deferent starches after (a)
0 storage days, (b) 7 storage days, and (c) 15 storage days.
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The power law was applied to describe the rheological behavior of the yogurt with different types
of starches (Equation (1)). Table 1 a,b present the effect of the starches on the power law parameters (k
and n), where the data clearly fit the power law, because of the values of the high value of r2 (>0.95).
The Y-intercept represents the K and the slope represents the n. Regardless of the number of storage
days, all the samples (Table 1), including the control behaved as pseudoplastic materials, since n < 1, but
some are more pseudoplastic than others. Cruz et al. (2012) [25]; Yu et al. (2007) [26] noticed a similar
observation. The difference in pseudoplasticity of yogurts with different types of starch as a function
of storage time is obvious in Table 1. This is an indication of the structural changes during storage
due to interactions between starch molecules, possibly amylose, and the casein network. Unlike the
control and the corn starch samples, and by virtue of higher n values, yogurt sample containing Turkish
beans starch was the least pseudoplastic, especially at longer storage time. This behavior was also
reflected for the yield stress. Potato and sweet potato starches exhibited the most pseudoplasticity after
seven days storage. This difference can be attributed to the different amylose content of these starches,
where the lowest amount of amylose showed the smallest pseudoplasticity. Conversely, chickpea with
the highest amylose content started as the least pseudoplastic, but it become more pseudoplastic as
a function of storage time (Table 1). When compared to the control, all of the yogurt/starch blends
exhibited higher k values, which indicated higher viscosity and a thicker structure (Table 1). The k
values at the beginning of cold storage was similar for all starches, regardless of amylose content, but
for longer storage time corn starch yogurt exhibited the thickest texture followed by the tubers. Once
again, the Turkish bean starch yogurt was the thinnest of all samples, which could be accredited to the
low amylose content. The thickest yogurt after 15 days storage was the one with potato starch, which
was also true for the yield stress results. Other researchers attributed the high yogurt viscosity to the
high milk solids [27].

Table 1. The consistency index (k) and flow behavior index (n) of yogurt prepared with different starches.

1a
0 Day 7 Days 15 Days

k r2 k r2 k r2

Control 0.381 ± 0.01 b 0.991 ± 0.02 0.401 ± 0.08 c 0.992 ± 0.02 0.471 ± 0.06 c 0.991 ± 0.01
Y. Ps 0.423 ± 0.02 a 0.989 ± 0.02 0.542 ± 0.02 b 0.994 ± 0.00 0.681 ± 0.01 a 0.992 ± 0.01

Y. SWPs 0.423 ± 0.03 a 0.993 ± 0.01 0.550 ± 0.05 b 0.989 ± 0.02 0.235 ± 0.05 e 0.995 ± 0.01
Y. Cs 0.423 ± 0.03 a 0.998 ± 0.02 0.682 ± 0.02 a 0.979 ± 0.02 0.496 ± 0.03 b 0.990 ± 0.00

Y. CPs 0.424 ± 0.06 a 0.996 ± 0.03 0.381 ± 0.03 c 0.990 ± 0.05 0.324 ± 0.02 d 0.975 ± 0.03
Y. TBs 0.431 ± 0.08 a 0.997 ± 0.07 0.271 ± 0.01 d 0.995 ± 0.03 0.101 ± 0.021 f 0.990 ± 0.02

1b
0 Day 7 Days 15 Days

n r2 n r2 n r2

Control 0.381 ± 0.11 b,c 0.991 ± 0.02 0.310 ± 0.01 d 0.992 ± 0.02 0.294 ± 0.04 d 0.991 ± 0.01
Y. Ps 0.246 ± 0.02 c 0.989 ± 0.02 0.365 ± 0.01 c 0.994 ± 0.01 0.275 ± 0.05 e 0.992 ± 0.01

Y. SWPs 0.370 ± 0.11 c 0.993 ± 0.01 0.410 ± 0.03 b 0.989 ± 0.02 0.317 ± 0.11 c 0.995 ± 0.01
Y. Cs 0.313 ± 0.03 d 0.998 ± 0.02 0.280 ± 0.02 e 0.979 ± 0.02 0.349 ± 0.22 b 0.990 ± 0.02

Y. CPs 0.440 ± 0.01 a 0.996 ± 0.03 0.380 ± 0.03 c 0.990 ± 0.05 0.304 ± 0.42 d 0.975 ± 0.03
Y. TBs 0.390 ± 0.01 b 0.997 ± 0.07 0.488 ± 0.22 a 0.995 ± 0.03 0.535 ± 0.23 a 0.990 ± 0.02

k consistency index (Pa). n = flow behavior index (dimensionless). C = Control, Y. Ps = potato starch, Y. SWPs =
Sweet potato starch, Y. Cs = corn starch, Y. CPs = Chickpea starch, Y. TBs = Turkish bean starch. Values followed by
different letters in each column are significantly different (p ≤ 0.05).

3.2. Viscoelastic Properties

The dynamic rheological testing provides useful information regarding the internal structure of
the yogurt, which is represented by storage modulus (G′) and loss modulus (G”) that denote the elastic
and the viscous behavior, respectively, as well as the complex viscosity η* and the phase angle tan δ.
The yogurt samples exhibited a weak gel behavior because G′ > G” over the range of 0.1 and 50 Pas. A
linear viscoelastic region was observed from 0.1 to 10 Pas. Therefore, 1.0 Pas stress was chosen for the
frequency sweep test. These data are in agreement of other researchers who reported similar results for
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yogurt enriched with milk solids and inulin [28]. The longer LVR G′ region of the yogurt samples as a
function of stress indicates stress independence (Figure 2). The extent of LVR of the yogurt samples
can be ranked according to the type of starch, as follows: potato > corn > chickpea > sweet potato >
Turkish beans > control (Figure 2). Therefore, the gel of the control yogurt was the weakest of all and
potato starch produced yogurt with the firmest gel (structure), whereas yogurt with Turkish beans
starch exhibited the least firm gel. These data are in agreement with the yield stress and the k and n
values reported above.

Figure 2. Linear viscoelastic region determination of the control and starch containing yogurt.

Figure 3 showed the oscillation dependency of G′. The G′ of the control stayed the same up to
seven storage days, but it increased after that. Chickpea starch was more effective than other starches
by maintaining the highest G′; nonetheless, G′ was almost the same after seven or 15 days (Figure 3b).
Although on smaller scale, the G′ corn starch yogurt was similar to chickpea starch (Figure 3c), where
the gel became firmer as a function of longer storage time. The firmest gel for potato and sweet
potato was recorded after seven storage days i.e., high G′, but potato starch yogurt was softer after
15 days (Figure 3e,d). Generally, the G′ of sweet potato starch was higher than potato starch which
can be attributed to the higher amylose content of the sweet potato starch. The remaining starches
showed higher G′ after 15 days. In addition, the G′ appeared to be unchanged after seven and 15
days, except for the tuber starches (Figure 3b,c). Reports indicated that chemically modified starch
can induce positive impact in syneresis and rheological properties as compared with a full-fat yogurt
by forming a stable yogurt structure [13]. The texture of low fat yogurt that was prepared with acid
treated crosslinked wheat starch was soft, but syneresis was lower [29]. Acetylated-crosslinked starch
improved the properties of yogurt more effectively than native starch at 0.5% concentration, in terms
of yield stress, consistency, apparent viscosity, thixotropy, and pseudoplasticity [30]. Generally, yogurt
with chickpea starch exhibited the highest G′ after 15 days in storage (Figure 3f). Overall, the G′ of the
tubers was similar and the legumes starch yogurt were alike, because the yogurt gels became firmer
with time. In the presence of legume starches, a large G′ gap between zero and seven days storage was
observed when compared to small G′ gap between the same storage days of the tubers. The G′ of the
tested yogurts appeared to reach its maximum at seven days storage and remained unchanged, except
for tuber starches.
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Figure 3. The G′ of yoghurt samples fortified with starch and stored for 0, 7, and 15 days: (a) control,
(b) chickpea, (c) corn, (d) potato, (e) sweet potato, and (f) Turkish beans starches.

3.3. Yogurt Texture Profile Analysis

Generally, yogurt texture depends on the physical interaction between casein micelles [31]. Overall,
yogurt that was prepared with or without starch exhibited harder texture with storage time, regardless
of starch type (Table 2 a–c). Corn and sweet potato starches increased the hardness of the yogurt
significantly (p < 0.05) after seven days, but the effect of corn starch dropped after 15 days. This could
be attributed to weaker corn starch amylose network, which allows for the water to be free after it has
been trapped in the gel network. Yogurt containing tuber starches (sweet potato and potato) exhibited
the hardest gel through most of the storage time (Table 2). The highest yogurt hardness was recorded
for chickpea starch after 15 storage days and corn starch after zero and seven days. Sweet potato starch
was the only starch performed well at the three storage times followed by potato and corn. Chickpea
starch appeared to significantly increase hardness after 15 days relative to the other starches (Table 2 c),
which is in line with the highest G′ for chickpea starch mentioned earlier. This could be accredited
to the high amylose content capable of forming stronger network. The cohesiveness is the degree of
yogurt deformation during testing. Turkish beans yogurt exhibited the highest cohesiveness, which
points to softer gel, as pointed by the hardness data. Adhesiveness is the attractive force between
the food and the teeth that can predict the stickiness of the food. The stickiest yogurt is the one with
chickpea starch and the control (Table 2). Generally, the higher value of adhesiveness suggests softer
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yogurt texture; this was not true for the Turkish beans starch, where soft gel faces high adhesiveness
(Table 2), but this starch exhibited the highest cohesiveness value of all the starches. Once again, Turkish
beans behaved differently from other starches. Gumminess is defined as the product of hardness and
cohesiveness that is typical of semisolid foods with a low degree of hardness and a high degree of
cohesiveness. Chickpea starch had the highest gumminess value in seven days and after which can
be attributed to the high hardness. Texture analysis showed chickpea starch with the hardest yogurt
through the storage period, whereas the tubers exhibited the highest hardness until seven days of
storage. Therefore, it is recommended to use chickpea starch for longer storage time.

Table 2. Effect of starches addition on texture of yogurt after 0, 7, and 15 days of storage.

Hardness (g) Cohesiveness Adhesiveness (mJ) Gumminess (g)

2a 0 days storage

Control 21.000 ± 1.500 d 0.351 ± 0.021 c 0.471 ± 0.110 a 7.351 ± 0.560 c

Y. Ps 22.230 ± 0.581 c,d 0.382 ± 0.011 b 0.300 ± 0.000 b 8.561 ± 0.200 b

Y. SWPs 27.670 ± 0.580 b 0.272 ± 0.022 e 0.330 ± 0.060 b 7.471 ± 0.300 c

Y. Cs 30.330 ± 0.588 a 0.321 ± 0.011 d 0.332 ± 0.060 b 9.810 ± 0.200 a

Y. CPs 22.670 ± 0.580 c 0.323 ± 0.011 d 0.532 ± 0.060 a 7.331 ± 0.060 c

Y. TBs 15.330 ± 1.530 e 0.433 ± 0.011 a 0.302 ± 0.002 b 6.541 ± 0.510 d

2b 7 days storage

Control 24.000 ± 1.111 d 0.461 ± 0.011 a 0.330 ± 0.060 a 10.660 ± 0.500 c

Y. Ps 29.000 ± 1.000 b 0.212 ± 0.020 d 0.130 ± 0.062 b 6.190 ± 0.300 e

Y. SWPs 29.331 ± 0.581 b 0.320 ± 0.010 c 0.171 ± 0.061 b 9.391 ± 0.461 d

Y. Cs 31.330 ± 0.580 a 0.350 ± 0.010 b 0.172 ± 0.120 b 10.971 ± 0.51 c

Y. CPs 29.272 ± 0.462 b 0.471 ± 0.010 a 0.300 ± 0.000 a 13.702 ± 0.152 a

Y. TBs 25.330 ± 0.582 c 0.472 ± 0.012 a 0.330 ± 0.060 a 11.992 ± 0.22 b

2c 15 days storage

Control 28.000 ± 1.000 c 0.420 ± 0.030 b 0.571 ± 0.061 a 11.850 ± 0.300 b

Y. Ps 30.000 ± 1.000 a,b,c 0.340 ± 0.010 c 0.220 ± 0.251 e 10.300 ± 0.211 c

Y. SWPs 30.331 ± 0.581 a,b 0.410 ± 0.010 b 0.230 ± 0.060 d,e 12.441 ± 0.150 b

Y. Cs 28.672 ± 0.582 b,c 0.360 ± 0.010 c 0.301 ± 0.001 c 10.222 ± 0.372 c

Y. CPs 32.232 ± 2.023 a 0.420 ± 0.010 b 0.431 ± 0.061 b 13.552 ± 1.222 a

Y. TBs 21.000 ± 1.111 d 0.460 ± 0.010 a 0.231 ± 0.061 d,e 9.661 ± 0.600 c

Mean of three replicates. Values followed by different letters in each column are significantly different (p ≤ 0.05). C
= Control, Y. Ps = potato starch, Y. SWPs = Sweet potato starch, Y. Cs = corn starch, Y. CPs = Chickpea starch, Y. TBs
= Turkish bean starch.

3.4. Whey Separation

Wheying-off is a negative characteristic of set yogurt and it is defined as the expulsion of whey
from the casein network. Spontaneous wheying-off is the separation of whey without the application
of any external force that is associated with unstable gel network. This can be caused by increased
rearrangements of the gel matrix or by mechanical damage to the weak gel network. Manufacturers
used stabilizers, such as starch, pectin, and gelatin, to prevent wheying-off [11,32,33]. Common causes
of wheying-off include high incubation time, disproportionate whey protein to casein ratio, low solid
content, and physical mishandling of the product during storage and distribution. Yogurt treated with
1% crosslinked cassava, corn starch, and tapioca starch significantly reduced yogurt syneresis [32].
Altemimi 2018 [33] reported that the reduction in wheying-off by potato starch was significant. The
reported data showed no significant difference between 0.25–0.50% potato starch and the control, but
0.75 and 1.00% significantly reduced wheying-off [33]. The results of this work showed a significant
reduction (p < 0.05) in wheying-off, regardless of starch type for the same storage time (Figure 4).
As a function of storage time, wheying-off significantly increased after seven or 15 days, but the
rise was significantly less than that of the control. Therefore, wheying-offwas more affected during
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storage and not by starch type. Significant syneresis reduction can be achieved by using modified
starches when compared to native starches, as reported by other researchers [34]. With respect to
wheying-off, all of the starches significantly reduced wheying-off the same way without any preference.
Hence, starch selection should be based on other yogurt attributes, where starch performance was
significantly different.

Figure 4. Effect of starches addition on whey separation of yogurt. C = Control, Y. Ps = potato starch, Y.
SWPs = Sweet potato starch, Y. Cs = corn starch, Y. CPs = Chickpea starch, Y. TBs = Turkish bean starch
Yogurt samples with the different types of starch with the same letter are not significantly different.

3.5. Sensory Evaluation

Yogurt texture is one of the main characteristics that define its sensory quality and affect appearance,
mouth-feel, and overall consumer acceptability. In addition, yogurt consistency is perhaps as important
as flavor. Acceptable firmness without syneresis is critical for excellent final product. Yogurt texture
is usually measured in the cup by using a spoon or directly in the mouth, where the viscosity of the
product can represent yogurt consistency on the tongue. The yogurt sample is considered to be thick
(viscous) if it stays on the tongue or flows slowly and is swallowed with difficulty, while the visually
thick sample can be measured by tilting the spoon and observing how slow the sample will flow. The
statistical analysis of this work underlined that there was no significant difference (p > 0.05) between
the starches with respect to sensory texture, but it was significantly better than the control (Table 3).
The sensory viscosity of sweet potato and corn starches were significantly higher than the control,
where other starches exhibited similar values. The best flavor was recorded for yogurt with corn starch
and chickpea starch, whereas all the starches showed better flavor than the control. The panelist overall
acceptability was not significantly different, but the starch containing samples were better accepted,
especially yogurt with sweet potato starch. The panel preferred yogurt that was made with sweet
potato starch the most.

Table 3. Effect of starches on the sensory evaluation of yogurt.

Treatments Viscosity Texture Creaminess Flavor Overall Acceptability

Control 5.40 ± 1.07 b 5.11 ± 1.50 b 6.30 ± 1.34 a,b 6.80 ± 1.39 b 5.90 ± 0.99 a,b

Y. Ps 6.40 ± 1.18 a,b 6.21 ± 1.05 a 6.51 ± 0.82 a 7.50 ± 0.53 a,b 6.30 ± 0.67 a,b

Y. SWPs 6.50 ± 1.34 a 6.33 ± 0.99 a 6.40 ± 1.08 a,b 7.70 ± 1.05 a,b 6.50 ± 1.08 a

Y. Cs 6.70 ± 0.84 a 6.13 ± 0.63 a 5.91 ± 1.07 a,b 7.90 ± 0.32 a 6.10 ± 1.10 a,b

Y. CPs 6.40 ± 0.84 a,b 6.23 ± 0.63 a 6.12 ± 0.86 a,b 8.10 ± 1.07 a 6.20 ± 0.92 a,b

Y. TBs 6.40 ± 0.83 a,b 6.23 ± 0.63 a 6.14 ± 0.84 a,b 7.40 ± 0.60 a,b 6.21 ± 0.92 a,b

C = Control, Y. Ps = potato starch, Y. SWPs = Sweet potato starch, Y. Cs = corn starch, Y. CPs = Chickpea starch, Y.
TBs = Turkish bean starch. The scale used was 1 represents dislike extremely, 5 for neither dislike or like and 9
for like extremely. Mean of three replicates. Values followed by different letters in each column are significantly
different (p ≤ 0.05).
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4. Conclusions

Stabilizers are important ingredients in manufactured yogurt or other dairy products due to their
capacity to improve viscosity and sensory properties, and to decrease wheying-off during storage. The
results showed that adding 1% starch gave better results than the control for the syneresis, sensory
evaluation, and viscoelastic properties. The outcome of this work showed that tuber starches can
behave differently from cereal or legume starches. In addition, the data indicated that the storage time
of yogurt could affect starches behavior. The variation in the effects of starches on yogurt quality could
be due to the starch granule structure, gelatinization mechanism, and amylose content. The overall
results obtained indicate tuber starches or chickpea starch as the most promising stabilizer of non-fat
yogurt during storage.
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Abstract: Parmigiano–Reggiano (PR) is a worldwide known Italian, long ripened, hard cheese. Its
inclusion in the list of cheeses bearing the protected designation of origin (PDO, EU regulation 510/2006)
poses restrictions to its geographic area of production and its technological characteristics. To innovate
the Parmigiano–Reggiano (PR) cheese manufacturing chain from the health and nutritional point of
view, the output of defatted PR is addressed. Two defatting procedures (Soxhlet, and supercritical CO2

extraction) were tested, and the obtained products were compared in the composition of their nitrogen
fraction, responsible for their nutritional, organoleptic, and bioactive functions. Free amino acids
were quantified, and other nitrogen compounds (peptides, proteins, and non-proteolytic aminoacyl
derivatives) were identified in the extracts and the mixtures obtained after simulated gastrointestinal
digestion. Moreover, antioxidant and angiotensin converting enzyme (ACE) inhibition capacities of
the digests were tested. Results obtained from the molecular and biofunctional characterization of
the nitrogen fraction, show that both the defatted products keep the same nutritional properties of
the whole cheese.

Keywords: defatted cheese; peptides; amino acids; bioactivity; digestibility

1. Introduction

Parmigiano–Reggiano (PR) is a worldwide known Italian hard-cooked and slowly-matured
cheese. Its inclusion in the list of cheeses bearing the protected designation of origin (PDO, EU
regulation 510/2006) poses restrictions to its geographic area of production and its technological
characteristics. Parmigiano Reggiano P.D.O. is made from raw cow’s milk, partially skimmed by
natural surface skimming and produced by cows whose feed consists mainly of forage grown in the
area of origin. The milk may not undergo any heat treatment, and no additives may be used [1]. It
is a highly concentrated cheese and contains only 30% water and 70% nutrients: 30% protein, 30%
fat. The remaining 10% is composed of vitamins, mineral salts, and free amino acids. Free amino
acid fraction, which generally increases during cheese maturation, gives an essential contribution to
the original taste of the product [2]. The fat content of dairy products is a crucial feature since many
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studies have been reported concerning their possible adverse effects on human health. Cow milk is,
in fact, rich in saturated fatty acids (approximately 70% of total milk fat [3], the intake of which has
been associated with an elevated risk of cardiovascular disease (CVD) [4] through increased plasma
cholesterol and low-density lipoprotein (LDL) [5]. Moreover, the increased consumption of dietary fat
in industrialized nations has been related to some types of cancer and obesity [6]. For those reasons,
consumer demand for low-fat food products is steadily growing [7,8].

Lowering fat in cheese manufacturing can be quite easily performed by using totally skimmed milk
for production. Still, it is commonly reported that low-fat cheese often suffers from undesirable flavor
and texture [9]. Therefore, different approaches have been developed, such as processing techniques,
adjunct cultures, use of additives such as fat replacers, and fat removing methods. It has been reported
by Whetstine et al. [10] that the flavor release is different in the mouth with reduced-fat products than
in full-fat products because hydrophobic flavor molecules have a higher sensory threshold in oil than
they do in the water. When fats are extracted from milk before the cheese is made, there are fewer
fat molecules for the sensory compounds to bind to, resulting in a lack of flavor reduced-fat cheese.
Developing an extract method for defatting cheese is also useful to keep the same manufacturing
chain of the new cheeses, following indications for the PDO rules. The use of supercritical fluid
extraction technology for the production of low-fat parmesan and cheddar cheese has been previously
reported [11].

The objective of this work is the complete characterization of the nitrogen fraction of two samples
of defatted Parmigiano–Reggiano obtained with CO2 supercritical extraction technology and Soxhlet
procedure. In particular, the nutritional content of the products was evaluated in terms of peptide and
amino acid content. Moreover, digestibility, antioxidant, and ACE-inhibitor properties were tested
in vitro.

2. Materials and Methods

2.1. Cheese Defatting

A cheese sample aged 24 months was obtained from the Parmigiano–Reggiano Consortium
(Reggio Emilia, Italy). Defatting was performed according to the following procedures. Soxhlet
extraction procedure: The fat was extracted from 10 g of grated cheese, according to a slightly modified
method of Manirakiza et al. [12], with 60 mL hexane for 2 h in a Soxhlet apparatus. Each extraction
was performed in duplicate. Supercritical CO2 extraction procedure: The SFE (Spe-ed SFETM; Applied
Separation Allentown, PA, USA) conditions for total fat removal, according to a slightly modified
method of Perretti et al. [13], were 24 g (50-mL vessel) grated cheese; pressure: 60 MPa; extractor
temperature: 353 K; CO2 flow rate: 0.990 g/L; static extraction time: 5 min; dynamic extraction time:
60 min. The extraction was performed five times.

2.2. Fatty Acids Determination by GasChromatrography( GC-FID)

The fatty acids (FA) composition of Parmigiano–Reggiano cheese was determined from the lipid
fraction as FAMEs by capillary gas chromatography analysis, as reported by Verardo et al. [14].

To convert fatty acids to their corresponding methyl esters(FAMEs), the method of Christie [15]
was used. The phospholipid fraction obtained from TLC separation was transmethylated and the
FAMEs were analyzed by capillary gas chromatography using a BPX70 fused silica capillary column
(10 m × 0.1 mm i.d., 0.2 μm film thickness; SGE Analytical Science, Ringwood, VIC, Australia).
The column was fitted on a GC-2010 Plus gas chromatograph (Shimadzu, Tokyo, Japan). The injector
and flame ionization detector temperatures were set at 240 ◦C. Hydrogen was used as carrier gas at
a flow rate of 0.8 mL min−1. The oven temperature was held at 50 ◦C for 0.2 min, increased from
50 to 175 ◦C at 120 ◦C min−1, held at 175 ◦C for 2 min, increased from 175 to 220 ◦C at 20 ◦C min−1,
and finally risen from 220 to 250 ◦C at 50 ◦C min−1. Samples were injected in split mode (0.4 μL) with
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a split ratio set at 1:10. Peak identification was accomplished by comparing peak retention times with
GLC-463 and FAME 189-19 standard mixtures.

2.3. Cholesterol Analysis by GC-FID

The lipid fraction was saponified at room temperature using 10 mL of methanolic 0.5 M KOH for
18 h in the dark under constant stirring. After saponification, the organic fraction was washed with
deionized water, and the unsaponifiable matter was extracted three times with diethyl ether. The organic
fractions were pooled together and the solvent was removed under vacuum. The unsaponifiable matter
was stored in n-hexane/2-propanol (4/1 v/v) at −18 ◦C until GC analysis. GC analyzed the previous
extract after silylation. The trimethylsilyl derivatives (TMS) of sterols were analyzed as reported by
Guerra et al. [16] by GC-FID. The analysis was carried out in duplicate for each sample.

2.4. Total Nitrogen and Fat Content Determination

For total nitrogen determination, and consequently, the determination of the protein content,
the Kjeldahl instrument was used following the standard protocol, according to the European
Regulation EC 152/20096. Analyses were performed in duplicate on the whole cheese and on the
two defatted products.

The fat content determination was performed by using the Soxhlet method following the standard
protocol, according to AOAC Official Method 948.22. [17] Analyses were performed in duplicate on
the control sample and on the two defatted products.

2.5. Isolation of the Peptide and Amino Acid Fractions

The defatted samples, in an amount corresponding to 1 g of the treated cheese, were suspended in
4.5 mL of HCl 0.1 M; the dipeptide Phe-Phe was added as an internal standard to a final concentration
of 50 μM. Control samples were prepared in the same way using 1 g of untreated cheese. The produced
suspensions were homogenized by Ultraturrax (90”, 14,000 rpm) and centrifuged for 30′ at 5 ◦C;
the samples were then filtered on 0.45 μm membranes to obtain clear extracts that were analyzed
directly by LC-MS. All samples were prepared in triplicate.

2.6. Simulated Gastrointestinal Digestion

The defatted cheese samples and a whole cheese sample were digested according to the procedure
described by Minekus et al. [18], starting with an amount of defatted sample corresponding to 1 g of
untreated cheese. Briefly, 1 mL of salivary buffer (12.08 mM KCl, 2.96 mM KH2PO4, 10.88 mM NaHCO3,
0.12 mM MgCl2, and 0.048 mM (NH4)2CO3, 0.6 mM CaCl2), containing 75 U/mL amylase, was added to
an amount of sample corresponding to 1 g of untreated cheese. The sample was vortexed and incubated
for 2 min at 37 ◦C. Then, 2 mL of gastric buffer (5.52 mM KCl, 0.72 mM KH2PO4, 20 mM NaHCO3,
37.76 mM NaCl, 0.08 mM MgCl2, 0.4 mM (NH4)2CO3 and 0.06 mM CaCl2), containing 6250 U/mL
pepsin, adjusted to pH = 3 with HCl were added. The mixture was vortexed and incubated for 2 h at
37 ◦C. Finally, 4 mL of intestinal buffer (5.44 mM KCl, 0.64 mM KH2PO4, 68 mM NaHCO3, 30.72 mM
NaCl, 0.264 mM MgCl2 and 0.24 mM CaCl2), containing 100 U/mL pancreatin and 37.5 mg/mL bile,
adjusted to pH = 7 with NaOH, were added (final ratio cheese:digestive fluids 1:7, w:v). The sample
was vortexed and incubated for 2 h at 37 ◦C. The digestion was stopped heating the sample at 95 ◦C
for 15 min. After cooling, 125 the samples were centrifuged for 45 min at 4 ◦C at 3220× g.

A digestion blank was obtained by treating 1 mL of H2O to the same procedure. Each sample was
prepared in triplicate. Samples for LC–MS analyses were prepared by adding Phe-Phe as an internal
standard to a final concentration of 50 μM, to the clear supernatants.
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2.7. LC-MS Amino Acids Quantification

First, 50 μL of the previously obtained extracts or the clear supernatants produced after the
simulated digestion process were mixed with 50 μl of 2.5 mM norleucine in 0.1 M HCl; 10 μL of
the produced solutions were derivatized with the Waters AccQ-Fluor reagent kit, according to the
instructions of the manufacturer. The derivatized samples were analyzed on a UPLC/ESI–MS system
(UPLC Acquity Waters with a single quadrupole mass spectrometer Waters Acquity Ultra performance,
Waters, Milford, MA, USA) using a RP column (ACQUITY UPLC BEH 300 C18 1.7 μm 2.1 × 150 mm,
Waters, Milford, MA, USA) and a gradient elution. Eluent A was H2O with 0.1% formic acid, eluent B
was acetonitrile with 0.1% formic acid; gradient: 0–7 min 100% A, 7–30 min from 100% A to 73.3%
A; flow: 0.2 mL/min; column temperature: 35 ◦C; sample temperature: 18 ◦C; injection volume:
2 μL. The samples were analyzed in the SIR Scan mode (monitored ions are reported in Table 1);
ionization type: positive ions; capillary voltage: 3.2 kV; cone voltage: 30 V; source temperature: 150 ◦C;
desolvation temperature: 300 ◦C; cone gas flow: 100 l/h; desolvation gas flow: 650 l/h.

Table 1. Total nitrogen and fat determination.

Sample Protein (%) Fat (%)

Whole Cheese 35.7 ± 0.1 37.7 ± 0.4
Soxhlet-defatted 50.7 ± 2.2 2.6 ± 0.2

CO2-defatted 46.2 ± 0.9 4.6 ± 0.1

Calibration curves for the amino acids were obtained as follows: amino acid standard H solution
(Thermo Scientific, Rockford, IL, USA) was mixed with an equal volume of norleucine 2.5 mM
in HCl 0.1 M; 1:2, 1:4, 1:8, and 1:16 dilutions in H2O were prepared, and the produced solutions
were derivatized and analyzed as previously mentioned for the samples. The calibration curve for
tryptophan, asparagine, and glutamine was obtained in the same way, after mixing equal volumes of
a solution containing these three amino acids at a concentration of 2.5 mM each, in HCl 0.1 M and
a solution containing norleucine 2.5 mM in HCl 0.1 M. In the case of the digests, also the blank digestion
was analyzed according to the procedure outlined above. The produced results were subtracted from
the values obtained for the digested cheese samples.

2.8. LC–MS Characterization of Peptides and Proteins

The extracts and the digested samples were analyzed on a UPLC/ESI–MS system (UPLC Acquity
Waters with a single quadrupole mass spectrometer Waters Acquity Ultraperformance, Waters, Milford,
MA, USA) using a RP column (ACQUITY UPLC BEH 300 C18 1.7 μm 2.1 × 150 mm, Waters, Milford,
MA, USA) and a gradient elution. Eluent A was H2O with 0.1% formic acid, eluent B was acetonitrile
with 0.1% formic acid; gradient: 0–7 min 100% A, 7–47 min from 100% A to 53.5% A; flow: 0.2 mL/min;
column temperature: 35 ◦C; sample temperature: 18 ◦C; injection volume: 6 μL. The samples were
analyzed in the Full Scan mode; ionization type: positive ions; scan range: 100–2000 m/z; capillary
voltage: 3.2 kV; cone voltage: 30 V; source temperature: 150 ◦C; desolvation temperature: 300 ◦C;
cone gas flow: 100 l/h; desolvation gas flow: 650 l/h. Each produced chromatogram was elaborated,
determining characteristic ions, molecular weights, possible in-source collision-induced dissociation
(CID) fragments of the main peaks and retention times. In the case of molecular weights higher than
2000 Da, the value was confirmed by the MaxEnt application of MassLynx Software (Waters, Milford,
MA, USA). The integration of the area of each compound was performed by QuanLynx software
(Waters, Milford, MA, USA), after the extraction of the characteristic XICs. The integrated areas of
each species in each extract were determined, and every compound was semi-quantified by dividing
by the area of the internal standard (Phe-Phe) in the same sample (Semi-quantification value = Area
compound/Area Phe-Phe).

58



Foods 2020, 9, 310

2.9. Antioxidant Capacity of the Digested Samples

The antioxidant capacity was measured by ABTS assay, according to the method proposed by
Re et al. [19] with slight modifications. ABTS (2,20-azinobis(3-ethylbenzothiazoline-6-sulfonic acid)
and potassium persulfate (K2S2O8) were dissolved in H2O to obtain concentrations of 70 and 2 mM,
respectively. The stock solution containing the ABTS radical cation was generated by adding 1% (v/v)
of K2S2O8 to the ABTS solution and incubating the mixture overnight in the dark. The ABTS working
solution was prepared by diluting the ABTS stock solution 1:25 in phosphate buffer solution (PBS;
pH = 7.4), to obtain an absorbance of about 0.7 ± 0.02. The digested samples and the digestion blank
were diluted 1:500, and 200 μL of the obtained solutions were added to 1.8 mL of ABTS working
solution. The control solution was made by mixing 0.2 mL of PBS with 1.8 mL of work solution. All
the samples were incubated for 1 h in the dark before the measurement of the absorbance at 734 nm,
performed using a Jasco V-530 UV–vis Spectrophotometer (Jasco Inc, Easton, USA). To express the
antioxidant capacity in terms of TEAC (Trolox equivalent antioxidant capacity—mmol of Trolox for
mL of digested sample), aqueous solutions containing variable amounts of Trolox were analyzed with
the same procedure outlined for the samples. All samples and standards were analyzed in duplicate.

2.10. ACE Inhibition Capacity of the Digested Samples

The percentage of ACE inhibitory activity for the digested samples was determined using the
methods of Cushman et al. and Nakamura et al. [20,21] with slight modifications. The following
solutions were prepared: sodium borate buffer (0.1 M, NaBB) with NaCl (300 mM), pH 8.3; potassium
phosphate buffer (0.01 M, KPB) with NaCl (500 mM), pH 7; 5 mM hippuryl-histidyl-leucine (HHL) in
NaBB buffer; and ACE 0.1 U/mL in KPB + 5% glycerol (g/mL). The following samples were prepared:
ACEmax = 100 μL of HHL + 40 μL of NaBB + 10 μL of ACE; ACEmin = 100 μL of HHL + 40 μL of
digested sample (diluted 1:100) + 10 μL of ACE. After 60 min of incubation at 37 ◦C, the reaction
was quenched adding 125 μL of HCl 1 M. The analysis was performed by HPLC–UV (Alliance 2695
separation, Waters, Milford, MA, USA) with dual λ absorbance detector model 2487 (Waters), using
an RP JUPITER C18 column (5 μm, 300 Å, 250 × 2 mm, Phenomenex, Torrance, CA, USA); eluent A:
H2O with 0.1% trifluoroacetic acid; eluent B: acetonitrile with 0.1% trifluoroacetic acid; gradient elution:
0–10 min, 100% A; 10–25, linear from 100 to 33% A; flow, 0.2 mL/min; column temperature, 35 ◦C;
injection volume: 10 μL; UV detection, λ = 228. Data analysis was performed with Empower software
(Waters, Milford, MA, USA). The integration values for the peak eluting at 22.5’, corresponding to
hippuric acid (HA), were used to calculate the inhibition values, according to the following equation:
I% = (Area HA(ACEmax) − Area HA (ACEmin))/Area HA (ACEmax) × 100.

2.11. Data Analysis

Statistical analyses were performed using the Statistical Package for the Social Sciences (SPSS for
Windows version 11.0; SPSS Inc., Chicago, IL, USA). One-way analyses of variance (ANOVA) were run
using Duncan’s test.

3. Results and Discussion

3.1. Defatted Products

PR aged 24 months, which is the most consumed aging, was obtained from the Parmigiano–Reggiano
Consortium and defatted according to 2 different procedures: Soxhlet and supercritical CO2 extraction.
The obtained yields in the defatted product were comparable, respectively: 65% and 66%.

Defatted products were analyzed for their total nitrogen and fat content, as reported in Table 1.
As shown in Table 1, the total protein amount is higher in the two defatted products, due to

an effect of concentration. Considering the residual fat content, both the methods are very efficient if
compared with the literature [10,11], since the reduction of fat far exceeds 50%.
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At the same time, the quality of the fat extracted with the two extraction methods was assessed
by fatty acids gas chromatographic evaluation. The composition did not show significant differences
between the two extracts: the primary fatty acid was palmitic acid (28.6%) and oleic acid (22.8%); in
both cases, cholesterol represented 2.7% of the fat. This content was comparable to what declared from
the nutritional composition by Parmigiano–Reggiano Consortium.

Thus, these results confirm that the methods chosen for lipid extraction were able to recover,
efficiently, both total fatty acids and cholesterol.

Concerning both vegetal and animal foodstuffs, these two methodologies are used in different
applications [22–24]. Soxhlet is usually more diffuse in lab-scale and economical; on the other hand,
supercritical CO2 is quite expensive but more compatible with food-grade and sustainable procedures.

The nitrogen compounds, peptides, and amino acids were obtained from the defatted products and
the whole cheese by acidic extraction, centrifugation, and filtration. The use of HCl 0.1 M as extracting
solvent allowed us to achieve the denaturation and precipitation of entire caseins, subsequently
eliminated by the filtration step. Thus, the lower molecular weight (MW) nitrogen compounds (species
generated by proteolytic processes and whey proteins) remain in solution.

To evaluate possible variations in the composition of the nitrogen fraction due to the defatting
procedures, an amount corresponding to 1 g of starting material (untreated cheese, control sample)
was used. For each extraction, 1.00, 0.65, and 0.66 g were used, respectively, to obtain the extracts from
the whole cheese, and the samples defatted according to the different yields in defatted products.

3.2. Free Amino Acids in the PR Samples

Free amino acids account for up to 25% of the total nitrogen in PR [25], and they were reported to
be, among the non-volatile nitrogen molecules, that ones mostly influence its taste [26,27]. Therefore,
their preservation during the defatting process was considered as a critical factor for the comparison of
the two methodologies used. The content of free amino acids was quantified in the extracts obtained
by UPLC–ESI–MS analysis, after derivatization with the Waters AccQ-Fluor reagent kit, to enhance the
chromatographic separation. Single ions were monitored for each amino acid (Table S1). The produced
quantification results are reported in Figure 1.

 

Figure 1. Total amount of free amino acids in the differently treated PR (mg amino acid/100 g PR;
means ± SD). Bars carrying different letters are significantly different (p < 0.05) from each other.

The composition of the free amino acid fraction was found to be comparable with the data already
reported by Careri et al. [28] for PR aged 24 months: with the most abundant amino acids being
glutamic acid, lysine, proline, and leucine. However, little loss in the free amino acid content has
been observed for both the defatted products, mainly due to the possible co-extraction of them with
fat moiety.

3.3. Characterization of Peptides and Proteins in the Aqueous Extracts

A UPLC–MS analysis of the acidic extracts was performed to evaluate their content in
nitrogen compounds.

60



Foods 2020, 9, 310

The mass spectra associated with the most intense chromatographic signals were analyzed to
obtain the molecular masses of the most abundant nitrogen compounds. Non-proteolytic aminoacyl
derivatives (NPADS), peptides, and proteins were identified starting from their deduced MW, by using
the software “FindPept” tool [29] and “Proteomics Toolkit” [30] fragment ion calculator of the four
bovine milk casein sequences from which the peptides originate. The in-source fragmentation signals
were used to discriminate between possible identifications.

The characterized compounds are reported in the supporting information (Table S1). The molecular
weights of the found species were spread over a wide range; 12 lactoyl- and γ-glutamyl- derivatives of
amino acids, already extensively characterized in cheese and other foods, and casein fragments of up to
81 amino acids were recognized. Moreover, α-lactalbumin and the isoforms A and B of β-lactoglobulin
were detectable between 40 and 43 min.

Additionally, 19 of the 28 identified compounds have already been described by Sforza et al.
(2012) [31] in a PR sample aged 24 months. It should be underlined that in the previous work,
the species having an MW lower than 10 kDa were isolated and concentrated through an ultrafiltration
process, resulting in a slightly different peptide mixture composition.

Each identified compound was then semi-quantified against the internal standard Phe-Phe, added
during the extraction procedure, according to a method previously reported. [32] The obtained results
are displayed in Figure 2.

 

Figure 2. Semi-quantification of the main nitrogen compounds in the different PR extracts (means ±
SD).

The data presented in Figure 2 show that the whole cheese, Soxhlet, and supercritical CO2 samples
seem to keep the same trend, except for the peptides group with MW >5000. In this case, higher
amounts are observed for both the defatted samples compared with the control one. Maybe the
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presence of fat in the whole cheese prevented the extraction of high molecular weight peptides from
the aqueous medium.

Altogether, data concerning the molecular characterization of the nitrogen fraction of the defatting
products are comparable with the ones of the whole cheese, thus indicating that these new products
keep the same nutritional features.

3.4. Simulated Gastrointestinal Digestion

Simulated gastrointestinal digestion, according to the procedure described by Minekus et al. [18]
was performed on the defatted cheese samples and on the whole cheese, to detect if the digestibility
of PR cheese is affected by defatting processes. As already done for the extraction, an amount
corresponding to 1 g of starting material (untreated cheese, control sample) was used for each digestion.

Free amino acids were quantified in the digests following the same procedure previously outlined
for the extracts.

All the samples show an increase of free amino acid content after digestion, as compared with
Figure 1. Interestingly, after digestion, the total free amino acid amount of the whole cheese was
lower than that observed for the digested sample obtained from Soxhlet and quite similar to the one
of supercritical CO2 extraction (Figure 3). This behavior suggests that the defatting processes could
enhance the digestibility of PR: probably the lipids present in the whole cheese interfere with the
digestive mixtures, lowering the efficiency of amino acid release. Defatted samples, instead, allow the
peptides and proteins present to be more thoroughly digested. The ability of lipids present in milk to
hamper the digestibility of proteins has already been reported in the literature. [33]

 
Figure 3. Total amount of free amino acids in the digested samples from differently treated PR (mg
amino acid/100 g PR; means ± SD). Bars carrying different letters are significantly different (p < 0.05)
from each other.

Furthermore, the digestion products were characterized by LC–MS analysis to evaluate their
content in peptides. This evaluation is particularly important since the digestion of dairy products
has been reported to release many peptides exerting biological activities besides of their nutritional
functions [34].

The most abundant nitrogen compounds were identified in the digested samples applying the
same procedure outlined previously for the acidic extracts; the characterized species are reported in
the supporting information (Table S2). Twenty-eight of the 64 identified compounds were already
described by Bottari et al. (2017) [35] in the digests obtained from PR aged 16, 24, and 36 months.

Interestingly, none of the nitrogen compounds previously characterized in the acidic extracts were
detected in significant amounts in the digested samples, except for NPADS. Compared with the species
found in the acidic extracts, the molecular weight distribution was, as expected, considerably shifted
towards lower values, with the most extended peptide being constituted by 23 amino acids.
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3.5. Antioxidant Activity of the Digested Samples

To evaluate the effect of the defatting process on the antioxidant properties of the PR samples after
ingestion, the antioxidant capacity of the digested cheese samples was measured by a standard ABTS
test [19]. The results were expressed in terms of Trolox equivalents (TEAC) related to the amount of
digested PR (mmols of Trolox per digested sample in an amount corresponding to 100 g of the whole
PR) and are reported in Figure 4.

 
Figure 4. Antioxidant capacity (TEAC; mmols Trolox/mL digested sample) of the digested cheese
samples. No significant differences are observed between the bars.

As highlighted by the results reported in Figure 4, the data confirmed that, even after a digestion
process, the biases introduced in the nitrogen fraction by the extraction procedure were still very visible.
No statistically significant difference was found, although the antioxidant capacity of the defatted
cheeses was slightly higher if compared to the one observed for the whole cheese.

From the detailed molecular composition of the nitrogen fraction determined, it is possible to
speculate which species can be responsible for the scavenging activity observed. Among the total free
amino acids, tyrosine is known to be the main one responsible for the antioxidant capacity of PR [36].

Known antioxidant descriptors for peptides include the presence of redox-active amino acids (Tyr,
Trp, Met, Cys, and His) [37] and a limit on their length (the most active peptides are 3–10 amino acids
long) [38]. Seven peptides identified fulfilled the first requirement.

Moreover, research in the BIOPEP [39] database also revealed peptides d13, d24, d27, and d43 to
be included in (or completely covering) sequences known as antioxidants.

3.6. ACE inhibition Capacity of the Digested Samples

The angiotensin I-converting enzyme belongs to the renin–angiotensin system. It acts in the
regulation of blood pressure, by cleaving the C-terminal dipeptide portion of angiotensin I and
producing the vasoconstrictor angiotensin II. Some peptides, which possess a specific C-terminal
sequence, can bind to ACE, and they represent competitive substrates for the enzyme mentioned above.
Peptides released during proteolytic processes in food, such as cheese ripening, share these features
and, therefore, they have been studied and assessed for their in vitro ACE-inhibition potential [40,41].

To also evaluate the influence of the defatting processes on the presence of ACE inhibiting
compounds in the digested samples, the ACE inhibition capacity was measured according to a procedure
reported in the literature [20,21]. The results were expressed as percentages of ACE inhibition and are
reported in Figure 5.

Again, the effect of the defatting procedures was very evident also after the digestion. The samples
treated with Soxhlet and supercritical CO2 show the most intense ACE inhibiting activity. This is likely
a consequence of the selective enrichment of the fraction in short peptides, which are known to be the
most effective, generally speaking, in ACE inhibition.
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Figure 5. Percentages of ACE inhibition of the digested cheese samples. Bars carrying different letters
are significantly different (p < 0.05) from each other.

Exploring the peptide sequences identified in the digested samples (Table S2), it was found that
some residues (MPFPK from peptide d36, FVAP from peptide d46, and YPFGPIPN from peptide
d55) were already found to be part of potential ACE inhibitory peptides in Cheddar and Gouda
cheeses [40,41].

It should be noted that most of the studies reported in literature directly investigated the ACE
inhibitory activity of peptides in aqueous extracts of cheeses and not of peptides generated by their
gastrointestinal digestion.

Further research in the BIOPEP database [35] also revealed peptides d4, d13, d24, d36, d46, and d55
to be included in (or completely covering) sequences known as ACE inhibitors.

4. Conclusions

Based on the total protein content, free amino acids, and other nitrogen compounds (NPADs,
peptides, and proteins) identified in the acidic extracts and in the gastrointestinal digestion products, it
is evident how Soxhlet and supercritical CO2 extraction can be applied to obtain defatted products from
PR cheese since they allow the minimization of the loss of nitrogen compounds. Moreover, the tested
samples also revealed that the defatting procedures seem to enhance the digestibility of PR. More
studies will also be performed to test other PR cheeses with different aging, and the consumer attitudes
towards flavor, texture, and general acceptance of the defatting product would also be considered as
part of future studies.

Testing some bio-functionalities after simulated digestion indicated that the biases introduced
by the defatting procedures remain evident also in the biological activity, even if the digestion itself
completely changes the composition of the peptide fraction. The measurement of bio-functional
properties of the digests highlighted that Soxhlet and supercritical CO2 extraction allowed us to obtain
products with antioxidant capacities, which were comparable to the ones of whole cheese. At the same
time, the ACE inhibitory activities were found to be even enhanced by these two defatting procedures.
The measured activities were related to the nitrogen species contained in the digested samples. More
studies will be performed to better elucidate and identify the peptide sequences involved in these
bioactive mechanisms.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/9/3/310/s1.
Table S1: Characteristic ions, chromatographic retention time and potential identification for the main nitrogen
compounds found in the PR extracts; Table S2: Characteristic ions, chromatographic retention time and potential
identification for the main nitrogen compounds found in the PR extracts in PR digests.
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Abstract: An important problem in mountain areas is the abandonment of pasture. This trend can be
combated by the valorisation of typical dairy products, such as “Formaggella della Valle di Scalve”,
a semi-cooked traditional cheese made from whole milk in a mountain area in Italy. The aim of
the present research was to compare the fatty acid (FA) profile and the sensory properties of this
cheese as manufactured under different conditions: i) from the milk of cows grazing on mountain or
valley pasture or fed indoors; ii) from the milk of cows fed hay or fed silage. In the first case, five
cheesemaking trials were conducted during two years for each of the following situations: mountain
pasture (A); pasture at the bottom of the valley (P) (about 1000m asl); stall (S). In the second case,
three cheesemaking trials were conducted for each of the following situations: cows fed silage (I);
cows fed hay (F). S cheese was richer in medium-chain FAs, while long-chain FAs were higher in
P and A cheeses. On the other hand, long chain fatty acids (LCFA) were more abundant in P and
A cheeses than in S. In general, MUFA, PUFA and, consequently, total unsaturated FA (UFA), were
significantly higher in the P and A cheeses than S (UFA: 36.55 and 38.34, respectively, vs. 31.13;
p < 0.001), while SFA showed higher values in S (68.85 vs. 63.41 and 61.68 in P and A, respectively;
p < 0.001). Conjugated linoleic acid isomers (CLA) were more represented in the P and A samples (1.86
in P and 1.52 in A, vs. 0.80 in S; p < 0.001); Omega 3 fatty acids, and in particular α-linolenic acid, were
more abundant in P than in S cheese. In winter, the I sample (silage) presented higher percentages
of myristic (C14), myristoleic (C14:1) and omega 6 acids, whereas F cheese (hay) contained higher
concentrations of CLA. The triangular test of sensory analysis showed that, in general, F cheeses were
judged as “sweeter” than I, with aromatic profiles characterized by higher content of 2- butanol and
ethyl capronate.

Keywords: cheese quality; mountain cheese; fatty acid profile; volatile organic compounds;
sensory properties
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1. Introduction

One of the main problems in the mountain areas in Italy is the abandonment of marginal portions
of the territory, widely utilised in the past for traditional activities (agriculture, livestock, forestry).
In the specific case of Valle di Scalve (Lombardy Region, province of Bergamo), the causes of the
phenomenon are to be found in the social, cultural and economic changes that affected mountain
areas in the second post-war period. Agricultural and forestry activities, which were previously the
basis of the self-consumption economy characterizing the existence of each family, were progressively
supplanted first by industrial activity and successively by that of the tertiary sector. The national and
local government continue to put in place interventions aiming to encourage the resumption of active
management of the mountain pastures in this area. A common strategy is focusing on the valorisation
of typical dairy products, such as Formaggella della Valle di Scalve cheese. This product is made from
raw whole milk added to with a natural milk-starter (milk of the day before, left to ferment overnight)
and coagulated with commercial rennet. It is a semi-cooked cheese weighing about 2 kg, ripened
from 20 days up to 3 months. It is cylindrical in shape, with about a 20 cm diameter and a 6 cm heel,
and bears the impressed brand (a stylised bear, the symbol of the Valley) of the cooperative company
at which it is manufactured (Latteria Sociale Montana). The average gross composition at 30 days’
ripening is shown in Table 1.

Table 1. Average gross composition of Formaggella della Valle di Scalve cheese at 30 days’ ripening
produced during the winter and summer periods.

Gross Composition on
100 of Cheese

Gross Composition on
100g of Dry Matter

Mean SD Mean SD

Winter:
Moisture g/100g 42.48 3.56 - -
Protein g/100g 25.60 0.80 44.64 3.16

Fat g/100g 25.58 4.26 44.25 4.98
Ash g/100g 4.04 0.16 7.05 0.71

NaCl g/100g 1.61 0.21 2.82 0.50

Summer:
Moisture g/100g 44.63 2.88 - -
Protein g/100g 24.35 1.70 44.08 3.91

Fat g/100g 27.24 2.95 49.12 1.27
Ash g/100g 3.59 0.63 6.49 1.08

NaCl g/100g 1.47 0.34 2,65 0.59

Formaggella della Valle di Scalve is manufactured according to traditional technology, descending
from the multigenerational experience of the local cheese makers. Milk is produced in valley floor stall
(indoor) during winter and on mountain pastures during summer, even though some farmers remain
at the valley stall for the whole year. Even though the traditional breeding system of dairy cattle
involves the use of high-altitude pastures during summer, the share of farms keeping animals in the
stable all year long with a hay-based diet is increasing [1]. Pastures are still widespread in mountain
environments and, apart from their valuable contribution to livestock production, they contribute the
promotion of local tourism, biodiversity conservation, maintenance of landscapes and mitigation of
pollution [2]. In this context, the role of mountain farms in preserving ecological equilibrium and
historic traditions, and in maintaining the landscape for protection against hydro-geological disorder,
has been widely recognized [2].

Unfortunately, mountain farms are poorly competitive and have high production costs due to
the unfavourable natural conditions. Therefore, promoting mountain products is an appropriate
strategy for generating wealth and preventing the abandoning of mountain farming. Consumers’
perception of the mountain food products is good since they are commonly linked to concepts such as
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tastiness, healthiness, wholesomeness, animal welfare, history and local culture [2,3]. Mountain cheeses
often have unique sensory properties that are deeply connected to the environmental conditions of
milk production [4]. In particular, milk native microbiota deriving from the farm and cheesemaking
environment are known to play a key role in determining the organoleptic characteristics [5]; for this
reason, raw milk cheeses tend to develop a more intense flavour than pasteurised milk cheeses [3,6].

Besides the role of microbiota, animal feeding can modify the composition and rennet-coagulation
properties of the milk [7,8], and the characteristics of the cheese [9]. In particular, the nature of the
pasture is responsible for changes in cheese colour and aroma according to the type of forage fed to
animals, as frequently reported by farmers and cheese makers. Recent studies conducted on various
cheese varieties [10] have demonstrated the influence of forage preservation (e.g., grass versus hay [11],
silage versus hay [12]) and the botanical composition of dry forage [13]. Other studies have been
conducted to identify, quantify, and understand the effects of forage type (e.g., maize silage, hay,
grass silage, pasture) [14,15]. According to several studies, the sensory properties of the cheeses
made from “pasture milk” can reflect the characteristics of the fresh pasture plants [16,17] and of the
natural microbiota from both the animal and the environment [18]. For certain, the diet of dairy cattle
influences the colour [19], in connection with seasonal variations of the concentration of β-carotene
in milk [20]. In general, consumption of green forage increases the β-carotene content of milk and
cheese [21]. There is also evidence about the desirable effect of grasslands on the distinctive flavour of
dairy products [19]. Kilcawley et al. [22], in a review, have recently analysed the factors influencing
the sensory characteristics of bovine milk and cheese from grass-based versus non-grass-based milk
production systems. All the sensory properties—odour, aroma, taste and texture—of cheeses made with
pasture-derived milk may be different from those made with dry forage milk [1,23]. Compared with
hay, pasture is known to provide a less firm, and more creamy, texture [14,15,24]. These characteristics
are also modified during ripening because of the different enzymatic processes, including proteolysis
and lipolysis, which also play a key role in aroma development [1]. Carpino et al. [19], found that
the cheeses from pasture-fed cows had a significantly more floral and greener odour, as measured by
quantitative descriptive analysis.

The type of forage deeply influences the milk fatty acid (FA) composition, both as to the type and
the proportion of the compounds [25]. Fresh green forage (having higher levels of polyunsaturated
fatty acids relative to silage) allows the production of milk with higher content of these type of FA [26]
(especially cis-9-C18:1, trans-11-C18:1, cis-9,trans-11-CLA, and C18:3 n-3; CLA: Conjugated Linoleic
Acids) and poorer in saturated FA (in particular C16:0, C14:0, and C12:0 [27,28]) compared with cows
fed with preserved forages and concentrates [14]. Many studies have been carried out on this topic,
particularly with regard to the effects of different diets on the content of unsaturated long-chain fatty
acids, such as linolenic acid and conjugated linoleic acid [26,29–31]. These acids are claimed to have
positive effects on human health, and a number of reports are available in the literature about ways
of naturally increasing, through cow feeding, their content in milk [31]. In this regard, attention has
been paid to the level of polyunsaturated fatty acids (PUFA), especially conjugated linoleic acid (CLA),
in milk fat [29]. Although most of the CLA of milk fat are synthesized in the mammary gland, some
of them represent an intermediate of ruminal biohydrogenation of linoleic acid [32]. For this reason,
pasture feeding, yielding higher levels of PUFA, causes a higher CLA content of milk fat compared to
feeding conserved forage [29].

As a consequence of this, consumers have a growing interest in mountain dairy products, which
can be considered as functional foods in the proper sense. In fact, from a nutritional point of view,
pasture-derived dairy products seem particularly interesting [1]: the FA profile is favourable to
human health, being characterised by a higher content of PUFA. In effect, the haymaking process,
i.e., mechanical damage to plant tissues combined with air access, causes extensive oxidation of
PUFA [1]. In addition, CLA can beneficially modulate several important physiological functions [33,34].
Moreover, the traditional feeding system can also transmit biologically active molecules (such as
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β-carotene), which have beneficial effects on human health as powerful antioxidants protecting against
oxidative stress [35].

The aim of the study was to compare the quality characteristics of Formaggella della Valle di
Scalve produced under different conditions: a) in summer, from milk of cows grazing on mountain
pasture, in valley floor pasture (1000 m quota) or fed indoors with a hay-based diet; b) in winter, from
milk of cows fed hay or fed silage.

2. Materials and Methods

2.1. Experimental Design and Sampling Procedure

Summer phase. Five cheesemaking trials were conducted in summer over two years for each
of the following experimental situations: stall (S) (indoor, at valley floor, about 1000 m asl; cows
were fed permanent meadow hay and grass); pasture (P) (at the bottom of the valley, about 1000 m
asl); mountain pasture (A). This latter is defined as the grazing of cattle in the high mountains, from
altitudes greater than 1000 m up to 2300–2500 m, carried out from late May to mid-September.

Winter phase. Three cheesemaking trials were conducted for each of the following situations:
cows reared in stall fed permanent meadow hay silage (I); cows reared in stall fed permanent meadow
hay without silage (F). The winter tests began after the adaptation phase, when cows returned to the
barn from the mountain pasture or pasture at 1000 m.

In both cases, the groups of cattle were, as far as possible, homogeneous by breed, lactation stage
and deliveries of the cows. Just before cheesemaking, a milk sample was taken from the vat of each
experimental case and, successively, the technological parameters of processing were monitored and
noted on specially prepared technical sheets. This made it possible to verify that the cheesemaking
operations performed during the trials were the same.

At the end of processing, the cheese wheels produced in each experiment were marked and left to
ripen in the ripening cell of the social dairy, as normally done for the commercial product. The wheels
were taken for analyses at 30 days of ripening.

2.2. Analyses

2.2.1. Gross Composition and Fatty Acids

For each cheese sample, fat content was determined by the volumetric Gerber method [36],
as described by Formaggioni et al. [37]. Moreover, according to Malacarne et al. [38], crude protein by
Kjeldahl, [39], salt (NaCl) by potentiometric titration method [40], ash after muffle calcination at 530 ◦C,
and dry matter after oven drying at 102 ◦C [41], were determined, from which moisture was calculated.

The determination of total fatty acids and CLA was carried out by gas chromatography, by
means of two Association of Official Analytical Chemists (AOAC) standard methods [42,43], after
derivatisation of the sample according to AOAC standard [44]. Briefly, lipids were extracted from
ground cheese (approximately 1 g) with ether–heptane mixture (rate in volume 1:1) after the addition
of sodium sulphate and of 2.5 M sulphuric acid 2.5 M. The fatty acids were separated and determined
by capillary chromatography with a Carlo Erba GC 6000 Vega Series gas chromatograph (Carlo Erba
Instruments, Milan, Italy), equipped with a fused silica capillary column coated with Polyethylene
Glycol (30 m × 0.25 mm) Supelco, SP TM 2330 (Sigma-Aldrich Corporation, Saint Louis, MO, USA).
The operating conditions were as follows: programmed column temperature from 45 up to 175 ◦C
(13 ◦C/minutes); then up to 215 ◦C (4 ◦C/minutes); stationary at 215 ◦C for 35 min; injector and detector
temperature: 250 ◦C; carrier gas: hydrogen; column pressure: 175 kPa. The compounds were identified
by standard co-injection and relative retention time to FAME 13:0 (internal standard).

Short chain fatty acids (SCFA) were calculated by adding the compounds from C4 to C11; medium
chain fatty acids (MCFA) were calculated by adding the compounds from C12 to C16; long chain
fatty acids (LCFA) were calculated by adding the compounds from C17 to C24. The other classes
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were odd fatty acids (OCFA), saturated fatty acids (SFA), monounsaturated fatty acids (MUFA) and
polyunsaturated fatty acids (PUFA). Unsaturated fatty acids (UFA) derived from the sum of MUFA
and PUFA.

2.2.2. Sensory Analysis

The sensory analysis was only performed on the samples from the winter experimentation.
The Triangular test method was adopted [45], which is useful to compare two samples with even
small differences. It consisted in presenting three samples to the tasters, two of which were identical:
the taster was asked to identify the different samples, and the choice was forced. The comparison
between the number of correct and incorrect choices provided the test result. The panel was composed
of 40 members who were experts in mountain dairy products.

In order to avoid errors due to the tasting sequence, the sampling plan provided for random
distribution of any of the six possible combinations to each taster. The samples were identified
by different codes for each judge, using three-digit numbers generated by an algorithm randomly.
The chance that the taster has to guess the different sample is 33%, regardless of the perceivability
of the difference. The data used were the number of total judgments, the number of correct choices,
and the level of significance required for the test. The number of correct choices was compared with
the significant theoretical minimum number in two-entry probability tables. If the number of correct
choices is greater than or equal to the theoretical one, then we can conclude that there is a significant
difference between the two types of samples tested at a certain level of significance.

2.2.3. Volatile Organic Compound (VOC) analysis

Cheese volatile organic compound (VOC) analysis was determined by means of a Head-Space Solid
Phase Micro Extraction module (Combi-Pal automated sampler CTC Analytics, Zwingen, Switzerland)
equipped with DVB/CAR/PDMS 50/30 μm fiber (Supelco, Bellefonte in Centre, 16823, Pennsylvania,
USA) and coupled to a gas chromatograph-mass spectrometer (6890N/5973N Agilent Technologies,
Inc., Wilmington, DE, USA). Two and a half grams of cheese were put in a 20 mL head-space glass
bottle sealed with a PTFE-silicone septum. Operating conditions: 10 min at 50 ◦C at 250 rpm; fiber
exposition, at 50 ◦C for 40 min; desorption directly in the injection port of the GC at 260 ◦C for 10 min.
GC column: Zebron ZB-WAX plus (60m × 0.25mm × 10.25 μm, Phenomenex, Torrance, CA, USA)
with the following separation conditions: carrier gas helium, in constant flow mode at 1.2 mL/min;
oven temperature at 45 ◦C (10 min), then rising to 150 ◦C at 5 ◦C/min, then to 222 ◦C at 12 ◦C/min
(13 min). Acquisition was performed in electronic impact mode. Transfer line at 280 ◦C, ion source
at 230 ◦C, quadrupole at 150 ◦C. Further details are described in Battelli et al. [46]. The mass range
used was 39–220 amu. The volatile compounds were identified using the Wiley 7n-1 MS library of
Agilent MSD ChemStation®software (Agilent Technologies Inc.). Confirmation of the identity of
the volatile compounds was achieved by comparing the GC retention indices and mass spectra of
individual components with those of authentic reference compounds injected under the same operating
conditions. Data are expressed as arbitrary units of the area of the quant ion of each compound.

2.3. Statistical Analysis

The significance of the differences between seasons and between cheese-factories was tested by
analysis of variance, using the general linear model procedure of SPSS (IBM SPSS Statics 23, Armonk,
New York, NY, USA), according to the following univariate model:

Yi = μ + βi + εi, (1)

where: Yi = dependent variable; μ = overall mean; βi = effect considered in each comparison: housing
(summer period only), three levels: stall (S), valley pasture (P), mountain pasture (A); cow feeding
(winter only), two levels: silage (I), hay (F); εi = residual error.
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3. Results and Discussion

3.1. Gross Composition of Formaggella della Valle di Scalve

Table 1 shows the gross composition of Formaggella della Valle di Scalve cheese produced during
the winter and summer periods. Data are expressed both for 100 g of cheese and 100 g of dry matter.
The cheese was produced with full cream milk, and had a fat-to-protein ratio of approximately 1:1.
Since, during the summer period, milk contains more fat (data not shown in the table), the cheese
produced in this season showed a higher fat content relative to the winter period, expressed both in
100 g of cheese and 100 g of dry matter. Moisture was just below 45%, and the NaCl content was rather
low (around 1.5 g/100g of the cheese).

3.2. Fatty Acids

3.2.1. Comparison among Cheese Produced during Summer Season

The results for cheese fatty acid profile reflected the data already found for the corresponding
milks (data not shown), confirming the differences in the fatty acid profile. These are not only due to
the seasonal variation [47,48], but are closely linked to feed factors. In fact, various authors [30,49]
have reported a complete transfer of FA from milk to cheese; hence, their profile largely reflected the
raw milk from which they were made. Additionally, Dhiman et al. [50] reported that the FA profile of
cow milk was not altered in cheese processing, even when cows were fed different diets.

Table 2 shows the percentage distribution of the fatty acids of the cheese at 30 days. In general,
the cheese fat produced from stall milk (S) was richer in medium chain fatty acids (MCFA) relative
to that produced from valley (P) and mountain pasture (A). In particular, the most abundant MCFA
was palmitic acid (C16), which was higher in S relative to P and A; the second most represented was
myristic acid (C14), which was higher in S relative to P, and in P relative to A; finally, C12 (lauric),
C12:1 (lauroleic) and C13 (tridecanoic) were higher in S than in the P and A samples. On the other
hand, long chain fatty acids (LCFA) were higher in P and A cheeses than in S ones. Oleic acid, the most
represented LCFA, had a lower concentration in S and P samples relative to A; stearic acid, was lower
in S than in P and A cheeses. Cheese from mountain pasture (A) also had more arachidic (C20) acid,
while linolenic acid (C18:3) was higher in valley pasture (P).

In general, MUFA, PUFA and, consequently, total unsaturated (UFA), were significantly higher in
the cheeses produced from both valley (P) and mountain pasture (A) milk (UFA: 31.13 S vs. 36.55 P
and 38.34 A; p < 0.001), while SFA showed higher values in stall milk cheeses.

Carafa et al. [51], for traditional mountain cheeses, reported similar values for myristic acid
(9.4 g/100g FA), but lower values for palmitic acid (22.6 g/100g FA), and stearic acid (8.1 g/100g FA),
while oleic acid (22.5 g/100g FA) is consistent with value registered for P, but lower than of A, in the
present research. In the literature, differences in milk FA profiles from cows fed pasture or hay and
concentrates are well known. Various authors [49,52] have found higher amounts of short-, and
medium-chain FAs, C16:0 and total saturated FAs (SFA) in indoor cows’ milk.

In contrast, all the mono-unsaturated FAs (MUFA), all the conjugated linoleic acid (CLA)
isomers, and the total poly-unsaturated FAs (PUFAs), were higher in pasture-based milk and cheese.
The mechanism is well known: compared with indoor cows’ milk, the content of de novo (<16 C)
FA slightly decreased in pasture-based milk. A general reduction of de novo FA occurs in milk from
grazing cows because high levels of dietary PUFA from pasture can compete with de novo fatty acids
for esterification in the mammary gland, and thus determine a decrease in the synthesis of short- and
medium-chain fatty acids [49].

Moreover, a negative energy balance may occur in lactating cows on pasture, thus reducing the
synthesis of short- and medium-chain FA in the mammary gland [27,53]. In agreement with several
studies, i.e., those reported by Collomb et al. [54] in a review, FA of mixed origin (C16:0 and C16:1)
were lower in pasture-based milk, while C18 was higher in pasture milk.
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Table 2. Percent distribution of FA of 30 days ripening cheese (comparison between milk produced in
stall, valley pasture and mountain pasture). Mean ± SD. a,b,c, differ for p < 0.05. NS, p > 0.05; * p ≤ 0.05;
** p ≤ 0.01; *** p ≤ 0.001.

Stall Valley Pasture Mountain Pasture p

Number of Observations 5 5 5

C4—Butiric % 2.28 ± 1.15 2.25± 0.48 2.77 ± 0.92 NS
C6—Capronic % 1.74 ± 0.86 1.55 ± 0.26 1.49 ± 0.32 NS
C8—Caprilic % 1.26 ± 0.52 1.04 ± 0.14 0.86 ± 0.14 NS
C10—Caprinic % 3.28 ± 0.97 b 2.43 ± 0.30 ab 1.83 ± 0.17 a *
C10:1—Decenoic % 0.32 ± 0.12 0.26 ± 0.05 0.21 ± 0.04 NS
C12—Lauric % 3.92 ± 0.69 b 2.93 ± 0.33 a 2.30 ± 0.14 a **
C12:1—Lauroleic % 0.12 ± 0.02 b 0.09 ± 0.02 a 0.07 ± 0.02 a *
C13—Tridecanoic % 0.14 ± 0.02 b 0.10 ± 0.02 a 0.10 ± 0.03 ab *
C14—Myristic % 12.79 ± 0.95 c 10.91 ± 0.73 b 9.57 ± 0.33 a ***
C14:1—Myristoleic % 1.02 ± 0.12 b 0.90 ± 0.14 ab 0.80 ± 0.06 a *
C15—Pentadecanoic % 1.31 ± 0.06 1.37 ± 0.03 1.28 ± 0.12 NS
C16—Palmitic % 30.58 ± 1.86 b 27.44 ± 1.12 a 26.64 ± 2.29 a *
C16:1—Palmitoleic % 1.29 ± 0.04 1.28 ± 0.07 1.26 ± 0.11 NS
C17—Eptadecanoic % 0.82 ± 0.04 0.85 ± 0.07 0.87 ± 0.08 NS
C17:1—Eptadecenoic % 0.25 ± 0.05 0.25 ± 0.04 0.28 ± 0.03 NS
C18—Stearic % 10.31 ± 1.21 a 12.15 ± 0.98 b 13.57 ± 0.53 b **
C18:1—Elaidic t-9 % 0.50 ± 0.13 0.70 ± 0.26 0.73 ± 0.33 NS
C18:1—Vaccenic t-11 % 1.89 ± 0.40 a 4.29 ± 0.48 b 3.49 ± 0.78 b ***
C18:1—Oleic % 20.63 ± 2.54 a 22.70 ± 0.80 a 26.03 ± 1.25 b **
C18:1—Vaccenic c-11 % 0.41 ± 0.07 0.41 ± 0.05 0.46 ± 0.05 NS
C18:2—Linoelaidic t-6 % 0.20 ± 0.02 0.23 ± 0.01 0.21 ± 0.03 NS
C18:2—Linoleic % 2.62 ± 0.43 2.26 ± 0.17 2.19 ± 0.69 NS
C20—Arachidic % 0.18 ± 0.03 a 0.20 ± 0.02 a 0.25 ± 0.05 b *
C20:1—Eicosenoic % 0.06 ± 0.01 ab 0.04 ± 0.01 a 0.07 ± 0.01 b *
C18:3—α-linolenic % 0.78 ± 0.07 a 1.02 ± 0.07 b 0.83 ± 0.21 a *
C18:2—Rumenic c9,t11 CLA % 0.78 ± 0.26 a 1.82 ± 0.18 b 1.49 ± 0.26 b ***
C18:2—t10-c12 CLA % 0.02 ± 0.03 0.04 ± 0.06 0.03 ± 0.03 NS

SCFA—short chain FA % 8.97 ± 3.49 7.58 ± 1.04 7.18 ± 1.44 NS
MCFA—middle chain FA % 51.17 ± 2.26 b 45.01 ± 2.02 a 42.02 ± 2.52 a ***
LCFA—long chain FA % 39.84 ± 4.10 a 47.37 ± 2.29 b 50.82 ± 1.30 b ***
OCFA—odd FA % 2.69 ± 0.20 2.67 ± 0.23 2.61 ± 0.23 NS
MUFA—monounsaturated FA % 26.47 ± 2.52 a 30.93 ± 0.99 b 33.38 ± 1.57 b ***
PUFA—polyunsaturated FA % 4.66 ± 0.42 a 5.62 ± 0.25 b 4.96 ± 0.78 ab *
UFA—unsaturated FA % 31.13 ± 2.86 a 36.55 ± 1.11 b 38.34 ± 0.94 b ***
SFA—saturated FA % 68.85 ± 2.84 b 63.41 ± 1.10 a 61.68 ± 0.91 a ***

CLA (conjug. linoleic acids) % 0.80 ± 0.28 a 1.86 ± 0.21 b 1.52 ± 0.27 b ***
Omega 3 FA % 0.83 ± 0.12 a 1.09 ± 0.14 b 0.86 ± 0.22 ab *
Omega 6 FA % 2.83 ± 0.49 2.44 ± 0.21 2.37 ± 0.77 NS

Esposito et al. [49] observed that, consequently, unsaturated FA content increased to the detriment
of SFA content in the cheese. This can result in a more favourable FA composition in cheese from grazing
cows. Therefore, a wider use of pasture may be promoted in order to accentuate this positive feature;
this is important from the point of view of promoting mountain dairy products. From a nutritional and
health point of view, it is important to reduce the level of saturated fatty acids relative to unsaturated
ones in the diet [55].

In the present study, conjugated linoleic acids, and in particular rumenic acid (and its precursor
vaccenic acid t-11) were more represented in the P and A samples. Values for total CLAs were in
agreement with the data reported by Carafa et al. [51] for traditional mountain cheeses (but the
concentration of vaccenic acid of 2.4 g/100g FA was higher than that found in the present experiment).
A partial agreement with the results of Revello Chion et al. [30] was also found: these authors registered,
in Toma Piemontese cheese (a semi-hard cheese like Formaggella della Valle di Scalve), average values
of 2.09% and 0.81% total FA in summer and winter, respectively. Seasonal variation is mainly due to
animal feeding: in fact, as in the present study, also in the research of Revello Chion et al. [30] cows in
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winter were housed indoors and fed hay and concentrates, whereas in summer were fed natural pasture.
Relative to the values found by these authors, the CLA values registered in the present study for valley
pasture, and particularly those of mountain pasture (A), were perceptibly lower, and this is probably
due to the different compositions of the pastures. Our values are in agreement with those reported by
Lobos-Ortega et al. [56] in a study on the different CLA value of cheeses from three different species.

The variation of CLA content in milk has been associated with several factors, such as diet of cows,
breed and stage of lactation, but diet is the most important variation factor. The difference between
cows reared indoor and cows fed pasture has been reported by various authors: all studies indicated
higher CLA values in the case of pasture [52,57–60]. Di Grigoli et al. [61], in their study on Caciocavallo,
an Italian ripened pasta filata cheese, reported that the utilization of pasture, relative to hay-based
feeding, almost doubled the level of C18:2 trans-10,cis-12 (CLA). Coppa et al. [57] also reported that all
the conjugated linoleic acid (CLA) isomers were lower in the milk of cows reared indoors. Esposito
et al. [49] and Chilliard et al. [27] found an increase in the unsaturated fraction and CLA contents in
dairy products derived from grazing systems. Prandini et al. [62], in Grana Padano cheese, reported
that CLA concentration was higher in mountain cheese (mainly Trentin Grana, a particular Grana
Padano for which animals are bred in the mountains with altitude > 800 m, and silages are forbidden)
(6.52 and 9.47 mg/g fat in spring and summer respectively) compared with lowland cheese (5.29 and
5.75 mg/g fat in spring and summer respectively), with values increasing from spring to summer in all
analyzed samples, but especially in mountain Grana Padano.

As described by many authors, [62–64], in milk from ruminants there is an amount of rumenic
acid (cis-9, trans-11 CLA) due to incomplete biohydrogenation of polyunsaturated fatty acids (PUFA),
specially linoleic and α-linolenic acids, in the rumen, and then from desaturation of vaccenic acid in the
mammary gland via Δ9-desaturase [65]. In particular, up to 99% of α-linolenic acid and linoleic acid
consumed by cows is biohydrogenated in the rumen, with vaccenic acid being a main derivative [66].
Vaccenic acid is then partly desaturated to CLA in the mammary gland, explaining the elevated CLA
content in milk from predominantly-grass-fed cows [63]. In fact, when fed indoors, cows have no
access to grass, which is rich in the linoleic and α-linolenic acids involved in the synthesis of CLA [59];
a higher dietary intake of α-linolenic acid should consequently lead to a higher amount of CLA in milk.

In fact, the value of α-linolenic acid in the present study is higher in P cheese, also relative to A
cheese; moreover, although the difference is not significant, our CLA value for valley pasture tends
to be higher than that for mountain (alpine) pasture. This result is supported by Leiber et al. [63]
who reported that lowland pasture contained almost twice as much α-linolenic acid, resulting in 25%
more CLA in milk relative to cows grazing alpine pasture. Various authors have suggested that fresh
grass promotes the synthesis of CLA through a greater activity of Δ9-desaturase in the udder [67,68].
Moreover, the high concentrations of soluble fiber and fermentable sugars in fresh grass can create an
environment in the gastrointestinal tract of ruminants, without lowering the pH, that is favorable for
the growth of the bacteria responsible for synthesizing CLA and the production of vaccenic acid [50].

Omega 3 fatty acids, and in particular α-linolenic acid, were in the present research more
represented in cheese from valley pasture (P) milk relative to cheese from stall (S) milk (A milk being
in an intermediate position). In contrast, Omega 6 fatty acid percentages were not statistically different
among the three experimental situations. The higher content of Omega 3 FA in the cheese from pasture
is confirmed by Cozzi et al. [69], who in mountain pasture cheese found a lower content of short
chain fatty acids and C16:0, and an increase in unsaturated fatty acids and Omega 3 fatty acids. It is
well-known that milk fatty acid composition is affected by the cow’s feeding plan and particularly by
the amount and the quality of the forage included in the diet [70]. Additionally, Zeppa et al. [71], in the
production of Ossolano cheese (an Italian semi-hard cheese), in cows fed exclusively green forage in
mountain pastures, found an increase in Omega 3 fatty acids and a decrease in the n-6/n-3 ratio, with
a very important nutritional effect. In fact, Omega 3 polyunsaturated fatty acids are recognized as
playing an essential role in human health and are particularly important for the proper functioning of
the brain, the heart and the retina of the eye [72].
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3.2.2. Comparison between Cheeses Produced in Winter Season

The fatty acid profile (Table 3) showed numerous differences between the two experimental
groups. In particular, the cheeses in case I (silage) presented higher percentages of myristic (C14) and
myristoleic (C14:1) acids and a lower percentage of C15, C17, C17:1, stearic acid and arachidic acid.
A statistically significant difference was found between these two cases for SFA and MUFA, as well as
for MCFA and LCFA, while total PUFA were higher for I than for F. Moreover, for I, the percentages of
omega 6 were higher (in particular for linoleic acid) and the percentages of CLA (rumenic acid) and
also of its metabolic precursor, vaccenic acid, were lower.

Table 3. Percentage distribution of the fatty acids of the cheese at 30 days ripening relative to the
comparison of the winter period between milk produced from cows fed silage and milk produced from
cows fed hay. Mean ± SD. a, b, differ for p < 0.05. NS, p > 0.05; * p ≤ 0.05; ** p ≤ 0.01.

Silage
(I)

Hay
(F)

p

Number of Observations 3 3

C4—Butiric % 2.85 ± 1.33 2.27 ± 0.20 NS
C6—Capronic % 2.19 ± 1.14 1.58 ± 0.36 NS
C8—Caprilic % 1.52 ± 0.72 1.04 ± 0.25 NS
C10—Caprinic % 3.75 ± 1.35 2.53 ± 0.44 NS
C10:1—Decenoic % 0.41 ± 0.14 b 0.26 ± 0.01 a *
C12—Lauric % 4.33 ± 0.90 3.21 ± 0.24 NS
C12:1—Lauroleic % 0.14 ± 0.01 0.11 ± 0.03 NS
C13—Tridecanoic % 0.14 ± 0.01 0.12 ± 0.02 NS
C14—Myristic % 13.22 ± 0.82 b 12.18 ± 0.31 a *
C14:1—Myristoleic % 1.15 ± 0.09 b 0.94 ± 0.14 a *
C15—Pentadecanoic % 1.30 ± 0.05 a 1.42 ± 0.08 b *
C16—Palmitic % 31.29 ± 2.64 32.99 ± 2.99 NS
C16:1—Palmitoleic % 1.31 ± 0.02 1.52 ± 0.24 NS
C17—Eptadecanoic % 0.79 ± 0.10 a 0.96 ± 0.02 b *
C17:1—Eptadecenoic % 0.23 ± 0.08 a 0.35 ± 0.06 b *
C18—Stearic % 9.02 ± 1.15 a 10.81 ± 0.96 b *
C18:1—Elaidic t-9 % 0.68 ± 0.06 b 0.48 ± 0.03 a **
C18:1—Vaccenic t-11 % 1.28 ± 0.24 a 1.83 ± 0.17 b **
C18:1—Oleic % 19.45 ± 1.74 20.87 ± 0.35 NS
C18:1—Vaccenic c-11 % 0.40 ± 0.08 0.46 ± 0.02 NS
C18:2—Linoelaidic t-6 % 0.20 ± 0.01 a 0.25 ± 0.02 b **
C18:2—Linoleic % 2.55 ± 0.20 b 1.87 ± 0.17 a **
C20—Arachidic % 0.16 ± 0.03 a 0.21 ± 0.01 b *
C18:3—α-linolenic % 0.87 ± 0.07 0.76 ± 0.08 NS
C18:2—Rumenic c9,t11 CLA % 0.65 ± 0.08 a 0.87 ± 0.08 b **
C18:2—t10-c12 CLA % 0.01 ± 0.00 0.02 ± 0.01 NS

SCFA—short chain FA % 10.70 ± 4.68 7.67 ± 1.26 NS
MCFA—middle chain FA % 52.87 ± 0.89 52.47 ± 2.97 NS
LCFA—long chain FA % 36.39 ± 3.72 39.84 ± 1.69 NS

OCFA—odd FA % 2.45 ± 0.23 a 2.85 ± 0.06 b *
MUFA—monounsaturated FA % 25.03 ± 1.84 26.80 ± 0.17 NS
PUFA—polyunsaturated FA % 4.40 ± 0.37 b 3.88 ± 0.17 a *
UFA—unsaturated FA % 29.43 ± 2.21 30.68 ± 0.35 NS
SFA—saturated FA % 70.53 ± 2.27 69.29 ± 0.36 NS

CLA (conjug. linoleic acids) % 0.66 ± 0.08 a 0.89 ± 0.07 b **
Omega 3 FA % 0.87 ± 0.07 0.76 ± 0.08 NS
Omega 6 FA % 2.68 ± 0.23 b 1.99 ± 0.14 a **
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There are few studies on the effect of hay or silage cow feeding on the cheese fatty acid profile,
and most of them are related to maize silage [73], while another considers vetch hay vs. vetch silage
in sheep milk and cheese [74]. The result that PUFA are higher in hay silage (haylage) than in hay is
consistent with the study of Schingoethe et al. [75] that found the same result, explaining it as a trend
toward increased unsaturation for feeding fermented forages [75]. On the contrary, other authors [74]
found higher values of PUFA in the hay group than in the silage group, but the silage is not the same
(in this case it is vetch silage, and the research is on sheep milk and cheese).

The result for SFA, which had no significant variations, is consistent with results of Renes et al. [74].
The higher values of CLA and vaccenic acid found in hay vs. silage in the present research is confirmed
by Segato et al. [73], although these authors consider maize silage instead of hay silage.

In the present research, the concentration of elaidic (trans) acid was higher in type I cheeses.
Elaidic acid is a trans fatty acid associated with an increased risk of coronary heart disease, which can
deleteriously affect lipoproteins by increasing LDL and decreasing HDL [76].

Odd fatty acids, in the present research, were more represented in cheese F. They are an index
of a higher ruminal activity, as attested also by the higher contents of vaccenic and rumenic acids in
the F thesis. Odd fatty acids have, by some authors [60,73], been associated with beneficial effects on
human health [77]; in synthesis, except for the lower contents of PUFA and Omega 6 fatty acids, hay
cow feeding without silage results in an overall more favourable fatty acid profile for human health.

3.3. Sensory and VOC Analyses: Comparison between Cheeses Obtained from Cows Fed Hay and Silage at
30 Days of Ripening

In order to evaluate any possible differences in taste and flavour between hay and silage production,
cheeses at 30 days ripening were submitted to both sensorial and VOC analyses. The results of the
triangular test carried out on the cheeses produced on 5 different days (two different winters), show that
the cheese samples were judged significantly different in only 2 out of 5 days of production (Table 4).
Such “insignificance” can also be due to the difficult standardisation of cheesemaking procedures in
mountain environments, which in some cases can prevail over differences in the raw material used.

Table 4. Results of the triangular test made on cheese samples at 30 days’ ripening.

Day of Cheesemaking Difference 1

1 February *
16 March NS
6 January ***

24 February NS
26 March NS

1 NS, not significantly different; * p ≤ 0.05; *** p ≤ 0.001.

After choosing the “different” sample, the tasters were also asked to make a preference judgment,
and to motivate it, and both hay and silage cheeses were equally preferred. It should be noted that in
this kind of cheese (artisanal mountain cheese), personal tastes can differ dramatically, and what is
a pleasant note for one taster, can be a defect for another. Apart from the appreciation, the recurring
descriptors were “sweet”, “spicy”, “savoury”, and “fruity”. The first three attributes are manly
perceived by taste and are connected to water or fat-soluble compounds released during chewing, such
as free amino acids and short chain free fatty acids. On the other hand, fruity perception is due to
volatile substances, mainly esters, but also some alcohols, aldehydes and ketones [78,79]. In this regard,
the evaluation of the volatile profile of the cheeses obtained by the SPME-GC-MS analysis of the sample
headspace (data not reported) confirms sensorial analysis. Even though further investigations must be
made, the total ion chromatograms reported in Figure 1 suggest a possible consistency between testers’
assessments and the instrumental data. The chromatogram for a “hay” sample judged as “sweet”
and “fruity”, compared to the corresponding “silage”, shows higher levels of 2-butanol (fruity aroma)
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and ethyl capronate (banana, pineapple smell), which can both explain the higher fruity and sweet
perceptions [80].

Figure 1. Chromatogram of total ionic current from dynamic headspace coupled for the two cheese
typologies.

Verdier-Metz et al. [12], even though without statistically significant differences, also found that
the cheeses produced with milk from cows fed silage seem to be less sticky and more bitter than the
cheeses produced with milk from cows fed hay. The more pronounced bitterness of “silage” cheeses
could be due to quicker ripening [81] and to proteolysis tending to produce hydrophobic peptides,
which are generally bitter [82].

4. Conclusions

In conclusion, the experimentation demonstrated that the fat of the cheese obtained from stall
milk was richer in medium-chain fatty acids. On the other hand, long-chain fatty acids were higher
in the cheeses produced from pasture milk. Oleic acid was higher in the case of mountain pasture
milk, whereas omega 3 fatty acids were more present in the cheeses produced on low altitude pasture.
The content of unsaturated fatty acids and CLAs was always positively influenced by pasture.

The results of the sensory analysis, conducted on winter samples, show that the tasters were
not always able to find significant differences. In general, cheeses produced with hay feeding were
judged as “sweeter” than cheeses produced with silage feeding. The volatile profile of the F cheese
presented higher levels of 2-butanol (fruity aroma) and ethyl capronate (smell of banana, pineapple),
which can explain both the higher fruity and sweet perceptions. The results of a triangular test were
compared with “cheese volatile organic compound (VOC) analysis”; the obtained chromatogram
suggests a possible consistency between the assessments of the tasters and the instrumental data.
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Abstract: Kiwifruit is an interesting alternative to chymosin for milk coagulation. Although the
clotting properties of actinidin (the proteolytic agent present in kiwi) have been widely investigated,
little is known about the nutraceutical and organoleptic effects of kiwifruit on the characteristics
of cheese. We investigated kiwifruit pulp, compared to calf rennet, in cheesemaking using sheep
and buffalo milk. Although the kiwifruit extract showed a longer coagulation and syneresis time
than calf rennet, it could nevertheless be exploited as a plant coagulant due to its positive effect on
the nutraceutical properties. In fact, the sheep and buffalo cheese were higher in polyphenols and
phytosterols than the cheese obtained using calf rennet. In addition, the nutraceutical properties were
enhanced, with just a slight effect on the aroma of the cheese.

Keywords: milk clotting; cheese; kiwifruit; actinidin; nutraceutical properties

1. Introduction

Enzymatic milk coagulation is a key step in cheese manufacturing and involves the addition of
chymosin (rennet), an aspartate proteinase that is active in the stomach of non-weaned calves [1],
and which hydrolyses the link between amino acids 105 (methionine) and 106 (phenylalanine) of the
k-casein. Given various social (i.e., veganism) and religious (Islam, Judaism) issues, which entail
limiting or reducing the use of chymosin, new sources of coagulants are needed.

Proteolytic enzymes extracted from plants may be an interesting alternative to animal rennet in
dairy technology. In fact, milk-clotting enzymes have been identified in various plant species, such as
Lactuca sativa [2], Albizia lebbeck, Helianthus annuus [3] and Cynara cardunculus [4].

Actinidin (EC 3.4.22.14) is a cysteine protease from kiwifruit (Actinidia deliciosa) with a wide pH
activity range (4–10) [5]. Lo Piero et al. [5] demonstrated that actinidin forms milk clots with the typical
conditions used in cheese manufacturing (optimum activity at 40–42 ◦C, mildly acidic pH values).
The preferred substrate for actinidin is β-casein, followed by k-casein, and the result of this hydrolysis
is the production of a small number of larger peptides [5]. Saha and Hayashi [6] revealed that dairy
products that use kiwifruit juice actinidin have a lower perceived off-flavour.

Exploiting kiwifruit in milk cheesemaking could meet the goals of circular agriculture through
the use of undersized and/or damaged kiwifruits in a simple and economically sustainable procedure

Foods 2020, 9, 637; doi:10.3390/foods9050637 www.mdpi.com/journal/foods83



Foods 2020, 9, 637

for the production of a clotting mixture. In addition, it could improve the nutritional/nutraceutical
characteristics of the cheese, given that kiwifruit contains hydro-soluble components, such as vitamin
C and polyphenols [7–9].

Several works have dealt with the clotting properties of kiwifruit. Katsaros et al. [10]
reported that 1 mL juice rich in actinidin obtained from peeled, pulped and centrifuged kiwifruit
corresponded to 0.42 ± 0.02 units, while 1 g of freeze-dried powder corresponded to 520 ± 20 units.
Mazorra-Monzano et al. [11] compared kiwi, ginger and melon with chymosin and found that the kiwi
extract produced the most similar curd in terms of texture to curd from chymosin. Lo Piero et al. [5]
characterized the role of purified actinidin in casein proteolysis and reported that the activity for total
casein was 129.6 U/mg and that the specific milk clotting activity (AC) is higher than the general one
(AP); the AC/AP ratio (1.1) was similar to calf rennet (1.0) and much higher than microbiological rennet
(0.22). Puglisi et al. [12] reported that kiwi juice shows twice the specific activity for total casein than
purified actinidin of 299 U/mg, and speculated that, in kiwi, other proteases assist actinidin in the
proteolysis process.

To the best of our knowledge, no data are available on the relationship between using kiwifruit
extract in cheesemaking and the nutraceutical substances and flavour of cheese obtained with sheep
and buffalo milk. We assessed the technological, nutraceutical and organoleptic properties of sheep
and buffalo cheese made from kiwifruit extract compared with animal rennet.

2. Materials and Methods

2.1. Experimental Design

The study was carried out on 12 cheeses obtained from fresh and pasteurized milk, according to
the following procedure: three buffalo milk cheeses were made with calf rennet (BM-C); three buffalo
milk cheeses were made with kiwifruit extract (BM-K); three sheep milk cheeses were made with calf
rennet (SM-C); and three sheep milk cheeses were made with kiwifruit extract (SM-K). The experiment
was replicated twice in two independent batches. Milk was obtained from two neighbouring farms
located in the province of Grosseto (southern Tuscany, Italy).

The kiwifruit extract was obtained by a modification of the method described by Katsaros et al. [10].
Briefly; 1 kg of kiwi pulp (A. deliciosa, cv. Hayward) were filtered through a cotton gauze. The filtrate
was centrifuged (10,000 rpm for 15 min at 4 ◦C), and the supernatant was filtered using a 0.45 μm filter.
The purified solution was lyophilized to obtain a powder rich in actinidin; the protein content of the
powder was quantified by Bradford’s method [13].

The calf rennet used for the coagulation of the BM-C and SM-C cheeses was NATUREN ® PLUS
215 (activity = 215 IMCU/mL; chymosin 63%; pepsin 37%) (CHR HANSEN, Hoersholm, Denmark).

Milk (200 mL) was clotted after the adjustment of the pH value by the addition of Streptococcus
thermophilus CRV00 LYO 100 L starter (Santamaria srl, Burago di Molgara, Italy) (0.216 g per 100 mL) at
40 ◦C. Coagulants were added when the milk pH was 6.35–6.38. Calf rennet was diluted in distilled
water to have a strength of 40 IMCU/mL. In order to have the same enzymatic activity (measured as
Katsaros et al. [10]), for 200 mL of milk we used 80 mg of freeze-dried powder rich in actinidin.

After the milk had clotted, the curd was manually cut with a knife and stirred gently. Then, after
about 10 min the cheeses were drained and put into moulds, which were turned and pressed manually.
Finally, in order to eliminate the excess water, the miniature cheeses [11] were incubated at 40 ◦ C
for 30 min. The cheeses were not salted. The weight of each cheese was recorded at the end of the
cheesemaking and after 24 h. The syneresis of the cheeses was used as one of the indices of the level
of coagulation, which was expressed as the volume of the whey (mL) per total mass (100 g) of the
coagulated milk product. Cheese yields (initial and after 24 h) were calculated as curd weight (initial
or after 24 h)/milk weight × 100.
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2.2. Analysis

2.2.1. Milk Clotting

Milk-clotting was evaluated visually when clotting began, in accordance with Uchikoba et al. [14].
During the visual evaluation, the time was measured between the addition of the coagulant solution
and the first appearance of solid material against the background (CT, clotting time).

Milk-clotting properties were evaluated by a Formagraph ® (Foss Electric, Hillerød, Denmark).
Following the Formagraph ® instructions, milk samples (10 mL) were heated to 35 ◦C, and 200 μL
of a solution of rennet (NATUREN ® PLUS 215-215 IMCU/mL; chymosin 63%; pepsin 37%) (CHR
HANSEN, Hoersholm, Denmark) with a strength of 40 IMCU/mL was added; 10 replicates per run
and for each sample milk were performed. The same conditions were applied to evaluate the kiwifruit
extract; however, 200 μL of a 40mg/mL solution of freeze-dried powder in distilled water was used.
Measurements were stopped thirty minutes after the addition of the enzyme.

The principle of lacto-dynamography is based on the control of the oscillation that is driven by an
electromagnetic field created by a swinging pendulum. During milk clotting, a pendulum is immersed
into the milk container. The greater the extent of the coagulation, the smaller the pendulum swing.
This analysis provided measurements of the clotting time (r) in min, curd firming time (k20) in min,
and curd firmness (A30) in mm [15].

2.2.2. Physical and Chemical Analysis

Cheese samples were analysed in terms of moisture, protein, fat, and ash following official AOAC
methods (AOAC, 2000). For the colour measurements, samples were placed on a standard white
tile. Colour readings were taken at four randomly selected locations on the cranial surface of each
piece to obtain a representative mean value. The cheese colour was measured in the CIE L*a*b* space
(CIE, 19876) with an area diameter of 8 mm, including the specular component, and 0% UV, D65
standard illuminant, observer angle 10◦, and a zero and white calibration using a Minolta CM 2006d
spectrophotometer (Konica Minolta Holdings, Inc., Osaka, Japan). Lightness (L*), greenness (a*) and
yellowness (b*) were recorded [16,17]. The colour parameters were used to calculate the total colour
differences between cheeses obtained with calf rennet and cheeses obtained with kiwifruit, using the
following formula: ΔE* = ((L*)2 + (a*)2 + (b*)2)1/2. Values were expressed as the mean ± standard
deviation. Following Sanz [18], the colour differences for the human eye are not obvious if ΔE* < 1;
not appreciable if 1 < E* < 3; and obvious if E* > 3.

Calcium, iron, sodium, magnesium and potassium were determined by flame atomic-absorption
spectroscopy on an iCE 3000 series AA spectrophotometer (Thermo-Scientific, Waltham, MA, USA)
equipped with a deuterium lamp as a background-correction system. An acetylene-air flame was
used, while the gas flow rates, and the burner height were adjusted in order to obtain the maximum
absorbance signal for each element. The organic matter of the samples (0.5 g) was put in a muffle-furnace
at 450 ◦C for 24 h to obtain ash. When cool, the residue was dissolved in 1 mL nitric acid and the
volume was diluted to 10 mL with water. The wavelength of the spectrometer was set at 422.7 nm for
Ca, 589.6 nm for Na, 248.3 nm for Fe, 766.5 nm for K and 285.2 nm for Mg. The slit width was 0.7 nm
for all elements, except Fe with 0.2 nm. The volumes and corresponding concentrations of the samples
were selected within the linear range of the instrument used (at least five concentrations).

2.2.3. Lipid Composition of Kiwifruit and Cheeses

Total lipids (TL) of kiwifruit and cheeses were extracted with a chloroform/methanol solution (2:1,
v/v), following Rodriguez-Estrada et al. [19].

Unsaponifiable matter was obtained following Sanders et al. [20]. Briefly, 300 mg of TL were
cold-saponified by adding 4.5 mL of ethanolic KOH (4.8% w/v) solution and incubated at room
temperature for 12 h. The unsaponifiable matter was isolated by two washes with 4.5 mL of water
and 9 mL of hexane. The non-polar phase (upper phase) was transferred into a fresh tube and
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dried by nitrogen gas. Finally, the samples were dissolved once again with 1 mL of methanol.
Before saponification, 100 μL of a solution of dihydrocholesterol in chloroform (2 mg/mL) as internal
standard for sterols were added to TL.

Sterols were then silylated adding a hexamethyldisilazane/chlorotrimethysilane/pyridine 2/1/5
v/v/v mixture, dried under a nitrogen stream and dissolved in 300 μL of n-hexane. The sterols were
identified and quantified using a GC–FID (GC 2000 plus, Shimadzu, Columbia, MD, USA) equipped
with a VF 1-ms apolar capillary column (25 m × 0.25 mm i.d., 0.25 μm film thickness; Varian, Palo Alto,
CA, USA). A total of 2 μL of the sample in hexane were injected into the column with the carrier gas
(hydrogen) flux at 1 mL/min and the split ratio was 1:10. The run was carried out in constant pressure
mode. The oven temperature was held at 250 ◦C for 1 min, and increased to 260 ◦C over 20 min at
the rate of 0.5 ◦C/min, and then increased to 325 ◦C over 13 min at the rate of 5 ◦C/min, and kept at
325 ◦C for 15 min. The injector and the detector temperatures were set at 325 ◦C. Chromatograms were
recorded with LabSolution (Shimadzu, Columbia, MD, USA). Sterols were calculated by comparing
the area of the samples and internal standards and expressed as mg/100 g of cheese.

2.2.4. Phenol Extraction, Quantitation and Characterization

A liquid–liquid extraction was used to isolate the phenolic fraction from the cheeses and kiwifruit,
following Suarez et al. [21] with some modifications. Briefly, 10 mL of methanol/water (80/20, v/v) were
added to 5 g of sample and homogenized for 2 min with an ULTRATURRAX (IKA®-Werke GmbH &
Co. KG, Staufen, Germany). After this, two phases were separated by centrifugation at 637× g for
10 min and the supernatant (hydroalcoholic phase) was transferred to a balloon. This step was repeated
with 5 mL of methanol and the extracts were combined in the balloon. The hydroalcoholic extracts
were then rotary evaporated to a syrupy consistency at 31 ◦C and dissolved in 5 mL of acetonitrile.
Subsequently, the extract was washed with 10 mL of n-hexane and the rejected n-hexane was treated
with 5 mL of acetonitrile. The acetonitrile solution was finally rotary evaporated to dryness. It was
then re-dissolved in 5 mL of methanol and maintained at −20 ◦C before the chromatographic analysis.

Total phenol concentration extracts were determined spectrophotometrically by the Folin–Ciocalteu
assay [22] using gallic acid as a standard. An aliquot of 1 mL of each extract was mixed with 5 mL of
H2O and 1 mL of Folin–Ciocalteu phenol reagent 1N. The reaction had a duration of 7 min. A total of
10 mL of saturated Na2CO3 solution (7.5%) and 5 mL of H2O were then added and allowed to stand for
90 min before the absorbance of the reaction mixture was measured in triplicate at 750 nm. The total
phenol content was expressed as mg of polyphenols per 100 g of cheese.

Individual polyphenol profiles by HPLC analysis were determined according to Kim et al. [23]
with slight modifications. Briefly, 20 μL of each sample were analysed using a Prostar HPLC (Varian)
with UV-DAD and a C18 reverse phase column (ChromSep HPLC Columns SS 250 mm × 4.6 mm
including Holder with ChromSep guard column Omnispher 5 C18). The PDA acquisition wavelength
was set in the range of 200–400 nm, with an analogue output channel at wavelength 280 nm width
10 nm. The gradient elution was performed by varying the proportion of solvent A (water–acetic acid,
97:3 v/v) to solvent B (methanol), with a flow rate of 1 mL min−1. The initial mobile phase composition
was 100% solvent A for 1 min, followed by a linear increase in solvent B to 63% in 27 min. The mobile
phase composition was then brought back to the initial conditions in 2 min for the next run. All the
solutions prepared were filtered through 0.45 μm membranes.

2.2.5. Volatile Organic Compounds Analysis

The volatile organic compounds were determined by solid phase microextraction–gas
chromatography–mass spectrometry (SPME-GC/MS), according to Serra et al. [24]. Briefly, volatile
organic compounds (VOCs) were extracted from 5 g of a finely-ground sample in a 20-mL glass
vial closed with an aluminium cap equipped with a PTFE-septum. Samples were incubated
for 15 min and then VOCs were collected using a divinylbenzene/carboxen/polydimethylsiloxane
(DVB/Carboxen/PDMS) Stable Flex SPME fibre (50/30 μm; 2-cm long) (Supelco, Bellefonte, PA, USA).
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The SPME fibre was exposed to headspace for 30 min. The conditioning and exposure were carried out
at 60 ◦C [25]. The fibre was inserted into the injector of a single quadrupole GC/MS (TRACE GC/MS,
Thermo-Finnigan, Waltham, MA, USA) set at 250 ◦C, 3 min in splitless mode, keeping the fibre in the
injector for 30 min to obtain complete fibre desorption.

The GC programme conditions were the same as those described by Serra et al. [24]. The GC
was coupled with a Varian CP-WAX-52 capillary column (60 m × 0.32 mm; coating thickness 0.5 μm).
The transfer-line and the ion source were both set at 250 ◦C. The filament emission current was 70 eV.
A mass range from 35 to 270 m/z was scanned at a rate of 1.6 amu/s. The acquisition was carried out
by electron impact, using the full scan (TIC) mode. Three replicates (n = 3) were run per sample.
The VOCs were identified in three different ways: (i) comparison with the mass spectra of the Wiley
library (version 2.0-11/2008); (ii) injection of authentic standards; and (iii) calculation of the linear
retention index (LRI) and matching with reported indexes [26–28]. Data were expressed as the peak
percentages of the total VOCs.

2.3. Statistical analysis

JMP software (SAS Institute Inc., Cary, NC, USA) was used for the statistical analysis. Data were
analysed with the following mixed linear model:

yij = μ + Ci + Bj (Ci) + eij (1)

where yij = the dependent variables (physico-chemical component, lactodimography data, fatty acids,
sterols, polyphenols) relative to the ith coagulant and to the jth batch; μ = the mean; Ci = the fixed effect
of the ith coagulant (BM-C vs. BM-K or SM-C vs. SM-K); Rj (Ci) = the random effect of the jth batch
(1 or 2) nested within Ci; and eij = the random residual.

3. Results

3.1. Technological Parameters

The milk-clotting activity could only be assessed visually, as the r value could not be detected
(higher than 30 min) either for BM-K or SM-K (Table 1).

Table 1. Technological parameters of the cheeses made with kiwi extract or calf rennet.

Buffalo Sheep

BMC BMK SEM S SMC SMK SEM S

Yield (%) 51.25 33.18 2.82 ** 24.90 21.27 1.10 *
Whey volume (mL) 84.67 120.67 7.12 ** 130.83 143.83 1.77 ***
Yield after 24 h (%) 38.95 27.85 1.71 ** 23.15 20.52 0.87 *

Weight reduction (%) 23.78 15.18 1.83 ** 6.73 3.52 0.87 *
pH whey 24 h 5.23 5.16 0.14 ns 4.62 4.92 0.02 ns

Clotting time (min) 13.50 21.00 0.23 *** 11.50 16.50 0.22 ***
r (min) 10.96 n.r. 3.7 ne 7.38 n.r. 6.03 ne

k20 (min) 1.95 n.r. 0.41 ne 1.33 n.r. 1.66 ne
a30 (mm) 42.47 n.r. 6.20 ne 41.67 n.r. 2.86 ne

BMC, buffalo–calf rennet cheese; BMK, buffalo–kiwifruit cheese; SMC, sheep–calf rennet cheese; SMK,
sheep–kiwifruit cheese; SEM, standard error medium; S, significance. *, 0.01 < P< 0.05; **, 0.01 < P < 0.001;
***, P < 0.001; ns: not significant; n.r., not reactive; ne: not estimable.

The first appearance of solid material after adding the kiwifruit extract was observed after
20–22 min and 15–17 min in buffalo and sheep milk, respectively. These times were significantly higher
than the milk with rennet calf (Table 1).
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The kind of coagulant was a significant variation factor with respect to whey volume, and to initial
cheese yield (Table 1). These differences became smaller after 24 h (rennet cheese weight decreased
more than the kiwi extract) but the cheese yield was still significant.

3.2. Physico-Chemical Composition

The chemical compositions and colour characteristics of the cheeses are reported in Table 2.
Dry matter was on average 40% similar to a typical fresh cheese. Buffalo cheeses showed a lower
protein, fat and ash content than sheep cheeses.

Table 2. Physico-chemical composition of the cheeses made with kiwi extract or calf rennet.

Buffalo Sheep

BMC BMK SEM S SMC SMK SEM S

Total solid (g/100 g) 35.89 44.44 1.83 +++ 43.68 50.69 0.46 +++

Proteins (g/100 g) 10.76 11.74 0.26 + 15.83 15.74 0.23 ns
Lipids (g/100 g) 20.60 27.40 1.24 ++ 21.72 27.55 0.36 +++

Ashes (g/100 g) 0.99 1.27 0.03 +++ 1.33 1.69 0.05 +++

Carbohydrates 4.05 4.53 0.75 ns 5.16 5.52 0.47 ns
Fe (μg/g) 0.71 0.81 0.09 ns 1.57 1.93 0.09 ns
Mg (μg/g) 266.01 254.73 14.05 ns 268.27 271.63 4.58 ns
K (μg/g) 1721.61 2136.11 132.05 ns 1727.81 1696.26 56.39 ns
Ca (μg/g) 7985.18 7938.71 259.73 ns 8131.28 8689.25 285.27 ns
Na (μg/g) 522.83 346.34 42.47 + 1173.25 1004.39 23.37 +

Colour

L* 93.73 92.15 0.37 +++ 93.12 92.09 0.24 +

a* −1.75 −1.83 0.04 ns −1.88 −1.73 0.05 ns
b* 8.68 10.62 0.45 + 12.17 12.33 0.17 ns
E* 1.84 0.68 1.05 0.36

BMC, buffalo–calf rennet cheese; BMK, buffalo–kiwifruit cheese; SMC, sheep–calf rennet cheese; SMK,
sheep–kiwifruit cheese; ΔE between cheese from calf rennet—kiwifruit, ΔE* = ((ΔL*)2 + (Δa*)2 + (Δb*)2)1/2. Values
are expressed as the mean ± standard deviation; SEM, standard error medium; S, significance. +, 0.01< P< 0.05;
++, 0.01 < P < 0.001; +++, P < 0.001; ns: not significant.

The kiwi extract produced a cheese with a higher dry matter, both in buffalo and sheep milk
(Table 2), except for proteins, which were not affected by the different holding whey capacity.

Iron, magnesium, potassium and calcium were not affected by cheesemaking. The kind of
coagulant affected the sodium content of the cheese. Cheeses produced with the kiwifruit extract had
the lowest amount of sodium (-34% and -14% in buffalo and sheep cheese, respectively).

The kiwi extract significantly affected the colour of the cheese (Table 2), reducing the lightness
both in sheep and buffalo cheese. The use of kiwi also increased the b* value in buffalo cheese, but not
in sheep cheese. Total colour differences (E) were less than 2.

3.3. Polyphenols

Although polyphenols are water-soluble, most were found in the curd but very few in the whey
(Figure 1).
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(a) (b) 

Figure 1. Total polyphenol content of cheese and whey produced with kiwifruit extract and calf rennet.
(a) Buffalo milk; (b) sheep milk. *** P < 0.001

Cheeses obtained with the kiwi extract showed a significantly higher content of polyphenols, both
in buffalo (+466%) and sheep cheeses (+278%) (Table 3).

Table 3. Polyphenol and sterol content of cheeses made with kiwi extract or calf rennet (mg/100 g
of cheese).

Buffalo Sheep

BMC BMK SEM S SMC SMK SEM S

Total polyphenols 32.13 149.94 7.65 *** 68.02 189.28 13.40 ***
Gallic acid 15.39 15.76 1.99 ns 34.24 15.18 4.97 *
Caffeic acid 4.16 35.97 2.72 * 6.32 11.52 1.50 *

Coumaric acid - 21.60 1.93 ne - 33.35 6.32 ne
Cinnamic acid - 10.78 1.31 ne - 27.33 6.08 ne

Quercetin 2.93 9.19 0.91 * 10.83 10.03 2.25 ns
Catechin 5.49 24.03 4.44 * 5.17 43.49 3.28 *

Rutin 4.15 43.85 2.91 *** - 58.61 9.85 ne
Sterols

Cholesterol 5.71 5.51 0.14 ns 5.96 5.76 0.18 ns
Stigmasterol - 0.17 0.00 ne - 0.83 0.04 ne
Campesterol - 0.20 0.00 ne - 0.69 0.02 ne
β-sitosterol - 0.63 0.02 ne - 2.29 0.15 ne

BMC, buffalo–calf rennet cheese; BMK, buffalo–kiwifruit cheese; SMC, sheep–calf rennet cheese; SMK,
sheep–kiwifruit cheese; SEM, standard error medium; S, significance. *: 0.01 < P < 0.05; **: 0.01 < P < 0.001;
***: P < 0.001; ns: not significant; ne: not estimable.

The polyphenol content of SM-C was high, because the sheep milk used for our experiments was
obtained from grazing animals. Our results are in line with Hilario et al. [29] in cheese produced with
milk from pasture fed goats.

Cheeses obtained with the kiwifruit extract were higher both in flavonoids (quercetin, rutin and
catechin) and in phenolic acids (caffeic acid, coumaric acid and cinnamic acid). They also contained
coumaric and cinnamic acids, which were not present in the calf rennet cheese. The only polyphenol
not affected by the cheesemaking was gallic acid.

3.4. Sterols

The use of kiwi extract promoted the accumulation of a small (but not negligible) quantity of
phytosterols: 1.00 and 3.81 mg/100 g of total lipids in buffalo and sheep cheeses, respectively. On the
other hand, the sterol profile of the rennet cheeses was characterized by cholesterol alone (Table 3).
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The phytosterols we found in cheeses were stigmasterol, campesterol and β-sitosterol, which represent
the most abundant sterols in kiwifruit [30].

3.5. Volatile Organic Compounds

As expected, kiwifruit and cheeses were different in terms of the quantity and quality of the
odorant compounds (Table 4). The total amount of VOCs from the kiwifruits was about seven times
higher than from the cheeses. The most represented category of odorants in kiwi were aldehydes
(about 85% of total VOCs), and carboxylic acids and ketones in the cheeses (65% of total VOCs).

More specifically, (E)-2-hexenal and hexanal were the most abundant odorants in the kiwi extracts
used in this experiment. These volatile aldehydes are produced during fatty acid oxidation by the
lipo-oxygenase enzyme [31]. Other substances affecting odour were the ethyl esters of butyric and
caproic acids, two alcohols (2-hexen 1-ol and 1-hexanol) and one ketone, 1-penten-3-one (Table 4).

In terms of cheese, the most represented odorant was 2-butanone (a ketone), which was above 25%
of the total VOCs in all the cheeses, followed by acetic acid, 2,3-butenedione (another ketone), caproic,
caprylic and nonanoic acids (carboxylic acids). 2-butanone and 2,3-butenedione were not detected in
the kiwi pulp, while acetic, caproic, caprylic and nonanoic acids were identified both in the kiwi pulp
and in the buffalo and sheep cheeses produced, and both using calf rennet and kiwifruit extract. On
the other hand, caproic, caprylic and nonanoic acids are typical components of both buffalo [32] and
sheep milk [33].

Terpenes are typical components of kiwi pulp but not of cheese (except for β-phellandrene).
Of the odorants that most characterize kiwifruit, in both buffalo and sheep cheeses we found only

(E)-2-hexenal (representing about 80% of VOCs in pulp kiwifruit), ethyl caproate and 2-hexen-1-ol.
Interestingly, in the kiwi-cheeses we found 3-methyl eicosane and dibutyl formaldehyde, which were
found only in low quantities in the kiwi extract. Finally, cheesemaking was a significant variation
factor for the total esters only in buffalo cheese, 3-pentanone 2-hydroxy and β-phellandrene, which
was the only terpene we detected in the cheeses.

Table 4. Volatile organic compounds of cheeses made with kiwifruit extract or calf rennet (μg/kg of raw
matter) (Part 1).

Kiwi
Buffalo Sheep

BMC BMK SEM S SMC SMK SEM S

Acids

Acetic acid 4.00 9.06 9.06 2.58 ns 2.58 3.03 0.43 ns
Butyric acid 1.56 2.26 1.58 0.48 ns 2.72 3.27 0.74 ns
Caproic acid 3.22 6.28 3.63 1.34 ns 7.65 9.65 2.38 ns

heptanoic acid 1.31 0.95 1.11 0.16 ns 0.79 0.57 0.07 *
caprylic acid 2.31 6.17 7.23 2.88 ns 10.53 13.95 2.83 ns

n-nonanoic acid 3.55 4.97 3.34 1.04 ns 3.83 4.83 0.83 ns
n-decanoic acid 1.69 1.78 2.61 0.76 ns 5.36 8.21 1.60 ns

Total 17.64 31.46 28.56 6.77 ns 33.46 43.50 8.21 ns

Alcohols

2-methyl-3-pentanol - 1.00 2.03 0.28 * 2.15 0.58 0.14 ***
2-methyl-1-undecanol - 1.39 1.98 0.53 ns 1.83 0.90 0.13 ***

2-buthyl-1-octanol - 0.77 0.81 0.19 ns 1.65 0.88 0.35 ns
1-pentanol 2.92 0.51 0.49 0.06 ns 0.87 1.29 0.16 *
1-hexanol 11.12 1.31 0.91 0.16 ns 0.67 0.91 - ns

3,4-hexane diol - 3.31 6.11 1.26 ns 3.67 9.52 0.98 **
3-hexen-1-ol 1.67 - - - - - - - -
2-hexen 1-ol 12.96 - 0.34 0.05 ne - 0.46 0.07 ne
1-octen-3-ol 0.99 0.30 0.49 0.03 ** 0.11 0.15 0.01 *

2,4,7,9-tetramethyl-5-decyne-4,7-diol 1.49 2.84 0.82 0.23 *** 1.61 2.73 0.77 ns
Total 31.11 11.42 13.97 1.64 ns 12.56 17.41 1.79 ns
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Table 4. Cont.

Kiwi
Buffalo Sheep

BMC BMK SEM S SMC SMK SEM S

Aldehydes

Acetaldehyde 1.65 - - - - 0.16 0.21 0.09 ns
Hexanal 24.48 3.82 3.22 1.01 ns 3.21 2.67 0.70 ns

(E)-2-hexenal 710.37 - 1.06 0.09 ne 0.09 1.82 0.26 ***
2-heptenal 0.52 - - - - - - - -
Nonanal 6.66 0.49 0.55 0.13 ns 0.57 0.63 0.07 ns
2-octenal 1.79 - - - - - - - -
Decanal 0.89 - - - - - - - -

trans-2-decenal 2.11 - - - ns - - - -
Undec-2-enal 1.50 - - - - - - -

Dibutyl formaldehyde 7.12 - 0.48 - ne - 0.21 0.02 ne
Total 757.09 4.31 5.31 1.17 ns 4.03 5.54 0.88 ns

Alkanes and Alkenes

2,2 dimethyl decane - 1.07 1.21 0.37 ns 1.53 1.01 0.34 ns
2,5,6-trimethyldecane - 2.90 3.79 0.61 ns 4.86 2.79 0.66 *
2,5-dimethylnonane - 1.52 - 0.01 ne 1.77 - 0.16 ne

2,6,11-trimethyldodecane - 1.45 - 0.04 ne 0.85 - 0.12 ne
2,5-dimethylundecane - 1.40 1.14 0.37 ns 1.29 1.07 0.33 ns
2,3 dimethyl nonane - 1.13 1.32 0.28 ns 1.53 1.30 0.26 ns

3 methyl decane 1.16 1.46 0.67 0.18 * 1.27 0.98 0.24 ns
3-methyl eicosane 5.19 - 0.80 0.01 ne - 0.75 0.03 ne

5-methyl-undecane 1.65 0.60 0.54 0.08 ns 0.38 0.82 0.07 **
4,5 dipropyloctane - 1.19 2.11 0.31 * 1.71 1.06 0.30 ns

5-ethyl decane - 2.30 1.99 0.47 ns 2.27 2.24 0.39 ns
3,5-dimethyl undecane 1.55 0.46 0.47 0.10 ns 0.27 0.34 0.04 ns
2,4-dimethyl-1-heptene - 1.11 1.64 0.35 ns 3.11 1.68 0.80 ns
5-methyl-1-undecene - 1.69 - 0.53 ne 1.73 - 0.11 ne

Total 9.55 15.76 13.20 1.47 ns 19.74 11.66 2.26 *

Aromatic hydrocarbons

p-xylene - 1.28 2.16 0.97 ns 2.34 1.40 0.57 ns
o-xylene - 0.29 1.79 0.61 ns 1.65 1.09 0.47 ns

Total - 1.57 3.95 1.54 ns 3.99 2.48 1.03 ns

Esters

Ethyl acetate 7.86 0.50 0.54 0.06 ns 0.88 0.55 0.14 ns
Ethyl butyrate 11.98 - - - - - - - -
Ethyl caproate 11.43 - 0.42 0.01 ne - 0.15 - -
Ethyl caprilate 1.39 - - - - - - - -

n-heptyl formate 1.84 0.42 0.37 0.06 ns - - - -
Total 34.50 0.92 1.33 0.07 ** 0.88 0.70 0.13 ns

Ketones

2,3-butenedione - 7.66 6.53 1.11 ns 4.94 5.17 0.72 ns
1-penten-3-one 2.05 - - - - - - - -

2,3 pentanedione - 4.70 5.20 0.77 ns 2.82 2.23 0.41 ns
2-butanone - 30.77 38.30 4.69 ns 38.93 40.90 5.36 ns

3-pentanone 2-hydroxy - 2.14 3.90 0.64 * 2.32 5.70 0.54 **
2-nonanone - 0.66 0.43 0.07 ns 0.66 0.77 0.12 ns

Total 2.05 46.42 52.66 6.62 ns 49.54 55.72 6.29 ns

Terpenes

β-phellandrene 2.95 0.12 0.25 0.01 *** 0.45 0.66 0.04 **
m-cymene 1.79 - - - - - - - -

p-mentha-1,4(8)-diene 2.26 - - - - - - - -
Pinocanphone 2.61 - - - - - - - -

3-pinanone 6.21 - - - - - - - -
2-pinen-4-one 4.64 - - - - - - - -

Total 20.46 0.12 0.25 0.01 *** 0.45 0.66 0.04 **

91



Foods 2020, 9, 637

Table 4. Cont.

Kiwi
Buffalo Sheep

BMC BMK SEM S SMC SMK SEM S

Others

2-ethyl-hexyl tert-butyl ether - 1.44 1.92 0.28 ns 1.28 0.96 0.21 ns
Dimethyl disulfide - 0.57 0.95 0.24 ns - - - -

2 ethyl hexyl chloroformate - 2.95 6.15 2.80 ns 2.81 3.61 0.83 ns
a-ethyl-furan 8.12 - - - - 0.42 0.33 0.09 ns

m-d-tert-butyl-benzene - 0.26 0.45 0.09 ns 0.71 0.60 0.15 ns
Ethylhexanol 4.83 - - - - - - - -

1-cyclopropyl pentane 2.33 0.23 0.22 0.04 ns 0.39 0.33 0.05 ns
1-hexyl-2-methylcyclopropane 1.78 0.42 0.44 0.10 ns 0.40 0.23 0.03 ns

Ethyl benzene carboxylate 3.88 - - - - - - -
Total 20.94 5.85 10.11 2.48 ns 6.01 6.06 1.13 ns

Total VOCs 893.34 117.85 129.34 15.61 ns 130.88 143.55 11.91 ns

BMC, buffalo–calf rennet cheese; BMK, buffalo–kiwifruit cheese; SMC, sheep–calf rennet cheese; SMK,
sheep–kiwifruit cheese; SEM, standard error medium; S, significance; ns, not significant; ne, not estimable.
*: 0.01 < P < 0.05; **: 0.01 < P < 0.001; ***: P < 0.001;

4. Discussion

4.1. Tecnological Parameters

Table 1 shows that the technological parameters were affected by the coagulant. As demonstrated
by the mL of whey released (Table 1) and by the amount of total solid (Table 2), the higher initial
cheese yield from calf rennet was due to a higher whey holding capacity and, consequently, a lower
and slower curd syneresis. This result is due to the different proteinase action between actinidine
and chymosin. Chymosin is an aspartate proteinase that hydrolyses the Met105–Phe106 linkage of
K-casein, cleaving out glycol-macropeptide. This leads to a decreasing polarity of the casein micelle
and thus promotes the coagulation of casein. On the other hand, actinidin is a cysteine proteinase
that cleaves bonds with basic amino acids in position P1, especially in β-casein, with a consequent
reduction in milk clotting [5]. Thus, chymosin hydrolysed k-casein only, generating a more elastic
and structured curd. Actinidin, instead, cleaves bonds in different sites, producing a curd with small
peptones and with a more rapid syneresis.

4.2. Physic-Chemical Composition

The higher syneresis of both buffalo and sheep curd from kiwi extract was responsible for the
higher dry matter of these cheeses compared to those obtained by calf rennet (Table 2). Thus, the
higher content of lipids and ashes in BM-K and in SM-K are due to a “concentration” effect. However,
the cheese protein content was not affected by the type of coagulant used. This could be due to the
higher proteolysis of cheeses obtained with kiwi extract, which produces small peptide fragments (5b),
which, in turn, are soluble in whey, thus offsetting the wider syneresis of these kinds of cheeses.

The level of carbohydrates was expected to be lower in cheeses from kiwifruit, as these lose whey
to a higher extent. In reality the level was higher than expected, perhaps because kiwi extract provided
some sugars.

The mineral composition was in line with Cichoscki et al. [34] (Table 2). In spite of the wider
syneresis of cheeses from kiwi and their solubility in water, except for sodium, none of the coagulants
affected the mineral content of the cheese. Again, these minerals came to some extent from the kiwifruit
extract. The fact that calcium was affected by the cheesemaking procedure is difficult to explain, as it is
present in milk in three different forms: ionic, soluble as calcium phosphate and colloidal in apatite
bridges within casein micelle.

The kind of coagulant affected the sodium content of the cheeses. In fact, cheeses produced by
kiwifruit extract showed the lowest sodium amount. Calf rennet is rich in sodium chloride and sodium
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benzoate, which are added as a preservative, thus partially explaining the different amount of sodium
in the cheeses.

The different proteolytic activity of the two kinds of coagulant may explain the differences in
colour of the cheese. In fact, both the lower lightness and the higher yellow index, might be related to
the occurrence of proteolysis, which, in turn, is related to cheese browning [35]. Is worth noting that
the colour differences between two coagulants were detectable only using instruments, as the total
colour differences (ΔE) were much lower than 3, which is the discrimination threshold for the human
eye [19].

4.3. Polyphenols

The polyphenol content of BM-K and SM-K was very high, as 100 g of these kinds of cheeses have
a similar quantity of polyphenols as edible fruits and vegetables such as oranges (217 mg/100 g) and
broccoli (290 mg/100 g) [36].

Compared to calf rennet, the kiwifruit extract produced cheeses that were more than 4.5 and
2.7 times richer in polyphenols in buffalo and sheep cheese, respectively. This difference is due not to
the total amount of polyphenols (which was almost the same in BM-K and SM-K), but to the kind of
milk used for cheesemaking (the sheep milk comes from grazing animals). This is particularly true for
gallic acid, which was not negatively affected by cheesemaking. Gallic acid is one of the most abundant
polyphenolic substances in plants used for grazing [37] and is not present in the kiwi fruit extract [38].

Coumaric and cinnamic acid were not found in the calf rennet cheese. They can thus be used
as good proxies to assess the benefits of using kiwifruit in cheese manufacturing and to conclude
that using kiwifruit in cheese coagulation helps to improve the functional features of cheese. In fact,
the positive effects on human health of polyphenols are well known as they are able to fight cancer,
diabetes, aging, hypertension, asthma and cardiovascular diseases [39]. They also protect against the
oxidation of LDL cholesterol and other lipids in the blood [40].

Although polyphenols are water-soluble, most were found in the curd but very few in the whey
(Figure 1). It is well known that polyphenols bind caseins using hydrogen bonds [41], thus becoming
insoluble in water [42]. The interaction between the polyphenols and proteins is affected by the pH,
temperature, phenolic structure and amino acid profile [43–47], and represents a very interesting
means to enrich cheese with polyphenols, and, consequently, to increase the nutritional and functional
characteristics of cheese [42].

4.4. Sterols

The cheese produced using the kiwi extract contained not only cholesterol (the typical sterol
of animal fat) but also some phytosterols, such as stigmasterol, campesterol andβ-sitosterol.
These substances have several benefits for human health [48–53]. The level of phytosterols observed
in BM-K and SM-K cheeses was insufficiently high to obtain a significant reduction in cholesterol
absorption (2–3 g/die), or a corresponding reduction in the blood level of LDL-cholesterol (about
6%–15%) [53]. However, they are another positive feature of cheese obtained by kiwifruit coagulant,
which helps to improve the overall nutritional and nutraceutical properties. Again, the presence of
phytosterols in cheese may be a proxy to trace kiwi extract as a coagulant.

4.5. Volatile Organic Compounds

It was worth studying the effect of a kiwifruit extract on the volatile organic compounds (VOCs)
of cheese, since these substances determine the taste and flavour of cheese, and thus influence the
consumer’s choice. The key odorants of Actinidia deliciosa are (E)-2-hexenal, hexanal, ethyl butyrate
and 1-penten-3-one, which give a herbal, sweet, marzipan odour [31]; in addition, ethyl butyrate, ethyl
caproate, 2-hexen 1-ol and 1-hexanol and 1-penten-3 are contained in non-negligible quantities in
kiwifruit (Table 4). They are fat soluble substances and thus we expected them to have been transferred
to the cheese during cheesemaking, negatively affecting its organoleptic properties. However, we found
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that only (E)-2-hexenal (which represents about 80% of VOCs in kiwifruit extract), ethyl caproate and
2-hexen-1-ol, as well as two others volatile substances, 3-methyl eicosane and dibutyl formaldehyde,
with a lower content in the kiwi extract, were transferred from kiwifruit into the buffalo and sheep
cheese. These substances were found in the “kiwi cheeses” in quantities never higher than 2 μg/kg of
cheese and in total accounted for less than 3.4 μg/kg, making up less than 2.5% of the total VOCs of
both cheeses.

On the other hand, 2-butanone 2,3-butenedione made up over 30% of the total VOCs in all the
cheeses and thus were not impacted by the cheesemaking. Given that the substances that most affected
the aroma of the cheeses were the same, irrespectively of the cheesemaking procedure, and that the
typical odorants of the kiwi aroma were transferred to the cheese to a very low extent, this would seem
to indicate that cheesemaking with the kiwi extract led to a transfer of some volatile substances into
the cheese. Further and specific organoleptic tests to assess whether this affects the aroma and taste of
cheese should to be done. Finally, VOCs can be effective in tracing of the cheesemaking process.

5. Conclusions

Curd from kiwifruit showed a higher syneresis, giving a lower cheese yield (both initially and
after 24 h) than calf-rennet.

The kiwifruit extract improved the nutraceutical properties of cheese by increasing the amount
of polyphenols, which were 4.5 times (buffalo) and 3 times (sheep) higher than in cheese made with
calf-rennet and phytosterols, which were only detected in cheese obtained with kiwifruit extract.
These characteristics represent an important opportunity to produce cheese with a better nutraceutical
quality. Finally, cheesemaking with the kiwi extract led to a transfer of some volatile substances into
the cheese; specific tests to assess whether this affects the organoleptic properties of cheese are needed.

The results of this research highlight the possibility of using kiwifruit extract as an alternative to
rennet in the coagulation of milk.
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Abstract: Confocal Raman microscopy is a promising technique to derive information about
microstructure, with minimal sample disruption. Raman emission bands are highly specific to
molecular structure and with Raman spectroscopy it is thus possible to observe different classes of
molecules in situ, in complex food matrices, without employing fluorescent dyes. In this work confocal
Raman microscopy was employed to observe microstructural changes occurring after freezing and
thawing in high-moisture cheeses, and the observations were compared to those obtained with
confocal laser scanning microscopy. Two commercially available cream cheese products were imaged
with both microscopy techniques. The lower resolution (1 μm/pixel) of confocal Raman microscopy
prevented the observation of particles smaller than 1 μm that may be part of the structure (e.g., sugars).
With confocal Raman microscopy it was possible to identify and map the large water domains formed
during freezing and thawing in high-moisture cream cheese. The results were supported also by
low resolution NMR analysis. NMR and Raman microscopy are complementary techniques that
can be employed to distinguish between the two different commercial formulations, and different
destabilization levels.

Keywords: microstructure; Raman spectroscopy; confocal laser scanning microscopy; cheese freezing;
cream cheese; NMR spectroscopy; cryoprotectants

1. Introduction

When a sample is subjected to a monochromatic light source, a small proportion of the radiation
is scattered depending on the physical and chemical properties of its components. The interactions
between the laser light and the molecular vibrations cause a shift in energy between the incident
and the scattered light. Vibrational spectroscopy methods such as infrared, mid- and near-infrared,
and Raman are commonly used to assess structures and identify molecular species. Raman scattering
spectra are specific to the chemical functional groups and their bonds’ vibrational frequency, and can be
used to distinguish molecular structures [1]. In Raman microscopy, the emission spectra are collected
at high spatial resolution, and the band pattern is specific to the sample’s composition. Furthermore
the intensity is related to the concentration of specific component, if the signal of such component is
sufficient to overcome the signal-to-noise ratio. Raman microscopy has gained interest as a tool to
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characterize food products in situ, with minimal sample preparation. This technique has been reported
to identify components (fat, proteins, water) in polyphasic systems such as mayonnaise, semi-hard
Swiss cheese, and soymilk [2]. Raman microscopy has been employed to investigate differences in
composition of milk fat globules [3], to classify cheeses on the basis of their different microstructural
organization, to process spectra with the aid of multivariate tools [4], to study the formation and the
cause of structural modifications (i.e., crystallization) during ripening in hard and extra-hard cheeses [5].
Furthermore, the microstructural features of a cheese matrix have been analyzed by Raman microscopy,
by observing the spatial distribution of ingredients (macromolecules, water, paprika, trisodium citrate,
phospholipids) in Cheddar and imitation cheeses [6,7]. Both qualitative and quantitative analysis can
be carried out by Raman microscopy. Because of the distinct signal of different chemical species, the use
of fluorescence dyes in sample preparation is not necessary. It has been recently shown that it is possible
to resolve spatially the NaCl concentration in butter samples [8] and to predict the solid fat content of
anhydrous milk fat [1]. In sum, confocal Raman microscopy may be applied not only to observe food
microstructure but also to gain information about geometries, distances, angles, and polarizability of
the chemical bonds present in the structure for the different components of the matrix [1,9].

These characteristics may represent an important advantage of confocal Raman microscopy if
compared to the more conventional non-disruptive technique used to study the microstructure
of complex food matrices [10]: confocal laser scanning microscopy. Confocal laser scanning
microscopy necessitates specific dyes to observe different compounds and therefore it requires
some sample preparation. Furthermore, the observations would be limited by the dies and their
interactions with the molecules, and the number of wavelengths (i.e., laser sources) available for the
observation [11].

In this work, confocal Raman microscopy was applied together with laser scanning microscopy to
investigate the microstructure of high moisture cheese, and to identify changes in the distribution of the
molecular species caused by processing and storage; the comparison of the obtained results can be useful
to benchmark and to compare the benefits and disadvantages related to both microscopy techniques.
Despite the high potential of Raman microscopy, this technique has some drawbacks: it can be
time-consuming, and the laser beam applied in Raman spectroscopy can heat, dry or damage the
sample [12]. Long analysis times and the increase in temperature of the sample can result in analytical
challenges (e.g., moisture losses, free surface flows, thickness variations), especially in high moisture
samples. Furthermore, in spite of the chemical specificity, some of the components may not be detected
in mixed systems, because of low signal thresholds [13,14].

Cream cheese is a soft, fresh cheese with a slightly acidic taste [15,16]. This cheese variety is
characterized by a moisture content usually higher than 65%. Cream cheeses can also be categorized
according to their fat content [16]. To obtain the right structure, the fat to protein ratio with the high
moisture content are often balanced by the application of heat treatments of the cheese, in order to
increase the interactions between whey proteins, caseins and water [16]. As for yogurt products,
to encounter the preference of a larger number of consumers the acidic taste of cream cheese may be
modified by addition of sugars.

Depending on commercial standards, this product may contain various stabilizers and emulsifiers
that modify its structure and functionality, properties that are especially important when cream cheese
is used for further processing. Freezing is an important process applied to cream cheese in cases
where robust supply chains are needed, for example, to extend market reach, to provide food service
customers with a consistent product, or to decrease waste and improve shelf life by reducing the rate
of degradation during refrigerated storage [17–19]. Hence, freezing is becoming a convenient tool for
export or when the product is used as an ingredient for further manufacturing [20]. However, from
a physical point of view, freezing can have a negative impact on the cheese matrix: it can cause the
rupture of the casein matrix as a consequence of ice crystals formation, with the creation of voids and
large serum channels in the structure [21,22], the modification of the water status and distribution
(e.g., protein dehydration phenomena) [23], and some rheological and sensory changes [17].
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In cream cheese products, non-dairy ingredients are often added to improve technological functionalities.
To preserve the structure of the protein network, which partially gives the cheese its characteristics,
and to limit freezing-destabilization, different additives are used. Sorbitol, polyphosphate, gelatin,
polyols, sucrose and other sugars or polysaccharides are often incorporated as cryoprotectants [24] and
act via different mechanisms. Sugars and polyols stabilize proteins through their effect on the water
fraction and modification of solvent quality, critical to keep the protein network intact. Carbohydrates
or polyols can also cause the formation of hydrogen bonds with protein side chains and increase
protein hydration while decreasing protein-protein interactions. Polysaccharides can bind water and
form large complexes, and increase the viscosity of the continuous phase.

This project focuses on evaluating the potential application of confocal Raman microstructure
tools to observe changes in the structure and in the distribution of the components. In particular, to
evaluate the ability to observe changes in the quality of cream cheese after freezing and thawing with
confocal Raman microscopy, compared to confocal laser scanning microscopy. The observations are
supported by measurements of water mobility using low resolution NMR, for products subjected
to freezing and thawing. Two commercial cream cheeses with a different protein to fat ratio and
containing different amounts and types of stabilizers, and expected to have different stabilities during
freezing and thawing, were used as model systems in this study.

2. Materials and Methods

2.1. Cream Cheese Treatments

Two different commercial full fat cream cheese products (A and B) were selected as having a
different composition in terms of macro components and stabilizers, their composition is reported in
Table 1. In particular, cream cheese B had a higher protein and carbohydrates content, and a higher
number of stabilizers in its formulation, than cream cheese A. The cheese samples were collected and
processed in portions of 180 g and stored in polypropylene plastic boxes (2.5 cm × 10 cm × 7 cm).
Samples were frozen at −20 ◦C in still air conditions; after 7 days of frozen storage at −20 ◦C, cheeses
were thawed at 4 ◦C overnight. Analyses were conducted on non-frozen cheese before freezing (control
sample), and after thawing. For each treatment, at least 5 replicates were performed, or 5 images were
obtained for each measured sample.

Table 1. Compositional information of full fat cream cheese samples.

Composition (g/100 g) Cream Cheese A Cream Cheese B

Fat 23.0 24.0
Carbohydrates 3.4 15.0

Fibre 1.1 1.5
Protein 5.4 8.7

Salt 0.72 0.58

Stabilizers Carrageenan, locust bean gum
Carrageenan, locust bean gum,

gelatin, citrus fibre

2.2. Cheese Preparation for Microscopy

Cream cheese samples stored at 4 ◦C were sectioned with a knife in a thin layer of approximately
5 mm and were then positioned on a microscope slide. Another microscope slide was placed on the
upper layer and sample’s outer layer was coated with paraffin oil to avoid moisture evaporation
during analysis. Samples were left to equilibrate at 22 ◦C for 15 min in order to reduce possible
changes of thickness caused to by temperature changes during the analysis. For laser scanning confocal
measurements, Nile red and fluorescein isothiocyanate (FITC) were used as fluorescent staining agents
for fats and proteins, respectively. Both staining agents were dissolved in acetone (0.01%). One or two
drops of staining solution were placed on a microscope slide and acetone was allowed to evaporate
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before sample addition, as previously described [25]. Samples were left in contact with the dyes for
approximately 5 min before imaging.

2.3. Microstructural Analyses

Microstructural analyses of the cheeses were carried out using a Nikon Eclipse Ti2 confocal laser
scanning microscope (Minato, Tokyo, Japan) equipped with 10×, 40× and 100× objectives. The Ar/Kr
and HeNe laser beam were set at 488 nm and 561 nm, respectively. The micrographs were acquired
using the 40× objective (with the exception of Figures 6 and 7 that were acquired with the 10× objective)
in 1024 × 1024 pixels sections, with each image covering an area of 375 × 375 μm; each image was
obtained as the average of four frames. As the laser penetration depth was lower than 10–15 μm
according to Auty [26], samples were imaged close to the surface of each specimen.

Raman images obtained using an Alpha 300 R instrument (WITec, Ulm, Germany) were produced
by taking 50 × 50 Raman spectra in a uniform 50 × 50 μm grid, with a final resolution of 1 μm/px.
A laser wavelength of 532 nm with a laser power of 20 mW was used. Laser intensity value was chosen
as it was the highest one that did not cause an excessive temperature increase of the sample, that could
possibly alter the cheese characteristics during the analysis. Despite the maximum depth penetration
of the laser source was higher than 40–50 μm, the measurements were performed at a penetration
depth of ~10 μm, in order to maximize the signal intensity [27,28]. A 50× objective was used to
observe microstructure of samples; an integration time of 0.20–0.10 s was used, depending on sample
characteristics and stability. Analysis time was about 5–10 min depending on the integration time used.
Data were computed into microstructure images using WITec Suite FIVE software package. Cosmic ray
removal, Savitzky Golay smoothing and baseline offset correction were used as pre-processing methods
to improve spectra quality and to reduce noise, without the loss of any important information [6].
Microstructural images were created from the hyperspectral datasets by performing a multivariate
clustering analysis and the identification of the components was made by comparing spectral data of
the samples with a reference database of cheese ingredients. Reference spectra were collected for all
the ingredients present in the cheese formulations, as indicated in Table S1 (Supplementary Material).
Raman spectra were collected using a 10× objective, a laser power of 30 mW, an integration time of
5 s and performing 30 accumulations. Reference spectra were finally obtained by performing three
single acquisitions in different sampling points of the surface of the reference sample and by averaging
the signals.

2.4. NMR Analysis

Proton self-diffusion coefficient (D) measurements were carried out using a low-field NMR
spectrometer (Bruker MiniSpec, Bruker BioSpin GmbH, Rheinstetten, Germany) operating at 20 MHz
and at a temperature of 20 ◦C with a Pulsed Field Gradient Spin-Echo (PFG-SE) method. The probe was
calibrated with a solution containing 1.25 g/L CuSO4 5H2O and pure water (D = 1.98 × 10−9 m2 s−1

at 20 ◦C) at 10, 30, 50% pulsed gradient amplitude. For each measurement, a total of 16 echoes were
acquired as a function of the gradient pulse duration using a recycle delay of 2 s. The gradient pulse
width was set at 0.5 ms, and the gradient pulse separation (Δ) was set to 7.5 ms. Approximately 4.5 g
of samples were placed into NMR tubes (10 mm external diameter). The tubes were filled with sample
to about 15 mm height. A gradient pulse of 40% was used for the analyses.

2.5. Statistical Analysis

1H self-diffusion coefficient (D) data were statistically analyzed for both the cream cheese
formulations to observe possible effects related to the freezing and thawing processes. One-way
Analysis of Variance (ANOVA) was carried out using SPSS v.25 (IBM, Armonk, NY, USA), considering
a significance level α = 0.05.
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3. Results

3.1. Raman Spectra Database Collection

Reference spectra were collected for the ingredients present in the cheese samples. The whole
spectra dataset is reported as Supplemental Information (Figures S1–S14, Supplementary Material).
Figures 1 and 2 show the spectra collected for the main components present in the cream cheese
samples: water, casein proteins (measured as micellar casein powder), and the lipid fraction, that was
constituted by both butter and rapeseed oil. Carrageenan, citrus fibre, gelatin and locust bean gum did
not show Raman emission peaks when measured in reference samples. For these components, it was
just possible to observe a variation of the baseline at different wavenumbers, as already reported by
Yang et al. [13]. On the other hand, it was possible to identify peaks of sorbic acid molecules (Figure S2,
Supplementary Material), a strong peak was observable at 1635 cm−1 which was attributed to C=O or
C-C stretches; identification was made according to Kai et al. [29].

Figure 1. Raman spectrum of ultra-pure water; a large emission band can be viewed in the region
around 2900–3800 cm−1.

Sugars (lactose as a residue of fermentation and sucrose, mainly in cheese B) that were present in
both formulations, showed several emission peaks in the range between 300 and 1700 cm−1 (Figures S8
and S9, Supplementary Material).

The Raman emission spectrum of water showed a strong, broad peak around 2900–3800 cm−1

(Figure 1), far away from the fingerprint region of many molecules, including fat and protein [6].
Fat and protein components showed a large peak around 2800–3000 cm−1 that can be attributed to
CH2, CH3 stretching; however, because of this overlapping, this signal cannot be used to identify and
to discriminate the single components. The most important region of the spectra is located in the
range between 500–1800 cm−1. This spectral region contains fingerprint peaks that are typical of a class
of components (i.e., fat or protein) or of single molecules [2] and that can be useful to identify and
map the presence and the distribution of the different components in a complex matrix. In particular,
proteins are characterized by 7 important peaks: tryptophan indole ring (750–760 cm−1), phenylalanine
ring breathing (1000–1005 cm−1), β-sheets and α-helices structures related to amide III (1270 cm−1

and 1320–1340 cm−1, respectively), CH2 bending peak (1450 cm−1), tyrosine (1614 cm−1), and Amide I
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(1650–1670 cm−1), and, as it can be observed in details in Figures S13 and S14 (Supplementary Material)
and in Figures 2A and 3 [6,30–32].

 

Figure 2. Raman fingerprint region (500–1800 cm−1) of micellar casein isolate (A), rapeseed oil (B),
and butter (C). Panel A: (1) tryptophan indole ring (750–760 cm−1); (2) phenylalanine benzene ring
breathing (1000–1005 cm−1); (3) amide III β-sheet structure (1270 cm−1); (4) amide III α -helices
structure (1320–1340 cm−1) (5) CH2 bending peak (1450 cm−1); (6) tyrosine (1614 cm−1); (7) amide
I (1650–1670 cm−1). Panels B, C: (8) phospholipids headgroup (870 cm−1); (9) CH2 twisting of
phospholipids (1300–1310 cm−1); (10) CH2 scissoring of sterols (1442 cm−1); (11) Carotenoids stretching
band (1525 cm−1); (12) C=C cis stretching of phospholipids (1655 cm−1).
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Of these Raman emission peaks, the phenylalanine peak has been proved to be the most useful to
visualize the protein distribution in cheeses, because of the absence of other interfering emission peaks
in its spectral range [6].

The whey proteins α-lactalbumin and β-lactoglobulin showed different relative amide III peak
intensities that are related to differences in terms of secondary protein structure, as the α-lactalbumin
structure is mainly composed by α-helices, and β-lactoglobulin is mainly characterized by β-sheets [33];
in particular, the band located at 1240 cm−1, corresponding to β-sheet secondary structures of amide
III [32] had an higher intensity in β-lactoglobulin than in α -lactalbumin spectrum, while conversely
the band located at 1320–1340 cm−1, corresponding to α-helix secondary structures of amide III [32],
showed a higher intensity in the case of α -lactalbumin than β-lactoglobulin (Figure 3).

Figure 3. Raman fingerprint region (500–1800 cm−1) of α-lactalbumin (A), and β-lactoglobulin (B).
(1) tryptophan indole ring (750–760 cm−1); (2) Phenylalanine benzene ring breathing (1000–1005 cm−1);
(3) amide III β-sheet structure (1270 cm−1); (4) amide α -helices structure (1320–1340 cm−1); (5) CH2

bend peak (1450 cm−1); (6) tyrosine (1614 cm−1); (7) amide I (1650–1670 cm−1).

The lipid fraction showed an important peak, representing the CH2 scissoring of sterols at
1442 cm−1 (Figure 2B,C). Other peaks that could be identified [6] corresponded to: the CH2 twisting
of phospholipids (1300–1310 cm−1), phospholipids headgroup (870 cm−1) and C=C cis stretching of
phospholipids (1655 cm−1). Furthermore, rapeseed oil and butter, containing different quantities of
saturated and unsaturated fatty acids, show different intensities of the peak at 1655 cm−1. Butter is also
characterized by the presence of a carotenoid stretching band at 1525 cm−1. These peaks could also be
used to quantify or identify and discriminate the presence of different lipid components in products
with unknown composition, by the development of proper calibrations [34]. From Figure 2B,C it
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was possible to note one of the most intense fat emission peak was the CH2 scissoring of sterols, in
accordance with Gallier et al. [3]. This peak has already been used to map with Raman microscopy the
fat distribution in cheese matrices [6].

In the following Raman microscopy observations of cream cheese, the proteins were identified
using the phenylalanine’s benzene ring breathing peak (1000–1005 cm−1) or the amide III peak related
to the β-sheets structure (1270 cm−1), while the lipid molecules were visualized by the CH2 scissoring
band of sterols (1442 cm−1).

3.2. Microstructural Observations

The microstructural observations of the cheese samples obtained by confocal Raman microscopy
(Figure 4) were in agreement with those obtained with conventional laser scanning microscopy
(Figure 5) in terms of microstructural changes caused by freezing and thawing for the protein and
fat domain. Moreover, these observations were representative of the cheese samples, as observable
from microstructure observations made on different sampling aliquots (Figures S15 and S16). In the
case of confocal Raman microscopy, it was possible to obtain additional information regarding the
distribution of water in the samples, thanks to the peak outside the fingerprint region (3000–3800 cm−1).
This information was not obtainable with confocal laser scanning microscopy: in this case the
appearance of voids in between the protein and fat domains may correspond to the serum domain and
other water-soluble compounds present in the cheeses.

 

Figure 4. Confocal Raman micrographs of cream cheeses. Cream cheese A before freezing (A),
after freezing (B). Cream cheese B before freezing (C), after freezing (D). Red: fat. Green: protein.
Blue: water.
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Figure 5. Confocal laser scanning micrographs of cream cheeses. Cream cheese A before freezing (A),
after freezing (B). Cream cheese B before freezing (C), after freezing (D). Red: fat. Green: protein.

On the contrary, because of the limitations imposed to acquisition parameters that were selected
to guarantee the samples’ stability during analyses and also to limit the time required for each
measurement, Raman micrographs were characterized by a limited and lower image resolution than
conventional laser scanning microscopy. Because of this limitation, with Raman microscopy it was not
possible observe fat globules, protein aggregates or other components having dimensions lower than
1 μm, that were observable with confocal laser scanning microscopy (Figure 5). Moreover, according to
this limitation it was also not possible to detect carbohydrates (mainly sugars) that were present in
high concentrations in both formulations, and some of the additives present in low concentrations.
For example, it was not possible to detect sucrose, lactose, and sorbic acid, with the last one that
showed a strong intensity of its signal with a peak at 1629 cm−1 in the reference sample (Figure S2,
Supplementary Material).

With confocal laser scanning microscopy, fresh cream cheeses A and B showed a slightly different
microstructural organization: cheese B compared to cheese A showed the presence of slightly bigger
fat globules and fat globule aggregates that form clusters (Figure 5A,C); moreover, the lipid fraction
of cheese B was surrounded by a denser protein matrix, compared to cheese A, in accordance with
their higher protein content (Table 1). These differences were not visible in Raman observations
(Figure 4A,C), as a consequence of the limited resolution of the acquired images.
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With both microscopy techniques, it was possible to observe that in both formulations, a proteins
fraction was adsorbed on the surface of fat globules. Cheese B showed a higher amount of adsorbed
protein probably because the higher protein/fat ratio (0.36, if compared to 0.23 of cheese A) [35].

In Figure 3A,C and Figure 4A,C, it was also possible to visualize voids around fat globules and the
protein matrix. These voids probably contained other ingredients (stabilizers, sugars, etc.) dispersed
in the interstitial solution. These components were not directly detected neither by the confocal Raman
or the conventional laser scanning microscopy procedures. The differences in the protein distribution
at the interface, and the organization of the fat globules clusters, may have a role in modulating the
freeze-thawing stability of the different cheese formulations; for example, a higher amount of adsorbed
proteins on the surface of fat globules/clusters may result in a reduction of fat globules clustering and
coalescence, and an improved stability.

Cheese A showed significant destabilization after thawing, fat aggregation and the formation of
clumps/granules of proteins/fat (Figure 6) with large channels of free water (Figure 4B). Thus, it was
clear that in this sample, a strong separation of water from the solid components of the cheese occurred
after freezing. On the other hand, cream cheese B appeared less modified by freezing (Figure 7) and its
microstructure was substantially different from that of frozen thawed cheese A (Figure 6). There were
smaller changes in this sample: it was still possible to observe slightly larger voids between the
protein/fat structure in the frozen-thawed sample (Figures 4 and 5D) compared to the unfrozen control
(Figures 4 and 5C), and this microstructure difference was attributed to a slight separation of water
and the formation of larger serum channels (Figure 4D).

The two model systems were chosen as differences in formulations would result in differences
in freezing stability: cheese B, contained more stabilizers, proteins and a higher carbohydrates and
sugar content (Table 1) than cheese A. As expected, Cheese B was more stable, and showed only slight
structural modifications, because of the effect of these ingredients acting as cryoprotectants and in
general as stabilizers during freezing and thawing.

 

Figure 6. Microstructure of cream cheese A observed with confocal laser scanning microscope after
freezing and thawing. Red: fat. Green: protein.
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Figure 7. Microstructure of cream cheese B observed with confocal laser scanning microscope after
freezing and thawing. Red: fat. Green: protein.

3.3. Water Mobility Changes in Cream Cheese after Thawing

The microstructure observations described in the previous section (3.2) were supported by low
resolution NMR measurements on the two cheese samples. As reported in Table 2, an increase in the
translational mobility of the water protons, was reflected by the increased D values after freezing.
The 1H self-diffusion coefficient (D) measured by low resolution NMR showed a significant increase
(p < 0.05) for cheese B, from 0.624 × 10−9 m2 s−1 of the control, unfrozen cheese, to 0.651 × 10−9 m2 s−1

after freezing and thawing. However, in the case of cheese A, the diffusion coefficient did not show
a significant change (p > 0.05). This was due to the large variability of the matrix after freezing and
thawing, resulting in a high standard deviation of the 1H self-diffusion coefficient (30% coefficient
of variation). It is well known that freezing process can damage the structure of cheese [36–38]. In
particular, it has been reported that casein gels may rearrange due to the growth of ice crystals; as
water migrates to form ice crystals, protein-protein interactions occur [39]. After thawing, the protein
structures may not be able to rebind the amount of water depleted, resulting in a higher value of D and a
larger amount of unbound water. Hori [20] reported that the amount of unbound water in frozen-thawed
cream cheeses measured by NMR is inversely proportional to the rates of freezing-thawing processes,
and directly proportional to the extent of freeze and thaw-induced damages.

In cream cheese A, the freezing-thawing treatments caused a high degree of destabilization and
non-homogeneity in the physical structure of the cheese, as already pointed out by the high standard
deviation of D coefficient; this phenomenon was also highlighted by Raman and laser scanning
microscopical observations that showed the presence of solid clumps of proteins-fat surrounded
by channels of free water; conversely, this was not observed in the case of cheese B (Figures 4–7).
While the lack of homogeneity was clearly shown in microstructure measurements, NMR analyses
underestimated the D values in the solid portion of the cheese, and a higher D value in the areas rich in
free serum, in non-homogenous samples.
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Table 2. Averaged 1H self-diffusion coefficient (D) (× 10−9 m2 s−1) of cream cheese formulations A and
B before and after freezing and thawing.

Treatment
Cheese A (n = 5) Cheese B (n = 5)

Mean D (×10−9 m2 s−1) Standard Deviation Mean D (×10−9 m2 s−1) Standard Deviation

Control cheese 0.927 0.005 0.624 * 0.007
Frozen-thawed

cheese 1.05 0.31 0.651 * 0.019

* Asterisks within the same column indicate significant difference (p < 0.05).

4. Conclusions

Confocal Raman microscopy showed the potential to be applied to study process-related
microstructural modifications in high moisture spreadable dairy products, such as cream cheese.
With Raman microscopy it was possible to observe structural differences, especially in terms of phase
separation and water pockets re-organization. On the other hand, under the conditions reported in
this work, with confocal laser scanning microscopy better results were obtained, in terms of fat and
protein structure visualization. The use of confocal Raman microscopy allows one to better distinguish
the effect of freezing-thawing processes of the two different cream cheeses. This was coherent with the
low resolution of Raman microscopy obtained with the measurement parameters applied in this study;
the parameters were limited in order to avoid any possible sample damage or modification that could
be expected by a higher extent of heat generated by the laser source in the case of a slower but more
resolute scan. Therefore, it was not possible to visualize the presence and distribution of sugars and
different stabilizers, which probably contributed to the different freezing stability of the cheeses. It is
also important to note that the Raman microscopy data complemented the information derived from
low resolution NMR.

These first results suggest that confocal Raman microscopy may become in the future an
additional key analytical tool because it can provide relatively rapid, non-destructive and online food
quality evaluation, that could be complementary to confocal laser scanning microscopy.

Further studies need to be carried out on the quantitative assessment of components and
ingredients, by image analysis techniques and/or by further elaborating spectral information.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/9/5/679/s1,
Figure S1–S12: Raman spectra of reference samples: (1) Carrageenan, (2) Sorbic acid, (3) Citrus fibre, (4) Gelatine,
(5) α-lactalbumin, (6) β-lactoglobulin (7) Whey protein concentrate, (8) Sucrose, (9) Lactose, (10) Skim milk powder,
(11) Micellar casein isolate, (12) Calcium caseinate, Figure S13–S14: Raman fingerprint region (500-1800 cm-1)
of protein components: (13) Calcium caseinate, (14) Whey protein concentrate. (A) Phenylalanine’s benzene
ring breathing (1000-5 cm-1); (B) Amide III (1270 cm-1); (C) Tyrosine (1614 cm-1); (D) Amide I (1650-70 cm-1),
Figure S15: Supplementary Confocal Raman micrographs of cream cheeses. Cream cheese A before freezing (A),
after freezing (B). Cream cheese B before freezing (C), after freezing (D). Red: fat. Green: protein. Blue: Water,
Figure S16. Supplementary Confocal laser scanning micrographs of cream cheeses. Cream cheese A before
freezing (A), after freezing (B). Cream cheese B before freezing (C), after freezing (D). Red: fat. Green: protein.
Table S1: Reference samples used to acquire Raman spectroscopy peaks.
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Abstract: The impacts of black tea infusion on physicochemical properties, antioxidant capacity
and microstructure of stirred acidified dairy gel (ADG) system have not been fully explored.
These impacts were studied during a 28-day cold storage (4 ◦C) period to explore the feasibility
and technical boundaries of making acidified dairy gels in which black tea infusion (BTI) is
incorporated. Reconstituted skim milks containing different proportions of BTI were acidified
by GDL (glucono-δ-lactone) at 35 ◦C for making ADG systems. Both textural properties and
structural features were characterized; antioxidant capacity was determined through three assays.
They are (1) free radical scavenging ability by DPPH (2,2-diphenyl-1-picrylhydrazyl) assay; (2) ABTS
[2,2′-azino-bis-(3-ethylbenzothiazoline-6-sulphonic acid)] assay and (3) ferric reducing antioxidant
power (FRAP) assay. The microstructure of the ADGs was observed using SEM (scanning electron
microscopy) and CLSM (confocal laser scanning microscopy). Results showed that BTI significantly
increased the antioxidant capacity of the gel systems and the gel containing 15% BTI was as stable as
the control gel in terms of syneresis rate. However lower phase stability (higher syneresis rate) was
observed in the ADG with a higher portion of BTI (30% to 60%). The microstructure of the ADGs
observed may explain to the phase stability and textural attributes. The results suggested that tea
polyphenols (TPs) improved antioxidant capacity in all samples and the interactions between BTI and
dairy components significantly altered the texture of ADGs. Such alterations were more pronounced
in the samples with higher proportion of BTI (60%) and/or longer storage time (28 days).

Keywords: black tea; acidified dairy gel; textural property; antioxidant capacity; microstructure

1. Introduction

Free radicals, by-products of metabolism, such as reactive oxygen species (ROS) are constantly
being generated in our body such as hydroxyl radical, superoxide radical, hydrogen peroxide and
lipid peroxides [1]. Normally, there is an antioxidant defence system in our body, comprising
of several enzymes such as iron-dependent catalase, superoxide dismutase (copper/zinc and
manganese-dependent) and selenium-dependent glutathione peroxidase to detoxify these free
radicals [2]. However, when there is large number of free radicals, there is a disorder between the
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generation and removal of free radicals in the body, in which case oxidative stress will occur. This may
result in oxidative damage to cellular metabolism and biomolecules, and create the onset of many
chronic diseases related to aging such as cardiovascular disease, diabetic disease, neurodegenerative
diseases or even cancer [3]. As antioxidants play important roles in preventing or inhibiting oxidation
of cellular components, adequate intake of these compounds is beneficial to protect cells from oxidative
damages. In this regard, extracts of many polyphenol-rich plants or herbs, such as tea, are used more
often either as additive in food industry or consumed directly as a natural source of antioxidants [4].

Tea extracts are rich in phenolic compounds [5], these components including flavonoids are
considered as antioxidants [6,7]. Yoghurt has been consumed as a healthy food for a long time since
6000 BCE in central Asia [8] due to its nutritional properties, taste and health benefits as results of
fermentation of lactic acid bacteria. Acidified dairy protein gels (ADG) induced by glucono-δ-lactone
(GDL) as robust model systems have been commonly used in research for studying ingredient
functionalities in yogurt like gels and for studying structure and texture features of such gels [9–12].
To explore the dairy components-tea infusion interactions in an acidic environment, GDL induced gels
were used in this study to remove the influence of unnecessary impacts of live culture [13,14].

Although different analytical methods for antioxidant capacity may lead to different results for
the same antioxidant [6], previous study showed that supplementing 5–15% of green tea in yogurt
may result up to 31-fold higher radical scavenging activity compared to the control yogurt [15].
Muniandy and co-authors reported that during refrigeration storage condition, antioxidant activity
for tea enriched yogurt is stable and it remained constant as shown in a study [2]. However, this
study only showed comparison of antioxidant activity between blank control yogurt and tea infusion
enriched yogurts. It is not clear that if there is any change of antioxidant activity of the original tea
infusion when it incorporated in the dairy protein gel system. In another study, the authors showed
that there is nearly no change of ferric reducing antioxidant power of the green tea extract either in
yogurt or in its original state (based on back calculated values) [15]. However, regarding to black
tea extract, such information is unknown and the situation may not necessarily as same as of green
tea extract because black tea infusion contains more than 20 times of gallic acid than that of green
tea [5]. It was found that radical scavenging activity of the black tea was lowered by adding milk [16].
Such phenomenon might be attributed to the interaction between gallic acid and milk proteins [17],
because research showed that interactions between flavonoids and proteins affect their antioxidant
capacity [18]. Ryan and Petit also concluded that the addition of neutral pH milk components may
reduce total antioxidant activity of black tea [19]. In general, casein micelles and whey proteins can
bind to tea catechins [20,21] via hydrogen bonds between peptide carbonyl and phenolic hydroxyl [22].
The unique structure of protein–catechin complex may reduce the bioaccessibility of the original
tea catechin [23]. The phenolic compound composition is different between green and black tea [5].
The later has relatively lower total phenolic content [5]. Besides gallic acid-protein interaction, the lower
content of phenolic compounds may be another major reason explaining why black tea added yogurt
showed the lower DPPH scavenging activity than green tea yogurt [2]. However, it is still not clear
that if the original antioxidant activity of black tea fusion may be affected after incorporating in acid
dairy protein gel.

In a relatively recent review article, the authors consolidated previously published results regarding
the functionality of polyphenols interacting with milk proteins and pointed out that some of these findings
are conflicted [24]. The authors therefore suggested more research is needed for understanding the true
mechanism of interaction between phenolic compounds and dairy matrices. Numerous studies have
been done on the mixture systems such as milk–tea infusion systems [16,19,21,22,25,26] and dairy gel–tea
infusion systems [2,15,27–31]. Regarding to the topic of tea infusion enriched yogurt, many studies
focused on the impact of tea fortification on the antioxidant activity and microbial growth [15,20–22,29,31].
Few efforts have been done to investigate the impact of storage time on key characteristics of tea infusion
enriched ADG systems. Rheology and texture analyser techniques may be useful tools for characterizing
textural changes of semi-solid foods such as yogurt gels [32,33]. Najgebauer-Lejko and co-workers found
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that the mechanical properties and syneresis rate of tea infusion enriched yogurts depended on the type of
tea. The study concluded that green tea incorporation resulted relatively favourable texture and lower
syneresis compared to Pu-erh tea infusion [27]. However, black tea infusion was not included in that study.
It is clear that the overall antioxidant activity of tea–yogurt system is positively correlated with the volume
fraction of tea infusion incorporated in the yogurt gel [15]. However, from application point of view, it is
still unclear about what is the highest supplementation rate of tea infusion that a stirred ADG can be
tolerant without compromising phase stability and textural characteristics. To the best of our knowledge
and according to the aforementioned referenced research, the tea-enriched stirred ADG has never been
studied with higher supplementation rates of tea (>15%, w/w).

Based on the mentioned research questions, the current study aimed to investigate the impact of black
tea supplementation on phase stability, textual characteristics, and antioxidant capacity of stirred ADG
made from reconstituted milk system. The phase stability of ADG was investigated through cold storage
(4 ◦C for up to 28 days). Tea infusion were incorporated in the ADG systems at different volume fractions
(15–60%, w/w) for testing the formulation boundary. This work provides an in-depth understanding
of interaction between ADG network and black tea infusion. Such knowledge may contribute to the
development of dairy products with enhanced nutritional benefits and without compromised texture.

2. Materials and Methods

2.1. Materials

Skimmed milk powder (SMP, fat 1.2%, protein 33.0%, carbohydrate 54%, sodium 0.39%,
calcium 1.24%, Pams, Auckland, New Zealand) and bagged black tea (premium Ceylon tea,
Dilmah Co., Peliyagoda, Sri Lanka) were purchased from local supermarket (Christchurch, New
Zealand). DPPH (2,2-Diphenyl-1-picrylhydrazyl), ABTS (2,2-Diphenyl-1-picrylhydrazyl), TPTZ
(2,4,6-Tris(2-pyridyl)-s-triazine), gallic acid were purchased form Sigma-Aldrich Co., New York,
NY, USA). Trolox (6-hydroxy-2,5,7,8-tetramethylchloromane-2-carboxylic acid) was purchased from
Acros Organic (NS, New York, NY, USA). Phosphate buffered saline was purchased from Oxoid Ltd.
(Hampshire, England). Methanol was purchased from ECP-Laboratory Reagent (Auckland, New
Zealand). Ultrapure water was generated by a Milli-Q water purification system.

2.2. Preparation of Black Tea Infusion (BTI)

Bagged black tea was used to make tea infusion. One tea bag (2 g-equivalent of tea leaves) per
100 mL RO (Reverse osmosis) water was used to extract polyphenol rich infusions, with the mixture
being soaked at 85 ◦C for 15 min in a water bath. After the extraction, the bags were removed and the
solution was cooled to 40 ◦C in ice water for further experiments [34].

2.3. (Stirred) ADG Preparation

In general, tea-enriched ADG samples were made by acidification of tea-enriched reconstituted
skimmed milks (T-RSM). Regarding the preparation of a T-RSM, SMP was dissolved in the water-BTI
mixture solvent; the volume fraction of BTI in the water-BTI mixture solvent was manipulated for
achieving the targeted proportion of BTI in the overall T-RSM system. The targeted BTI proportions in
individual T-RSM samples were 15%, 30%, 45% and 60% (w/w). Also, each of the yield T-RSM sample
should contain 10% (w/w) milk dry matter. Then, ADG samples was prepared directly from the T-RSM
samples containing different proportions of tea infusion. RSM samples without the supplement of BTI
were used to prepare the negative control ADG samples. The ADG samples were prepared following
Vega and Grover [35] method with slight modification. Briefly, for instance, for each replicate milk
sample, 200 g of SMP was dissolved in water-BTI mixture solvent to yield 2000 g T-RSM under vortex
condition for 30 min and then refrigerated at 4 ± 1 ◦C overnight before further use. As aforementioned,
the volume fraction of BTI in T-RSM was controlled for achieving the targeted proportion. The T-RSM
was heated in water bath at 85 ◦C for 20 min and then rapidly cooled to 40 ◦C in an ice-water bath.
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GDL (1.3% w/w) was added and dissolved in the T-RSM system with gentle stir. Different T-RSM
(including RSM control) samples were then incubated at 35 ◦C until pH reached pH 4.55. At this
point, the set ADG samples were prepared. Twelve replicate set gels (batches) were made for each
sample. Subsequently, the individual set gels were homogenized (using IKA T25 Digital Ultra-Turrax,
Werke GmbH & Co. KG, Staufen, Germany, at 4500 rpm, for 1 min) [36,37] for making stirred gels.
These stirred gels containing 0%, 15%, 30%, 45% and 60% (w/w) of black tea infusion were the key
samples studied in this research and these samples are named as ADG0% (negative control), ADG15%,
ADG30%, ADG45% and ADG60% respectively. The stirred gels were stored at 4 ± 1 ◦C for further
analysis. Related measurements were carried out on day 1, 7, 14, 21 and 28 of cold storage.

2.4. pH and Ca2+ Content Measurement

The pH of ADGs was determined at 20 ± 2 ◦C using a digital pH meter after calibration (SevenEasy
pH, Mettler-toledo GmbH, Schwerzenbach, Switzerland).

The free Ca2+ content in ADG system was determined by a portable Calcium Ion-Selective Electrode
(B-751, LAQUA Twin Calcium Ca++ Ion Meter, Horiba, Japan) according to Kosasih, et al. [38] and the
instruction of the Ca2+ meter. The Ca2+ meter was calibrated by a 2-point calibration using 150 ppm and
2000 ppm Ca2+ standards before use and the error was below 20%. Samples stayed for 1 h at ambient
temperature and temperature was measured by a thermometer right before pH and free Ca2+ content
were measured.

pH and free Ca2+ content of stirred ADG samples were carried out on the day 1, day 7, day 14,
day 21 and day 28 of cold storage. Measurements were carried out in triplicate.

2.5. Texture Characteristics

Textural Attributes of Stirred Gel. The textural properties of stirred gel were characterized by
back-extrusion method described by Ciron, et al. [14]. A 5-kg load cell was used and the samples were
tested in cylinder pot (50 mm internal diameter) at 15 ◦C, using an extrusion disc (Φ = 35 mm) operating
at a set-speed of 1.0 mm/s to a 30 mm depth. Firmness and cohesiveness values were calculated
from the obtained profiles using the software provided by Stable Microsystems. Textural profile of
stirred ADG samples were carried out on the day 1, day 7, day 14, day 21 and day 28 of cold storage.
Textural profiles were tested in triplicate for stirred gel samples.

2.6. Phase Stability

The water-holding capacity (WHC) and syneresis rate of ADGs were measured according to the
method of Ciron et al. [32] with minor modifications using a centrifuge (Heraeus® Multifuge X3R,
Heraeus Co., Hanau, Germany). For measuring WHC, the stirred ADG samples (1.0 g) in 1.5-mL
microtubes (Axygen®) were centrifuged at 15,000× g for 15 min at 25 ◦C. The WHC was expressed
as % (pellet/sample, w/w). The extent of syneresis (EOS) was determined by centrifuging stirred
ADG samples (1.0 g) in 1.5 mL tubes at 101× g for 60 min at 5 ◦C. The EOS was expressed as %
(supernatant/sample, w/w). WHC and EOS measurements of the stirred ADGs were conducted in
quadruplicate. WHC and EOS measurements of stirred ADG samples were carried out on the day 1,
day 7, day 14, day 21 and day 28 of cold storage.

2.7. Antioxidant Capacity Evaluation

Sample Extract. The sample (1 g for both tea infusion and gel samples) was placed in a 50-mL
plastic pot with 20 mL 50% methanol solution and stirred overnight (speed 3, RT 15 Power 15-position
analogue hotplate stirrer, IKA, Staufen im Breisgau, Germany) at ambient temperature. Extracts were
stored at −20 ◦C until required.

Total Phenolic Content (TPC). The total phenolic content (TPC) of the sample extracts was
determined by a spectrophotometer in triplicate using Folin-Ciocalteu (F-C) reagent according to the
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method described in previous studies [39,40] with slight modifications. 500 μL of sample was added
to the test tubes followed by 2.0 mL of sodium carbonate (7.5 g/100 mL) and 2.5 mL of 0.2 mol/L
Folin-Ciocalteu reagent. The samples were mixed thoroughly and stored in the dark for 2 h before the
absorbance was measured at 760 nm using VWR V-1200 Spectrophotometer (VWR International Co.,
Pennsylvania, USA). TPC was expressed as mg gallic acid equivalents (GAE) per 100 g of fresh material.

DPPH Assay. The DPPH radical-scavenging activity was assayed by the method reported by
Al-Dabbas et al. [41]. DPPH was dissolved in methanol to get a concentration of 0.1 mM. To 500 μL
of sample extract, 1 mL 0.1 mM DPPH solution and 1.5 mL of methanol were added and mixed by
vortex. The absorbance was measured at 517 nm (VWR International Co., Pennsylvania, USA) after
the solution was kept at room temperature for 30 min in the dark, methanol was used as the control.
The DPPH radical-scavenging activity was expressed as mg Trolox equivalents (TE) per 100 g of fresh
material. Each sample was analysed in triplicate.

Ferric Reducing/Antioxidant Power (FRAP) Assay. FRAP was assessed according to Khanizadeh,
Tsao, Rekika, Yang and DeEll [40] with slight modifications. A fresh working solution of FRAP reagent
was prepared each time by mixing acetate buffer (300 μM, pH 3.6), a solution of 10 mM TPTZ in 40 mM
HCL, and 20 mM FeCl3•7H2O at 10:1:1 (v/v/v). 250 μL of standards of iron (II) sulphate (FeSO4•7H2O)
or sample extracts were added to 2.5 mL of the FRAP reagent and the absorbance at 593 nm recorded
immediately after the addition of the sample and after 2 h incubation at 37 ◦C [42] (p.39). The results
were expressed as μmol Fe2+/g sample. Each sample was analysed in triplicate.

ABTS radical scavenging capacity. The ABTS radical scavenging assay was based on the method
of Elfalleh, et al. [43]. ABTS working solution was prepared by mixing colourless ABTS stock solution
(7 mM in water) with 2.45 mM potassium persulfate (1:1) and then maintain the reaction for 16 h in the
dark at room temperature. Before analysis, the working solution was diluted to an absorbance of 0.70
(±0.02) at 734 nm with PBS (pH 7.4) and 3 mL of ABTS·+ transferred to a cuvette. After the addition
of 300 μL Trolox or sample extract, the mixture was well mixed by blowing with pipette, allow to
stand 6 min and absorbance read at 734 nm. All samples were assayed in triplicate. The results were
expressed as Trolox equivalents (TE).

TPC, DPPH, FRAP and ABTS measurements of stirred ADG samples were carried out on the day
1, day 7, day 14, day 21 and day 28 of cold storage.

2.8. Microstructure of ADG

Scanning Electron Microscope (SEM). The bulk microstructure characterization method was developed
according to Kalab [44]. Approximately 3 mm3 cubes of chilled stirred gel samples were coated in a thin
layer of low melting point agarose (3%) before being placed into primary fixative (3% glutaraldehyde 0.1 M
sodium cacodylate buffer, pH 7.2) for at least 8 hours at ambient temperature. The samples were then
washed three times (10–15 min each) in sodium cacodylate buffer (0.1 M, pH 7.2) followed by post fixation
in 1% osmium tetroxide (in sodium cacodylate buffer) for 1 hour at room temperature and another three
buffer washes. Finally, the samples were dehydrated in gradient ethanol series (25%, 50%, 75%, 95% and
100%) for 10–15 min each before a final 100% ethanol wash for 1 h.

Samples were critical point dried using liquid CO2 as the CP fluid and 100% ethanol as the
intermediary (Polaron E3000 series II critical point drying apparatus, Quorum Technologies, Laughton,
UK). Samples were torn to expose structure, mounted on to aluminium stubs, sputter coated with
approximately 200 nm of gold (Baltec SCD 050 sputter coater, Schalksmühle, Germany) and viewed
in the FEI Quanta 200 Environmental Scanning Electron Microscope with the EDS Detector (EDAX
Genesis, Sydney, Australia) at an accelerating voltage of 20 kV. Analyses of ADG microstructure were
conducted at Massey University, Palmerston North, New Zealand [45–48].

Confocal Laser Scanning Microscopy (CLSM). The planar microstructure of the protein arrangement
in stirred ADG was investigated using CLSM. The method was adapted from Ciron, Gee, Kelly and
Auty [32] with modifications. A drop of stirred gel sample was placed in a concave slide and 40 μL each of
0.2 g/L Nile red (in methanol) and fast green (in water) were added before being covered with a coverslip.
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Imaging was carried out using the Leica DM6000B SP5 confocal laser scanning microscope system
with LAS AF software (version 2.7.3.9723; Leica Microsystems Berlin, CMS GmbH, Berlin, Germany).
Images were acquired with a HCX PL APO CS 10x (N.A. 0.40), HCX PL FLUOTAR 40x (N.A. 0.75)
and HCX PL APO CS 100x oil (N.A. 1.40). Nile red and fast green were sequentially imaged through
excitation at 488 nm (argon laser) and 633 nm (HeNe 633 laser) (respectively) and emission collection
at 498–569 nm and 643–787 nm (respectively).

2.9. Statistical Analysis

One-way analysis of variance (ANOVA) (with Fisher comparison) and principle component
analysis (PCA – as of Figure 1) were carried out using Minitab 17.0 (Minitab, State College, PA, USA)
and the significance level was set at p ≤ 0.05.

 

(a) 

 

(b) 

Figure 1. Score plots of principle component analysis (PCA). ADG0%: plain acidified dairy gel,
ADG15%: acidified dairy gel containing 15% black tea infusion, ADG30%: acidified dairy gel containing
30% black tea infusion, ADG45%: acidified dairy gel containing 45% black tea infusion, ADG60%:
acidified dairy gel containing 60% black tea infusion. PC1 strongly associated with TPC, DPPH
(2,2-Diphenyl-1-picrylhydrazyl), ABTS (2,2-Diphenyl-1-picrylhydrazyl) and ferric reducing antioxidant
power (FRAP); PC2 strongly associated with values of EOS, pH and Ca2+. (a) is PCA plot based on
different storage time; (b) based on different formula.

118



Foods 2020, 9, 831

3. Results and Discussion

3.1. Physicochemical Characteristics

The physicochemical characteristics of ADGs are shown in Table 1. As it is shown in Table 1,
plain ADG0% showed the highest values in EOS in comparison with other ADG samples on day
1. Throughout the cold storage period, in general, decrease trends were observed in pH, Ca2+

concentration, and EOS for all ADG samples. Significant decreases of Ca2+ concentration were
only observed in ADG45% and ADG60% on day 1 (in comparison to ADG0%). The decrease of Ca2+

concentration may due to the interaction between calcium ion and polyphenols or oxalate in tea.
Charrier and coworkers [49] stated that the oxalate in teas may bind with calcium ion. Yamada et al. [50]
used infrared spectroscopy (IR) and matrix-assisted laser desorption ionization technique with a
time-of-flight mass spectrometer (MALDI-TOF-MS) found out that the calcium ion increased the amount
of tea stain greatly due to the combination of phenolic compounds and calcium ions. Such finding
provided an evidence that calcium-bridged polyphenols complex may be formed. Another study [51]
also evidenced occurrence of EGCG-Ca2+-EGCG bridging effect. These Ca2+-phenol interaction
mechanisms help explained our results regarding the observed decrease of Ca2+ from a molecular point
of view. The slight decrease trend of pH upon increasing the incorporation amount of tea infusion
(Table 1) is attributed to the relatively lower pH of black tea infusion (pH 5.18) [21].

Table 1. Physicochemical characteristics between different formulations of black tea enriched acidified
dairy gel (ADG) during a cold storage of 28 days (4 ◦C).

Physicochemical
Properties

Storage Time
(Days)

Gel Samples 1

ADG0% ADG15% ADG30% ADG45% ADG60%

pH value

1 4.55 ± 0.01 Aa 4.53 ± 0.01 Ab 4.54 ± 0.01 Aab 4.54 ± 0.01 Aab 4.53 ± 0.01 Ab

7 4.35 ± 0.01 Bc 4.37 ± 0.01 Bb 4.36 ± 0.01 Bc 4.34 ± 0.01 Cd 4.40 ± 0.01 Ba

14 4.29 ± 0.01 Db 4.28 ± 0.01 Dbc 4.36 ± 0.01 Ba 4.36 ± 0.01 Ba 4.28 ± 0.01 Dc

21 4.30 ± 0.01 Db 4.33 ± 0.01 Ca 4.32 ± 0.01 Cb 4.28 ± 0.02 Dc 4.29 ± 0.01 Dc

28 4.32 ± 0.01 Ca 4.28 ± 0.02 Dc 4.25 ± 0.01 Dd 4.29 ± 0.01 Dbc 4.31 ± 0.01 Cab

Ca2+

concentration

1 450.00 ± 0.00 Ba 443.33 ± 5.77 Aa 446.67 ± 15.28 Aa 353.33 ± 5.77 Ab 273.33 ± 15.28 Bc

7 500.00 ± 10.00 Aa 356.67 ± 11.55 Bb 316.67 ± 5.77 Cc 253.33 ± 5.77 Cd 326.67 ± 15.28 Ab

14 356.67 ± 5.77 Ca 323.33 ± 5.77 Cb 326.67 ± 5.77 Bb 253.33 ± 5.77 Cc 263.33 ± 5.77 Cc

21 370.00 ± 10.00 Ca 326.67 ± 15.28 Bb 293.33 ± 5.77 Dc 266.67 ± 5.78 Bd 246.67 ± 11.55 Ce

28 330.00 ± 10.00 Dab 336.67 ± 5.77 Ba 316.67 ± 5.77 Cb 246.67 ± 5.77 Cd 290.00 ± 10.00 Bc

EOS2/%

1 39.95 ± 0.89 Aa 24.05 ± 0.78 Ad 29.48 ± 0.73 Bc 35.09 ± 1.15 Bb 29.01 ± 1.10 Ac

7 37.74 ± 1.21 Ba 22.99 ± 0.52 Ad 31.16 ± 0.90 Ab 39.02 ± 1.22 Aa 27.50 ± 0.80 Bc

14 21.28 ± 0.80 Dc 23.06 ± 1.23 Ab 24.83 ± 0.20 Db 20.34 ± 0.59 Ec 28.42 ± 0.52 Aa

21 17.21 ± 0.39 Ee 22.10 ± 0.92 Bd 24.68 ± 0.68 Dc 28.92 ± 0.60 Da 26.36 ± 0.78 Bb

28 23.37 ± 0.33 Cd 23.30 ± 0.96 Ad 28.25 ± 0.33 Cb 30.20 ± 0.27 Ca 26.87 ± 0.14 Bc

WHC3/%

1 17.13 ± 0.81 Eb 19.56 ± 1.04 Ba 21.10 ± 0.63 Ba 15.63 ± 0.12 Dc 15.30 ± 0.48 Cc

7 24.33 ± 0.69 Ba 22.69 ± 0.23 Ab 23.50 ± 0.78 Aa 20.49 ± 0.79 Ac 21.01 ± 0.65 Ac

14 27.31 ± 0.72 Aa 21.93 ± 0.65 Ab 20.69 ± 0.34 Cc 16.34 ± 0.15 Cd 15.22 ± 0.63 Ce

21 18.82 ± 0.25 Db 16.84 ± 1.16 Cc 23.89 ± 0.58 Aa 18.07 ± 0.51 Bc 18.54 ± 0.94 Bc

28 20.15 ± 0.55 Cb 22.20 ± 0.32 Aa 19.42 ± 0.37 Cb 19.82 ± 0.32 Ab 19.37 ± 0.84 Bb

A–E Means ± SD within a column with different superscripts differ (p ≤ 0.05). a–e Means ± SD within a row with
different superscripts differ (p ≤ 0.05). 1 Formulation: ADG0%: acidified dairy gel without supplementation of
tea infusion; ADG15%: acidified dairy gel containing 15% (w/w) black tea infusion; ADG30%: acidified dairy gel
containing 30% (w/w) black tea infusion; ADG45%: acidified dairy gel containing 45% (w/w) black tea infusion;
ADG60%: acidified dairy gel containing 60% (w/w) black tea infusion; 2 EOS: Extend of syneresis; 3 WHC: Water
holding capacity.

Stirred ADGs are viscoelastic semi-solid material, poor gel structure and poor stability are
associated with higher risk of shrinkage and subsequent expulsion of whey solution [32], so a
relatively phase stable ADG should be able to retain a certain amount water over a storage time [52].
Interestingly, by including tea infusion in the stirred ADG, the syneresis rate tended to decrease when
the stirred gel was just made (day 1, Table 1). A study demonstrated an opposite phenomenon, in which
the authors found that polyphenols especially at higher concentrations are able to reduce the elasticity
of acidified milk gels and induce extensive shrinkage of gel system, therefore, more syneresis [53].
Such mechanism can explain our EOS results on day 28. Larger polyphenols with more aromatic rings
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and hydroxyl groups have stronger affinity to casein for forming protein–phenol complex [1]. Such type
of complex may result in tighter gel network then cause relatively more release of whey fraction [27].
In the same study [27], the coworkers found two types of protein–phenol complex systems when milk
proteins interact with phenolic compounds from either green tea or Pu-erh tea. These two different
complex systems resulted in different texture and syneresis rate. Green tea infusion was able to reduce
syneresis; however, Pu-erh tea promoted syneresis in acidified dairy gel [27]. The current research
showed that black tea had even stronger ability than green tea (as shown in the reference [27]) in terms
of reducing the syneresis rate of ADG on day 1 (Table 1). After 28 days of storage time, ADG0% and
ADG15% were not significantly different for EOS; however, for gels with higher levels of tea infusion
inclusion the EOS were significantly increased indicating time is an important factor for developing
the impact of protein–phenol complex on gel structure (Table 1). Such explanation is confirmed by
(SEM) microstructure images (e.g., Figure 2e vs. Figure 3e) which will be discussed later.

  
(a) (b) 

  

(c) (d) 

Figure 2. Cont.
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(e) 

Figure 2. SEM images of plain ADG0% (a), ADG with 15% black tea infusion (b), ADG with 30% black
tea infusion (c), ADG with 45% black tea infusion (d), ADG with 60% black tea infusion (e) (day 1).

  
(a) (b) 

  
(c) (d) 

Figure 3. Cont.
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(e) 

Figure 3. SEM images of plain ADG0% (a), ADG with 15% black tea infusion (b), ADG with 30% black
tea infusion (c), ADG with 45% black tea infusion (d), ADG with 60% black tea infusion (e) (day 28).

As for WHC, ADG15% and ADG30% acquired the highest values for day 1; however, after 28 days
ADG15% had the highest WHC than other gel samples including the control gel without inclusion of tea
infusion (p < 0.05), thus the relatively lower amount of tea infusion (15%) may help to maintain the gel
structure of ADGs. Reports have shown that exopolysaccharides (EPSs) can act as an agent which is
capable of thickening, stabilizing, emulsifying and gelling as well as water-binding in the food system
and EPSs can be produced by certain strains, such as Lactobacillus paracasei, therefore an increase in
EOS was observed through cold storage [14,52]. However, in this research, no starter culture was used
and the gelation was induced by (slow) direct acidification due to the hydrolysis of GDL. Such results
suggest that not only starter culture and its products but also physicochemical interactions between
dairy components and tea phenolic compounds can alter gel structure and texture, therefore, the gel
physical stability over a period. The same mechanism has been discussed previously elsewhere [27],
although, in that research the dairy gel was induced by fermentation of starter culture, the author
attributed the texture and stability features to the protein–phenol interactions.

3.2. Texture Characteristics

The textural characteristics of stirred ADGs are shown in Table 2. In general, firmness describes
the force needed for causing a certain deformation. Cohesiveness represents for the threshold of
extent of a material deformation for triggering an irreversible rupture [54]. The former parameter
provides good indication about how hard or how soft a gel material, whereas, the later indicates the
tenacity of a gel material (e.g., brittleness). On day 1, incorporation of tea infusion regardless the
addition level resulted no change in firmness in comparison to the control (Table 2). Over the storage
time (> day 1), all gel samples showed an increase in gel firmness in comparison to day 1, this is
due to the reformation of gel structure after shearing the gel on day 0 and ongoing fusion of casein
particles such as dissociation of casein micelles at relatively low pH and rearrangement of bonds
and strands [55]. The similar phenomenon was observed in a previous work in which the authors
observed significant increase of storage modulus of stirred yogurt gel over a period of storage (up to
35 days) [56]. Apparently, the current results showed that the higher addition amount of tea infusion
(ADG60%, Table 2) retarded the fusion process of casein particles in the gel system over the 28 days
storage time. In summary, including tea infusion at extremely high level (e.g., 60%) tends to make
dairy gel relatively softer over storage time. The reason is not clear that why ADG45% had slightly
higher firmness than ADG30% after 28 days of storage. The impact of tea infusion on dairy gel firmness
is not fully clear and the published data is lack of consistency. Opposite observations were reported,
for instance, one group found that green tea extracts were able to increase the firmness of yogurt.
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And the phenomenon was attributed to flavonoid–protein cross-linking [57]. However, the authors did
not mention the details of the gel preparation procedure. It is important to point out that the shearing
process of set gel for the preparation of stirred is a critical step, which determines the firmness of the
final sample. If the gel shearing process was not consistent, consequently, it is impossible to make
relevant discussion about the causality for experimental observations. Moreover, it was found that
green tea extracts significantly increased hardness of cheese gel but decreased its cohesiveness and this
is due to the net effect of moisture reduction and alter microstructure of cheese gel in which green
tea extract was included [30]. Similar to our findings, Najgebauer-Lejko et al. [27] also found that tea
infusion may be able to decrease firmness of acidified dairy gel, although green tea (rather than black
tea) and lower addition levels were used (5–15%) in that research.

Table 2. Texture characteristics of stirred gel samples.

Texture
Properties

Storage Time
(Days)

Gel Samples 1

ADG0% ADG15% ADG30% ADG45% ADG60%

Firmness, g

1 14.77 ± 0.46 Ba 14.73 ± 0.35 Ba 14.57 ± 0.31 Ba 14.07 ± 0.42 Ba 14.70 ± 1.04 Aa

7 20.10 ± 0.90 Aa 20.43 ± 1.25 Aa 17.13 ± 0.72 Ab 16.40 ± 0.72 Ab 15.17 ± 1.08 Ab

14 21.13 ± 0.66 Aa 20.07 ± 0.86 Aa 18.60 ± 0.87 Ab 16.37 ± 0.83 Bb 15.33 ± 1.60 Ab

21 21.93 ± 0.55 Aa 19.83 ± 1.15 Aa 17.70 ± 0.27 Ab 16.30 ± 0.87 Bb 16.73 ± 0.15 Ab

28 20.53 ± 0.32 Aa 18.80 ± 0.82 Aa 18.20 ± 0.87Ab 19.03 ± 1.61 Aa 16.57 ± 0.85 Ab

Cohesiveness, g

1 −9.50 ± 0.27 Ca −9.07 ± 0.06 Bb −8.67 ± 0.40 Bb −8.53 ± 0.23 Bb −9.40 ± 0.61 Bb

7 −12.43 ± 0.50 Ba −12.63 ± 1.01 Aa −10.93 ± 0.35 Ab −10.53 ± 0.67 Ac −9.37 ± 0.31 Bc

14 −13.27 ± 0.42 Ba −12.83 ± 1.24 Aa −12.47 ± 1.25 Aa −10.27 ± 0.40 Ab −8.83 ± 0.71 Bb

21 −14.13 ± 0.51 Aa −12.80 ± 0.27 Aa −12.33 ± 1.10 Ab −10.07 ± 0.59 Bb −10.13 ± 0.06 Bb

28 −13.73 ± 0.12 Aa −12.57 ± 0.15 Ab −11.80 ± 1.21 Ac −10.43 ± 0.67 Ac −10.43 ± 0.40 Bc

A–E Means ± SD within a column with different superscripts differ (p ≤ 0.05). a–e Means ± SD within a row with
different superscripts differ (p ≤ 0.05). 1 Gel samples: ADG0%: acidified dairy gel without supplementation of
tea infusion; ADG15%: acidified dairy gel containing 15% (w/w) black tea infusion; ADG30%: acidified dairy gel
containing 30% (w/w) black tea infusion; ADG45%: acidified dairy gel containing 45% (w/w) black tea infusion;
ADG60%: acidified dairy gel containing 60% (w/w) black tea infusion.

Unlike the situation for firmness, incorporation of tea infusion (15–60%) in ADG significantly
reduced the cohesiveness on day 1 (Table 2). Such results indicated that addition of tea infusion may
make the acidified dairy gel slightly more brittle. The opposite results were reported for green tea and
Pu–erh tea enriched yogurt systems, in which cohesiveness was increased upon addition of tea infusion
(up to 15%) [27]. However, it is important to point out that not only were different teas used in the
two studies, but also relatively lower tea infusion addition levels were investigated in the mentioned
reference. Najgebauer–Lejko et al. believed that the increase of cohesiveness is due to the existence
of protein–phenol interactions and such interactions strengthened the food internal bonds [27].
However, such deduced mechanism does not explain the contradictory trends between firmness
and cohesiveness as found in the mentioned study. In the current research, the changing trend of
cohesiveness over 28 days of storage was similar to the firmness-changing trend. The change of firmness
and cohesiveness upon addition of tea infusion may be attributed to the alteration of microstructure
during storage period [30]. The mechanism will be elaborated later in the microstructure section.

3.3. Antioxidant Capacity

To determine the antioxidant abilities of the obtained stirred ADGs and tea infusion, we chose
three methods which allowed us to measure both the ability to reduce pro-oxidant metal ions (FRAP
assay) and radical scavenging activity (DPPH assay and ABTS assay) along with TPC measurement.
The results are shown in Table 3.
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Table 3. Total phenolic content and antioxidant capacity of stirred ADGs.

Physicochemical
Properties

Storage Time
(Days)

Gel Samples

ADG0% ADG15% ADG30% ADG45% ADG60%

TPC (GAE μg/g)

1 151.42 ± 1.94 Ae 229.75 ± 6.71 Ad 257.90 ± 11.66 Ac 454.98 ± 17.23 Ab 529.28 ± 8.92 Aa

7 117.22 ± 1.71 Cd 224.08 ± 9.85 Ac 228.66 ± 10.26 Cc 305.48 ± 8.09 Cb 503.80 ± 7.38 Ba

14 119.30 ± 0.99 Ce 159.08 ± 6.19 Dd 211.79 ± 8.20 Dc 348.37 ± 7.88 Bb 441.32 ± 10.71 Ca

21 121.41 ± 6.44 Ce 208.55 ± 9.31 Bd 236.00±4.24 Bc 303.85 ± 6.03 Cb 422.99 ± 2.60 Da

28 129.25 ± 7.14 Be 194.81 ± 3.34 Cd 244.67 ± 5.91 Bc 301.10 ± 6.03 Cb 388.34 ± 5.99 Ea

DPPH (TE μmol/g)

1 0.94 ± 0.06 Ad 1.35 ± 0.07 Ac 4.58 ± 0.29 Ab 4.77 ± 0.07 Ab 5.17 ± 0.06 Ba

7 0.86 ± 0.02 Ae 1.27 ± 0.03 Bd 4.53 ± 0.04 Ac 5.02 ± 0.13 Ab 5.17 ± 0.01 Ba

14 0.98 ± 0.04 Ae 1.26 ± 0.07 Bd 4.33 ± 0.14 Ac 4.89 ± 0.08 Ab 5.14 ± 0.06 Ba

21 0.93 ± 0.08 Ad 1.18 ± 0.01 Bd 4.48 ± 0.15 Ac 4.85 ± 0.26 Ab 5.24 ± 0.11 Aa

28 0.97 ± 0.13 Ae 1.29 ± 0.09 Bd 4.56 ± 0.15 Ac 5.01 ± 0.07 Ab 5.36 ± 0.08 Aa

FRAP (Fe2+

equivalent
μmol/g)

1 0.63 ± 0.03 Ce 2.74 ± 0.12 Cd 7.17 ± 0.13 Dc 11.56 ± 0.28 Cb 13.62 ± 0.23 Ba

7 0.72 ± 0.03 Be 4.42 ± 0.18 Bd 8.73 ± 0.28 Ac 11.73 ± 0.13 Cb 12.65 ± 0.05 Ca

14 0.67 ± 0.02 Be 4.53 ± 0.06 Bd 7.82 ± 0.2 Cc 13.01 ± 0.23 Ab 13.54 ± 0.11 Ba

21 0.81 ± 0.03 Ae 5.17 ± 0.09 Ad 8.29 ± 0.12 Bc 12.48 ± 0.07 Bb 14.43 ± 0.19 Aa

28 0.80 ± 0.03 Ae 5.24 ± 0.13 Ad 8.66 ± 0.18 Ac 12.62 ± 0.08 Bb 12.94 ± 0.19 Ca

ABTS (TE μmol/g)

1 0.30 ± 0.05 Ae 1.78 ± 0.03 Bd 3.03 ± 0.10 Ac 3.68 ± 0.03 Bb 4.34 ± 0.05 Aa

7 0.24 ± 0.03 Ae 1.86 ± 0.04 Ad 3.09 ± 0.04 Ac 3.70 ± 0.16 Bb 4.09 ± 0.11 Ba

14 0.31 ± 0.05 Ae 1.88 ± 0.02 Ad 3.07 ± 0.07 Ac 3.84 ± 0.06 Bb 4.15 ± 0.07 Ba

21 0.31 ± 0.06 Ae 1.90 ± 0.02 Ad 3.08 ± 0.05 Ac 4.15 ± 0.12 Aa 3.99 ± 0.13 Bb

28 0.29 ± 0.03 Ae 1.86 ± 0.04 Ad 3.11 ± 0.04 Ac 4.21 ± 0.05 Aa 4.07 ± 0.12 Bb

A–E Means ± SD within a column with different superscripts differ (p ≤ 0.05). a–e Means ± SD within a row with
different superscripts differ (p ≤ 0.05). 1 Formulation: ADG0%: acidified dairy gel; ADG15%: acidified dairy gel
containing 15% (w/w) black tea infusion; ADG30%: acidified dairy gel containing 30% (w/w) black tea infusion;
ADG45%: acidified dairy gel containing 45% (w/w) black tea infusion; ADG60%: acidified dairy gel containing 60%
(w/w) black tea infusion; EOS: Extend of syneresis; WHC: Water holding capacity.

Based on the results from FRAP, DPPH and ABTS radical assays, the strongest antioxidant capacity
appeared in tea infusion (TPC: 1632.56 ± 9.99 GAE μg/g; FRAP: 17.20 ± 0.09 Fe2+ equivalent μmol/g;
DPPH: 9.26 ± 0.08 TE μmol/g and ABTS: 9.30 ± 0.04 TE μmol/g) compared to dairy gel samples.
The difference in antioxidant activity is due to the different supplement volume of the original tea
infusion. Based on the original antioxidant capacity of black tea infusion and the proportion of tea
infusion supplementation, we calculated the theoretical antioxidant capacities for tea-enriched ADGs.
By comparing the theoretical and practical values, we found that the acidified dairy gels did not reduce
the antioxidant activity from the tea infusion. The higher proportion of tea infusion presented in ADGs
the more antioxidant capacity and TPC. Interestingly, the increasing rate in TPC was much lower
than the increasing rate of tea infusion supplementation (e.g., comparison between ADG0%, ADG15%,
and ADG30%) which indicated that the polyphenols in tea were binding with calcium ion or protein as
reported by Tanizawa, et al. [58] and Spiro and Chong [59], respectively. These previous findings are in
a good agreement with our results in which we observed that the free Ca2+ were decreased upon the
increase of the addition level of tea infusion (Table 1). Surprisingly, some antioxidant parameters were
remained at higher level at day 28 compared to results from day 7, 14 and 21. Although the mechanism
has not yet been clear, similar results were reported by Najgebauer-Lejko, et al. [15]. The authors
studied yogurt gels with incorporation of different levels of either green tea infusion or Pu-erh tea
infusion, and their results showed that the antioxidant activities decreased until day 21 for both types
of tea but such activity increased back to nearly the initial value on day 28.

Overall, the incorporation of black tea infusion in stirred ADG significantly enhanced the
antioxidant potential of ADG as a 4 to 12-fold increase in DPPH, an 8 to 40-fold in FRAP and a 6 to
18-fold in ABTS value were observed in comparison to plain ADG0%. The antioxidant activities were
stable over the 28 days shelf life. Moreover, such activities may be effectively increased by incorporation
of increased proportion of black tea infusion.
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3.4. Principle Component Analysis (PCA)

Plots of PCA is shown in Figure 1. PC1 and PC2 including physicochemical properties and
antioxidant properties explained 79.1% of the variation with 54.9% and 24.2% for the two PCs
respectively. The main difference between PC1 and PC2 is that PC1 strongly associated with TPC
(PC1 0.394; PC2 0.037), DPPH (PC1 0.385; PC2 0.156), ABTS (PC1 0.395; PC2 0.191) and FRAP (PC1
0.398; PC2 0.217) but values of EOS (PC1 0.145; PC2 −0.355), pH (PC1 0.100; PC2 −0.559) and Ca2+

(PC1 −0.234; PC2 −0.490) were the dominant variables for PC2. Furthermore, Figure 1a. showed
the sample differentiation-based storage time (shelf life); Figure 1b. showed that gels with different
proportions of tea infusion are clearly separated when taking both physicochemical and antioxidant
activity associated factors into account. As it is shown in the biplot figure (in the Supplemental Material,
Supplement Figure S1), the antioxidant properties were mainly determined by the incorporation rate of
tea infusion in stirred ADGs, but the textural and physicochemical properties were mainly influenced
by storage period.

3.5. Microstructure

The microstructures of the stirred ADG samples are shown in Figures 2 and 3 (SEM) and Figures 4
and 5 (CLSM).

  
(a) (b) 

  
(c) (d) 

Figure 4. Cont.
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(e) 

Figure 4. CLSM (confocal laser scanning microscopy) images of plain ADG0% (a), ADG with 15%
black tea infusion (b), ADG with 30% black tea infusion (c), ADG with 45% black tea infusion (d),
ADG with 60% black tea infusion (e) (day 1). Protein stained by Fast Green FCF appears as green and
non-fluorescent areas (dark areas) correspond to the serum pores.

  
(a) (b) 

  
(c) (d) 

Figure 5. Cont.
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(e) 

Figure 5. CLSM images of plain ADG0% (a), ADG with 15% black tea infusion (b), ADG with 30% black
tea infusion (c), ADG with 45% black tea infusion (d), ADG with 60% black tea infusion (e) (day 28).
Protein stained by Fast Green FCF appears as green and non-fluorescent areas (dark areas) correspond
to the serum pores.

SEM micrographs showed the 3D (including z-depth) organization of protein gels (stirred ADG
samples). In Figure 2, comparing the morphology and the segregated structure between ADG0%

and ADG15%, the z-depth structure is more densely packed in the ADG15% (Figure 2a vs. Figure 2b).
Also, the later had slightly finer protein arrangement, as shown in Figure 2, ADG0% had relatively
more large cavities (white arrows in Figure 2a) than those in ADG15% (Figure 2b). The structure of
ADG30% (Figure 2c) was relatively thicker and denser among other gel samples on day 1. Figure 2c
showed that the sample had fine protein arrangement resulting very small pores in the gel structure.
Such microstructure explains the better phase stability (WHC, Table 1) in the gel sample containing
30% BTI. Generally, ADG15%, ADG30% and ADG45% three samples had similar spongy-like interior
with few air cells and highly branched-structure. Fiszman, et al. [60] found that the smooth bridge with
double network structures of dairy gel seemed to be located at the inside of network of casein micelles
that could maintain the aqueous phase more effectively and reduce EOS. Although the authors did not
study the impact of tea infusion on dairy protein gelation, the work clearly demonstrated that smaller
pore sizes within the 3D gel network resulted in lower syneresis rate. Such observation about the
relation between 3D structure of gel and its phase stability is in a good agreement with our observations.
For instance, including even a relatively small volume of BTI may result in relatively smaller pore sizes
for acidified milk gel (ADG15%, Figure 2b, white arrow) than the control gel (Figure 2a, white arrow);
consequently, such structure may resulted in relatively lower EOS for ADG15% on day 1 in comparison
with the control gel (Table 1). Although the impact of tea addition to yogurt (or ADG) on the gel
texture, antioxidant activity, lactic acid bacteria and quality related characteristics have been studied
elsewhere [15,22,27,61,62], few research has been done to investigate the impact of tea infusion on
microstructure of acidified milk protein gel systems. However, other phenolic compounds rich materials
have been incorporated in yogurt gels and the microstructure of the gels was studied. For instance,
a recent research showed that 3% apple pomace in stirred yogurt resulted in more compacted protein
network and larger cavities in the gel in comparison with negative control gel [63]; moreover, Pan and
co-workers found that inclusion of 5% pomegranate juice powder in set yogurt resulted in denser
protein gel packing and inhomogeneous size distribution pores [64,65]. These observations in literature
are in good agreement with results found in this research. Some aggregated and/or lumpy protein
networks (white circles in Figure 3d,e) appeared in gels with high incorporation rate of BIT (45% &
60%) after 28 days of cold storage; these structural features cannot be observed in the same samples
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on day 1 (white circles in Figure 2d,e). These changes in structural organization of ADGs explain the
instability of ADG45% and ADG60% (EOS and WHC results in Table 1).

CLSM was used for characterizing laminar microstructure of ADG samples. On day 1, ADG30%

(Figure 4c) and ADG45% (Figure 4d) had denser protein gel blocks as pointed by white arrows.
By comparing between Figure 4d,e and Figure 5d,e, more and bigger pores appeared in samples
containing large volume of BTI (45% and 60%) after 28 days period of storage. The results suggested
that significant transformations of gel structure took place during storage in which incorporation rate
of BTI is high (45% and 60%). The structure characteristics of ADG30% remained nearly the same on
day 1 and day 28. Such result is consistent in both SEM (Figures 2c and 3c) and CLSM (Figures 4c
and 5c) images. The poorest gel network was found in ADG60% after 28 days storage, such structure
resulted in worst cohesiveness among all gel samples (Table 2, p < 0.05).

In general, the structural changing trend was consistent between SEM images and CLSM images.
The interactions between polyphenols and dairy proteins may be responsible to the microstructure
changes of acid induced milk protein gel. The impact of tea extract components on the acidified
gelation process is rather complicated as they affect both micro- and macro- structures at the same time.

4. Conclusions

The addition of black tea infusion as a nutritional ingredient to the acidified milk gel significantly
reduced EOS on day 1 at all addition levels. However, such advantage started disappearing for ADG45%

after 7 days of storage; after 28 days, only ADG15% showed similar EOS as the negative control gel and
other gels samples all had higher EOS. At 30% or higher incorporation rates of BTI, the texture of the
stirred gel became relatively softer and more brittle after 28 days of cold storage. Both phase stability
results and changing trend of texture can be explained by the micrographs, SEM and CLSM images
provided complementary information regarding the structural characteristics of BTI enriched milk gel
systems. These micrographs may be used as good references for future research about tea-enriched
ADG system (e.g., yogurt), since the microstructure features of such type of gel system have not yet
been extensively reported. The inclusion of BTI led to remarkable increases of the antioxidant activity
for the ADG samples. Such increased antioxidant activity is attributed to the increased TPC derived
from BTI. The antioxidant capacity obtained from BTI was relatively stable during a 4-week cold
storage. Overall, we recommend that 15% incorporation rate of BTI in ADG is the optimum. At this
rate, after 28 days storage, EOS and gel firmness was not compromised and WHC was even higher in
comparison with the negative control gel. Moreover, at the end of shelf life the TPC was increased
nearly 50% in ADG15% compared to ADG0%. Both similar and contradictory results were found in
literature resources regarding the impact of supplement of tea infusion on the texture of acidified milk
gel. Also, detailed mechanisms of interactions between tea infusion components and dairy proteins
remain unclear. Therefore, further research is still needed for revealing these mechanisms.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/9/6/831/s1,
Figure S1: Supplement Biplot of the PCA.
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Abstract: Recently, there is an increasing demand for functional yoghurts by consumer, especially
those produced through the incorporation of food of plant origin or its bioactive components.
The current research was devoted to formulating functional buffalo yoghurt through the addition of
0.1 and 0.2% of fenugreek (Trigonella foenum-graecum) seed flour (F1 and F2) and Moringa oleifera seed
flour (M1 and M2). The effects of fortification were evaluated on physicochemical, total phenolic
content (TPC), antioxidant activity (AOA), the viability of yoghurt starter, and sensory acceptability of
yoghurts during cold storage. Moringa oleifera seed flour had higher contents of TPC (140.12 mg GAE/g)
and AOA (31.30%) as compared to fenugreek seed flour (47.4 mg GAE/g and 19.1%, respectively).
Values of TPC and AOA significantly increased in fortified yoghurts, and M2 treatment had the
highest values of TPC (31.61, 27.29, and 25.69 mg GAE/g) and AOA (89.32, 83.5, and 80.35%) at 1, 7,
and 14 days of storage, respectively. M2 showed significantly higher antibacterial activity against
E. coli, S. aureus, L. monocytogenes, and Salmonella spp. and the zones of inhibition were 12.65, 13.14,
17.23 and 14.49 mm, respectively. On the other hand, control yoghurt showed the lowest antibacterial
activity and the zones of inhibition were (4.12, 5.21, 8.55, and 8.39 mm against E. coli, S. aureus, L.
monocytogenes, and Salmonella spp., respectively). Incorporation of 0.1% and 0.2% of moringa seed
flour (M1 and M2) led to a higher content of Ca, P, K, and Fe and lower content of Mg and Zn as
compared to F1 and F2, respectively. Thus, it could be concluded that fenugreek and Moringa oleifera
seed flour can be exploited in the preparation of functional novel yoghurt.

Keywords: functional yogurt; fenugreek and Moringa oleifera seed flours; total phenolic content;
antioxidant activity; antibacterial activity; mineral content

1. Introduction

Worldwide, yoghurt is considered one of the most popular fermented dairy products due to not
only for its nutritional value but also for its health benefits [1]. Buffalo milk is much preferred by
consumers for its rich nutrition and is drunk or transformed into valuable products such as cheese, curd,
yogurt, and ice cream. Buffalo milk contains about twice as much butterfat as cow milk and higher
amounts of total solids and casein, making it highly suitable for processing various types of yogurt
and resulting in creamy textures and rich flavor profiles. Although its many healthy and nutritious
impacts are well-established, milk and its products are generally not regarded as a rich source for
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particular bioactive ingredients such as polyphenols and antioxidants [2]. Thus, the formulation of
novel dairy products using medicinal herbs or their extracts has gotten more attention to meet the
demand of health-conscious consumers [3]. In this context, several new fermented dairy products
enhanced with plant-derived foods (fruit, vegetables, or even their by-products) have been created
and assessed [4]. Fenugreek (Trigonella foenum-graecum) is an annual plant indigenous to India and
North Africa which has a lengthy background of using a range of circumstances, including diabetes
and hyperlipidemia, as traditional herbal medicine. Fenugreek seeds and leaves are used in food as
well as in medicinal applications, which is an old practice of human history [5]. It is widely known
for its high fiber, gum, and other phytochemical components. Fenugreek seed dietary fiber, forms
about 25%, has beneficial effects on digestion and can also actually change the texture of the food.
In addition, polyphenol compounds such as rhaponticin and isovitexin [6], flavonoids, alkaloids,
amino acids, coumarins, vitamins, saponins, and other antioxidants are thought to be the main
bioactive elements in fenugreek seeds [7]. Fenugreek seeds are also a rich source for vitamins, minerals,
and antioxidants. Other fenugreek components include carbohydrates, principally mucilaginous fiber
(galactomannans), fixed oils (lipids), volatile oils, free amino acids, calcium, and iron, . . . ., etc. [8].
Antidiabetic, antioxidant, anticarcinogenic, hypoglycemic activity, hypocholesterolemic activity are the
major medicinal properties of the fenugreek demonstrated in various studies. Based on these several
healthful benefits, fenugreek can be recommended and be a part of our daily diet and incorporated
into foods to produce functional foods [9]. Thus, methi, ground fenugreek seed drink, was used in
ancient Egypt to ease birth and increase milk flow, and is still used by modern Egyptian women
today to ease menstrual cramps and in making hilba tea out of it to ease other types of abdominal
pain. Moringa (Moringa oleifera), a Moringaceae species drumstick plant, has several medicinal
advantages including injury healing, antitumor, hypotensive, anti-hepatotoxic, anti-inflammatory,
antiulcer, hypocholesterolaemic, antibacterial and anti-diabetes activities. Moringa oleifera has large
amounts of vitamin A, proteins, carbohydrates, minerals. Therefore; it is commonly used to improve
nutritional status. Moringa oleifera has multifunctional use and has vital nutritional, industrial and
medicinal applications [10]. Moreover, Moringa oleifera Lam. is a fast-growing tree with interesting
benefits for human health [11] Nutritionally, it is possible to combine all parts of Moringa oleifera (leaves,
seeds, fruits, immature pods, and flowers) with traditional food for human consumption [12]. In this
sense, Moringa oleifera or its extracts have been used to improve the nutritional value of yoghurt and
cottage cheese [13], with special reference to protein, fiber, and minerals [14]. Moringa oleifera is an
abundant source of polyphenols, flavonoids, minerals, alkaloids and proteins. Substances such as
bioactive carotenoids, tocopherols and vitamin C showed health-promoting potential in maintaining a
balanced diet and protecting against free-radical damage that might initiate many diseases [15].

Unlike moringa, which is deeply studied and incorporated in several forms to yoghurt formulations,
fenugreek has not yet been incorporated in yoghurt formulations. Consequently, the main objective
of this study was to develop a functional yoghurt fortified with fenugreek seed flour (0.1 and 0.2%)
and, for comparative purposes, yoghurt formulations fortified with Moringa oleifera seed flour
(0.1 and 0.2%). Then, the effect of fortification was assessed in both formulated yoghurts by exploring
the physicochemical characteristics, the viability of starter culture, as well as the mineral content and
antioxidant activity, during cold storage. Moreover, the antibacterial effect of yoghurt supernatant
was conducted against some pathogenic bacteria including E. coli, S. aureus, L. monocytogenes and
Salmonella spp.

2. Materials and Methods

2.1. Chemicals, Reagents, and Culture

Buffalo milk was obtained from the herd of the Faculty of Agriculture, Cairo University,
Cairo, Egypt. DVS ThermophilicYoFlex®starter culture consisting of Streptococcus thermophiles and
Lactobacillus delbrueckii subsp. bulgaricus (Chr. Hansen, Horsholm, Denmark) was used in yoghurt
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manufacturing. MRS agar and M17 agar, the media of agar plates used for pathogenic bacteria,
Salmonella Shigella agar for S. Typhimurium, mannitol salt agar for S. aureus, MacConkey sorbitol agar
for E. coli, and Oxford agar for L. monocytogenes, were obtained from Biolife Italiana (Milano, Italy).

All solvents used for extraction and analyses through this study were of analytical grade.
The reagent 2, 2-diphenyl-1-picrylhydrazyl (DPPH), Folin-Ciocalteu, and gallic acid were obtained
from Sigma-Aldrich (Sigma-Aldrich, Darmstad, Germany).

2.2. Seed Flours Preparation

Fenugreek and Moringa oleifera seeds were purchased from a local market at Giza, Egypt. They were
soaked in water for 15 min to remove impurities. The seeds were dehydrated in an air drier at 55 ◦C
and ground to obtain their flours which passed through a 60-mesh sieve to obtain a uniform material.
The flour was packed in polyethylene bags, and frozen (−18 ◦C) and used in yoghurt processing during
30 days.

2.3. Yoghurt Processing

Buffalo’s milk contains 6.1% fat, 3.9% protein, and 14.9% total solids (TS) were used for yoghurt
processing according to [16]. Fenugreek and Moringa oleifera seed flour were incorporated at 0.1–0.5%
to buffalo milk before heat treatment for 15 min as rehydration time with stirring. Then, it heat treated
until reaching 90 ◦C for 5 min, cooled to 42 ◦C, inoculated with DVS starter culture (2%), and incubated
at 42 ◦C ± 1 ◦C. After achieving a pH of 4.6 (~2.5–3 h), yoghurt samples were stored at 5 ◦C for
14 days. Sampling points were carried out at 1, 7 and 14 days of cold storage and subjected to chemical,
microbiological and organoleptic analyses at a regular interval of 7 days as well as the determination
of total phenolic content (TPC), antioxidant activity (AOA %). The antibacterial activity assay was
evaluated using fresh yoghurt supernatant (Yoghurt samples were centrifuged at 4 ◦C for 30 min at
4000 rpm (centrifuge model C-28 AC BOECO, Hamburg, Germany) and the supernatant was filtered
through a 0.45-μm Millipore membrane filter. The supernatant filtrates were kept at −20 ◦C until
analysis [17] while mineral content was estimated at 1 and 14 days of cold storage. All analyses were
carried out in triplicate.

2.4. Preliminary Study

After the manufacturing of the different formulations of yoghurt, a preliminary sensory evaluation
study was conducted to select the best formulations that will be used throughout the experiment. A
preliminary sensory evaluation study conducted on these yoghurt formulations showed that only
yoghurt formulations containing 0.1% and 0.2% of fenugreek and Moringa oleifera seed flours were
acceptable and observed that no precipitation found in the bottom of the cup after the period of
coagulation which means that the added amounts have been dissolved. Thus, only these formulations
were subjected to different analyses in the current research.

2.5. Analytical Methods of Seed Flours

2.5.1. Proximate Analysis

The proximate analysis of seed flours was determined according to the methods described in
AOAC [18]. Moisture, ash, and crude fiber contents were determined by the gravimetric method
(AOAC 934.01), dry incineration in a muffle furnace (AOAC 942.05), and soxhlet method (AOAC 954.02),
respectively. Protein content was determined by the Kjeldahl method (AOAC 976.05) and the obtained
results expressed the total nitrogen content that was multiplied with factor 6.25 to obtain the total
protein content. Total carbohydrate (TC) was calculated by difference (TC%) = 100 − (moisture +
protein + fat + ash).
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2.5.2. Individual Polyphenols

The individual polyphenols of fenugreek and moringa seed flour were identified using the HPLC
technique according to [19]. These compounds have been identified using HPLC by comparison with
the retention times of the mix standards of Gallic acid, Catechin, Gentisic acid, Protocatechuic acid,
Vanillic acid, Caffeic acid, Syringic acid, Chlorogenic, and p-Coumaric acid. We extracted 5 g of
fenugreek and moringa seed flour with methanol (50 mL) and centrifuged it for 10 min at 1000 rpm
(centrifuge model C-28 AC BOECO, Hamburg, Germany). The supernatant was filtered through a
0.2 μm Millipore membrane filter. 20 μL of the filtrate was injected into HPLC on Gemini-Nx 5u, C18,
250 × 4.6 mm column operated at 30 ◦C. Analyses were performed on the liquid chromatography
HPLC Knauer, Germany, UV detector at 284 nm. The separation is achieved using a ternary linear
elution gradient with (A) HPLC grade water 0.2% H3PO4 (v/v) (96%), (B) methanol (2%) and
(C) acetonitrile (2%). The injected volume was 20 μL.

2.5.3. TPC and AOA

For the determination of TPC and AOA, 100 mL of an aqueous methanolic solution (75%) was
poured into a beaker containing 10 g of seeds flour. The beaker was covered using aluminum foil with
allow stirring for 30 min. Then, it was filtered using a Whatman No. 1 filter paper. The filtrate was
used in the determination of TPC and AOA. TPC was determined by using Folin-Ciocalteau reagent
according to the method described by [20] and the results expressed as mg GAE/g of the sample using
Gallic aid as a reference standard. While AOA% was evaluated by using DPPH according to [21].

2.6. Analytical Methods of Milk and Yoghurt Samples

2.6.1. Physicochemical Analysis

All chemical analyses of buffalo milk and yoghurt samples were carried out in triplicate.
TS, fat and protein contents of milk used for the yoghurt production were determined according
to [22]. The pH values of yoghurt samples were measured by pH meter (Hanna, digital pH
meter, Barcelona, Spain) while titratable acidity (as lactic acid %) was determined according to [19].
Syneresis was estimated according to [23].

2.6.2. Susceptibility to Syneresis (STS)

STS of yoghurt samples was determined according to the method described by [23]. The following
formula was used to calculate STS:

STS = (V1/V2) × 100

where: V1 = Volume of whey collected after drainage; V2 = Volume of yoghurt sample.

2.6.3. Phenolic Extraction and TPC and AOA Estimation

Control yoghurt and fortified yoghurt samples were extracted for obtaining the phenolic
compounds according to the method described by [24]. In brief, ten grams of yoghurt samples
were extracted with 100 mL of aqueous methanolic solution (75%) in a beaker wrapped with aluminum
foil with allow stirring for 15 min with vortex-mixer (VELP Scientific, Usmate Velate, Italy). Then,
the mixture was centrifuged at 4 ◦C for 10 min at 7200 rpm. The obtained supernatants were filtered
by Whatman No.1 and the collected methanolic extracts were used in TPC and AOA assay as follows:

TPC of Yoghurt

TPC of yoghurt samples was determined using the micro-scale Folin–Ciocalteau method described
by [25]. TPC values were expressed as mg GAE/g based on a gallic acid standard curve.
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AOA of Yoghurt

Antioxidant activity was carried out according to [26] with slight modification. In brief, an aliquot
(1.5 mL) of the obtained methanolic extract (of the yoghurt sample) was mixed with 1.5 mL of DPPH
solution and was kept in the dark for 30 min at ambient temperature. The absorbance of the solution
was then measured by a spectrophotometer at 517 nm. The percentage decrease in absorbance of the
sample relative to the control was calculated as the relative scavenging activity [27].

2.6.4. Yoghurt’s Minerals Content

P, Ca, K, Fe, Zn, and Mg were determined by inductively coupled plasma–atomic emission
spectrometry (ICP-OES) using iCAP 6000 Series (Thermo Scientific, New York, NY, USA) according
to [28] as follow: Samples (0.5 g) were digested with 7 mL of HNO3 (65%) and 1 mL of H2O2

(30%) (Sigma-Aldrich, St Louis, MO, USA) in ETHOS1 advanced Microwave Digestion system
(Milestone, USA) for 31 min and diluted to 100 mL with deionized water [29]. Blank digestion was
carried out in the same way (digestion conditions for microwave system were: 2 min for 250 W,
2 min for 0 W, 6 min for 250W, 5 min for 400 W, 8 min for 550 W, vent: 8 min, respectively).
Analysis of trace elements in yoghurt samples was performed by inductively coupled plasma-atomic
emission spectrometry using iCAP 6000 Series (Thermo Scientific, New York, NY, USA). All samples
were analyzed in triplicates by ICP-OES. The operational parameters were as follow: RF applied
power 1150 (W), Argon external flow rate 12 (L min−1), Argon intermediate flow rate 0.50 (L min−1),
Argon nebulizer flow rate 0.70 (L min−1), Integration time 5 (s), sample uptake delay 30 (s),
stabilization time 5 (s) and sample uptake rate 1.0 (mL min−1).

2.6.5. Microbiological Analysis

Viable counts of S. thermophilus and L. delbrueckii subsp. bulgaricus in yoghurt samples at
different sampling points were determined using the standard plate count method according to [30].
M17 and MRS agar culture media were used for the enumeration of S. thermophilus and L. bulgaricus,
respectively. The plates were incubated in anaerobic conditions at 42 ◦C for 48 h or 37 ◦C for 72 h for
the enumeration of S. thermophilus and L. bulgaricus, respectively. The results were expressed as log
number of colony-forming units per g (cfu/g).

2.6.6. Antibacterial Activity of Yoghurt Supernatant

For studying the antibacterial activity of yoghurt supernatant, yoghurt samples were subjected to
centrifugation at 4000 rpm for 30 min at 4 ◦C (centrifuge model C-28 AC BOECO, Hamburg, Germany).
The obtained supernatants were filtered using Millipore membrane filter of 0.45-μm diameter.
The supernatant filtrates were used in determining the antibacterial activity against some pathogens
(E. coli, S. aureus, L. monocytogenes and S. Typhimurium). The media of agar plates used in this study were
Salmonella shigella agar for S. typhimurium, mannitol salt agar for S. aureus, MacConkey sorbitol agar
for E. coli, and Oxford agar for L. monocytogenes [31]. A 100-μL diluted yogurt sample was spread on
agar plates. After incubation at 37 ◦C for 2 days, the cell colonies were counted. Antimicrobial activity
was evaluated by measuring the zones of inhibition against the tested bacteria (mm). Each assay was
carried out in triplicate.

2.6.7. Sensory Evaluation

Twelve trained panelists belonging to the staff member of Dairy Science Dept., Faculty of
Agriculture, Cairo University were recruited for assessing the sensory descriptors of plain and
fortified-yoghurts on days 1, 14 of cold storage [32]. All these trained panelists were food technology
experts and were chosen based on their desire to participate and their knowledge about dairy products.
They were frequent yoghurt consumers and did not have any allergies to it. Moreover, the panelists
were subjected to two training sessions to study and discuss the various tested sensory descriptors
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including the changes in color, texture, and flavor of yoghurt samples. The panelists were instructed to
wash their mouths with low sodium spring water (Safi, Egypt) during the sensory evaluation session
and they were encouraged to write down any criticisms on the tested products.

Plain- and fortified-yoghurt samples were presented in plastic coded (three-digit random codes)
cups. Each cup contains 50 mL of yoghurt samples that freshly removed from the refrigerator.
The panelists were asked to evaluate the samples using a five-point scale where 1 = I do not like
it at all, 5 = I like it extremely. The sensory evaluation of the different descriptors relied on the
pre-selected descriptors: color and appearance (wheying-off, white color, reddish color), mouthfeel
(ropy, uniform coagulum), body and texture (absence of curd homogeneity, lumps, bubbles), taste and
flavor (sweetness, acidity, bitterness), and overall acceptability (the sum of all the character’s results).
The sensory evaluation was conducted using a comparative test and fresh yoghurt as a reference
sample. The data were collected in specifically designed ballots.

2.7. Statistical Analysis

The obtained data were statistically analyzed with two-way ANOVA to identify the significant
differences between the means of samples and storage period. All data were expressed as a mean ±
standard deviation of three replicates. The means of results were compared by the Tukey test with a
confidence interval set at 95%.

3. Results and Discussion

3.1. Composition, TPC and AOA of Seed Flours

The data are shown in Table 1 display the nutritional composition, total phenolic content (TPC,
mg GAE/g) and antioxidant activity (AOA %) of fenugreek and Moringa oleifera seed flours. These data
indicated that fenugreek seed flour had a higher content of moisture (5.30%) and crude fiber (5.88%)
while Moringa oleifera seed flour had a higher protein content (33.37%), oil (42.56%), ash (4.33),
TPC (140.12 mg GAE/g) and antioxidant activity (31.30%). Similar data previously reported by [33]
demonstrated that Moringa oleifera seed has higher protein content (ranging between 27–33%) and is a
good source of phytochemicals. Seeds of Moringa oleifera could be employed in dairy products since
the seed incorporation resulted in limited color changes in the fortified products [34], especially when
a lower amount of Moringa oleifera seed flour was incorporated. Our findings are in general agreement
with those found by [35] who reported slightly higher amounts of protein, fat, ash and fiber of moringa
seed powder. The later authors reported lower TPC and slightly higher antioxidant activity of moringa
seed powder. The current results showed that total carbohydrates were 56.2% and 17.29% for fenugreek
and Moringa seed flours, respectively. These data are in general accordance with [36,37]. The variations
in the present study outcomes could be attributed to polyphenolic compound extraction methods,
solvent degree polarity, plant geographic locations, and plant species. Unlike Moringa, Fenugreek is
less studied especially in terms of its addition to dairy products. Generally, the nutritional composition
(moisture, protein, fat, ash, and fiber) of fenugreek seed flour is in general agreement with that reported
by [38] which indicated slightly higher fat content in Fenugreek seed. [39] reported a higher TPC
content of fenugreek seeds (85.88 mg GAE/g) as compared to our obtained data (47.40 mg GAE/g).
Thus, it has a higher antioxidant activity due to its higher content of polyphenolic compounds [40].
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Table 1. Nutritional composition, total phenolic content (TPC, mg GAE/g) and antioxidant activity
(AOA %) of fenugreek and Moringa oleifera seed flour.

Parameter Fenugreek Seed Flour M. oleifera Seed Flour

Moisture (%) 5.3 ± 0.34 2.45 ± 0.04
Protein (%) 30.7 ± 0.13 33.37 ± 0.05

Oil (%) 4.4 ± 0.26 42.56 ± 0.11
Ash (%) 3.4 ± 0.15 4.33 ± 0.04

Crude fiber (%) 7.70 ± 0.22 4.50 ± 0.2
Total carbohydrates (%) 56.2 ± 0.75 17.29 ± 0.5

TPC (mg GAE/g) 47.4 ± 0.22 140.12 ± 0.1
Antioxidant activity (%) 19.1 ± 0.66 31.3 ± 0.22

Values are mean ± SD of three independent replicates. GAE: gallic acid equivalent. Total carbohydrates (TC) = 100
− (moisture + protein + fat + ash).

3.2. Individual Phenolic Compounds of Seed Flours

Phenolic compounds of seed flours obtained from fenugreek and Moringa oleifera were quantified
by HPLC and are shown in Table 2. It was observed that different plants have various phenolic
compounds and these compounds are associated with their antioxidant activity. The current results
revealed that gallic acid, catechin, and protocatechuic acid are the dominant compounds detected in
both seed flour. In moringa seed flour, gallic acid showed the highest concentration (17.34 mg/100 g)
followed by epicatechin, caffeic acid, p-coumaric acid, catechin, and protocatechuic acid. However,
gentisic acid, vanillic acid, syringic acid and chlorogenic were not detected. On the other hand,
in fenugreek seed flour, vanillic acid showed the highest concentration (57.33 mg/100 g) followed
by gentisic acid, protocatechuic acid, gallic acid, chlorogenic, catechin and syringic acid. However,
caffeic acid, p-coumaric acid and epicatechin were not detected.

Table 2. Individual phenolic compounds (mg/100 g) of fenugreek and Moringa oleifera seed flours.

Compound Fenugreek Seed Moringa Seed Flour

Gallic acid 1.83 ± 0.02 17.34 ± 0.17
Catechin 0.54 ± 0.01 0.343 ± 0.001

Gentisic acid 36.3 ± 0.36 BDL 1

Protocatechuic acid 4.32 ± 0.04 0.29 ± 0.001
Vanillic acid 57.33 ± 0.57 BDL 1

Caffeic acid BDL 1 3.21 ± 0.03
Syringic acid 0.41 ± 0.001 BDL 1

Chlorogenic 0.63 ± 0.01 BDL 1

p-Coumaric acid BDL 1 0.45 ± 0.001
Epicatechin BDL 1 7.74 ± 0.08

1 BDL: below the detection limit.

3.3. Changes in Yoghurt’s pH and Titratable Acidity

As shown in Table 3, the data revealed that the values of acidity gradually increased significantly
while the values of pH gradually decreased significantly as cold storage progressed. These changes
were considerable at seven days of cold storage and correlated with the progress in cold storage time as
well as the added amount of fenugreek and moringa seed flours. Changes in acidity and pH values are
well-known to be associated with the growth of yoghurt starter culture and other lactic acid bacteria
and their ability to break down carbohydrate substances and organic acids formation [41]. Ref. [42]
indicated that yoghurt culture is active even at low temperatures and can ferment lactose into lactic
acid, resulting in pH reduction and acidity formation. Furthermore, the findings revealed that the
incorporation of fenugreek seed flour resulted in higher pH values compared to plain yoghurt and
moringa-containing yoghurt over 14 days during cold storage. This could be linked to the enhanced
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buffering capacity that occurred by the high protein content of fenugreek seed flour [43]. The changes
reported for acidity and pH are generally associated with lactic acid bacteria contained in fermented
dairy products. It is therefore of great importance to retain the viability of lactic acid bacteria and to
keep their viable numbers at a higher rate to produce their health-promoting activities that reflect on
consumer health.

Table 3. pH, titratable acidity (TA%) and syneresis (%) of yoghurt fortified with fenugreek and Moringa
oleifera seed flours during cold storage.

Treatment
pH Titratable Acidity (TA, %) Syneresis (%)

d 1 d 7 d 14 d 1 d 7 d 14 d 1 d 7 d 14

C 4.59 ±
0.1 d

4.40 ±
0.14 g

4.10 ±
0.13 m

0.86 ±
0.05 h

0.95 ±
0.06 f

1.06 ±
0.07 c

9.82 ±
0.62 f

11.30 ±
0.71 b

12.39 ±
0.78 a

F1 4.64 ±
0.1 c

4.42 ±
0.1 f

4.13 ±
0.13 l

0.82 ±
0.05 jk

0.84 ±
0.05 i

0.85 ±
0.0 j

8.74 ±
0.5 j

9.60 ±
0.60 g

10.85 ±
0.68 b

F2 4.68 ±
0.15 b

4.44 ±
0.14 f

4.16 ±
0.14 k

0.80 ±
0.05 k

0.82 ±
0.05 jk

0.83 ±
0.05 ij

8.35 ±
0.52 k

8.64 ±
0.54 j

9.99 ±
0.63 e

M1 4.58 ±
0.15 d

4.33 ±
0.14 h

4.04 ±
0.13 n

0.92 ±
0.06 g

1.01 ±
0.06 d

1.09 ±
0.07 b

9.32 ±
0.58 h

9.89 ±
0.62 ef

11.33 ±
0.71 b

M2 4.74 ±
0.15 a

4.52 ±
0.15 e

4.25 ±
0.14 i

0.98 ±
0.06 e

1.06 ±
0.07 c

1.11 ±
0.07 a

9.03 ±
0.57 i

9.51 ±
0.60 g

10.66 ±
0.67 d

Values are means ± SD of three independent replicates. Means with different superscripts are significantly different
(p < 0.05). C: plain yogurt, F1 and F2: yoghurt fortified with 0.1 and 0.2% fenugreek seed flour. M1 and M2: yoghurt
fortified with 0.1 and 0.2% Moringa oleifera seed flour.

3.4. Yoghurt Syneresis

Syneresis is the main yoghurt problem that happens due to the weak protein network that
contributes to a reduction in whey protein connection intensity, hence its separation from the body of
yoghurt [44]. The data that existed in Table 3 indicated that whey separation of the tested samples
increased significantly with the progress of cold storage time. The separation of whey reduced by
adding seed flours. The data indicated that incorporation of fenugreek seed flour led to lower syneresis
than that obtained by incorporation of moringa seed flour. This may be due in part to the soluble fiber
content of fenugreek seed flour that provides the properties of texture and thickening. The addition
of xanthan gum [45] or quince seed mucilage [46] has reported a similar reduction in yoghurt whey
separation. Ref. [47] showed that low-solid yoghurt tends to be more synerestic than high-solid
yoghurt. In this sense, yoghurt samples containing fenugreek or moringa seed flours had higher total
solids that could bind the released whey and thus inhibit whey drainage [48].

3.5. TPC and AOA of Yoghurt

Because milk and fermented dairy products are not known to contain polyphenols, it is useful
to enrich them by adding food of a plant origin. Thus, the nutritional and functional values of the
resulting products will be improved. Incorporation of fenugreek and moringa seed flours increased
both TPC and AOA as shown in Figure 1. Moringa seed flour-fortified yoghurt showed the highest
TPC and AOA followed by fenugreek-fortified yoghurt as compared to plain yoghurt. The more seed
flours incorporated, the higher TPC and AOA values obtained. The current findings showed that the
values of TPC and AOA decreased with the progress of cold storage. Ref. [49] reported high radical
scavenging activity of fenugreek seed flour. Ref. [50] found that Moringa oleifera is a great source of
multiple bioactive compounds including polyphenolic antioxidant compounds. The current findings
are consistent with those reported by [51], which showed that the addition of Moringa oleifera extract
increased TPC in fortified yoghurt as compared to plain yoghurt and thus reflected as higher AOA.
Interestingly, the interactions between LAB and phenolic compounds represent another factor in the
formation and degradation of phenolic compounds. In this context, [52] reported that the fermentation
of milk by yoghurt starter culture has produced interesting findings regarding the formation and
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degradation of phenolic compounds. In fact, moringa leaves are known to be rich in bioactive
components including quercetin and kaempferol, among others, which display strong antioxidant
properties [53]. The current data support previous findings demonstrating that food of plant origin
such as fenugreek and Moringa oleifera seeds are rich sources of polyphenols compounds associated
with its strong antioxidant activity and thus are suitable for producing bioactive yoghurt products.

Figure 1. (A)Total phenolic content (TPC, mg GAE/g) and (B) antioxidant activity (AOA %) of yoghurt
fortified with fenugreek and moringa seed flours during cold storage. Values are mean ± SD of three
independent replicates. Lines chart with different letters are significantly different (p < 0.05). F1 and F2:
yoghurt fortified with 0.1 and 0.2% fenugreek seed flour. M1 and M2: yoghurt fortified with 0.1 and
0.2% Moringa oleifera seed flour.

3.6. Mineral Contents of Yoghurt

The results presented in Table 4 displayed that the incorporation of fenugreek and moringa
seeds flour led to increasing mineral (Ca, P, K, Mg, Zn, and Fe) content of the various products as
compared to plain yoghurt. Mineral content increased with increasing the added amount of seed flours.
Incorporation of 0.1% and 0.2% of moringa seed flour (M1 and M2) led to a higher content of Ca, P, K and
Fe and lower content of Mg and Zn as compared to F1 and F2, respectively. This trend was observed at
1, 7 and 14 days of cold storage. Generally, mineral content increased with the progress of cold storage
time. Generally, it was observed that seeds of Moringa oleifera and Fenugreek [54] have elevated levels
of dietary minerals. Recently, it was observed that yoghurt mousses fortified with chia seeds contain
higher amounts of minerals as compared with the control yoghurt mousse [55]. The supplementation of
yoghurt and dairy products with the seeds flour of fenugreek and Moringa oleifera increased its mineral
content. However, no information exists in the literature concerning the mineral content resulted from
yoghurt supplementation with food of plant origin including Moringa oleifera or fenugreek. As far as
we know, the current research is the first study which used fenugreek seed flour in formulating a novel
functional yoghurt. Because of the above-mentioned, seed flours represent a rich source of several
nutrients and bioactive components and can be easily incorporated into fermented dairy products in
order to improve its nutritional and functional values.
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Table 4. Minerals content (mg\kg) of yoghurt fortified with fenugreek and moringa seed flours during
cold storage.

Sample
Storage Time

(Days)

Minerals (mg/kg)

Ca P K Mg Zn Fe

C
d 1 1426.66 ±

14.26 j
1250.00 ±

12.50 j
578.45 ±

5.78 j
140.93 ±

1.4 j
0.40 ±
0.004 g

4.90 ±
0.049 h

d 14 1680.66 ±
16.80 h

1310.00 ±
13.10 g

647.46 ±
6.47 i

187.56 ±
1.87 d

0.55 ±
0.006 d

5.40 ±
0.054 g

M1
d 1 1760.00 ±

17.60 f
1303.00 ±

13.03 h
701.08 ±

7.01 g
142.34 ±

1.42 i
0.40 ±
0.004 g

5.94 ±
0.059 e

d 14 1880.33 ±
18.80 c

1375.72 ±
13.75 d

784.72 ±
7.84 c

189.44 ±
1.89 d

0.56 ±
0.006 c

6.54 ±
0.065 c

M2
d 1 1840.00 ±

18.40 d
1333.30 ±

13.33 e
771.19 ±

7.71 e
146.57 ±

1.46 g
0.42 ±
0.004 e

6.53 ±
0.065 c

d 14 2046.66 ±
20.46 a

1413.29 ±
14.13 a

863.19 ±
8.63 a

195.06 ±
1.95 b

0.57 ±
0.006 b

7.20 ±
0.072 a

F1
d 1 1640.00 ±

16.40 i
1300.00 ±

13.0 i
694.14 ±

6.94 h
143.75 ±

1.44 h
0.41 ±
0.004 f

5.88 ±
0.059 f

d 14 1768.66 ±
17.68 e

1372.00 ±
13.70 c

776.95 ±
7.76 d

191.31 ±
1.91 c

0.56 ±
0.006 c

6.48 ±
0.065 d

F2
d 1 1753.33 ±

17.53 g
1330.00 ±

13.30 f
763.55 ±

7.63 f
147.98 ±

1.48 f
0.42 ±
0.004 e

6.47 ±
0.065 d

d14 1933.33 ±
19.33 b

1409.20 ±
14.09 b

854.65 ±
8.54 b

196.938 ±
1.97 a

0.58 ±
0.006 a

7.13 ±
0.071 b

Values are means ± SD of three independent replicates. Means with different superscripts are significantly different
(p < 0.05). C: plain yogurt, F1 and F2: yoghurt fortified with 0.1 and 0.2% fenugreek seed flour. M1 and M2: yoghurt
fortified with 0.1 and 0.2% Moringa oleifera seed flour.

3.7. Viability of Yoghurt Culture

The growth and viability of probiotics and yoghurt starter culture are affected by the addition
of certain compounds and this correlation has been discovered to be both species-and strain-specific.
However, there has been insufficient investigation into the impact of added commercial and natural
preparations on the survival and viability of bacteria [56]. In this regard, the viable counts of
S. thermophilus and L. bulgaricus were determined to identify the effect of fenugreek and moringa
seed flours incorporation on the viable counts of yoghurt culture. As can be seen in Figure 2,
significant differences were noted in the viability of yoghurt culture in the various yoghurt samples.
Unexpectedly, the obtained data displayed that the addition of moringa seed flour significantly
increased the viable counts of S. thermophilus and L. bulgaricus. Moreover, fenugreek seed flour addition
significantly increased the viable counts of these bacteria than control and yoghurt fortified with
moringa (Figure 2). S. thermophilus and L. bulgaricus displayed higher viability at 7 days then its viability
declined at final storage time (14 days) keeping higher viable counts (ranged between 5.8 to 13.3 log
cfu/g for S. thermophilus and 4.2 to 7.9 log cfu/g for L. bulgaricus). Generally, [57] reported that the viable
counts of Streptococcus in yoghurt was significantly greater than that of Lactobacillus. A decrease in the
viable number of yoghurt bacteria during cold storage was reported by [58]. The nutrients existing
in the food are among the factors that influence the viability of lactic acid bacteria. So, it is expected
that using plant derivatives in yoghurt formulation led to increasing the viability of Streptococcus
and Lactobacillus. This increased viability can be attributed to the polyphenols and fiber that food
of a plant origin contains, among other reasons. In this sense, Fenugreek seed is well-known for its
elevated fiber, gum content and other phytochemicals [6] and thus has the opportunity to improve
viable counts of these bacteria as reported in the current research. This is why dietary fiber provided
additional sources of carbohydrates and acts as fermentable substrate leading to lactic acid bacteria
growth. Similar results previously reported by [59] demonstrated this effect of dietary fiber on the
viability of lactic acid bacteria in yoghurt incorporated with pineapple dietary fiber.
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Figure 2. Viable counts (log CFU/g) of S. thermophiles and L. delbrueckii subsp. bulgaricus yogurt fortified
with Moringa oleifera seeds flour (A) or Fenugreek seed flour (B). Values are mean ± SD of three
independent replicates. Chart bars with different letters are significantly different (p < 0.05). F1 and F2:
yoghurt fortified with 0.1 and 0.2% fenugreek seed flour. M1 and M2: yoghurt fortified with 0.1 and
0.2% Moringa oleifera seed flour.

Regarding the concern related with the possibility of survivability of some bacterial spores after
heat treatment of yoghurt milk, it was demonstrated that the more intense heat treatment applied in
yoghurt production (90–95 ◦C for 5 min) led to killing most vegetative microorganisms [60] while
the bacterial spores survive. However, many different typologies of dairy products such as yoghurt,
cheese, pasteurized milk are not suitable for the germination of the inoculated spores. This effect can
be attributed to the low pH (<5) and the presence of natural microflora [61].

3.8. Antibacterial Activity

The results of the antibacterial activity were measured by the agar well diffusion method, and the
results are expressed as an inhibition zone diameter (mm) (Table 5). Yoghurt fortified with moringa and
fenugreek seed flour exhibited higher antibacterial activity compared to control yoghurt. Moreover,
yoghurt fortified with moringa (M2) showed significantly higher antibacterial activity against all
studied pathogenic microorganisms and the zones of inhibition were (12.65, 13.14, 17.23, and 14.49 mm)
for E. coli, S. aureus, L. monocytogenes and Salmonella spp., respectively, compared to the yoghurt
fortified with fenugreek seed flour and control yoghurt. These results are in close agreement with other
findings obtained by [62]. Ref. [63] characterized a coagulant protein that showed both flocculating
and antimicrobial effects of ~99% reduction of the bacterial population. Ref. [64] also identified a
peptide derived from Moringa oleifera and has antibacterial activity against specific human pathogens.

Table 5. Antibacterial activity of yoghurts fortified with fenugreek and moringa seed flours during
cold storage.

Treatment
Inhibition Zone Diameter (mm)

E. coli S. aureus L. monocytogenes S. typhimurium

C 4.12 ± 0.34 e 5.21 ± 0.54 e 8.55 ± 0.53 de 8.39 ± 0.62 de

F1 5.21 ± 0.43 e 6.26 ± 0.42 e 13.45 ± 0.52 c 10.15 ± 0.63 d

F2 6.24 ± 0.46 e 7.77 ± 0.65 e 14.22 ± 0.93 c 12.23 ± 0.63 cd

M1 9.33 ± 0.52 d 10.33 ± 0.35 d 21.34 ± 0.54 a 18.45 ± 0.52 ab

M2 12.65 ± 0.54 cd 13.14 ± 0.54 c 17.23 ± 0.63 b 14.49 ± 0.33 c

Values are means ± SD of three independent replicates. Means with different superscripts are significantly different
(p < 0.05). C: plain yogurt, F1 and F2: yoghurt fortified with 0.1 and 0.2% fenugreek seed flour. M1 and M2: yoghurt
fortified with 0.1 and 0.2% Moringa oleifera seed flour.
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3.9. Sensory Evaluation

The sensory assessment of yoghurt and other dairy products is the cornerstone of consumer
acceptance. The sensory acceptance of yoghurt fortified with fenugreek and Moringa oleifera seeds
flours was shown in Table 6. In general, the plain yoghurt sample (C) had the highest degree for the
descriptors tested (color, mouthfeel, body and texture, taste and flavor, and overall acceptability) at
1 and 14 days of cold storage compared to the yoghurt samples fortified with fenugreek (F1 and F2)
and Moringa oleifera (M1 and M2) seed flours. The various treatments gained lower degrees of sensory
evaluation with the progress of cold storage time. Regarding the overall acceptability, the highest value
was obtained for plain yoghurt samples and followed by M1 and F1. Despite the decline in all tested
descriptors at the final stage of cold storage, the panelists retain high acceptability for the various
yoghurt samples. This observed decline in the tested descriptors could be due to the increased acidity
at the final storage time that prevents the formation of aromatic components [65]. It could also be
clarified in part by the decline in yoghurt acetaldehyde concentration as cold storage progresses [66].

Table 6. Sensory acceptability of yoghurt fortified with fenugreek and Moringa oleifera seed flours
during cold storage.

Treatment
Storage Time

(days)
Color Mouthfeel Body and Texture Taste and Flavor Overall Acceptability

C
d1 4.8 ± 0.10 a 4.62 ± 0.10 a 4.72 ± 0.10 a 4.72 ± 0.10 a 4.7 ± 0.1 a

d14 4.7 ± 0.10 b 4.62 ± 0.10 a 4.62 ± 0.10 b 4.52 ± 0.09 a 4.6 ± 0.1 b

F1
d1 4.3 ± 0.09 c 4.43 ± 0.09 b 4.52 ± 0.09 b 4.23 ± 0.09 c 4.4 ± 0.1 c

d14 4.0 ± 0.08 d 4.23 ± 0.09 c 4.43 ± 0.09 b 4.13 ± 0.09 c 4.2 ± 0.09 d

F2
d1 4.1 ± 0.09 d 4.13 ± 0.09 d 4.62 ± 0.10 b 4.13 ± 0.09 d 4.3 ± 0.09 d

d14 3.9±0.08 d 4.03±0.08 e 4.52±0.09 c 4.33±0.09 d 4.2±0.09 e

M1
d1 4.5 ± 0.09 f 4.33 ± 0.09 e 4.33 ± 0.09 c 4.23 ± 0.09 e 4.4 ± 0.1 f

d14 4.1 ± 0.09 f 4.03 ± 0.08 f 4.62 ± 0.10 d 4.03 ± 0.08 e 4.2 ± 0.1 f

M2
d1 4.2 ± 0.09 f 4.13 ± 0.09 f 4.62 ± 0.10 d 4.33 ± 0.09 e 4.3 ± 0.1 f

d14 4.1 ± 0.09 f 4.03 ± 0.08 f 4.43 ± 0.09 e 4.13 ± 0.09 f 4.2 ± 0.09 f

Values are means ± SD of three independent replicates. Means with different superscripts are significantly different
(p < 0.05). C: plain yoghurt, F1 and F2: yoghurt fortified with 0.1 and 0.2% fenugreek seed flour, M1 and M2:
yoghurt fortified with 0.1 and 0.2% Moringa oleifera seed flour.

In the light of the accumulated information, fenugreek and Moringa oleifera seed flours are generally
recognized as safe (GRAS) by the FDA. However, it should be taken into account that fenugreek
parts are not suitable for medicinal use due to the scarcity of clinical studies. Fenugreek reacts with a
wide range of drugs, thus requiring medical advice regarding consumption on an individual basis.
Even though no fenugreek adverse effects on human has been reported to date, testing of fenugreek
toxicity effect on liver histology in animal models is the first step to open the window for future clinical
trials to investigate the safety of fenugreek for applied medical uses.

4. Conclusions

In view of the findings obtained by the current research, it could be concluded that seeds flour of
fenugreek and Moringa oleifera can be incorporated for formulating novel functional yoghurt. The fiber
and phytochemical nutrients present in these seed flours can improve the viability of yoghurt culture
since it acts as fermentable substrates for LAB. Its incorporation led to increased TPC and AOA without
decreasing its sensory acceptability. In addition, yoghurt supplemented with moringa and fenugreek
showed significantly higher antibacterial activity against all studied pathogenic microorganisms
compared with control yoghurt. Moreover, mineral content increased through the incorporation of
these seed flours. Finally, novel fermented milk products with high nutritional and functional values
can be obtained through using seed flour of fenugreek and Moringa oleifera.
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Abstract: Rubus suavissimus S. Lee leaves, also known as Chinese sweet tea or Tiancha, are used
in folk medicine in southern China. This study evaluated the impact of the addition of Chinese sweet
tea extract (0.25%, 0.5%, and 1%) on the chemical composition, organoleptic properties, yogurt culture
viability, and biological activities (i.e., antioxidant, anticancer, and antihypertensive activities) of
yogurt. Seven phenolic compounds were reported in Chinese sweet tea for the first time. The numbers
of the yogurt culture were similar across all yogurt treatments. The yogurt supernatant with 0.25%,
0.5%, and 1% Chinese sweet tea extract had a total phenolic content that was 3.6-, 6.1-, and 11.2-fold
higher, respectively, than that of the control yogurt. The biological activities were significantly
increased by the addition of Chinese sweet tea extract: Yogurt with the addition of 1% Chinese
sweet tea extract had the highest biological activities in terms of the antioxidant activity (92.43%),
antihypertensive activity (82.03%), and inhibition of the Caco-2 cell line (67.46%). Yogurt with the
addition of 0.5% Chinese sweet tea extract received the highest aroma and overall acceptability scores.
Overall, Chinese sweet tea extract is a promising food ingredient for producing functional yogurt
products that may substantially contribute to reducing the risk of developing chronic diseases such
as cancer and cardiovascular disease.

Keywords: Rubus suavissimus S. Lee (Chinese sweet tea); yogurt; antioxidant; anticancer;
antihypertensive

1. Introduction

Phytochemicals are produced by plants as secondary metabolites to protect themselves from
microbial attack and to control environmental stress. Among these phytochemicals, phenolic compounds
exhibit various biological activities, including antioxidant, anticancer, antiviral, anti-allergic,
antihypertensive, anti-inflammatory, and antidiabetic activities. These compounds are commonly
present in vegetables, cereals, herbs, fruits, and green and black teas; due to their biological activities,
they are used as natural additives in the food and pharmacology industries [1].

Rubus suavissimus S. Lee originates from the south of China and is widely planted in the Guangxi
and Guizhou provinces. Due to its sweet taste, the leaves of Rubus suavissimus S. Lee are commonly
used in Chinese sweet tea, which is locally referred to as Tiancha [2]. Its sweet taste is mainly attributed
to rubusoside, a diterpene glucoside, which is 115 times sweeter than sucrose [3]. Chinese sweet tea is
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generally used in folk medicine for a wide range of diseases—i.e., coughs, diabetes, and atherosclerosis
(high blood pressure)—as well as to promote kidney function. Moreover, different biological activities of
Chinese sweet tea—i.e., antioxidant, anti-allergic, anti-inflammatory, anticancer activity, antiangiogenic,
antidiabetic, and anti-obesity activities—have been reported [3–6]. These biological activities are linked
to the presence of various bioactive components in Chinese sweet tea, including gallic acid, ellagic acid,
rutin, kaempferol, caffeic acid, quercetin, rubusoside, and steviol monoside [3]. Recently, 14 new
phenolic compounds in Rubus suavissimus S. Lee, including protocatechuic acid, myketin, epicatechin,
vanillic acid, apigenin, catechin, ferulic acid, luteolin, 3, 3′-di-O-methylellagic acid, chlorogenic acid,
3, 3′-di-O-methylellagic acid-4′-O-β-D-glucoside, cinnamic acid, and syringate, have been identified [5].

Novel dairy products with multifunctional properties and health-promoting benefits are in high
demand due to the increase in consumer health awareness. Yogurt is the most popular fermented
milk, and although it has a high nutritional value and health benefits, it is a poor source of phenolic
compounds. Therefore, yogurt fortified with plant materials as a natural source of phytochemicals is
a new trend to increase its nutritional and functional properties. In this context, various studies have
been carried out to produce yogurt supplemented with plant extracts that are rich in phytochemicals.
Most of these studies have focused on the antioxidant activity of the supplemented yogurt as
a direct effect of the addition of plant extracts. For instance, grape and grape callus extracts [7],
moringa extract [8], cinnamon powder [9], and green and black teas [10–12] have been used to produce
yogurt with a high antioxidant activity. Furthermore, grape seed and Siraitia grosvenorii fruit extracts,
as a source of phytochemicals, have been used to prepare functional yogurts with high biological
activities [13,14]. Nevertheless, only a few studies have reported the indirect effects of the addition of
plant extracts on the angiotensin I-converting enzyme-inhibitory activity—for example, yogurt with
Mentha piperita, Anethum graveolens, and Ocimum basilicum extracts [15], and yogurt with Raftiline HP®,
a high-performance inulin material [16]. Additionally, the anticancer activity of yogurt has been shown
to increase as an indirect effect of the addition of pineapple peel powder [17].

It is worth noting that studies on the anticancer and antihypertensive activities of yogurt
supplemented with plant extracts are scarce and, to the best of our knowledge, the addition of Chinese
sweet tea to milk products has not yet been reported. Accordingly, the aim of the present work was
to evaluate the functional properties, including the antioxidant, anticancer, and antihypertensive
activities, as well as the culture viability and sensory evaluation of yogurt fortified with Chinese sweet
tea extract powder.

2. Materials and Methods

2.1. Chemicals

2,2’-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), gallic acid, and 1,1-diphenyl-2-
picrylhydrazyl (DPPH) were purchased from Merck (Sigma Aldrich, Beijing, China). De Man Rogosa
Sharpe (MRS) and M17 media were obtained from Thermo Fisher Biochemicals (Shanghai, China).

2.2. Preparation of the Chinese Sweet Tea Extract

Air-dried Rubus suavissimus S. Lee (Chinese sweet tea) leaves (local market, Nanning city, China)
were extracted with boiling water (1:15 w/v) for 60 min, as previously described [3]. The boiled mixture
was centrifuged at 5000× g for 15 min at room temperature and then filtered through Whatman filter
paper no. 1. The final filtrate was then freeze-dried. The Chinese sweet tea extract powder was
analyzed for the protein, fat, ash, and total solid contents, as previously described [18], while the
carbohydrate content was calculated by the differences.

2.3. High-Performance Liquid Chromatography (HPLC) Analysis of Phenolic Compounds

The identification and quantification of the individual phenolic compounds were carried out
using an Agilent-1260 HPLC (USA) equipped with a C18 column (Kinetex® 5 μm EVO 100 × 4.6 mm,
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Phenomenex, Torrance, CA, USA) [19]. In brief, 5 g of Chinese sweet tea extract was dissolved in 50 mL
of methanol and centrifuged at 6000× g for 10 min. After filtration (0.22 μm syringe filter, Minisart®,
Sartorius Stedim Boitech, Beijing, China), 20 μL of the filtrate was injected and separated by isocratic
elution of water with 0.2% phosphoric acid (v/v) (A; 96%), methanol (B; 2%), and acetonitrile (C; 4%)
at a 0.7 mL/min flow rate. The phenolic compounds were monitored at 280 nm using a UV detector.
The quantification of the phenolic compounds was calculated with external calibration through the
data analysis system of the Agilent software. All the phenolic standards were provided by Merck
(Sigma Aldrich, Beijing, China).

2.4. Yogurt Manufacture

Yogurt was produced according to the method of Abdel-Hamid et al. [14]. In brief, skimmed buffalo
milk (Guangxi Buffalo Research Institute Farm, Nanning, China) was heat-treated at 90 ◦C for 10 min
and then rapidly cooled to 43 ◦C. The heat-treated milk was inoculated with yogurt culture (YO-MIX
300, Danisco, China), a mix of Lactobacillus delbrueckii ssp. bulgaricus, and Streptococcus thermophilus,
according to the manual provided by the manufacturer. The cultured milk was divided into four equal
parts: one part was used as a control treatment and the other three parts were incorporated with the
Chinese sweet tea extract powder at concentrations of 0.25%, 0.5%, and 1% (w/w). Each milk portion
was poured into plastic containers (120 mL) and incubated at 42 ◦C until the pH was reduced to 4.6.
The yogurt treatments were kept at 4 ± 1 ◦C.

2.5. Chemical Composition

The carbohydrate, protein, and total solid contents of the cultured milk combined with the
Chinese sweet tea extract powder were measured by a MilkoScan analyzer (F120, FOSS, Hillerød,
Denmark). The pH values of the yogurt samples were monitored using a digital pH meter (Methrohm
AG, Herisau, Switzerland).

2.6. Bacterial Counts

Bacterial counts of the yogurt samples were performed after 24 h of storage at 4 ◦C using the
pour plate method [14]. S. thermophilus was grown on M17 agar, and the plates were aerobically
incubated at 37 ◦C for 24 h. L. bulgaricus was enumerated on MRS agar (pH 5.4), and the plates were
anaerobically incubated at 37 ◦C for 24 h. The results are presented as log colony-forming units per
gram yogurt (CFU/g).

2.7. Yogurt Supernatant

The yogurt supernatant was separated by centrifugation at 22,000× g for 30 min at 4 ◦C, followed
by filtration using a 0.45 μm syringe filter (Minisart®, Sartorius Stedim Boitech, Beijing, China).
The filtrate of the yogurt samples was used to evaluate the total phenolic content and the biological
activities—i.e., the antioxidant, anticancer, and antihypertensive activities.

2.8. Total Phenolic Content (TPC)

The TPC of the Chinese sweet tea extract powder and the yogurt samples was measured using
the Folin–Ciocalteu assay [8]. Thirty microliters of the yogurt supernatant or the Chinese sweet tea
extract powder (1 mg/mL in water) were pipetted into a 96-well plate, and then distilled water (120 μL)
and Folin–Ciocalteu’s phenol reagent (30 μL) were added, respectively, to each well, followed by 30 μL
of sodium carbonate (1N). The plates were incubated in the dark for 30 min at room temperature,
and then the absorbance was read at 750 nm using a microplate reader (EPOCH, BioTek, Winooski, VT,
USA). A standard curve was constructed using different concentrations of gallic acid. The results are
expressed as the μg gallic acid equivalents (GAE) per milliliter.
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2.9. Antioxidant Activity

ABTS and DPPH radical scavenging assays were used to evaluate the antioxidant activity of the
yogurt samples according to Abdel-Hamid et al. [14]. In short, 50 μL of the yogurt supernatant was
pipetted into a 96-well plate followed by ABTS+ solution (200 μL). The plate was then incubated in the
dark for 30 min, and the absorbance was monitored at 405 nm using a microplate reader.

For the DPPH assay, DPPH reagent (0.2 mM) was freshly prepared and added to the yogurt
supernatant (1:1 v/v). After a 30 min reaction in the dark at 37 ◦C, the absorbance was measured at
517 nm.

2.10. Anticancer Activity

The anticancer activity of the yogurt samples was assessed against the Caco-2 carcinoma cell
line (HTB-37; American Type Culture Collection, Manassas, VA, USA), and the cells were propagated
according to Abdel-Hamid et al. [20]. Caco-2 cells were plated into 96-well plates (3000 cells/well) and
incubated overnight at 37 ◦C under 5% CO2. The cells were then treated with 25 μL of the yogurt
supernatant and grown again for 24 h. The viability of the treated cells was evaluated by the WST
assay. The antiproliferative activity was calculated using the following equation:

Antiproliferative activity (%) = [1 − (A − B)/(C − B)] × 100, (1)

where A is the absorbance of the cells in the presence of the yogurt supernatant, B is the background
absorbance (non-cell control), and C is the absorbance of the control (cells with sterilized water instead
of the yogurt supernatant).

2.11. Antihypertensive Activity

The antihypertensive activity of the Chinese sweet tea extract and the yogurt samples
was investigated by measuring the angiotensin-converting enzyme (ACE) inhibitory activity.
The spectrophotometric method was employed to evaluate the ACE inhibition by the Chinese sweet tea
extract and the yogurt samples using the ACE Kit-WST (Dojindo laboratories, Shanghai, China) [20].

2.12. Sensory Evaluation

Samples of the yogurt with and without Chinese sweet tea extract were characterized
organoleptically after 24 h of cold storage at 4 ± 1 ◦C by seven trained panelists (researchers at
Guangxi University, Nanning, China) with an interest and experience in the sensory evaluation of
fermented milk. A 9-point scale was used to evaluate the yogurt samples in terms of their appearance,
aroma, texture, and overall acceptability, as described by Romeih et al. [21].

2.13. Statistical Analysis

Three independent experiments were performed in this study, and the results are presented as
the mean ± standard deviation (SD). A one-way analysis of variance (ANOVA) was carried out with
Statistix 8.1 (Analytical Software, Tallahassee, FL, USA) using Tukey’s test for pairwise comparison.
The correlation between variables was evaluated by the Pearson correlation test.

3. Results and Discussion

3.1. Impact of the Chinese Sweet Tea Extract on the Chemical Composition of the Yogurt Samples

The chemical characterization of the Chinese sweet tea extract powder is presented in Table 1.
The Chinese sweet tea extract powder contained 94.22 ± 1% total solids, 6.4 ± 0.25% protein,
and 80.18 ± 1.2% total carbohydrates. The chemical composition of the heat-treated milk with
the Chinese sweet tea extract before fermentation was measured using the MilkoScan, and the results
are presented in Table 2. The addition of the Chinese sweet tea extract had no significant effect
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(p > 0.05) on the protein content of the yogurt samples, whereas the total solid and total carbohydrate
contents were significantly increased (p < 0.05) compared with the control yogurt sample. These results
might be attributed to the high contents of carbohydrates and total solids in the Chinese sweet tea
extract powder. It has been reported that the crude water extract of Chinese sweet tea contains 11%
polysaccharides [2]. A similar trend was observed for the total carbohydrate and total solid contents
in yogurt supplemented with Siraitia grosvenorii fruit, moringa, and Gnaphalium affine extracts [8,14,22].

Table 1. Characterization of the Chinese sweet tea extract.

Characteristic Chinese Sweet Tea Extract

Total solid (%) 94.22 ± 1.0
Protein (%) 6.40 ± 0.25

Fat (%) 0.42 ± 0.1
Ash (%) 7.21 ± 0.1

Carbohydrates (%) 80.18 ± 1.2
Total phenolic content * 21.54 ± 0.5

ACE-I activity (%) 86.85 ± 2.1
Anticancer activity (%) 89.06 ± 3.7

Values are the mean of three replicates ± standard deviation. * Total phenolic content presented as mg of gallic acid
equivalents (GAE) per gram of Chinese sweet tea extract powder. ACE-I, angiotensin-converting enzyme-inhibition.

Table 2. Chemical composition of heat-treated milk fortified with Chinese sweet tea extract.

Chinese Sweet Tea Extract Concentration Protein (%) Carbohydrates (%) Total Solids (%) Total Phenolic Content *

0% (Control) 5.10 ± 0.08 A 6.17 ± 0.01 D 12.31 ± 0.02 D 11.64 ± 1.2 D

0.25% 5.15 ± 0.02 A 6.26 ± 0.02 C 12.56 ± 0.02 C 41.60 ± 2.0 C

0.5% 5.16 ± 0.02 A 6.35 ± 0.01 B 12.84 ± 0.04 B 70.93 ± 2.2 B

1% 5.18 ± 0.02 A 6.59 ± 0.01 A 13.48 ± 0.02 A 130.58 ± 2.2 A

Results are the mean of three experiments± standard deviation. Values in the same column with different superscript
letters are significantly different (p < 0.05). * Total phenolic content presented as μg gallic acid equivalents (GAE)
per milliliter of yogurt supernatant.

Regarding the TPC, the Chinese sweet tea extract powder contained 21.54 ± 0.55 mg GAE/g
(Table 1). The yogurt with the Chinese sweet tea extract had a significantly higher TPC content (p < 0.05)
compared to the control yogurt sample, which gradually increased with an increase in the amount
of Chinese sweet tea extract (Table 2). The highest TPC content (130.58 μg GAE/mL) was measured
in the yogurt sample containing 1% Chinese sweet tea extract. These results are in agreement with
those of Amirdivani and Baba [12], Gao et al. [22], Karaaslan et al. [7], and Zhang et al. [8], who found
significantly increasing TPC contents in yogurt fortified with green tea, moringa, Gnaphalium affine,
grape, and callus extracts. It should be noted that the TPC contents reported in these studies were
lower than those detected in our study (130.58 μg GAE/mL).

3.2. Identification and Quantification of Phenolic Compounds in the Chinese Sweet Tea Extract

The phenolic compounds were determined using the HPLC assay, and the results are presented
in Table 3. A total of 19 phenolic compounds were identified and quantified in the Chinese sweet
tea extract powder, with concentrations ranging from 0.08 to 2.77 mg/g. Benzoic acid, quercetin,
rutin, syringic acid, ellagic acid, and gallic acid were the most abundant phenolic compounds detected
in the Chinese sweet tea extract. Indeed, Koh et al. [3] reported ellagic acid, rutin, and gallic acid as the
major phenolic compounds of Chinese sweet tea, and they used the rubusoside content to evaluate
the quality of the Chinese sweet tea. It has been reported that the concentrations of ellagic acid, rutin,
and gallic acid in 14 Chinese sweet tea samples collected in different seasons ranged from 0.46% to
92%, 0.08% to 0.15%, and 0.1% to 0.16%, respectively [2]. More recently, Liu et al. [5] reported 14 new
phenolic compounds in Chinese sweet tea leaves. In our study, seven new phenolic compounds were
identified for the first time in Chinese sweet tea namely, p-coumaric acid, benzoic acid, o-coumaric acid,
resveratrol, neringein, rosmarinic, and myricetin. These findings suggest that the phenolic compound
content varies according to the region and season of growth [2].
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Table 3. Identified phenolic compounds in the Chinese sweet tea extract.

Phenolics Concentration (mg/g)

Gallic acid 1.26 ± 0.006
Catchin 0.08 ± 0.001

Chlorgenic 0.66 ± 0.003
Vanillic acid 0.96 ± 0.001
Caffeic acid 0.47 ± 0.005

Syringic acid 1.53 ± 0.006
p-Coumaric acid 1.08 ± 0.006

Benzoic acid 2.77 ± 0.007
Ferulic acid 0.11 ± 0.001

Rutin 1.63 ± 0.004
Ellagic 1.44 ± 0.007

o-Coumaric acid 0.74 ± 0.004
Resveratrol 0.52 ± 0.003

Cinnamic acid 0.11 ± 0.001
Quercetin 1.98 ± 0.005
Neringein 0.59 ± 0.004

Rosemarinic 0.55 ± 0.005
Myricetin 0.46 ± 0.005

Kampherol 0.38 ± 0.004

Values are the mean of three replicates ± standard deviation.

3.3. pH and Bacterial Count

The addition of the Chinese sweet tea extract increased the fermentation time from 5 h in the control
yogurt sample to 6 h in the yogurt sample containing the 1% Chinese sweet extract. This was probably
due to the antibacterial activity of the Chinese sweet tea components toward lactic acid bacteria, along
with its acknowledged inhibition of pathogenic bacteria [13,23]. Additionally, Chinese sweet tea
contains a high amount of benzoic acid, which is known to be an antimicrobial agent (Table 3). Likewise,
the fermentation time was not affected by the addition of green and black teas [10]. In contrast, it has
been reported that the addition of moringa, Mentha piperita, Anethum graveolens, or Ocimum basilicum
extracts to yogurt shortens the fermentation time due to the enhancement of the growth of yogurt
cultures [8,15].

The pH values of the yogurt samples after 24 h of cold storage are presented in Table 4. The addition
of the Chinese sweet tea extract had no significant effect (p > 0.05) on the pH values. In agreement
with this finding, the use of different types of spices (i.e., cardamom, cinnamon, or nutmeg), moringa,
and cinnamon and licorice herbals in the preparation of yogurt had no significant effect on the pH
values compared with the relevant control yogurt [8,23,24].

Table 4. Viability of the yogurt cultures (log CFU/g) and pH values of the yogurt fortified with Chinese
sweet tea extract.

Chinese Sweet Tea Extract Concentration pH L. bulgaricus (log CFU/g) S. thermophilus (log CFU/g)

0% (Control) 4.52 ± 0.02 A 8.65 ± 0.1 A 9.20 ± 0.04 A

0.25% 4.53 ± 0.02 A 8.83 ± 0.03 A 9.22 ± 0.03 A

0.5% 4.54 ± 0.03 A 8.90 ± 0.04 A 9.25 ± 0.1 A

1% 4.54 ± 0.02 A 8.86 ± 0.5 A 9.18 ± 0.02 A

Results are the mean of three experiments± standard deviation. Values in the same column with different superscript
letters are significantly different (p < 0.05).

The viability of the yogurt cultures of S. thermophilus and L. bulgaricus is presented in Table 4 as the
log CFU/g yogurt. The viable cell counts of L. bulgaricus and S. thermophilus in the yogurt samples were
8.6–8.9 and 9.1–9.3 log CFU/g, respectively. The viable counts of L. bulgaricus and S. thermophilus in the
yogurt samples are higher than the recommended dose to promote health benefits (>6 log CFU/g) [25].
Yogurt samples fortified with Chinese sweet tea had no significant influence (p > 0.05) on the viability of
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L. bulgaricus and S. thermophilus. A similar trend was reported for the addition of strawberries and green
or black teas before yogurt fermentation [10,26]. Behrad et al. [23] reported that yogurt mixed with
cinnamon and licorice herbals had lower counts of L. bulgaricus and S. thermophilus compared to the
control plain yogurt. In contrast, the addition of Japanese and Malaysian green teas or moringa extract
significantly improved the viability of L. bulgaricus and S. thermophilus in yogurt [8,12]. These findings
demonstrate that the effects of the addition of extracts on the fermentation time, pH values, and culture
viability of yogurt depend on the plant type and the phytochemical concentrations.

3.4. Antioxidant Activity

The antioxidant activities of the yogurt samples were measured by ABTS and DPPH assays,
and the results are presented in Table 5. The antioxidant activity of the yogurt samples ranged between
14.2% and 74.83% for the DPPH assay and between 32.01% and 92.43% for the ABTS assay. The addition
of Chinese sweet tea extract significantly increased (p < 0.05) the antioxidant activity as the amount
of extract added increased. The yogurt sample containing 1% Chinese sweet tea extract showed the
highest ABTS (92.43%) and DPPH (74.83%) values. A positive correlation was observed between the
TPC and the antioxidant activity for the DPPH (r = 0.998) and ABTS (r = 0.993) assays. Shori et al. [27]
reported a similar trend between the TPC and antioxidant activity of phytomix-3+ mangosteen
(a mixture of Lycium barbarum, Momordica grosvenori, and Psidium guajava leaves) yogurt. The increase
in the antioxidant activities of yogurt fortified with Chinese sweet tea extract could be due to the higher
concentrations of phytochemicals (i.e., phenols, flavonoids, and rubusoside) in Chinese sweet tea [2].
Our results are in agreement with those of Amirdivani and Baba [12] and Najgebauer-Lejko et al. [11],
who found significantly higher antioxidant activities in yogurt supplemented with Japanese green
tea, Malaysian green tea, green tea, or Pu-erh tea compared to the control yogurt. Furthermore,
the addition of moringa, Mentha piperita, Anethum graveolens, Ocimum basilicum, spice oleoresins
(i.e., cardamom, cinnamon, and nutmeg), grape seed, and cinnamon and licorice herbal extracts
significantly increases the antioxidant activity of yogurt [8,9,13,15,23,24]. These authors concluded
that the increase in antioxidant activities is a result of the concentrations of phenolic compounds in the
plant extracts.

Table 5. Antioxidant activity of the yogurt fortified with Chinese sweet tea extract.

Chinese Sweet Tea Extract Concentration
Antioxidant Activity (%)

ABTS DPPH

0% (Control) 32.01 ± 1.0 D 14.20 ± 0.4 D

0.25% 49.40 ± 0.9 C 29.85 ± 1.4 C

0.5% 68.76 ± 2.2 B 47.29 ± 2.2 B

1% 92.43 ± 0.3 A 74.83 ± 0.9 A

Results are the mean of three experiments± standard deviation. Values in the same column with different superscript
letters are significantly different (p < 0.05).

It is worth noting that the antioxidant activities of the yogurt samples containing Chinese sweet
tea extract measured by the DPPH (29.8–74.8%) and ABTS (49.4–92.4%) assays were higher than the
antioxidant activities of the yogurt produced by the above-mentioned studies. This may be attributed
to the differences in the phytochemical types and their concentrations.

3.5. Anticancer Activity

The anticancer activity of the yogurt samples was examined by measuring the ability of the yogurt
supernatant to inhibit the proliferation of the Caco-2 cell line, and the results are presented in Table 6.
The Chinese sweet tea extract exhibited a 89.06% ± 3.7% anticancer activity at a concentration of
0.4 mg/mL (Table 1). The control yogurt sample also showed anticancer activity, which is most probably
attributed to the presence of bioactive peptides. A similar finding was reported by Sah et al. [17].
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Although the addition of 0.25% Chinese sweet tea extract had no significant impact (p > 0.05) on the
anticancer activity levels compared to the control yogurt sample, yogurt samples containing 0.5% and
1% Chinese sweet tea extract exhibited significantly higher (p < 0.05) anticancer activity than that of the
control yogurt sample (Table 5). Moreover, the supernatant of the yogurt sample containing 1% Chinese
sweet tea extract showed the highest anticancer activity and inhibited the growth of the Caco-2 cell by
67.46%. It is worth noting that the anticancer activity was positively correlated (r = 0.961) with the TPC
contents of the yogurts. This finding is probably attributed to the phytochemical content of the Chinese
sweet tea extract, including phenolic compounds and rubusoside [2,3]. George Thompson et al. [28]
reported that rubusoside, the main component in Chinese sweet tea (5% in dry leaves), inhibits the
glucose (GLUT1) and fructose (GLUT5) transporters associated with cancer and diabetes. In addition,
quercetin, rutin, and ellagic acid, which are among the major phenolic compounds in Chinese sweet
tea, show anticancer activity against colon carcinoma cells, as described by Hashemzaei et al. [29] and
Papoutsi et al. [30]. In accordance with our results, Sah et al. [17] reported the potential anticancer
activity of probiotic yogurt supplemented with pineapple peel powder against HT29 colon cancer cells
compared to the control. These authors attributed this finding to the enhanced extent of proteolysis
and, consequently, the resultant bioactive peptides released by the addition of pineapple peel powder
to the yogurt.

Table 6. Antiproliferative and ACE-I activities of the yogurt fortified with Chinese sweet tea extract.

Sweet Tea Extract Concentration ACE-I (%) Antiproliferative Activity (%)

0% (Control) 44.20 ± 0.7 D 18.58 ± 1.4 C

0.25% 50.88 ± 1.1 C 26.27 ± 4.5 C

0.5% 64.72 ± 1.6 B 52.41 ± 6.1 B

1% 82.03 ± 1.9 A 67.46 ± 1.9 A

Results are the mean of three experiments± standard deviation. Values in the same column with different superscript
letters are significantly different (p < 0.05).

3.6. Antihypertensive Activity

The antihypertensive activity was evaluated using the ACE inhibition method, as ACE is a key
factor in the conversion of angiotensin I to angiotensin II, which raises blood pressure [31]. Chinese sweet
tea extract exhibited a 86.85%± 2.1% ACE inhibitory activity at 0.4 mg/mL (Table 1). The ACE inhibitory
activity of the yogurt samples is shown in Table 6. The yogurt samples without the addition of Chinese
sweet tea also showed an ACE inhibitory activity, which may due to the presence of bioactive peptides
with ACE inhibitory activities already known to be present in yogurt products. In this context,
Abdel-Hamid et al. [14] and Amirdivani and Baba [15] also reported ACE inhibitory activity for their
control yogurts. As can be seen in Table 6, the addition of Chinese sweet tea extract significantly
enhanced (p < 0.05) the ACE inhibitory activity of the yogurt samples. The ACE inhibitory activity
was increased by increasing the amount of Chinese sweet tea extract added, where the yogurt sample
containing 1% Chinese sweet tea extract showed the highest value (82.03%). This finding could be due
to the bioactive compounds in the Chinese sweet tea extract. It should be noted that quercetin, rutin,
and gallic acid, the major phenolic compounds in the Chinese sweet tea extract, exhibit antihypertensive
activity both in vitro and in vivo, as reported by Balasuriya and Rupasinghe [32], Kang et al. [33],
and Shaw et al. [34]. In addition, the ACE inhibitory activity of the yogurt samples was positively
correlated with the TPC (r= 0.994). It has been reported that Chinese sweet tea exhibits antihypertensive
activity, which can be attributed to its phytochemical content [35]. These results are in accordance with
those reported by Liu and Finley [36], who concluded that phytochemicals reduce blood pressure.
Furthermore, Chrysophyllum cainito fruit extract, rich in polyphenols, shows ACE inhibitory activity by
chelating Zn2+ ions (enzyme cofactor) [31]. Amirdivani and Baba [15] reported that yogurt fortified
with herbal water extracts (i.e., Mentha piperita, Anethum graveolens, and Ocimum basilicum) exhibited
a higher ACE inhibitory activity compared to the control yogurt. Moreover, the addition of Raftiline
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HP® has been shown to significantly improve the ACE inhibitory activity compared to plain yogurt [16].
These authors attributed the increase in ACE inhibitory activity after the addition Raftiline HP® or
herbal water extracts to the higher degree of proteolysis of the fortified yogurts, resulting in bioactive
peptides with ACE inhibitory activity. However, Amirdivani and Baba [15] reported that the water
extract of Mentha piperita, Anethum graveolens, or Ocimum basilicum itself had no ACE inhibitory activity.
Interestingly, the obtained ACE inhibitory activity values of yogurts prepared with Chinese sweet
tea extracts were higher than those reported by Amirdivani and Baba [15] and Ramchandran and
Shah [16].

It should be noted that the Chinese sweet tea extract had no effect on either the viability of
the yogurt culture (Table 4) or the degree of hydrolysis (data not shown). However, the Chinese
sweet tea extract exhibited potential anticancer and antihypertensive activities (Table 1). Accordingly,
the biological activities (i.e., antioxidant, antihypertensive, and anticancer activities) of the yogurt
samples containing Chinese sweet tea extract are most probably attributed to the phytochemicals
present in Chinese sweet tea.

3.7. Sensory Evaluation

Sensory characteristics are very important for assessing the consumer acceptability of yogurt
products and to confirm that the additives have no negative impacts on the organoleptic parameters of
said yogurt products. The sensory evaluation of the yogurt samples fortified with Chinese sweet tea
extract is shown in Table 7. The yogurt samples containing Chinese sweet tea extract received almost
similar appearance scores as the control yogurt sample (p > 0.05). The addition of the Chinese sweet
tea extract significantly increased (p < 0.05) the texture score. Furthermore, the addition of Chinese
sweet tea significantly enhanced (p < 0.05) the aroma of the yogurt samples compared to the control
yogurt sample, which could be due to the sweet taste of rubusoside. In particular, the yogurt sample
containing 1% Chinese sweet tea extract received the lowest perceived aroma score (p < 0.05) compared
to the samples containing 0.25% and 0.5% Chinese sweet tea extract and the control yogurt sample.
This finding may be attributed to the bitter aftertaste of rubusoside and some phenolic compounds [2,3].
Similarly, the overall acceptability score of the yogurt samples containing 0.25% and 0.5% Chinese
sweet extract was significantly higher (p < 0.05) than the control yogurt, while the yogurt sample
containing 1% Chinese sweet tea extract received the lowest overall acceptability score. In this context,
yogurt prepared with moringa extract at different levels (i.e., 0.05%, 0.1%, and 0.2%) had a significantly
lower sensory evaluation compared to the control yogurt [8]. The authors attributed these results to
the better taste of moringa. The above results demonstrate that the yogurt samples with 0.5% Chinese
sweet tea extract had the best sensory evaluation.

Table 7. Sensory evaluation of yogurt fortified with Chinese sweet tea extract.

Chinese Sweet Tea Extract Concentration Appearance Aroma Texture Overall Acceptability

0% (Control) 7.7 ± 0.5 A 6.9 ± 0.4 C 6.0 ± 0.8 C 6.7 ± 0.8 C

0.25% 8.0 ± 0.7 A 7.7 ± 0.5 B 6.6 ± 0.5 C 7.6 ± 0.5 B

0.5% 8.1 ± 0.8 A 8.6 ± 0.5 A 7.6 ± 0.5 B 8.7 ± 0.5 A

1% 8.3 ± 0.8 A 6.0 ± 0.6 D 8.7 ± 0.5 A 5.7 ± 0.5 D

Results are the mean of three experiments± standard deviation. Values in the same column with different superscript
letters are significantly different (p < 0.05).

4. Conclusions

This study aimed to produce a multifunctional yogurt rich in phytochemicals using Chinese
sweet tea extract. The addition of the Chinese sweet tea extract did not influence the viability of the
yogurt culture but significantly enhanced the biological activities of the yogurt samples, including
their antioxidant, anticancer, and antihypertensive activities. The addition of Chinese sweet tea at
concentrations of 0.25% and 0.5% significantly improved the aroma of the yogurt samples compared
to the control yogurt sample. Although the yogurt sample containing 1% Chinese sweet tea extract
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exhibited the highest antioxidant, anticancer, and antihypertensive activities, it received the lowest
aroma score due to the bitter aftertaste of rubusoside. Overall, the yogurt sample containing 0.5%
Chinese sweet tea extract had significantly higher biological activities and sensory evaluation compared
to the control yogurt sample. Therefore, 0.5% Chinese sweet tea extract appears to be an efficient
option and a promising ingredient for producing a multifunctional yogurt rich in phytochemicals with
health-promoting properties.
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Abstract: Soy isoflavones (SIF) are a group of polyphenolic compounds with health benefits. However,
application of SIF in functional foods is limited due to its poor aqueous solubility. SIF nanoparticles
with different concentrations were prepared using polymerized goat milk whey protein (PGWP) as
wall material. The goat milk whey protein was prepared from raw milk by membrane processing
technology. The encapsulation efficiencies of all the nanoparticles were found to be greater than
70%. The nanoparticles showed larger particle size and lower zeta potential compared with the
PGWP. Fourier Transform Infrared Spectroscopy indicated that the secondary structure of goat milk
whey protein was changed after interacting with SIF, with transformation of α-helix and β-sheet to
disordered structures. Fluorescence data indicated that interactions between SIF and PGWP decreased
the fluorescence intensity. All nanoparticles had spherical microstructure revealed by Transmission
Electron Microscope. Data indicated that PGWP may be a good carrier material for the delivery of
SIF to improve its applications in functional foods.

Keywords: polymerized goat milk whey protein; soy isoflavones; nanoparticle; physicochemical
property

1. Introduction

Soy isoflavones (SIF), as bioactive substances, are the main secondary metabolites in soybeans. SIF
have been found to possess several potential health benefits such as anticancer [1], reducing menopausal
syndrome [2], and preventing osteoporosis [3]. Because of their health benefits, SIF have been
recommended as a functional ingredient for formulation of healthy foods and pharmaceutical products.
However, due to its low solubility in water, poor bioavailability, and high susceptibility to degradation
under oxygen, light, and heating conditions [4], the application of SIF in the food industry is limited.
Several approaches have been developed to solve these problems. Functional SIF nanoparticles were
prepared by antisolvent precipitation method to improve the water dissolution rate [4]. Wang et al. [5]
reported that SIF were microencapsulated in gel beads of soybean hull polysaccharides.

Goat milk whey protein has attracted increasing interest in recent years. The major components
in goat milk whey protein are β-lactoglobulin (β-LG) and α-lactalbumin (α-LA), which have excellent
emulsifying and foaming properties [6,7]. In recent years, membrane processing technology has
been widely used in the dairy industry in an industrial scale due to its low energy consumption,
low temperatures, and reduction of environmental contaminants. The goat milk whey protein was
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prepared from clarified cheese whey by microfiltration (MF) and ultrafiltration (UF) technology, which
has good gelation and emulsifying properties [8]. The emulsifying property of goat milk whey protein
can be improved by heat treatments [9]. During heating, the polypeptide chains of protein unfolded,
and the sulfhydryl groups were exposed to form polymerized whey proteins (PWP) which can be
used as an encapsulating material with improved functional properties [10,11]. Because of the protein
surface-active property, PWP has a strong affinity towards different ligands [12]. Information about
the application of polymerized goat milk whey protein (PGWP) as a bioactive compound carrier is
very limited.

Therefore, the aim of this work was to prepare SIF nanoparticles using PGWP as wall material.
The PGWP was prepared directly from goat milk by membrane processing technology and the
physicochemical properties of nanoparticles were characterized.

2. Materials and Methods

2.1. Materials

Raw goat milk (≥8.15% nonfat solids, 3.86% protein, and 4.02% fat, w/v) was purchased from a
local market (Feihe Dairy Industry Co., Ltd., Harbin, China). Soy isoflavones (SIF, ≥80% purity) were
provided by Beijing Solarbio Science and Technology Co., Ltd. (Beijing, China). Deionized water was
prepared by a water filtration device (Millipore Corp., Bedford, MA, USA).

2.2. Nanoparticle Preparation

2.2.1. Preparation of Goat Milk Whey Protein Concentrate

Raw goat milk was heated to 55 ◦C and skimmed with a separator (SA 10-T, Frautech SRL, Thiene,
Italy) to obtain skimmed goat milk and cream. The skimmed goat milk was filtered by microfiltration
(MF, 0.1 μm, 50 ◦C). MF permeate was ultrafiltrated (UF) by a cut-off 10 kDa spiral-wound membrane
to 10-fold, and the UF retentate was electrodialyzed (ED) to remove 85% of salt [13]. Subsequently, the
concentrated goat milk whey protein was freeze dried in a freeze dryer (Alpha 1-2, Marin Christ Inc.,
Osterode, Germany) to obtain goat milk whey protein powder (80.99% protein, 18.67% lactose, and
0.34% ash, w/w).

2.2.2. Preparation of Polymerized Goat Milk Whey Protein

The goat milk whey protein powder was dissolved in deionized water to obtain a 10% (w/v) goat
milk whey protein solution and stored at 4 ◦C for 12 h to complete hydration. The solution was adjusted
to pH 7.7 with 1 M sodium hydroxide, heated to 75 ◦C for 25 min with continuous stirring, and was
then quickly cooled to room temperature and marked as polymerized goat milk whey protein (PGWP).

2.2.3. Preparation of Soy Isoflavones Solution

The soy isoflavones (SIF) were dissolved in 70% ethanol (5 mg/mL) by stirring using a magnetic
stirrer (IKA, Staufen, Germany), and then the solution was heated to 50 ◦C for 1 h to obtain a clear
solution. The container was wrapped with aluminum foil.

2.2.4. PGWP-SIF Nanoparticle Preparation

The PGWP-SIF solutions were prepared by combining PGWP solution, SIF solution, and deionized
water to get different concentrations of SIF (2.1, 2.4, 2.7, and 3.0 mg/mL), while the content of PGWP
remained at 40 mg/mL. All samples were stirred for 2 h to obtain a stable system. The mixed solution
was treated to remove ethanol by nitrogen gas, and deionized water was added to maintain the original
volume, and it was stored in darkness. In this study, samples of SIF-loaded PGWP nanoparticles with
different SIF concentrations were termed as PGWP-SIF-A (2.1 mg/mL), PGWP-SIF-B (2.4 mg/mL),
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PGWP-SIF-C (2.7 mg/mL), and PGWP-SIF-D (3.0 mg/mL), respectively. PGWP (40 mg/mL) was set as
a control.

2.3. Encapsulation Efficiency Determination

The encapsulation efficiency of SIF within PGWP was measured using a previous method with
some modifications [14]. The PGWP-SIF solutions were centrifuged at 5500× g for 20 min (25 ◦C), and the
concentration of SIF in the supernatant was measured at 261 nm using a UV-visible spectrophotometer
(UV-2550, Shimadzu, Tokyo, Japan). The linear regression of absorption versus concentration
was conducted, and the regression equation was calculated. The equation is y = 0.1079x − 0.0223,
R2 = 0.9991. The encapsulation efficiency was calculated as follows in Equation (1):

Encapsulation efficiency (%) = C0/C × 100 (1)

where C0 is the concentration of SIF in the supernatant after centrifugation, and C is the concentration
of SIF in the nanoparticle.

2.4. Particle Size and Zeta Potential Analysis

Particle size and zeta potential were carried out using a Malvern Zetasizer Nano ZS90 (Malvern
Instruments Ltd., Worcestershire, UK). The PGWP and PGWP-SIF solutions were diluted to a protein
concentration of 0.1% with deionized water [15]. The refractive indexes for protein and water were
1.450 and 1.333, respectively. All measurements were performed in triplicate.

2.5. Rheological Properties Measurement

Rheological properties of the PGWP and PGWP-SIF solutions were analyzed by a rheometer
(Thermo Rheometer, San Jose, CA, USA) equipped with a diameter of 35 mm plate at 25 ◦C, according
to Khan et al. [11]. Flow ramp measurement was carried out using shear rate from 0.1 to 300 s−1.
For peak hold analysis, apparent viscosity data was recorded by keeping shear rate at 200 s−1 for 60 s.

2.6. Fourier Transform Infrared (FT-IR) Spectroscopy

Fourier Transform Infrared (FT-IR) spectra of samples were obtained using a FTIR spectrometer
(Thermo Electron Scientific Instruments Corporation, San Jose, CA, USA) with a pressurized tablet
method. The SIF, PGWP, and PGWP-SIF solutions were pre-frozen at −80 ◦C for 4 h and freeze dried
at 4 ◦C for 12 h. Solid samples were mixed with potassium bromide (KBr) and ground into fine
powder. The wavenumber ranged from 4000 to 400 cm−1 with a resolution of 4 cm−1 and 32 scans [16].
The spectral region ranges of 1600–1700 cm−1 were applied to calculate the secondary structure of
protein using Peak FIT software. Bands between 1610–1637 cm−1 and 1680–1692 cm−1 belong to
β-sheet; bands between 1638–1648 cm−1 belong to random coil; bands between 1649–1660 cm−1 belong
to α-helix; and bands between 1660–1680 cm−1 belong to β-turn. The band area was calculated using
the Gaussian function [17].

2.7. Fluorescence Spectroscopy

Fluorescence measurement was performed using an F-7000 fluorescence spectrophotometer
(Hitachi Ltd., Tokyo, Japan). The excitation wavelength was set at 280 nm, and the emission was
collected from 300 to 500 nm with both slit width at 2.5 nm. The emission spectra were collected at
a photomultiplier tube voltage of 500 V with scan rate at 240 nm/min. The PGWP and PGWP-SIF
solutions were incubated in water baths at 298, 303, and 308 K for 30 min to achieve equilibrium before
measuring [18]. Synchronous fluorescence spectra were recorded at 260–320 nm (Δλ = 15 nm) and
240–320 nm (Δλ = 60 nm) [19].

163



Foods 2020, 9, 1198

2.8. Differential Scanning Calorimetry (DSC)

Thermal properties of the samples were analyzed using Differential Scanning Calorimetry
(Mettler Toledo, DSC 3, Zurich, Switzerland) according to method by Khan et al. [11] with some
modifications. All solid samples (about 5 mg) were sealed in aluminum pans and heated from 30 to
300 ◦C at 10 ◦C/min under a nitrogen flow rate of 50 mL/min. An empty sealed aluminum pan was
used as a control.

2.9. Transmission Electron Microscopy (TEM)

Images of samples were obtained using transmission electron microscopy (H-7650, Hitachi
High-Technologies, Tokyo, Japan) as described by Ghorbani Gorji et al. [20]. The PGWP and PGWP-SIF
solutions were diluted to the appropriate concentration, and 10 μL of the sample was placed on a
carbon copper and dyed with a negative staining method. The sample was air dried before imaging.

2.10. Statistical Analysis

Data of triplicate experiments were statistically analyzed and expressed as mean ± standard
deviation. Analysis of variance (P < 0.05) and Tukey’s test were carried out using SPSS 20 software
(SPSS Inc., Chicago, IL, USA).

3. Results

3.1. Encapsulation Efficiency

Encapsulation efficiency of the nanoparticles is shown in Figure 1. The encapsulation efficiencies of
all samples were greater than 70%, and the SIF concentration at 2.4 mg/mL had the highest encapsulation
efficiency (89%). The encapsulation efficiency decreased as SIF content increased, suggesting that
a portion of SIF were not embedded into the polymerized goat milk whey protein matrix at higher
SIF concentration. Similar findings were reported by Patel et al. [21] who found that as curcumin
concentration increased, encapsulation efficiency of zein-curcumin decreased.

Figure 1. Effect of the soy isoflavone (SIF) contents on encapsulation efficiency of polymerized goat
milk whey protein (PGWP)-SIF. Different subscript letters indicate a significant difference (P < 0.05).
Error bars represent standard deviation of the means.

3.2. Particle Size and Zeta Potential

Particle size of PGWP and PGWP-SIF are shown in Figure 2A. All PGWP-SIF samples showed larger
particle sizes than that of PGWP. This can be attributed to the fact that the PGWP had more hydrophobic
groups, and SIF were entrapped in or absorbed on protein to form compact nanoparticles [22].
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The particle size of nanoparticles was dependent on the concentrations of SIF in PGWP-SIF. At low SIF
concentrations (at 2.1 and 2.4 mg/mL), there was no significant difference (P > 0.05) in particle size,
which may be because the majority of SIF were entered into the hydrophobic core of protein. However,
at higher SIF concentrations (the SIF concentration at 2.7 and 3.0 mg/mL), a significant (P < 0.05)
increase in particle size was found, which suggested that more SIF were absorbed at the surface of
PGWP until the surface was saturated. The phenomenon was similar to previous results reported by
Rodríguez et al. [23], where at low green tea polyphenols contents, the particle size was maintained
that of the β-lactoglobulin, and at large green tea polyphenols contents, the particle size was increased
with the increasing of green tea polyphenol concentration.

Figure 2. Effects of the SIF contents on particle size (A) and zeta potential (B) of PGWP-SIF. Different
subscript letters indicate a significant difference (P < 0.05). Error bars represent standard deviation of
the means.

Zeta potential is related to the stability of the systems. Values of zeta potential below –30 mV
indicates a stable solution, which may be due to strong electrostatic repulsion [24]. Values of zeta
potential in PGWP and PGWP-SIF are shown in Figure 2B. The PGWP-SIF showed lower value of zeta
potential than PGWP (P < 0.05), suggesting that SIF adhered to PGWP and reduced the negative charge
of PGWP. A similar tendency was reported by Von Staszewski et al. [25], who observed that the addition
of green tea polyphenols resulted in a decrease in zeta potential values of the β-lactoglobulin-green tea
polyphenols complexes. Increasing SIF content from 2.1 mg/mL to 3.0 mg/mL showed an increase of
negative charge among PGWP-SIF samples, which indicated that the large number of the embedded
SIF entrapped in the core had not affected the surface charge of protein [11].

3.3. Rheological Properties

The rheological properties of PGWP and PGWP-SIF are shown in Figure 3. All samples showed
shear-thinning behavior (Figure 3A). This may be due to that the interaction between particles were
decreased at high shear rates, causing a decrease in the size of dispersions, and thus leading to a
decrease in the viscosity [26]. All PGWP-SIF showed significantly higher (P < 0.05) viscosity at 200 s−1

compared with the PGWP (Figure 3B). The increase in viscosity of the nanoparticles can be attributed
to the entrapment of SIF into the PGWP networks. Values of viscosity at 200 s−1 for PGWP-SIF were
increased (P < 0.05) as SIF content increased from 2.1 mg/mL to 3.0 mg/mL.
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Figure 3. Effects of the SIF contents on flow behavior (A) and viscosity at 200 s−1 (B) of PGWP-SIF.
Different subscript letters indicate a significant difference (P < 0.05). Error bars represent standard
deviation of the means.

3.4. FT-IR Spectra

FT-IR analysis was used to determine the structural changes of PGWP when interacted with SIF.
The amide I band 1600–1700 cm−1 (C=O stretch), amide II bands 1500–1600 cm−1 (C-N stretching
combined with N-H bending modes), and amide A band at 3300 cm−1 (N-H stretching and hydrogen
bonds) were used to explore the changes of the secondary structure of goat milk whey protein in
PGWP-SIF [27]. FT-IR spectra of all samples were shown in Figure 4A. FT-IR spectra of the SIF showed
characteristic peaks at 1623.77, 1516.31, and 3354.15 cm−1. The PGWP showed bands at 1655.03,
1541.30, and 3303.87 cm−1, which may belong to amide I, amide II, and amide A. After interacting
with SIF, a hypsochromic shift occurred for the absorption band of PGWP-SIF. The peak in PGWP at
1655.03 cm−1 was shifted to 1655.15 cm−1 for PGWP-SIF, indicating that the addition of SIF affected the
formation of the PGWP-SIF through the interaction related to C=O between PGWP and SIF. The peak
at 1541.30 cm−1 (PGWP) shifted to 1541.95 cm−1 (PGWP-SIF) and may be due to the interactions
between PGWP and SIF through C-N and N-H groups. The peak at 3303.87 cm−1 (PGWP) shifted
to 3308.22 cm−1 (PGWP-SIF) and indicated a formation of hydrogen bonds between PGWP and SIF,
suggesting that phenolic hydroxyl groups were involved in the non-covalent interaction between
PGWP and SIF.

Figure 4. FT-IR spectra of SIF, PGWP, and PGWP-SIF (A) and the contents of secondary structures of
PGWP and PGWP-SIF (B). Different subscript letters indicate a significant difference (P < 0.05). Error
bars represent standard deviation of the means.
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Contents of the secondary structure of proteins were calculated by using Amide I band. The results
are shown in Figure 4B. When compared with PGWP, content of α-helix and β-sheet in PGWP-SIF
decreased from 26.20 ± 0.07% to 23.39 ± 0.42%, and 39.32 ± 0.06% to 36.36 ± 0.25%, respectively. Results
indicated that secondary structures of goat milk whey protein were transformed from ordered to
disordered when combined with SIF.

3.5. Fluorescence Spectra

3.5.1. Inherent Fluorescence

Fluorescence intensity of PGWP and PGWP-SIF are shown in Figure 5. The PGWP-SIF showed
lower fluorescence intensity than PGWP, indicating that SIF quenched the intrinsic fluorescence of
PGWP. The fluorescence intensity decreased as SIF contents increased. Additionally, in the presence
of SIF, the maximum peak position slightly shifted to a larger wavelength from 335 nm to 339 nm,
which indicated that more fluorophores were exposed to the solvent, and thus implying a change
in the polarity of tryptophan residues. The results suggested that some hydrophobic residues were
buried during the interaction of SIF with PGWP, leading to the changes of structure in PGWP, and
eventually improving the hydrophilicity of the medium.

Figure 5. Fluorescence emission spectra of PGWP-SIF systems in 10 mM PB pH 7.4. a–e, PGWP,
PGWP-SIF-A, PGWP-SIF-B, PGWP-SIF-C, PGWP-SIF-D. The Stern–Volmer plots for the quenching of
PGWP by SIF at different temperatures.

3.5.2. Stern–Volmer Analysis of Quenching Data

To further understand the interactions between PGWP and SIF, the Stem-Volmer equation was
used to analyze the data at temperatures of 298, 303, and 308 K, as follows in Equation (2):.

F0/F = 1 + Ksv [L] = 1 + Kq τ0 [L] (2)

where F0 and F are fluorescence intensities of PGWP and PGWP-SIF, respectively; [L] is the concentration
of SIF; Ksv is the Stern–Volmer quenching constant; Kq is the biological macromolecules quenching
constant; and τ0 is the average lifetime of the biomolecule without quencher (τ0 = 10−8 s) [28].
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It was reported that Kq larger than 2.0 × 1010 L/mol/s indicated static quenching interaction,
while q smaller than 2.0 × 1010 L/mol/s indicated dynamic quenching interaction. Additionally, for
static quenching, higher temperature indicated lower quenching constant, while dynamic quenching
had the opposite trend [29]. From Table 1, it can be seen that values of Kq were greater than
2.0 × 1010 L/mol/s, and the Ksv decreased at higher temperatures, which suggested that the interaction
was static quenching.

Table 1. Relevant parameters of the Stern–Volmer quenching constant (Ksv), the biological
macromolecules quenching constant (Kq), the binding constant (Ka), and the number of binding sites
(n) were calculated from Stern–Volmer and double log plots at different temperatures. Thermodynamic
parameters of enthalpy (ΔH), entropy (ΔS) and free energy (ΔG) changed based on the van’t
Hoff equation.

T (K)
Ksv (104

L/mol)
Kq (1012

L/mol)
R2 Ka (105

L/mol)
n R2 ΔH

(KJ/mol)
ΔG

(KJ/mol)
ΔS

(J/mol.K)

298 1.22 ± 0.1 1.22 ± 0.1 0.9988 7.80 ± 0.1 1.13 ± 0.02 0.9969 7.81 ± 0.1 –33.74 ± 0.1 139.42 ± 1.2
303 1.20 ± 0.2 1.20 ± 0.2 0.9932 8.22 ± 0.1 0.93 ± 0.01 0.9873 –34.43 ± 0.2
308 1.13 ± 0.2 1.13 ± 0.2 0.9927 8.34 ± 0.1 0.86 ± 0.02 0.9929 –35.13 ± 0.2

For static quenching, the binding constant (Ka) and the number of binding sites (n) conformed to
the Equation (3) [30]. The slope and the intercept values of a plot of log [(F0 − F)/F] versus log [L] give
n and Ka values, respectively.

log ((F0 − F)/F) = log Ka + n log [L] (3)

Values of n and Ka parameters are shown in Table 1. Values of n were close to 1, indicating that
PGWP had only one binding site for SIF. On the other hand, values of Ka increased as temperature
increased, indicating endothermic binding reaction. The result indicated that the stability of PGWP-SIF
increased as temperature increased. Our results were similar with findings of Jia et al. [19], who
reported that the interaction of β-lactoglobulin with epigallocatechin-3-gallate was endothermic and
the stability increased as temperature increased.

3.5.3. Thermodynamic Parameters

The four main interaction forces between polyphenols and proteins are hydrogen bonds,
electrostatic forces, hydrophobic forces, and van der Waals forces [31]. The main interaction forces
can be obtained by calculating the thermodynamic parameters using van’t Hoff Equations (4) and (5),
as follows:

ln Ka = −ΔH/RT + ΔS/R (4)

ΔG = ΔH − TΔS (5)

where ΔH is the enthalpy change, ΔS is the entropy change, ΔG is free energy change, R is the
gas constant (8.314 J/mol/K), T is the reaction temperature, and Ka is the binding constant at the
temperatures of 298, 303, and 308 K. ΔH, ΔS, and ΔG could be acquired by Equations (3) and (4) [32].

Ross and Subramanian [33] reported that ΔS and ΔH > 0 indicated hydrophobic forces, ΔS
and ΔH < 0 indicated van der Waals forces, and ΔH < 0 and ΔS > 0 indicated electrostatic forces.
From Table 1, it can be seen that ΔG < 0, indicating that the interaction between PGWP and SIF was
spontaneous [34]. Both ΔH and ΔS values > 0, indicating that hydrophobic interaction was involved in
the interaction between PGWP and SIF. This was similar to the findings of Xu et al. [35], who reported
that the interaction between β-lactoglobulin and theaflavin/chlorogenic acid/delphinidin-3-O-glucoside
was mainly maintained by hydrophobic forces.
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3.5.4. Synchronous Fluorescence Spectra

Synchronous fluorescence analysis was used to study effects of SIF on structure of PGWP and
obtain information about tyrosine residues or tryptophan residues at synchronous spectrum performed
with Δλ at 15 or 60 nm, respectively [19,35]. Some doubts about the effectiveness of the method
were recently reported by Bobone et al. [36]. From Figure 6, it can be seen that as SIF content
increased, the fluorescence intensity decreased in both fluorescence spectra, which indicated that the
binding of SIF with PGWP exposed more chromophores into the solvent and led to a decrease in the
fluorescence intensity.

Figure 6. Synchronous fluorescence spectra of PGWP-SIF systems, a–e, PGWP, PGWP-SIF-A,
PGWP-SIF-B, PGWP-SIF-C, PGWP-SIF-D. (A: Δλ = 15 nm, B: Δλ = 60 nm).

3.6. Differential Scanning Calorimetry (DSC)

DSC analysis was used to investigate the thermal property of nanoparticles. DSC curves of all
samples were shown in Figure 7. The pure SIF showed four endothermic peaks at approximately
85.17, 136.85, 178.67, and 209.83 ◦C. The first three peaks may be attributed to three molecular forms in
SIF, including genistein, daidzein, and glycitein [4]. The PGWP exhibited two endothermic peaks at
87.67 ◦C and 155.17 ◦C, and the PGWP-SIF showed two endothermic peaks at 105.37 ◦C and 157.04 ◦C.
The result indicated that the thermal stability of the PGWP-SIF improved. Moreover, the characteristic
peaks of SIF disappeared in PGWP-SIF, which may be because SIF were encapsulated into PGWP
microspheres. Yang et al. [27] also reported that the disappearance of endothermic peaks of pyrogallic
acid in the nanoparticle was due to the covalent interactions between pumpkin seed protein isolate
and pyrogallic acid.

3.7. Microstructure

Images of PGWP and PGWP-SIF obtained by transmission electron microscope (TEM) are
presented in Figure 8. The morphology of the PGWP-SIF was related to the SIF contents. At the low SIF
contents (Figure 8B,C), the microspheres were homogeneously spherical in shape with smaller particle
size, suggesting that the nanoparticles were homogeneously dispersed. At the large SIF contents
(Figure 8D,E), irregularly larger-sized particles were formed, and this may be due to the formation
of inter-surface networks between the PGWP-SIF and unencapsulated SIF. The microstructure was
consistent with the mean particle size obtained from dynamic light scattering data (Figure 2A).
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Figure 7. The differential scanning calorimeter (DSC) curves of SIF, PGWP, and PGWP-SIF.

Figure 8. Transmission electron microscopy micrographs of PGWP and PGWP-SIF. PGWP (A);
PGWP-SIF-A (B); PGWP-SIF-B (C); PGWP-SIF-C (D), and PGWP-SIF-D (E).

4. Discussion

Numerous studies have reported the beneficial properties of soy isoflavones (SIF). However,
its application in the food industry and pharmaceuticals are limited owing to its low solubility in water
and poor bioavailability. Goat milk whey protein has excellent emulsifying and foaming properties [6,7],
which can be used to produce bioactive compounds-loaded whey protein to expand their applications
in the production of functional food products as well as for designing new drug delivery systems [37].
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In this study, we prepared SIF nanoparticles using polymerized goat milk whey protein (PGWP) as
wall material.

The encapsulation efficiency is the index used to indicate how many SIF were loaded in the
nanoparticles. The encapsulation efficiencies of SIF in the nanoparticles were higher than that obtained
from gel beads of soybean hull polysaccharides by Wang et al. [5], which may be attributed to the
differences in methods and conditions, and the result indicated that it was feasible to encapsulate SIF
using PGWP as wall material. Particle size and zeta potential are important properties to provide
valuable information on micro-encapsulated compounds regarding the formation of stable formulations.
The particle size of the nanoparticles ranged from 135 nm to 155 nm due to the concentrations of SIF
in PGWP-SIF. The values were similar to previous report by Khan et al. [11], who prepared whey
protein isolate-DIM (3,3′-Diindolylmethane) nanoparticles to a mean particle size of 96–157 nm. In the
study, concomitant observations were obtained from transmission electron microscope (TEM) images
and dynamic light scattering (DLS) analyses, the microspheres were homogeneously spherical in
shape. However, compared with the dynamic light scattering data, the diameter of particles appeared
smaller in the TEM images, which may be due to the different principles of the two analytical methods.
In addition, all the nanoparticles had values of zeta potential below −30 mV, which suggested that the
samples seemed to be stabilized [24]. The nanoparticles with higher surface charge aggregated less,
which suggested that they were somewhat more stable. These results suggested that PGWP could be
considered as a promising encapsulation agent for the incorporation of bioactive compounds such
as SIF.

Fourier transform infrared spectroscopy (FT-IR) analysis can be used to investigate the potential
interactions between SIF and PGWP. FT-IR spectra of the SIF showed characteristic peaks were
related to the stretching vibration of the aromatic ring and aromatic ketone [5]. The characteristic
absorption peaks of SIF in nanoparticles spectrum increased from 1623.77 cm−1 and 1516.31 cm−1

to 1655.15 cm−1 and 1541.95 cm−1, respectively, which suggested that the successful formation of
PGWP-SIF nanoparticles. The results were consistent with the report described by Wang et al. [38], who
investigated the formation of complexes between spiral dextrin sub-fraction and soy isoflavones. After
interacting with SIF, the amide I band of PGWP changed, which may be due to hydrophobic interactions
between the aromatic ring of SIF and the hydrophobic amino acids of proteins [39]. The amide I band
was the most useful for infrared spectroscopic analysis of the secondary structure of proteins [40]. From
Figure 4B, it could be observed that the α-helix and β-sheet contents for PGWP decreased after adding
SIF, suggesting that the interactions between PGWP and SIF could lead to the alteration of PGWP
secondary structure. It is presumable that SIF were non-covalently grafted onto PGWP, resulting in
the partly unfolded protein, which may lead to the exposure of buried amino acids and promote
hydrophobic interactions [41]. These results indicated that the secondary structure of goat milk whey
protein changed after interacting with SIF, and the interaction between PGWP and SIF was probably
through hydrogen bonds or hydrophobic interactions.

To confirm that the conformation of PGWP was changed after interacting with SIF, we studied
the fluorescence spectrum. Fluorescence spectrum was widely used to study mechanisms of the
interactions between proteins and small molecules and the microenvironment changes of proteins.
The main components of whey proteins are β-lactoglobulin (β-LG) and α-lactalbumin (α-LA). Each
β-LG molecule has two tryptophan residues and four tyrosine residues, while four tryptophan residues
are found in α-LA molecule [42]. The fluorescence of tyrosine and tryptophan was excited by different
wavelengths to analyze the structural changes of proteins. Therefore, the inherent fluorescence is a
useful approach to study the structural transition and binding properties of protein. Fluorescence
experiments proved that SIF quenched PGWP fluorescence strongly in static mode. The nature of the
interaction forces between SIF and PGWP can be partially unveiled by studying the thermodynamic
parameters of the system, and the results suggested that the main interaction force was hydrophobic
interaction [33]. Synchronous fluorescence confirmed that SIF affected the conformation of PGWP by
interacting with its tyrosine and tryptophan residues. In addition, tryptophan residues had a stronger

171



Foods 2020, 9, 1198

fluorescence quenching effect than that of tyrosine residues, which indicated that tryptophan residues
played an important role in fluorescence quenching. Combining the fluorescence spectrum and the
synchronous fluorescence spectrum, the amino acids involved in the reaction were tryptophan and
tyrosine, and it can be inferred that tryptophan and tyrosine residues were involved in the hydrophobic
interaction. To further confirm that SIF were encapsulated inside the nanoparticles, we studied the
thermal properties of SIF before and after encapsulation. The characteristic peaks of SIF disappeared
in that of PGWP-SIF, which may be attributed to that SIF were entrapped in PGWP nanoparticles.
These results were in agreement with the report of Wang et al. [38], who observed that the disappearance
of the endotherm of soy isoflavones at 184.54 ◦C in the thermogram of the complexes may be due
to the formation of spiral dextrin sub-fraction/soy isoflavones complexes. This work provided some
comprehensive understanding about the interactions between SIF and PGWP, and these characteristics
made PGWP a novel wall material for the encapsulation of SIF. However, this research has some
limitations, the antioxidant activity and in vitro release behavior of the nanoparticles will be carried
out in the next study, and molecular modeling study will be performed to predict the precise binding
sites of soy isoflavones in goat milk whey protein. Our study indicated that the polymerized goat
milk whey protein can be considered as a promising carrier for encapsulating bioactive compounds.
The results may be helpful in expanding the industrial application of soy isoflavones in functional
foods. The study laid the foundation for further research into the interaction between goat milk whey
protein and soy isoflavones.

5. Conclusions

Soy isoflavones nanoparticles using polymerized goat milk whey protein as wall material were
prepared and characterized in this study. The results suggested that polymerized goat milk whey
protein prepared directly from milk was suitable to encapsulate soy isoflavones with high encapsulation
efficiency, and hydrophobic interaction was considered to be the main force in the formation of the
nanoparticles. The findings will be helpful for the use of polymerized goat milk whey protein as a
carrier material for hydrophobic bioactive compounds.
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Abstract: Milk is a lipid-in-water emulsion with a primary role in the nutrition of newborns. Milk fat
globules (MFGs) are a mixture of proteins and lipids with nutraceutical properties related to the milk
fat globule membrane (MFGM), which protects them, thus preventing their coalescence. Human
and bovine MFGM proteomes have been extensively characterized in terms of their formation,
maturation, and composition. Here, we review the most recent comparative proteomic analyses
of MFGM proteome, above all from humans and bovines, but also from other species. The major
MFGM proteins are found in all the MFGM proteomes of the different species, although there are
variations in protein expression levels and molecular functions across species and lactation stages.
Given the similarities between the human and bovine MFGM and the bioactive properties of MFGM
components, several attempts have been made to supplement infant formulas (IFs), mainly with
polar lipid fractions of bovine MFGM and to a lesser extent with protein fractions. The aim is thus
to narrow the gap between human breast milk and cow-based IFs. Despite the few attempts made
to date, supplementation with MFGM proteins seems promising as MFGM lipid supplementation.
A deeper understanding of MFGM proteomes should lead to better results.

Keywords: milk fat globules; bovine milk proteins; milk fat globule membrane; comparative
proteomics; infant formula preparation

1. Introduction

Bovine milk is an oil-in-water emulsion and is rich in nutrients and bioactive factors. Its unique
composition makes it essential for the correct growth and development of newborns [1]. The main milk
components are water, fat, proteins (casein micelles and serum proteins such as α-lactalbumin,
β-lactoglobulin, blood serum albumin, lactoferrin, enzymes, and immunoglobulins), lactose,
and minerals [2,3]. Milk fat occurs as milk fat globules (MFGs) in the water, with a size ranging from
0.1 to 15 μm. MFGs are composed of a nonpolar triglyceride (TG) core and are covered in a layer of
surface-active material, which is needed to maintain their stability in the emulsion and to protect them
from enzymatic degradation and coalescence. This membrane is called the milk fat globule membrane
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(MFGM), of which the bovine form is the most studied and employed in the dairy industry [1,3–6].
Table 1 showcases the MFGM content in the main dairy products, such as milk, cream, and cheese.

Table 1. Comparison of milk fat globule membrane (MFGM) content in different dairy products.
Data are from Dewettinck et al., 2011, and Conway et al., 2014 [7,8].

Product MFGM (mg/100 g)

Cheese (25% fat) 150
Milk (skimmed, 0.5% fat) 15

Milk (whole, 3.5% fat) 35
Yogurt (1.5% fat) 15
Cream (38% fat) 200

Bovine MFGM is about 10–20 nm in cross-section and its mass accounts for 2–6% of the total MFG
mass [9]. It is made up of many different compounds: polar lipids such as phospholipids, sphingolipids,
and glycolipids, and also cholesterol, proteins, and surface glycoproteins [10]. This membrane acts as a
natural emulsifier and encases the nonpolar triglyceride core of MFGs [11,12]. The complex MFGM
architecture ensures stable dispersion of MFGs in milk—polar lipids and glycoproteins present in the
membrane induce electrostatic and steric repulsion, preventing coalescence and aggregation of the fat
globules [3,7,13]. There are several health-promoting effects of the MFGM (mainly from bovine but also
from other species), such as anticarcinogenic, antimicrobial, anti-inflammatory, and anticholesterolemic
activities [6,7].

The anticarcinogenic activity was assessed on HT-29 cells (a human colon cancer cell line)
by three studies [14–16], which showed that MFGM could reduce the proliferation and enhance
apoptosis of the cancer cells through the activation of effector caspase-3. The antimicrobial activity
was observed through the inhibition of in vitro rotavirus infectivity [17] and the anti-adhesive activity
exerted by a mucin 1 (MUC1)-enriched MFGM fraction against bacteria in the gut mucosa [18].
The anti-inflammatory activity was evaluated with the in vivo mitigation of lipopolysaccharide
(LPS)-induced intestinal damage and inflammation in low birth weight (LBW) mice [19] and with
the decrease of pro-inflammatory serum markers such as total cholesterol, low density lipoprotein
(LDL)-cholesterol, along with an increased production of anti-inflammatory cytokines in obese adults
challenged with a high-fat meal rich in saturated fatty acids [20]. Finally, the anticholesterolemic activity
was assessed by the decrease exerted by MFGM-derived sphingomyelin of the intestinal absorption
of cholesterol and fats in animal models, thus protecting the liver from fat- and cholesterol-induced
steatosis and consequently preventing the inflammatory condition involved in atherosclerosis and
insulin resistance [7,21]. To summarize, the MFGM could play a key nutraceutical role in many adverse
health conditions, even though its effectiveness and potential claims need to be addressed properly.

The aim of this review is to provide a general overview about the formation of bovine MFGs
and MFGM and to highlight the main similarities and differences across the MFGM proteomes of
the most-studied species (human, cow, goat, buffalo, etc.) through the analysis of comparative
proteomic studies. Moreover, the potential supplementation of MFGM fractions in infant formula (IF)
is investigated in order to underline the beneficial effects exerted by MFGM bioactive components in
infant feeding.

2. Bovine MFGs and the MFGM

2.1. Formation of Bovine MFGs and MFGM

The various classes of fatty acids (FAs) of milk fat derive above all from feed and rumen
microbial activity. In particular, short-chain fatty acids (SCFAs) and medium-chain fatty acids (MCFAs)
derive from de novo synthesis in the mammary gland, involving acetyl-coenzyme A carboxylase
(ACC) and fatty acid synthase (FAS) enzymes, starting from acetate and butyrate [22,23]. These two
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molecules are produced in the rumen by fermentation of feed components, such as carbohydrates.
Long-chain fatty acids (LCFAs) generally derive from dietary lipids or mobilization of body reserves
and specifically they are released by lipoprotein lipase from TGs or from very low density lipoproteins
(VLDL), or further from non-esterified fatty acids (NEFA), which are usually found in plasma bound
to albumin [24–26]. Once they are synthesized, FAs pass through the basal plasma membrane of
mammary gland epithelial cells via diffusion and reach the endoplasmatic reticulum (ER), where the TG
droplets are synthesized starting from FA precursors. The microlipid droplets are then extruded from
the ER in the cytoplasm—during the extrusion process, the droplets are encased in a surface-active inner
monolayer, which surrounds the TG core and is made up of polar lipids and specific surface-associated
proteins derived from the ER [3,27,28].

Once in the cytoplasm of the mammary gland epithelial cells, microlipid droplets grow in volume
and then migrate through the cell cytoplasm, from the basal to the apical pole of the cell. The lipid
droplets are secreted by the cells in an apocrine-like mechanism into the alveolar lumen as MFGs,
surrounded by the apical plasma membrane of the cells [29,30]. The result of this process is that the
MFGM is a trilayer membrane, with the inner layer composed of proteins and polar lipids from the ER,
and the outer bilayer of proteins and polar lipids from the apical plasma membrane of the mammary
gland epithelial cells (Figure 1) [4,5,28].

In the external layer of the MFGM there are partially embedded, loosely attached and transmembrane
proteins, as well as cholesterol molecules associated with polar lipids, while glycoproteins are also
present on the surface, with carbohydrate domains oriented outwards [3]. The most widely accepted
model for this type of membrane is thus the fluid mosaic model [4,7]. This is because the bovine
apical plasma membrane of epithelial secretory cells and the bovine MFGM membrane show a similar
distribution of all their components [31].

Figure 1. Schematic representation of milk fat globule (MFG) formation. The microlipid droplets
(yellow circles) are extruded from the endoplasmatic reticulum (ER) in the cytoplasm of the mammary
gland epithelial cell to reach the apical plasma membrane, where they are extruded in the alveolar
lumen as MFGs. Adapted from Reece, 2004 [32]; Horseman et al., 2014 [33]; and Wikipedia [34].

2.2. Lipids in MFG and MFGM, and the Role of Choline

MFG core is predominantly composed of non-polar lipids, named TGs, accounting for 98% of
total milk fat. Milk fat is composed of over 400 different FAs, of which 15 represent 90% of the total
FA pool. Saturated FAs in bovine milk fat account for 70% of the total milk FAs, with the main
forms being palmitic acid (26–32%), stearic acid (12%), and myristic acid (10%). Of the saturated FAs,
MCFA (6:0–12:0) represent about 10% of total milk FAs, whereas SCFA (4:0) account for less than 3%.
Mono-unsaturated FAs account for 25% of the total milk FAs, with the main form being oleic acid
(20–25%). Poly-unsaturated fatty acids (PUFAs) constitute 2.5% of the total milk FAs, and the two major
PUFAs are linoleic acid (1–3%) and α-linolenic acid (0.5–2%) [26]. The latter two are among the most
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important essential fatty acids, which exert an anti-inflammatory function and are also important to
prevent cardiovascular diseases in humans [35]. Bovine MFGM is composed mainly of polar lipids that
account for 0.2–1% of the total milk fat. The amount of polar lipids in milk fat is related to the amount
of the MFGM and then to the size of fat globules [28,36]. The major polar lipids that build bovine
MFGM are membrane glycerophospholipids, a group that include phosphatidylcholine (PC, 35–36%);
phosphatidylethanolamine (PE, 27–30%); phosphatidylinositol (PI, 5–11%); phosphatidylserine
(PS, 3%); and sphingolipids, in particular, sphingomyelin (SM, 25%) [3,7,29,30]. Most of these
(about 60%) are choline-containing phospholipids, namely, PC, lysophospatidylcholine (lyso-PC),
and sphingomyelin [37,38], showcasing why MFGM constitutes the major choline-containing
component of bovine milk [37]. The amount of choline-containing phospholipids in bovine milk is
about 105–210 mg/L, to which free choline should be added [38–40]. This value is calculated considering
that 60% of milk phospholipids contain choline and, furthermore, that phospholipids account for
0.2–1% of total milk lipids [28,32,37,41]. Usually, choline liver reserves and also its metabolites are
employed to maintain certain levels of choline secretion into milk. In 1995, Zeisel and collaborators [42]
observed that rats fed with a choline-deficient diet had about 90% lower hepatic PC compared to rats
fed with a choline-adequate diet. Moreover, lactating rats fed with a choline-deficient diet showed
sevenfold higher levels of hepatic TG than non-mated females fed with a choline-adequate diet, whereas
TG levels were fourfold higher in lactating rats fed with a choline-adequate diet [42]. According to
Kinsella [43], a bovine mammary gland normally yielding 25 L of milk secretes 10 ± 3 g phospholipids
per day. This quantity corresponds on average to the 5% of the total phospholipid content of the
mammary tissue [43]. These findings confer to choline supplementation an important metabolic role
in lipid transport to and within extra-hepatic tissues, such as the mammary gland [44–48].

This idea was confirmed more recently by Li and collaborators also [49]. In particular, the authors
evaluated the effects of choline supplementation in intrauterine growth-restricted (IUGR) pigs
compared to a normal-choline diet. Choline supplementation decreased hepatic free FAs and TG
level, downregulated lipogenic enzyme expression, and enhanced TG export from liver, acting also on
cholesterol regulation through higher high-density lipoprotein cholesterol (HDL-C) and lower total
plasma cholesterol. Hence, choline supplementation improved hepatic lipid metabolism, avoiding the
abnormal lipid metabolism condition of IUGR pigs [49].

Other studies confirmed the importance of choline supplementation in increasing not only milk
production (yield and composition) but also choline-containing compounds in milk derived from dairy
ruminants [12,50–55].

The potential of designing milk with a higher content of choline-containing compounds via choline
supplementation in animal feeding is interesting from several points of view. Interestingly, there is
scientific evidence about the nutraceutical benefits of phospholipids, sphingolipids, and SM-derived
metabolites (ceramide and sphingosine), which have shown antiproliferative activity on cancer
cells—MFGM digestion occurs along the entire length of gastrointestinal (GI) tract, with high levels of
ceramide and sphingosine recovered in the small intestine and the colon, where they can directly exert
their beneficial effects or where they can enter the bloodstream to reach peripheral organs. Indeed,
ceramide and sphingosine are two metabolites acting as second messengers in cell signaling, exerting
pro-apoptotic and antimitogenic effects [6,14,15].

2.3. Major MFGM Proteins

MFGM proteins account for 25–60% of the mass of the MFGM, 1–4% of total milk proteins, and 1%
of the total globule mass. The proteins can be classified into integral proteins and peripheral proteins,
whereas others are partially embedded or loosely attached to the membrane. During the secretion of
the MFGs, the constituents are re-arranged within the apical plasma membrane and the MFGM [4,31].
The localization of the proteins thus varies—some are associated with the inner monolayer membrane,
while others are associated with the outer bilayer membrane [7,28,29]. The main MFGM proteins
are adipophilin (ADPH), butyrophilin (BTN), mucin 1 (MUC1), xanthine dehydrogenase/oxidase

178



Foods 2020, 9, 1251

(XDH/XO), CD36, periodic acid Schiff III (PAS III), PAS 6/7, lactadherin, and fatty acid-binding protein
(FABP), as is shown in Figure 2 [7,56,57].

Figure 2. Structure of MFGM and localization of the main MFGM proteins.

ADPH, also known as perilipin 2, is a major constituent of the MFGM and is localized in the inner
monolayer membrane. It regulates lipolysis by controlling the access of proteins to the MFG [29,56].
BTN is a transmembrane protein and is the most abundant protein in bovine MFGM. BTNs are members
of the immunoglobulin (Ig) superfamily, and BTN1A1 is the form in human MFGM [28,29,56]. It has
been observed that the knockout of BTN1A1 in bovine mammary epithelial cells decreased the size
and the phospholipid content of lipid droplets (the precursors of MFGs), thus suggesting that BTN1A1
has a key role in regulating the synthesis of lipid droplets via a mechanism involving membrane
phospholipid composition [36]. MUC1 is a glycoprotein with highly glycosylated extracellular domains
localized on the outer surface of MFGs. This feature makes it resistant to digestion and potentially
available to act as a decoy receptor for pathogens [18,29,56].

XDH/XO is a redox enzyme that accounts for 12% of total bovine MFGM proteins and is localized
in the intermembrane space between the monolayer and the bilayer, forming a tripartite structure
with BTN and ADPH (needed to interconnect the inner and outer membrane). It plays a role in
antimicrobial defense of the GI tract through the production of reactive oxygen species (ROS) as well
as reactive nitrogen species (RNS), which have bactericidal properties. Surface carbohydrates and
XDH/XO may possibly act as decoys—pathogens can interact with receptors of the epithelial cells of
the GI tract, but can also bind to similar receptors on the MFGM that themselves can act as decoys,
such as MUC1 [18], to avoid bacterial interaction with their primary target (GI epithelial cells) and that
can also impart an antimicrobial effect thanks to ROS/RNS production by XDH/XO [7,28,29]. Finally,
FABP is a protein with a similar localization of XDH/XO and plays a key role in the synthesis of MFG
lipid constituents during the intracellular transport of FAs. Indeed, it is involved in the transport of FAs
through the capillary endothelium to reach the cytoplasm of mammary endothelial cells, where they
cross the membrane via diffusion [24,29].

Interestingly, some authors [7,58] have demonstrated the presence of the onco-suppressors
breast related cancer antigens 1/2 (BRCA1 and BRCA2) in human and bovine MFGM. These two
onco-suppressors are involved in DNA repair processes [7]. The reason for their presence in the MFGM
could be because MFGs are secreted by mammary gland epithelial cells and carry a fraction of their
apical plasma membrane. This hypothesis could also explain the presence of these two proteins in
human MFGs in secreted milk. In 2002, Vissac and collaborators evaluated BRCA1/2 expression in
MFGs of women just after delivery, observing similar patterns of expression of the two proteins [58].
The nutraceutical role of the MFGM and its potential anticancer effect could be explained by the fact that
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after MFGM consumption, the inhibitory peptides might be released from MFGM and subsequently
absorbed by the digestive tract. The absorbed peptides could enter the bloodstream and reach the
organs (or tissues), where they inhibit the transforming cells [6].

In Table 2, the major components of bovine MFGM and their main functions are listed.

Table 2. Functions of the main components of bovine MFGM. Data from Lee et al., 2018 [29].

Components Abbreviation Functions

Polar Lipids

Phosphatidylcholine PC
Structural maintenance of MFGM;
cholesterol regulation and lipoproteins
metabolism

Phosphatidylethanolamine PE Structural membrane regulation

Phosphatidylinositol PI Cell signaling; PI3K-Akt pathway
regulation

Phosphatidylserine PS Apoptosis regulation

Sphingomyelin SM
Myelinization; metabolized to ceramide and
sphingosine (second messengers that
regulate cell growth and cell cycle)

Cholesterol - Structural maintenance of MFGM (lipid
rafts complexes with SM)

Proteins

Adipophilin ADPH Lipolysis regulation

Butyrophilin BTN MFG synthesis regulation

Mucin 1 MUC 1 Decoy receptor for pathogens; inhibition of
in vitro rotavirus infectivity

Xanthine dehydrogenase/oxidase XDH/XO
Structural maintenance of MFGM;
antimicrobial activity (ROS/RNS
production)

Fatty acid-binding protein FABP Fatty acid transport; MFG lipid synthesis

Breast related cancer antigens 1/2 BRCA 1/2 Onco-suppressor activity

Choline - Precursor of phospholipids and SM; hepatic
lipid metabolism

Gangliosides - Cognitive development

3. Comparison of MFGM Proteome between Different Species and Lactation Stages

Bovine milk is the major substitute for human milk and the most produced animal milk in the
world [59]. Bovine MFGM is thus the most studied and employed in the industry of dairy products,
for example in the production of IFs [60–62]. Milk differs from species to species above all in terms of
the composition and the amount of macromolecules. This review discusses the variations in MFGM
across species.

Although most of the beneficial effects of MFGM are associated with its polar lipid fraction [6],
studies on MFGM proteome are increasing since MFGM proteins show bioactive properties and new
technologies have enabled more detailed analyses of the MFGM proteome. Comparative proteomic
analyses have been performed to understand how proteomes vary between different species and
between different stages of lactation [63]. Figure 3 shows the general experimental workflow.

These analyses have been performed to study and compare the proteome of various MFGMs,
mainly from humans and cows [64–66], but also from other species such as the goat, yak, buffalo, horse,
and donkey [61,62,67–70].
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Figure 3. Experimental workflow of MFGM proteome analysis using a proteomic approach.

Human milk proteome varies across colostrum and mature milk [71], and these variations are
also reflected in the MFGM proteome that varies between lactation stages [72].

This pattern of variations is also valid for other species such as cows [68,73] and goats [70].
In particular, Reinhardt and Lippolis [73] observed that the proteins associated with lipid transport
synthesis and secretion (such as FABP) and MUC1 were highly upregulated in 7-day-old milk MFGM
than in colostrum MFGM from cow’s milk. The variation of expression of proteins such as FABP
is indicative of an early developmental shift in milk fat transport, despite higher fat content in
colostrum [73].

In a proteomic study focused on human colostrum MFGM, 107 proteins were identified, half of
which were typical MFGM proteins, such as lactadherin and BTN [64]. A similar number of proteins
(120) were detected in bovine MFGM. As with human MFGM, BTN was identified as the major MFGM
protein, while membrane/protein trafficking proteins (23%) and cell signaling proteins (23%) accounted
for almost half of the proteins identified [65].

However, apart from some common features, human and bovine MFGM are different in terms of
the fraction of proteome involved in host defense. In 2011, Hettinga and collaborators [66] verified that
the total number of host defense MFGM proteins was similar between humans (51 out of 234 proteins
identified in human MFGM) and bovines (44 out of 232 proteins identified in bovine MFGM) (Figure 4).
However, the human MFGM was more enriched with Igs than bovine MFGM, while bovine MFGM
was more enriched with antibacterial proteins. This important information helped identify the main
proteins with immunity-promoting properties for newborns [66].

 
Figure 4. Comparison of total MFGM proteome and host defense MFGM proteins between humans
and bovines. Data are from Hettinga et al., 2011 [66].
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Human MFGM phosphoproteome has recently been studied [72]. Phosphorylation is a post-
translational modification that plays a key role in regulating many signaling pathways. The authors
identified 203 phosphoproteins, of which 48 were differentially phosphorylated in colostrum and
mature milk. These 48 phosphoproteins were mainly associated with immune-related processes.
The results showed that there were more immune system process-related phosphoproteins in human
colostrum MFGM than in mature MFGM, probably because of the important role that colostrum has in
building the immune system of newborns [72].

In terms of the MFGM proteome across different species, Lu and collaborators [61] identified
and quantified 312, 554, 175, and 143 proteins in human, cow, goat, and yak MFGM, respectively.
Fifty proteins were shared among species. Human MFGM shared the highest number of proteins
with cow MFGM, whereas with goat and yak MFGM, the number was lower (Figure 5). In terms
of composition, the correlation between cow and human MFGM was higher than that between goat
and human MFGM, and also between yak and human MFGM. Analyses of the molecular function of
proteins revealed that human MFGM was enriched in ER proteins, whereas cow MFGM was enriched
in plasma membrane proteins [61]. These findings confirm that MFGM originates from the ER and the
plasma membrane [31].

Figure 5. Shared and uniquely identified and quantified proteins in humans, cows, goats, and yaks.
Adapted from Lu et al., 2016 [61].

The most shared proteins across species were involved in protein/vesicle-mediated transport,
along with major MFGM proteins such as BTN, ADPH, FABP, and MUC1. The main difference
regarding human MFGM proteome was a higher enrichment in enzymes involved in lipid catabolism,
also reported in Liao et al. [68] and in a set of immune response proteins [61,72].

In 2015, another research team compared the proteome of cow, yak, buffalo, goat, and human
MFGM [74]. The authors identified a total of 520 proteins of all species, most of which were shared
among all species, although in different isoforms, as also reported by other studies [75,76], such as
BTN, lactadherin, MUC1, and ADPH. These findings showed that the MFGM proteome presents a
high complexity and variability among species. In terms of molecular function and Gene Ontology
(GO) categories, cellular process, localization, transport, signal transduction, and response to stimulus
were enriched in all the MFGM fractions [74].

Comparative proteomic analyses have been performed to compare cow and goat proteome. In a
2019 study, a total of 776 MFGM proteins were identified: 427 and 183 that are unique for goat and cow
milk, respectively, and 166 proteins shared between the two species. Most of the goat MFGM proteins
were related to metabolic processes (about 21%), whereas most of the cow MFGM proteins were
related to disease-associated pathways (about 49%) [62]. Subsequently, the same authors evaluated
the variations between goat colostrum and mature MFGM proteome. They found a higher number of
proteins than in their previous study; in particular, 543 and 858 proteins in colostrum and mature milk,
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respectively, of which 394 are shared in colostrum and mature milk. Colostrum was found to have
fewer proteins but more functions of protein processing in the ER than mature milk, whereas mature
milk had more metabolism-related proteins [70].

Along with the analyses performed on proteome and phosphoproteome, the MFGM glycoproteome
has also been investigated [67,68]. Cao and collaborators identified and quantified 465, 423, 334,
and 176 glycoproteins in human colostrum and mature milk, and bovine colostrum and mature milk,
respectively. Human colostrum and mature milk shared 362 glycoproteins, whereas bovine colostrum
and mature milk shared 155 glycoproteins (Figure 6). The authors found 24.3% (156) of glycoproteins
were shared between human and bovine colostrum, and 16.3% (84) of glycoproteins were shared
between human and bovine mature milk. These results indicated more dramatic variations in MFGM
glycosylation within species than lactation stages [68].

Figure 6. Quantitative comparison of MFGM proteins between human colostrum and human mature
milk, bovine colostrum and bovine mature milk, human colostrum and bovine colostrum, and human
mature milk and bovine mature milk (HC = human colostrum; HM = human mature milk; BC = bovine
colostrum; BM = bovine mature milk). Adapted from Cao et al., 2019 [68].

In another study, Yang et al. investigated the variation among species by analyzing MFGM
glycoproteome from cow, buffalo, yak, goat, and human milk. They found that the glycoproteins from
the different MFGM species were mainly related to the response to stimulus, according to the GO
categories, and that the fractions from ruminants (cow, buffalo, yak, goat) were more similar to each
other when compared to the non-ruminant’s fraction (human) [67,74].

An example of the application of these comparative studies was given recently by Ji and
collaborators [16], who evaluated the antiproliferative effect of five MFGM fractions from yak, bovine,
goat, camel, and buffalo milk using the HT-29 cell line. The antiproliferative effect was evaluated in
terms of cell viability, cell cycle, cytomorphology, apoptosis, and mitochondrial membrane potential
(MMP). The results showed that all the five MFGM fractions reduced cell growth by affecting cell cycle
and inducing apoptosis, whereas MMP values were also significantly reduced by all the five MFGM
fractions. Among all the tested samples, buffalo and goat MFGMs were more effective in inducing
apoptosis than the other three MFGMs. These data suggest that MFGM might be a putative agent for
the prevention of human colon cancer [16].

To summarize, the principal MFGM proteins have been identified in all species. However, the main
molecular functions exerted by MFGM proteomes vary according to species and lactation stage due
to the variations in protein expression. For example, the human MFGM proteome (in particular
that contained in colostrum) has more immune response-related proteins than the MFGM proteome
from other species. There are similarities between human and cow MFGM proteome and molecular
functions, suggesting that bovine milk, and more specifically bovine MFGM proteins, could be used as
a supplement in IFs [77,78].

183



Foods 2020, 9, 1251

The varying number of proteins identified and quantified in different studies depends on the
proteomic methods performed by the authors. In any case, each study is a step forward in terms of
the knowledge regarding MFGM proteome. The potential of these results could facilitate the correct
management of the MFGM proteome in the design of products such as IFs supplemented with specific
MFGM proteins.

4. MFGM: Potentials in Infant Formula Preparation

Breast milk is considered the gold standard for infant nutrition and is required for optimal infant
growth, brain and GI tract development, as well as establishing the immune system. Some of the
bioactive factors of breast milk are present in the MFGM. In order to develop products that reflect the
complexity of human milk, efforts have been made to imitate the nutritional profile and composition
of human breast milk. IF has been designed in order to be a suitable alternative to human breast
milk [21,77–79]. Bovine milk is currently the basis for most IFs (Table 3).

Table 3. Comparison of human breast milk and cow-based infant formula composition (in terms
of energy and macronutrients). Data are from the European Food Safety Authority (EFSA) Journal,
2014 [80].

Item Human Breast Milk Cow-Based IF

Energy (kcal/100 mL) 65 60–70
Digestible carbohydrates (g/100 kcal) 8.2–10.4 9–14

Lipids (g/100 kcal) 3.7–9.1 4.4–6
Proteins (g/100 kcal) 1.3 (0.8–2.1) a 1.8–2.5

a Mature human milk.

IFs are based on the nutrient composition of human milk in order to provide adequate levels
of macronutrients (carbohydrates, lipids, and proteins) and micronutrients (vitamins and minerals)
to support growth [60,81]. Despite the similarities in MFGM proteome, the composition of bovine
milk differs from human milk. An example is the content of essential unsaturated fatty acids, which is
higher in human milk than in bovine milk because of the high rate of biohydrogenation processes
of dietary unsaturated fatty acids in the rumen—α-linolenic acid shows a lower difference (0.5–2%
and 1–2% of total milk FAs for bovine and human milk fat, respectively) than linoleic acid (1–3% and
8–18% of total milk FAs for bovine and human milk fat, respectively) [25,29,82,83]. In addition to
nutrients, human breast milk also contains several bioactive compounds (Igs, enzymes, hormones)
and live cells (e.g., leucocytes) that cannot be easily added to IFs [79,84]. All these elements prevent
IFs from having the same composition as human breast milk, although the research in this field has
advanced considerably.

In fact, several studies [49,57,60,77,85] have suggested that supplementing IFs with MFGM could
provide beneficial effects because of the presence of bioactive compounds such as proteins and polar
lipids in the MFGM, thus narrowing the gap between human breast milk and IFs. Many of these
results were obtained through the supplementation of IF with the polar lipid fraction of the MFGM
(phospholipids and sphingolipids), given that these compounds are the main contributors to the
nutraceutical effects of the MFGM [6].

Few studies have investigated supplementing IF with MFGM proteins [78]. One hypothesis is
that the protein content of IFs is usually higher than that of human milk, and this is likely due to
the lower digestibility of cow milk proteins [77,86]. Further supplementation with proteins has thus
rarely been taken into account, even though MFGM proteins have health-promoting effects such as
preventing pathogen adhesion and infection [18,29].

In 2014, Billeaud and collaborators [87] evaluated the safety of two IFs supplemented with
a lipid-rich or a protein-rich bovine MFGM fraction in healthy infants. The authors observed no
considerable differences among the two supplemented formulas and the control (standard formula) in
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terms of weight gain, adverse events, and morbidity rates. They concluded that MFGM enrichment,
both with lipids or proteins, could improve the level of similarity between breast milk and cow-based
IFs [87]. In the same year, Timby and collaborators [77] evaluated the effect of a low-energy and
low-protein formula supplemented with a protein-rich bovine MFGM fraction on healthy infants.
Their results showed that the cognitive score (assessed with Bayley-III tests) was 4.0 points higher
in the experimental formula group than in the standard formula group (105.8 ± 9.2 vs. 101.8 ± 8.0;
p < 0.05), but was similar to the breastfed group (105.8 ± 9.2 vs. 106.4 ± 9.5; p > 0.05). This suggested
that the experimental formula could decrease the gap in cognitive performance between breastfed and
formula-fed infants [77].

Zavaleta and collaborators [88] evaluated the efficacy of a complementary food supplemented with
a MFGM-enriched protein fraction on the health status of infants. They found that the supplementation
improved infants’ health status by reducing episodes of diarrhea. Even though the authors did not
use a supplemented IF but a supplemented complementary food, they achieved promising results,
probably due to an amelioration of gut microbiota or positive changes in the developing immune
system of the infants [88].

However, the relevance and the potential of MGFM is under investigation, not only as a source
of several bioactive nutrients (fat-soluble vitamins including carotenoids and polar lipids) including
MFGM proteins, but also for its role in fat digestion [89]. It was observed that bovine MFGM reduced
the in vitro FA release from MFGs and this was probably due to the inhibitory effect of MFGM
components and conformation on the pancreatic lipase activity [90]. Besides this, it is also important to
mention that the composition of FAs in TG core of MFGs has a significant impact on the digestibility
and the absorption of fat and other compounds, such as minerals. MCFAs are better absorbed than
LCFAs, and therefore TGs made up mainly by MCFA result in being more digestible because they are
better solubilized in the gut [91]. Moreover, calcium absorption is also higher in human subjects after
the consumption of a MCFA-mixed meal compared to a LCFA-mixed meal [92]. In addition to these
aspects, the positional distribution of FAs on the glycerol backbone is also crucial to determine FA
absorption, whether as sn-2 monoglycerides or as free FAs (after the hydrolyzation by lipase of the sn-1
and sn-3 bounds). An example is palmitic acid (16:0)—in human milk it is found on the sn-2 glycerol
position more than in bovine milk (>50% and 30–40%, respectively) [93]. The sn-2 position ensures
higher absorption for palmitic acid than the sn-1 or sn-3 positions, also because free palmitic, being a
LCFA, tends to form insoluble fatty soaps with calcium at intestinal pH conditions [94]. For this reason,
the location of palmitic acid on the sn-2 position of glycerol ensures higher absorption for both the FA
and the calcium, making human milk more digestible than cow-based IFs [91,95,96].

5. Conclusions

Milk has important nutritional features for newborns. Indeed, breast milk is a mixture of several
bioactive compounds that modulate the GI tract and contribute to building the immune system of
breast-fed infants. Moreover, breast milk is also important for brain development [81]. Bovine milk is
the most used animal milk in the world [59] and it shares several features with other species’ milk,
such as the particular occurrence of milk fat as MFGs surrounded by the MFGM. The lipids and proteins
that constitute the MFGM supply it with many of the bioactive properties of milk [6]. Along with
MFGM polar lipids, MFGM proteins have important health-promoting effects such as anti-adhesive
and antimicrobial functions [18,29].

The growing interest in MFGM led researchers to study the MFGM proteins from a wider approach
through proteomics. Proteomic methods have been performed to better clarify the role of MFGM
proteins, leading to a deeper knowledge about them. Proteomics has the potential to enable the
detection, identification, and characterization of proteins, as well as to analyze a large number of
proteins simultaneously [97]. Comparative proteomic studies were performed to obtain information
on the variations in MFGM proteome among different species [63]. There are variations in terms of
protein expression level and molecular function across species, even though the major MFGM proteins
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are observed among all the species considered. The properties of the MFGM proteome of each species
could be exploited to design products supplemented with MFGM fractions that meet specific needs,
for example, the enhancement of the immune system, the regulation of cholesterol metabolism, or the
supply of beneficial polar lipids to support cognitive function.

An example of the application of the MFGM proteome is found in the dairy industry, in particular
in the supplementation of IFs [77,78,89]. The promising results obtained with the supplementation of IF
with MFGM proteins [50,77] and polar lipids [85] underline once again the importance of MFGM in IF
preparation—since cow milk-based IF is formulated to better resemble human breast milk, the MFGM
supplementation could increase the presence of bioactive compounds in IF (usually at low levels in
standard formula).

Future work is likely to be addressed towards a deeper comprehension of MFGM proteome and
its variations across species and lactation stages. The overall aim is to further increase the knowledge
of MFGM properties and to assess the potential of the supplementation of IFs with MFGM proteins.
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Abbreviations

MFG Milk fat globule
MFGM Milk fat globule membrane
TG Triglyceride
LDL Low density lipoprotein
FA Fatty acid
SCFA Short-chain fatty acid
MCFA Medium-chain fatty acid
LCFA Long-chain fatty acid
PE Phosphatidylethanolamine
PC Phosphatidylcholine
PI Phosphatidylinositol
PS Phosphatidylserine
SM Sphingomyelin
GI Gastrointestinal
ADPH Long-chain fatty acid
BTN Butyrophilin
MUC1 Mucin 1
XDH/XO Xanthine dehydrogenase/oxidase
PAS III Periodic acid Schiff III
FABP Fatty acid-binding protein
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Abstract: Biological, physicochemical and textural parameters of a Panela cheese with and
without probiotics (LSB-c and C-c) were analyzed during 15 days of storage at 4 ◦C. Changes in
cohesiveness, hardness, springiness, and chewiness were measured by texture profile analysis.
Additionally, moisture, pH, nitrogenous fractions (nitrogen soluble in pH 4.6, non-protein
nitrogen, 70% ethanol-soluble nitrogen, and water-soluble extract) were evaluated. The peptide
profile of nitrogenous fractions was also analyzed. Finally, biological activity was evaluated
by ABTS (2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt) and DPPH
(2,2-diphenyl-1-picrylhydrazyl), as well as the Inhibition of Angiotensin-Converting Enzyme.
Analysis of variance showed significant differences for most of the evaluated parameters. By principal
component analysis (PCA), two groups were separated, one corresponding to LSB-c and the other
corresponding to C-c. The separation was given mostly by hardness, chewiness, and ABTS of all
nitrogenous fractions. LSB-c showed higher biological activities than C-c.

Keywords: panela cheese; angiotensin-converting enzyme inhibition; probiotic addition; antioxidant
activity; DPPH; ABTS

1. Introduction

Bioactive peptides are genuine or generated components of ready-to-eat foods that may exert a
regulatory activity in the human organism, regardless of their nutritive functions [1].

It is known that bovine milk is the most significant source of food-derived bioactive peptides [2].
The existence of bioactive peptides in fermented milk products and ripened cheese has been
described [3]. During proteolysis, various peptides are released from the milk proteins; they are
inactive while encrypted in the milk proteins. Proteolysis takes place during food processing,
e.g., milk fermentation and cheese maturation, or during gastrointestinal transit. Some of the
bioactive properties reported in peptides derived from milk products are antihypertensive, antioxidant,
antimicrobial, immunomodulatory, and mineral binding [4–6]. The amount and type of bioactive
peptides in cheese are affected by the starter culture and ripening conditions [7].

In 2019, the production of fluid milk in Mexico was approximately 12.6 million metric tons, of
which almost 50% was utilized for cheese elaboration [7]. According to SAGARPA (Mexican Ministry
of Agriculture and Sustainable Development) [8], in 2018, Mexican cheese production was 418,650 tons,
where panela represented the third most-produced cheese and represented 11.7% of total production.

Panela cheese is a very popular handcrafted Mexican white, soft, fresh cheese manufactured from
pasteurized cow’s skim or partially skimmed milk [9], with little or no starter culture acidification [9,10].

Foods 2020, 9, 1507; doi:10.3390/foods9101507 www.mdpi.com/journal/foods193
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According to the manufacture characteristics of this type of cheese, it is expected some degree
of proteolysis and thus a release of bioactive peptides during manufacturing procedures, storage,
and post-consumption.

On the other hand, hypertension is a state of a sustained increase in blood pressure (BP), related to
cardiovascular diseases. Hypertension is the mortality most related factor around the world [11].
This is a chronic disease derived from many factors such as genetics, excessive sodium intake, age,
smoking, sedentary lifestyle, and chronic diseases such as diabetes and obesity [12,13]. According to
W.H.O. [14], more than one of every five adults suffers from hypertension.

Within the organism, the regulation of blood pressure is related to the hormone “renin-angiotensin
system” (RAS). The angiotensin-converting enzyme (ACE) is key within RAS because it converts the
peptide angiotensin I to the vasoconstrictor angiotensin II, which tightens the blood vessel and increase
the BP. ACE-inhibitors are competitive substrates for ACE, and among them are milk-derived bioactive
peptides. The C-terminal of the inhibitor is the primary feature governing the inhibition of ACE [11].

Oxidative stress is a condition of imbalance between reactive oxygen species (ROS) with unpaired
electrons and the body’s ability to detoxify and repair the damage of the reactive components. It is
widely related to the illnesses of the human body, including hypertension and other chronic diseases.
Milk protein-derived peptides are among the natural dietary sources of antioxidants. Peptides from
β-casein and αs1-casein are potent anion radical scavengers [11].

This work aimed to measure antioxidant, and ACE inhibition of a Panela cheese added (LSB-c)/not
added (C-c) with probiotics. Physicochemical and textural parameters were also monitored during
15 days of storage (4 ± 0.6 ◦C) to evaluate their effect and relationship upon structural changes in both
types of cheeses.

2. Materials and Methods

2.1. Cheese Manufacture

For this study, one 80-L batch of whole milk was obtained in the Tecnológico de Monterrey
experimental agricultural field (CAETEC) (Querétaro, Mexico) and transported to the Tecnológico
de Monterrey, Querétaro, Mexico under controlled temperature conditions. In the CAETEC,
milk production is controlled to avoid composition variation throughout the year. To achieve this,
the calf diet is standardized with a feed formulate by Tecnologico de Monterrey. The herd has about
100 milking cows. Different national associations and industrial clients have certified the homogeneity
and quality of CAETEC milk.

Whole milk (3.11% protein, 3.19% fat, initial pH 6.69) was cooled and stored at 4 ◦C for 24 h before
cheese making. For cheese making, the Querataro’s traditional panela making procedure was followed.
Milk was pasteurized in a big pot (63 ◦C for 30 min) previously to cheese manufacturing and was split
into two portions of 40-L at the food engineering facilities of Tecnológico de Monterrey, Querétaro,
Mexico. The experimental design was a unifactorial design where the factor evaluated was storage
time with four levels (0, 5, 10, and 15 days). Cheeses with probiotics (LSB-c) and without probiotics
(C-c) where considered as independent blocks.

For the cheese added with probiotics (LSB-c), after pasteurization, the 40 L of milk was heated
gradually to 32 ◦C, and 109 CFU/L of commercial type MM101 (Lyofast®, Sacco, Via Manzoni, Italy)
culture was added, which consisted of Lactococcus lactis, Lactococcus cremoris, Lactococcus diacetylactis,
and Streptococcus thermophilus. Then, 109 CFU/mL Bifidobacterium animalis ssp lactis (Lyofast®, Sacco,
Via Manzoni, Italy) was added to the mix. Inoculated milk was kept at 32 ◦C for three h until it reached
a pH value of 6.4. CaCl2 (Cal-Sol501, Industrias Cuamex, San Miguel Iztapalapa, CDMX, Mexico)
was added by diluting 7 mL in 35 L of milk and kept in slow agitation for 1 min. Liquid calf rennet
(Strength 1:7500. Qualact®, Altecsa SA, Mexico City, Mexico) was added to milk (1.95 mL + 30 mL
water). Coagulation of milk was completed in 30–35 min; then, the curd was cut into cubes (1 cm3)
and allowed to rest in whey for 5 min before draining approximately 2/3 of whey. Salt was added to
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curd at 1% and mixed manually for 5 min. Then cheeses were molded in 100 g plastic molds. Molds
were slightly pressed for 20 min (by each side) by piling them up on one another, allowing natural
whey drainage at room temperature. For C-c (control cheese, without any added culture), 40 L of
milk were used following the above procedure without culture addition. Both kinds of cheeses were
made simultaneously to avoid changes in milk quality. For each kind of cheese, 34 × 100 g-pieces were
obtained, giving a total of 68 × 100 g pieces of cheese.

Individual cheeses were packed in plastic bags. Then, they were stored in refrigeration at 93.8 ± 1%
of relative humidity (RH) and 4 ± 0.6 ◦C temperature for 15 days.

2.2. Sampling

Two whole 100-g pieces of cheese (LSB-c and C-c, respectively) were removed after 24 h (denoted
as day 0), 5, 10, and 15 days of storage for biological, physicochemical, and textural determinations.
Analysis was performed by triplicate on the same cheese, and two cheesemaking trials were done.

2.3. Physicochemical Analysis

Moisture was determined by oven drying cheese samples at 100 ± 2 ◦C, according to
NOM-116-SSA1-1994 [15], by triplicate. The pH values of cheeses were determined on the surface by
triplicate, according to NMX-F-317-S-1978 [16], with an Oakton pH meter (Eutech Instruments, Vernon
Hills, IL, USA).

2.4. Instrumental Texture Profile Analysis

For texture properties evaluation, six replicates were made in Panela cheese samples with a CT3
Texture Analyzer® (Brookfield, AMETEK, Middleborough, MA, USA). The texture was evaluated using
a two-bite compression test. Cylindrical samples (1.8 cm of diameter and 1.5 cm height) were tested by
using a 50 N load cell and two parallel plates (10 cm diameter). The compression ratio was established
at 50% deformation from the original height and a rate of 200 mm/min, similar to a deformation
rate between fingers during squeezing [17]. Cheeses were left at room temperature for 15 min after
being removed from refrigeration before obtaining cheese cylinders and proceeding with the texture
profile analysis (TPA). Parameters measured were cohesiveness, hardness, springiness, and chewiness,
and were obtained from the force-time plots of Tension Zero version 1.0 [18]. Cohesiveness, defined as
the strength of the internal bonds making up the body of the product, was calculated by the ratio
between the area under the second-bite curve and the area under the first-bite curve. Hardness,
defined as the maximum force required to compress the cheese sample 50% from its original height
during the first compression. Springiness, defined as the distance regained by the sample during
the time between the end of the first compression and the beginning of the second compression.
The chewiness was defined as the product of hardness, cohesiveness, and springiness, as described by
Bourne [19].

2.5. Nitrogenous Fractions Obtention

Nitrogenous fractions were obtained by crude fractionation and were used to evaluate biological
activities, antioxidant, and inhibition of the angiotensin-converting enzyme (ACEI) and to evaluate the
peptide profile among each fraction. Nitrogen soluble in pH 4.6 (ASN), nonprotein nitrogen (NPN), 70%
ethanol-soluble nitrogen (EtOH-SN), and a water-soluble extract (WSE) were obtained. For ASN and
NPN the method described by Leclercq-Perlat, et al. [20] was used with minor modifications. A cheese
suspension was prepared with 10 g of ground cheese and 100 mL of NaCl solution (9 g/L). This was
homogenized (10 min, 25 ◦C) using an ULTRA-TURRAX IKA T18 basic (Interscience, Wilmington, NC,
USA). ASN was obtained by adjusting the pH of the suspension to 4.6 by adding 2N HCl. After pH
adjustment, the samples were incubated 20 min at 25 ◦C. Then, they were centrifuged during 30 min at
6000 rpm. The soluble fraction was recovered after filtration through Whatman No. 42 paper. For NPN,
an aliquot of 25 mL of cheese suspension was mixed with 15 mL water. Then 10 mL of 60% (w/v)
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trichloroacetic acid (TCA) was added to achieve a final TCA concentration of 12%. Samples were
homogenized and incubated at 25 ◦C for 20 min. Then they were filtered through Whatman No. 42
paper. EtOH-SN was prepared according to the method described by Guerra Martínez, et al. [21]. WSE
was prepared according to Rohm, et al. [22], 20 g of cheese was added to 40 mL of distilled water and
homogenized for 2 min using an ULTRA-TURRAX IKA T18 basic. The homogenate was held at 40 ◦C
for 1 h and centrifuged at 3000 g for 30 min at 4 ◦C. The fat was removed, then the supernatant was
filtered through Whatman No. 42 paper. Nitrogenous fractions were held at −80 ◦C until analysis.

2.6. Evaluation of Biological Activities of Nitrogenous Fractions

2.6.1. Antioxidant Capacity by ABTS

Antioxidant capacity was measured using the methodology of Re, et al. [23], through the
decolorization of the radical 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) detected
spectrophotometrically at 734 nm.

A solution of 7 mM radical cation ABTS in a 2.45 mM potassium persulfate solution was prepared
and allowed to stand in darkness at room temperature for 16 h. ABTS solution was diluted with
ethanol in a 1:20 ratio to get an absorbance of 0.70 (± 0.02) at 734 nm. 20 μL of sample/Trolox and
200 μL of ABTS solution were added to each well, and after 6 min of reaction, absorbance was recorded
at 734 nm. Results are expressed as μM equivalents of Trolox.

2.6.2. Antioxidant Activity by DPPH

Anti-free radical activity using 2,2-diphenyl-1-picrylhydrazyl (DPPH) was determined by the
method described by Pyrzynska and Pękal [24]. A solution of 125 μM DPPH with 80% methanol was
prepared. 20 μL of sample/standard and 200 μL of DPPH were plated in each well and incubated for
90 min in darkness. Absorbance was measured at 520 nm. Results are expressed in % discoloration.

2.6.3. Angiotensin-Converting Enzyme Inhibitory Activity

Evaluation of inhibition of the angiotensin-converting enzyme (ACE) was developed according to
the methodology proposed by Wang et al. [25]. ACE (0.1 U/mL mM) and hippuryl histidyl leucine
(HHL, 5 mM) were dissolved in borate buffer (100 mM, pH 8.3, 300 mM NaCl).

The reaction mixture (10 μL HHL, 10 μL ACE, 40 μL sample, and 40 μL borate buffer) was
incubated at 37 ◦C for 30 min, and then 250 μL HCl 1N was added to stop the reaction. Samples were
analyzed in an HPLC (1200 Agilent, Milford, MA, USA) equipped with an Eclypse XDB-C18 column
(4.6 × 150 mm, 5 μm, Agilent). The mobile phase consisted of solvent A, 0.05% TFA (trifluoroacetic
acid) and 0.05% TEA (triethylamine) in water; solvent B, 100% ACN (acetonitrile); the ratio of solvent
A/solvent B was 7/3 with a gradient of 5–60% of B the first 10 min, 2 min at 60% of B and 1 min of 5% of
B. The flow rate was 0.5 mL/min, and the injection volume was 10 μL. The detector was set at 226 nm.
The column temperature was held at 30 ◦C. The inhibitory rate was calculated by:

%I =
(A− B)

A
× 100 (1)

where A was the peak area of HA without adding ACE inhibitors, B was the peak area of HA with
adding ACE inhibitors.

2.7. Peptide Profile by HPLC

The peptide profile was analyzed with the methodology of Abadía-García, et al. [26].
All nitrogenous fractions were analyzed by RP-HPLC. Peptides separation was performed at 25 ◦C in
an Agilent 1200 series system (Agilent Technologies, Palo Alto, Santa Clara, CA, USA) using a Zorbax
300 SB column (C18 5 μm, 4.6 × 150 mm). Mobile phase was solvent A, 10% ACN with 0.05% TFA;
solvent B, 60% ACN with 0.05% TFA. The flow rate was 0.75 mL/min. The gradient consisted of 100%
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of A for 10 min; 0–49% of B from minute 11–98; 50.80% of B from 99–108 min; 81–100% of B from
109–114 min and from 115–120 min 100% of B. The detector was set at 215 nm.

Peaks in each fraction were coded by retention time, and consecutive numbers were assigned for
further statistical analysis. Quantification was done using the peak integrated area.

2.8. Statistical Analysis

The statistical analyses were carried out using Statistica v13 (TIBCO Software Inc., Palo Alto,
CA, USA). One-way analysis of variance (ANOVA) was used to determine significant differences
(p < 0.05) between the sampling days for antioxidant activity, ACEI, moisture, pH, and TPA parameters
of cheeses. General linear model was used to obtain the least square average. For each significant
variable, differences between means were detected using Tukey’s honest significant difference (HSD)
test with α = 0.05. Correlation analyses between physicochemical and textural parameters and among
biological activities and the peaks obtained from the peptide profile were done.

Finally, a principal component analysis (PCA) was applied using all the response variables. PCA is
a multivariate statistical method that replaces the original variables with new ones called principal
components, making it possible to obtain an overview of the data set information.

3. Results and Discussion

3.1. Physicochemical and Textural Parameters of Cheeses

Mean values of pH, moisture content, and textural properties are given in Table 1. Overall, pH in
LSB-c decreased significantly (p < 0.05) from day 0 until day 10, and remained the same until day 15;
in C-c, pH decreased significantly (p< 0.05) constant until day 15 (pH 4.89). C-c final pH was significantly
(p < 0.05) lower than LSB-c pH. Hayaloglu, et al. [27], confirmed that Lactococcus spp., S. thermophilus,
and B. animalis ssp. lactis have extensive activity in cheese acidification. For a cheese without added
probiotics, results are similar to those previously reported by Guerra Martínez, et al. [21].

Table 1. Mean values of physicochemical and textural parameters of LSB-c and C-c both studied during
15 days of storage under refrigeration at 4 ± 0.6 ◦C.

Treatments b

LSB-c ¥ C-c ¥

Parameter c p a Day 0 Day 5 Day 10 Day 15 Day 0 Day 5 Day 10 Day 15

pH 0.00 *** 4.99 a 4.95 b 4.93 c 4.92 c 6.5 d 6.16 e 6.13 e 4.89 f

Moisture s 0.00 *** 72.11 a 61.10 b 58.95 c 58.12 d 60.95 d 60.53 d 59.77 e 59.17 f

Hardness u 0.00 *** 955.83 a 618.33 b 500.83 b 625.00 b 1720.83 e,f 1883.33 d,e 2068.33 d 1654.17 f

Springiness 0.58 0.92 0.71 0.74 0.69 0.88 0.83 0.84 0.83
Cohesiviness 0.00 *** 0.35 b 0.64 a 0.66 a 0.58 a 0.64 d 0.36 e 0.42 e,f 0.60 d,e

Chewiness u 0.00 *** 308.42 a 275.57 a 243.96 a 247.83 a 971.24 d 565.72 e 741.44 d,e 822.19 d,e

¥ LSB-c: Probiotic cheese; C-c: Control cheese. a Significant at *** p < 0.001. b Means of each cheese with different
letters within the same row are significantly different (p < 0.05). c Expressed as: s %. u (N).

Moisture decreased significantly, along with storage in both LSB-c and C-c. The acidification
could have enhanced the expulsion of whey and, in the specific case of LSB-c, internal metabolism of
added microorganisms [28].

In general, hardness in LSB-c presented significant differences (p < 0.05) from day 0 to day 5
but remained constant until the end of storage. Hardness in C-c was greater (p < 0.05) than LSB-c.
Panela cheese presents a porous structure, and as moisture decreases, the size of porous spaces
increases, causing a decrease in instrumental hardness. Additionally, the decrease in hardness in
LSB-c could be explained with the casein matrix hydrolysis caused by the added culture [29]. Souza
and Saad [30] reported that Minas fresh cheese supplemented with mesophilic culture presented a
significant increase in hardness throughout storage and lower hardness values compared with a control
cheese. Buriti, et al. [31], found that Minas fresh cheese added with probiotics presented an increase in
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hardness. Additionally, Dinakar and Mistry [32], reported that probiotics added to Cheddar cheese
showed significant changes in texture without affecting either flavor or appearance in the sensorial
analysis. Hardness in C-c remained the same until day 10, and decreased at day 15, which could be
related to cheese proteolysis that could be determined by the organoleptic characteristics of the cheese.

3.2. Correlations Between Physicochemical and Textural Parameters of Cheeses

The correlations observed between texture and physicochemical parameters for LSB-c and C-c are
shown in Tables 2 and 3, respectively. Hardness showed a high positive correlation with moisture,
springiness, and chewiness in LSB-c, it can be attributed to early casein matrix hydrolysis by residual
enzymes present in the rennet and also to the proteolytic system of added culture [33]. Springiness
and hardness are affected by proteolytic enzymes that act mainly over αs1 casein [29,34]. A decrease in
hardness also contributes to a decrease in chewiness since it is defined as the effort used to chew food
to reduce it to the consistency necessary to swallow it.

Table 2. Correlation coefficients for the physicochemical and textural parameters analyzed in LSB-c
and studied during storage under refrigeration at 4 ◦C.

Variables a Moisture s pH Hardness Springiness Cohesivity

pH 0.23
Hardness u 0.76 * 0.08
Springiness 0.97 * 0.29 0.73 *
Cohesivity −0.80 * −0.41 * −0.79 * −0.80 *

Chewiness u 0.36 −0.30 0.65 * 0.33 −0.10

LSB-c: probiotic cheese. * Correlations are significant at p < 0.05. a Expressed as: s %; u (N).

Table 3. Correlation coefficients for the physicochemical and textural parameters analyzed in C-c and
studied during storage under refrigeration at 4 ◦C.

Variables a Moisture s pH Hardness Springiness Cohesivity

pH 0.83 *
Hardness u 0.06 0.37
Springiness 0.69 * 0.61 * −0.25
Cohesivity 0.06 −0.18 −0.33 0.44 *

Chewiness u 0.15 0.02 0.00 0.45 * 0.94 *

C-c: control cheese. C-c stands for control cheese. * Correlations are significant at p < 0.05. a Expressed as: s %; u (N).

Moisture is (p < 0.05) negatively correlated with cohesivity (Table 2) and is explained by the fact
that as the cheese ripens, it becomes a more cohesive material [35]. Springiness and moisture showed
a positive correlation. This result matches with those reported by Osorio Tobón, et al. [35], in Edam
cheese. Cohesivity is significantly (p < 0.05) and negatively correlated with springiness (Table 2). Thus,
if the cheese is more cohesive, proteins within it are hydrolyzed, so it becomes more difficult for the
cheese to restore its initial shape after compression.

In Table 3, a positive correlation (p < 0.05) between pH and moisture content in C-c was observed.
This could be attributed to the influence of water on the ionic environment of the cheese, which induces
ionization of the calcium phosphate complexes and the functional groups of the amino acids [36].

Springiness is significantly correlated (p < 0.05) with moisture and pH. The crumbling
characteristics at high pH of the C-c give it a higher capacity to restore its initial shape after compression
when more water is available within the cheese matrix. This agrees with the results reported by
Osorio Tobón, et al. [35].

Cohesivity is significantly correlated (p < 0.05) with chewiness; an increase in curd particle fusion
leads to a firmer and closer structure of the cheese; thus, more bites are needed to disrupt the whole
structure of cheese before swallowing [21].
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3.3. Biological Activities of Nitrogenous Fractions

The results of biological activities presented by nitrogenous fractions are given in Table 4. All the
biological activities within all nitrogenous fractions presented significant differences (p< 0.001). In NPN
fraction, LSB-c and C-c ABTS values were significantly different (p < 0.05).

3.3.1. Antioxidant Activity of Nitrogenous Fractions

Both types of cheeses presented significant differences in antioxidant activity. ABTS values
oscillated significantly during storage time. This could be attributed to the rate of formation of peptides
during proteolysis. Gupta, et al. [37], observed the same behavior of a cheddar cheese added with
Lactobacilli. NPN showed the highest (p < 0.05) percentage of DPPH discoloration during storage.
In LSB-c, it increased significantly (p < 0.05) from day 0 to day 5, and it remained the same until the end
of storage (50.81%); in C-c, it increased significantly (p < 0.05) until a 49.49% at day 15. These results
are similar to Hernández Galán, et al. [38], who reported the highest discolorations in the NPN fraction
of a Cotija hard cheese.

ASN presented the best (p < 0.05) ABTS antioxidant activity compared to all the fractions in both
LSB-c and C-c; ABTS values remained the same (p < 0.05) from day 0 to day 10, and it increased
significantly on day 15 for both kinds of cheese (Table 4). C-c ABTS values were lower than those for
LSB-c (1511.12 and 1272.08 μM Trolox equivalents, respectively). ASN did not show DPPH free radical
scavenging activity. Floegel et al. [39], reported ABTS as the best method for detecting antioxidant
capacity in a variety of foods.

ETOH-SN ABTS values in both kinds of cheese were 250 μM Trolox, approximately. These results
were similar to those obtained by Abadía-García, et al. [26], who reported an overall antioxidant
activity of 300 μM Trolox equivalents in Cottage cheese.

In WSE, ABTS activity for both LSB-c and C-c showed a similar tendency than the other
nitrogenous fractions.

3.3.2. Angiotensin Converting Enzyme Activity (ACEI) of Nitrogenous Fractions

NPN fraction also showed significant ACEI activity (p < 0.001). In LSB-c, ACEI remained the same
(p< 0.05) during storage until it increased considerably (p< 0.05) at day 15, reaching 90.21%; C-c showed
the same tendency (p < 0.05) but with a lower final value (80.99%). The ACEI activity could also be
related to the release of bioactive peptides during cheese proteolysis. Hernández Galán, et al. [38],
evaluated Cotija hard cheese during ripening, and they correlated ACE inhibitory activity with
cheese proteolysis.

In ASN, LSB-c presented an average ACEI activity of 45.90% throughout storage. In C-c, ACEI
activity was observed after day 5 and remained at 40.06% until the end of storage.

WSE of LSB-c had the highest ACE inhibitory activity (p< 0.05) among all the nitrogenous fractions.
It is supposed that WSE contains all the peptides produced during proteolysis. This is confirmed by
Gorostiza, et al. [40], who reported that the water-soluble extract refers to all the nitrogenous fractions.

3.4. Peptide Profile

Figure 1 shows a representative HPLC chromatogram of the whole experiment, which corresponds
to ASN fraction in LSB-c. Table 5 shows peaks and their corresponding peak area count (which is a
measure of the concentration of the compound it represents) during storage for both LSB-c and C-c.
For each nitrogenous fraction, the significant statistical correlations with biological activities are shown
in the corresponding tables (Tables 6–9).
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Figure 1. Peptide profile in ASN (nitrogen-soluble at pH 4.6) fraction for LSB-c (probiotic cheese).

Table 5. Peak Area within each nitrogenous fraction was analyzed in LSB-c and C-c during storage
under refrigeration at 4 ◦C.

Peak Area b

Day 0 Day 5 Day 10 Day 15

NF c Peak number Retention time a LSB-c ¥ C-c ¥ LSB-c C-c LSB-c C-c LSB-c C-c

ASN

1 2.005 5562 0 8707 5030 10,022 6123 0 7231
2 2.245 3772 0 2432 0 2300 763 2158 659
3 72.428 58 0 0 0 0 0 0 0
4 102.088 374 0 0 0 0 0 0 0
5 102.935 11 0 339 0 333 0 128 0
6 105.52 841 0 0 0 0 0 0 0

NPN
1 4.468 5137 5019 5076 5239 5296 5155 4588 4049
2 116.899 0 221 220 345 384 420 610 568

ETOH-SN

1 1.536 21 20 39 25 34 35 112 74
2 1.742 0 0 0 0 0 2101 0 6463
3 1.842 5780 2547 5800 3504 6549 0 6960 0
4 2.597 14 12 13 14 15 17 17 26
5 116.653 377 220 180.6 178 203 230 451 345

WSE

1 1.12 533 509 556 570 483 475 596 576
2 1.889 52,003 18,050 58,595 51,901 70,450 30,852 75,957 60,113
3 2.286 3800 1759 0 0 0 5223 1688 4305
4 117.284 690 676 754 680 621 325 345 301

a Expressed in minutes. b Expressed as units of chromatogram area. c NF: Nitrogenous fraction: ASN: Nitrogen
soluble at pH 4.6; NPN: Non-protein nitrogen; ETOH-SN: Nitrogen soluble in Ethanol; WSE: Water-soluble extract.
¥ LSB-c: probiotic cheese; C-c: control cheese.
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Table 6. Correlation coefficients for the peaks, day, treatment (LSB-c and C-c), and the biological activity
parameters analyzed in ASN fraction of Panela cheeses studied during storage under refrigeration
at 4 ◦C.

Peak

Parameter a 1 (2.005) r 2 (2.245) 3 (72.428) 4 (102.088) 5 (102.935) 6 (103.520)

Treatment −0.28 * −0.61 *** −0.32 * −0.32 * −0.5 *** −0.32 **
Day −0.28 * −0.14 −0.43 *** −0.43 *** −0.01 −0.43 ***

ABTS s 0.39 ** 0.5 *** 0.38 ** 0.37 ** 0.43 *** 0.39 **
DPPH u −0.08 −0.24 −0.14 −0.14 −0.23 −0.15
ACE w 0.52 *** 0.3 * 0.34 ** 0.31 * 0.11 0.32 **

LSB-c: Probiotic cheese; C-c: Control cheese; ASN: Nitrogen soluble at pH 4.6. a Correlations are significant
at * p < 0.05, ** p < 0.01, *** p < 0.001. Expressed as: s ABTS (2,2’-Azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) diammonium salt) uM Trolox equivalents; u DPPH (2,2-diphenil-1-picrylhydrazyl) % discoloration; w ACE
(Angiotensin converting enzyme) % inhibition. r Numbers in brackets: retention time.

Table 7. Correlation coefficients for the peaks area, day, treatment (LSB-c and C-c), and the biological
activity parameters analyzed in NPN fraction of Panela cheeses studied during storage under
refrigeration at 4 ◦C.

Peak r

Parameter a 1 (4.468) 2 (116.899)

Treatment −0.05 0.19
Day −0.51 *** 0.92 ***

ABTS s −0.07 −0.05
DPPH u −0.35 ** 0.75 ***
ACE w −0.55 *** 0.61 ***

LSB-c: probiotic cheese; C-c: control cheese; NPN: Non protein nitrogen. a Correlations are significant at ** p < 0.01,
*** p < 0.001. Expressed as: s uM Trolox equivalents; u % discoloration; w ACE: Angiotensin converting enzyme
% inhibition. r Numbers in brackets: retention time.

Table 8. Correlation coefficients for the peaks, day, treatment (LSB-c and C-c), and the biological activity
parameters analyzed in ETOH-SN fraction of Panela cheeses studied during storage under refrigeration
at 4 ◦C.

Peak r

Parameter a 1 (1.536) 2 (1.742) 3 (1.842) 4 (2.597) 5 (116.653)

Treatment −0.23 0.43 *** −0.66 *** 0.41 ** −0.19
Day 0.6 *** 0.53 *** −0.05 0.49 *** 0.32 *

ABTS s 0.1 0.54 *** −0.03 0.37 ** 0.24
DPPH u 0.51 *** 0.64 *** −0.28 * 0.58 *** 0.67 ***

LSB-c: Probiotic cheese; C-c: Control cheese; ETOH-SN: Nitrogen soluble in ethanol. a Correlations are significant at
* p < 0.05, ** p < 0.01, *** p < 0.001. Expressed as: s ABTS (2,2’-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
diammonium salt) uM Trolox equivalents; u DPPH (2,2-diphenil-1-picrylhydrazyl) % discoloration;. r Numbers in
brackets: Retention time.

Table 9. Correlation coefficients for the peaks, day, treatment (LSB-c and C-c) and the biological activity
parameters analyzed in WSE fraction of Panela cheeses studied during storage under refrigeration
at 4 ◦C.

Peak r

Parameter a 1 (1.120) 2 (1.889) 3 (2.286) 4 (117.284)

Treatment 0.42 *** −0.45 *** 0.38 ** −0.15
Day −0.02 0.34 ** −0.02 −0.75 ***

ABTS s −0.13 0.54 *** −0.22 −0.6 ***
DPPH u 0.03 −0.57 *** 0.25 −0.05
ACE w −0.39 ** 0 −0.36 ** 0.54 ***

LSB-c: Probiotic cheese; C-c: Control cheese; WSE: Water soluble extract. a Correlations are significant at ** p < 0.01,
*** p < 0.001. Expressed as: s ABTS (2,2’-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt)
uM Trolox equivalents; u DPPH (2,2-diphenil-1-picrylhydrazyl) % discoloration; w ACE (Angiotensin converting
enzyme) % inhibition. r Numbers in brackets: Retention time.
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For ASN, Table 5 shows that in LSB-c, peak 1 and 5 increased their peak area and disappeared
on day 15. For C-c, peak 1 appeared at day 5 and increased its peak area until the end of storage.
Peak 5 was not present in C-c. Both peaks are positively correlated with ABTS, and Peak 1 is also
positively correlated with ACEI (Table 6). Peak 5 could be related to LSB-c ABTS activity. Peak 1
could also be related to ACEI activity since its increase in area is related to an increase in ACEI. Peak 2
decreased over time, but it showed a positive correlation with ABTS and ACE. Peak 3, 4, and 6 were
only present on day 0, and in Table 6, it could be observed their positive correlation with ABTS and
ACEI. It is suggested that probiotics hydrolyzed those peptides into shorter ones during storage,
and thus biological activities increased.

Correlations for the NPN fraction (Table 7) showed a negative correlation of peak 1 with DPPH and
ACEI. This peak decreased during storage days (Table 5), while biological activities increased. It could
be suggested that probiotics continued enhancing proteolysis, thus even though peak 1 decreased,
other peptides were released, and biological activities increased. The positive correlation of day and
peak 2 with DPPH and ACEI is confirmed in Table 5, where an increase can be observed during storage.

Table 8 shows the peak’s correlation of ETOH-SN fraction; peak 1, 3, 4, and 5 increased over time
(Table 5) and are positively correlated with DPPH; peak 4 is also positively correlated with ABTS. This
suggests that their increase during storage is attributed to the increase in antioxidant activity. Peak 2
was not in LSB-c (Table 5), but its positive correlation with ABTS and DPPH suggests that when it
appeared in C-c (day 10) was in big quantity (area under the curve), and its increase contributed to the
same behavior of antioxidant activities.

In Table 9, it can be observed the correlations of the peaks present within WSE fraction. Peak 1
showed a negative correlation with ACEI; this peak oscillated over time and increased at the end of
storage. This suggests that it became partially hydrolyzed, and it increased was not enough to enhance
ACEI activity. Peak 2 increased over time (Table 5) and showed a significant positive correlation with
ABTS and negative with DPPH. This could suggest that this peak had hydrophilic characteristics; thus,
the DPPH was diminished. Peak 3 disappeared from day 5 and 10 and increased on day 15 with a
lower value than the initial (Table 5). In Table 9, a negative correlation with ACEI is shown, which
is suggested by the hydrolysis of the peptide in shorter ones with no ACEI activity and at day 15,
with an increment of peak 3, it is suggested they all coexisted, peptide 3 and the shorter ones, thus even
the ACEI activity increased—it was not the same as the beginning of storage. Peak 4 decreases over
time (Table 5) and its positive correlation with ABTS, and a negative one with ACEI suggests that this
peptide had a hydrophilic profile, which enabled it to show the antioxidant but not the inhibitory
activity of ACE.

3.5. Principal Component Analysis (PCA)

The principal component analysis (PCA) plots for the first two principal components is shown in
Figure 2a Factorial map and Figure 2b Eigenvectors.

As observed in Figure 2a, the factorial map formed by PC1 and PC2 explained 71.61% and 12.38%
of the total variance, respectively. Samples were separated into two well-defined groups by PC1.
On the positive side, cheeses with probiotics LSB-c (coded b), and in the negative side, the control
cheeses C-c (coded c).

Figure 2b shows that for eigenvector 1, hardness and chewiness showed the highest capacity
to separate cheeses in two well-defined groups. Those two variables showed significant differences
(p < 0.05) within ANOVA (Table 1). ABTS-ASN, ABTS-ETOH, and ABTS-WSE also showed the capacity
to separate LSB-c into the positive axis suggesting that probiotic cheese has higher antioxidant activity
compared to C-c.

PCA did not make it possible to classify cheeses according to the storage time. Solieri, et al. [41],
properly used PCA when studying ripened Parmigiano Reggiano cheese.
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Figure 2. Principal component analysis (PCA) plots for the first two principal components. (a) Factorial
map: and (b) Eigenvectors. %M: % Moisture; HN: Hardness; S: Springiness; C: Cohesivity; CH:
Chewiness; ABTS-NPN: ABTS antioxidant activity of Non-Protein Nitrogen; ABTS-ASN: ABTS
antioxidant activity of Nitrogen soluble in pH 4.6; ABTS-ETOH: ABTS antioxidant activity of
Ethanol-Soluble Nitrogen; ABTS-WSE: ABTS antioxidant activity of Water-Soluble Extract; DPPH-NPN:
DPPH radical scavenging of Non-Protein Nitrogen; DPPH-ASN: DPPH radical scavenging of Nitrogen
soluble in pH 4.6; DPPH-ETOH: DPPH radical scavenging of Ethanol-Soluble Nitrogen; DPPH-WSE:
DPPH radical scavenging of Water-Soluble Extract; ACE-NPN: Angiotensin-Converting Enzyme of
Non-Protein Nitrogen; ACE-ASN: Angiotensin-Converting Enzyme of Nitrogen soluble in pH 4.6;
ACE-WSE: Angiotensin-Converting Enzyme of Water-Soluble Extract.

4. Conclusions

ANOVA made it possible to determine that parameters were affected by the addition of probiotics
to Panela cheese. PCA separated samples into two different groups corresponding to LSB-c and C-c,
which could be explained by the textural, physicochemical, and biological changes during storage.
The addition of probiotics made it possible to increase the biological activities that could have a
benefit in the consumer’s health, not only because of the probiotics but also by bioactive peptides
released. Correlation between the peaks of the peptide profile and biological activities could be made.
A deeper study is necessary to obtain detailed information regarding the identity of peptides, free fatty
acids profile, aroma compounds, and sensory attributes. It would also be interesting to evaluate how
consumers perceive changes evaluated in this study in a sensory panel evaluation.
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