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Abstract

:

Despite its nutritional properties, buttermilk (BM) is still poorly valorized due to its high phospholipid (PL) concentration, impairing its techno-functional performance in dairy products. Therefore, the objective of this study was to investigate the impact of ultra-high-pressure homogenization (UHPH) on the techno-functional properties of BM in set and stirred yogurts. BM and skimmed milk (SM) were pretreated by conventional homogenization (15 MPa), high-pressure homogenization (HPH) (150 MPa), and UHPH (300 MPa) prior to yogurt production. Polyacrylamide gel electrophoresis (PAGE) analysis showed that UHPH promoted the formation of large covalently linked aggregates in BM. A more particulate gel microstructure was observed for set SM, while BM gels were finer and more homogeneous. These differences affected the water holding capacity (WHC), which was higher for BM, while a decrease in WHC was observed for SM yogurts with an increase in homogenization pressure. In stirred yogurts, the apparent viscosity was significantly higher for SM, and the pretreatment of BM with UHPH further reduced its viscosity. Overall, our results showed that UHPH could be used for modulating BM and SM yogurt texture properties. The use of UHPH on BM has great potential for lower-viscosity dairy applications (e.g., ready-to-drink yogurts) to deliver its health-promoting properties.
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1. Introduction


Buttermilk (BM), which is the serum phase generated during the production of butter, is produced in approximately equal parts as butter [1]. The Canadian dairy industry produced 118,235 metric tons of butter in 2020 [2], leading to an estimated equal volume of BM, while global BM production has been estimated at about 3.2 million tons per annum [3]. Despite the large quantities produced every year, BM is still undervalued. Indeed, BM is mainly used in animal feeds, for its emulsifying capacity or for providing a milk flavor in various food applications [4,5]. As with skim milk (SM), BM is composed of the main milk solids-not-fat, namely caseins (CNs), whey proteins (WPs), lactose, and minerals [6]. The main difference between SM and BM is the phospholipid (PL) content, which, in BM, is up to ten times higher than in SM [7] and four times higher than in raw milk [8]. PLs are part of a very specific structure found in dairy products, the milk fat globule membrane (MFGM) [9], which is released into BM during the churning of cream into butter. The unique composition of PLs in MFGM (phosphatidylcholine-PC, phosphatidylethanolamine-PE, phosphatidylserine-PS, phosphatidylinositol-PI, and sphingomyelin-SM), along with the MFGM proteins, is responsible for its various health benefits [10,11,12]. For example, daily dietary supplementation with BM led to a decrease in concentration of total and LDL cholesterol in moderately hypercholesterolemic men and women [10]. Furthermore, sphingomyelin-fortified milk was found to have a positive influence on infants’ gut microbiota and neurocognitive development [13].



Despite its nutritional and biological properties, compared to SM, BM possesses limited technological properties in dairy applications due to its high PL content [4,14,15]. Thus, the incorporation of BM into dairy matrices, such as yogurt, presents different technological challenges, such as a decrease in firmness [16] and lower apparent viscosity [17], which impacts the quality of the final product. Nevertheless, the incorporation of very small amounts of BM or BM powder (BMP) into yogurt matrices produced interesting results, with a reported decrease in whey separation and syneresis [18], and an increase in water-holding capacity (WHC) [16]. Contradictory impacts on firmness have been reported, which could be due to the various sources and quantities of BM used [16,19]. Thus, the use of mechanical treatment to improve BM’s functional properties and facilitate its incorporation into various dairy matrices is of high interest in order to provide the benefits of its health-promoting activities. In yogurt production, conventional homogenization using pressures between 20 and 60 MPa [20] has already been shown to affect yogurt properties. As a matter of fact, it stabilizes emulsions and decreases the creaming phenomenon of milk [21] by reducing the size of fat globules and simultaneously increasing their surface area [22]. This leads to lipids being denser and more homogeneously dispersed throughout the liquid, resulting in an improved viscosity and WHC of yogurt [23]. The fat globules from heated homogenized milk are known to interact with the proteins in the acid gel network as active filler particles [24]. However, Ji et al. (2011) reported that the extent of interaction of the fat globules with the protein network depends on their size and, therefore, the homogenization pressure [25]. They showed that milk recombined at low homogenization pressures resulted in larger fat globules with less active interaction with the network, while milk treated at higher pressures resulted in smaller globules more tightly bound to the protein network. Similarly, high-pressure homogenization (HPH) (between 150 and 200 MPa) produced even smaller fat globules with increased surface area [20] and, thus, improved properties within the yogurt matrix. A few studies have also reported that the size of homogenized fat globules affects their incorporation in the protein network, especially at higher homogenization pressures and when using microfluidization [25,26,27]. Recently, with the development of high-pressure intensifiers and valve materials (stainless steel, ceramic, and seals) resistant to extremely high homogenization, pressures up to 400 MPa can be reached [20,28,29]. This process is known as ultra-high-pressure homogenization (UHPH), which ranges from 200 to 400 MPa. Applied to whole milk, it causes fat globule reduction to submicron sizes. However, above that pressure, fat globules form clusters through the aggregation of CN and WP at their surface [30], which induces higher WHC and changes in the gel firmness [23,31]. In addition, some authors have reported decreases in CN micelle sizes from 5% to 33% in the UHPH range [21,32,33].



Given the interesting results from the application of UHPH for yogurt production from SM, as well as the high nutritional quality of BM, there is much interest in the use of UHPH for the production of BM yogurt. Hence, the aim of this study was to examine the impact of UHPH as a pre-treatment for the production of yogurts from BM compared to those produced from SM. In this paper, set and stirred yogurts were produced and characterized using different homogenization treatments (15, 150, and 300 MPa). This new approach of using UHPH for improving BM use in yogurt is of great interest for BM valorization through the production of a potentially highly functional product enriched in MFGM health-promoting components.




2. Materials and Methods


2.1. Materials


Whole raw milk and raw cream were provided by a local supplier (Quebec City, QC, Canada) and skim milk powder (SMP) was obtained from Agropur (Quebec City, QC, Canada). The thermophilic yogurt culture YC-X11 Yo-Flex® (Chr. Hansen A/S, Hørsholm, Denmark) was composed of Streptococcus thermophilus and Lactobacillus delbrueckii subsp. Bulgaricus. Analytical-grade sodium hydroxide for the preparation of 0.1 M of NaOH was obtained from Fisher Chemical (Ottawa, ON, Canada). Mini-PROTEAN TGX Stain-Free Gels (12%, 15-well comb, 15 µL), 2× Laemmli sample buffer, native sample buffer, Precision Plus ProteinTM All Blue Standards, 10× Tris/glycine/sodium dodecyl sulfate (SDS) buffer, and 10× Tris/glycine buffer were all obtained from BioRad (Hercules, CA, USA). 2-Mercaptoethanol was provided by Sigma-Aldrich (St. Louis, MO, USA). Methanol was obtained from Fisher Chemical (Ottawa, ON, Canada) and glacial acetic acid from Anachemia (Radnor, PA, USA). Fast Green FCF and Nile Red were obtained from Sigma-Aldrich (Oakville, ON, Canada).




2.2. Production of BM and SM Yogurts


The production steps of BM yogurts and SM yogurts (control) are presented in Figure 1. Briefly, raw cream and whole raw milk were pasteurized (Chalinox/Hydro-Québec CFI-25, QC, Canada) at 85 °C for 30 s and 72 °C for 15 s, respectively. Both pasteurized cream and pasteurized milk were matured overnight at 10 °C. Then, to obtain BM, the matured pasteurized cream was churned at 75 rpm at approximately 12 °C using a pilot plant-scale butter churn with a capacity of 8–15 L (Qualtech Equipment, QC, Canada). The pasteurized BM and whole milk were heated for 10 min to 40 °C and cream was separated using a cream separator (Westfalia LWA-205-DeLaval, Lund, Sweden). Skimmed BM and SM (approximately 10% total solids) were enriched with 30 g of SMP per liter, to reach a solid content of approximately 12% (±0.25%) and achieve a similar yogurt firmness as commercial yogurts. The final composition of BM and SM (Table 1) was determined with a LactoScope FTIR milk analyzer (Delta Instruments, Drachten, The Netherlands). Pasteurized BM and SM were aliquoted into 3 batches of 2 L. Each batch was used for one homogenization parameter of 15 MPa, 150 MPa, and 300 MPa using a UHPH system (Nano Debee Model 45-4, Bee International, South Easton, MA, USA).



After UHPH treatment, BM and SM were heated at 85 °C on a stove for 15 min (temperature rise time of approximately 10 min), with continuous stirring, and then cooled on ice to 42 °C. Starter cultures (YC-X11 Yo-Flex®) were added according to the manufacturer’s directions [34]. Briefly, 0.05 g of the frozen culture was added to 2 L of treated BM or SM, stirred for several minutes until complete dissolution, and subsampled for further analysis. All samples were incubated at 42 °C to reach a pH of 4.6 (approximately 6 h for BM yogurts and 8 h for SM yogurts) and were then stored at 4 °C overnight. For set yogurt, incubation took place in 100 mL plastic containers and 50 mL tubes, and yogurts were stored at 4 °C until further analysis. Stirred yogurts were produced by manual stirring with a metal spoon (30 times clockwise and 30 times anticlockwise) to break down the gel. The six stirred yogurts (3 pressure levels-15, 150, and 300 MPa, and 2 sources-BM and SM) were stored at 4 °C until further analysis.




2.3. Protein Profiles of Homogenized BM and SM


The protein profiles of all fluid BM and SM samples after homogenization treatment were determined by native polyacrylamide gel electrophoresis (PAGE) and SDS-PAGE under nonreducing conditions. In addition, SM and BM controls were prepared with samples treated at 15 MPa, under reducing conditions (50 µL of 2-mercaptoethanol and 950 µL of Laemmli buffer). All samples were diluted in distilled water (1:9), and 25 µL of each dilution was mixed with 25 µL of their respective sample buffer. Solutions were then loaded onto precast 12% acrylamide gels in a Mini PROTEAN® Tetra Cell (BioRad, Hercules, CA, USA). Precision Plus Protein™ All Blue Standards with molecular weights ranging from 10 to 250 kDa were used as the molecular weight marker. The electrophoresis was conducted at a constant voltage of 120 V for 1 h. The gels were then stained with Coomassie blue solution (BioRad, Hercules, CA, USA) for 1 h, followed by de-staining with a mixture of methanol, acetic acid, and distilled water (1:1:8) overnight. The gels were scanned the next day using a ChemiDoc™ MP imaging system (Bio-Rad, Hercules, CA, USA).




2.4. Physico-Chemical Characteristics of Set and Stirred Yogurts


Physico-chemical characterization of set and stirred yogurts was performed using the following analysis and was repeated after storage at 4 °C on days 1, 8, 15, and 22 after yogurt production.



2.4.1. pH


The pH of set and stirred yogurts was measured using a pH meter (Orion Star T910, Thermo Fisher Scientific, Waltham, MA, USA) calibrated with standardized buffer solutions (pH 4.0 and 7.0).




2.4.2. Firmness


The firmness of set yogurts was assessed according to Le et al. (2011) with slight modifications [16]. A penetration test was carried out on set yogurts at 4 °C using a texturometer (TA.XT2, Texture Technologies, New York, NY, USA). A 25 mm-diameter cylindrical probe was used at a constant rate of 1 mm/s for a distance of 40 mm. The maximum force recorded in real-time represents the firmness (N).




2.4.3. Water-Holding Capacity


The WHC of set yogurts was measured on days 1, 8, 15, and 22 after yogurt production according to Le et al. (2011) [16]. Samples were centrifuged (IEC Centra CL2 centrifuge, Thermo Fisher Scientific Inc., Milford, MA, USA) at 1200× g for 15 min at 4 °C. The top layer (whey) was removed and weighed, and the WHC was calculated according to the following equation.


   WHC     %  =        sample   weight     g  −  expelled   whey   g       sample   weight     g      × 100  



(1)








2.4.4. Confocal Laser Scanning Microscopy


The microstructure of set and stirred yogurts was investigated using confocal laser scanning microscopy (CLSM) based on the methods of Lucey et al. (1998) and Zhao et al. (2016) with some adaptations [24,35]. Following milk inoculation, milks were incubated at 42 °C for 1 h. A volume of 960 µL of BM or SM was then mixed with 20 µL of 1% Fast Green (proteins) and 20 µL of 2% Nile Red (PLs). After a 15 min waiting period with intermittent stirring, 3 mL of BM or SM was added and thoroughly mixed. Mixtures were poured into a 35 mm culture dish with a 15 mm glass bottom and placed in the incubator for fermentation (approximately 9 h). Stirred yogurts were produced by manual stirring with a metal spoon. Imaging was performed using a STELLARIS5 confocal microscope (LEICA, Mannheim, Germany) equipped with an HC PL APO CS 40×/0.853 NA air objective. The sample was mounted in a MatTek coverslip bottom 35 mm culture dish with a 14 mm glass diameter (MatTek life science, Ashland, MA, USA) and excited with lasers at 552 nm and 638 nm, separately, for Nile red and Fast Green FCF, respectively. The emission was acquired with a variable dichroic selecting wavelength over 540–600 nm for Nile red and over 640–800 nm for Fast Green FCF.




2.4.5. Titratable Acidity


The titratable acidity of stirred yogurt was determined at 20 °C according to the AOAC method 947.05 [36]. Samples were prepared by mixing 10 g of yogurt in 40 mL of distilled water. Samples were continuously stirred and titrated using 0.1 M of NaOH to a pH of 8.3 using an automatic titrator (Orion Start T910, Thermo Fisher Scientific, Waltham, MA, USA). The amount of titrant needed to reach pH 8.3 was noted, and the titratable acidity (% lactic acid) was calculated according to the following equation.


  T i t r a b l e   a c i d i t y     %   l a c t i c   a c i d   =    titrant      mL      sample   weight     g    × 0.9  



(2)








2.4.6. Apparent Viscosity


A temperature-controlled rheometer (TA instruments, model ARES-G2, New Castle, DE, USA) was used for the measurements of apparent viscosity of stirred yogurts at 10 °C, according to Yu, Wang, and McCarthy (2016) with some adaptations [37]. The measuring system consisted of a 40 mm, 0.04 radius cone and plate geometry. Shear rate sweep (1 to 120 s−1) and shear stress response tests were performed. Apparent viscosity was measured at a shear rate of 50 s−1.




2.4.7. Drained Syneresis


Drained syneresis of the stirred yogurts was measured at 4 °C, according to Hassan et al. (1996) with some modifications [38]. A mesh screen (Cell strainer, pluriSelect USA, El Cajon, CA, USA) with a mesh size of 200 µm and a radius of 20 mm was used, and mesh tension was released by running water through the mesh. The yogurt sample (4 g) was poured on a mesh screen placed above a previously weighed empty centrifuge tube. Samples were left for 2 h at 4 °C in order to collect the whey resulting from the syneresis. The weight of the centrifuge tubes was measured after sample draining, and the drained syneresis was calculated according to the following equation.


  D r a i n e d   s y n e r i s i s =   d r a i n e d   w h e y    g    s a m p l e   w e i g h t    g    × 100  



(3)









2.5. Statistical Analysis


Four independent productions of yogurts (replicates) were performed with different batches of raw cream and whole raw milk. Analyses were conducted for each replicate. Data were processed using a multi-factor ANOVA and SAS software (SAS University Edition) to compare BM and SM yogurt properties. Significant differences between pressure treatments and storage time were evaluated with the Tukey test. Evaluations were based on a significance level of p < 0.05.





3. Results and Discussion


3.1. Impact of UHPH Treatment on Protein Profiles of BM and SM


To study the impact of UHPH on BM and SM proteins, their profiles were analyzed using native PAGE and nonreducing SDS-PAGE (Figure 2a,b). Different profiles were observed for BM and SM samples for native PAGE (Figure 2a). UHPH treatment did not have as large an impact on SM as it did on BM. Similar band patterns were observed for SM between all the homogenization pressures tested, but more drastic changes were observed for the BM samples. Indeed, an overall decrease was observed in the intensity of the BM protein bands migrating within the gel as the homogenization pressure increased from 150 MPa to 300 MPa compared to the BM treated with a conventional homogenization pressure (15 MPa). This decrease indicates that the main milk proteins underwent denaturation and aggregation upon UHPH, the severity of which was dependent on the pressure used. Concomitantly, a proportional increase in the intensities of the protein signals in the loading wells was observed for the BM samples homogenized at 150 MPa and 300 MPa, confirming that large protein aggregates formed during higher homogenization treatments. The BM and SM samples were then analyzed by SDS-PAGE (Figure 2b) under nonreducing (lanes 2−4 for SM and 6−8 for BM) and reducing conditions (lane 1 for SM and lane 5 for BM) to determine the nature of these interactions. UHPH treatment of SM (lanes 2–4) did not show any effects among the pressures tested (150 MPa and 300 MPa), as can be seen from their similar profiles. The SM protein band intensities were similar for all pressure treatments and were comparable to the samples under reducing conditions (lane 1), indicating that a very low polymerization and aggregation of milk proteins occurred in SM during UHPH. However, gel electrophoresis demonstrated an important impact of the UHPH treatment on the protein aggregation in BM. First, bands corresponding to WP (α-lactalbumin (α-LA) and β-lactoglobulin (β-LG)) decreased in intensity as the homogenization pressure increased. This result is in agreement with Lopez-Fandiño, Carrascosa, and Olano (1996), who observed increasing denaturation and aggregation of WP, more precisely β-LG, at pressures from 100 to 400 MPa [39]. A possible explanation for the lower impact of UHPH on SM protein aggregation could be that SM underwent lower pasteurization temperatures (72 °C/15 s) than those of the cream used for the production of BM (85 °C/30 s). It is known that the pasteurization of cream induces important WP denaturation and the formation of aggregates, especially for β-LG, through intermolecular disulfide interactions with the CN and the MFGM proteins, the extent of which depends on the severity of the thermal treatment [40]. Finally, bands corresponding to MFGM proteins (visible on lane 5) are not detected in UHPH-treated BM samples (lanes 6−8). This suggests strong covalent interactions between WPs, especially β-LG, CN micelles, and MFGM proteins, which are also attributable to the increase in temperature during pressure treatment [41]. These results indicate that more protein denaturation takes place in BM than in SM due to BM’s higher MFGM content, and, as mentioned above, due to the higher temperature applied during the pasteurization of cream in the production of BM. Thus, the more severe pasteurization treatment for cream leads to more potential interactions between MFGM fragments, notably through the MFGM proteins and WPs under thermal treatment of cream, as observed by Morin et al. (2007) [42].




3.2. Impact of UHPH Treatment on Physico-Chemical Properties of Set BM and SM Yogurt


Figure 3 presents the physico-chemical and textural properties ((a) pH, (b) WHC, and (c) firmness) of set yogurt as a function of dairy source (SM: plain line, and BM: stippled line), pressure treatment (15, 150, and 300 MPa), and storage time (days 1, 8, 15, and 22). The pH of set yogurt was not influenced by the dairy source or homogenization pressure applied (Figure 3a). However, a significant decrease in pH was noticed during the storage time. After storage at 4 °C, and regardless of the dairy source and pressure treatment, a significant drop in pH was observed from 4.58 at day 1 to 4.42 at day 8, finally reaching 4.33 at day 22. This expected effect is attributed to fermentation of residual lactose by the starter cultures [43].



The WHC of set yogurt indicates the ability of the yogurt gel structure to retain water [44]. A low value for WHC is associated with an unstable yogurt gel network [45]. As observed in Figure 3b, the dairy source and pressure treatment applied highly influence the WHC of set yogurt in an interactive way. BM yogurts had a higher WHC than SM yogurts did regardless of the storage time and treatment, with an average of 97.26% for BM in contrast to 92.14% for SM. These results agreed with the study of Le et al. (2011). These authors observed increases in WHC of 7, 15, 21, and 31%, when they replaced 1, 2, 3, and 4% of the original total SM solids in their yogurt mix with equivalent amounts of solids from a MFGM isolate, whereas substituting SM with BMP at the same ratios did not impact the WHC [16]. However, other authors reported an increase in WHC when low-fat yogurts (12% total solids) were enriched with 1% and 2% of BMP [19]. In our study, 8% of the total 12% solids originated from BM solids. We also calculated that MFGM represented approximately 0.37% of the 12% total solids of our yogurt mix (based on an average MFGM extraction yield of 3.5 g of MFGM/L of BM using a common method [46], results not shown). Overall, the higher WHC of BM yogurt can be explained by its composition, more precisely, the PL content, which is higher in BM than in SM. Indeed, PLs show amphiphilic characteristics, allowing increased retention of water [16,47], while simultaneously, milk proteins have excellent WHCs [48]. Interactions between PLs and WPs or β-CN via electrostatic and hydrophobic connections (Gallier et al., 2012), as well as interactions between MFGM proteins and CNs or WPs via covalent disulfide bonds occurring during pasteurization of the cream [42], might have contributed to a more compact gel with reinforced interactions, increasing water retention within the yogurt gel for the BM-based yogurt [19]. In addition, SM treated at 300 MPa exhibited the lowest WHC value, which contrasts with previous studies that associated higher UHPH pressures to enhanced water retention due to increased interactions between WPs, CNs, and lipids [31,44,49]. However, these authors used whole milk rather than SM, and the homogenized fat globules are known to participate in increasing the strength of the gel network by participating as active filler particles, increasing the WHC [50,51].



In order to complete the characterization of set yogurts, firmness, which represents the gel network strength, was monitored through storage time. Statistical analysis showed that even though pressure treatment and time of storage did not impact firmness, it was significantly (p < 0.0001) influenced by the dairy source (BM or SM) used for yogurt production (Figure 3c). BM yogurts had a lower firmness than SM yogurts did, with average values of 70.34 N and 156.62 N, respectively (regardless of the time of storage and pressure level). These results agree with those of Le et al. (2011) who found that SM yogurts had a higher firmness than those fortified with 1, 2, 3, or 4% BMP [16]. However, very recently, Zhao, Feng, and Mao (2020) observed a higher firmness in yogurts fortified with 1−2% BMP than in a control SMP-yogurt [19], while 4% BMP yogurts had a lower firmness. In fact, exceeding a certain BM concentration might have adverse effects on the development of a stable yogurt gel, and it is assumed that PLs take more space and interact with the proteins, thereby disrupting the gel network [52]. Despite the fact that the pressure level did not significantly impact the firmness (p = 0.0901), we observed a decreasing tendency for both BM and SM yogurts. This tendency is in contrast with the results of yogurts obtained from milk treated between 100 and 300 MPa, which showed increased firmness with increasing pressure [31,44,53,54]. Globally, these studies show that while UHPH enhanced the interactions between WPs and CNs, in BM, the presence of smaller fat globules embedded in the protein network led to a higher firmness.



The final physico-chemical property evaluated was microstructure. The microstructure of set yogurts (SM and BM, each treated with 15, 150, and 300 MPa) was analyzed by CLSM and is shown in Figure 4, where the green color refers to proteins, and red to PLs. Overall, SM and BM yogurts exhibited different microstructures, which were impacted by UHPH treatments. The set yogurts made from SM exhibited protein clusters of larger size for all pressure treatments, whereas those made from BM had smaller protein particles, homogeneously distributed. The main difference in yogurts at 15 MPa was the PL content, which was, as expected, higher in BM than in SM. The few PLs present in SM seem to be of larger size than in BM, which might be due to the destructive effect of butter churning on the MFGM, resulting in smaller MFGM fragments in BM. In addition, PLs in BM yogurt were widely distributed throughout the gel matrix at 15 MPa. Increasing the pressure from 15 MPa to 150 MPa and 300 MPa largely changed the SM yogurt microstructure. As a matter of fact, we observed larger protein clusters forming large serum pores within the SM yogurt gels. However, for BM yogurts at 150 MPa and 300 MPa, the gel structures had very fine and continuous protein networks, which is supported by the decrease in particle size distribution of UHPH BM (unpublished data). In addition, for those pressures, PLs seemed to be distributed more heterogeneously and were bound to the protein network. The results for BM’s gel microstructure are in line with a previous study, which reported a dense structure with irregularly clustered protein aggregates for yogurt fortified with BMP due to a high content of proteins interacting with MFGM components [47]. Especially at 300 MPa, visible CN micelles can interact with MFGM fragments, trapping them within the yogurt protein network upon coagulation and preventing them from forming a more stranded gel [55]. These interactions between casein and MFGM would explain the lower firmness and viscosity observed for BM yogurts compared to the particulate gel observed for SM yogurts. The results of Le et al. (2011) support our observations of aggregated MFGM fragments within a homogeneous finely particulate casein network in BM yogurts [16]. The lower firmness observed for BM yogurts could be associated with the more homogeneous and finer gel observed and the occurrence of MFGM fragments within the gel, as indicated by Le et al. (2011) [16]. SM yogurts had stronger stranded networks, as can be seen from the higher contrast between the serum (black) and CN (green) phases. These microstructural changes in the protein gel network support the different physico-chemical and texture properties observed for both BM and SM set yogurts. For example, these differences could explain the enhanced WHC of BM yogurt as the homogeneously distributed PLs within the protein network increases water retention while reducing the firmness of the gel network [16].




3.3. Impact of UHPH Treatment on Physico-Chemical Properties of Stirred BM and SM Yogurt


Figure 5 represents the physico-chemical properties ((a) pH, (b) titratable acidity, (c) apparent viscosity, and (d) drained syneresis) of stirred yogurt as a function of the dairy source (BM and SM), homogenization pressure (15, 150, and 300 MPa), and storage time (days 1, 8, 15, and 22). No significant differences were observed in the pH of stirred yogurts (Figure 5a), between BM and SM dairy sources or between the different homogenization pressures. These results agree with those of Serra et al. (2008) who treated whole milk with pressures of 200 and 300 MPa prior to yogurt production [49]. In addition, an expected decrease in pH was observed upon storage at 4 °C, regardless of the source and pressure treatment. Indeed, the pH value decreased significantly (p < 0.0001) from 4.48 on day 1 to an average of 4.31 for days 8, 15, and 22. The drop in pH within the first week of yogurt storage agrees with results from a previous study by Moschopoulou et al. (2018), who noticed a drop in pH from day 1 (around pH 4.45) to day 7 (around pH 4.2) in semi-skimmed cow milk yogurt [43]. This decrease in pH was attributed to the residual lactose fermentation. However, Yildiz and Bakirci (2019) did not observe differences in pH in their BM- and WP-enriched yogurts with increasing storage time [17]. This can be explained by the presence of components such as WP, which are known to have great buffering capacity [56].



Interestingly, titratable acidity (Figure 5b), which is defined as the total acid concentration in a sample, was not impacted by storage time or pressure treatment. However, this property was influenced by the dairy source used for yogurt production. The titratable acidity of BM yogurt was significantly lower than that of SM yogurt (p = 0.0002), with averages of 1.01% and 1.06%, respectively. In contrast, another study, in which buffalo SM was replaced with 25, 50, 75, and 100% BM (fortified with 3% SMP), reported lower values for titratable acidity for the control SM yogurt (0.92%) compared to yogurt fortified with BM [18]. The authors demonstrated that a replacement with 100 and 75% BM (titratable acidity of 0.97%) led to even higher values for titratable acidity than 50% (0.95%) or 25% (0.93%). These differences between our study and the literature could be due to a slightly (however nonsignificant) higher protein content in SM yogurts (4.51%) compared to BM (4.28%), which might have induced the higher buffering capacity of SM, as observed by Trachoo and Mistry (1998) [57]. Indeed, the addition of ultrafiltered BM increased the protein content and, therefore, the buffering capacity followed by the titratable acidity of low-fat yogurt (titratable acidity: 1.39%) compared to the use of BMP (1.29%) [57].



The pressure, storage time, and dairy source parameters studied had different impacts on the physical properties of stirred yogurt. The apparent viscosity (Figure 5c) of stirred yogurts was affected by an interaction between pressure treatment and dairy source; however, no further differences were detected throughout the time of storage. This nonsignificance of the storage time contrasts with prior studies. Yildiz and Bakirci (2019), for example, observed irregular changes in apparent viscosity with storage time [17]. The interaction between homogenization pressure and dairy source was found to be significant (p = 0.015) with higher values for SM (0.94 Pa·s) than BM (0.63 Pa·s), whereas for SM yogurt, the apparent viscosity did not change with pressure; a slight but constant decrease was observed for BM yogurt from 15 MPa to 300 MPa. The higher values for SM compared to BM are in line with Yildiz and Bakirci (2019), who measured a lower viscosity for yogurts fortified with 2% BMP (+1% SMP) compared to those fortified with 3% SMP [17]. Recently, in contrast to our observations, Zhao, Feng, and Mao (2020) found that the viscosity of low-fat SMP-yogurt depends on the level of BMP fortification (0.5−4.0%) [19]. They found that viscosity increased significantly (up to ~60%) as the level of BMP incorporation increased to 2.0%, whereas the addition of 4% BMP resulted in a loss in viscosity (~13%). This suggests that the higher BM component content contributed to lowering yogurt viscosity, as observed in our study where BM was mainly used for yogurt manufacture. While the slightly higher protein content of the SM yogurt mix (Table 1) could have influenced the rheological properties of yogurts [58,59], the impact of BM addition seems to be related to increases in the amount of MFGM constituents. Studies have shown that while the fortification of small amounts of BMP (1−2%) increases viscosity, probably due to the emulsifying [48] and amphiphilic [47] properties of PLs and proteins, using higher amounts of BMP (4%) decreases viscosity [19]. The reinforced interactions between MFGM proteins and CNs or WPs via noncovalent or disulfide bonds [60], as well as interactions between PLs and WPs or β-CN, mainly via hydrophobic and electrostatic links (Gallier, 2012), probably contribute to the beneficial effect of MFGM fortification on physico-chemical yogurt properties, at least until a critical BMP concentration is reached. Consistent with our study, Le et al. (2011) concluded that BM supplementation contributes to the lower firmness of low-fat yogurts compared to the controls (12% SMP), which they also explained was due to the higher concentration of PLs from BMP [16]. Treatment of whole milk with UHPH has also been reported to induce interactions between denatured WP, lipids, and water, as well as interactions between CNs or between CNs and lipids, which enhances viscosity [61,62].



Finally, drained syneresis of the stirred yogurt was measured throughout the time of storage (Figure 5d). Drained syneresis measures the serum released due to shrinkage of the yogurt gel network [17], which is related to a textural defect of yogurts [63]. In our study, no difference was observed on the drained syneresis, regardless of the dairy source, pressure level, and storage time, with an average of 22.09 g of whey released. Our results are in contrast with those of Yildiz and Bakirci (2019) who found lower drained syneresis for control (3% SMP) yogurts compared to BMP-enriched yogurt [17].



Just as for set yogurts, the microstructure of stirred yogurts (SM and BM, each treated with 15, 150, and 300 MPa) was also studied using CLSM (Figure 6). Again, different microstructures were observed for stirred SM and BM yogurts subjected to different pressure treatments. For SM yogurts, changes within the microstructure with increasing pressure seem to be less distinct than for BM yogurts. At all three pressures, PLs were evenly distributed throughout the gel. However, at 150 MPa, more serum pores of larger size were observed than at 15 and 300 MPa. In addition, SM yogurts pretreated with 300 MPa had a more homogeneous gel with smaller protein particles than those pretreated with 15 MPa. In BM yogurts, however, more PLs were present in the gel, which exhibited finer and more homogeneously distributed protein aggregates, the difference being particularly visible at 300 MPa. At 15 MPa, BM gels contained large serum phases, which lessened with increasing pressure. Indeed, at 300 MPa, serum phases were virtually absent, whereas SM yogurt still exhibited larger serum pores at 300 MPa. A very fine gel with small protein particles was observed for BM 300 MPa. Further, PL particles were bound to protein particles and were of smaller size compared to those in gels treated with 15 and 150 MPa. This might be due to the effect of pressure-induced particle size reduction on proteins and PLs, as previously explained. The higher apparent viscosity of SM over BM stirred yogurts can probably be traced back to the stronger gel network of SM compared to BM set yogurts. For BM yogurts, the decrease in apparent viscosity with increasing pressure could be attributed to the wider distribution of smaller PLs at 150 and 300 MPa, possibly impacting protein gel strength in a way that decreases apparent viscosity. As observed for set yogurts, the interaction between PLs and the protein network at higher pressures (150 and 300 MPa), combined with the more denatured and aggregated protein in BM, might have impaired the formation of a stable gel [55].





4. Conclusions


This work studied the impact of UHPH on BM to improve its techno-functionality for incorporation into yogurt applications. The results showed that UHPH treatment more drastically impacted BM proteins, which underwent more denaturation and aggregation than SM proteins did, thus impacting the physico-chemical and textural properties of the set and stirred yogurts produced from BM and SM. In addition, the gel microstructure was influenced by the UHPH-treatment and depended on the dairy source. Indeed, at the highest pressure (300 MPa), set SM yogurts presented large protein clusters with large serum pores, while set BM yogurts produced finer and more homogeneously distributed protein particles that interacted with PL and correlated with lower firmness. This work represents the first step in understanding the impact of UHPH on BM for the production of yogurt. It can support the development of new technology for the valorization of BM in order to take advantage of the beneficial effects of MFGM components on human health. Future research could focus on enriching BM with cream prior to UHPH treatment to produce a full-fat yogurt and investigating the impact of lipids on UHPH-treated yogurt properties. It could also focus on the interaction effect between lipids and proteins by studying their impact on the gel network and yogurt microstructure.







Author Contributions


Conceptualization, G.B. and L.K.; methodology, L.K.; software, A.M.; validation, G.B., A.M. and L.K.; formal analysis, A.M. and L.K.; investigation, L.K., A.B. and J.I.; resources, G.B.; data curation, L.K. and A.M.; writing—original draft preparation, L.K.; writing—review and editing, A.M., S.L.T. and G.B.; visualization, L.K. and A.M.; supervision, G.B.; project administration, G.B.; funding acquisition, G.B. All authors have read and agreed to the published version of the manuscript. The authors are thankful to Barb Conway for editing this manuscript.




Funding


This research was funded by the Natural Sciences and Engineering Research Council of Canada (NSERC) [grant number CRDPJ/537396-2018], the Quebec Consortium for Industrial Bioprocess Research and Innovation (CRIBIQ), and Novalait Inc.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The authors thank Diane Gagnon and Pascal Lavoie (Food Science Department, Université Laval) for technical support. The authors also thank Alexandre Bastien (Department of Animal Sciences, Université Laval) for technical support and assistance with the confocal laser scanning microscope. We also acknowledge the Natural Sciences and Engineering Research Council of Canada (NSERC), the Quebec Consortium for Industrial Bioprocess Research and Innovation (CRIBIQ), and Novalait for the financial support of this project.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Morin, P.; Britten, M.; Jiménez-Flores, R.; Pouliot, Y. Microfiltration of Buttermilk and Washed Cream Buttermilk for Concentration of Milk Fat Globule Membrane Components. J. Dairy Sci. 2007, 90, 2132–2140. [Google Scholar] [CrossRef]

	



Statistics Canada. Table 32-10-0109-01 Supply and Disposition of Milk Products in Canada. Available online: https://doi.org/10.25318/3210010901-eng (accessed on 13 April 2021).

	



Kumar, R.; Kaur, M.; Garsa, A.K.; Shrivastava, B.; Reddy, V.; Tyagi, A.T. Natural and cultured buttermilk. In Fermented Milk and Dairy Products, 1st ed.; CRC Press, Taylor and Francis: Boca Raton, FL, USA, 2015; pp. 203–225. [Google Scholar]

	



Vanderghen, C.; Bodson, P.; Danthine, S.; Paquot, M.; Deroanne, C.; Blecker, C. Milk Fat Globule Membrane and Buttermilks: From Composition to Valorization. Biotechnol. Agron. Soc. Environ. 2010, 14, 485–500. [Google Scholar]

	



Barukcic Irena, I. Whey and Buttermilk Neglected Sources of Valuable Beverages. Nat. Beverages 2019, 13, 209. [Google Scholar]

	



Corredig, M.; Dalgleish, D.G. Isolates from Industrial Buttermilk:  Emulsifying Properties of Materials Derived from the Milk Fat Globule Membrane. J. Agric. Food Chem. 1997, 45, 4595–4600. [Google Scholar] [CrossRef]

	



Britten, M.; Lamothe, S.; Robitaille, G. Effect of Cream Treatment on Phospholipids and Protein Recovery in Butter-Making Process. Int. J. Food Sci. Technol. 2008, 43, 651–657. [Google Scholar] [CrossRef]

	



Rombaut, R.; Camp, J.V.; Dewettinck, K. Analysis of Phospho- and Sphingolipids in Dairy Products by a New HPLC Method. J. Dairy Sci. 2005, 88, 482–488. [Google Scholar] [CrossRef]

	



Walstra, P.; Wouters, J.T.M.; Geurts, T.J. Dairy Science and Technology, 2nd ed.; CRC Press: Boca Raton, FL, USA, 2006. [Google Scholar]

	



Conway, V.; Couture, P.; Richard, C.; Gauthier, S.F.; Pouliot, Y.; Lamarche, B. Impact of buttermilk consumption on plasma lipids and surrogate markers of cholesterol homeostasis in men and women. Nutr. Metab. Cardiovasc. Dis. 2013, 23, 1255–1262. [Google Scholar] [CrossRef]

	



Conway, V.; Couture, P.; Gauthier, S.; Pouliot, Y.; Lamarche, B. Effect of buttermilk consumption on blood pressure in moderately hypercholesterolemic men and women. Nutrition 2014, 30, 116–119. [Google Scholar] [CrossRef]

	



Fuller, K.L.; Kuhlenschmidt, T.B.; Kuhlenschmidt, M.S.; Jimenez-Flores, R.; Donovan, S.M. Milk fat globule membrane isolated from buttermilk or whey cream and their lipid components inhibit infectivity of rotavirus in vitro. J. Dairy Sci. 2013, 96, 3488–3497. [Google Scholar] [CrossRef]

	



Tanaka, K.; Hosozawa, M.; Kudo, N.; Yoshikawa, N.; Hisata, K.; Shoji, H.; Shinohara, K.; Shimizu, T. The pilot study: Sphingomyelin-fortified milk has a positive association with the neurobehavioural development of very low birth weight infants during infancy, randomized control trial. Brain Dev. 2013, 35, 45–52. [Google Scholar] [CrossRef]

	



Evers, J.M. The milkfat globule membrane—Compositional and structural changes post secretion by the mammary secretory cell. Int. Dairy J. 2004, 14, 661–674. [Google Scholar] [CrossRef]

	



Singh, H. The milk fat globule membrane—A biophysical system for food applications. Curr. Opin. Colloid Interface Sci. 2006, 11, 154–163. [Google Scholar] [CrossRef]

	



Le, T.T.; van Camp, J.; Pascual, P.A.L.; Meesen, G.; Thienpont, N.; Messens, K.; Dewettinck, K. Physical properties and microstructure of yoghurt enriched with milk fat globule membrane material. Int. Dairy J. 2011, 21, 798–805. [Google Scholar] [CrossRef]

	



Yildiz, N.; Bakirci, I. Investigation of the use of whey powder and buttermilk powder instead of skim milk powder in yogurt production. J. Food Sci. Technol. 2019, 56, 4429–4436. [Google Scholar] [CrossRef] [PubMed]

	



El-Nour, A.A.M.; El-Kholy, A.M.; El-Safty, M.S.; Mokbel, S.M. Using Buttermilk in Making Fat-Free Yogurt. J. Dairy Sci. Technol. 2014, 1, 1–9. [Google Scholar]

	



Zhao, L.L.; Feng, R.; Mao, X.Y. Addition of buttermilk powder improved the rheological and storage properties of low-fat yogurt. Food Sci. Nutr. 2020, 8, 3061–3069. [Google Scholar] [CrossRef]

	



Dumay, E.; Chevalier-Lucia, D.; Picart-Palmade, L.; Benzaria, A.; Gràcia-Julià, A.; Blayo, C. Technological aspects and potential applications of (ultra) high-pressure homogenisation. Trends Food Sci. Technol. 2013, 31, 13–26. [Google Scholar] [CrossRef]

	



Sandra, S.; Dalgleish, D.G. Effects of ultra-high-pressure homogenization and heating on structural properties of casein micelles in reconstituted skim milk powder. Int. Dairy J. 2005, 15, 1095–1104. [Google Scholar] [CrossRef]

	



McCrae, C.H.; Hirst, D.; Law, A.J.R.; Muir, D.D. Heat stability of homogenized milk: Role of interfacial protein. J. Dairy Res. 1994, 61, 507–516. [Google Scholar] [CrossRef]

	



Tamime, A.Y.; Deeth, H.C. Yogurt: Technology and Biochemistry. J. Food Prot. 1980, 43, 939–977. [Google Scholar] [CrossRef]

	



Lucey, J.A.; Teo, C.T.; Munro, P.A.; Singh, H. Microstructure, permeability and appearance of acid gels made from heated skim milk. Food Hydrocoll. 1998, 12, 159–165. [Google Scholar] [CrossRef]

	



Ji, Y.-r.; Lee, S.K.; Anema, S.G. Effect of heat treatments and homogenisation pressure on the acid gelation properties of recombined whole milk. Food Chem. 2011, 129, 463–471. [Google Scholar] [CrossRef] [PubMed]

	



Ciron, C.I.E.; Gee, V.L.; Kelly, A.L.; Auty, M.A.E. Comparison of the effects of high-pressure microfluidization and conventional homogenization of milk on particle size, water retention and texture of non-fat and low-fat yoghurts. Int. Dairy J. 2010, 20, 314–320. [Google Scholar] [CrossRef]

	



Ciron, C.I.E.; Gee, V.L.; Kelly, A.L.; Auty, M.A.E. Modifying the microstructure of low-fat yoghurt by microfluidisation of milk at different pressures to enhance rheological and sensory properties. Food Chem. 2012, 130, 510–519. [Google Scholar] [CrossRef]

	



Zamora, A.; Ferragut, V.; Jaramillo, P.D.; Guamis, B.; Trujillo, A.J. Effects of ultra-high pressure homogenization on the cheese-making properties of milk. J. Dairy Sci. 2007, 90, 13–23. [Google Scholar] [CrossRef]

	



Patrignani, F.; Lanciotti, R. Applications of High and Ultra High Pressure Homogenization for Food Safety. Front. Microbiol. 2016, 7, 1132. [Google Scholar] [CrossRef]

	



Thiebaud, M.; Dumay, E.; Picart, L.; Guiraud, J.P.; Cheftel, J.C. High-pressure homogenisation of raw bovine milk. Effects on fat globule size distribution and microbial inactivation. Int. Dairy J. 2003, 13, 427–439. [Google Scholar] [CrossRef]

	



Serra, M.; Trujillo, A.J.; Quevedo, J.M.; Guamis, B.; Ferragut, V. Acid coagulation properties and suitability for yogurt production of cows’ milk treated by high-pressure homogenisation. Int. Dairy J. 2007, 17, 782–790. [Google Scholar] [CrossRef]

	



Hayes, M.G.; Kelly, A.L. High pressure homogenisation of raw whole bovine milk (a) effects on fat globule size and other properties. J. Dairy Res. 2003, 70, 297–305. [Google Scholar] [CrossRef]

	



Chevalier-Lucia, D.; Blayo, C.; Gràcia-Julià, A.; Picart-Palmade, L.; Dumay, E. Processing of phosphocasein dispersions by dynamic high pressure: Effects on the dispersion physicochemical characteristics and the binding of α-tocopherol acetate to casein micelles. Innov. Food Sci. Emerg. Technol. 2011, 12, 416–425. [Google Scholar] [CrossRef]

	



CHR Hansen. YC-X11 Information Produit Version: 4 PI EU FR 03-03-2018. Available online: https://www.fromagex.com/pub/media/itm/magb1/Productfiles/I200CCL712/1618403567_I200CCL712_YCX11_Fiche_Technique.pdf (accessed on 13 April 2021).

	



Zhao, L.L.; Wang, X.L.; Tian, Q.; Mao, X.Y. Effect of casein to whey protein ratios on the protein interactions and coagulation properties of low-fat yogurt. J. Dairy Sci. 2016, 99, 7768–7775. [Google Scholar] [CrossRef]

	



AOAC. Official Methods of Analysis of AOAC International, 15th ed.; Association of Official Analytical Chemists: Arlington, VA, USA, 1990. [Google Scholar]

	



Yu, H.-Y.; Wang, L.; McCarthy, K.L. Characterization of yogurts made with milk solids nonfat by rheological behavior and nuclear magnetic resonance spectroscopy. J. Food Drug Anal. 2016, 24, 804–812. [Google Scholar] [CrossRef] [PubMed]

	



Hassan, A.N.; Frank, J.F.; Schmidt, K.A.; Shalabi, S.I. Textural Properties of Yogurt Made with Encapsulated Nonropy Lactic Cultures. J. Dairy Sci. 1996, 79, 2098–2103. [Google Scholar] [CrossRef]

	



Lopez-Fandiño, R.; Carrascosa, A.V.; Olano, A. The Effects of High Pressure on Whey Protein Denaturation and Cheese-Making Properties of Raw Milk. J. Dairy Sci. 1996, 79, 929–936. [Google Scholar] [CrossRef]

	



Corredig; Corredig, M.; Dalgleish, D.G. Effect of Heating of Cream on the Properties of Milk Fat Globule Membrane Isolates. J. Agric. Food Chem. 1998, 46, 2533–2540. [Google Scholar] [CrossRef]

	



Ye, A.; Anema, G.; Singh, H. High-Pressure-Induced Interactions Between Milk Fat Globule Membrane Proteins and Skim Milk Proteins in Whole Milk. J. Dairy Sci. 2004, 87, 4013–4022. [Google Scholar] [CrossRef]

	



Morin, P.; Jiménez-Flores, R.; Pouliot, Y. Effect of processing on the composition and microstructure of buttermilk and its milk fat globule membranes. Int. Dairy J. 2007, 17, 1179–1187. [Google Scholar] [CrossRef]

	



Moschopoulou, E.; Sakkas, L.; Zoidou, E.; Theodorou, G.; Sgouridou, E.; Kalathaki, C.; Liarakou, A.; Chatzigeorgiou, A.; Politis, I.; Moatsou, G. Effect of milk kind and storage on the biochemical, textural and biofunctional characteristics of set-type yoghurt. Int. Dairy J. 2018, 77, 47–55. [Google Scholar] [CrossRef]

	



Serra, M.; Trujillo, A.J.; Guamis, B.; Ferragut, V. Evaluation of physical properties during storage of set and stirred yogurts made from ultra-high pressure homogenization-treated milk. Food Hydrocoll. 2009, 23, 82–91. [Google Scholar] [CrossRef]

	



Lucey, J.A. The relationship between rheological parameters and whey separation in milk gels. Food Hydrocoll. 2001, 15, 603–608. [Google Scholar] [CrossRef]

	



Corredig, M.; Roesch, R.R.; Dalgleish, D.G. Production of a novel ingredient from buttermilk. J. Dairy Sci. 2003, 86, 2744–2750. [Google Scholar] [CrossRef]

	



Romeih, E.A.; Abdel-Hamid, M.; Awad, A.A. The addition of buttermilk powder and transglutaminase improves textural and organoleptic properties of fat-free buffalo yogurt. Dairy Sci. Technol. 2014, 94, 297–309. [Google Scholar] [CrossRef]

	



Romeih, E.A.; Moe, K.M.; Skeie, S. The influence of fat globule membrane material on the microstructure of low-fat Cheddar cheese. Int. Dairy J. 2012, 26, 66–72. [Google Scholar] [CrossRef]

	



Serra, M.; Trujillo, A.J.; Jaramillo, P.D.; Guamis, B.; Ferragut, V. Ultra-High Pressure Homogenization-Induced Changes in Skim Milk: Impact on Acid Coagulation Properties. J. Dairy Res. 2008, 75, 69–75. [Google Scholar] [CrossRef]

	



Lucey, J.A.; Munro, P.A.; Singh, H. Rheological properties and microstructure of acid milk gels as affected by fat content and heat treatment. J. Food Sci. 1998, 63, 660–664. [Google Scholar] [CrossRef]

	



Keogh, M.K.; O’Kennedy, B.T. Rheology of stirred yogurt as affected by added milk fat, protein and hydrocolloids. J. Food Sci. 1998, 63, 108–112. [Google Scholar] [CrossRef]

	



Saffon, M.; Britten, M.; Pouliot, Y. Thermal aggregation of whey proteins in the presence of buttermilk concentrate. J. Food Eng. 2011, 103, 244–250. [Google Scholar] [CrossRef]

	



Patrignani, F.; Iucci, L.; Lanciotti, R.; Vallicelli, M.; Maina Mathara, J.; Holzapfel, W.H.; Guerzoni, M.E. Effect of High-Pressure Homogenization, Nonfat Milk Solids, and Milkfat on the Technological Performance of a Functional Strain for the Production of Probiotic Fermented Milks. J. Dairy Sci. 2007, 90, 4513–4523. [Google Scholar] [CrossRef]

	



Amador-Espejo, G.G.; Suarez-Berencia, A.; Juan, B.; Barcenas, M.E.; Trujillo, A.J. Effect of moderate inlet temperatures in ultra-high-pressure homogenization treatments on physicochemical and sensory characteristics of milk. J. Dairy Sci. 2014, 97, 659–671. [Google Scholar] [CrossRef]

	



Morin, P.; Pouliot, Y.; Britten, M. Effect of Buttermilk Made from Creams with Different Heat Treatment Histories on Properties of Rennet Gels and Model Cheeses. J. Dairy Sci. 2008, 91, 871–882. [Google Scholar] [CrossRef]

	



González-Martínez, C.; Becerra, M.; Cháfer, M.; Albors, A.; Carot, J.M.; Chiralt, A. Influence of substituting milk powder for whey powder on yoghurt quality. Trends Food Sci. Technol. 2002, 13, 334–340. [Google Scholar] [CrossRef]

	



Trachoo, N.; Mistry, V.V. Application of ultrafiltered sweet buttermilk and sweet buttermilk powder in the manufacture of nonfat and low fat yogurts. J. Dairy Sci. 1998, 81, 3163–3171. [Google Scholar] [CrossRef]

	



Jumah, R.Y.; Shaker, R.R.; Abu-Jdayil, B. Effect of milk source on the rheological properties of yogurt during the gelation process. Int. J. Dairy Technol. 2001, 54, 89–93. [Google Scholar] [CrossRef]

	



Lee, W.J.; Lucey, J.A. Formation and Physical Properties of Yogurt. Asian Australas. J. Anim. Sci. 2010, 23, 1127–1136. [Google Scholar] [CrossRef]

	



Lopez, C.; Camier, B.; Gassi, J.-Y. Development of the milk fat microstructure during the manufacture and ripening of Emmental cheese observed by confocal laser scanning microscopy. Int. Dairy J. 2007, 17, 235–247. [Google Scholar] [CrossRef]

	



Lanciotti, R.; Vannini, L.; Pittia, P.; Guerzoni, M.E. Suitability of high-dynamic-pressure-treated milk for the production of yoghurt. Food Microbiol. 2004, 21, 753–760. [Google Scholar] [CrossRef]

	



Shah, N.P. Functional cultures and health benefits. Int. Dairy J. 2007, 17, 1262–1277. [Google Scholar] [CrossRef]

	



Amatayakul, T.; Sherkat, F.; Shah, N.P. Syneresis in Set Yogurt as Affected by EPS Starter Cultures and Levels of Solids. Int. J. Dairy Technol. 2006, 59, 216–221. [Google Scholar] [CrossRef]








[image: Foods 10 01757 g001 550] 





Figure 1. Experimental design of the production of set and stirred yogurts from buttermilk (BM) and skimmed milk (SM) treated by ultra-high-pressure homogenization (UHPH). 
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Figure 2. Acrylamide gels (12%) of skimmed milk (SM) and buttermilk (BM) following pressure treatments ((a) native polyacrylamide gel electrophoresis (PAGE) pattern, and (b) sodium dodecyl sulfate (SDS)-PAGE pattern under reducing (lanes 1 and 5) and nonreducing conditions). PAS 6/7 = periodic acid Schiff 6/7, MWM = molecular weight markers, 2-ME = 2-mercaptoethanol. 
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Figure 3. Evolution of physico-chemical properties ((a) pH, (b) water-holding capacity-WHC, and (c) firmness) for set buttermilk (BM-stippled line) and skimmed milk (SM-plain line) yogurts as a function of time of storage (1, 8, 15, and 22 days) and pressure levels (15, 150, and 300 MPa). 
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Figure 4. Confocal laser scanning microscopy (CLSM) images of set skimmed milk (SM) and buttermilk (BM) yogurts with different pressure applications (15, 150, and 300 MPa). Red color represents the phospholipids (PLs) labeled with Nile Red; green color represents the milk proteins labeled with Fast Green FCF. Scale bar (10 μm). 
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Figure 5. Evolution of physico-chemical properties ((a) pH, (b) titratable acidity, (c) apparent viscosity, and (d) drained syneresis) for stirred buttermilk (BM stippled line) and skimmed milk (SM. plain line) yogurts as a function of storage time (1, 8, 15, and 22 days) and pressure levels (15, 150, and 300 MPa). 
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Figure 6. Confocal laser scanning microscopy (CLSM) images of stirred skimmed milk (SM) and buttermilk (BM) yogurts with different pressure applications (15, 150, and 300 MPa). The red color represents the phospholipids (PLs) labeled with Nile Red; the green color represents the milk proteins labeled with Fast Green FCF. Scale bar (10 μm). 
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Table 1. Composition of the standardized buttermilk (BM) and skimmed milk (SM) mix used for yogurt production.
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	Buttermilk
	Skimmed Milk





	Total solids (%)
	11.88 ± 0.03 *
	11.89 ± 0.11



	Lipids (%)
	0.59 ± 0.07
	0.13 ± 0.05



	Proteins (%)
	4.28 ± 0.06
	4.51± 0.08



	Lactose (%)
	6.26 ± 0.05
	6.49 ± 0.11







* Mean values (n = 4) ± standard deviation.
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