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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 Ca*
(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)

(0 (d)

Figure 4. Cont.
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(e)

Figure 4. CLSM (confocal laser scanning microscopy) images of plain ADGqe, (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.

Figure 5. Cont.
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Figure 5. CLSM images of plain ADGq, (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 ADGy,
and ADG;s,, the z-depth structure is more densely packed in the ADGsy, (Figure 2a vs. Figure 2b).
Also, the later had slightly finer protein arrangement, as shown in Figure 2, ADG, had relatively
more large cavities (white arrows in Figure 2a) than those in ADGjs9, (Figure 2b). The structure of
ADGgy, (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% BTL Generally, ADG159,, ADG3¢9, and ADGys, 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 (ADGsy,, Figure 2b, white arrow) than the control gel (Figure 2a, white arrow);
consequently, such structure may resulted in relatively lower EOS for ADGqs9, 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 ADGyse, and ADGgge, (EOS and WHC results in Table 1).

CLSM was used for characterizing laminar microstructure of ADG samples. On day 1, ADG3qq,
(Figure 4c) and ADGyso, (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 ADGgq, 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 ADGgqq, 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 ADGys59,
after 7 days of storage; after 28 days, only ADGq59, 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 BTT 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 ADGjs5y, compared to ADGqe,. 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-um 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 um Millipore membrane filter. 20 uL of the filtrate was injected into HPLC on Gemini-Nx 5u, C18,
250 x 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 L.

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) x 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 H,O,
(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~!), Argon intermediate flow rate 0.50 (L min~'),
Argon nebulizer flow rate 0.70 (L min~!), 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-um 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-uL 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 (%) 53 +0.34 245+ 0.04
Protein (%) 30.7 £0.13 33.37 £ 0.05
Oil (%) 44+0.26 42.56 + 0.11
Ash (%) 34 +0.15 4.33 +£0.04

Crude fiber (%) 7.70 £ 0.22 450+0.2

Total carbohydrates (%) 56.2 +0.75 1729 £ 0.5
TPC (mg GAE/g) 474 +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 !
Protocatechuic acid 4.32 +0.04 0.29 + 0.001
Vanillic acid 57.33 + 0.57 BDL!
Caffeic acid BDL! 3.21 +0.03
Syringic acid 0.41 £ 0.001 BDL!
Chlorogenic 0.63 +0.01 BDL!
p-Coumaric acid BDL! 0.45 + 0.001
Epicatechin BDL! 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.

pH Titratable Acidity (TA, %) Syneresis (%)
Treatment
d1 d7 d14 d1 d7 d14 d1 47 d14
c 459 + 440 + 410 + 0.86 + 0.95 + 1.06 + 982+ 1130+ 1239+
014 0.14 8 0.13™ 0.05h 0.06 f 0.07°¢ 0.62f 0.71b 0.782
- 4.64 + 442 + 413 + 0.82 + 0.84 + 0.85 + 8.74 % 960+  10.85+
0.1¢ 01f 0.13! 0.05 & 0.051 0.0 0.5] 0.60 8 0.68P
- 4.68 + 444 + 416 + 0.80 + 0.82 + 0.83 + 8.35 + 8.64 & 9.99 +
0.15b 0.14f 0.14k 0.05k 0.05 & 0.05 0.52k 0.54] 0.63 ¢

4.58 + 4.33 + 4.04 + 092 + 1.01 + 1.09 + 9.32 + 9.89 + 11.33 +
0.154 0.14h 0.13 4 0.06 8 0.06 4 0.07° 0.58 1 0.62 ¢f 0.71°
4.74 £ 4.52 + 425+ 0.98 + 1.06 + 1.11 + 9.03 + 9.51 £ 10.66 +
0.152 0.15¢ 0.14"' 0.06 © 0.07 ¢ 0.072 0.571 0.60 8 0.674
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.

M1

M2

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.
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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 Minerals (mg/kg)
(Days) Ca r K Mg Zn Fe

d1 142666+ 125000+ 57845+ 14093 + 0.40 + 490 +

14.261 12,501 5.78] 147 0.004 & 0.049 0

Cc d14 1680.66+ 131000+ 64746 + 187.56 + 0.55 + 540 +
16.80 0 13.108 6.471 1.874 0.006 4 0.054 8

a1 1760.00 £  1303.00+  701.08 + 142.34 + 0.40 + 5.94 +

17.60 f 13.03h 7.018 1421 0.004 8 0.059 ©

Ml d14 188033 + 137572+ 78472 % 189.44 + 0.56 + 6.54 +
18.80 13.75d 7.84°¢ 1.89 4 0.006 ¢ 0.065 ¢

a1 1840.00 + 133330+  771.19 + 146.57 + 042 + 6.53 +

18.40d 13.33¢ 7.71¢ 1.46 8 0.004 © 0.065 ©

M2 d4 204666+ 141329+ 86319+ 19506+ 057 + 7.20 +
20.46 2 14132 8.632 1.95b 0.006 © 0.0722

d1 164000+ 130000+ 69414 = 143.75 + 0.41 + 5.88 +

16.40 1 13.01 6.941 1.44h0 0.004 0.059 f

F1 q14 1768.66 + 137200+  776.95 + 191.31 + 0.56 + 6.48 +
17.68 ¢ 13.70 ¢ 7.76. 4 1.91°¢ 0.006 € 0.065 4

d1 175333+ 133000+  763.55 + 147.98 + 042 + 6.47 +

17.53 8 1330 f 7631 1.48f 0.004 © 0.065 4

k2 d14 193333+ 140920 +  854.65 + 196.938 + 0.58 + 713 +
19.33 b 14.09 b 8.54 P 1.972 0.006 2 0.071°

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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140 A

 Control u Control
M1 L 131
uM2 uF2
D1 D7 D14 D1 D7 D14 D1 D7 D14 D1 D7 D14
S. thermophilus L. bulgaricus S. thermophilus L. bulgaricus

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.

Inhibition Zone Diameter (mm)

Treatment
E. coli S. aureus L. monocytogenes S. typhimurium
C 412+034¢ 521 +0.54¢ 8.55 + (.53 de 8.39 + 0.62 de
F1 521+ 043¢ 6.26 +0.42 ¢ 13.45 +0.52 ¢ 10.15 + 0.63 4
F2 6.24 +0.46 ¢ 7.77 +0.65 ¢ 14.22 +0.93 ¢ 12.23 +0.63 <4
M1 933+0524 10.33 £ 0.354 21.34 +0.54 2 18.45 + 0.522P
M2 12.65 + 0.54 <4 13.14 + 0.54 ¢ 17.23 £ 0.63P 14.49 +0.33 ¢

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.

Storage Time

Treatment (days) Color Mouthfeel Body and Texture Taste and Flavor Overall Acceptability
c d1 48+010°  4.62+0.10° 472 +0.10° 472 +0.10° 47+01°
di4 474010  462+0.10° 4.62+0.10° 452 +0.09° 46+01°
- di 43+0.09¢  443+0.09° 452 +0.09° 423 +0.09°¢ 44+01°
di4 40+0089  423+0.09°¢ 4.43 +0.09° 413+0.09°¢ 42400949
- d1 41+0099  413+0099 4.62+0.10° 413 +0.099 43 +0.0949
d14 3.9+0.08 4 4.03+0.08 ¢ 4.52+0.09 € 4.33+0.09 4 4.2+0.09¢
M d1 45+009f  433+009° 4.33 +0.09 ¢ 4.23 +0.09 ¢ 44+01°F
d14 41+009f  403+0.08f 462+0.104 4.03 +0.08 © 42+01f
M2 d1 42+009f  413+0.09f 462+0.104 4.33 +0.09 © 43+01f
di4 41+009F  4.03+008f 443 +0.09¢ 413 +0.09F 42+009f

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

Foods 2020, 9, 1163; d0i:0.3390/foods9091163 149 www.mdpi.com/journal/foods



Foods 2020, 9, 1163

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-f3-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
anew 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 5000x 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 pm EVO 100 x 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 6000x g for 10 min. After filtration (0.22 wm syringe filter, Minisart®,
Sartorius Stedim Boitech, Beijing, China), 20 uL 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%)
ata 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 etal. [14]. Inbrief, 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 at4 + 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, Hillered,
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 22,000x g for 30 min at 4 °C, followed
by filtration using a 0.45 um 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 uL)
and Folin-Ciocalteu’s phenol reagent (30 uL) were added, respectively, to each well, followed by 30 uL
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 ug 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 uL of the yogurt supernatant was
pipetted into a 96-well plate followed by ABTS* solution (200 pL). 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% CO;. The cells were then treated with 25 uL 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)] x 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 (%) 9422 +1.0
Protein (%) 6.40 + 0.25
Fat (%) 042 0.1
Ash (%) 721 +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 & 617 £0.01 P 12.31 +0.02P 11.64+1.2°
0.25% 515+ 0.024 6.26 +0.02 ¢ 12.56 +0.02¢ 4160 +2.0¢
0.5% 516 +0.02 4 6.35+0.01° 12.84 +0.04 B 7093 +2.2 5
1% 518 £0.024 6.59 +0.01 A 13.48 = 0.02 4 13058 +2.24

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 ug 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 ug 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 ug 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].

153



Foods 2020, 9, 1163

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
0-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) 452 +0.024 8.65+0.14 9.20 +0.04 4
0.25% 453 £0.024 8.83+0.034 9.22 +0.034
0.5% 454 +0.034 8.90 +0.04 A 9.25+0.14
1% 454 +0.024 8.86+054 9.18 £ 0.02 4

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.

Antioxidant Activity (%)

Chinese Sweet Tea Extract Concentration

ABTS DPPH
0% (Control) 32.01+1.0° 1420 + 04 P
0.25% 4940 £09°€ 29.85+14C€
0.5% 68.76 +2.28 4729 +228
1% 92.43 +0.34 7483 094

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].

155



Foods 2020, 9, 1163

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 (GLUTS) 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) 4420 +0.7 0 1858 +1.4 €
0.25% 50.88 +1.1 € 26.27 +4.5C
0.5% 6472 +1.68 5241 +6.18
1% 8203 +1.94 67.46 +1.94

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 Zn?* 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+054 69+04C  60+08C 6.7+0.8C
0.25% 80+074  77+058 66+05C 76+058
0.5% 81+084  86+054 76+058 87+054
1% 83+084  60+06P 87+054 57+05P

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 «-helix and 3-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 3-lactoglobulin (3-LG) and o-lactalbumin (x-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
(ME 0.1 um, 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-SIE-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,
R? = 0.9991. The encapsulation efficiency was calculated as follows in Equation (1):

Encapsulation efficiency (%) = Co/C x 100 1)

where Cj 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~!.
For peak hold analysis, apparent viscosity data was recorded by keeping shear rate at 200 s~! for 60 s.

2.6. Fourier Transform Infrared (FT-IR) Spectroscopy

Fourier Transform Infrared (FI-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 ™! with a resolution of 4 cm™! and 32 scans [16].
The spectral region ranges of 1600-1700 cm~! were applied to calculate the secondary structure of
protein using Peak FIT software. Bands between 1610-1637 cm™! and 1680-1692 cm™ belong to
B-sheet; bands between 1638-1648 cm™~! belong to random coil; bands between 1649-1660 cm™! belong
to «-helix; and bands between 1660-1680 cm™! belong to B-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 (AA = 15 nm) and
240-320 nm (AA = 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 uL 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.
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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
Rodriguez et al. [23], where at low green tea polyphenols contents, the particle size was maintained
that of the 3-lactoglobulin, and at large green tea polyphenols contents, the particle size was increased
with the increasing of green tea polyphenol concentration.
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Figure 2. Effects of the SIF contents on particle size (A) and zeta potential (B) of PGWP-SIE. 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 3-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 ™!
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™! 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~ (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™" (C=0 stretch), amide II bands 1500-1600 cm™" (C-N stretching
combined with N-H bending modes), and amide A band at 3300 cm~! (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~l. The PGWP showed bands at 1655.03,
1541.30, and 3303.87 cm™!, 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™~! was shifted to 1655.15 cm™! for PGWP-SIF, indicating that the addition of SIF affected the
formation of the PGWP-SIF through the interaction related to C=0 between PGWP and SIF. The peak
at 1541.30 cm™! (PGWP) shifted to 1541.95 cm™! (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~! (PGWP) shifted
to 3308.22 cm~! (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.
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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 PGWDP, content of a-helix and 3-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 PGWDP, 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.
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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):.

Fo/F=1+Ksv[L]=1+Kq T [L] 2)

where Fj 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 T is the average lifetime of the biomolecule without quencher (1p = 1078 ) [28].
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It was reported that Kq larger than 2.0 x 10'° L/mol/s indicated static quenching interaction,
while q smaller than 2.0 x 10'° 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 x 10'° 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 (AH), entropy (AS) and free energy (AG) changed based on the van’t

Hoff equation.
T Ksv (10* Kq (102 r? Ka (10° n r? AH AG AS
L/mol) L/mol) L/mol) (KJ/mol) (KJ/mol) (J/mol.K)
298 1.22+0.1 122£0.1 0.9988 7.80 0.1 113 £0.02  0.9969 78101  -3374+01 1394212
303 120 £0.2 120 £0.2 0.9932 8.22+0.1 093001 09873 -34.43 +0.2
308 11302 11302 0.9927 8.34 +0.1 0.86+0.02 09929 -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 [(Fy — F)/F] versus log [L] give
n and Ka values, respectively.

log ((Fo — F)/F) =log Ka + nlog [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 3-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:

In Ka = —AH/RT + AS/R (4)

AG = AH - TAS (5)

where AH is the enthalpy change, AS is the entropy change, AG 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. AH, AS, and AG could be acquired by Equations (3) and (4) [32].

Ross and Subramanian [33] reported that AS and AH > 0 indicated hydrophobic forces, AS
and AH < 0 indicated van der Waals forces, and AH < 0 and AS > 0 indicated electrostatic forces.
From Table 1, it can be seen that AG < 0, indicating that the interaction between PGWP and SIF was
spontaneous [34]. Both AH and AS 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 3-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 AA 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.
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Figure 6. Synchronous fluorescence spectra of PGWP-SIF systems, a—e, PGWP, PGWP-SIF-A,
PGWP-SIF-B, PGWP-SIF-C, PGWP-SIE-D. (A: AA = 15 nm, B: AX = 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).

169



Foods 2020, 9, 1198

PGWP-SIF-D

105.37°C 157.04 °C

PGWP-SIF-C

Exo—»

102.31 °C 156.98 °C

—_~
%D PGWP-SIF-B
E 156.87 °C
96.25 °C
g
g
=]
o=
w
T
155.17°C
87.67 °C .
178.67 °C SIF
85.17 °C 136.85°C
209.83 °C

50 100 150 200 250 300
Temperature (°C)

Figure 7. The differential scanning calorimeter (DSC) curves of SIF, PGWP, and PGWP-SIE.

100 nm

Figure 8. Transmission electron microscopy micrographs of PGWP and PGWP-SIF. PGWP (A);
PGWP-SIF-A (B); PGWP-SIE-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 SIE.

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~! and 1516.31 cm™
to 1655.15 cm ™! and 1541.95 cm™, 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 a-helix and 3-sheet contents for PGWP decreased after adding
SIE, 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 3-lactoglobulin (3-LG) and «-lactalbumin (x-LA). Each
3-LG molecule has two tryptophan residues and four tyrosine residues, while four tryptophan residues
are found in «-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
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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.

Author Contributions: M.T.: conceptualization, formal analysis, investigation, resources and writing—original
draft; C.W.: formal analysis, investigation, resources and visualization; J.C.: formal analysis and resources;
H.W.: formal analysis, investigation, resources and visualization; S.J.: formal analysis and resources; M.G.:
conceptualization, funding acquisition, project administration, writing—original draft and writing—review &
editing. All authors approved the final version of the manuscript.

Funding: The Project was supported by the Millions of Engineering Science and Technology Major Special
Program of Heilongjiang Province (Contract No. 20192X07B01).

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

References

1. Dong, X.; Xu, W.; Sikes, R.A.; Wu, C. Combination of low dose of genistein and daidzein has synergistic
preventive effects on isogenic human prostate cancer cells when compared with individual soy isoflavone.
Food Chem. 2013, 141, 1923-1933. [CrossRef] [PubMed]

2. Messina, M. Soy foods, isoflavones, and the health of postmenopausal women. Am. J. Clin. Nutr. 2014, 100,
4235-430S. [CrossRef] [PubMed]

3. Marini, H.R.; Bitto, A.; Altavilla, D.; Burnett, B.P.; Polito, F.; Di Stefano, V.; Minutoli, L.; Atteritano, M.;
Levy, RM.; D’Anna, R; et al. Breast Safety and Efficacy of Genistein Aglycone for Postmenopausal Bone
Loss: A Follow-Up Study. J. Clin. Endocrinol. Metab. 2008, 93, 4787-4796. [CrossRef] [PubMed]

4. Zhang, X,; Zhang, H; Xia, X.; Pu, N; Yu, Z,; Nabih, M.; Zhu, Y.; Zhang, S.; Jiang, L. Preparation and
physicochemical characterization of soy isoflavone (SIF) nanoparticles by a liquid antisolvent precipitation
method. Adv. Powder Technol. 2019, 30, 1522-1530. [CrossRef]

5. Wang, S.; Shao, G; Yang, J.; Liu, J.; Wang, ].; Zhao, H.; Yang, L.; Liu, H.; Zhua, D.; Li, Y.; et al. The production
of gel beads of soybean hull polysaccharides loaded with soy isoflavone and their pH-dependent release.
Food Chem. 2020, 313, 126095. [CrossRef] [PubMed]

172



Foods 2020, 9, 1198

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Pesi¢, M.B.; Barac, M.; Vrvi¢, M.; Risti¢, N.; Macej, O.; Stanojevic, S.; Kosti¢, A. The distributions of major
whey proteins in acid wheys obtained from caprine/bovine and ovine/bovine milk mixtures. Int. Dairy ].
2011, 21, 831-838. [CrossRef]

Balthazar, C.E; Pimentel, T.; Ferrao, L.; Almada, C.; Santillo, A.; Albenzio, M.; Mollakhalili, N.;
Mortazavian, A.; Nascimento, J.; Silva, M.; et al. Sheep Milk: Physicochemical Characteristics and
Relevance for Functional Food Development. Compr. Rev. Food Sci. Food Saf. 2017, 16, 247-262. [CrossRef]
Sanmartin, B.; Diaz, O.; Rodriguez-Turienzo, L.; Cobos, A. Properties of heat-induced gels of caprine whey
protein concentrates obtained from clarified cheese whey. Small Rumin. Res. 2015, 123, 142-148. [CrossRef]
Mohammadi, A.; Jafari, S.M.; Assadpour, E.; Esfanjani, A.F. Nano-encapsulation of olive leaf phenolic
compounds through WPC—pectin complexes and evaluating their release rate. Int. J. Biol. Macromol. 2016,
82, 816-822. [CrossRef]

Sun, X.; Wang, C.; Guo, M. Interactions between whey protein or polymerized whey protein and soybean
lecithin in model system. J. Dairy Sci. 2018, 101, 9680-9692. [CrossRef]

Khan, A.; Guo, M,; Sun, X,; Killpartrick, A.; Guo, M. Preparation and Characterization of Whey Protein
Isolate-DIM Nanoparticles. Int. |. Mol. Sci. 2019, 20, 3917. [CrossRef] [PubMed]

Guo, M.; Zhou, X; Wang, H; Sun, X; Guo, M. Interactions between p-Lactoglobulin and
3,3’-Diindolylmethane in Model System. Molecules 2019, 24, 2151. [CrossRef]

Fang, T.; Shen, X,; Hou, J.; Guo, M. Effects of polymerized whey protein prepared directly from cheese whey
as fat replacer on physiochemical, texture, microstructure and sensory properties of low-fat set yogurt. LWT
2019, 115, 108268. [CrossRef]

Chen, L.; Subirade, M. Alginate-whey protein granular microspheres as oral delivery vehicles for bioactive
compounds. Biomaterials 2006, 27, 4646-4654. [CrossRef]

Salem, A.; Ramadan, A.R.; Shoeib, T. Entrapment of 3-carotene and zinc in whey protein nanoparticles using
the pH cycle method: Evidence of sustained release delivery in intestinal and gastric fluids. Food Biosci. 2018,
26,161-168. [CrossRef]

Al-Hanish, A ; Stani¢, D.; Mihailovic, J.; Prodic, I.; Mini¢, S.; Stojadinovic, M.; Radibratovic, M.; Mil¢i¢, M.;
Velitkovi¢, T. Cirkovi¢ Noncovalent interactions of bovine a-lactalbumin with green tea polyphenol,
epigalocatechin-3-gallate. Food Hydrocoll. 2016, 61, 241-250. [CrossRef]

Cheng, H.; Liu, H.; Bao, W.; Zou, G. Studies on the interaction between docetaxel and human hemoglobin by
spectroscopic analysis and molecular docking. |. Photochem. Photobiol. B Biol. 2011, 105, 126-132. [CrossRef]
Ranamukhaarachchi, S.A.; Peiris, R.H.; Moresoli, C. Fluorescence spectroscopy and principal component
analysis of soy protein hydrolysate fractions and the potential to assess their antioxidant capacity
characteristics. Food Chem. 2017, 217, 469-475. [CrossRef]

Jia, J.; Gao, X.; Hao, M.; Tang, L. Comparison of binding interaction between B-lactoglobulin and three
common polyphenols using multi-spectroscopy and modeling methods. Food Chem. 2017, 228, 143-151.
[CrossRef]

Gorji, E.G.; Rocchi, E.; Schleining, G.; Bender, D.; Furtmiiller, P.G.; Piazza, L.; Iturri, J.; Toca-Herrera, J.L.
Characterization of resveratrol-milk protein interaction. . Food Eng. 2015, 167, 217-225. [CrossRef]

Patel, A.R.; Hu, Y;; Tiwari, ] K.; Velikov, K.P. Synthesis and characterisation of zein—curcumin colloidal
particles. Soft Matter 2010, 6, 6192-6199. [CrossRef]

Nagy, K.; Courtet-Compondu, M.-C.; Williamson, G.; Rezzi, S.; Kussmann, M.; Rytz, A. Non-covalent binding
of proteins to polyphenols correlates with their amino acid sequence. Food Chem. 2012, 132, 1333-1339.
[CrossRef] [PubMed]

Rodriguez, S.D.; Von Staszewski, M.; Pilosof, A.M. Green tea polyphenols-whey proteins nanoparticles:
Bulk, interfacial and foaming behavior. Food Hydrocoll. 2015, 50, 108-115. [CrossRef]

Mantovani, R.A.; Fattori, J.; Michelon, M.; Cunha, R. Formation and pH-stability of whey protein fibrils in
the presence of lecithin. Food Hydrocoll. 2016, 60, 288-298. [CrossRef]

Von Staszewski, M.; Jara, EL.; Ruiz, A.; Jagus, R.].; De Carvalho, ].E.; Pilosof, A.M. Nanocomplex formation
between -lactoglobulin or caseinomacropeptide and green tea polyphenols: Impact on protein gelation and
polyphenols antiproliferative activity. J. Funct. Foods 2012, 4, 800-809. [CrossRef]

Mirhosseini, H.; Tan, C.P. Response surface methodology and multivariate analysis of equilibrium headspace
concentration of orange beverage emulsion as function of emulsion composition and structure. Food Chem.
2009, 115, 324-333. [CrossRef]

173



Foods 2020, 9, 1198

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Yang, C.; Wang, B.; Wang, |.; Xia, S.; Wu, Y. Effect of pyrogallic acid (1,2,3-benzenetriol) polyphenol-protein
covalent conjugation reaction degree on structure and antioxidant properties of pumpkin (Cucurbita sp.)
seed protein isolate. LWT 2019, 109, 443-449. [CrossRef]

Moeiniafshari, A.-A.; Zarrabi, A.; Bordbar, A.-K. Exploring the interaction of naringenin with bovine
beta-casein nanoparticles using spectroscopy. Food Hydrocoll. 2015, 51, 1-6. [CrossRef]

Ghalandari, B.; Divsalar, A.; Saboury, A.A.; Haertlé, T.; Parivar, K.; Bazl, R.; Eslami-Moghadam, M.;
Amanlou, M. Spectroscopic and theoretical investigation of oxali-palladium interactions with?-lactoglobulin.
Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2014, 118, 1038-1046. [CrossRef]

Wang, C.; Wu, Q.H.; Wang, Z.; Zhao, J. Study of the interaction of carbamazepine with bovine whey albumin
by fluorescence quenching method. Anal. Sci. 2006, 22, 435-438. [CrossRef]

Bordenave, N.; Hamaker, B.R.; Ferruzzi, M.G. Nature and consequences of non-covalent interactions between
flavonoids and macronutrients in foods. Food Funct. 2014, 5, 18-34. [CrossRef] [PubMed]

Seedher, N.; Agarwal, P. Complexation of fluoroquinolone antibiotics with human serum albumin:
A fluorescence quenching study. J. Lumin. 2010, 130, 1841-1848. [CrossRef]

Ross, P.D.; Subramanian, S. Thermodynamics of protein association reactions: Forces contributing to stability.
Biochemistry 1981, 20, 3096-3102. [CrossRef] [PubMed]

Li, Y;; Liu, B.; Jiang, L.; Regenstein, ].M.; Jiang, N.; Poias, V.; Zhang, X.; Qi, B.; Li, A.-L.; Wang, Z.; et al.
Interaction of soybean protein isolate and phosphatidylcholine in nanoemulsions: A fluorescence analysis.
Food Hydrocoll. 2019, 87, 814-829. [CrossRef]

Xu,].; Hao, M.; Sun, Q.; Tang, L. Comparative studies of interaction of -lactoglobulin with three polyphenols.
Int. . Biol. Macromol. 2019, 136, 804-812. [CrossRef]

Bobone, S.; Van De Weert, M.; Stella, L. A reassessment of synchronous fluorescence in the separation of Trp
and Tyr contributions in protein emission and in the determination of conformational changes. J. Mol. Struct.
2014, 1077, 68-76. [CrossRef]

Livney, Y.D. Milk proteins as vehicles for bioactives. Curr. Opin. Colloid Interface Sci. 2010, 15, 73-83.
[CrossRef]

Wang, P-P; Luo, Z.-G.; Peng, X.-C. Encapsulation of Vitamin E and Soy Isoflavone Using Spiral Dextrin:
Comparative Structural Characterization, Release Kinetics, and Antioxidant Capacity during Simulated
Gastrointestinal Tract. J. Agric. Food Chem. 2018, 66, 10598-10607. [CrossRef]

Ghayour, N.; Hosseini, S.M.H.; Eskandari, M.H.; Esteghlal, S.; Nekoei, A.-R.; Gahruie, H.H.; Tatar, M.;
Naghibalhossaini, F. Nanoencapsulation of quercetin and curcumin in casein-based delivery systems. Food
Hydrocoll. 2019, 87, 394-403. [CrossRef]

Fang, Y.; Dalgleish, D.G. Conformation of 3-lactoglobulin studied by FTIR: Effect of pH, temperature, and
adsorption to the oil-water interface. J. Colloid Interface Sci. 1997, 196, 292-298. [CrossRef]

Fan, Y,; Liu, Y,; Gao, L.; Zhang, Y.; Yi, J. Oxidative stability and in vitro digestion of menhaden oil emulsions
with whey protein: Effects of EGCG conjugation and interfacial cross-linking. Food Chem. 2018, 265, 200-207.
[CrossRef] [PubMed]

Mandeville, J.S.; Tajmir-Riahi, H.A. Nanocomplexes of dendrimers with bovine whey albumin.
Biomacromolecules 2010, 11, 465-472. [CrossRef] [PubMed]

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

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

174



(O]] foods ﬁw\p\py

Review

Comparative Proteomics of Milk Fat Globule
Membrane (MFGM) Proteome across Species and
Lactation Stages and the Potentials of MFGM
Fractions in Infant Formula Preparation

Michele Manoni !, Chiara Di Lorenzo 2, Matteo Ottoboni !, Marco Tretola 3 and
Luciano Pinotti 14*

1 Department of Health, Animal Science and Food Safety, VESPA, University of Milan, 20134 Milan, Italy;
michele.manoni@unimi.it (M.M.); matteo.ottoboni@unimi.it (M.O.)

Department of Pharmacological and Biomolecular Sciences, University of Milan, 20133 Milan, Italy;
chiara.dilorenzo@unimi.it

Agroscope, Institute for Livestock Sciences, 1725 Posieux, Switzerland; marco.tretola@agroscope.admin.ch
CRC I-WE (Coordinating Research Centre: Innovation for Well-Being and Environment), University of
Milan, 20134 Milan, Italy

*  Correspondence: luciano.pinotti@unimi.it; Tel.: +39-02-503-15742

Received: 20 July 2020; Accepted: 4 September 2020; Published: 7 September 2020

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
MEGM 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 MEGM 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 «-lactalbumin,
-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 um. 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 MEFGM (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
(ACCQ) 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].

Glycoproteins <:

T Glycolipids ——s-

%®

Figure 1. Schematic representation of milk fat globule (MFG) formation. The microlipid droplets

Triglycerides

(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

MEFG 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 «-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 MEGs, 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
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(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].

PAS Il

gLEkH XDH/XO Sphingomyelin

Cholesterol

: : Clycolipids
Triglyceride core yeotpl

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 MEGM. 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

Structural maintenance of MFGM;

Phosphatidylcholine PC cholesterol regulation and lipoproteins
metabolism

Phosphatidylethanolamine PE Structural membrane regulation

Phosphatidylinositol PI Cell 51gna11ng; PIBK-Akt pathway
regulation

Phosphatidylserine PS Apoptosis regulation

Myelinization; metabolized to ceramide and
Sphingomyelin SM sphingosine (second messengers that
regulate cell growth and cell cycle)

Structural maintenance of MEGM (lipid

Cholesterol B rafts complexes with SM)
Proteins
Adipophilin ADPH Lipolysis regulation
Butyrophilin BTN MEG synthesis regulation
Mucin 1 MUC 1 Pe(:f)y receptgr fo‘r path‘ogens; inhibition of
in vitro rotavirus infectivity
Structural maintenance of MFGM;
Xanthine dehydrogenase/oxidase XDH/XO 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 B P-re-cursor of Phosphohplds 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 MEGM 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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| Milk samples collection |

| MFGM protein separation |
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digestion of MFGM proteins
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Figure 3. Experimental workflow of MEGM proteome analysis using a proteomic approach.

Human milk proteome varies across colostrum and mature milk [71], and these variations are
also reflected in the MEGM 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 MEGM. As with human MFGM, BTN was identified as the major MEGM
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 MEGM) 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].

Total MFGM proteins

M Host defense MFGM
proteins

Proteins identified

s0
13 I I
Human Bovine

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 MEGM, probably because of the important role that colostrum has in
building the immune system of newborns [72].

In terms of the MEGM 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 MFEGM, 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 MFEGM. 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 MEGM originates from the ER and the
plasma membrane [31].

Human-cow: 166

Human: 312 Cow: 554

133 37

Goat: 175 Yak: 143

Human-goat: 95 Human-yak: 76

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 MUCI. 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
MEFGM [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 MEGM
glycosylation within species than lactation stages [68].

HC HM

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 MEGM 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 MEGM proteome
from other species. There are similarities between human and cow MFGM proteome and molecular
functions, suggesting that bovine milk, and more specifically bovine MEGM proteins, could be used as
a supplement in IFs [77,78].
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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 44-6
Proteins (g/100 kcal) 1.3(0.8-2.1) 1.8-25

@ 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—a«-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

184



Foods 2020, 9, 1251

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
MEFGM 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 MEGM 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 MEFGM
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 IIT 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].
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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
{3-casein and «;-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 Tecnolégico de Monterrey
experimental agricultural field (CAETEC) (Querétaro, Mexico) and transported to the Tecnolégico
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 Tecnoldgico 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 10° 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, 10° 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. CaCl, (Cal-So0l501, 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 cm?)
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 x 100 g-pieces were
obtained, giving a total of 68 X 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-317-5-1978 [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 Leclercg-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 Martinez, 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 uL of sample/Trolox and
200 uL of ABTS solution were added to each well, and after 6 min of reaction, absorbance was recorded
at 734 nm. Results are expressed as uM 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 Pekal [24]. A solution of 125 uM DPPH with 80% methanol was
prepared. 20 uL of sample/standard and 200 pL 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 uL HHL, 10 uL ACE, 40 pL sample, and 40 uL borate buffer) was
incubated at 37 °C for 30 min, and then 250 uL. 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 x 150 mm, 5 um, 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 nuL. The detector was set at 226 nm.
The column temperature was held at 30 °C. The inhibitory rate was calculated by:

o1 (A=B)
Yol = a1

x 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 Abadia-Garcia, 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 um, 4.6 x 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 @ = 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 Martinez, 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 P

LSB-c ¥ CcY
Parameter ¢ p? Day 0 Day 5 Day10 Day15 Day 0 Day 5 Day 10 Day 15
pH 0.00 ** 4992 495b 493¢ 492¢ 6.54 6.16 ¢ 6.13°¢ 489f
Moisture 0.00** 72112 6110  5895¢ 58124 60.95 4 60.53 4 59.77 ¢ 59.17 f
Hardness " 0.00** 955832 618.33P 500.83P 625.00° 1720.83f 1883339 2068339  1654.17f
Springiness 0.58 0.92 0.71 0.74 0.69 0.88 0.83 0.84 0.83
Cohesiviness ~ 0.00**  0.35° 0.64 2 0.66 2 0.582 0.644 0.36 © 0.42 ¢f 0.60 9

Chewiness 0.00** 308422 275572 243962 247.83%  971.2449 565.72 ¢ 741449 82219 de

¥ LSB-c: Probiotic cheese; C-c: Control cheese. ® Significant at *** p < 0.001. ® Means of each cheese with different
letters within the same row are significantly different (p < 0.05). © Expressed as: * %. " (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 x4 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 ? Moisture ° pH Hardness  Springiness Cohesivity
pH 0.23
Hardness " 0.76 * 0.08
Springiness 0.97 * 0.29 0.73*
Cohesivity -0.80* —-0.41* -0.79* —-0.80 *
Chewiness " 0.36 -0.30 0.65* 0.33 -0.10

LSB-c: probiotic cheese. * Correlations are significant at p < 0.05. @ Expressed as: * %; " (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 2 Moisture ° pH Hardness  Springiness Cohesivity
pH 0.83*
Hardness " 0.06 0.37
Springiness 0.69 * 0.61* -0.25
Cohesivity 0.06 -0.18 —-0.33 0.44*
Chewiness " 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. # Expressed as: ° %; " (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 Tobén, 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 Tobon, 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 Hernandez Galan, 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 uM 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 uM Trolox, approximately. These results
were similar to those obtained by Abadia-Garcia, et al. [26], who reported an overall antioxidant
activity of 300 uM 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. Herndndez Galdn, 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 ”
Day 0 Day 5 Day 10 Day 15
NF ¢ Peak number ~ Retention time?® LSBc¥  C-c¥ LSB-c C-c LSB-c C-c LSB-c C-c
1 2.005 5562 0 8707 5030 10,022 6123 0 7231
2 2.245 3772 0 2432 0 2300 763 2158 659
3 72428 58 0 0 0 0 0 0 0
ASN 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
1 1.536 21 20 39 25 34 35 112 74
2 1.742 0 0 0 0 0 2101 0 6463
ETOH-SN 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
1 112 533 509 556 570 483 475 596 576
WSE 2 1.889 52,003 18,050 58595 51901 70450 30,852 75957 60,113
3 2.286 3800 1759 0 0 0 5223 1688 4305
4 117.284 690 676 754 680 621 325 345 301

@ Expressed in minutes. b Expressed as units of chromatogram area. © 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

at4°C.
Peak
Parameter®  1(2.005)7  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 ® 0.39 ** 0.5 *** 0.38 ** 0.37 ** 0.43 *** 0.39 **
DPPH " —-0.08 -0.24 -0.14 -0.14 -0.23 -0.15
ACEW 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. @ Correlations are significant
at*p <0.05, * p < 0.01, ** p < 0.001. Expressed as: * ABTS (2,2’-Azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) diammonium salt) uM Trolox equivalents; * DPPH (2,2-diphenil-1-picrylhydrazyl) % discoloration; ” ACE
(Angiotensin converting enzyme) % inhibition. * 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 *
Parameter @ 1(4.468) 2(116.899)
Treatment -0.05 0.19
Day —0.51 *** 0.92 ***
ABTS ® -0.07 —-0.05
DPPH Y —0.35 ** 0.75 ***
ACEW —0.55 *** 0.61 ***

LSB-c: probiotic cheese; C-c: control cheese; NPN: Non protein nitrogen. # Correlations are significant at ** p < 0.01,
*** p < 0.001. Expressed as: * uM Trolox equivalents; " % discoloration; ¥ ACE: Angiotensin converting enzyme
% inhibition. " 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

at4°C.
Peak "
Parameter @ 1 (1.536) 2 (1.742) 3(1.842) 4(2597)  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® 0.1 0.54 *** —-0.03 0.37 ** 0.24
DPPHY 0.51 *** 0.64 *** -0.28 * 0.58 *** 0.67 ***

LSB-c: Probiotic cheese; C-c: Control cheese; ETOH-SN: Nitrogen soluble in ethanol. * Correlations are significant at
*p <0.05,** p <0.01, ** p < 0.001. Expressed as: * ABTS (2,2"-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
diammonium salt) uM Trolox equivalents; " DPPH (2,2-diphenil-1-picrylhydrazyl) % discoloration;. * 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

at4°C.
Peak "
Parameter® 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® -0.13 0.54 *** -0.22 —0.6 ***
DPPHY 0.03 —0.57 *** 0.25 —0.05
ACEW —0.39 ** 0 -0.36 ** 0.54 ***

LSB-c: Probiotic cheese; C-c: Control cheese; WSE: Water soluble extract. * Correlations are significant at ** p < 0.01,
*** p < 0.001. Expressed as: ° ABTS (2,2’-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt)
uM Trolox equivalents; * DPPH (2,2-diphenil-1-picrylhydrazyl) % discoloration; ¥ ACE (Angiotensin converting
enzyme) % inhibition. " 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 ACEIL 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
ACEL 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
ACEIL 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
ACETI 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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