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Abstract

:

Bioactive substances exhibit various physiological activities—such as antimicrobial, antioxidant, and anticancer activities—and have great potential for application in food, pharmaceuticals, and nutraceuticals. However, the low solubility, chemical instability, and low bioavailability of bioactive substances limit their application in the food industry. Using nanotechnology to prepare protein nanoparticles to encapsulate and deliver active substances is a promising approach due to the abundance, biocompatibility, and biodegradability of proteins. Common protein-based nanocarriers include nano-emulsions, nano-gels, nanoparticles, and nano complexes. In this review, we give an overview of protein-based nanoparticle fabrication methods, highlighting their pros and cons. Additionally, we discuss the applications and current issues regarding the utilization of protein-based nanoparticles in the food industry. Finally, we provide perspectives on future development directions, with a focus on classifying bioactive substances and their functional properties.
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1. Introduction


Nanotherapeutics has emerged as a promising application platform with great potential in drug delivery [1]. In recent decades, numerous nano-delivery systems have been created and refined to increase the bioavailability of drugs and enhance their therapeutic benefits. Nanoscale carrier substances are highly effective in delivering active substances to specific targets. Their small size, large surface area, and strong reactivity and adsorption capabilities render them ideal for achieving high efficiency, precision, and utilization of functional materials, as well as superior absorption, controlled release, and specific targeting of nutrients in vivo [2,3].



Bioactive substances that are present in nature generally have powerful physiological or pharmacological effects, such as curcumin [4], tocopherols [5], flavonoids [6], resveratrol [7], anthocyanins [8], puerarin [9], ferulic acid [10], and carvacrol [11], which are not essential for maintaining human growth and development but have significant health benefits [12]. Recent research has shown that bioactive substances have plenty of functions—such as antioxidant [13], anti-inflammatory [14], antibacterial [15], anticancer, and immunomodulatory [16,17] functions—and play an important role in health maintenance, disease prevention, and physiological function regulation. However, owing to their physicochemical properties, most bioactive substances are environmentally sensitive, unstable to light and heat, easily damaged or degraded, structurally altered, thus reducing or losing their activity, and have low bioavailability [18,19,20]. These factors have greatly limited their application. The construction of nanoparticles with biomolecules is an effective was to prevent the destruction of bioactive substances and to achieve better bioavailability in vivo [21,22,23].



Nanoparticles are unique entities with dimensions on the order of nanometers, which offer opportunities to develop novel carriers and materials. Nanoparticles can be made from all sorts of materials—both from natural macromolecules, such as proteins, polysaccharides, and lipids, as well as synthetic materials, such as carbon, metals, and organic and inorganic polymers—and have been widely used in medical, food, environmental and energy applications [24]. Nanoparticles can protect bioactive substances from environmental factors (such as light, heat, oxygen, and storage conditions) and regulate their release in the gastrointestinal tract, thus improving their bioavailability in the human body. In recent years, researchers have designed nano-delivery carriers, such as nano-emulsions, nano-complexes, nano-gels, nano-microcapsules, and other nanoparticles. Protein is a natural biomolecule with abundant sources; moreover, it has high biocompatibility and biosafety [25,26,27]. Protein can potentially form complex delivery systems with active molecules, polysaccharides, etc. and can allow for surface modification and the attachment of active substances and other biomolecules through hydrogen, ionic, and covalent bonding, and other associations [28,29]. Compared to manufactured materials such as metals, proteins are more generally available, have superior nutritional value and safety, may be loaded with diverse compounds, and have been widely employed for embedding bioactive molecules [30]. The variable structure of protein molecules can be fabricated into spherical, fibrous, or tubular structures for different applications. Before preparing protein nanoparticles, proteins can be modified physically, chemically, and enzymatically to make them more suitable materials. In addition, the charge, molecular conformation, and polarity of proteins can have an impact on properties such as its stability and the encapsulation ability of nanoparticles [31]. Nanoprotein-based carriers not only have nano-system characteristics when constructing the delivery system but are also naturally non-toxic and harmless and have additional nutritional value, giving them advantages in the embedding system that other nanocarriers do not offer [32].



In this paper, we review the classification, sources, and functions of bioactive substances, as well as the dilemmas they face in food fortification. Applications and studies of different types of protein (including plant and animal proteins) carrier systems (nano-emulsions, nano-gels, nanoparticles, and nano complexes) for the stabilization and delivery of biologically active substances are described. In addition, we discuss in detail various types of protein nanocarriers loaded with active substances, and their suitability and compatibility with food matrices. We also outline the preparation of protein nanoparticles, analyze the strengths and weaknesses of various methods, and highlight the application of protein nanoparticles in the food industry. The toxicity and safety of nanoparticles should also be evaluated in vivo to ensure that they can be implemented in food applications. We hope that this review can provide a reference and direction for protein-based active carriers to address major diseases and health problems in practice.




2. Origin, Classification, and Functional Properties of Bioactive Substances


Bioactive substances are secondary metabolites derived from various metabolic processes in living organisms, including polyphenols, vitamins, natural pigments, flavonoids, etc., in addition to nutrients such as proteins, carbohydrates, amino acids, and fats. Bioactive compounds are produced from natural products and are frequently found in fruits and vegetables, marine organisms, nuts, plant leaves, and skins. They offer a variety of beneficial physiological and pharmacological effects for humans and other animals. They have a high research and usage value and are now the hotspot for functional product development. (Table 1: Classification, sources, and functional properties of bioactive substances).



As a safe and natural food additive with many sources and at low cost, active substances have a positive impact on a variety of diseases, such as diabetes [65,66], cancer [67], autoimmune diseases [68], cardiovascular diseases [69], and neurodegenerative diseases [70]. Curcumin is a polyphenolic substance extracted from the rhizomes of plants, such as ginger and araceae, and is a rare diketone compound in the plant kingdom [71]. The anti-inflammatory activity of curcumin is not only comparable to that of steroidal and non-steroidal anti-inflammatory drugs but also has a wide range of preventive properties against diseases with a higher safety profile [72]. Studies have shown that curcumin plays an essential role in a range of neurological diseases, such as its neuroprotective effects through the protection of dopaminergic neurons, modulation of cellular autophagy, and resistance to mitochondrial damage; these effects demonstrate the potential efficacy of curcumin in the treatment of Parkinson’s [73]. In a study of a novel Drosophila model of Parkinson’s disease, Nguyen et al. found that curcumin could reduce the level of oxidative stress induced by Drosophila, ubiquitin carboxyl-terminal hydrolase gene knockdown improve motor ability, and alleviate the extent of neurodegenerative lesions in Drosophila [74]. Resveratrol may prevent and improve cardiovascular disease through its anti-apoptotic effects, anti-inflammation, lipid metabolism modulation, and oxidative stress mitigation [75]. The regular intake of resveratrol-rich foods may contribute to a healthier cardiovascular system [76]. As natural phenolic products are widely present in diets, flavonoids play a beneficial role in the fight against Alzheimer’s disease caused by the aggregation of the Amyloid-beta 42 and tau protein hyperphosphorylation [77,78].



Multiple factors limit the expression of the functional activity of bioactive substances, namely their environmentally sensitivity and susceptibility to light, heat, oxygen, and pH during processing and storage. Most bioactive substances have low bioavailability, poor stability, and are difficult to absorb by the intestine [79]. In addition, lipophilic and amphiphilic active substances are insoluble in the aqueous phase. These factors dramatically limit the development and application of bioactive substances in the food field and in functional products. However, the development of nanotechnology seems to offer a solution to this problem. An increasing number of studies have demonstrated that loading insoluble bioactive substances onto some specific nanoparticles can significantly improve their water solubility, stability, bioactivity, and bioefficacy [80,81]. Therefore, the construction of nano-delivery carriers is an effective way to heighten the bioavailability of active substances and broaden their application prospects in the food and medical industries [82].




3. Construction of Protein Nanoparticle Carriers


Food proteins have an outstanding capacity to bind to various active compounds, rendering them suitable raw materials for the creation of nanoparticles. With the fast growth of nanotechnology, several protein-based nanoparticle carriers, such as nanocomplexes, nano-emulsions, nanoparticles, and nanogels, have been developed (Table 2).



3.1. Nano-Complexes


Nanocomplexes are delivery vehicles created through interactions or self-assembling between macromolecules, such as proteins and polysaccharides, and small molecules, such as bioactive compounds. Small molecules can be bound in large molecules’ hydrophobic regions or cavities, thus effectively enhancing their solubility, stability, and bioavailability. The dispersion of the macromolecule in the nanocomplex in the solution determines the degree of solubility improvement in the small molecule’s substance. The macromolecule’s hydrolysis rate determines the small molecule’s digestibility rate. At the same time, the addition of small molecules will also have a particular effect on the properties of the main macromolecule, such as digestibility, solubility, and structural properties. The natural ligand binding sites of proteins can bind to bioactive substances with a different solubility. A range of the small molecule’s active substances have a strong protein affinity and can form complex systems with proteins with functional properties, which makes it possible to prepare protein-active molecule complexes. Kanakis et al. [93] studied the interaction between milk proteins and tea polyphenols and found that adding tea polyphenols changed the conformation of milk proteins and made the structure of the proteins more stable. The nanocomplexes constructed by ovalbumin and sodium alginate can effectively encapsulate curcumin and improve its water solubility and bioavailability [94]. YI et al. [88] fabricated whey protein isolate (WPI) sodium alginate (ALG) nanocomplexes for curcumin stabilization in beverages. Compared to free curcumin, the light and thermal stability and DPPH scavenging ability of curcumin were significantly improved in WPI–ALG nanocomplexes.




3.2. Nano-Emulsions


Emulsions with particle sizes of 20–200 nm are often defined as “nano-emulsions”, and they are also known as fine emulsions, ultrafine emulsions, submicron emulsions, etc. [95,96]. Compared with normal emulsions, nano-emulsions have a nanoscale particle size, more translucent emulsions, more detailed droplets, and a spherical shape; further, they exhibit good viscoelasticity at low droplet volume fractions and have higher kinetic stability and lower destabilization [97]. Proteins are amphiphilic and have superior functional characteristics such as emulsification and gelation, so they are frequently used as emulsifiers and stabilizers to improve emulsion stability [98,99]. Protein adsorption on the oil–water surface can create a stable physical barrier that improves the stability of emulsions through electrostatic repulsion and spatial potential resistance utility [100,101]. Nano-emulsion has a small volume and a relatively higher interface area, which is not only conducive to digestion but also beneficial for improving bioactive substances’ utilization rate [102,103]. Protein-stabilized oil-in-water emulsions have been widely used in the encapsulation of hydrophobic active substances, and they have a markedly protective effect on lutein [104,105], lycopene [106], lemon essential oil [107], and other active substances. The chemical breakdown rate of lutein decreased in the generated lutein-rich sodium caseinate nano-emulsions, and the nano-emulsions could stay stable after 30 days at 4 °C storage [108]. Zhao et al. [92] produced oil-in-water nano-emulsions loaded with lycopene using lactoferrin as the emulsifier and sesame oil as the oil phase. The results showed that the lycopene nano-emulsions manifested excellent stability. By simulating the gastrointestinal model, the bioaccessibility of lycopene in the nano-emulsion system was measured to be about 25%, which was significantly improved compared to free lycopene.




3.3. Nano-Particles


Nanoparticle delivery systems are the most common delivery systems, with the advantages of a small particle size and high bio-permeation rates. The advancement of medicine delivery systems as carriers for large and small therapeutic molecules has become a fast-growing field with great medical potential [82]. The advantages of nanoparticles prepared from proteins include good biodegradability, naturally abundant sources, low expenditure cost, and controllability. These advantages enable nanoparticles to have a broad range of applications in active substances’ encapsulation and delivery systems [109]. Various sources of proteins have been prepared into nanoparticles, including common plant proteins, such as zein, gluten, and soy protein, and some animal proteins, such as casein, collagen, and albumin. Plant proteins exhibit better loading and protection of actives and superior hydrophobicity and stability compared to traditional animal proteins [110]. Exploring newer sources of plant proteins, such as some of the less common oilseed proteins, may be a unique source of nanoparticles. Liu et al. [111] prepared zeatin–pectin nanoparticles for resveratrol (RES) loading, significantly improving RES’s oral bioavailability. Cell culture studies showed that RES in nanoparticles had stronger anti-inflammatory activity than free RES. Similarly, RES in zeatin nanoparticles had higher in vitro antioxidant and anti-tumor value-added activity [112]. Wang et al. [113] developed a novel nanoparticle with soybean isolate protein (SPI) and cellulose nanocrystals (CNC) for hydrophobic active substance curcumin (CUR) loading. It was shown that SPI–CNC nanoparticles have a small size (197.7 nm) and a high encapsulation rate (88.3%). During simulated gastrointestinal digestion, the SPI–CNC composite nanosystem exhibited a sustained release and a considerable improvement in CUR’s water solubility and chemical stability, making it a very promising nanoparticle delivery system.




3.4. Nano-Gels


Nanogel refers to polymer nanoparticles with a size of 1–100 nm and an inner three-dimensional network framework crosslinked by physical and chemical means of polymeric materials. The nanogel’s components have the function of a gelling agent and can be self-assembled [114]. Nanogels with a high drug loading capacity and biocompatible and responsive release properties that can easily cross the tumor vascular wall and act in cancer cells are ideal drug carriers and have attracted extensive attention from researchers [115]. Nanogel can carry out physical and chemical crosslinking through the network’s structure of protein or polysaccharide to load active substances [116]. After denaturation, proteins unfold their structures, forming cross-link and aggregating between molecules and creating gels with a three-dimensional network structure when the attractive and repulsive forces reach a balance. Depending on the treatment, they can be subdivided into chillogels and thermogels, where chillogels can be used to deliver thermosensitive active substances [117,118]. The retinol embedding rate in whey protein cold gel can reach 80%, which has good potential to protect sensitive molecules from oxidation [119]. Wang et al. [120] fabricated a new biocompatible and self-assembling acylated rapeseed protein isolate (ARPI) nanogel for curcumin delivery through chemical acylation and heat treatment-induced protein denaturation. The prepared ARPI nanogels had a particle size of 170 nm and a light-core-dark-shell spherical structure with altered spatial secondary and tertiary structures that allowed them to remain stable at a large range of pH values and ionic strengths. Aslzad et al. [121] prepared a highly efficient enzyme response composite nanogel carrier through the ion cross-linking of chitosan and gelatin, which was used to deliver doxorubicin (DOX) for breast cancer treatment. DOX was encapsulated in nanogels at a rate of around 56% and released from them in an enzymatically responsive manner. The results of cellular experiments showed that the DOX-loaded nanogels were non-toxic, had good cytocompatibility, and could be successfully absorbed by breast cancer cells, which could potentially target tumor cells. In a study by Ding et al. [122] a folic acid-loaded soy protein–soy polysaccharide composite nanogel was fabricated through heat treatment, which enhanced the performance of folic acid against unfavorable conditions such as acid, light, heat, and oxygen and expanded the application of folic acid to food and beverages (primarily acidic). Nanogels do not contain lipid-like substances, causing them to exhibit a reduced risk of oxidation and leading to a relatively more stable system.





4. Synthesis Strategies of Protein-Based Nanoparticles


Widespread research and development in nanotechnology have given rise to diversified strategies for fabricating nanoparticles. Proteins are typically environmentally sensitive, and salt precipitation, thermal treatment, antisolvent precipitation, and pH transformation have been successfully used to fabricate self-assembled nanoparticles. The main methods of preparing protein-based nanoparticles include antisolvent precipitation, pH-driven, salting out, and nano spray drying methods [123].



4.1. Anti-Solvent Precipitation


An antisolvent is a substance that may dissolve in one solvent but remains insoluble in the solute in a solution system. The antisolvent precipitation method involves the addition of an antisolvent to a protein solution, which changes the polarity or charge of the protein, causing the molecules to aggregate and generate nanoparticles to precipitate out of the solution [124]. Notably, water is generally used as the antisolvent for hydrophobic proteins, whereas water is chosen as the solvent phase for hydrophilic proteins [125,126]. The construction of the delivery system through antisolvent precipitation is mainly dependent on the variation of the solvent–antisolvent ratio. The preparation process usually requires the addition of a large quantity of organic solvent, and the particle size of the fabricated nanoparticles is based on the dosage of the organic phase [127,128]. This process entails creating composite nanoparticles out of protein-based bioactive compounds. It requires dissolving high-molecular-weight proteins and low-molecular-weight active compounds in a suitable solvent, followed by vigorous mixing. Subsequently, the solvent conditions are changed to produce an antisolvent, causing co-precipitation via polarity shifts within the solution [124,126,129]. Several works have been carried out to obtain the desired physicochemical properties based on the nature of proteins through a modified antisolvent precipitation method, called thermally induced self-assembly. Thermally-induced self-assembly is a method that combines thermal treatment and antisolvent precipitation to induce the self-assembly of protein-based nanoparticles [130]. Chen et al. [131] added anhydrous ethanol dissolved with curcumin dropwise to a heat-treated (at 75–95 °C) soy protein solution, stirred and centrifuged to remove free curcumin. The supernatant obtained was soy protein–curcumin composite nanoparticles. It was shown that the solubility of curcumin in the complex was 98,000-fold higher compared to free curcumin crystals, and its stability and bioavailability were significantly enhanced. In addition, the digestibility of soy protein was improved after complexation with curcumin (Figure 1). Ebert et al. [132] prepared core–shell protein nanoparticles using an antisolvent precipitation method coupled with a continuous dual-channel micro fluidization method using a zein ethanol solution as the solvent phase and an aqueous casein solution as the antisolvent phase. By optimizing the process conditions, such as increasing the protein concentration and decreasing the ethanol content, nanoparticles with smaller particle sizes (d < 125 nm) can be obtained. The particle morphology observed via electron microscopy indicates that the core–shell protein nanoparticles are spherical. The zeatin nanoparticles fabricated via the antisolvent precipitation method, with an average particle size of 168 nm, could continuously release emamectin benzoate with superior retention and bioavailability [133].



The antisolvent precipitation method is simple and does not rely on dedicated equipment and complex operations. This approach has significant advantages, including high encapsulation efficiency, consistent size distribution, and adaptability for large-scale industrial manufacturing. As a result, it is a frequently used method for producing protein-based nanoparticles [134]. Nevertheless, this method still has some drawbacks. For example, it is difficult to select suitable solvents and counter solvents; and due to the limitations of the preparation mechanism, proteins would usually maintain the same solubility as the encapsulated compounds when embedding bioactive substances [135].




4.2. pH-Driven Method


The pH-driven method (pH cycling or pH transformation) is a nano-encapsulation technique that works by changing the pH of a protein solution from neutral to extreme acid/base conditions and then back to neutral or by mixing radical acid and base solutions with an ultimate pH change to neutral. During the pH change, alterations in the molecular structure and intermolecular interactions are triggered, resulting in the dissociation–repolymerization of proteins, which induces nanoparticle formation [136].



Using the pH-driven method (Figure 2: Preparation of nanoparticles using the pH-driven method), the hydroxyl groups of soy isoflavones undergo deprotonation and a significant increase in solubility after a short period of alkaline solid treatment. When exposed to alkaline conditions, the structure of whey protein stretches and remains relatively intact. With a shift in pH to a neutral environment, soy isoflavones are converted into aggregates, and whey proteins may suffer structural rearrangement, resulting in a more compact structure between both, leading to the preparation of whey protein nanoparticles loaded with soy isoflavones [137]. The solubility of curcumin in an aqueous solution is highly pH-dependent, and the practice of protein-based curcumin nanoparticles via a pH-shift method is economically feasible and shows promising prospects [138]. Xu et al. [139] obtained acid-soluble curcumin nanoparticles by compounding soybean polysaccharides in casein using a pH transform-induced co-assembly method. The nanoparticles have excellent dispersion in acidic and neutral solutions, and the loading rate of curcumin can reach 97%. In contrast, curcumin’s physical and chemical strength is still well maintained after 30 days of storage at 25 °C. Oral administration in mice revealed a 3.4-fold increment in oral bioavailability of curcumin in nanoparticles compared to the curcumin/Tween 20 control. Pan et al. [140] dissolved sodium caseinate in deionized water, adjusted the pH to 12, and added curcumin with constant stirring. Curcumin was deprotonated and dissolved, whereas casein was dissociated. Subsequently, the pH was lowered to neutral, creating casein nanoparticles encapsulating curcumin via casein’s natural self-assembly. During preparation, curcumin was degradation-free, and the acquired curcumin composite nanoparticles displayed powerful anti-proliferative activity against colon and pancreatic cancer cells.



The pH-driven method for fabricating protein-based nanoparticles is controlled by diverse factors, such as protein concentration, protein type, the ratio of protein to active substance, sequence of solution mixing, and acidification [141]. This method is simple, green, low-energy, and organic solvent-free, which suggests that it has many applications [142].




4.3. Salting Out


Salting out is a simple approach for the fabrication of protein-based nanoparticles. In this method, by adding salting agents (such as ammonium sulfate and potassium sulfate) into a protein solution, protein molecules are induced to interact and form aggregates to obtain nanoparticles [143] (Figure 3). The principle of the salt precipitation method is based on the amphiphilic nature of proteins. The hydrophobic part of proteins can interact with water molecules to form hydrogen bonds, and after the addition of salt ions, the salt ions compete with proteins for water molecules. Moreover, with the increase in salt ion concentration, the water molecule barrier between proteins is gradually eliminated, and the hydrophobic protein–protein interaction increases, eventually leading to mutual aggregation and precipitation from the solution as nanoparticles [144]. In addition to the high drug encapsulation rate of the obtained nanoparticles, the method regulates the morphology and size of the nanoparticles. Lammel et al. [145] reported an aqueous preparation of silk fibroin nanoparticles with a controlled size and secondary structure, which were prepared by salting a silk fibroin solution with potassium phosphate. The morphology and size of the silk particles could be regulated by pH; increasing the concentration of silk protein when using 1.25 M potassium phosphate pH 8 resulted in the induction of larger particles. Based on electrostatic interactions, the silk fibroin particles can absorb and load small molecule model drugs such as crystalline violet, alcian blue, and rhodamine B and exhibit promising controlled release properties.



The salting precipitation method is appealing because of its simplicity, lack of organic solvent addition, and relatively good encapsulation efficiency. Furthermore, this approach ensures that the protein’s structure and biological function are unaffected throughout the process. Unfortunately, this method suffers from a weakness of a wide variation of the nanoparticle sizes acquired during the manufacturing process. Additionally, the purification step of nanoparticles is more tedious [146].




4.4. Nano Spray Drying


The nano spray drying method is an improvement in spray drying technology in which a solution containing bioactive compounds is constantly atomized into small droplets by a nozzle and then dried using hot gas to generate nanoparticles [147]. Usually, the hot gas is air, but nitrogen is also commonly used for oxygen-sensitive or flammable materials [148]. As shown in Figure 4, nano spray drying consists of the following steps: (1) atomization of the suspension with bioactive substances; (2) solvent removal and evaporation with the dried gas in the drier chamber; (3) formation of microsphere particles; and (4) separation of the particles from the gas stream and collection in a container [149,150,151]. The diameter of the particles derived from nano spray drying is usually between 0.3 and 5 μm, and the nature of the particles can be adjusted by regulating parameters such as feed flow rate, concentration of solute, temperature, atomization pressure, and nozzle diameter [152,153,154]. For example, high liquid flow rates and large nozzle diameters favor forming large particles, while small nozzle diameters and high atomization pressures lead to smaller particles. Furthermore, the increase in protein solution concentration can promote the formation of spherical nanoparticles [155]. During spray drying, the hydrophobic regions of proteins may be exposed, which causes nanoparticles to aggregate with each other. Previous studies have shown that adding surfactants (such as Tween 80) and/or increasing the protein content in a solution can suppress protein nanoparticle aggregation and promote a smoother particle surface [156,157,158]. Li et al. [159] prepared bovine serum protein nanoparticles by designing orthogonal experiments using a B-90 nano spray dryer. Scanning electron microscopy results showed the particles were smooth and spherical, with an average particle size of around 460 nm. The study confirmed that the surface of nanoparticles with the addition of Tween 80 was smoother.



In recent years, nano spray dryers capable of specifically preparing nano-microcapsules have been developed, and the resulting microcapsules have not only had good resolubility and dispersibility, but also a high encapsulation rate [160]. Compared with liquid particles, solid products produced via this method featured superior physical and chemical stability. For example, Pe’rez-Masia et al. [161] found that folic acid in whey protein microcapsules maintained almost 100% bioactive stability after 60 days of storage in a dark environment. The prime advantages of nano spray drying technology are its low cost, controllable shape and size of particles, reliable performance, and suitability for processing heat-sensitive substances. Nonetheless, to obtain a homogeneous product and achieve complete encapsulation of the active substance, a stable suspension or emulsion must be fed into the nano spray dryer.





5. Application of Protein-Based Nanoparticles in the Food Industry


Protein-based nanoparticles are a prospective delivery system for bioactive substances owing to their potential to encapsulate hydrophilic and hydrophobic active principles and their excellent biodegradability, non-toxicity, adhesion, and control features. Various applications of nanoparticles in food systems have been developed and investigated, such as the absorption and transport of active substances, flavors, colors, emulsion stabilizers, and functional foods. Among them, stabilizing emulsions and the production of functional foods is critical, with more concentrated research and consideration in the food industry.



5.1. Stabilization of Pickering Emulsions


Recently, protein-based nanoparticles have become more commonly used to stabilize emulsions. These nanoparticles have huge potential for encapsulating, transporting, and releasing hydrophobic bioactives in emulsions. Additionally, they can greatly enhance the stability of emulsions. Pickering emulsion is obtained by adsorbing solid particles at the water–oil interface as an emulsifier; however, due to the immiscibility of water and oil, the interface area increases, making this system usually unstable and hence requiring an emulsifier to be stabilized. Proteins are amphiphilic and have the ability to work as natural emulsifiers. Pickering emulsions stabilized by proteins exhibit exceptional emulsification performance, strong thermal resistance, and hydrophobicity, and therefore, manifest promising applications in the food field.



Soybean protein is known for its excellent emulsification properties. It has been found that when prepared as a stabilizer, it can significantly inhibit lipolysis [162]. Furthermore, certain active substances with antioxidant and lipid peroxidation inhibiting properties have the ability to stabilize Pickering emulsions by binding covalently to proteins. It has been shown that the composition of gliadin and proanthocyanidins can be applied as a stabilizer for Pickering emulsions and strengthens the antioxidant activity of the emulsions [163]. Ju et al. [164] prepared a Pickering emulsion stabilized by soy protein isolate-anthocyanin nanoparticles. The results revealed that the content of lipid hydrogen peroxide and malondialdehyde decreased significantly with the increase in anthocyanin; furthermore, the lower creaming index (minimum 17%) and the gradually reduced free fatty acid release rate (from 31.8% to 22.0%) suggests that the Pickering emulsion stabilized by composite nanoparticles had extraordinary oxidative stability, good emulsion stability, and extra-antibody digestibility. According to the research, protein-based nanoparticles as stabilizers for Pickering emulsions can not only inhibit the oxidation of lipids in emulsions but also replace fats in foods, which can maintain and improve the quality of foods while enhancing its healthiness. The zein–cinnamon essential oil (EO) nanoparticles not only stabilized the Pickering emulsion but also inhibited mold growth, further replacing part of the butter in the pound cake. Compared with the control group, the Pickering emulsion with a 5 g EO addition retained the color and texture of the pound cake, provided some antibacterial properties, and reduced caloric intake [165].




5.2. Production of Functional Foods


Numerous nutritionally active substances the human body requires, such as phenols, fatty acids, and vitamins, have powerful functional properties and present great potential in anti-inflammatory, antibacterial, anti-tumor, and hypoglycemic diseases. However, these substances are typically hydrophobic and prone to decomposition, which hinders their application in food processing and functional foods. To solve these conundrums, attempts have been made to use protein-based nanoparticles to encapsulate and protect the bioactive substances and then supplement them to food or use them as food ingredients for preparing functional foods with high nutritional value and physiological activity.



There has been growing interest in incorporating β-carotene into foods and pharmaceuticals due to its various benefits, including its ability to act as an antioxidant, scavenge free radicals, and protect cells from damage caused by lipid peroxidation. However, β-carotene has inferior water solubility and stability and is vulnerable to oxidation. Hence, encapsulating it in nanoparticles is an effective way to fulfill its application. Chuacharoen et al. [166] prepared β-carotene-encapsulated zein nanoparticles using an inverse solvent precipitation method and supplemented them to milk to obtain β-carotene-rich milk. It was shown that the zein nanoparticles improved the stability and antioxidant activity of the loaded β-carotene in milk under simulated gastrointestinal conditions and simultaneously improved the milk’s nutritional value. Curcumin is a low-molecular-weight substance with several therapeutic characteristics, but its weak water solubility and stability hinder its utilization as an effective drug. Sneharani et al. [167] studied and prepared curcumin–sunflower seed protein nanoparticles with edible ingredients to strengthen the solubility and stability of curcumin, demonstrating the feasibility of developing nutraceuticals that have enhanced its strength, solubility, and anti-inflammatory properties.





6. Conclusions and Prospects


The research reveals that proteins from various sources may be converted into nanoparticles using techniques such as antisolvent precipitation, pH-driven procedures, salting, and nano spray drying. Each process has benefits as well as drawbacks, and various protein types are better suited for specific preparation procedures. As a result, the best production process may be chosen depending on the qualities of the protein and the planned use. Protein-based nanoparticles contribute significantly to the utilization and protection of bioactive substances. The use of nanoparticles to encapsulate active substances and add them to foods not only solves the weaknesses of low bioavailability and easy degradation of these nutrients but also improves the nutritional value and functional properties of foods, offering a valuable idea for the development of functional foods. Additionally, certain active substances’ antibacterial and antiseptic functions allow protein nanoparticles to be used in food packaging for an extended shelf life.



Despite their distinct features, protein-based nanoparticles pose substantial obstacles in their manufacture and use. These include the insolubility of most proteins in water, which makes nanoparticle production problematic, as well as the challenges connected with establishing uniform or narrow particle sizes and assuring particle stability and preservation. However, the benefits and applications of nanoparticles extend beyond their limitations and warrant increased efforts to research and develop deeper potential. For food applications, the mechanism of protein-based nanoparticle-embedded active substances would be deeply investigated to design and construct more novel functional food products with yield-oriented goals. Moreover, predicting the release mechanism of bioactive substances and investigating the targeted delivery mechanisms of active compounds under simulated conditions in the gastrointestinal tract are the future directions of research that deserve attention and solutions.



Although several studies have demonstrated that natural protein nanoparticles are generally non-toxic and do not accumulate in the body, numerous toxicological experiments and in vivo studies should be conducted to assess their possible effects on human health and the environment in order to ensure their safety and efficacy. Lastly, protein-based nanoparticles have great promise for encapsulating and protecting bioactive compounds. Moving forward, it is critical to continue the search for optimal nanoparticle raw materials, strengthen research efforts, and investigate their application possibilities in health, food, and other important areas, in line with the use and needs of nanoparticles.
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Figure 1. Preparation of nanoparticles using antisolvent precipitation. 
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Figure 2. Preparation of nanoparticles via the pH-driven method. 
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Figure 3. Schematic diagram of protein nanoparticles prepared via the salting out method. 
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Figure 4. Spray drying diagram. 
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Table 1. Classification, sources, and functional properties of bioactive substances.
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	Classification
	Designation
	Primary Sources
	Functional Properties
	Restrictions
	Ref.





	Polyphenols
	gallic acid
	Fruit, green tea, nuts, red wine
	Antibacterial, anti-viral, anticancer, anti-ulcer, anti-allergy
	Poor bioavailability and rapid metabolism in vivo
	[33,34,35]



	
	chlorogenic acid
	Coffee beans, apples, pears, honeysuckle
	Antioxidant, anti-inflammatory, hypotensive, anti-diabetic, intestinal regulator
	Easy to hydrolyze under alkaline and high-temperature environment, likely to oxidize when exposed to light and heat
	[36,37]



	
	Curcumin
	Turmeric, curry
	Antibacterial, anti-inflammatory, anti-tumor, anti-liver fibrosis, hypolipidemic, anti-coagulant
	Poor water solubility, low solubility, fast metabolism, easy inactivation under acid and alkaline conditions
	[38,39]



	
	Resveratrol
	Grapes, peanuts, knotweed, red wine
	Antioxidant, anti-inflammatory, anticancer, heart and nervous system protection
	Low water solubility, poor stability, easy to degrade under acidic or light conditions
	[40,41]



	Vitamins
	Tocopherol
	Soybean, corn, alfalfa, wheat germ oil
	Antioxidant, anti-inflammatory, maintain fertility and nervous system function, improve immunity
	Insoluble in water, sensitive to oxygen, unstable under alkaline conditions
	[42,43]



	
	Retinol
	Carrots, spinach, pumpkin, animal liver
	Maintains visual function, regulates cell differentiation and apoptosis, and preserves epithelial tissue cell health
	Poor water solubility, sensitive to light, heat, oxygen, metal ions and acidic environment, susceptible to oxidative degradation
	[44,45]



	
	Folic acid
	Green vegetables, fruits, legumes, eggs, fish
	Participates in amino acid conversion and provides nutrients for cell division, a deficiency of which leads to increased risk of megaloblastic anemia, atherosclerosis and central nervous system diseases
	Unstable under light (UV), heat, acidic environment, easy oxidative degradation, limited bioavailability
	[46,47,48]



	
	Vitamin C
	Fresh vegetables (potatoes, tomatoes), fruits (oranges, apples, pineapples)
	Anti-oxidation, anti-scurvy, anticancer, improve human immunity, prevent and treat anemia, and participate in collagen synthesis
	Unstable in aqueous solution and air, easily oxidized and degraded, vulnerable to destruction under high temperature
	[49,50]



	Natural pigments
	β-carotene
	Carrots, spinach, broccoli, soybeans, goji berries
	Antioxidant, anti-inflammatory, anti-tumor, immune system, heart disease prevention
	Poor water solubility, easy chemical degradation under oxygen, high temperature, and sufficient light
	[51,52]



	
	Lutein
	Corn, pumpkin, kale, orange, algae
	Antioxidant, anti-inflammatory, anti-mutagenic, retinal protection, cataract retardation
	Insoluble in water, sensitive to light, oxygen, and high temperature, easily degraded by oxidation
	[53,54]



	
	Lycopene
	Tomato, watermelon, grapefruit, papaya
	Antioxidant, anticancer, scavenging free radicals, slowing down aging, preventing cardiovascular diseases, protecting the central nervous system
	Poor water solubility and stability, easily degraded by light, heat, oxygen, metal ions and other environmental factors
	[55,56,57]



	Flavonoids
	Quercetin
	Vegetables (onions, potatoes), fruits (pomegranates, hawthorn), herbs (ginkgo biloba, mulberry leaves)
	Antioxidant, antibacterial, anti-inflammatory, expectorant, cough suppressant, immune system enhancement
	Slightly insoluble in water, sensible to heat and alkaline environment, weak bioavailability
	[58,59,60]



	
	Anthocyanidin
	Black wolfberry, blueberry, mulberry, grape, black fungus, black rice
	Free radical scavenging, anti-inflammatory, anticancer, antibacterial
	Sensitive to light, heat, and oxygen
	[61,62]



	
	Catechin
	Tea, apples, grapes chocolate
	Antioxidant, anti-inflammatory, antibacterial, anti-aging, prevention of cardiovascular disease and diabetes
	Unstable in aqueous solutions and neutral and acidic environments, highly susceptible to oxidation
	[63,64]
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Table 2. Construction and advantages of protein-based bioactive substance nanoparticles.
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	Sources
	Protein Material
	Nanoparticles
	Particle Size
	Advantages
	Refs.





	Plant proteins
	Black bean protein
	Black bean protein-quercetin nanoemulsion
	278.7 nm
	Smaller particle size, lower viscosity, and better emulsification performance in the compound emulsion effectively control the release of quercetin and perilla oil during gastrointestinal digestion.
	[83]



	
	Soy protein isolate
	Soybean protein isolate-1-octacosanol nanocomplex
	70–100 nm
	Nanocomplexes are uniformly dispersed in the aqueous phase and have excellent thermal and salt ion stability.
	[84]



	
	Zein
	Zein-sodium caseinate-xanthan gum nanocomplexes loaded with piperine
	145.9 nm
	Improved piperine’s water solubility and stability, significantly enhanced antioxidant activity.
	[85]



	
	Gliadin
	Curcumin-loaded gliadin-lecithin composite nanoparticles
	250–280 nm
	Protection of curcumin in nanoparticles from UV and heat treatment damage
	[86]



	
	Pea protein isolate
	Pea protein isolate -resveratrol nanoparticles
	191.2 nm
	Improves the physicochemical stability and antioxidant capacity of resveratrol
	[87]



	Animal proteins
	Whey protein isolate
	Whey-isolated protein-sodium alginate nanocomplexes loaded with curcumin
	209.9 nm
	The highest loading amount of curcumin in nanocomplex was 15.26 μg/mg; nanocomplexes exhibit superior stability under high sugar, salt, and high-temperature heat treatments
	[88]



	
	Gelatin
	Gelatin-procyanidin nanogel
	22–138 nm
	The antioxidant activity of procyanidin (PC) is protected. PC remains stable in vitro in simulated gastrointestinal digestion.
	[89]



	
	Whey protein
	Whey protein-based-fucoxanthin nanocomplex
	350 nm
	High fucoxanthin (FX) encapsulation rate (96.19%), enhanced FX stability to ultraviolet B, heat, NaCl, and pH, efficient FX delivery to glial cells PC12
	[90]



	
	Casein
	Casein-folic acid nanoparticles
	150 nm
	Protects the release of folic acid in the intestine, bioavailability of folic acid in nanoparticles is close to 52%, 50% higher than conventional aqueous solutions
	[91]



	
	Lactoferrin
	Lactoferrin-lycopene nano-emulsion
	200–300 nm
	Better stability, slower degradation, superior retention of lycopene, and remarkably improved bioaccessibility
	[92]
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