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Abstract

:

To effectively deliver lutein, hydrothermally prepared tea seed cake protein nanoparticles (TSCPN) were used to fabricate Pickering emulsion, and the bioaccessibility of lutein encapsulated by Pickering emulsion and the conventional emulsion was evaluated in vitro. The results indicated that the average size and absolute value of zeta potential of TSCPN increased along with the increase in the protein concentration, and 2% protein concentration was adopted to prepare TSCPN. With the increase in the concentration of TSCPN, the size of Pickering emulsion decreased from 337.02 μm to 89.36 μm, and when the TSCPN concentration was greater than 0.6%, all emulsions exhibited good stability during the 14 days storage. Combined with the microstructure result, 1.2% TSCPN was used to stabilize Pickering emulsion. With the increase in ionic concentration (0–400 mM), the particle size of the emulsions increased while the absolute value of zeta potential decreased. TSCPN-based Pickering emulsion was superior to the conventional emulsion for both lutein encapsulation (96.6 ± 1.0% vs. 82.1 ± 1.4%) and bioaccessibility (56.0 ± 1.1% vs. 35.2 ± 1.2%). Thus, TSCPN-based Pickering emulsion in this study have the potential as an effective carrier for lutein.
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1. Introduction


Lutein is a xanthophyll of the carotenoid family, and numerous research studies have revealed that it has antioxidative, anti-inflammatory, anti-cancer, oculo-protective, cardioprotective and immunomodulatory effects [1]. However, lutein cannot be synthesized by humans, and it can only be ingested from one’s diet [2], such as yellow corn, pepper, and egg yolks, etc. Lutein mainly relies on a passive diffusion pathway through the intestinal epithelial membrane to enter the human circulation, its hydrophobicity and environmental instability prevent it from being stably transported into the gut, resulting in limited bioaccessibility [3]. Therefore, it is necessary to develop lutein-encapsulated delivery systems to overcome these limitations.



The delivery systems that have been developed include emulsions, liposomes, nanoparticles and so on [4]. Due to the excellent stability, simple preparation process, and potential applications in the delivery of bioactive compounds, Pickering emulsions have attracted great attention in food, pharmaceuticals, and cosmetic fields. Pickering emulsions have an excellent stability to coalescence and even Ostwald ripening, mainly due to the formation of a flexible but robust physical colloidal barrier by solid particles at the liquid-liquid interface [5,6]. The low cost and environment-friendly processes, such as the hydrothermal method to make nanoparticles and one-step high-speed shearing at room temperature to make emulsion, make Pickering emulsion attractive for industry [7,8]. Pickering emulsions stabilized by starch, β-lactoglobulin, β-cyclodextrin nanoparticles, or complexed with polysaccharides, have been fabricated to prolong the storage time of lutein [9,10,11,12,13,14,15]; however, the bioaccessibility of lutein entrapped by Pickering emulsions has not been reported.



Increasing consumer demand for clean label, sustainable, and biocompatible products has made the search for plant-based particle stabilizers a hot topic in food research. The low solubility of plant proteins in both hydrophilic and hydrophobic media is consistent with the requirements of Pickering emulsion stabilizers [7,16]. Although soybean protein, peanut protein, etc., have been used as Pickering emulsion stabilizers [17,18], it is still necessary to develop more available proteins to find excellent stabilizers. Tea seed cake protein (TSCP) is extracted from the seed of tea tree (Camellia sinensis (L.) O, Kuntze), which is usually discarded or made into feed, causing a lot of waste. Our previous study revealed that TSCP had balanced amino acids composition and ordered structure [19], which are considered favorable factors for the formation of nanoparticles to stabilize Pickering emulsions [20]. Thus, it is necessary to further investigate whether nanoparticles fabricated from TSCP (TSCPN) can stabilize Pickering emulsions and deliver lutein effectively [21,22].



In this study, we first characterized the hydrothermally prepared TSCPN with different TSCP concentrations. Then, the TSCPN-stabilized Pickering emulsions were characterized, and the storage stability was continuously observed for 14 days. Finally, lutein was encapsulated by TSCPN-stabilized Pickering emulsion, and in vitro gastrointestinal digestion were performed to evaluate its bioaccessibility.




2. Materials and Methods


2.1. Materials


Tea seed was bought from Hubei, China, and the proximate composition was determined [19]. Nile red, Fluorescein isothiocyanate (FITC), and porcine pancreatic lipase (100–650 U/mg) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Porcine pepsin (12 U/mg) and porcine pancreatin (40 U/mg) were obtained from Sunson (Beijing, China). Corn oil was obtained from a local grocery (Suguo, Yangzhou, China). All chemical reagents in this study were of analytical grade.




2.2. Preparation of TSCP


TSCP was prepared based on protein extraction methods previously optimized by our laboratory [19].



Tea saponins were removed firstly prior to protein extraction due to its bitter taste and haemolytic toxicity [23]. The TSC was crushed and dispersed in 90% ethanol, (1:10, w/v), stirred in a water bath at 30 °C for 2 h, and then centrifuged (L550 Cence, Changsha, Hunan, China) at 4000 rpm for 15 min. After removing the supernatant, the above operation was repeated until most saponins were removed. Vanillin-sulfuric acid method [24] was used to measure the content of tea saponin.



The processed TSC was dissolved in water (1:20, w/v), followed by adjusting to pH 10.5, incubated in water bath at 50 °C for 30 min, centrifuged at 4000 rpm for 30 min. The supernatant was collected and was adjusted to pH 3.6 using 1 M HCl, then the sample was centrifuged at 4000 rpm for 30 min. The precipitate was washed, dialyzed for 24 h, and freeze-dried (CTFD-18S, CREATRUST, Qingdao, China). The freeze-dried protein sample was kept at −20 °C before use.




2.3. Preparation and Characteristics of TSCPN


The TSCPN preparation method was slightly modified from Ren et al. [25]. In brief, TSCPN was prepared using the hydrothermal method. TSCP was dissolved in RO water and adjusted to pH 7, stirred in a water bath at 90 °C for 1.5 h, centrifuged with 4000 rpm to remove insoluble particles, and then the supernatant was stored in a refrigerator at 4 °C. In order to explore the effects of TSCP concentration on TSCPN features, different concentrations (0.5%, 1%, 2%, 3%, 4%) of TSCPN were prepared according to the above method.



The measurement methods for particle size and zeta potential were according to Liang et al. [26]. Specifically, after 100-fold dilution of TSCPN, the particle size and zeta potential of TSCPN were analyzed (Zetasizer Nano ZS, Malvern, UK), and the refractive indices of the dispersant and material were set to 1.330 and 1.470, respectively. All tests were repeated at least three times.



After lyophilization, the microstructure of TSCPN was characterized using field emission scanning electron microscopy (s-4800, HITACHI, Tokyo, Japan).




2.4. Preparation and Characteristics of TSCPN-Stabilized Pickering Emulsion


We aimed to investigate the effect of TSCPN concentration on emulsion. The Pickering emulsion was prepared using oil fractions (φ = 0.4 v/v) and different concentrations of TSCPN [27]. In brief, 4 mL of corn oil was added to 6 mL of TSCPN solution with different concentrations (0.3%, 0.6%, 1.2%, 1.8%, and 2.4%, w/v), then, the corn oil phase and TSCPN were mixed by high-speed homogenizer (T18, IKA, Staufen, Germany) at 20,000 rpm at ice-water bath for 3 min. The prepared emulsion was stored at 4 °C in the dark.



This type of TSCPN-stabilized Pickering emulsion was determined according to the drop test method [28]. In brief, emulsion was added to RO water and corn oil, respectively. If the droplets of emulsions agglomerated in the water and dispersed in the corn oil, it was considered as water-in-oil emulsions, otherwise, it was regarded as oil-in-water emulsions.



The method for determining the average particle size of the emulsion is the same as that for the nanoparticles described above. All tests were repeated at least five times. The microstructures of the emulsions were observed by laser scanning confocal microscope (LSM 880NLO, Carl Zeiss AG, Oberkochen, Germany). Before observation, Lipid and TSCPN were stained by 2–5 drops 1 mg/mL Nile red and 1 mg/mL FITC, respectively. The excitation and emission spectrum were 543 and 605 nm for Nile red, whereas they were 488 and 515 nm for FITC. In this case, Nile red fluoresces red, whereas FITC fluoresces green.



In addition, in order to investigate the influence of ionic strength. NaCl (final concentration 0–0.4 M) was added to Pickering emulsion, the preparation and characterization of the emulsions were carried out according to the above procedure.




2.5. Storage Stability


In order to explore the storage stability of Pickering emulsion at 4 °C, creaming index (CI) was evaluated. The of CI value was calculated as follows.


  C I % =    H s     H t    × 100  








where Hs and Ht represent the height of the serum and all phases, respectively.




2.6. In Vitro Digestion Model


The ability of TSCPN-stabilized Pickering emulsions to deliver lutein was evaluated by measuring the release rate of lutein at different stages and the bioaccessibility after digestion in an in vitro digestion model. In addition, particle size and microscopic changes during digestion were measured as described in Section 2.4.



The in vitro digestion model is modified from the method of Liang et al. [26]. First, gastric and intestinal fluid storage solutions were prepared. Gastric stock solution was made up of 35.16 mM NaCl and 227.58 mM HCl; intestinal fluid stock solution was made up of 3.75 M NaCl and 247.53 mM CaCl. Bile salts had to be prepared 12 h in advance, and 0.5352 g of pig bile salts were dissolved in 10 mL of neutral phosphate buffer.



Due to the short retention time of the emulsion in the oral cavity, the influence of oral phase was not considered. Before entering the gastric phase, the emulsion was diluted to a 1% fat concentration for optimal digestion [29].



Gastric phase. We took 20 mL of gastric juice stock solution and incubated it at 37 °C, then mixed 20 mL of the diluted emulsion with 20 mL of gastric working solution, adjusted to pH 2.5, added 1.33 g pepsin and adjusted to pH 2.5, kept the incubation in a constant temperature shaker at 37 °C, 100 rpm culture for 2 h.



Small Intestinal Phase. We took 30 mL of gastric chyme, incubated it at 37 °C to adjust pH 7.0, then added 1.5 mL of intestinal fluid storage solution and 3.5 mL of bile salts, and adjusted to pH 7.0 again. We added 0.6 g trypsin and 0.4 g trypsin. 37 °C, 100 rpm constant temperature shaker for 2 h.



Lutein was extracted from chyme with 3 volumes of ethanol and acetone = 1:1 (v/v), and the mixture was shaken for 1 min and centrifuged at 5000 rpm for 5 min. The supernatant was collected to measure the absorbance at 450 nm. The release rate of lutein was calculated by the following equation:


  R R  %  =    C F     C I    × 100 %  








where CF is the concentration of free lutein, and CI is the theoretical concentration of lutein at different stages.



Bioaccessibility was calculated according to the report of E Fernández-García et al. [30]. After gastrointestinal simulation, the upper micelle was collected after centrifugation (8000 rpm, 30 min), and lutein was measured as above. Bioaccessibility is calculated according to the following equation:


  a  %  =    C M     C R    × 100 %  








where CM is the lutein concentration in the micelle phase and CR is the concentration of lutein in the entire intestinal phase.



The degree of protein hydrolysis was measured by neutral formaldehyde titration method [31]. In short, 10 mL of chyme was added to 5 drops of 30% hydrogen peroxide, adjusted to pH 7.5, 15 mL of neutral methanol was added, and titrated with 0.15 M NaOH after 1 min of reaction, and then the consumption volume of NaOH was recorded. The undigested TSCPN was set as blank control. The degree of hydrolysis can be calculated by the following formula:


  C  %  =   (  V 1  −  V 0  ) ×  V w  ×  C  N a O H   × 14.01 × 6.25   1000 × M    








where V1 is the volume of NaOH solution consumed by digesta(mL); V0 is the volume of NaOH solution consumed by blank (mL); Vw is the volume of water for ingredients (mL); CNaOH is the concentration of NaOH solution for titration (0.15 M); 14.01 is the molar mass of nitrogen; 6.25 is the coefficient of nitrogen conversion to protein; M is the mass of TSCP.




2.7. Statistical Analysis


Triplicate tests were performed for each sample. The data were handled as the mean values ± standard deviation. The differences among the tests were evaluated by one-way ANOVA using Origin 2021 software (p < 0.05).





3. Result and Discussion


3.1. Effect of TSCP Concentrations on the Properties of TSCPN


3.1.1. Effect of TSCP Concentrations on the Particle Size and Zeta Potential of TSCPN


The properties of nanoparticles determine their ability to stabilize Pickering emulsions. Among them, particle size and potential are two important indicators. Specifically, the smaller the particle size, the faster the nanoparticles adsorb to the oil-water interface [32]. In addition, the electrostatic repulsion plays a vital role in the stabilization of particles against aggregation [33]. It has been reported that protein concentration has a significant effect on the properties of hydrothermally prepared protein nanoparticles [34]. As shown in Figure 1 (histogram), the average particle size of the TSCPN increased significantly with the increase in TSCP concentration (except for 1.0–2.0%), which may be related to the increased chance of particle-to-particle interactions [35]. Similar results were found in the study of soy protein nanoparticles by Fu et al. [34]. It is worth noting that, the suitable particle size of protein nanoparticles developed to stabilize Pickering emulsions is mostly in the range of 100–350 μm [36]. In addition, the particle size of TSCPN prepared with 0.5–2.0% concentration of TSCP was within this range. Moreover, it can be seen from Figure 1 (line graph) that with the increase in TSCP concentration, the absolute value of zeta potential of TSCPN increased significantly. The higher zeta potential means that the nanoparticles have greater electrostatic repulsion, which is beneficial to the stabilization of the water–oil interface in the emulsions [37]. Under the premise of suitable particle size, TSCPN prepared with 2.0% TSCP had the high absolute value of zeta potential (−32.5 ± 1.6 mV). Therefore, the TSCPN prepared by TSCP with a concentration of 2.0% had the potential to stabilize the Pickering emulsion.




3.1.2. The Microstructure of TSCP and TSCPN


The morphology of solid nanoparticles can affect their ability to stabilize Pickering emulsions, specifically the particles’ shape governs their behavior at the interface [38]. According to the above results, the microstructure of TSCPN prepared with a concentration of 2.0% TSCP was observed. After hydrothermal treatment, the porous spherical shape of TSCP has been changed significantly, and a thin plate structure composed of microspheres of TSCPN was formed (Figure 2). The non-deformable nanoparticle structure of TSCPN had the characteristics of a large specific surface area, thus they can adsorb to the water–oil interface quickly, which was necessary to stabilize Pickering emulsions [39].





3.2. Characteristics of TSCPN-Stabilized PICKERING Emulsion


3.2.1. Type of TSCPN-Stabilized Pickering Emulsion


The TSCPN-stabilized Pickering emulsion was added dropwise to water and oil, respectively, and the type of emulsion was determined according to its dispersion and aggregation state. According to titration experiments, TSPN-stabilized Pickering emulsions aggregated in oil and diffused in water, which indicated that the TSPN-stabilized Pickering emulsion was an O/W emulsion.




3.2.2. Effect of TSCPN Concentrations on the Particle Size and Micromorphology of Pickering Emulsions


The stability of Pickering emulsions is significantly affected by the concentration of solid particles [40]. In addition, the stability of the emulsion can be reflected by particle size, because the smaller the particle size, the less aggregation. Figure 3 showed the average particle size of Pickering emulsions stabilized by different concentrations of TSCPN at a constant oil phase fraction of 0.4. The average particle size of Pickering emulsions decreased significantly with increasing TSCPN concentration. This may be due to the fact that more TSCPN adsorbed to the water–oil interface, resulting in a larger specific surface area of the emulsion [41]. This phenomenon was also observed in Pickering emulsions stabilized by soy protein nanoparticles [34] and rapeseed protein nanogels [42].



CLSM images can intuitively reflect the behavior of nanoparticles at the water–oil interface. The microstructure of Pickering emulsions stabilized by different concentrations of TSCPN (Figure 4) presented consistent results with their particle sizes (Figure 3). When the concentration of TSCPN was low (0.3–0.6%), there was not enough TSCPN to form a complete physical barrier at the water–oil interface, and lots of oil droplets agglomerated. When the concentration of TSCPN increased to 1.2–2.4%, the oil droplets size gradually decreased and the distribution became uniform, which was attributed to more TSCPN adsorbed to the water–oil interface, and it formed a dense physical barrier. In addition, higher concentrations of TSCPN increased the contact between the droplets, resulting in greater electrostatic repulsion, which also contributed to the stability of Pickering emulsions [43]. Combining the average emulsion size and the CLSM image, it can infer that 1.2–2.4% TSCPN can stabilize the Pickering emulsion with an oil phase of 0.4.




3.2.3. Effect of TSCPN Concentrations on the Storage Stability of Pickering Emulsions


Good storage stability is a prerequisite for the use of emulsions in the food industry [44]. CI can reflect the aggregation and stratification of the emulsion, and then evaluate the storage stability of the emulsion, which has been used in the evaluation of various emulsions [42,45]. Within 8 h after fresh preparation, CI and its growth rate of the TSCPN-stabilized Pickering emulsion decreased significantly with increasing concentration of TSCPN (Figure 5B). This may be due to the smaller average size of Pickering emulsions stabilized by higher concentrations of TSCPN (Figure 3), which is helpful to slow down the aggregation of the emulsions. The same phenomenon was also observed in long-term storage over 14 days (Figure 5A), and CI of all Pickering emulsions entered a plateau at the third day of storage. This process has also been reported in other Pickering emulsions [42,46]. This suggests that the concentration of TSCPN is important not only to the formation, but also to the stabilization of Pickering emulsions on storage. A TSCPN concentration of 1.2% was chosen for the following experiments.




3.2.4. Effect of Ionic Strength on the Particle Size and Zeta Potential of Pickering Emulsions


Salt ions are ubiquitous in food matrices, and many studies have shown that ionic strength has a significant effect on Pickering emulsions [47,48]. Thus, it is necessary to investigate the effect of ionic strength on TSCPN-stabilized Pickering emulsions. Figure 6 (histogram in E) showed that the particle size of the emulsions increased along with the increase in ionic concentration, and the microstructural image also indicated that the droplets aggregation had occurred (Figure 6A–D). The result might be attributed to the electrostatic screening effect of ions, which can cause the reduction in electrostatic repulsion and aggregation of droplets. The significant decrease in the absolute value of the zeta potential of Pickering emulsions confirmed this hypothesis (Figure 6 line in E). It was worth noting that a slight decrease in droplet size occurred at 200 mM ionic strength. Although the increase in ionic strength negatively impacted the stability of Pickering emulsions overall, appropriate ionic strength will reduce the electrostatic repulsion of nanoparticles, and then free nanoparticles adsorb on the water–oil interface. The result could be evidenced by their microstructural images as well. The droplet exhibited irregular shape at low 100 mM of ionic concentration, and the droplets reverted to spherical shape at higher concentrations of ionic strength. Wang et al. also observed similar phenomena in the rapeseed-protein-nanogel-stabilized Pickering emulsion [42].





3.3. Encapsulation and Delivery of Lutein: An In Vitro Digestion Model


The lutein delivery capacity of TSCPN-stabilized Pickering emulsion was evaluated in a simulated gastrointestinal digestion system, and TSCP-stabilized emulsion was prepared as a control. It can be seen from Figure 7 that there is 3.4 ± 1.0% and 17.9 ± 1.4% of free lutein initially in TSCPN-stabilized Pickering emulsion and TSCP-stabilized emulsion, respectively. The significantly higher encapsulation rate of Pickering emulsion may be due to the fact that TSCPN could quickly adsorb to the water–oil interface and form a dense physical barrier. Compared with the currently developed lutein delivery vehicles, such as nanocapsules with chitosan, nano lipid carriers with ω-3 fatty acid, etc., the TSCPN-stabilized Pickering emulsion has a higher encapsulation rate [1].



After gastric digestion, 21.6 ± 1.8% and 39.1 ± 1.2% of lutein was released from the TSCPN-stabilized Pickering emulsion and TSCP-stabilized emulsion, respectively. Compared with the initial emulsion, more lutein was released from TSCP-stabilized emulsion than from TSCPN-stabilized Pickering emulsion. The result may be attributed to the different aggregation state of the droplets after gastric digestion, which can be confirmed from their average droplet size (Figure 8B). Compared with the initial droplet size, the droplet size of the TSCPN-stabilized Pickering emulsion was significantly increased, indicating more aggregation, and thus possibly inhibiting the release of lutein. The same phenomenon was also observed in the zein/soluble polysaccharide composite nanoparticle system [49].



Compared with the stomach phase, the cumulative release rate of lutein in both emulsions increased significantly after intestinal digestion. Although the release rate of lutein from TSCP-stabilized emulsions in the gastric phase was higher than that of TSCPN-stabilized Pickering emulsions, both the release rate and the bioaccessibility of lutein after intestinal digestion were significantly higher in the latter than in the former emulsion, indicating that TSCPN-stabilized Pickering emulsion has better delivery efficiency than the TSCP-stabilized emulsion. The difference of release rate of lutein may be due to the difference of the hydrolysis degree of protein in the interface. We verified the assumption by measuring the hydrolysis degree of protein after intestinal digestion in both emulsions, and the hydrolysis degree of protein in both emulsion for TSCPN and TSCP was 56.80 ± 2.55%and 27.89 ± 2.59%, respectively. In addition, the particle size measurement of the micellar phase found that the size of the micelles obtained from the TSCPN-stabilized Pickering emulsion was 279.81 ± 21.08 nm, whereas the size of the micelles obtained from the TSCPN-stabilized emulsion was 306.41 ± 17.58 nm. Studies have demonstrated that a smaller micellar phase can increase the bioaccessibility of lutein [50]. There are no studies evaluating Pickering emulsion delivery of lutein in vitro, so comparisons can only be made with other types of delivery systems. Yu et al. developed the composite nanoparticles from gum Arabic and carboxymethylcellulose-modified stauntonia brachyyanthera seed albumin for lutein delivery, and this system can increase the bioaccessibility of lutein to 46.8% [51]. Zhang et al. utilized glycosylated zein as a delivery vehicle for lutein and obtained a bioaccessibility of about 30% [52]. Compared with these developed carriers, TSCPN-stabilized Pickering emulsions exhibited better lutein delivery capacity during digestion in vitro.





4. Conclusions


A novel lutein delivery vehicle was prepared using TSCPN-stabilized Pickering emulsion. The particle size of TSCPN was affected by the concentration of TSCP, but the average particle size is between 321.55 ± 11.05–548.40 ± 8.7 nm. Pickering emulsion stabilized by 1.2% TSCPN showed good storage stability during the 14 days storage period. In addition, TSCPN-stabilized Pickering emulsion could significantly improve the bioaccessibility of lutein (56.0 ± 1.1%) in vitro, which was attributed to the high degree of hydrolysis of TSCPN. Therefore, the Pickering emulsion prepared in this study can be used as a good carrier to improve the bioaccessibility of lutein in beverages, salad dressing, etc.







Author Contributions


Conceptualization, L.L., C.W., G.L. and X.X.; data curation, L.L. and J.Z. (Junlong Zhu); formal analysis, L.L., J.Z. (Junlong Zhu) and G.L.; funding acquisition, L.L.; investigation, J.Z. (Junlong Zhu), Z.Z. and Y.L. (Yu Liu); methodology, L.L., J.Z. (Junlong Zhu), Z.Z., Y.L. (Yu Liu), C.W., X.L., J.Z. (Jixian Zhang), Y.L. (Youdong Li), R.L., J.R. and Q.D.; project administration, X.X.; writing—original draft, J.Z. (Junlong Zhu); writing—review and editing, L.L., C.W., X.L., J.Z. (Jixian Zhang), Y.L. (Youdong Li), R.L., J.R., Q.D. and G.L.; supervision, G.L. and X.X.; validation, L.L., G.L. and X.X. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Program of National Natural Science Foundation of China (31901651).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are contained within the article.




Acknowledgments


The author thanks all the members of the laboratory for helping the experiment.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Madaan, T.; Choudhary, A.N.; Gyenwalee, S.; Thomas, S.; Mishra, H.; Tariq, M.; Vohora, D.; Talegaonkar, S. Lutein, a versatile phyto-nutraceutical: An insight on pharmacology, therapeutic indications, challenges and recent advances in drug delivery. PharmaNutrition 2017, 5, 64–75. [Google Scholar] [CrossRef]

	



Sajilata, M.; Singhal, R.; Kamat, M. The carotenoid pigment zeaxanthin—A review. Compr. Rev. Food Sci. Food Saf. 2008, 7, 29–49. [Google Scholar] [CrossRef]

	



Kijlstra, A.; Tian, Y.; Kelly, E.R.; Berendschot, T.T. Lutein: More than just a filter for blue light. Prog. Retin Eye Res. 2012, 31, 303–315. [Google Scholar] [CrossRef] [PubMed]

	



Shegokar, R.; Mitri, K. Carotenoid lutein: A promising candidate for pharmaceutical and nutraceutical applications. J. Diet. Suppl. 2012, 9, 183–210. [Google Scholar] [CrossRef] [PubMed]

	



Yang, H.; Su, Z.; Meng, X.; Zhang, X.; Kennedy, J.F.; Liu, B. Fabrication and characterization of Pickering emulsion stabilized by soy protein isolate-chitosan nanoparticles. Carbohyd. Polym. 2020, 247, 116712. [Google Scholar] [CrossRef] [PubMed]

	



Marefati, A.; Rayner, M. Starch granule stabilized Pickering emulsions: An 8-year stability study. J. Sci. Food Agric. 2020, 100, 2807–2811. [Google Scholar] [CrossRef] [PubMed]

	



Sarkar, A.; Dickinson, E. Sustainable food-grade Pickering emulsions stabilized by plant-based particles. Curr. Opin. Colloid Interface Sci. 2020, 49, 69–81. [Google Scholar] [CrossRef]

	



Marto, J.; Ascenso, A.; Simoes, S.; Almeida, A.J.; Ribeiro, H.M. Pickering emulsions: Challenges and opportunities in topical delivery. Expert Opin. Drug Del. 2016, 13, 1093–1107. [Google Scholar] [CrossRef]

	



Geng, S.; Li, Y.; Lv, J.; Ma, H.; Liang, G.; Liu, B. Fabrication of food-grade Pickering high internal phase emulsions (HIPEs) stabilized by a dihydromyricetin and lysozyme mixture. Food Chem. 2022, 373, 131576. [Google Scholar] [CrossRef]

	



Li, S.; Zhang, B.; Li, C.; Fu, X.; Huang, Q. Pickering emulsion gel stabilized by octenylsuccinate quinoa starch granule as lutein carrier: Role of the gel network. Food Chem. 2020, 305, 125476. [Google Scholar] [CrossRef]

	



Liu, Z.; Geng, S.; Jiang, Z.; Liu, B. Fabrication and characterization of food-grade Pickering high internal emulsions stabilized with beta-cyclodextrin. LWT 2020, 134, 110134. [Google Scholar] [CrossRef]

	



Liu, Z.; Li, Y.; Geng, S.; Mo, H.; Liu, B. Fabrication of food-grade Pickering high internal phase emulsions stabilized by the mixture of beta-cyclodextrin and sugar beet pectin. Int. J. Biol. Macromol. 2021, 182, 252–263. [Google Scholar] [CrossRef]

	



Su, J.; Guo, Q.; Chen, Y.; Dong, W.; Mao, L.; Gao, Y.; Yuan, F. Characterization and formation mechanism of lutein pickering emulsion gels stabilized by beta-lactoglobulin-gum arabic composite colloidal nanoparticles. Food Hydrocoll. 2020, 98, 105276. [Google Scholar] [CrossRef]

	



Su, J.; Guo, Q.; Chen, Y.; Mao, L.; Gao, Y.; Yuan, F. Utilization of beta-lactoglobulin-(-)-Epigallocatechin-3-gallate(EGCG) composite colloidal nanoparticles as stabilizers for lutein pickering emulsion. Food Hydrocoll. 2020, 98, 105293. [Google Scholar] [CrossRef]

	



Wani, T.A.; Shah, A.G.; Wani, S.M.; Wani, I.A.; Masoodi, F.A.; Nissar, N.; Shagoo, M.A. Suitability of Different Food Grade Materials for the Encapsulation of Some Functional Foods Well Reported for Their Advantages and Susceptibility. Crit. Rev. Food Sci. Nutr. 2016, 56, 2431–2454. [Google Scholar] [CrossRef]

	



Ebert, S.; Grossmann, L.; Hinrichs, J.; Weiss, J. Emulsifying properties of water-soluble proteins extracted from the microalgae Chlorella sorokiniana and Phaeodactylum tricornutum. Food Funct. 2019, 10, 754–764. [Google Scholar] [CrossRef]

	



Yan, X.; Ma, C.; Cui, F.; McClements, D.J.; Liu, X.; Liu, F. Protein-stabilized Pickering emulsions: Formation, stability, properties, and applications in foods. Trends Food Sci. Technol. 2020, 103, 293–303. [Google Scholar] [CrossRef]

	



da Silva, A.M.M.; Almeida, F.S.; Sato, A.C.K. Functional characterization of commercial plant proteins and their application on stabilization of emulsions. J. Food Eng. 2021, 292, 110277. [Google Scholar] [CrossRef]

	



Xiao, Y. Study on the Preparation of Tea Seed Cake Protein and Its Functional and Digesion and Absorption Properties; Yangzhou University: Yanghzhou, China, 2021. [Google Scholar]

	



Yang, Y.; Jiao, Q.; Wang, L.; Zhang, Y.; Jiang, B.; Li, D.; Feng, Z.; Liu, C. Preparation and evaluation of a novel high internal phase Pickering emulsion based on whey protein isolate nanofibrils derived by hydrothermal method. Food Hydrocoll. 2022, 123, 107180. [Google Scholar] [CrossRef]

	



Aziz, A.; Khan, N.M.; Ali, F.; Khan, Z.U.; Ahmad, S.; Jan, A.K.; Rehman, N.; Muhammad, N. Effect of protein and oil volume concentrations on emulsifying properties of acorn protein isolate. Food Chem. 2020, 324, 126894. [Google Scholar] [CrossRef]

	



Cui, Z.; Chen, Y.; Kong, X.; Zhang, C.; Hua, Y. Emulsifying properties and oil/water (O/W) interface adsorption behavior of heated soy proteins: Effects of heating concentration, homogenizer rotating speed, and salt addition level. J. Agric. Food Chem. 2014, 62, 1634–1642. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, Z.; Wen, Y.; Yi, J.; Cao, Y.; Liu, F.; McClements, D.J. Comparison of natural and synthetic surfactants at forming and stabilizing nanoemulsions: Tea saponin, Quillaja saponin, and Tween 80. J. Colloid Interface Sci. 2019, 536, 80–87. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.-F.; Yang, S.-L.; Han, Y.-Y.; Zhao, L.; Lu, G.-L.; Xia, T.; Gao, L.-P. Qualitative and quantitative analysis of triterpene saponins from tea seed pomace (Camellia oleifera abel) and their activities against bacteria and fungi. Molecules 2014, 19, 7568–7580. [Google Scholar] [CrossRef] [PubMed]

	



Ren, Z.; Chen, Z.; Zhang, Y.; Lin, X.; Li, B. Novel food-grade Pickering emulsions stabilized by tea water-insoluble protein nanoparticles from tea residues. Food Hydrocoll. 2019, 96, 322–330. [Google Scholar] [CrossRef]

	



Liang, L.; Zhang, X.; Wang, X.; Jin, Q.; McClements, D.J. Influence of dairy emulsifier type and lipid droplet size on gastrointestinal fate of model emulsions: In vitro digestion study. J. Agric. Food Chem. 2018, 66, 9761–9769. [Google Scholar] [CrossRef]

	



Boostani, S.; Hosseini, S.M.H.; Golmakani, M.-T.; Marefati, A.; Hadi, N.B.A.; Rayner, M. The influence of emulsion parameters on physical stability and rheological properties of Pickering emulsions stabilized by hordein nanoparticles. Food Hydrocoll. 2020, 101, 105520. [Google Scholar] [CrossRef]

	



Feng, Y.; Lee, Y. Surface modification of zein colloidal particles with sodium caseinate to stabilize oil-in-water pickering emulsion. Food Hydrocoll. 2016, 56, 292–302. [Google Scholar] [CrossRef]

	



Zhang, R.; Zhang, Z.; Zhang, H.; Decker, E.A.; McClements, D.J. Influence of lipid type on gastrointestinal fate of oil-in-water emulsions: In vitro digestion study. Food Res. Int. 2015, 75, 71–78. [Google Scholar] [CrossRef]

	



Fernández-García, E.; Carvajal-Lérida, I.; Pérez-Gálvez, A. In vitro bioaccessibility assessment as a prediction tool of nutritional efficiency. Nutr. Res. 2009, 29, 751–760. [Google Scholar] [CrossRef]

	



Rutherfurd, S.M. Methodology for determining degree of hydrolysis of proteins in hydrolysates: A review. J. AOAC Int. 2010, 93, 1515–1522. [Google Scholar] [CrossRef]

	



Liang, H.-N.; Tang, C.-H. pH-dependent emulsifying properties of pea [Pisum sativum (L.)] proteins. Food Hydrocoll. 2013, 33, 309–319. [Google Scholar] [CrossRef]

	



Wu, J.; Ma, G.H. Recent studies of Pickering emulsions: Particles make the difference. Small 2016, 12, 4633–4648. [Google Scholar] [CrossRef] [PubMed]

	



Liu, F.; Tang, C.-H. Emulsifying properties of soy protein nanoparticles: Influence of the protein concentration and/or emulsification process. J. Agric. Food Chem. 2014, 62, 2644–2654. [Google Scholar] [CrossRef]

	



Liu, F.; Tang, C.-H. Soy protein nanoparticle aggregates as pickering stabilizers for oil-in-water emulsions. J. Agric. Food Chem. 2013, 61, 8888–8898. [Google Scholar] [CrossRef]

	



Albert, C.; Beladjine, M.; Tsapis, N.; Fattal, E.; Agnely, F.; Huang, N. Pickering emulsions: Preparation processes, key parameters governing their properties and potential for pharmaceutical applications. J. Control. Release 2019, 309, 302–332. [Google Scholar] [CrossRef]

	



Luo, M.; Olivier, G.K.; Frechette, J. Electrostatic interactions to modulate the reflective assembly of nanoparticles at the oil–water interface. Soft Matter 2012, 8, 11923–11932. [Google Scholar] [CrossRef]

	



Ortiz, D.G.; Pochat-Bohatier, C.; Cambedouzou, J.; Bechelany, M.; Miele, P. Current trends in Pickering emulsions: Particle morphology and applications. Engineering 2020, 6, 468–482. [Google Scholar] [CrossRef]

	



Zhang, T.; Xu, J.; Chen, J.; Wang, Z.; Wang, X.; Zhong, J. Protein nanoparticles for Pickering emulsions: A comprehensive review on their shapes, preparation methods, and modification methods. Trends Food Sci. Technol. 2021, 113, 26–41. [Google Scholar] [CrossRef]

	



Levine, S.; Bowen, B.D.; Partridge, S.J. Stabilization of emulsions by fine particles I. Partitioning of particles between continuous phase and oil/water interface. Colloids Surf. 1989, 38, 325–343. [Google Scholar] [CrossRef]

	



Frelichowska, J.; Bolzinger, M.-A.; Chevalier, Y. Effects of solid particle content on properties of o/w Pickering emulsions. J. Colloid Interface Sci. 2010, 351, 348–356. [Google Scholar] [CrossRef]

	



Wang, Z.; Zhang, N.; Chen, C.; He, R.; Ju, X. Rapeseed protein nanogels as novel pickering stabilizers for oil-in-water emulsions. J. Agric. Food Chem. 2020, 68, 3607–3614. [Google Scholar] [CrossRef] [PubMed]

	



Shi, A.; Feng, X.; Wang, Q.; Adhikari, B. Pickering and high internal phase Pickering emulsions stabilized by protein-based particles: A review of synthesis, application and prospective. Food Hydrocoll. 2020, 109, 106117. [Google Scholar] [CrossRef]

	



Chappat, M. Some applications of emulsions. Colloids Surf. A 1994, 91, 57–77. [Google Scholar] [CrossRef]

	



El Bouchikhi, S.; Ibrahimi, A.; Bensouda, Y. Creaming behavior prediction of argan oil in water emulsion stabilized by lacto-fermentation: Creaming index. BMC Biotech. 2021, 21, 53. [Google Scholar] [CrossRef]

	



Ding, M.; Zhang, T.; Zhang, H.; Tao, N.; Wang, X.; Zhong, J. Gelatin molecular structures affect behaviors of fish oil-loaded traditional and Pickering emulsions. Food Chem. 2020, 309, 125642. [Google Scholar] [CrossRef]

	



Araiza-Calahorra, A.; Sarkar, A. Pickering emulsion stabilized by protein nanogel particles for delivery of curcumin: Effects of pH and ionic strength on curcumin retention. Food Struct. 2019, 21, 100113. [Google Scholar] [CrossRef]

	



Zhu, Y.; McClements, D.J.; Zhou, W.; Peng, S.; Zhou, L.; Zou, L.; Liu, W. Influence of ionic strength and thermal pretreatment on the freeze-thaw stability of Pickering emulsion gels. Food Chem. 2020, 303, 125401. [Google Scholar] [CrossRef]

	



Li, H.; Yuan, Y.; Zhu, J.; Wang, T.; Wang, D.; Xu, Y. Zein/soluble soybean polysaccharide composite nanoparticles for encapsulation and oral delivery of lutein. Food Hydrocoll. 2020, 103, 105715. [Google Scholar] [CrossRef]

	



Mamatha, B.S.; Baskaran, V. Effect of micellar lipids, dietary fiber and β-carotene on lutein bioavailability in aged rats with lutein deficiency. Nutrition 2011, 27, 960–966. [Google Scholar] [CrossRef]

	



Yu, N.; Wang, J.; Jiang, C.; Nie, X.; Hu, Z.; Ye, Q.; Meng, X.; Xiong, H. Development of composite nanoparticles from gum Arabic and carboxymethylcellulose-modified Stauntonia brachyanthera seed albumin for lutein delivery. Food Chem. 2022, 372, 131269. [Google Scholar] [CrossRef]

	



Chang, Y.; Jiao, Y.; Li, D.-J.; Liu, X.-L.; Han, H. Glycosylated zein as a novel nanodelivery vehicle for lutein. Food Chem. 2022, 376, 131927. [Google Scholar] [CrossRef]








[image: Foods 11 01712 g001 550] 





Figure 1. Effect of tee seed cake protein (TSCP) concentrations on the particle size (volume mean diameter d4, 3 histogram) and zeta potential (line) of nanoparticles fabricated from TSCP (TSCPN). Different lowercase letters indicated significant differences of particle size between treatments (p < 0.05), and different uppercase letters indicated significant differences of zeta potential between treatments (p < 0.05). 
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Figure 2. SEM image of TSCP (A,B) and TSCPN (C,D). The magnifications of (A,C and B,D) are 1200 and 10,000 times, respectively. 
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Figure 3. Volume mean diameter (d4, 3) of Pickering emulsions stabilized by different concentrations of TSCPN. Different lowercase letters indicated significant differences (p < 0.05). 
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Figure 4. CLSM images of Pickering emulsions stabilized by different concentrations of TSCPN. (A), 0.3%; (B), 0.6%; (C), 1.2%; (D), 1.8%; (E), 2.4%. Oil was dyed red, and protein was dyed green. 
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Figure 5. Changes in CI of Pickering emulsions stabilized by different concentrations of TSCPN over a storage period of 14 days (A) and within 8 h after preparation (B). 
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Figure 6. CLSM images (A–D) of the effect of different ion concentrations (100–400 mM) on the Pickering emulsion. Effect of ionic strength on particle size d4, 3 (histogram in (E)) and zeta potential (line in E) of Pickering emulsion. Different lowercase letters indicate significant difference of particle size between treatments (p < 0.05), and different uppercase letters indicated significant differences of zeta potential between treatments (p < 0.05). 
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Figure 7. Lutein release rates (vertical bar graphs) of TSCPN-stabilized Pickering emulsions and TSCP-stabilized emulsions at initial stage, post-gastric, and post-intestinal; TSCPN-stabilized Pickerings and TSCP-stabilized post-intestinal Lutein bioaccessibility of emulsion delivery (horizontal bar graph). Different lowercase letters indicated significant differences between TSCPN-stabilized Pickering emulsion and TSCP-stabilized emulsion (p < 0.05), different capital letters indicate significant difference among different digestion phases (p < 0.05). 
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Figure 8. CLSM images, particle size distribution (A) and particle size (d4, 3) (B) of TSCPN-stabilized Pickering emulsion and TSCP-stabilized emulsion at different digestion periods. Different lowercase letters indicate significant differences between TSCPN-stabilized Pickering emulsions and TSCP-stabilized emulsions (p < 0.05), and different uppercase letters indicate significant differences at different digestion stages (p < 0.05). 
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