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Proteins and minerals in infant formula not only serve as nutrients, but also have important effects on the physical and chemical stability of emulsions. In this study, calcium carbonate (0 or 9.08 mM) and potassium chloride (0 or 15.96 mM), as representatives of divalent and monovalent minerals, were added to 1,3-dioleoyl-2-palmitoylglycerol (OPO) emulsions in different ratios (10:0, 9:1, 6:4, 5:5, and 0:10) of whey protein isolate (WPI) and sodium caseinate (CN). The influence of proteins and minerals on emulsion stability was investigated by analyzing particle size, zeta potential, creaming index, rheological properties, storage stability, and lipid oxidation. 1,3-dioleoyl-2-palmitoylglycerol (OPO) emulsions could be destabilized by adding Ca2+, as shown by the increase in particle size index, creaming index, and the decrease in zeta potential magnitude. Divalent ions could affect the electrostatic interactions between lipid droplets and the interactive effects of ion surface adsorption. In addition, the effect of different protein ratios on the physical stability of emulsions was not significant under the same ion-type conditions. In terms of chemical stability, higher oxidized values were found in emulsions stabilized with only CN than in those containing WPI. Our study showed that protein ratios and minerals played an important role in the stability of OPO emulsions, which might provide a reference for the development and utilization of liquid infant formula.
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INTRODUCTION

In the first 6 months of life, breast milk from healthy and well-nourished mothers is regarded as the best food for infants (1). In addition, it contains nutrients that aid in the protection and maturation of the infant intestine (2). Breast milk contains 3–5% fat, 0.8–0.9% protein, 6.9–7.2% carbohydrate, and 0.2% minerals, and other physiologically active components (IgA, bifidus factor, etc.) (3). Among the macronutrients, breast milk lipids are the primary source of energy and vital nutrients for the newborn. In terms of the composition of breast milk fat, triglycerides account for 98% of the fat content and oleic acid, palmitic acid, and linoleic acid are the three most abundant fatty acids, followed by stearic and myristic acids, where 70% of palmitic acid is esterified at the sn-2 position and unsaturated fatty acids (oleic acid, linoleic acid, etc.) are located at the sn-1,3 position. The unique composition and distribution of fatty acids leads to a representative human milk fat named 1,3-dioleoyl-2-palmitoylglycerol (OPO) (4, 5).

Human milk fat substitutes refer to the triglyceride mixture synthesized by modern enzymatic modification technology. It modifies animal and vegetable fats according to the nutritional composition, fatty acid composition, and fat distribution of human milk (6, 7). It is intended to meet the nutritional needs of infants and their growth and development. Carnielli et al. provided solid evidence that breastfed newborns absorbed palmitic acid at the sn-2 position (8). López-Lópe et al. compared the total fatty acid compositions with the sn-2 positional fatty acid compositions of colostrum, transitional milk, mature milk, and infant formula. They found that infant formula containing sn-2 positional palmitic acid is more easily absorbed than regular formula (9). Koo et al. demonstrated that palmitic acid in the sn-2 position of infant formula had a physiological function, including enhancing calcium absorption in the small intestine and decreasing bone mass (10). OPO, as a triglyceride typical of breast fat, influences infant digestion and absorption, making OPO a value-added ingredient in commercial powder infant milk.

Currently, liquid infant formula is a potential popular product because it is easier to drink and has brighter packaging that appeals to infants and young children. For the development of liquid infant formula products, the physical and chemical stability of these products are just as crucial as their nutritional content. The emulsifier has a significant impact on emulsion stability. As main milk proteins, whey protein (WP) and casein are important emulsifiers in liquid infant formula products, which have also been widely used in the food industry (11). The ratio of WP to casein in breast milk varied depending on the stage of breastfeeding, for example, it could be as high as 9:1 in early lactation and subsequently decline to 5:5 in late lactation. An overall ratio of roughly 6:4 is used in most infant formula products. Milk proteins adsorb at the interface between the two phases of the oil-in-water (O/W) system, forming a protective layer on the surface of the lipid droplet before and after homogenization and inhibiting interfacial tension to maintain emulsions. It is well known that WP and casein have different properties, which have an impact on the physical and chemical stability of liquid infant formula.

Minerals in infant formula have a significant impact on the physical and chemical stability of emulsions, in addition to the complex fat structure and protein composition. Minerals boost the ionic strength in the aqueous phase, lowering the electrostatic repulsion between droplets and promoting phase separation (12–15). Some minerals bind to oppositely charged groups on the surface of emulsion droplets, decreasing their zeta potential and thus reducing electrostatic repulsion (16). In several commercial emulsions, calcium-induced flocculation and creaming have been identified as the sources of long-term destabilization (17).

Previous studies have shown that the creaming stability of emulsions with 0.5% protein decreased, while the emulsion with 3% protein was not affected by the addition of CaCl2 to 0.5% (18, 19). In this study, an OPO emulsion was prepared to imitate liquid infant formula. We investigated the effect of a series of protein ratios (10:0, 9:1, 6:4, 5:5, and 0:10) and ion types on the physicochemical properties of the OPO emulsion. The ratios were selected based on the content of WP and casein in breast milk throughout the lactation period and the combined effect of monovalent (represented by K+) and divalent (represented by Ca2+) ions in infant formula milk powder. This study may provide a theoretical basis for the physical stability of liquid infant formula.



MATERIALS AND METHODS


Materials

1, 3-dioleic-2-palmitate triglyceride-type human milk fat substitutes (triglycerides > 98%) were kindly donated by Renzhichu Technology Group Ltd. (Jiangxi, China), which would be used directly for producing infant formula. Provon® whey protein isolates (WPI, purity 90%) were purchased from Glanbia Nutritionals Ltd. (Ireland). Sodium caseinate (CN, BR, from bovine milk) was purchased from Macklin Biochemical Co., Ltd. (Shanghai, China). Other solvents and reagents were of analytical grade.



Preparation of O/W Emulsions

Oil-in-water emulsions were prepared according to previous reports with simple modifications. Briefly, an aqueous solution consisting of WPI: CN (1% w/v in total) and phosphate buffered saline (PBS, 0.01 M, pH 7.0) was stirred for 5 h to ensure complete dissolution of the protein. After storing the emulsion at 4°C overnight, Ca2+ and K+concentrations (9.08 and 15.96 mM) were added once the protein dispersion had returned to room temperature. The solutions were stirred for 10 min using a DS-101S magnetic stirring apparatus (Yarong Instrument Ltd., Zhengzhou, China) to ensure complete dissolution of the salts. To make a fresh emulsion, 10% (v/v) of OPO human milk fat substitutes were mixed with sufficient dissolution at 12,000 rpm for 3 min, homogenized 2 times at 30 MPa, and loaded with sodium azide (0.02% w/v) as an antibacterial agent. The pH of the emulsion was adjusted to 7.0 with 1 M NaOH and/or 1 M HCl for analysis.



Average Particle Size and Zeta Potential

The particle size distributions and zeta potential of infant formula emulsion samples were measured using a nano-ZSE laser particle size analyzer (Malvern Instruments Ltd., England) according to dynamic light scattering. Infant formula (×100 dilution) emulsion samples were prepared to avoid multiple scattering effects, and the absorption of 0.01 was used to calculate particle size distributions as described previously (20). Each sample was tested three times, and the data are presented as average ± standard deviation (SD).



Creaming Index

The infant formula emulsion sample (pH 7.0) was transferred to a test tube [internal diameter (Φ) = 20 mm, height (H) = 500 mm], and then stored at room temperature for 4 months. After storage, several samples were separated into a thin “cream” layer at the top and a transparent “serum” layer at the bottom (21). The creaming destabilization kinetics was evaluated by measuring creaming index as the percentage of serum layer height (HS) from the total emulsion height (HT) (22).
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Rheological Properties

Rheological properties were carried out in a DHR-2 rheometer (TA Instruments Ltd., New Castle, DE, USA). The temperature was maintained at 25 ± 0.5°C. The apparent viscosity of the emulsion sample was measured upon shear rate ramp-up from 5 to 100 s−1 according to the modified method as described previously (23). The exposed surfaces of the samples were covered with a thin layer of silicone oil to prevent dehydration. The shear rate was then recorded as the shear stress was increased.



Storage Stability

The infant formula emulsion sample (2 ml) was poured into a cuvette and then stored at room temperature for 40 days, and 5 μl of each sample was taken out at the time intervals of 0, 8, 16, 24, 32, and 40 days for analysis. The physical stability of emulsions during storage was characterized by regular sampling and measuring their average particle size and zeta potential.



Lipid Oxidation

The method for characterizing the oxidation stability of oil is based on the method of Qiu et al. (24) and slightly modified. The emulsion sample was placed in an oven at 60°C, and the samples were taken out at different time periods (0, 10, 20, 30, and 40 days) for the analysis of oxidation state.


Primary Oxidation Product Hydrogen Peroxide Value

Primary oxidation product hydrogen peroxide value (POV) was measured according to the report of Zeng et al. (25) with slight modifications. Briefly, 1 ml of the emulsion sample was vortexed vigorously three times with 5 ml of isooctane: isopropanol (2:1 v/v) followed by centrifugation for 5 min at 2,800 × g (FA-45-6-30 rotor, centrifuge 5804R, Eppendorf AG, Hamburg, Germany). Then, 0.2 ml of the isooctane: isopropanol extract was mixed with 4.8 ml of methanol: butanol (2:1 v/v). This mixture was then reacted with 20 μl of 3.94 M potassium thiocyanate and 20 μl of ferrous iron solution. The mixture was allowed to react for 20 min at room temperature in the dark before measuring the absorbance of the sample at 510 nm using a TU-1900 spectrophotometer (Baiqi Biotechnology Ltd., Jinan, China). The concentration of hydroperoxides was determined based on a standard curve of hydroperoxide.



Thiobarbituric Acid Reactive Substances

Thiobarbituric acid reactive substances (TBARS) were measured according to Xu et al. (26). The infant formula emulsion sample (0.6 ml) was combined with 4.0 ml of TBA (thiobarbituric acid) solution (prepared by mixing 15 g of trichloroacetic acid, 0.375 g of TBA, 1.76 ml of 12 M HCl, and 82.9 ml of H2O) in test tubes and placed in a boiling water bath for 30 min. The tubes were cooled to room temperature for 10 min and then centrifuged at 860 × g (2,500 rpm) for 20 min followed by measuring the absorbance at 532 nm. TBARS were calculated from a standard curve prepared with 1,1,3,3-tetraethoxypropane.




Statistical Analysis

The results are presented as means ± SD using SPSS 18.0 software (IBM Corporation, NY, USA) and Origin 85 software (Microsoft Corporation, Redmond, WA, USA). The statistical analysis was performed by one-way ANOVA followed by Duncan's test at p < 0.05.




RESULTS


Particle Size and Zeta Potential Analysis

Particle size distribution in the OPO emulsion samples is illustrated in Figure 1. In Figure 1A, the emulsion in the control (without ions) with a higher WPI ratio (10:0 and 9:1) was characterized with larger particles and a tail peak in peak distribution. The result indicated that a number of original droplets had accumulated. Emulsions with increasing CN ratios (6:4, 5:5, and 0:10) showed a single peak distribution and a tight particle size distribution, indicating a good symmetry dispersion. Compared with the control, the particle size distribution of the ion groups showed a bimodal distribution. The size distribution was control group < K+ group < Ca2+ group, indicating that the large particles in emulsions were gradually increased and formed by droplet aggregation.


[image: Figure 1]
FIGURE 1. Particle size distribution of control (A), containing K+ (B), and Ca2+ (C) of 1,3-dioleoyl-2-palmitoylglycerol (OPO) emulsions (10% v/v OPO human milk fat substitutes) with different ratios of whey protein isolate (WPI) and caseinate (CN; 10:0, 9:1, 6:4, 5:5, 0:10, 1% w/v in total) as emulsifiers.


The zeta potential values of emulsions with various WPI and CN ratios are shown in Figure 2. The zeta potential amplitude of the control samples (without ionic addition) decreased as the CN concentration in emulsions increased. When adding K+ and Ca2+ into emulsions, the absolute zeta potential value did not change significantly with increasing CN ratio. Under the conditions of different or same protein ratios, the absolute zeta potential value was K+ group > Ca2+ group and the change in the absolute zeta potential value was Ca2+ group > K+ group > control group.
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FIGURE 2. Zeta potential of fresh OPO emulsions (10% v/v OPO human milk fat substitutes) with different ratios of WPI and CN (10:0, 9:1, 6:4, 5:5, 0:10, 1% w/v in total) as emulsifiers. The results are expressed as mean ± SD (n = 3). Different letters (a–j) indicate significant differences at the 0.05 level.




Creaming Index During Storage

According to Table 1, the impacts of different protein ratios and mineral ions in emulsions did not show layering behavior when emulsions were placed at room temperature for 20 days, except the 6:4 and 5:5 (WPI:CN) emulsions after adding K+ and Ca2+, which showed a slight alteration (7.92 ± 0.71, 13.59 ± 0.43, 10.79 ± 2.76, and 7.13 ± 1.24%, respectively). However, varying degrees of cream layer separation were found from 20 to 120 days. Emulsions emulsified by WPI were stable, whereas emulsions with K+ and Ca2+ showed the most obvious layering phenomenon (81.69 ± 1.84 and 82.02 ± 6.44%). It is shown that the overabundance of unabsorbed biopolymers resulted in higher droplet accumulation, larger particles, and more pronounced stratification behavior after longer storage time.


Table 1. The creaming index of fresh 1,3-dioleoyl-2-palmitoylglycerol (OPO) emulsions (10% v/v OPO human milk fat substitutes and whey protein isolate (WPI): CN/10:0, 9:1, 6:4, 5:5, 0:10, 1% w/v in total) for 120 days.
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Viscosity Analysis

The rheological behavior of the OPO emulsion system was examined as a function of different protein ratios and ionic strength. In particular, the flow behavior of the emulsion sample was investigated taking into account the dependence of the shear stress on the sample viscosity. The effect of different protein ratios and ionic strength on the rheological properties of emulsions was examined (Figures 3A–D). The flocculated emulsions exhibited strong shear thinning behavior (Figure 3). Viscosity decreased with increasing shear rate. When the shear rate was in the range of 5–10 s−1, the viscosity of each emulsion group decreased rapidly as shear stress increased. Then, the viscosity tended to be consistent within the shear rate of 20–100 s−1. Compared with Figure 3A, the viscosity of the K+ and Ca2+ groups was higher than the control group in the range of 5–10 s−1. This difference could be attributed to factors such as flocculated volume fraction of the droplets, flocculation size, and spatial distribution or intensity of interaction between flocculated droplets (27). Different protein ratios were found to be insensitive to changes in emulsion viscosity.


[image: Figure 3]
FIGURE 3. Shear stress and viscosity relationships of OPO emulsions (10% v/v OPO human milk fat substitutes) at different protein ratios (WPI:CN/10:0, 9:1, 6:4, 5:5 and 0:10, 1% w/v in total; (A) either in the presence of K+ (B) or Ca2+ (C). (D) Comparison of the shear stress and viscosity relationship of OPO emulsions for WPI:CN/6:4 (control) with K+ or Ca2+.


To understand the relationship between shear stress and viscosity of emulsions by the addition of K+ and Ca2+, only the ratio of 6:4 (WPI:CN) was chosen for viscosity analysis. Figure 3D shows that the viscosity of the 6:4 emulsion without salt ions is lower than that of the emulsion with K+ and Ca2+, which was Ca2+ group > K+ group > control group in the range of 5–20 s−1.



Physical Stability of Emulsions During Storage

The storage stability (particle size and zeta potential) of emulsions after 40 days is shown in Table 2. The results showed that the emulsion particle size gradually increased with storage time. It was also demonstrated that the absolute value of the zeta potential gradually decreased as the emulsion storage time increased. In detail, the particle size of emulsions without ions and with K+ or Ca2+ were 355–460, 426–507, and 424–514 nm, respectively, after storage for 40 days. In addition, the zeta potential in the control, K+, and Ca2+ groups was −41.53~-51.27, −39.53~-52.33, and −29.67~-36.10 mV, respectively, after storage for 40 days. According to the analysis with or without K+ and Ca2+, the trend of the physical stability of emulsions during storage decreased in the following order: control group > K+ group > Ca2+ group.


Table 2. Effects of K+ and Ca2+ on storage stability (particle size and zeta potential) in different OPO emulsions (10% v/v OPO human milk fat substitutes and WPI: CN/10:0, 9:1, 6:4, 5:5, 0:10, 1% w/v in total).
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Lipid Oxidation of Emulsions

In this study, the rate of lipid oxidation in different emulsions containing K+ or Ca2+ was measured. All samples were kept at 60°C for 40 days to accelerate lipid oxidation. To investigate the rate of lipid oxidation, primary and secondary lipid oxidation products were measured as POV and TBARS (Figure 4), respectively. The results showed that the rate of lipid oxidation increased at first and then decreased as the storage time was prolonged. Due to its more compact structure and lack of phosphate groups, WPI might limit its iron-binding ability and thus promote oxidation (28). In addition, the relative oxidation value of emulsions with CN alone as the emulsifier was greater than that of other emulsions with varied ratios of WPI, based on the POV and TBARS content in Figure 4. The higher oxidation rate might be because the affinity of phosphate groups of casein molecules for iron was better than that of carboxylic acid groups of other proteins (29). In the 30-day oxidation stage, the POV content at different protein ratios (10:0, 9:1, 6:4, 5:5, and 0:10) without and with K+ and Ca2+ was 3.39–9.39, 10.73–13.52, and 11.41–15.18 μg/ml and the TBARS content was 0.05–0.16, 0.06–0.35, and 0.08–0.56 μg/ml, respectively. These data indicated that K+ and Ca2+ can promote the oxidation of emulsions, possibly because these ions destabilize the physical state of emulsions as mentioned above.
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FIGURE 4. The peroxidevalue (POV) and thiobarbituric acid reactive substances (TBARS) of control, containing K+ (A–C) and containing Ca2+ (a–c) in OPO emulsions (10% v/v OPO human milk fat substitutes and WPI: CN/10:0, 9:1, 6:4, 5:5, 0:10, 1% w/v in total) as emulsifiers.





DISCUSSION

Whey protein isolate and CN are typical protein-type emulsifiers, which can exert their emulsification and adsorption properties in emulsions and are improved by electrostatic or three-dimensional repulsive forces to maintain emulsion stability (30). CN, characterized by its disordered structure and hydrophobic properties, possesses greater adsorption at the oil–water interface than a tiny, compact, and globular WPI (31).

As represented in Figures 1B,C, K+ and Ca2+ binding may induce the aggregation of emulsion droplets as salt ions reduce the repulsive force between droplets (32). However, the particle size distribution peak of the samples shifted toward larger particle size with the addition of potassium ions, except for the ratio 5:5 in Figure 1B. According to Keowmaneechai et al., surfactants such as casein to replace the WP absorbed from the droplet surface, the aggregation induced by metal ions was found to be almost reversible (33). In addition, the homogenized proteins were exposed to more calcium binding sites, which might accelerate particle aggregation (34).

Therefore, compared with K+, emulsions with Ca2+ produce extensive droplet aggregation resulting in an unstable emulsion. The absolute value of the zeta potential was the highest when the proportion of CN was the highest, as shown in Figure 2. Amino acid side chains from protein dissociation are more conducive to induce electrostatic repulsion to enhance emulsion stability when the pH (the pH of emulsions is seven) is further away from the emulsifier's isoelectric point (35, 36). At pH values above the isoelectric point, protein molecules have more –COO− groups than –NH3+ groups, so protein molecules present more negatively charged groups. It has been reported that Ca2+ can bind to the two main proteins of whey protein through the free carboxylic groups of aspartic and glutamic acids (35, 37). Therefore, Ca2+ could combine with the –COO− groups to reduce the negative charge on the surface of emulsion droplets in this study. In the absence of K+, emulsions might lead to a less extensive diffuse double layer, interdroplet repulsion, and eventually droplet aggregation (38). The effect of ion valence on emulsion zeta potential in this study indicated that multivalent ions in the emulsion were more effective than monovalent ions combined with countercharge in the interaction effects of electrostatic shielding and ion surface adsorption. Our results were consistent with the conclusions of previous studies (39).

Creaming index is an important indicator to measure the degree of aggregation of lipid droplets in the emulsion. Lipid droplet network layout, structural rearrangement, and final phase separation kinetics are the critical aspects, which impact emulsion instability, and depletion flocculation is one of the main causes (40–42). Emulsions with a high creaming index are generally unstable (16). According to Srinivasan et al., a high CN emulsion content resulted in low stability due to depletion flocculation generated by the unabsorbed CN in the aqueous phase (43). Our results showed that the addition of K+ and Ca2+ plays an important role in emulsion stability. The electrostatic repulsion between the droplets was gradually shielded by the anti-ions around the droplets, and the small particulate matter adsorbed on each other, so that the large particles aggregated and the fat floated upward with the addition of K+ and Ca2+ (44). In addition, the effects of K+ and Ca2+ on creaming index might be gradually increasing particle size and making droplet aggregation to result in flocculation with storage days. A higher degree of flocculation is preferable to a higher degree of creaming in emulsions (45). Creaming instability measurements in the absence of K+ and Ca2+ support the result of particle size and zeta potential measurements.

The rheological property is also a key factor to consider in O/W emulsion stability. Previous research showed that the floccules created in the emulsion trapped water molecules in the two oil–water phases. This increased the effective volume fraction of particles and promoted the flocculated emulsion to have a higher viscosity than the unflocculated emulsion (45, 46). Our results indicated that the Ca2+- containing emulsion has a higher viscosity, as shown in Figure 3D. It would be expected that Ca2+ could promote the flocculation of droplets to a greater extent and increase its strength due to electrostatic screen interactions, reduce droplet charge, and act as ionic bridges, while potassium ion could only play a role of electrostatic screen interactions, with weak strength and low emulsion viscosity (33).

Emulsion destabilization is often due to various physical phenomena. As shown in Table 2, the emulsion particle size in each group increased to different degrees and the Ca2+ group had the highest particle size on day 40 of the storage period. Previous studies have indicated that flocculation, rather than coalescence, is the cause of droplet aggregation of emulsions with calcium (19) and potassium (47). Flocculation occurs because the metal ions reduce the electrostatic repulsion between the droplets, thus these droplets get closer. According to Ray and Rousseau, droplet aggregation caused by electrostatic action is blocked when the absolute value of the zeta potential of the emulsion is higher than 30 mV (58) (48). In contrast, the absolute value of the zeta potential of a calcium ion was 29.67 ± 0.40, which is the smallest among the three groups. This result showed that the emulsion of adding Ca2+ would be unstable, which was consistent with the previous results. The emulsion particle size and zeta potential during the 40 days of study indicated that the storage stability of each emulsion is different due to factors such as protein ratios and ionic strength, which is consistent with the results reported by Ye (49). The above results indicated that K+ and Ca2+ affect the long-term stability of OPO emulsions, which may have significant effects on the formulation of potassium- and calcium-enhanced emulsion-based products with a long expected shelf-life.

In addition to physical properties, lipid oxidation is a major issue in food storage and consumption, influencing the flavor, odor, and color of food (11). Our results showed that lipid oxidation might be caused by the different structures of WPI and CN, enabling their affinity for iron to be different. However, during the oxidation process, the principal product, hydroperoxide, dissociates into secondary oxidation products, such as malondialdehyde and hexanal, resulting in a decrease in the oxidation content of POV (50).

As shown in Figures 4B-b,C-c, our results indicated that both POV and TBARS values increase after adding K+ and Ca2+ into the emulsion, which can promote the oxidation of emulsions enabling emulsions to be unstable. The results were the same as particle size and creaming index.

We chose the different ratios of WPI and CN to better simulate the different stages of breastfeeding, and added OPO human milk fat substitute, which was conducive to the digestion and absorption of breast milk by infants. Furthermore, minerals are also essential, and K+ and Ca2+ account for a high proportion of minerals in infant formula. Thus, macronutrients and micronutrients complement each other. However, this infant formula was not ideal, which might be related to the concentration of added minerals. Therefore, the effect of varying mineral ion concentrations on the physicochemical properties of the OPO emulsion must be thoroughly explored to prepare a stable liquid infant formula. In addition, from a nutritional point of view, in vitro gastrointestinal digestion would be ideal, and could be further investigated.



CONCLUSIONS

This study demonstrates the impact of protein ratios and mineral ions on the stability of OPO emulsions as mimics of a liquid infant formula. Changes in WPI to CN ratios had a significant impact on the zeta potential but not on particle size. The addition of Ca2+ increased the average particle size and decreased the zeta potential. It caused emulsion instability, possibly because Ca2+ reduced the charge of the droplets and acted as an ionic bridge by shielding the interaction between static electricity and ions. These interactions promoted flocculation of the droplets and subsequently failed to prevent oil oxidation.
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