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Abstract

:

Food science is constantly undergoing innovation, which is why the trend toward developing nanomaterials and their use in food matrices is increasing, mainly due to the physicochemical properties nanomaterials exhibit at the nanometric scale. Therefore, it is convenient to contextualize how these nanomaterials are obtained, classified, and characterized, including interactions that occur at the biomolecule–nanostructure interface, attributed to their physical, chemical, and mechanical properties. This review discusses how nanotechnology is linked naturally to food, including macro-, micro-, and nanostructures, and how the physicochemical properties of nanomaterials influence the food industry by substantially improving the antimicrobial effects, the bioavailability of compounds, and the development of packaging. Finally, the scope of nanotechnology is broad and includes the study of new materials and existing nanostructures in foods, as well as their effects on health. Thus, the physicochemical properties at the micro- and nano-level are essential for the development of and knowledge apportion in scientific nanofood research.
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1. Introduction


In recent years, the integration of nanotechnology into food science has leaned toward the use of nanoscale structures to take advantage of these nanostructures’ physical, chemical, optical, and mechanical properties in food systems. The incorporation of nanomaterials is intended to solve technological challenges in the food industry; among them is the extension of the shelf life of food, the use of additives to improve sensory and techno-functional properties, the use of antimicrobial ingredients, and the development of active packaging [1,2]. The combination of these two disciplines has resulted in the implementation of nanostructures such as nanoparticles, nanofibers, nanosheets, and nanotubes, among others, synthesized from organic (proteins, peptides, biopolymers, and lipids) and inorganic (metals, metal oxides, and synthetic polymers) compounds. Their optical, electronic, and surface properties are responsible for the desired effects in various applications. For example, the effect of decreasing antimicrobial activity is given by the chemical reactivity on the surface of the nanomaterial and the adhesion mechanisms of the microorganism [3,4]; as a consequence of this feature, submicroscopic organisms are deactivated, for example, Salmonella enterica, Escherichia coli, and Listeria innocua, due to the potential surface charge of engineered water nanostructures (EWNS) [5]. However, the antimicrobial effect is all-encompassing regarding the physicochemical interactions between bacteria and nanostructures. The surface charge (which generates electrostatic repulsions that confer thermodynamic stability on the system) and the droplet size in a nanoemulsion will influence the bioavailability and release of the compound [6]; furthermore, mechanical and migration properties are being studied as determinants of the use of nanostructures (nanoclays and nanoparticles) in active packaging [1]. Nanomaterial characteristics depend on the material’s application and can have a positive or negative effect; however, two points of control to warrant nanomaterials’ safe use in the food industry are their biological effect and potential toxicity [7]. Thinking on this, the method to obtain a nanomaterial can offer some advantages concerning toxicity. There are chemical, physical, and green synthesis methods. Nowadays, green synthesis is convenient in food and medicinal applications due to its minimal use of harmful and hazardous synthetic chemicals [8]. Despite these advantages, an illustrative comparison of the function of different methods’ components and synthesis conditions, which affect the size, morphology, and crystallinity allows for the understanding of these formation mechanisms. At the same time, characterization techniques provide information that describes the mechanical, optical, electrical, and thermal nanomaterial properties that make classification possible [9,10]. Therefore, understanding in-depth the phenomena that occur at the interface of a food matrix and a nanostructure, as well as knowing some parameters involved in determining the antimicrobial effect, the barrier properties of packaging, and delivery systems to improve the compound’s bioavailability, is of the utmost importance. With this in mind, regarding the potential of nanostructured materials, this review aims to frame the daily interrelationship between nanotechnology and food science by reviewing the classification, synthesis methods, and characterization of nanomaterials; highlighting the physicochemical properties involved in the interactions between a nanomaterial and a biomolecule of interest; and obtaining nanomaterials that, according to their properties, can be used in applications that meet the needs of the food industry (Figure 1).




2. Classification of Nanostructures


The development and use of nanomaterials is a growing area. One of the nanomaterial classification systems is based on the type of material and is divided into: (1) carbon-based nanomaterials, (2) inorganic-based nanomaterials, (3) organic-based nanomaterials excluding carbon, and (4) nanomaterials based on composites [11,12]. The second classification obeys dimensionality (Figure 2). In this case, the classification includes four groups: (1) Zero-dimensional (0D) nanomaterials have magnitudes less than 100 nm in all directions (nanoparticles, nanopores, quantum dots, proteins, and micelles). (2) First-dimensional (1D) nanomaterials are less than 100 nm only in two directions (nanorods, nanotubes, nanofibers, nanowires, collagen nanofibers, and cellulose nanofibers). (3) Second-dimensional nanomaterials (2D) correspond only to nanomaterials that are smaller than 100 nm in the thickness direction (thin films, nanocoatings, nanoplatelets, and cell membranes). (4) Third dimension nanomaterials (3D) have all dimensions outside the nanometer scale but are composed of individual nanometer-scale blocks smaller than 100 nm known as nanocomposites and nanostructured materials [13,14]. Recently, some works have proposed classifying the nanomaterials according to their toxicity and considering some attributes (material, physicochemical, toxicological, and quantum-mechanical properties) through in silico methods [15,16]. Results based on the Bayesian information criterion (BIC) analysis show that three hazard categories were defined: (1) o to low (NoL), (2) medium (M), and (3) high (H) hazard. This classification proposal resulted from a study that introduced a predictive computational framework based on the molecular and phenotypic effects of a large panel of engineered nanomaterial across multiple in vitro and in vivo models [17]. This novelty classification considers measurable physicochemical characteristics and their correlation through mathematical approximations. Research into this topic is still in progress, so the biological variables should add to have an extensive analysis.




3. Synthesis of Nanomaterials


The synthetic processes for obtaining nanomaterials are classified into ‘top-down’ and ‘bottom-up’ methods (Figure 3). The former consists of obtaining nanostructures from the subdivision of material by physical methods to nanometer-sized particles, while the latter corresponds to the formation of nanostructures from the aggregation of atoms followed by growth in some dimension to obtain nanostructures. Its advantages include uniform size distribution and homogeneity, in contrast to the drawbacks, which include the high energy and costs and low yields. The advantages of green synthesis over physical and chemical methods remain in a nontoxic process thus it is environmentally friendly, pollution-free, low-cost, and sustainable [18]. The green synthesis classification includes biological synthesis (biosynthesis) and biomimetic synthesis. The former uses organisms (fungi, bacteria, algae, and viruses) or extracts thereof as reducing agents. The latter method refers to the use of biological molecules or principles of bioreduction for the formation of nanostructures [19,20,21,22]. In these processes, with regard to the shape and size of nanostructures, factors such as temperature, pH, extract concentration, metal precursor concentration, and incubation time are important in the reduction process of metal ions [21].



The synthesis of nanomaterials has generally focused on the use of materials such as metals (silver, copper, gold, platinum, aluminum, magnesium, titanium, and mixtures of them); metal oxides (titanium dioxide, zinc oxide, copper oxide, magnesium oxide, calcium oxide, and aluminum oxide); biopolymers and ceramic materials such as alumina; or combinations of all these materials [14,19,20,21,22,23].



On the one hand, nanomaterials synthesized from metals stand out for their optical and electrical properties, which are attributed to their surface charge density; such nanomaterials are of interest in the development of biosensors and antimicrobial agents, among other things.



On the other hand, the synthesis of metal-oxide-based nanomaterials increases their efficiency and reactivity and modifies the properties and characteristics of the metal in the presence of oxygen [24]. The electrical (changes in conductance or electrical resistance) and chemical (adsorption and desorption of gaseous compounds given by the surface of their structure) properties of nanomaterials are of interest in systems for the monitoring and detection of volatile organic compounds (VOCs) in fresh produce, as part of food packaging, and for their antimicrobial effect [25]. The use of biopolymers has generated significant interest, which is why they exist in great variety, among which are natural biopolymers (starch, cellulose, chitosan, alginates, gluten, collagen, etc.), chemically synthesized ones (glycolic acid, poly-Ɛ-caprolactone, polybutylene succinate, polyvinyl alcohol, and polylactic acid), microbial polyesters (polyhydroxyalkanoates, polyhydroxybutyrate, etc.), and non-biodegradable polymers (nylon, polyamide, polyurethane, etc.). Nanocomposites obtained with these polymers in particular have great potential in the development of food packaging due to their thermal, optical, mechanical, barrier, and, in some cases, biodegradation properties [26]. Concerning ceramic materials, it is known that they are practically inert materials; the most used are alumina or calcium phosphate, which serve as scaffolds mainly for their porosity and resistance. For this reason, they have been used together with polymers to generate structures that allow the immobilization of bacteria, for purification processes, and in the formation of ceramic bodies as gelling agents, which are helpful in the food industry in products such as ice cream, jelly, and jam, to mention a few [27,28].




4. Characterization of Nanomaterials


The study of nanomaterials includes the characterization of their structure as well as their physicochemical, mechanical, optical, and electronic properties. One of the most robust techniques for studying nanostructures is X-ray diffraction (XRD), whose objective is to determine the lattice parameters and atomic arrangement, as well as obtain the orientation, size, and crystallinity, of the nanostructures, which in turn determines the structural arrangement. By using techniques such as transmission electron microscopy (TEM), scanning electron microscopy (SEM), and scanning transmission electron microscopy (STEM, which is a merger of TEM and SEM), a sample picture is generated using an electron beam, where the path of the electron is controlled by the use of electrostatic or electromagnetic lenses. When an input electron beam impacts the surfaces of a sample, atoms interact, resulting in the generation of secondary electrons, back-scattered electrons, diffracted electrons, and particular X-rays that vary greatly depending on the surface morphology, topography, and chemical composition. For the elemental surface analysis, energy dispersive X-ray spectroscopy (EDS) is used in conjunction with SEM and is based on the Bragg diffraction principle. This allows us to identify the chemical composition because it can detect almost all elements [29,30].



Atomic force microscopy (AFM) generates a three-dimensional nanomaterial surface image, which allows us to collect quantitative and qualitative data on morphology, size, surface roughness, and texture. To calculate the dimensions of surface features, it measures the attraction and repulsion forces through the van der Waals interactions between a probe and a sample surface. In addition, AFM can be used to estimate mechanical properties, such as stiffness or adhesion strength, and electrical properties, such as conductivity or surface potential. A modified version of AFM is magnetic force microscopy (MFM), which detects the magnetic fields for imaging down to 100 nm in resolution and can be employed to characterize and manipulate 1D and 2D nanomaterials. The operational principle of MFM is based on the quantification of long-range magnetostatic force, which is situated over the sample surface at a constant height between the magnetic sample and magnetically coated probe [31]. Furthermore, nanomaterial three-dimensional visualization is possible with confocal scanning laser microscopy (CSLM), as well as by observation of the interaction or distribution of the wall material by using fluorochromes that bind to specific functional groups of the target molecule [32]. Dynamic mechanical analysis (DMA) allows us to characterize the interfacial interactions between the polymeric matrix and the filler particles. Commonly, it is used in films that add solid particles to enhance their properties. The material is subjected to oscillating force given by temperature and frequency. In terms of the functions of stress (σ) and strain (γ) forces applied, these determine the transition temperature (Tg), storage modulus (E’), loss modulus (E”), and tan value (δ), which then translate into the flexibility film and isotropic properties of the final coating [33]. The change in the properties of the nanomaterials as a function of temperature requires a differential thermal analysis (DTA). Currently, thermal stability is evaluated by thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), thermal analysis (DTA), and dynamic mechanical analysis (DMA). The first one measures the sample weight in the function of the temperature in a specific controlled atmosphere. The second determines the material transitions. It means the melting, crystallization, and glass transition of a nanomaterial. The third method measures the materials’ melting points and decomposition in order to quantitatively assess and determine the chemical composition of nanomaterials by studying a substance’s thermal performance when it is heated. Finally, the last method is more sensitive than DTA and DSC. DMA measures damping coefficients and dynamic modulus qualities, which are significant when crystalline structures have transitioned to the amorphous phase. One of the most indispensable features is the Tg because it describes the temperature range at which the mechanical properties of the nanomaterials change from hard and brittle to more flexible, malleable, or rubbery. While the melting temperature (Tm) and energy fluctuations provide information about the amorphous content of nanomaterials, these values are gathered in a melting endotherm utilized to determine the purity of the materials [34,35,36].



Electron spin resonance (ESR) spectroscopy is also called electron paramagnetic resonance (EPR). It is based on the absorption of microwave radiation by a paramagnetic sample (materials with unpaired electrons) placed in an external magnetic field. ESR spectra can reveal information on the structure and identity of trapped radicals. Consequently, splitting patterns in ESR spectra were initially designed to investigate biological molecules containing extremely reactive and short-lived superoxide (O2) and hydroxyl (HO) radicals, along with the production of proteins, lipids, and polysaccharides. Therefore, ESR measurement can be a helpful approach to comprehending cellular chemical interactions and establishing a link between the generation of free radicals, such as reactive oxygen and nitrogen species (ROS/RNS), and functional products in food systems. For example, this method could be used to estimate free radical scavenging capability and determine Cu2+ chelating capacity and features of irradiated foods [37]. Nuclear magnetic resonance (NMR) and solid-state nuclear magnetic resonance (SSNMR) provide information about the structure of materials, purity, ligand density, and surface chemistry. They have the potential to provide proof of cluster and nanoparticle arrangement by the effect on spin orientation induced by an electromagnetic field [36].



Phenomena such as adsorption, the electric double-layer effect, and resistance to flocculation are a consequence of attractive or repulsive forces between particles (electrostatic, hydrophobic, etc.) in dispersion mechanisms. Dynamic light scattering (DLS) provides the hydrodynamic size, while the zeta potential determines the electrokinetic potential and the surface charge. This is significant in the adsorption of biomolecules through electrostatic interactions, which relates chemically to the functional groups on the surface [29,36,38,39].



Optical absorption spectra provide information on electron density, size, and structure. Thus, UV-Vis spectroscopy is a characterization tool, since their absorption depends on the material and structure. Diffuse reflectance spectroscopy (DRS) is a technique that uses broadband light to produce reflection in the visible and near-infrared wavelength ranges. The ability to absorb the wavelengths of light is directly proportional to the electron excitation. As well, characterization by infrared spectroscopy techniques, such as Fourier-transform infrared spectroscopy (FTIR), allows for the identification of functional groups through vibrational modes. Infrared radiation is transmitted through a sample after absorbing a determined wavelength, causing vibrations and rotations in bound atoms and molecules. The gathered infrared spectrum is a molecular fingerprint of the material [36], whereas Ramman spectroscopy detects the inelastic scattering caused by a high-intensity laser light beam impacting a material with wavelengths in the visible or near-infrared ranges. The Raman spectrum provides a fingerprint of a molecule in the 500–2000 cm−1 range [29].



To characterize magnetic materials, we can use the method of vibrating sample magnetometry (VSM). VSM can measure the magnetic properties of magnetically soft (low coercivity) and hard (high coercivity) materials in many forms: solids, powders, single crystals, thin films, or liquids. In an electromagnet-based VSM, a magnetic material is vibrated within a uniform magnetic field H generated by an electromagnet, inducing an electric current in suitably placed sensing coils. The magnetic behavior is regulated in part by the particle size, which may be superparamagnetic. This state is beneficial because it reduces the magnetic attraction and helps to stabilize colloidal suspensions required for biomedical applications. Concerning in vivo studies, nanomaterial circulation time, targeting, and final biodistribution or elimination depend greatly on the particle’s size, shape, and superficial properties due to the layer spins on the surface influencing the magnetic behavior. For this quality, biosensing platforms adapt magnetic field sensors to excite the nanoparticles and detect their magnetization [40].



It should be noted that the colloidal stability of nanomaterials is linked to their surface charge, which is due to electrostatic interactions. To understand and characterize these interactions, use has been made of techniques such as isothermal titration calorimetry (ITC), which, by means of thermodynamic parameters, allows for monitoring of the formation of bonds due to the difference in the heat increment in real time [39]. This method allows us to obtain the values of thermodynamic variables such as the binding stoichiometry (n); the binding affinity, which is expressed as an association constant (Ka); and the interaction mechanism, which is explained in terms of binding enthalpy (ΔH), binding entropy (ΔS), and Gibbs free energy (ΔG). Finally, this method allows for the identification of the type of interaction from the covalent bond formation to non-covalent interactions such as hydrogen bridges or electrostatic interactions [41]. All characterization techniques provide information regarding the interactions and properties of nanomaterials; they also evaluate the stability and reproducibility of synthesis methods, which allows the processes and formulations of these nanomaterials to be improved.



The electrochemical nature of nanomaterials describes a surface phenomenon given by dynamic surfaces and interfaces. In addition, the relation of the surface–volume ratio is associated with the effect on the reactivity of a small cluster when a few atoms on a cluster size change the magnitude order. This change modifies the reactivity and selectivity of nanomaterials and can be regulated by checking the electrochemical performance. The electrochemical characterization techniques are divided into the static method (potentiometric) and dynamic techniques (voltammetry, electro-gravimetric, and cyclic voltametric). The first technique involves a galvanic cell that incorporates a reference electrode, while the dynamic techniques require a net current and a net cell reaction [42].



From the point of view of biological processes, hydrophobicity is considered a property related to protein adsorption, interaction with biological membranes, and the passage of molecules into the interior of a cell. Performing a characterization is fundamental and reflects stability in systems such as emulsions, affinity with other molecules such as proteins, and toxicity of the nanomaterial. To this end, various techniques, such as biphasic partitioning, contact angle measurement, hydrophobic interaction chromatography, and absorption tests, are used [38,43,44]. Due to the complexity that exists between organic and inorganic materials, nanomaterials require specific conditioning for their characterization. Many of these techniques are complementary, and their correlation allows for the determination of optimal conditions for the standardization of a nanomaterial synthesis method, as well as the evaluation of these in biological systems.




5. Interactions of Macromolecules with Nanomaterials


Understanding the interactions between a nanostructure and a biomolecule (proteins, lipids, and carbohydrates, among others) is relevant to the functionalization of nanomaterials. At this interface, interactions occur that depend mainly on the physicochemical characteristics of the surface of the nanostructure, in which one or several chemically reactive groups can coexist, generating chemical conjugation or adsorption mechanisms, and the latter is generally of a non-covalent type, such as hydrogen bridges, van der Waals forces, and ionic interactions [45]. In the case of milk proteins, they bind to molecules or ions with different affinities or degrees of specificity. For example, caseins αs1, αs2, and β bind calcium through their serine and phosphate residues; this mechanism is common in nature; for example, calcium phosphate nanoparticles are involved in the regulation of lactose synthesis [46]. With respect to these proteins, pH affects the formation of complexes between iron ions and caseins because hydrogen ions compete with metal ions for binding to proteins [47]. At low pH, protonation of the amino group of amino acid ions reduces the ability of proteins to bind iron, whereas at higher pH, these amino acids will be negatively charged and tend to form complexes with cations. The formation of these complexes also depends on the concentration of iron, the number of binding sites, and pH, all of which have an impact on the properties of the final product. In this case, the release of transported substances mainly depends on the pH and swelling behavior of the proteins in nano-vehicles in food technology [48]. One such widely studied protein is bovine serum albumin (BSA), since it naturally transports hydrophobic molecules such as vitamins, hormones, and other plasma constituents and also has three specific domains that favor binding with ions, lipids, and nucleotides [46,47,48,49]. In the case of gold nanoparticles bound to proteins, these interactions are electrostatic, hydrophobic, or via specific binding affinity [50]. Mainly, covalent conjugation strategies have been exploited by employing a thiolate group on the nanoparticle surface or by forming bonds with the amino or carboxyl group of the protein. Nanocomplexes between proteins and polysaccharides have attracted attention because of their electrostatic interactions between two or more polyelectrolytes. This is due to the affinity of proteins to bind to bioactive compounds via hydrogen bonds and hydrophobic interactions, which increases encapsulation efficiency, while polysaccharides are a protective barrier to prevent the degradation of bioactive compounds under gastric conditions. The interactions in these nanostructured systems are determined mainly by the nature of the nanostructure, as well as by biomolecular and system conditions such as pH, among others. The identification of the adsorption or chemical conjugation interactions that occur in each nanostructured system must be considered, since they will influence the internalization pathways into cells and the stability or techno-functional characteristics of a product.




6. Physical, Chemical, and Mechanical Properties of Nanomaterials


The physicochemical properties of a nanostructure are mainly determined by its size and surface area and the type of material it is made of. Among the physical properties considered are morphology, size distribution, aspect ratio, and solubility; these properties are essential to ensure homogeneity and stability in a nanometric system. In contrast, chemical properties refer to the structure, functionality, reactive sites, hydrophobicity, and surface characteristics, which are important because they allow possible interactions to be determined when functionalizing a nanostructure with another molecule of interest. Finally, mechanical properties are related to influence resistance, flexural strength, and fracture properties, which depend on the surface of the structure, porosity, and synthesis methods, among other factors. These mechanical properties vary depending on the material [8] and are essential to maintaining structural integrity.



Among the surface characteristics are hydrophobicity, which indicates the ability of the material to repel water, and hydrophilicity, which shows the affinity for interactions with water; this quality depends on the contact angle and is classified as superhydrophobic (less than 5°), hydrophilic (less than 90°), hydrophobic (90–150°), and superhydrophobic (150–180°). The latter is due to the lotus effect caused by hysteresis of the contact angle. Hydrophilic or hydrophobic surface properties are related to surface energy; therefore, when the nanomaterial has a higher surface energy, the surface is hydrophilic, resulting in a smaller contact angle, and conversely, a hydrophobic material has a lower surface energy and consequently a higher contact angle. These mechanical properties vary depending on the material [51,52]. Regarding optical and electronic properties, these are due to the existence of a more significant number of atoms on the surface of the nanostructure; this is explained by quantum confinement in which the energy levels are discretized, and the waves show their corpuscular nature [9]. For example, the confinement of energy levels can make a semiconductor material such as silicon behave as an insulator [53].



A fundamental part of the stability of nanostructured systems is due to the interactions that exist between a nanomaterial and a food matrix, which is made up of macromolecules such as carbohydrates, proteins, lipids, and phenolic compounds, among others. At the same time, these interactions are associated with the physicochemical properties of nanostructures, such as shape, porosity, surface charge, hydrophobicity, agglomeration, solubility, and optical and electronic properties; which are essential when considering the absorption and delivery systems of these macromolecules with the objective of improving bioavailability in an organism, as well as when understanding the mechanisms by which nanomaterials exhibit antimicrobial attributes or favor the improvement of food products (stability, color, taste, etc.) [54,55]. Parameters such as shape, size, roughness, and porosity are important, as the surface area depends on these; in other words, reducing the particle size of bioactive compounds can improve the properties of availability, solubility, and delivery by crossing biological barriers such as the cell membrane; for example, in the case of polymers, their size influences the degradation process [29,56]. Now, regarding the toxicity of the nanomaterials, depending on the nature of the nanomaterials, they can be toxic or nontoxic; however, this can be regulated if the oxidation state is switched. In addition, the effect on ionic transport and catalytic properties is related to the fact that most nanometric substances exist as aqueous or nonaqueous solutions. To understand the relationship between physicochemical properties, some works have studied the effect of the zeta potential and aspect ratio on cytotoxicity, highlighting the type of material; for example, oxide–silica and metal nanoparticles with high positive zeta potential value resulted in an increased cytotoxicity effect. The literature describes that metal oxide toxicity increased the toxicity levels depending on non-oxidant routes to cellular injury [15,57].




7. Nanotechnology in Food Science


In nature, most foods contain nanostructures with specific functions as part of their structural organization, which includes a hierarchical perspective of macro-, micro-, and nanostructures. One example of this describes the importance of calcium oxalate crystals in cacti at the nanostructural level; they allow calcium to be bioavailable in the youngest cladodes, while the function of cellulose nanofibers is to provide structure to the cell wall in the microstructure of cactus cladodes (Figure 4) [58].



This is due to the ability of cellulose nanofibers to form a network that results in a flexible, semi-crystalline structure with high mechanical strength [59]. Seen in this way, nanotechnology maintains a close link with food science, both in the structural organization of food and in the use of nanostructures (dendrimers, nanoparticles, nanocomposites, nanofibers, and liposomes) obtained from metals, metal oxides, and natural and synthetic biopolymers—all to generate knowledge that benefits the food industry. For example, devices are being developed to detect analytes or microorganisms relevant to bioavailability, i.e., the specific delivery of components such as vitamins, and to participate in food fortification, the improvement of sensory properties, and the extension of shelf life through the development of smart packaging with antimicrobial activity, among other applications [60].



7.1. Antimicrobial Activity


Nanomaterials synthesized from metals and metal oxides, such as silver, zinc oxide, copper, selenium, magnesium, and gold [23], have demonstrated an antimicrobial effect attributed to the cellular internalization of nanoparticles, direct interaction between the microorganism with the surface of the nanostructure, and the effect of metal ions at the nanoscale. Generally, this antimicrobial activity depends on the composition, concentration of the metal oxide, and physicochemical properties of the nanostructure, such as size, shape, surface charge, and ligands that facilitate cell internalization. On the other hand, the effect of metal ions is due to their specific binding affinity for functional groups of biomolecules present in the cell wall structures of microorganisms. In the case of bacteria, amino (–H), carboxyl (–COOH), hydroxyl (–OH), and thiol (–SH) groups in particular participate in these interactions, which lead to changes in membrane permeability and initiate the processes of lipoperoxidation and protein denaturation [61,62]. Among these, silver ions possess the highest toxicity to microorganisms, followed by other metal ions according to the following sequence: Ag > Hg > Cu > Cd > Cr > Pb > Co > Au > Zn > Fe > Mn > Mo > Sn [63]. The toxicity of silver ions is due to their ability to bind to the thiol group of a protein, altering its three-dimensional structure; they can also interfere with the transport and release of potassium (K+) in cells, thus affecting the membrane potential [64]. Similarly, the interaction mechanism between iron nanoparticles and the bacterial cell wall disrupts the permeability of the plasma membrane, involving the release of reactive oxygen species that can damage DNA and proteins, eventually causing cell death [65]. The antimicrobial activity of nanostructures is determined by the effect of coating agents and by the use of antibiotics or extracts with antimicrobial activity, which, in conjunction with the shape, size, and concentration, can increase the desired effect on a microorganism. Concerning polymeric nanocomposites, the preference for the use of biopolymers is increasing due to the availability in nature of these matrices, such as cellulose, chitosan, agarose, alginic acid, pectin, and starch, among others. In addition to their availability, they are also biodegradable and low-cost. Due to their structure, these matrices have oxygen-rich functional groups and act as good reducing and stabilizing agents and coatings. Therefore, biopolymers are considered emerging nanomaterials that can increase antimicrobial activity in combination with inorganic materials. One of the most popular biopolymers is chitosan, which is a heteropolysaccharide noted for its biocompatibility.




7.2. Packaging with Nanostructures


A vital area within the food industry is packaging because packaging is both the container and the barrier that protects the product during storage, handling, distribution, and consumption. Materials used in packaging, such as plastics, metals, glass, paper, polymers, or combinations of them (laminated paper), are chosen according to their physical properties and chemical composition. Nanomaterial scientists have turned their attention to food packaging, intending to improve the mechanical and optical properties as well as the chemical reactivity of packaging material. At the same time, improvements in packaging have positive effects along the product distribution chain [66]; therefore, knowing the characteristics of packaging is fundamental to protecting food against the effects of light, temperature, and humidity, among other factors that can affect product quality. Packaging is exposed to mechanical damage (shock, compression, etc.), hence the need to evaluate its effect on food. Mechanical properties can be identified on the basis of the structural changes in the material when an external force is applied, evaluated by measuring tensile strength or the modulus of elasticity (Young’s modulus). This explains the relationship between stress and deformation due to the chemical structure (atomic arrangement); thus, the higher the value of Young’s modulus, the greater the rigidity and the lower the deformation of the material. Mechanical resistant evaluation includes elongation at break (EAB) and tensile strength (TS) tests. The main function of a gasket is to protect against microbial contamination, permeability, and exchange of gases such as oxygen, which are the criteria for the choice of material. Water vapor permeability provides a measure of the ease with which water vapor can penetrate a material, and it indicates moisture barrier properties [67]. This phenomenon is explained by molecular diffusion or by flow through pores, and its measurement indicates the amount of water vapor transmitted per unit area and unit time; it is usually expressed as the water vapor transmission rate (WVTR) [66]. Another type of protection provided by packaging is against light; therefore, optical properties evaluate the effect of light in either inhibiting or favoring spoilage reactions such as lipid oxidation, generation of off-flavors, and degradation of nutritional compounds. In part, the changes that occur in the product are associated with the transparency of the packaging (opaque, translucent, or transparent); in this sense, the optical property is weighed by transmittance, which is determined using spectrophotometry. This property is explained by the Beer–Lambert law (T = (I⁄I_0) = e(-kz), where T is the transmittance (given in percentage), I0 and I are the intensity of transmitted and incident light, respectively, k is the absorbance, and z is the thickness of the material [66,67,68]. Another characteristic to consider in packaging is chemical reactivity. This characteristic describes the chemical migration of substances from the packaging into the food, which is not necessarily a negative effect, since bioactive packaging tends to release components into the product that extend the shelf life through the use of antimicrobial agents [1,66]. In this sense, nanomaterials favor the barrier properties of packaging (mechanical, optical, and permeability) attributed to the dimensions of these nanostructures. Several works have described the use of nanoparticles, nanotubes, nanoclays, nanoparticles, nanofibers, organic materials such as polysaccharides (cellulose, starch, chitosan, gluten, polylactic acid, and polyvinyl alcohol, among others), and inorganic materials such as metal oxides (zinc oxide, copper oxide, titanium dioxide, and silicon dioxide, among others) in packaging [69]. Innovation in packaging has increased the use of nanomaterials, which can include nanocomposite films, nanoliposomes, and/or nanoparticles in protein-based films, which improve their mechanical, thermal, and barrier properties [70]. Mainly, these properties are given for the active compounds and the physicochemical nanoscale properties, and this allows advancement in the use and design of nanocomposite systems.



7.2.1. Smart Nano-Packaging


Innovative packaging systems go beyond preserving and protecting food from spoilage. They seek to improve the food’s attributes and the packaging functionality, as well as adding new features. In this regard, smart packaging tries to merge all these concepts. These things considered, it is classified into two groups: active packaging and intelligent packaging. This area is in full development and can provide answers regarding the prevention of foodborne infections as well as sustainability concerns. Smart packaging is described as packaging that incorporates both active and intelligent systems that work in tandem. The food validity period can be bound using some factors from food product data, such as saturated and unsaturated fatty acid content, enzyme activity, water activity, pH, or protein content [71].




7.2.2. Active Nano-Packaging


Active food packaging is a cutting-edge packaging technique that contributes significantly to food quality and safety. Active packaging is made by adding active agents into packaging materials, and it operates by absorbing food-derived chemicals or releasing active agents into the environment. The most promising uses of active food packaging technology appear to be antioxidant and antibacterial packaging (Table 1) [72,73].




7.2.3. Intelligent Nano-Packaging


Intelligent packaging, unlike active packaging solutions, does not directly affect food shelf life. It is defined as “materials and articles that monitor the condition of packaged food or the environment surrounding the food” [77]. Where there is interaction with biomolecules, indicators are regarded as intelligent or interactive. In some cases, the alteration can be visualized by a color change due to pH modification (Table 2). To monitor changes in the gas profile inside the package, some films or labels are used as a gas indicator [73].





7.3. Bioavailability of Bioactive Compounds


Bioactive compounds have been used more frequently in supplements and food products due to their diverse beneficial effects on health; however, the challenge in the industry lies in the solubility, stability, and susceptibility to degradation of these compounds. In this sense, nanotechnology has found an area of opportunity in the development of methods to solve this problem and improve their bioavailability. Nanoencapsulation is a technology that allows the encapsulation of bioactive compounds on a nanometer scale [32,81] using nanoemulsions, nanosuspensions, nanoparticles, liposomes, and micelles as nanocarriers [82]. The stability of these delivery systems is related to their internal and external morphology, size, and area–volume ratio on the surface of the nanostructure, and the above characteristics are determinants of sedimentation stability, aggregation stability, solubility, and bioaccessibility.



At the same time, bioaccessibility is the first stage of oral bioavailability and considers the release of the bioactive compound (which depends on the texture of the food matrix), physicochemical characteristics of the carrier delivering the bioactive compound, and the presence of enzymes in the digestion process [83]. Therefore, stability is also accompanied by the choice of the matrix material and its physicochemical properties to evaluate the effect on the entrapment efficiency as well as to understand the mechanism of release and diffusion through different kinetic models [32,84]. Therefore, the molecular weight and chemical structure of bioactive compounds are parameters involved mainly in the bioavailability solubility, lipophilicity, and permeability and have an influence on the bioaccessibility and absorption process by cells [6,83,85]. The main interactions responsible for the structural organization of food components are hydrophobic and electrostatic interactions, hydrogen bonding, and entropy effects [86]; these molecular forces are essential in colloidal systems, which is why it the important to characterize these interactions to improve the release processes of additives or molecules of interest.





8. Challenges and Future Perspective


Every day, we interact with the nanometric scale as part of many structures in nature, and as a part of the micro- and macrostructures that are part of our environment. This includes food systems distribution; in this way, nanostructures allow for the possibility to improve the quality of food products and extend their shelf life. At the same time, the fusion of these sciences allows us to contribute in many ways, for example, to take advantage of new synthesis methods such as green synthesis, techniques to characterize nanomaterials, and natural sources to obtain them, as well as to reduce waste in a responsible environment.



The main objective is to generate safe nanomaterials for human food consumption. For this reason, the evaluation of the physicochemical and techno-functional properties gives information that is interpreted in order to discern the stability of nanomaterials in a food matrix; furthermore, knowledge about their toxicity effects represents a challenge. In this matter, it is important to understand the pharmacokinetics of nanomaterials, including the phenomenon of transport that occurs at the interface and regulates the internalization and uptake of cells. The benefits and contributions are more notable every day of products with nanostructures, such as smart packaging, products with bioactive compounds for their distribution, or products with nanomaterials developed to avoid foodborne disease caused by microorganisms; these are all part of a new nanofood system.




9. Conclusions


Nanomaterials are increasingly found in food products or at some stage of the distribution chain; therefore, the concern to determine the effects and risks to consumer health has been considered within the evaluations for these nanomaterials, being the “size effect” a crucial aspect in nanotoxicology. Shape and size characteristics, functional, and physicochemical properties are involved in the toxicity of nanomaterials; therefore identifying this relationship between physicochemical properties and their effect is another way to categorize nanomaterials allowing a preliminary discard in the toxicity of nanomaterials and thus ensuring its use in antimicrobial, packaging and bioavailability applications.



Currently, the relevance of the characterization of the physicochemical properties of nanomaterials in conjunction with bioinformatics tools allows the prediction of the toxicity of nanomaterials. Thus, it not only facilitates clustering and risk assessment of nanomaterials, but at the same time, it can support the safe design of nanomaterials.
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Figure 1. Summary of the nanostructures, characterization, and nanotechnology application in food science. 
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Figure 2. Nanomaterials classification. Comparison between inorganic structures with biological molecules in a nanoscale. 
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Figure 3. Differences between nanomaterials synthesis and new eco-friendly methods. 
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Figure 4. Hierarchical structural organization of Nopal, showing cellulose nanofiber as a part of the nanostructure (adapted from [58]). 
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Table 1. Properties of active nano-packaging.
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	Nanomaterial
	Characterization Technique
	Properties Evaluated
	Contribution
	Reference





	Nano antibacterial composite films based on carboxymethyl chitosan (CMCS), fish skin gelatin (Gel), and nano zinc oxide (nano ZnO)
	SEM

XRD

FTIR

TGA
	Thickness

Crystallinity

Tensile strength

Elastic modulus

Elongation at break

Contact angle

Water solubility

Antibacterial activity
	CMCS/Gel/nano ZnO composite film with strong antibacterial activity against E. coli and S. aureus.

Nano ZnO increased the composite film’s water insolubility and mechanical properties.
	[74]



	Antioxidant active film guar gum/carboxymethyl cellulose (GG/CMC) incorporated with halloysite-nanotubes (HNT) and litchi shell extract (LSE)
	FTIR

XRD

SEM

TGA

DSC
	Tensile strength

Elongation at break

Contact angle

Water vapor transmission rate

Antioxidant activity

Oxidative stability
	The mechanical properties and antioxidant activity were improved with the addition of HNT and LSE to GG/CMC film.
	[75]



	Alginate film with silver spherical nanoparticles (Ag NPs) and lemongrass essential oil

(LGO)
	ESEM

TEM

FTIR

TGDSC-FTIR

UV–Vis spectroscopy
	Water vapor permeability

Swelling capacity

Antibacterial activity
	An antibacterial biodegradable film with a good capacity to preserve soft cheese for up to 14 days.

Strong antibacterial activity against B. cereus.

The light and water barrier properties of the alginate films were enhanced by the addition of LGO and Ag NPs.
	[76]
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Table 2. Properties of intelligent nano-packaging.
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	Nanomaterial
	Characterization Technique
	Properties Evaluated
	Contribution
	Reference





	pH-indicator polylactic acid film, combining cellulose–nanofiber chitosan (PLA/CCM)
	SEM

DSC
	Surface and cross-sectional morphology

Water vapor transmission rate (WVTR)

Thermal stability

Biodegradability

pH sensing and optical properties
	The pH of the beef increased as its decomposition level increased. The color of the film change from red to yellow in response to a pH modification in the range of 4–8.
	[78]



	A pH-responsive smart film based on modified cassava starch (acetylated distarch phosphate, ADSP) and red cabbage anthocyanin extract (RCAE)
	SEM

FTIR

UV–Vis spectroscopyXRD
	Surface and cross-sectional morphology

Crystallinity

Swelling ratio

Water vapor permeability

Tensile strength

Elongation at break

Color stability
	The formation of hydrogen bonds and electrostatic interactions between RCAE and ADSP enhanced mechanical strength.

RCAE enhanced tensile strength and lowered elongation at break of ADSP films. Films containing incorporated RCAE were used as pH-indicator films.
	[79]



	Hydrothermochromic hybrid films (HTCFilms), nanofoams (HTCFoam), and beads of cellulose nanofibrils (CNFs) and ionic liquids (ILs)
	Optical color microscopy

UV–Vis spectroscopy

FESEM

TEM

BET

FTIR

NMR

TGA
	Color transition

Thermochromic transition

Hygroscopicity

Tensile strength

Surface and cross-sectional morphology

Surface area and pore size

Moisture content
	HTC hybrids with ILs generated sustainable and shapable, optically responsive 2D and 3D structures. Color-tunable cellulose nanofoams have substantial potential as shelf-life indicator materials.

HTCF films have a potential purpose in packaging as the fast visual sensing of the proper storage of food.
	[80]
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