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Abstract

:

Inorganic or organic nanoparticles are often incorporated into foods to enhance their quality, stability, nutrition, or safety. When they pass through the gastrointestinal environment, the properties of these nanoparticles are altered, which impacts their biological effects and potential toxicity. Consequently, there is a need to understand how different kinds of nanoparticles behave within the gastrointestinal tract. In this article, the current understanding of the gastrointestinal fate of nanoparticles in foods is reviewed. Initially, the fundamental physicochemical and structural properties of nanoparticles are discussed, including their compositions, sizes, shapes, and surface chemistries. Then, the impact of food matrix effects and gastrointestinal environments on the fate of ingested nanoparticles is discussed. In particular, the influence of nanoparticle properties on food digestion and nutraceutical bioavailability is highlighted. Finally, future research directions are highlighted that will enable the successful utilization of nanotechnology in foods while also ensuring they are safe.
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1. Introduction


Nanomaterials are being explored for application in the food industry due to their ability to create new or improved properties in foods and packaging materials [1]. The development of food nanomaterials is an interdisciplinary research effort that includes contributions from the physical, chemical, biological, engineering, and pharmaceutical sciences [1,2].



Nanomaterials have at least one dimension below 100 nm, which includes many kinds of edible fibers, sheets, and particles. However, it should be noted that many food components with larger dimensions (100–1000 nm) are also considered as nanomaterials by some researchers [3,4]. This is because there is typically not a distinct change in the physical, chemical, or biological properties of materials when one of their dimensions falls below 100 nm. Instead, there is typically a more gradual transition in these properties as a material becomes smaller. Some researchers have divided nanomaterials into different categories depending on their attributes. For instance, they have been categorized as either soft or hard nanomaterials [4]. Soft nanomaterials are typically created from organic matter (such as proteins, polysaccharides, and lipids) and tend to be digestible and/or fermentable in the human gastrointestinal tract. In contrast, hard nanomaterials are often constructed from inorganic matter (such as metals or metal salts) and tend to be indigestible and/or non-fermentable. Nanomaterials may also be classified as natural or engineered. Naturally occurring nanomaterials include the casein micelles in milk and the oil bodies in seeds. Engineered nanoparticles are typically designed and synthesized to have compositions and physicochemical properties that lead to specific desirable functional attributes [5]. Both inorganic (such as TiO2, Fe2O3, and Ag) or organic (such as polysaccharides, lipids, and proteins) materials can be used to fabricate engineered nanoparticles suitable for food applications [6].



Nanoparticles are the most common type of nanomaterial currently employed in foods [7]. These nanoparticles come in different compositions, sizes, and shapes, with the most frequently used being spheres, ellipsoids, and fibers. The incorporation of these nanoparticles into foods is often used to improve their optical, flavor, textural, stability, safety, and nutritional properties [8,9]. They have also been also as additives in biodegradable food packaging materials designed to prolong the shelf life of foods [10,11,12]. The extent of the research effort in this area is demonstrated by the continued growth in the number of scientific publications on the applications of nanoparticles in foods (Figure 1).



After ingestion, any nanoparticles present within a food enter the human gastrointestinal tract (GIT) and are exposed to the various conditions that exist in the mouth, esophagus, stomach, small intestine, and colon [8,9]. Exposure to these conditions changes the properties of the nanoparticles, which alters their GIT fate and potential toxicity. Moreover, the nanoparticles themselves may interfere with the different physicochemical and physiological processes occurring within the GIT, such as digestion, transport, metabolism, and absorption. As a result, their presence may alter the digestion and absorption of other components within foods, thereby affecting their pharmacokinetics and bioavailability.



In this review article, we investigate the potential positive and negative effects of incorporating nanoparticles into foods. It is particularly important to consider any potentially undesirable health effects when designing nano-enabled foods [9,13,14]. Previous research suggests that the potential toxicity of nanoparticles depends on their properties, such as their composition, size, shape, and aggregation state [15]. As mentioned earlier, these properties are altered significantly when nanoparticles pass through the GIT, which therefore may impact their toxicity and needs to be considered.



Several authors have reviewed specific aspects of the gastrointestinal fate and potential toxicity of nanoparticles in foods [13,16]. However, there is still a relatively poor understanding of how gastrointestinal conditions affect the physicochemical properties of food-grade nanoparticles. Therefore, in the current article, we focus on the behavior of food-grade inorganic and organic nanoparticles within the human gut, with an emphasis on recent advances in understanding their gastrointestinal fate, especially changes in their biomolecular corona, aggregation state, absorption, and biological effects. Then, this knowledge could be used to improve the functional performance of nano-enabled foods and to avoid undesirable health consequences.




2. Intrinsic Properties of Nanoparticles


The intrinsic properties of nanoparticles, such as their size, shape, composition, and interfacial properties, potentially have a major effect on their applications within foods (Figure 2). These properties influence the optical, rheological, flavor, and nutritional attributes of foods and beverages. Moreover, they also affect their behavior within the GIT and therefore impact their digestibility and bioavailability. Therefore, it is important to be able to control and characterize the intrinsic properties of nanoparticles added to foods.



2.1. Size and Shape


The dimensions of the nanoparticles used in foods may vary from a few nanometers to a few hundred nanometers depending on their biological origin (for natural nanoparticles) or the ingredients and processing methods used to fabricate them (for engineered nanoparticles). Particle dimensions have a major influence on the physical, chemical, and biological properties of nanoparticles. The optical clarity of nanoparticle dispersions decreases as the particle dimensions decrease, which is important for developing transparent foods and drinks. Moreover, the resistance of nanoparticle dispersions to gravitational separation and aggregation increases as the particle dimensions are reduced, which is useful for increasing the shelf life of foods. After ingestion, the dimensions of the nanoparticles influence their gastrointestinal fate. The rate of digestion of digestible nanoparticles tends to increase as their dimensions decrease, because this increases the surface area exposed to the digestive enzymes in the gastrointestinal fluids [9,13]. Conversely, the ability of indigestible nanoparticles to pass through the pores in the mucus layer and be absorbed by the epithelium cells in the GIT tends to increase as their dimensions decrease [17]. The most common nanoparticles in foods are spherical, but other shapes are possible, such as fibers, ellipsoids, or cuboids [18]. The shape of ingested nanoparticles would also be expected to influence food properties and their biological fate. For instance, the ability of nanoparticles to increase the viscosity of foods tends to increase as their length-to-width ratio increases. Moreover, the ability of nanoparticles to penetrate through the mucus layer is typically easier for spheres than fibers.




2.2. Composition


The composition of nanoparticles has a major impact on their behavior in foods as well as their GIT fate. Nanoparticles that only contain inorganic substances may not be digested within the GIT, such as those comprised of TiO2. However, some inorganic nanoparticles do dissolve in the acidic gastric environment, such as those consisting of ZnO and Fe2O3 [19]. Organic nanoparticles are typically fabricated from lipids, proteins, and carbohydrates, which may be either digestible or indigestible depending on the precise nature of the ingredients present [6]. For instance, some lipids are digestible (such as triacylglycerols), whereas others are not (such as mineral oils, essential oils and flavor oils). Similarly, some carbohydrates are digestible (such as starch), whereas others are not (such as cellulose and chitosan). Moreover, the rate of digestion may vary depending on the type of macronutrients used and their organization within the nanoparticles.




2.3. Interfacial Properties


The interfacial properties of food-grade nanoparticles, including their composition, charge, polarity, thickness, and chemical reactivity, are also important because they influence their interactions with food matrix and GIT components [20]. The interfacial properties of engineered nanoparticles can be controlled by using different kinds of emulsifiers or other coating materials. It should be stressed that the interfacial properties of nanoparticles change appreciably after they are introduced into foods and as they pass through the GIT [13]. This phenomenon occurs because the original interfacial layers may be digested or displaced from the nanoparticle surfaces and/or because other components in the surroundings can adsorb to their surfaces. As a result, the composition, charge, polarity, thickness, and chemical reactivity of the interfacial layers of the nanoparticles changes, which alters their behavior in foods and the GIT. For instance, interfacial composition is likely to influence the ability of nanoparticles to penetrate through the mucus layer and be absorbed by epithelium cells [13]. Moreover, the relatively large specific surface area of ingested nanoparticles means that they may adsorb components within the gastrointestinal fluids to their surfaces, such as mucin, enzymes, bile salts, mineral ions, and proteins. As a result, the presence of the nanoparticles could interfere with normal digestion processes.





3. Types of Food Nanoparticles


3.1. Organic Nanoparticles


Organic nanoparticles are typically fabricated from lipids, proteins, and/or carbohydrates (Figure 3). These nanoparticles are usually incorporated into foods to provide desirable optical, textural, flavor, or nutritional attributes [18]. In general, the safety of organic nanoparticles is of less concern than that of inorganic ones because they are usually fully digested. For this reason, food scientists are typically more focused on their fabrication and utilization as functional ingredients in foods [9]. Nevertheless, there may be some potential toxicity concerns with digestible nanoparticles, such as their ability to greatly increase the bioavailability of encapsulated or co-ingested hydrophobic substances. In most cases, this is advantageous, but in some cases, it may lead to problems. For instance, they could increase the absorption of undesirable hydrophobic substances in foods, such as pesticides [21]. Alternatively, they could increase the bioavailability of food components into a region where they exhibit some toxicity.



3.1.1. Carbohydrate Nanoparticles


The main structural components used to fabricate carbohydrate-based nanoparticles are polysaccharides. This type of nanoparticle can be fabricated using various approaches. For example, carbohydrate nanoparticles can be assembled by bottom–up methods that are based on the self-assembly of polysaccharides under appropriate environmental conditions, e.g., pectin, alginate, carrageenan, agar, starch, and chitosan [22,23,24]. Typically, solution or environmental conditions, such as solvent quality, pH, ionic strength, enzyme activity, or temperature, are changed to promote the formation of physical or chemical crosslinks between the polysaccharide molecules. Conversely, nanocrystals or nanofibers can be obtained using top–down methods that utilize the controlled disintegration of bulk polysaccharide materials, such as acid or alkaline treatment of cellulose or chitin [25,26]. Carbohydrate nanoparticles are often used as carriers for nutraceuticals, vitamins, or other bioactive agents, but they may also be used as texture modifiers, film formers, lightening agents, and UV-light blockers. After oral intake, the gastrointestinal fate of carbohydrate nanoparticles is strongly related to their digestibility. Nanoparticles assembled from digestible polysaccharides, such as some types of starch, are hydrolyzed in the mouth and small intestine by amylases. Conversely, nanoparticles fabricated from indigestible polysaccharides, such as cellulose, chitin, or gums, are not hydrolyzed until they reach the colon, where they may be fermented by colonic bacteria. These characteristics also influence the pharmacokinetics and bioavailability of other bioactive components encapsulated within carbohydrate nanoparticles [27]. For instance, if a bioactive component needs to be delivered to the mouth, then it can be encapsulated within digestible starch nanoparticles. If it needs to be delivered into the small intestine, then it can be encapsulated inside protein nanoparticles. Finally, if it needs to be delivered into the colon, then it can be encapsulated within dietary fiber-based nanoparticles.




3.1.2. Protein Nanoparticles


Protein nanoparticles have also been explored for many years for their potential utilization as functional ingredients in foods and beverages [28]. Casein micelles are natural nanoparticles found in milk that are assembled from protein, calcium, and phosphate, which are held together by physical forces such as electrostatic and hydrophobic attraction. Engineered protein nanoparticles have also being widely explored for their utilization as carrier systems, texture modifiers, fat replacers, and lightening agents [28]. A number of different preparation methods have been developed, with the most suitable one depending on the nature of the proteins. For example, protein nanoparticles can be formed from hydrophobic proteins, such as zein or gliadin, using an antisolvent precipitation method [29]. In this method, the hydrophobic proteins are first dissolved within a good solvent, such as a concentrated ethanol solution. Then, this solution is added to a bad solvent, such as water, which leads to the spontaneous formation of protein nanoparticles because the hydrophobic protein molecules do not want to be in contact with water and so interact with each other [18]. The hydrophobic interior of this kind of nanoparticle is particularly suitable for the encapsulation of lipophilic bioactives, such as oil-soluble vitamins and nutraceuticals [30]. Protein nanoparticles can also be assembled from hydrophilic proteins by heating them to a temperature above their thermal denaturation temperature, which causes them to unfold and expose hydrophobic groups. As a result, the protein molecules self-assemble into nanoparticles to reduce the number of hydrophobic groups exposed to water. It is more difficult to entrap bioactives into nanoparticles assembled from hydrophilic proteins using this method, but the nanoparticles can be used as texture modifiers, lightening agents, or fat replacers. The charge on bare protein nanoparticles tends to move from positive to negative as the pH is raised from below to above their isoelectric points. Around their isoelectric point, they tend to aggregate because the weak electrostatic repulsion between them is not strong enough to overcome the van der Waals or hydrophobic attraction. For this reason, protein nanoparticles are often coated with surfactants or charged biopolymers to increase the repulsive forces or decrease the attractive forces acting between them, thereby improving their resistance to aggregation.



The GIT fate of protein nanoparticles depends on their size, composition, and surface characteristics. They are typically digested within the stomach and small intestine due to the presence of gastric (pepsin) and pancreatic (trypsin and chymotrypsin) proteases. However, the rate of digestion may depend on the type of proteins used, their conformation, and any coating materials used. Consequently, it is possible to control the retention and release of bioactives inside protein nanoparticles.




3.1.3. Lipid Nanoparticles


Lipid nanoparticles have been the focus of many studies on the application of nanotechnology within foods and beverages and are already widely utilized in some food and beverage products. This kind of nanoparticle is formed during the homogenization of milk and beverages, including many soft drinks. They may also be produced using various other high-energy (mechanical) and low-energy (physicochemical) methods [31]. For instance, they can be produced using sonicators or microfluidizers (high-energy) or using spontaneous emulsification or phase inversion temperature methods (low-energy). Lipid nanoparticles are often utilized as carriers for lipophilic nutraceuticals and oil-soluble vitamins, which can help solve challenges associated with their poor water solubility, chemical stability, and bioavailability characteristics [18]. Numerous kinds of lipid nanoparticles have been developed as carriers, including micelles, nanoliposomes, nanoemulsions, and solid lipid nanoparticles [2]. Polar lipids such as phospholipids that contain a hydrophilic “head” and two hydrophobic “tails” can form liposomes, whereas non-polar lipids such as triacylglycerols can be used to form the core of oil droplets or solid fat particles.



In the GIT, digestible lipid nanoparticles, such as those fabricated from triacylglycerols, are digested by lipase in the stomach and small intestine, whereas indigestible ones, such as those fabricated from essential, flavor, or mineral oils, are not. Lipid nanoparticles have relatively large specific surface areas, which means that lipase can rapidly adsorb to their surfaces, leading to rapid lipid digestion and bioactive release [32]. However, the emulsifier used to coat the lipid nanoparticles also plays an important role in determining their GIT fat because it can alter their aggregation state in the GIT or inhibit the adsorption of bile salts or lipase [33,34]. Consequently, it is important to select an appropriate emulsifier type and oil phase for the specific application.




3.1.4. Composite Nanoparticles


Carbohydrates, proteins, and lipids can be used in combination to create composite nanoparticles [35]. Many proteins and carbohydrates have hydrophilic and lipophilic areas on their surfaces and so can act as emulsifiers that promote the formation and stabilization of lipid nanoparticles [36]. Polysaccharides and proteins that have opposite charges can be made to assemble into composite nanoparticles via electrostatic attraction. Composite nanoparticles have great potential within the food industry because their functional properties can be tailored for particular applications.





3.2. Inorganic Nanoparticles


Several kinds of inorganic nanoparticles can also be used in foods for their functional attributes (Figure 3), such as their ability to alter the appearance, texture, stability, or nutritional profile of foods or packaging materials. However, as mentioned earlier, there is often more concern about the potential toxicity of inorganic nanoparticles in foods than organic ones because they are not digested in the GIT but may still be absorbed by the human body [37]. In this section, a brief overview of some of the inorganic nanoparticles that are commonly used in foods or food packaging materials is given.



3.2.1. Titanium Dioxide (TiO2) Nanoparticles


Titanium dioxide is commonly used in food products as a brightening or whitening agent because the crystalline material is white and has a high refractive index so that TiO2 particles scatter light strongly. For this reason, it has been widely in foods to improve their visual appearance, most notably candies, chewing gums, bakery goods, and milk powders. The powdered TiO2 used as an additive in the food industry (E171) contains a broad range of differently sized particles, with an appreciable fraction falling into the nano-range. Indeed, analysis of a commercial TiO2 food additive found that more than 36% of the particles had diameters below 100 nm [38]. These nanoparticles are likely to behave differently in the human gut than the larger particles because of their small dimensions and high surface areas, which has raised some health concerns [39,40]. Indeed, the French government recently banned the use of this kind of nanoparticles in foods due to these concerns [41]. However, it should be noted that the potential toxicity exhibited by TiO2 nanoparticles in cell culture and animal feeding experiments varies considerably from study to study. Some studies suggest that TiO2 nanoparticles alter the gut microbiota or accumulate in the tissues of mammals and other vertebrates with a low elimination rate, whereas others indicated low toxicity and accumulation [42,43,44]. Part of the variations in findings between studies may be because the impact of food matrix effects and GIT conditions on the gastrointestinal fate of TiO2 nanoparticles is often ignored as well as due to differences in the nature of the TiO2 nanoparticles used.




3.2.2. Silicon Dioxide (SiO2) Nanoparticles


Powdered silicon dioxide is commonly used as an additive in the food industry because it is capable of strongly absorbing water, thereby acting as an anticaking agent [45]. For this reason, it is often incorporated into powdered foods such as salts, dried milk, and icing sugar to prevent clumping and to enhance their flow properties. Most of the particles in commercial food-grade SiO2 additives (E551) fall between 100 and 1000 nm in diameter, but an appreciable proportion may fall into the nano-range [46]. Some cell culture studies have indicated that high levels of SiO2 nanoparticles caused cytotoxic and genotoxic effects [47]. However, another study reported no accumulation or toxicity of this type of nanoparticle when it was fed to rats [48]. Again, there appear to be large variations in the potential toxicity of this kind of inorganic nanoparticle reported in different studies. This apparent discrepancy may be because of differences in the nature of the SiO2 additives tested (such as dose, size, aggregation state, and surface characteristics), as well as differences in food matrix and GIT effects.




3.2.3. Zinc Oxide (ZnO) and Iron Oxide (Fe2O3) Nanoparticles


Zinc and iron are important micronutrients that are often lacking from the human diet, and so foods are often fortified with bioavailable forms of these essential minerals [49]. For this reason, powdered ZnO and Fe2O3 additives are sometimes used as a source of these minerals in functional foods and nutritional supplements. As with other inorganic additives, these powders are engineered particles, which likely contain a range of different particle sizes with some falling within the nano-scale range [50]. These additives may also be incorporated into food packaging materials because of their strong antimicrobial activity. ZnO nanoparticles can penetrate through microbial cell walls and generate reactive oxygen species (ROS) inside the cells, thereby damaging critical cellular components and interfering with key biochemical pathways, ultimately leading to cytotoxicity [51]. Fe2O3 nanoparticles have also been reported to generate ROS and promote oxidative stress in human lymphocytes [52]. There are also concerns that these nanoparticles could penetrate into human cells after ingestion and have similar effects [53]. However, the extent of these effects depends on the dose used. It has been estimated that people typically consume around 0.45 mg/day of iron oxide, but the amount taken from dietary supplements may range from 10 to 32 mg/day [54]. Nevertheless, a rat feeding study reported no appreciable tissue accumulation or toxicity for this type of nanoparticle, even when it was administered by relatively high doses (250–10,000 mg/kg body weight) [55]. Unlike TiO2 and SiO2 particles, ZnO and Fe2O3 particles may be dissolved in the acidic gastric fluids, thereby altering their gastrointestinal fate [56].




3.2.4. Gold and Silver Nanoparticles


Colloidal forms of gold or silver nanoparticles have been used in a diverse range of applications within foods and biomedicines [57,58]. The applications of golden nanoparticles in the biomedical field have been reviewed in detail in several recent articles, including drug delivery, bioimaging, and cancer therapy [59,60,61]. They have also been used to formulate food packaging materials, which may also lead to oral exposure, e.g., due to the migration of silver nanoparticles from packages into foods [62]. In principle, any silver nanoparticles present in packaging materials that are in contact with foods may diffuse into the foods themselves and therefore be ingested. However, the extent of this effect depends on the nanoparticles, packaging materials, and storage conditions used. Nevertheless, it has been estimated that the amount of silver consumed by human adults (20 to 80 μg/day) is relatively low, and only a fraction of this is actually silver nanoparticles [14]. Some studies have reported that a small fraction (<1%) of ingested silver nanoparticles can accumulate in tissues but that most of them are excreted in the feces or urine [63]. Thus, the potential adverse effects of silver nanoparticles still remain inconclusive, and more studies are needed, especially on their long-term chronic toxicity. It should be noted that silver can undergo chemical reactions in foods and the GIT that could alter its gastrointestinal fate. For instance, silver may be oxidized to silver oxide in air, which can dissolve under acidic conditions, or silver ions can precipitate when they come into contact with chloride ions, thereby leading to the possible formation of new nanoparticles [64,65].






4. Gastrointestinal Fate of Food-Grade Nanoparticles


4.1. Gastrointestinal Conditions


The human gut is designed to protect the body from harmful substances and to effectively break down and absorb nutrients [66]. It consists of a continuous integrated system consisting of the mouth, esophagus, stomach, small intestine, and large intestine. Each region has a characteristic range of transit times, mechanical forces, and chemical/biochemical conditions, such as pH, mineral composition, digestive enzymes, mucin, bile salts, and other constituents [67]. The unique environments within the different regions of the human gut play a critical role in determining the gastrointestinal fate of ingested nanoparticles because they may alter particle characteristics, such as size, aggregation state, interfacial composition, and charge (Figure 4).



Many of the mechanistic insights into the gastrointestinal fate of nanoparticles have come from the utilization of simulated in vitro digestion models [70]. Recently, the standardized INFOGEST model has been widely adopted and used for this purpose [67]. This model simulates the main features of the upper human GIT, including temperatures, transit times, mechanical forces, and chemical/biochemical compositions. A detailed description of these factors is given in the original paper. Here, we provide a summary of the main features of this model: Mouth: The food sample to be tested is mixed with simulated salivary fluids (SSFs) containing minerals, mucin, and amylase for a few minutes (pH 7, 310.15 K). Stomach: The sample from the mouth phase is mixed with simulated gastric fluids (SGFs) that contain minerals, pepsin, and gastric lipase and incubated for 2 h (pH 3, 310.15 K). Small intestine: The sample from the stomach is mixed with simulated intestinal fluids (SIFs) containing minerals, bile salts, and pancreatin (lipase, chymotrypsin, trypsin, amylase) and incubated for 2 h (pH 7, 310.15 K). During this period, the extent of macronutrient digestion can be measured by periodically selecting samples and measuring the extent of lipid, protein, or starch hydrolysis.



In cases where researchers are interested in understanding the behavior of nanoparticles under large intestine conditions, it is also possible to use in vitro colonic models [71]. These models typically include a mixture of different gut microbes like those found in humans, which can secrete enzymes and ferment any non-digested macronutrients and dietary fibers.



In general, ingested nanoparticles experience a complex set of environmental conditions as they pass through the different segments of the human gut, including variations in pH, ionic composition, enzyme activity, bile salt and phospholipid levels, and ingredient interactions. As a result, there may be appreciable changes in their structural and surface properties in different GIT segments. Moreover, the presence of the nanoparticles may interfere with the different physicochemical and biochemical events normally occurring in these regions, thereby altering macronutrient digestion or bioactive bioavailability (Table 1). Therefore, understanding these processes can provide important insights into the design of nanoparticle-based delivery systems that are more effective and safer.




4.2. Formation of Biomolecular Coronas


After fabrication, organic or inorganic nanoparticles typically have a specific surface chemistry that is determined by the material they are fabricated from or the kinds of surface-active molecules used to stabilize them. Once they are incorporated into food matrices, which typically contain a range of different surface active and/or charged substances, their surface chemistry may change. Similarly, after ingestion, the composition and structure of nanoparticle interfaces may change appreciably due to the digestion or displacement of the original surface molecules, or as a result of adsorption of surface-active materials in the gastrointestinal fluids, such as mucin, proteins, peptides, bile salts, phospholipids, or mineral ions [8,9]. These surface-active substances may be located between or on top of the original surface molecules. The formation of a biomolecular corona around the nanoparticles impacts their physicochemical properties and gastrointestinal fate [80]. For instance, the formation of a biomolecular corona can change their surface chemistry and aggregation state, which may alter the ability of enzymes to be adsorbed on the nanoparticles. Moreover, they may affect the ability of nanoparticles to penetrate through biological barriers, such as the mucus layer or epithelium cells, by altering their aggregation state and therefore effective dimensions. The impact of some important food matrix and gastrointestinal effects on the formation of biomolecular coronas around nanoparticles is discussed in the remainder of this section.



Studies have shown that α-amylase can adsorb to the surfaces of chitin nanowhiskers (CNWs) under simulated oral conditions, which was attributed to hydrophobic interactions between the enzymes and polysaccharide nanofibers [81]. Some of the α-amylase was tightly bound to the CNWs and formed a “hard” corona, whereas the rest was loosely bound and formed a “soft” corona. The presence of the biomolecular corona was shown to alter the aggregation stability of the CNWs, which would be expected to change their behavior in the GIT. Mucin has been shown to adsorb to the surfaces of food-grade TiO2 nanoparticles under simulated oral conditions and form a biomolecular corona [68], which was again mainly attributed to hydrophobic interactions. Other studies have indicated that lipophilic or amphiphilic biomolecules, such as lipids and proteins, can also adsorb to the surfaces of TiO2 nanoparticles [72]. In general, it would be expected that a wide variety of surface-active or charged molecules in foods or saliva could bind to the surfaces of TiO2 nanoparticles within the mouth, but future studies are required to confirm this.



The biomolecular corona of nanoparticles may be further altered after they enter the gastric chamber due to the presence of various enzymes (such as lipases and proteases), digestion products (such as free fatty acids and peptides), and GIT secretions (such as mucin) that may be surface active or charged. For instance, it has been reported that pepsin can form a protein corona on silver nanoparticles under simulated gastric conditions [65].



Organic nanoparticles may also experience changes in their biomolecular corona when exposed to gastrointestinal conditions. For example, mucin, digestive enzymes, and free fatty acids can adsorb to the surfaces of the lipid droplets in nanoemulsions by an amount that depends on the nature of the emulsifiers used [72]. Studies have also reported that digestive enzymes can form a coating around cationic polymeric nanoparticles, which influenced their uptake by Caco-2 cells [82]. Other studies have shown that cellulose nanocrystals may become trapped in the intestinal mucus layer and therefore fail to reach the underlying epithelium cells [22,23].



In summary, there is strong evidence that a biomolecular corona forms around both organic and inorganic nanoparticles under GIT conditions, and that this can affect the fate of the nanoparticles. However, further systematic research is required with different kinds of nanoparticles and gastrointestinal constituents to better understand this process. In addition, more research is needed to assess whether the formation of a biomolecular corona impacts the cellular toxicity of ingested nanoparticles [72].




4.3. Nanoparticle Aggregation


The aggregation of nanoparticles within the GIT system will affect their digestion and absorption. The aggregation state of nanoparticles may change considerably within the human gut due to changes in factors such as pH, mineral composition, ingredient interactions, and surface chemistry. In particular, pH is known to have a major impact because this can alter the electrical charge on nanoparticle surfaces, which influences their tendency to interact with each other or with other GIT components.



In general, charged nanoparticles have a greater tendency to aggregate at high ionic strengths (due to electrostatic screening) or at pH values where the surface potential is relatively low (low surface charge density) [83]. Studies have shown that the adsorption of pepsin onto the surfaces of silver nanoparticles can promote their aggregation, which can be attributed to bridging flocculation and charge neutralization effects [84]. In another study, it was shown that silver nanoparticles aggregated when exposed to gastric conditions but then became non-aggregated when exposed to small intestine conditions [74], which was again mainly attributed to changes in electrostatic interactions. For the organic nanoparticles, lipid nanoparticles stabilized by an ionic surfactant have been shown to aggregate when exposed to high salt concentrations due to electrostatic screening effects [85].



In addition to surface charge, the aggregation stability of organic nanoparticles may also change appreciably depending on their interfacial composition. For example, many protein-stabilized nanoparticles tend to aggregate in different regions of GIT system because of changes in their surface structure or charge. In particular, they may aggregate under gastric conditions due to pepsin digestion of the interfacial layer or due to bridging flocculation caused by the adsorption of anionic mucin onto the cationic protein-coated nanoparticles [33,86]. In contrast, nanoparticle aggregation is not observed under gastric conditions when they are coated by small molecule surfactants, such as Tween 20, Tween 80, or quillaja saponin, since these emulsifiers are resistant to gastric digestion and generate strong steric repulsive forces [33,87]. Therefore, the tendency for nanoparticles to aggregate under GIT conditions depends on their surface properties, such as charge, thickness, and resistance to digestion. It should be noted that aggregates formed in the stomach may break down in the small intestine because of the change in pH and enzyme activities, which would influence the digestion and absorption of nanoparticles.




4.4. Impact on Digestive Enzyme Activity


The presence of nanoparticles in the GIT may also affect the activity of digestive enzymes, such as amylases, lipases, and proteases, thereby interfering with macronutrient digestion. There are several potential mechanisms whereby ingested nanoparticles could either increase or decrease lipid digestions. For digestible nanoparticles, the rate of digestion tends to increase as the particle size decreases, because this leads to a bigger surface area for the digestive enzymes to adsorb. For indigestible nanoparticles, the large specific surface area of the particles means that digestive enzymes and other gastrointestinal constituents in their surroundings can adsorb to their surfaces. As a result, they may no longer be able to participate in normal GIT processes. For instance, the binding of digestive enzymes to nanoparticle surfaces may reduce their ability to hydrolyze macronutrients.



Several representative studies that have focused on the impact of nanoparticle characteristics on macronutrient digestion are highlighted here, with an emphasis on lipid digestion, since most studies have been carried out in this area. Numerous researchers have shown that the rate of lipid digestion increases as the oil droplet size decreases, which is mainly attributed to an increase in the surface area of lipids exposed to lipase [75,88]. Studies have also shown that the nature of the emulsifier used to coat the lipid droplets is important, as this impacts the aggregation state of the droplets as well as the ability of lipase to adsorb [34,89].



The incorporation of additives into lipid nanoparticle dispersions can also affect their digestion under GIT conditions. For instance, the addition of dietary fibers (such as pectin, methyl cellulose, and chitosan) has been shown to alter the rate and extent of in vitro lipid digestion in nanoemulsions, which was attributed to their ability to promote droplet flocculation and bind with gastrointestinal species such as bile salts, fatty acids, calcium, and enzymes [90]. The addition of nanochitin has also been reported to suppress lipid digestion in nanoemulsions for similar reasons [69,91].



The potential impact of inorganic nanoparticles on lipid digestion has also been examined [73]. For example, it was observed that incorporating TiO2 nanoparticles (either 18 or 167 nm) only caused a small reduction in lipid digestion in nanoemulsions, which was attributed to some adsorption of the lipase to the inorganic nanoparticle surfaces [73]. Other researchers have also reported that TiO2 nanoparticles can inhibit lipase activity, which can be attributed to a similar mechanism [92]. In addition, the inorganic nanoparticles may also bind free fatty acids to their surfaces, thereby altering the formation of mixed micelles, which could also reduce the ability of the micelles to solubilize bioactive agents [93].



Nanoparticles can also affect the digestion of proteins. The digestibility of casein molecules depends on whether they are present in casein micelles (natural nanoparticles) or at the surfaces of lipid droplets, which is probably because their location alters the accessibility of the peptide bonds to proteases [88,94]. The presence of cationic TiO2 nanoparticles has been reported to reduce the digestibility of anionic casein molecules by forming nanoparticle–protein complexes, which may shield the peptide bonds from proteases [95]. It should be noted that many researchers do not explicitly consider the impacts of food matrix and gastrointestinal effects on the behavior of ingested nanoparticles. In future studies, it will be important to take these effects into account to obtain a more accurate understanding of the potential behavior of nanoparticle in the human gut.




4.5. Impact on Bioactive Bioavailability


There are a number of bioactive components in foods that are essential for human health and well-being or that may help inhibit the onset of certain diseases, such as vitamins, minerals, and nutraceuticals [96]. However, many of these components have a relatively low bioavailability because they have poor solubility or stability in gastrointestinal fluids, or they have low absorption [97]. For this reason, nanoparticle-based carriers designed to encapsulate, protect, and release these bioactive components are being developed to increase their oral bioavailability [98]. Most of these carriers are assembled from organic food-grade materials, such as lipids, proteins, carbohydrates, and emulsifiers [16,99].



The oral bioavailability of a bioactive substance can be defined as the amount reaching the systemic circulation in an active form divided by the total amount ingested. The overall bioavailability can be divided into three different contributions:   F =  F B  ×  F A  ×  F M   . Here, FB is the fraction in a bioaccessible form within the small intestine, FA is the fraction absorbed into the systemic circulation, and FM is the fraction in an active form after metabolism or chemical transformation [100]. Which of these factors acts as a rate-limiting step depends on the nature of the bioactive agent. For instance, for strongly hydrophobic vitamins and nutraceuticals, the rate-limiting step is often their bioaccessibility, because their low solubility in the intestinal fluids limits the amount that is available for absorption. The composition, structure, and physicochemical properties of nanoparticle-based carriers plays a major role in determining the bioavailability of bioactive agents [101]. The biological fate of drug nanocarriers and the impacts of nanoparticle properties on the drug bioavailability have recently been reviewed, which may be useful for understanding the gastrointestinal fate of vitamins and nutraceuticals also [102,103]. Therefore, in the remainder of this section, we focus on the major factors that affect the bioavailability of bioactive agents, especially lipophilic vitamins and nutraceuticals.



Some of the most important characteristics of nanoparticle-based carriers that influence the bioavailability of bioactive agents are the particle size, oil phase composition, and interfacial chemistry. In addition, the molecular characteristics of the bioactive agents themselves are important, particularly their dimensions, polarity, and chemical reactivity.



Studies of the impact of droplet size on the bioaccessibility of carotenoids trapped in the lipid carriers in nanoemulsions or emulsions have found that β-carotene bioaccessibility increased as the initial particle dimensions decreased: d43 ≈ 23, 0.4, and 0.2 μm [104]. This effect can be attributed to two effects: (i) the fraction of non-digested lipids decreases with decreasing particle size, so there was a greater release of the carotenoids; and (ii) the amount of mixed micelles formed increases with the decreasing particle size, so there was a greater solubilization of the released carotenoids.



The relative molecular dimensions of bioactive agents and the hydrophobic cores of mixed micelles (which depends on carrier lipid type) also play an important role in determining bioaccessibility. For large hydrophobic bioactive agents, such as vitamin E, β-carotene, and Co-enzyme Q10, it is important to use long-chain triglycerides as carrier lipids since they form mixed micelles with hydrophobic domains that are large enough to solubilize them. In contrast, if short or medium-chain triglycerides are used as carrier lipids, the hydrophobic interiors of the mixed micelles formed are not large enough to incorporate the bioactive molecules [105]. For smaller bioactive agents, such as curcumin or 5-demethylnobiletin, it is possible to solubilize them in carrier lipids consisting of either medium or long-chain triglycerides, since they can easily fit into the mixed micelles formed [106].



The interfacial chemistry of nanocarriers also influences the bioaccessibility of encapsulated bioactive agents by altering their aggregation state under GIT conditions or by altering the ability of lipase to adsorb to the nanocarrier surface. For example, the hydrophilic/lipophilic balance (HLB number) of surfactants was shown to influence the bioaccessibility of hydrophobic bioactive agents in nanoemulsions [106]. A recent study in our laboratory showed that the bioaccessibility of β-carotene in nanoemulsions depended on emulsifier type: lysolecithin (25%) < gum arabic (51%) < caseinate (55%) < quillaja saponin (56%) < Tween 20 (62%). This effect was attributed to the impact of emulsifier type on droplet flocculation, lipid digestion, β-carotene release, and β-carotene protection from chemical degradation. Overall, these experiments highlight the importance of designing nanoparticle-based carriers carefully to maximize the bioavailability of the encapsulated components.



We now consider the situation where non-digestible organic or inorganic nanoparticles are added to another system containing bioactive agents, typically hydrophobic bioactives loaded into lipid droplets. The addition of these other nanoparticles can affect the bioavailability of the bioactive molecules in several ways [69,91]. First, these nanoparticles could adsorb to the surface of the lipid droplets and form a shell that inhibits the ability of the lipase molecules to adsorb, thereby inhibiting lipid digestion and reducing bioaccessibility (Figure 5). Second, the presence of these nanoparticles can promote the aggregation of the lipid droplets, again reducing digestion and bioaccessibility. Third, the nanoparticles could bind to gastrointestinal components, such as bile salts or lipase, thereby reducing their ability to interact with the lipid droplets. Indeed, it has been reported that nanochitin can reduce the bioaccessibility of vitamin D3 and β-carotene in emulsions through these mechanisms [69,91].



Lipid digestion and nutraceutical bioaccessibility can be also affected by the presence of mineral ions in foods. High levels of calcium ions have been reported to increase lipid digestion but decrease β-carotene bioaccessibility in nanoemulsions, which was attributed to the ability of the cationic calcium ions to precipitate the anionic β-carotene-loaded mixed micelles through an electrostatic interaction [107]. High levels of calcium have also been shown to reduce vitamin D bioaccessibility in nanoemulsions through the same mechanism [108]. These studies suggest that the presence of mineral ions can alter the gastrointestinal fate of food-grade nanoparticles.





5. Conclusions and Future Trends


The application of nanomaterials in foods has been the focus of a great deal of research over the past two decades. This research has identified several potentially promising applications for nanotechnology in the food industry, including using nanoparticles to improve the quality, shelf life, safety, and nutritional profile of foods as well as to enhance the functional performance of packaging materials. However, the design of safe and efficacious nano-enabled products depends on understanding their gastrointestinal fate after ingestion. This article has reviewed the properties and applications of different kinds of organic and inorganic food-grade nanoparticles as well as the physicochemical principles underlying their fate within the human gut. In particular, the importance of the food matrix and gastrointestinal conditions on the properties of nanoparticles, such as their size, aggregation state, and surface chemistry has been highlighted, since these factors are known to affect their GIT fate. In future studies, it would be advantageous to carry out more in vivo studies of the gastrointestinal fate of nanoparticles, especially using animal and human feeding trials. Moreover, it will be important to correlate the results from in vitro digestion models (such as the widely used INFOGEST method) and in vivo studies. Then, this knowledge could be used to establish the validity of the current in vitro models as well as to assess the behavior of ingested nanoparticles under more realistic conditions.
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Figure 1. Number of articles with two topic keywords, “nanoparticles” and “foods”, published from 2012 to March 2022 based on a Web of Science Core Collection source. 
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Figure 2. The characteristics of food-grade nanoparticles, including size, shape, composition, aggregation, and interfacial properties. 
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Figure 3. The categories and applications of organic and inorganic nanoparticles in foods. 
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Figure 4. Schematic representation of changes in the properties of nanoparticles within the GIT after ingestion. Transmission electron microscopy (TEM) and confocal laser scanning microscopy (CLSM) images are adopted from our previous studies [68,69]. The scale bars are 0.5 and 50 μm, respectively. 
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Figure 5. Impact of nanochitin (free or adsorbed) on lipid digestion and vitamin D3 bioaccessibility in oil-in-water emulsions. Adapted from reference [69]. 






Figure 5. Impact of nanochitin (free or adsorbed) on lipid digestion and vitamin D3 bioaccessibility in oil-in-water emulsions. Adapted from reference [69].



[image: Nanomaterials 12 01099 g005]







[image: Table] 





Table 1. Selected examples of studies on the gastrointestinal fate of different kinds of inorganic and organic nanoparticles (NPs).






Table 1. Selected examples of studies on the gastrointestinal fate of different kinds of inorganic and organic nanoparticles (NPs).





	
Systems

	
In Vitro/In Vivo Study

	
Gastrointestinal Fate

	
Reference






	
TiO2 NPs (E171) added in simulated food models

	
In vitro GIT model

	
Biomolecules adsorb to nanoparticle surfaces and form protein- or lipid-based coronas. The size had little impact on lipid droplet aggregation or digestion of food emulsions.

	
[72,73]




	
Fe and Fe/Zn NPs

	
Rat feeding study

	
Increased iron bioavailability.

	
[55]




	
Ag NPs

	
In vitro GIT model

	
Formed protein coronas and aggregate due to a pH decrease and digestive enzymes.

	
[74]




	
Cellulose or chitin nanocrystals in Pickering emulsions

	
In vitro GIT model

	
Cellulose nanocrystals trapped in mucus layer and so failed to reach epithelium cells.

Chitin nanocrystals induce fat droplet aggregation, alter the rate and extent of lipid digestion, and reduce nutraceutical bioavailability.

	
[23,68,69]




	
Lipid NPs

	
In vitro GIT model

Rat feeding study

	
Lipid digestion and nutraceutical bioavailability increased with decreasing droplet size.

The encapsulation of vitamins in indigestible mineral oil droplets reduces their bioaccessibility.

	
[75,76,77]




	
Protein NPs

	
In vitro GIT model

Rat feeding study

	
Protein nanoparticles undergo aggregation and digestion.

Protein-based nano-carriers have a high encapsulation efficiency and loading capacity of bioactives.

	
[78,79]
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