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The physical and chemical stability of peanut oil body (POB) nutritional emulsions and traditional emulsifier-based nutritional emulsions were compared under varying energy densities and nutrient ratios, with a focus on protein adsorption at the oil-water interface. The results demonstrated that flocculation was the primary instability mechanism for POB emulsions, whereas emulsifier-based emulsions predominantly experienced coalescence. At energy densities of 1.9 and 2.1 kcal/mL, POB nutritional emulsions exhibited lower PDI values (0.136 and 0.139), compared to emulsifier-based emulsions (0.152 and 0.191). Additionally, micromorphology analysis indicated enhanced anti-coalescence properties for POB emulsions. The interfacial protein adsorption capacity of POB emulsions (6.8 and 7.0 mg/m2) was also lower than that of emulsifier-based emulsions (7.5 and 8.0 mg/m2), suggesting that the thinner interfacial protein film may contribute to the improved storage stability of POB emulsions. At an energy density of 2.1 kcal/mL, after adjusting the nutrient ratio, the CI values of POB emulsions (8.79%, 3.95%, 3.75%) were consistently lower than those of emulsifier-based emulsions (10.25%, 8.16%, 8.02%), further indicating superior storage stability. Both emulsions showed similar appearance colors. These findings demonstrate that POB emulsions offer a promising alternative to refined oil in nutritional emulsion formulations, effectively replacing traditional emulsifiers, particularly in high-energy-density applications.

Keywords
peanut oil body, emulsion, energy density, nutrient ratio, interfacial protein adsorption, stability


1 Introduction

Nutritional emulsions, as oil-in-water (O/W) emulsion systems enriched with various nutrients, are widely utilized in formula foods designed for special medical purposes. They effectively address the nutritional requirements of patients with eating restrictions and digestive or absorption disorders (Qu et al., 2024). However, the thermodynamic instability of the O/W emulsion system, compounded by the high nutrient content of nutritional emulsions, often leads to issues such as fat separation and protein coagulation. To enhance stability and prolong shelf life, food emulsifiers are commonly added during production (Ravera et al., 2021). Emulsifiers contain a hydrophobic tail and a hydrophilic head. This structure enables them to form stable films at the oil-water interface, which promote emulsion formation and improve physical stability by reducing interfacial free energy. Among various emulsifiers, synthetic emulsifiers, such as polyol fatty acid esters, exhibit excellent emulsifying properties and are widely utilized in the food industry, including in nutritional emulsion products (Arancibia et al., 2017). However, an increasing number of studies suggest that synthetic emulsifiers may contribute to the rising incidence of various diseases, such as Crohn's disease, allergies, and autoimmune disorders. These conditions are associated with impaired intestinal barrier function and changes in gut microbiota composition (Csáki, 2011; Lerner and Matthias, 2015). Additionally, synthetic emulsifiers may enhance the absorption of foodborne pollutants, potentially aggravating conditions related to autoimmune diseases (Chassaing et al., 2015; Abu-Qare et al., 2003). To address these concerns, the food industry is actively exploring green, safe alternatives to synthetic emulsifiers or developing entirely new products with naturally derived ingredients (McClements et al., 2017).

Oil bodies (OB) are spherical subcellular organelles in plants specialized for lipid storage. Their core consists of triglycerides, surrounded by a single-layer membrane composed of proteins and phospholipids (Bonsegna et al., 2011). This unique structure provides OB with natural pre-emulsification properties, enabling them to form natural O/W emulsions without the need for added emulsifiers or homogenization steps (Zaaboul et al., 2022). Beyond lipids and proteins, OB are abundant in phytochemicals such as vitamin E and phytosterols, positioning them as a promising alternative to refined vegetable oils in the emulsified food (Shi et al., 2024). Recent studies have explored the application of OB as fat substitutes in various foods, including ice cream (Zaaboul et al., 2024), yogurt (Dou et al., 2022), and mayonnaise (Mert and Vilgis, 2021). Furthermore, OB demonstrate desirable processing characteristics, exhibiting stability in physicochemical properties under conditions such as high-pressure homogenization and heat treatment (Gao et al., 2022). These findings suggest that OB represent a promising option as an oil substitute in nutritional emulsions, potentially eliminating the need for food emulsifiers.

Lipids, proteins, and carbohydrates, as the primary energy sources in nutritional emulsions, collectively play critical roles in supporting normal physiological functions by providing energy, supplementing nutrition, and regulating metabolism. Nutritional emulsions based on these three nutrients are mainly applied to patients with oral intake difficulties, digestive and absorption disorders, or symptoms of malnutrition such as weight loss, edema, or anemia (Wali et al., 2025). The dosage of nutritional emulsions can be tailored to the specific symptoms of patients with special conditions. For instance, while most patients can tolerate sufficient doses, those with severe conditions like post-gastrectomy may struggle to achieve adequate intake (Furuta et al., 2023). Thus, different symptoms necessitate nutritional emulsions with varied energy densities to accommodate the specific metabolic requirements of patients. The energy density of a nutritional emulsion is determined by the composition of the three primary nutrients, with standard caloric values of 9 kcal/g for lipids and 4 kcal/g for both proteins and carbohydrates (Yuan et al., 2024). Currently, most studies on nutritional emulsions address formulations with energy densities ranging from 1.0 to 1.5 kcal/mL, as these values are suitable for a majority of patient needs (Yamazaki et al., 2023). Additionally, patients with different types of diseases may require adjustments in the nutrient composition and ratios of nutritional emulsions to meet their specific nutritional needs without compromising sufficient energy supply (Cawood et al., 2012).

In this study, the novel nutritional emulsions, free of synthetic emulsifiers and with varying nutrient densities and composition ratios, were prepared based on the natural emulsifying properties of peanut OB. Their basic characteristics, including particle size, ζ-potential, microstructure, and apparent viscosity, were analyzed. Emulsification properties were evaluated based on the adsorption behavior of interfacial proteins, while storage stability was assessed using the creaming index. The results were also compared with those of traditional nutrient emulsions stabilized by food emulsifiers. The purpose of this study is to investigate the feasibility of preparing the novel emulsifier-free nutrient emulsions based on OB and the effect of nutrient density and composition ratio on their stability. The findings offer a novel approach to the development of more natural and healthy nutritional emulsions, while also promoting the broader application of OB in food emulsion systems.



2 Materials and methods


2.1 Materials

Peanuts were purchased from a local supermarket. Peanut oil purchased from Yihai Kerry Food Marketing Co., Ltd. Sodium caseinate (purity: 99%) was purchased from Xinjiang Meihua Amino Acid Co., Ltd. Maltodextrin (DE value 15–20) was purchased from Qinhuangdao Lihua Starch Co., Ltd. Phospholipids, sucrose fatty acid esters, and monoglycerin and diglyceride fatty acid esters were purchased from Masson Technology Co., Ltd. All other reagents are analytical grade.



2.2 Extraction of peanut oil body

Peanut oil body (POB) was extracted using a water extraction method. Mature peanuts were soaked in deionized water (1:7, w/w) at 4°C for 10 h, then processed in a high-speed blender for 2 min. The resulting peanut slurry was filtered through four layers of gauze, and the filtrate was centrifuged at 10,000 × g for 20 min at 4°C. The POB was collected from the upper layer. Fresh POB was determined to be composed of 67.84% lipid, 1.60% protein, and 20.61% moisture using Soxhlet extraction method, Kjeldahl nitrogen determination method, and direct drying method, respectively.



2.3 Preparation of nutritional emulsion
 
2.3.1 Preparation of nutritional emulsion from POB

Quantitative amounts of sodium caseinate and maltodextrin were dissolved in water, followed by the addition of POB with thorough stirring. The mixture was then homogenized using a high-speed shear homogenizer (IKA-T25, Germany) at 10,000 rpm for 5 min. Subsequently, it was processed in a high-pressure homogenizer (AH-BASICI, ATS ENGINEERING, CA) at 50 MPa for two cycles. Finally, the emulsion was sterilized at 121°C for 15 min and cooled to room temperature to obtain the POB nutritional emulsion (POBNE).



2.3.2 Preparation of nutritional emulsion from peanut oil and emulsifier

Quantitative amounts of phospholipids and fatty acid esters were added to a measured amount of peanut oil and heated in a water bath at 65°C while stirring at 1,000 rpm using a rotor. The mixture was heated for 30 min until the emulsifiers were completely dissolved in the oil phase. Meanwhile, the probe of a high-speed shear homogenizer was placed into the aqueous phase containing dissolved sodium caseinate and maltodextrin, and the speed was set to 3,000 rpm. The oil phase with dissolved emulsifiers was then slowly poured into the aqueous phase while mixing, ensuring complete combination of the two phases. The speed was then increased to 10,000 rpm for 5 min. The high-pressure homogenization and high-temperature sterilization steps were performed in the same manner as for POBNE. After cooling, the peanut oil nutritional emulsion (PONE) was obtained.



2.3.3 Energy density setting in nutritional emulsions

In this experiment, sodium caseinate, oil (POB or pure peanut oil) and maltodextrin were used as the main energy sources of emulsion. According to the energy provided by the three nutrients, the energy density of emulsion can be calculated. By changing the concentration of various nutrients in the system, the energy density of nutritional emulsion can be set to 0.7, 1.0, 1.3, 1.6, 1.9, 2.1 kcal/mL, respectively. The formulation of emulsion is shown in Table 1. The energy density (ED) was calculated using the following formula:
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Where mp represents the mass of protein (g/L), ml represents the mass of lipids (g/L), mc represents the mass of carbohydrates (g/L).


TABLE 1 The composition of nutritional emulsions at different energy densities.
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2.3.4 Energy ratios setting in nutritional emulsions

This experiment designed three different types of nutrition emulsion according to the ratios of energy provided by protein, lipid and carbohydrate and the nutritional requirements of patients with different special diseases:

The energy ratios of high lipid type (HLT) is 17% protein, 50% lipids, and 33% carbohydrates. The energy ratios of general type (GT) is 17% protein, 38% lipids, and 45% carbohydrates. The energy ratios of high carbohydrate type (HCT) is 17% protein, 26% lipids, and 57% carbohydrates. The formulation of emulsion is shown in Table 2.


TABLE 2 The composition of nutritional emulsions at different nutrient ratios.

[image: Table 2]




2.4 Physical stability of emulsion
 
2.4.1 Particle size and ξ-potential

Dilute the sample with deionized water in a ratio of 1:800, and measure the particle size and ζ-potential of emulsion through ZSE Malvern nanoparticle particle size and potential analyzer. The average particle size of droplets is expressed by the average volume diameter (D4, 3). The refractive index of emulsion and dispersed phase (deionized water) is set to 1.45 and 1.33 respectively. All samples were tested at 25°C.



2.4.2 Microstructure

The micromorphology of the emulsion sample was examined using an optical microscope (MSHOT-ML51-M) equipped with a 10 × eyepiece and a 40 × objective lens. A 4 μL sample was placed onto a glass slide, covered with a coverslip, and carefully checked to ensure no air bubbles were present. After allowing the sample to stand for 5 min, observations were conducted.



2.4.3 Apparent viscosity

Accurately transfer 1.4 mL of sample to the sample table of the rheometer (HR-1, TA, USA), and use a clamp with a diameter of 40 mm for contact measurement. Set the distance between the sample table and the fixture to 1,000 μm, and measure the static shear viscosity of the sample. The time for increasing the shear rate from 0.1 to 100 s−1 is 1 min. All samples were measured at 25°C.



2.4.4 Dynamic stability

The turbiscan stability index (TSI) was measured using a multiple light scattering instrument (Turbiscan Lab stability analyzer). Transfer the quantitative sample to the sample tube of the instrument and ensure that the sample has no wall contact or bubbles. The sample tube was then placed in the analysis chamber. The scanning time was set for 1 h, with scans taken every 100 s. All measurements were performed at 25°C.



2.4.5 Creaming index (CI)

A 3 mL emulsion sample was transferred to a glass bottle and stored in a sealed container at 25°C for 15 days. The total height of emulsion and the thickness of emulsion layer were calculated by single scanning analysis of emulsion through Turbiscan Lab stability analyzer. The CI was calculated using the following formula:
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Where h0 represents the total height of the emulsion and h1 represents the thickness of the emulsion layer.




2.5 Interfacial protein adsorption

The adsorption capacity and rate of interfacial protein were determined using the method of Shen et al., with slight modifications (Shen et al., 2024). The emulsion was centrifuged at 35,000 × g at 4°C for 1 h. The bottom fraction was collected using a syringe, and the protein concentration in the bottom fraction was determined using a BCA protein assay kit (E8053-500T, Shanghai Titan Scientific Co., Ltd.). The standard curve for the BCA protein assay kit is y = 1.358x + 0.1185, R2 = 0.99, where x is the absorbance and y is the protein concentration. The interfacial protein adsorption rate was calculated according to the following formula:

[image: image]

Where C0 denotes the initial protein concentration of the emulsion (40 mg/mL), and Ct denotes the protein concentration of the bottom fraction after centrifugation.

The amount of protein adsorbed at the emulsion interface was calculated using the following formula:

[image: image]

Where Γ denotes the amount of interfacial protein adsorbed (mg/m2), C0 and Ct have the same meanings as in the previous formula, D3, 2 are measured by laser particle size analyzer (Bettersize2600, Dandong Baite Instrument Co., Ltd.) to indicate the average diameter of emulsion area, and φ denotes the volume fraction of the oil phase in the emulsion (0.03).



2.6 Color analysis

The color of emulsion is measured and analyzed by a colorimeter (CM-700d, Huidong instrument equipment Co., Ltd), using the CIE color chromaticity L*, a*, and b* scales (L* = dark/light, a* = red/green, b* = yellow/blue). The higher the L* value of emulsion color is, the brighter the color is; the higher the a* value is, the redder the emulsion color is; the higher the b* value is, the yellower the color is; and the color difference value ΔE* of the sample is calculated by the formula:

[image: image]

Where L0, a0, and b0 represent the chromaticity of the whiteboard (L0 = 93, a0 = 0, b0 = 3.6).



2.7 Statistical analysis

All samples were assayed at least three times, with precision between data indicated by error bars. Statistical analysis was performed using the analysis of variance (ANOVA) procedure in MATLAB. Differences in mean values were detected using the least significant difference test (p < 0.05).




3 Results and discussion


3.1 Effect of energy density on emulsion properties
 
3.1.1 Particle size and ζ-potential

The relationship between emulsion particle size and energy density is shown in Figure 1A. The PONE with an energy density of 1.0 kcal/mL exhibited the largest particle size (201.2 ± 1.4 nm), while the particle sizes of other emulsions were below 200 nm. The results indicated that the particle size of POBNE was smaller than that of PONE at energy densities of 1.0, 1.9, and 2.1 kcal/mL. The results demonstrated that OB has certain advantages in preparing nutrient emulsions at higher energy densities. The PDI values shown in Figure 1B further support this conclusion. Under high energy densities (1.9 and 2.1 kcal/mL), POBNE had smaller PDI values (0.14 ± 0.01, 0.14 ± 0.02) compared to PONE (0.15 ± 0.01, 0.19 ± 0.03), indicating that OB emulsions prepared under high energy densities had a more uniform particle size distribution and higher physical stability, consistent with the particle size results. In emulsion systems with complex compositions, emulsions formed at relatively high component concentrations showed better stability, which may be related to the substances involved in the emulsification process (Yu et al., 2025). Similarly, Yang et al. reported that emulsions prepared with orange peel pectin and sodium caseinate exhibited smaller droplet sizes at higher pectin and protein concentrations (Yang et al., 2023). These experimental results suggest that higher energy densities promote the formation of stable emulsions.


[image: Figure 1]
FIGURE 1
 Volume average particle size (A), polymer dispersity index (PDI) (B) and ζ-potential (C) of nutritional emulsion at different energy densities. POBNE, peanut oil body nutritional emulsion; PONE, peanut oil nutritional emulsion. Different letters indicate significant differences (p < 0.05).


The ζ-potential is a critical parameter for assessing the local charge distribution in emulsions. A higher absolute value of ζ-potential indicates stronger repulsive forces between droplets, which helps prevent droplet aggregation and enhances emulsion stability. As shown in Figure 1C, the absolute ζ-potential values of all emulsions exceed 30 mV, suggesting strong electrostatic repulsion between droplets and a stable emulsion system (Diao et al., 2024). The results demonstrate that the absolute ζ-potential of the emulsions initially increases and then decreases with rising energy density. Notably, both POBNE and PONE exhibit the highest absolute ζ-potential values at an energy density of 1.6 kcal/mL (45.0 ± 1.1 mV and 46.7 ± 0.6 mV, respectively), indicating significant electrostatic repulsion between droplets. This increase in ζ-potential may be attributed to the exposure of more hydrophobic side chains in proteins under these conditions (Yu et al., 2024). However, at higher energy densities, the absolute ζ-potential decreases. This reduction may result from the presence of excess proteins in the system, which can cover hydrophobic groups on the droplet surfaces and form an electrostatic shield, thereby lowering the ζ-potential (Ren et al., 2018). Consequently, higher energy densities may promote protein aggregation and weaken the electrostatic repulsion between emulsion droplets.



3.1.2 Microstructure

The microstructure of each emulsion was observed using an optical microscope, and the results are presented in Figure 2. The observations reveal that the droplets in all emulsion groups are evenly dispersed. As energy density increases, the droplets become more densely packed. This is because, under the same homogenization conditions, the increased oil content (dispersed phase) in the system leads to the formation of more droplets. However, at higher energy densities, the emulsions exhibit signs of instability. This instability is primarily attributed to Brownian motion, which facilitates droplet collisions. As the number of droplets in the system increases, the likelihood of such collisions rises, accelerating the occurrence of instability phenomena such as flocculation and coalescence. Interestingly, the instability mechanisms differ between emulsions. The POBNE predominantly exhibits flocculation, characterized by droplet agglomeration, whereas the PONE shows coalescence, where smaller droplets merge to form larger ones. Oleosin, the primary protein on the surface of oil bodies, plays a crucial role in maintaining the integrity and stability of oil bodies. Its high interfacial activity effectively inhibits droplet coalescence (Guzha et al., 2023). These findings indicate that higher energy densities promote emulsion instability. Additionally, nutrient emulsions prepared from POB demonstrate a reduced tendency for droplet coalescence, highlighting their potential for improving emulsion stability.


[image: Figure 2]
FIGURE 2
 Microstructure of nutritional emulsion at different energy densities. POBNE, peanut oil body nutritional emulsion; PONE, peanut oil nutritional emulsion.




3.1.3 Apparent viscosity

The variation in apparent viscosity of each emulsion group with shear rate (1–100 s−1) is shown in Figure 3. As the shear rate increases, the viscosity of the emulsions decreases, indicating that all emulsions exhibit shear-thinning behavior characteristic of pseudoplastic fluids. This phenomenon is primarily attributed to the disruption of aggregates or the unwinding of flocculated structures along the flow direction (Kang et al., 2023). The results show that the emulsions reach their maximum apparent viscosity at an energy density of 2.1 kcal/mL. Typically, higher concentrations lead to increased apparent viscosity, which is mainly due to interfacial adsorption and restricted molecular motion. As energy density increases, the concentration of nutrients in the emulsion system rises, with significant amounts of sodium caseinate and maltodextrin dissolving in the water phase. This results in a sharp increase in the density and consistency of the water phase, making it more difficult for small droplets in the oil phase to move within the system (Li et al., 2020). Additionally, the increased oil content leads to a higher number of droplets in the system, reducing the spacing between droplets and further restricting the movement of small droplets (Kong et al., 2025). Moreover, under the same energy density, the viscosity curves of POBNE and PONE are nearly identical, indicating that nutrient emulsions prepared from POB exhibit rheological properties comparable to those of emulsions stabilized with synthetic emulsifiers.


[image: Figure 3]
FIGURE 3
 Apparent viscosity of nutritional emulsions at different energy densities as a function of shear rate (1–100 1/s). POBNE, peanut oil body nutritional emulsion; PONE, peanut oil nutritional emulsion.




3.1.4 Interface protein of emulsion

The adsorption behavior of proteins at the oil-water interface is critical to the stability and rheological properties of emulsion systems (Liu et al., 2024). The interfacial protein adsorption rate (AP) for each emulsion is shown in Figure 4A. As energy density increases, the AP value of the emulsions rises. This is primarily due to the higher protein concentration in the system, which promotes the formation of a viscoelastic film around the oil droplets, thereby stabilizing the emulsion (Kim et al., 2020). Additionally, the increase in droplet number leads to a larger total oil-water interfacial area, allowing more proteins to participate in emulsification. As more proteins adsorb at the oil-water interface, the friction between droplets increases, contributing to the observed rise in emulsion viscosity, which aligns with the previously discussed changes in apparent viscosity. The results indicate that at lower energy densities (0.7–1.3 kcal/mL), the AP value of POBNE is higher than that of PONE. However, as energy density continues to increase, the AP value of PONE gradually surpasses that of POBNE. This difference may be attributed to the types of proteins involved in emulsification. Proteins with higher stability tend to exhibit faster adsorption rates at oil-water interfaces of the same polarity (Zhang et al., 2022). When POB are used in nutritional emulsions, their unique pre-emulsified structure includes a protein film, primarily composed of oleosin, prior to emulsification. Although homogenization disrupts the protein film structure and refines the OB, oleosin remains on the droplet surface, maintaining emulsion stability and participating in emulsification alongside other proteins (Schröder et al., 2017; Lin et al., 2025). Compared to PONE, the oil-water interface of POBNE, which contains oleosin, can adsorb proteins more rapidly, promoting faster saturation of proteins at the interface and enhancing emulsion stability (Sun et al., 2023). As energy density increases, the AP value of POBNE gradually stabilizes, while the AP value of PONE continues to rise. This suggests that at higher energy densities, the POBNE interface approaches saturation with less protein adsorption, forming a stable emulsion system. In contrast, under the same conditions, PONE requires continued protein adsorption to achieve comparable stability.


[image: Figure 4]
FIGURE 4
 Interfacial protein adsorption rate (AP) (A) and interfacial protein adsorption capacity (Γ) (B) of nutritional emulsion at different energy densities. POBNE, peanut oil body nutritional emulsion; PONE, peanut oil nutritional emulsion.


The interfacial protein adsorption capacity (Γ) of the emulsions is shown in Figure 4B. The results indicate that as energy density increases, the amount of interfacial protein adsorption also increases. This suggests that the thickness of the interfacial protein film on the droplet surface grows, enhancing the protection of oil droplets and contributing to emulsion stability. Notably, when the energy density exceeds 1.6 kcal/mL, the interfacial protein adsorption of POBNE plateaus, indicating that the protein adsorption at the emulsion interface has reached saturation. This corresponds to a highly stable emulsion system, consistent with the earlier findings on protein adsorption rate. In contrast, the interfacial protein adsorption capacity of PONE continues to increase and surpasses that of POBNE, suggesting that the protein film formed at the oil-water interface in PONE is thicker and capable of adsorbing more proteins (Zhang et al., 2021). However, microstructural analysis reveals that PONE at higher energy densities is more susceptible to droplet coalescence, suggesting that its thicker interfacial film lacks sufficient strength. Upon droplet collisions, the film is easily compromised, leading to reduced emulsion stability. Conversely, although the interfacial film formed by POBNE is thinner, it exhibits better structural integrity. After droplet collisions, the droplets in POBNE maintain smaller particle sizes and preserve their structural integrity, which supports emulsion stability. The results show that when the energy density of POBNE reaches 1.6 kcal/mL, the interfacial protein adsorption capacity saturates at 7.01 ± 0.06 mg/m2. Even at higher energy densities, POBNE forms a thinner but denser interfacial protein film compared to PONE, which contributes to its superior stability.



3.1.5 Storage stability

The TSI of each emulsion is shown in Figure 5. Normally, the smaller TSI indicates higher stability of emulsion. The results showed that the TSI of each emulsion were < 0.5 with the change of scanning time, indicating that they had high stability. In both POBNE and PONE samples, emulsions with low and high energy density exhibited lower terminal TSI values, while emulsions with medium energy density showed the highest terminal TSI values. In POBNE, the 1.0 and 1.3 kcal/mL samples had the highest and second-highest TSI values, respectively, while in PONE, the 1.3 and 1.6 kcal/mL samples had the highest and second-highest TSI values, respectively. Since the TSI scanning time was relatively short, we further analyzed the stability of each emulsions over a longer storage period using the creaming index. The CI is a direct indicator of fat separation during storage and is commonly used to evaluate the storage stability of emulsions. Figure 6 illustrates the CI of different emulsion stored at room temperature (25°C) for 15 days. As energy density increased, the CI of POBNE initially showed an upward trend followed by a decline, whereas the CI of PONE exhibited a reverse pattern, first decreasing and then increasing. According to Stokes' law, the rate of particle flotation or sedimentation is influenced by factors such as particle size, the density difference between the particles and the dispersing medium, and the viscosity of the dispersing medium. Consequently, with increasing energy density, the viscosity of the emulsion system also increases. Over the same storage period, this should theoretically result in a thinner fat layer in the upper phase and thus a lower CI. However, at higher energy densities, the CI of PONE increases, suggesting that excessive energy densities may lead to droplet flocculation or the formation of larger aggregates within the emulsion system. This accelerates fat separation and compromises the long-term storage stability of the emulsion. The results indicate that at higher energy densities (1.9 and 2.1 kcal/mL), POBNE (7.4%, 8.8%) exhibits a lower CI compared to PONE (9.9%, 10.3%). This suggests that POB, as a lipid substitute in emulsions, effectively reduces the rate of fat separation, thereby improving storage stability.


[image: Figure 5]
FIGURE 5
 Turbiscan stability index (TSI) of nutritional emulsion at different energy densities. POBNE, peanut oil body nutritional emulsion; PONE, peanut oil nutritional emulsion.



[image: Figure 6]
FIGURE 6
 Creaming index (CI) of nutritional emulsion at different energy densities after 15 days storage. POBNE, peanut oil body nutritional emulsion; PONE, peanut oil nutritional emulsion. Different letters indicate significant differences (p < 0.05).




3.1.6 Color analysis

The color analysis results of the emulsions are presented in Table 3. The data indicate that all emulsions exhibited higher L* and b* values, suggesting that the overall color of the emulsions was predominantly white with a yellowish hue. Additionally, both a* and b* values increased with rising energy density, indicating a gradual shift in emulsion color toward red and yellow tones. This color change is primarily attributed to the Maillard reaction between sodium caseinate and maltodextrin in the aqueous phase under high-temperature conditions, resulting in the formation of brown reaction products. Furthermore, as the concentrations of protein and polysaccharide in the emulsion system increase, the Maillard reaction rate accelerates, leading to a higher production of browning compounds and a darker emulsion color (Dursun Capar and Yalcin, 2021). However, at the same energy density, POBNE generally exhibited lower a* and b* values compared to PONE, indicating lighter colors and potentially higher sensory acceptance. This is more intuitively illustrated in Figure 7, which shows the color of the emulsions.


TABLE 3 Color properties of nutritional emulsion at different energy densities.

[image: Table 3]
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FIGURE 7
 Appearance of nutritional emulsions at different energy densities. POBNE, peanut oil body nutritional emulsion; PONE, peanut oil nutritional emulsion. Different numbers represent energy density, kcal/mL.





3.2 Effect of nutrient ratio on emulsion properties

To address specific nutritional requirements, this section investigates the effect of nutrient ratio on the properties of nutritional emulsion at an energy density of 2.1 kcal/mL.


3.2.1 Particle size and ζ-potential

The particle size results of each emulsion are shown in Figure 8A. Under the HLT formulation, the particle size of POBNE (174.2 nm) was significantly smaller than that of PONE (184.5 nm; p < 0.05). In contrast, under the HCT formulation, the particle size of POBNE (184.5 nm) was significantly larger than that of PONE (177.8 nm; p < 0.05). These results indicate that the nutritional emulsion prepared with POB exhibited better stability at higher lipid content under the same energy density. This may be attributed to the increased lipid content, which promotes the participation of oleosin and phosphatidylcholine in emulsification, thereby reducing the interfacial tension at the oil-water interface and facilitating the formation of smaller droplets (Yang et al., 2025). Figure 8B shows the PDI values of the emulsions under different nutrient ratios. The POBNE consistently exhibited lower PDI values compared to PONE, suggesting that the droplets formed by POBNE were more uniform, stable, and better dispersed. Figure 8C illustrates the ζ-potential of the emulsions. The POBNE in the HLT group showed a higher absolute ζ-potential value, while the POBNE in the HCT group exhibited a lower absolute ζ-potential value. These findings suggest that at higher lipid content, the emulsion droplets prepared with POB had stronger electrostatic interactions, contributing to a more stable emulsion system. This conclusion aligns with the particle size results.


[image: Figure 8]
FIGURE 8
 Volume average particle size (A), polymer dispersity index (PDI) (B) and ζ-potential (C) of nutritional emulsion at different nutrient ratios. POBNE, peanut oil body nutritional emulsion; PONE, peanut oil nutritional emulsion; HLT, high lipid type; GT, general type; HCT, high carbohydrate type. Different letters indicate significant differences (p < 0.05).




3.2.2 Apparent viscosity

The apparent viscosity of the emulsions as a function of shear rate (1–100 s−1) is shown in Figure 9. With increasing shear rate, all emulsion groups exhibited shear-thinning behavior, suggesting that droplet deformation occurs during the shear process. The results showed that the PONE in the HCT group exhibited the highest apparent viscosity (0.11 Pa.s). This phenomenon can be explained by two main factors. First, the emulsion contains a higher concentration of maltodextrin, which acts as a strong thickening agent, thereby reducing its fluidity. Second, the emulsifier may promote the formation of larger droplet aggregates, resulting in a more viscous emulsion (Pan et al., 2025). In contrast, the apparent viscosities of the GT and HLT nutritional emulsions were relatively low, and the viscosity curves of POBNE and PONE were nearly identical. This indicates that the POBNE under the GT and HCT formulation exhibited rheological properties similar to those of emulsions prepared with traditional emulsifiers.
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FIGURE 9
 Apparent viscosity of nutritional emulsions at different nutrient ratios as a function of shear rate (1–100 1/s). POBNE, peanut oil body nutritional emulsion; PONE, peanut oil nutritional emulsion; HLT, high lipid type; GT, general type; HCT, high carbohydrate type.




3.2.3 Storage stability

The TSI of each emulsion is shown in Figure 10. The results showed that the TSI of each emulsion was below 0.3, indicating excellent stability for emulsions with all three nutrient ratios in both the POBNE and PONE systems. In the POBNE system, the terminal TSI at the end of the scan was lowest for HCT, highest for GT, and intermediate for HLT. Conversely, in the PONE system, the terminal TSI at the end of the scan was lowest for HCT, highest for HLT, and intermediate for GT. For HLT and HCT emulsions, the TSI at the end of the scan was lower in the POBNE system than in the PONE system, whereas for GT, the TSI was higher in the POBNE system than in the PONE system. In addition, CI results demonstrated that all emulsion exhibited varying degrees of stratification, as shown in the Figure 11. Under the HLT formulation, POBNE (8.79%) and PONE (10.25%) had higher CI, indicating a more pronounced phenomenon of fat floating and stratification. This can be attributed to the high lipid content in these emulsions, which increases the number of oil droplets in the system and accelerates the formation of thicker, more distinct layers. In contrast, the emulsions under the GT and HCT formulation showed no significant difference in CI (p > 0.05). This may be due to the density difference between the oil phase and the water phase. Oil droplets, having a lower density, tend to rise toward the denser water phase, leading to stratification. The rate of this stratification is influenced by the magnitude of the density difference. Under the HCT formulation, the high maltodextrin concentration increases the density of the water phase, thereby accelerating the upward movement of oil droplets. Conversely, emulsions under the GT formulation, despite their higher lipid content, have a lower maltodextrin concentration, which results in a lower water phase density and slows the flotation of oil droplets. As a result, the CI of emulsions under GT and HCT formulation are similar. Additionally, across different nutrient ratios, POBNE consistently exhibited lower CI than PONE, suggesting that emulsions prepared with POB have better storage stability and can delay oil droplet flotation. This could be attributed to the presence of oleosin in the droplets, which reduces the tendency for coalescence and helps maintain smaller particle sizes.


[image: Figure 10]
FIGURE 10
 Turbiscan stability index (TSI) of nutritional emulsion at different nutrient ratios. POBNE, peanut oil body nutritional emulsion; PONE, peanut oil nutritional emulsion; HLT, high lipid type; GT, general type; HCT, high carbohydrate type.



[image: Figure 11]
FIGURE 11
 Creaming index (CI) of nutritional emulsion at different nutrient ratios stored for 15 days. POBNE, peanut oil body nutritional emulsion; PONE, peanut oil nutritional emulsion; HLT, high lipid type; GT, general type; HCT, high carbohydrate type. Different letters indicate significant differences (p < 0.05).




3.2.4 Interface protein of emulsion

The AP values of each emulsion are shown in Figure 12A. The results indicate that emulsions under HLT and GT formulation exhibited higher AP values, while the HCT group showed lower AP values. This difference may be attributed to the lipid content of the emulsions. Under HCT formulation, the lower lipid content results in fewer droplets in the homogenized emulsion, leading to a smaller total surface area and a reduction in adsorbed proteins (Ravera et al., 2021). Additionally, the AP values of POBNE (30.69%, 32.24%, and 27.8% for HLT, GT, and HCT, respectively) were consistently lower than those of PONE (34.01%, 34.11%, and 30.59% for HLT, GT, and HCT, respectively). This suggests that emulsions prepared with POB require less protein for emulsification, as the protein at the oil-water interface reaches saturation more quickly, contributing to improved emulsion stability.


[image: Figure 12]
FIGURE 12
 Interfacial protein adsorption rate (AP) (A) and interfacial protein adsorption capacity (Γ) (B) of nutritional emulsion at different nutrient ratios. POBNE, peanut oil body nutritional emulsion; PONE, peanut oil nutritional emulsion; HLT, high lipid type; GT, general type; HCT, high carbohydrate type. Different letters indicate significant differences (p < 0.05).


The Γ values of each emulsion are presented in Figure 12B. The Γ values of both POBNE and PONE increased progressively from the HLT formulation to the GT formulation and then to the HCT formulation. This trend may be explained by the lower lipid content in the HCT emulsions, which results in fewer droplets and reduces the likelihood of droplet friction and collision, making it more difficult for adsorbed proteins to detach. On the other hand, with the increase of maltodextrin content, the viscosity of the emulsion increases, the Brownian motion of the droplets is suppressed, and more proteins can be retained at the oil-water interface (Karim et al., 2024). In addition, the Γ values of POBNE (7.01, 9.29, and 11.29 mg/m2 for HLT, GT, and HCT, respectively) were lower than those of PONE (8.00, 9.92, and 11.96 mg/m2 for HLT, GT, and HCT, respectively). This indicates that POBNE forms a thinner protein layer at the oil-water interface.



3.2.5 Color analysis

The color analysis results of each emulsion are presented in Table 4. The results indicate that both a* and b* values of the emulsions are positive, with b* values being significantly higher. This suggests that red and yellow are the dominant colors of the emulsions, with yellow being more pronounced. The observed color changes are primarily attributed to the Maillard reaction between proteins and polysaccharides in the emulsion during high-temperature sterilization, which produces brown reaction products and alters the emulsion's color. Among them, the HCT emulsions exhibited the highest ΔE* value, indicating more significant color changes. This phenomenon can be attributed to two main factors. First, the HCT emulsions exhibit a lower protein adsorption rate, resulting in a higher concentration of free proteins and amino compounds in the water phase. Second, the higher maltodextrin content in the HCT emulsions contributes to an increased concentration of carbonyl compounds in the water phase. The abundance of amino and carbonyl compounds intensifies the Maillard reaction in the HCT emulsions, resulting in the formation of more brown products. Additionally, compared to PONE, POBNE still exhibits smaller a* and b* values, indicating that POBNE has higher sensory acceptance. The appearance and color differences of the emulsions can be observed more directly in Figure 13.


TABLE 4 Color properties of nutritional emulsion at different nutrient ratios.
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FIGURE 13
 Appearance of nutritional emulsions at different nutrient ratios. POBNE, peanut oil body nutritional emulsion; PONE, peanut oil nutritional emulsion; HLT, high lipid type; GT, general type; HCT, high carbohydrate type.






4 Conclusion

In conclusion, the nutritional emulsion prepared using POB demonstrates significant advantages over traditional nutritional emulsions made with emulsifiers. The natural oleosin and phospholipids in OB interact with sodium caseinate at the oil droplet interface to form a high-performance interfacial film. Under conditions of higher energy density, POBNE exhibits better dispersion and stronger anti-coalescence properties. Furthermore, POBNE requires less adsorbed protein to achieve stability and maintains superior storage stability even with a thinner interfacial film. Notably, POBNE with an energy density of 2.1 kcal/mL continues to exhibit better emulsion characteristics than PONE, even when the nutrient ratio is adjusted. These findings suggest that OB can serve as an effective alternative emulsification system in food formulations, offering a promising approach to developing healthy nutritional emulsion foods without added emulsifiers. Future research should focus on exploring the interactions between various nutrients in OB-based emulsions and investigating their effects on human digestion and absorption. Such studies will provide deeper insights into the potential applications of OB in functional and health-oriented food products.
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