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Abstract

:

Plant-based proteins are important macronutrients in the human diet, crucial for cell development in our bodies and for supporting the immune system. Given their nutritional and functional properties, plant-based proteins are excellent candidates for the development of plant-based food. Among other things, plant-based cheese has been identified as a potential enabler for future innovation through improvements in ingredient technology. Unlike traditional dairy cheeses, plant-based cheeses are made from a variety of ingredients such as nuts and legumes that can be fortified with nutrients also found in traditional cheese. Of course, plant-based cheeses still have some nutritional drawbacks, and most of them are processed, which means they contain preservatives, colour additives and high sodium content. Nevertheless, the physicochemical and functional properties of plant-based proteins are of great interest to the food industry and the initial interest in natural sources of plant proteins has recently shifted to the field of modification and processing. This review discusses the natural sources and classification of plant-based proteins and summarises recent studies on processing methods in the production of plant-based cheese.
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1. Introduction


Plant-derived products are excellent sources of micronutrients and nutrients with health benefits that could be effective in the treatment of diverse kinds of diseases [1]. Food based on plant-derived products are favourable, because almost all parts of the plant can be utilised as seeds, roots, flowers, fruits, and leaves. Particularly, plant-based proteins are studied as a group of useful ingredients with diverse applications in food industry such as thickening/gelling agents, stabilisers of emulsions and foams, and binding agents for lipids and water [2]. As is well known, proteins are the essential structural constituents of living organisms and they have an important role in performing biological processes. Their nutritional value depends on the profile and composition of essential amino acids, digestibility, bioavailability, processing, etc.



Consumer awareness of the importance of food plant origin on their health and their interest in natural and sustainable sources has contributed to the recent rise in the popularity of plant proteins. According to market research data, the plant-based markets are experiencing unprecedented growth in the last decade. It was forecast that plant-based markets will grow from USD 29.4 billion in 2020 to USD 162 billion in 2030 [3]. Based on available information from the Global Vegan Cheese market 2019–2023, Europe has the highest market share of 43% followed by North America, Asia, South America, Middle East, and Africa [4]. Although plant-based proteins are widely represented on the global market and recognised by customers, there is still scope for their further development.



Proteins in plant tissues can be classified into four groups based on their solubility in water (albumins), saline (globulins), alcohol/water (prolamins), and acid/base media (glutelins). The primary challenges with proteins in food processing are their low aqueous solubility as well as sensitivity to pH, ionic strength, and temperature. In order to improve protein properties, a modification of their attributes is required. Physical, chemical, or biological modifications are suitable to increase the water solubility, emulsifying, foaming, and gelling properties of the proteins [2,5,6].



The growing interest in a plant-based diet is due to the increased awareness of food effects on human health. Various health benefits of plant-based proteins, e.g., increases in lean body mass [7], improved bone density [8], and gait speed [9] are supported by clinical studies. The motives as to why consumers are turning to the consumption of plant-based alternatives can be related to the increasingly present human intolerance to lactose or milk allergies. Over the years, growing concerns over health has resulted in a gradually increased demand for dietary food production as opposed to animal food [10]. Protein quality depends on the amino acid composition and digestibility. For optimal health, our bodies require the intake of all nine essential amino acids in the appropriate amounts [11]. Unlike animal protein sources, plant-based proteins are lower in certain amino acids (e.g., methionine, lysine, tryptophan), but through a well-planned diet they can be compensated [12].



However, the production of plant-based analogues is a challenge because it is difficult to mimic the structural and compositional complexity of traditional cheese using plant-based ingredients. Plant-based cheese is made from ingredients derived from vegetables and it is seen as a healthier alternative. One of the earliest types of plant-based cheese in the form of fermented tofu appeared in the 16th century in China [13]. They became commercially available and made their debut in the period between 1970 and 1980 [13]. Since then, various kinds of plant-based cheeses are diversified. Nowadays, the most eminent manufacturers that can be found on the market are Treeline Cheese (Kingston, NY, USA), Parmela Creamery (Fontana, CA, USA), Violife (Thessalonica, Greece), Myoko’s Creamery (Sonoma, CA, USA), Daiya Foods Inc. (Burnaby, BC, Canada), TreeNut Cheezery (Bali, Indonesia), Tofutti Brands Inc. (Cranford, NJ, USA), and Tyne Cheese Limited (Wallsend, UK). Some examples of plant-based cheeses manufactured or distributed through this market are Mozzarella, Parmesan, Cheddar, Camembert, Edam, Feta, Red Leicester, Gouda, and Cream cheese [14].



The objective of this review is to provide the readers with a comprehensive and concise overview of main natural sources and different modification approaches of plant-based proteins which can be used in plant-based cheese production. Furthermore, trends in research and development in the field of processing of plant-based cheese are highlighted.




2. Natural Sources and Classification of Plant-Based Proteins


Among others, cereals, legumes, seeds, and nuts make the most common sources and take the biggest share of plant-based proteins (Figure 1).



Cereals belong to the Gramineae phylogenetic family with a significant amount of proteins, fibres, carbohydrates, and other nutrients. Their highly nutritious edible seeds are morphologically composed of endosperm, embryo, and seed coat also known as pericarp or bran. Cereals are known as starchy crops, as they are composed of 75% carbohydrates, 6–15% proteins, and 1–3% lipids [15]. On a worldwide basis, the most widespread cereal crops are wheat, barley, oats, corn, and rice.



Pseudo-cereals, on the other hand, are underutilised crops that are considered neither grasses nor true cereal grains, but they are botanically assigned to the Dicotyledonae class [16]. Pseudo-cereals are known as gluten-free grains that are enriched with amino acids, antioxidants, polyphenols, flavonoids, and other essential components [17]. Apart from having an excellent nutritional profile, pseudo-cereals are rich in phenolic phytochemicals.



Table 1 presents the energy (Kcal) and nutritional quality (per 100 g) of major whole grains.



Legumes belong to the Fabaceae family that grow in pods. They are highly nutritious plants that have a major role as staple food in most cultures and civilisations. Leguminous plants are low in lipids and high in fibre, potassium, iron, and magnesium. On the other hand, they are rich in proteins, carbohydrates, minerals, vitamins, and bioactive compounds. However, they have low sulphur-containing amino acids and therefore it is recommended they be supplemented with additional protein sources [19]. Table 2 presents the most consumed kinds of legumes with their average nutritional composition (per 100 g) and energy (Kcal).



Oilseeds are primarily grown for industrial purposes and for production of edible oils. They can be classified into two categories as edible (e.g., rapeseed, safflower, sunflower, soybean, etc.) and non-edible oilseeds (e.g., castor, linseed, etc.). The oil content in edible seeds ranges from 20% to over 40% for soybean and sunflower, respectively [21]. These crops are also known as one of the major sources of biofuel (e.g., biodiesel). The use of biodiesel, compared to fossil fuels, is more suitable for the environment due to less emissions of harmful gases and side products (glycerol and oil sludge). Among various oilseed crops, Table 3 presents the major sources of edible oils along with their nutritional composition (per 100 g) and energy (Kcal).



The side products that occur during oil extraction comprise anti-nutrients (e.g., tannins, inositol, phosphates, etc.) that are unfavourable for protein digestion. The presence of anti-nutrients can limit the product utilisation since they reduce nutritional values. However, anti-nutrients are present in such small quantities that they cause no harm.



Nuts are highly nutritious food, rich in healthy mono- and polyunsaturated fatty acids (MUFAs and PUFAs) and bioactive compounds, proteins, fibres, and minerals. Nuts contain a high level of lipid content ranging from 46% in cashews and pistachios to 76% in macadamia nuts [24,25]. The contained lipids are mainly unsaturated, while the amount of saturated lipids ranges between 4 and 15% [24,26]. They can be classified as tree nuts (almonds, cashews, hazelnuts, macadamia, etc.) and legumes (peanut, sacha inchi). Table 4 presents the most widespread edible tree nuts with their nutritional composition (per 100 g) and energy (Kcal).



Nut consumption represents an indispensable part of a healthy diet. Nuts have a wide variety of health benefits, but on the other hand, nuts are the most common type of food that causes allergic reactions (anaphylaxis). Peanut and tree nut allergies are usually lifelong that are well described and reported with population prevalence estimates between 1 and 6% [28].




3. Plant-Based Cheese


Plant-based or vegan cheeses have been recognised as a nutritious food that can be prepared from diverse plant-derived sources as vegetables (leaves, stems, flowers, tubers) and fruit seeds [29]. Plant-based cheeses have gained much higher attention in the last decade due to the fact that natural plant-based lipids are seen as being healthier compared to ingredients that can be found in dairy products made from cow’s milk [30]. Furthermore, plant-based cheese is an alternative choice for those people who are intolerant to dairy ingredients. However, the allergenicity is still the biggest deficiency of plant-based proteins. The allergic reaction usually occurs as a result of a specific immune response to a given food, where symptoms range from mild to life-threatening. Typically, the main ingredients in plant-based cheese formulations are proteins, starches, and vegetable oils (Table 5).



Plant-based proteins are major constituents which are often combined with non-protein binders such as polysaccharides (starches, alginate, carrageen, or guar gum). Protein isolates can be obtained from the plant protein powder by extraction (e.g., alkaline extraction/isoelectric precipitation), where the process consists of tissue disruption and protein solubilisation. However, shifts of pH can affect organoleptic properties or even cause protein denaturation if the values are too low [33,34]. Therefore, it is necessary to optimise the purification conditions based on protein source, as proteins from different natural sources possess different structural properties that affect protein solubility. Furthermore, starches such as main polysaccharide-based constituents are obtained from cereal and legume seed endosperm. Their main role in plant-based cheese production is based on starch aptitude to form a viscous paste upon heating/cooling, which entraps fluids and other ingredients within the 3D-polysaccharide-formed network [35]. Starches occur in two forms: (a) native starch (white to off-white powder) obtained from agricultural raw materials and (b) modified starch obtained as a result of physical, enzymatic, or chemical processing processes. The main reason for the benefits of using modified starch over the native form is due to its functional properties, e.g., low viscosity, prevented granulation, improved binding properties, and prolonged shelf-life, etc. However, the selection of starch for plant-based cheese formulation depends on starch properties such as foam stabilisation, gelling, moisture retention, thickening, etc. Moreover, the presence of vegetable oil (extracted from coconut, sunflower, cotton seed, etc.) enhances cheese texture, tenderness, and nutritional profile [32]. Common plant-based oils contain substantial amounts of unsaturated fatty acids so they tend to be liquid at ambient temperature and cannot form fat crystal networks. Often, a blend of plant-based solid fats (e.g., coconut oils) with liquid oils is used to obtain required textural and melting characteristics [32]. Unsaturated fats, e.g., flaxseed or algal oils, may have beneficial health effects [36]. However, they are susceptible to lipid oxidation, which can reduce the acceptability of a product due to the creation of rancid odours [37]. Other essential ingredients in cheese formulations are texturisers (e.g., xanthan gum, pectin, methylcellulose) that act as water/oil binders and enhancers. In addition, the acidulants (lactic or citric acid) are employed to adjust the pH values [31], enhancing protein solubility [38]. Furthermore, the addition of acidulants improves taste and helps delay the oxidation of food components and preserves the quality and appearance of food [39].



Over the last few years, there has been a need to use casein substitutes in cheese production. Although dairy (milk) proteins provide adequate organoleptic, functional, and nutritional properties, there is an interest in the development of plant-based proteins that can mimic the structure and behaviour of casein micelles. Several natural plant sources, e.g., legumes, oilseeds, nuts, cereals, and pseudo-cereals are extensively used and studied as the main source of protein supplements. Taste, texture, nutrition, and functionality issues occur with the use of plant-based proteins [40]. One way to overcome taste issues is to find congruent flavour concepts and incorporate them into the cheese formulations. In general, grittiness, graininess, and roughness are undesired textural sensations in food products [41,42]. Plant-based proteins are naturally grittier due to the different sources they come from, explaining why different brands can have a different taste. The reason for the presence of grittiness can be related to the fact that plant-based proteins are less refined and more natural [2]. The texture depends on the ability of a plant-based protein to sustain its texture over time and to provide the intended benefits of including protein in the formulation. The addition of texturising agents such as hydrocolloids or modified starches can help to create the desired texture of the final product [43].



Another critical issue is related to protein solubility, since good solubility is required for better mouthfeel, smoothness, creaminess, low grittiness, and low viscosity. Parameters affecting protein solubility can be classified into two categories such as internal (amino acid profile) and external (pH, ionic strength, temperature). Proteins precipitate due to relatively low electrostatic repulsion between pH 4 and 7 [44], which means they can easily associate with each other through van der Waals, hydrophobic, or hydrogen forces. Conversely, the solubility of plant proteins usually increases when the pH moves away from their isoelectric point (IEP), because their charge and electrostatic repulsion increases. Furthermore, protein solubility increases at low salt concentrations because salt molecules stabilise protein by decreasing electrostatic forces between protein molecules [45]. On the other hand, protein precipitates when protein–protein forces become more energetically favourable compared to protein–solvent forces. In addition, protein solubility is also influenced by temperature, where protein denaturation occurs as a result of the temperature effect on the non-covalent bonds. Too high temperatures may cause protein denaturation, where the solubility is reduced and aggregates form, and the process cannot be reversed by reducing the temperature [46].



From a nutritional perspective, most protein sources are deficient in some essential amino acids as the amino acid profile is one of the most significant criteria for defining protein quality. Of the 20 amino acids, nine are considered essential and must be ingested through the diet, because human bodies cannot synthesise them on their own [11]. For instance, proteins of plant origin, e.g., legumes, are mainly low in sulphur-containing amino acids and they must be combined with complementary proteins necessary for endogenous synthesis [47]. However, considering the natural sources, plant-based proteins provide valuable nutrients that can reduce the risk of developing chronic diseases [48]. This is the reason why their nutritional quality is more valued, even though they do not contain all nine essential amino acids.




4. Modification Approaches of Plant-Based Proteins


In order to improve protein physicochemical properties such as solubility, gelation, and emulsification, plant-based proteins have to be modified. In general, modifications of plant-based proteins involve physical, chemical, and biological approaches (Figure 2). Therefore, in the following sections, we briefly describe modification approaches based on the mechanisms of operation.



4.1. Physical Modification


Physical modification approaches lead to protein size reduction and size redistribution, unfolding, and changes in protein conformation. These modifications have advantages over chemical modifications, because this type of modification does not require the use of toxic chemical agents. Some kinds of physical modifications are widely studied such as high-pressure and ultrasound treatment, gamma irradiation extrusion, ultrafiltration, and pulsed electric field.



4.1.1. High-Pressure Treatment


High-pressure treatment (200–700 MPa) has been employed to inactivate spoilage and maintain food preservation [2,49]. Reduction of microbial contamination under high-pressure in various matrices is described and explained in few studies [50,51,52]. Application of high-pressure treatment can cause structural changes of soya bean proteins, where the destabilisation of structure depends on the amount of applied pressure [53]. Tang and his co-workers [54] studied the effects of high-pressure treatment on the solubility of soy protein isolate. It was stated that protein solubility is low at lower pressure (<200 MPa) due to the formation of insoluble aggregates of protein. On the other hand, protein solubility increases with pressure (>600 MPa), because the insoluble aggregates change into soluble ones [54,55]. This fact was supported by the study of Zhang and his co-workers [56], who performed electrophoresis before and after high-pressure treatment.




4.1.2. Ultrasound


Ultrasound or sonication is another method that is used to alter the structural and physiological properties of proteins. Different frequency ranges can be used. However, this method usually uses energy at higher frequencies (>20 kHz) to break large particles down through physical vibration. Conversely, lower frequencies are employed to modify the physical and chemical properties of food and to improve shelf-life [57]. Ultrasound destroys the secondary and partially tertiary and quaternary protein structure without changes in the primary structure [58]. Su and scholars [59] demonstrated sonochemical and sonomechanical effects on protein functionality. Sonochemical effects cause the bond cleavage and the modification of side groups, while sonomechanical effects induce the transient or permanent modification of the folded protein [59]. Regarding protein solubility, it was observed that solubility is influenced by the following factors: changing protein conformation and structure that leads to the exposure of hydrophilic parts of amino acids [60], decreasing in protein molecular weight that results in a larger area of protein covered by molecules of water [61], and increasing in temperature after ultrasound treatment [60].




4.1.3. Gamma Irradiation


Gamma irradiation is a non-thermal process that induces the formation of hydroxyl and superoxide anion radicals [62,63] and involves the denaturation of protein structure and forms a new conformation. Chemical changes that are induced by gamma irradiation are, e.g., disruption of protein structure, cross-linking, aggregation, and oxidation induced by oxygen radicals [64]. However, gamma irradiation can be employed to decrease protein oxidation, which is one of the major reasons for reducing protein nutritional value [65]. In addition, no changes in the molecular mass were observed [63]. The reason for this may lie in the lack of oxygen radicals generated by water radiolysis. On the other hand, some changes were observed in protein solutions due to the formation of hydroxyl and superoxide anion radicals by water radiolysis [63]. Fragmentation and aggregation are phenomena that occur in protein molecules as a result of radiation damage. These changes can affect protein solubility and other functional properties. Lower dose irradiation increases protein solubility, while higher dose decreases solubility due to protein aggregation.




4.1.4. Extrusion


Furthermore, extrusion is used for texturising plant-based proteins where higher temperature initiates protein unfolding due to the breakage of hydrogen bonds [31]. Proteins lose their structure when they are undergoing thermal and mechanical stresses. At higher temperatures during extrusion, intramolecular disulphide bonds are broken down, while new intermolecular bonds are formed as a result of aggregates formation [66]. Application of higher pressure and temperature during extrusion reduces anti-nutrients and enhances the digestibility of plant proteins by increasing amino acids availability [2]. Nosworthy et al. [67] demonstrated the extrusion process as an optimal method for altering chickpea protein quality through changes in the amino acid composition or digestibility. In other studies, the effects of the extrusion process on the reduction of anti-nutritional factors and the digestibility of soybean and maize proteins are shown [68]. In addition, Manoi et al. [69] observed that the protein solubility of whey was reduced after they applied supercritical fluid extrusion.




4.1.5. Ultrafiltration


Ultrafiltration is a non-thermal method that is used for the separation and isolation of proteins. In addition, the process shows some impact on the protein structure depending on the membrane molecular size cut-off, pH, and applied pressure [70]. The secondary and tertiary structures of proteins show their tendency to aggregate due to the low membrane cut-off [71]. The study of Boye et al. [71] showed that the protein solubility was higher in ultrafiltered proteins than in those that precipitated near the isoelectric point.




4.1.6. Pulsed Electric Field


The pulsed electric field processing is used for microorganisms and enzymes inactivation, where the sample is exposed to short high-power electrical pulses (μs or ms) [72]. The electric field is made between two electrodes due to potential differences and energy that results in protein unfolding. The effect of the pulsed electric field on the protein solubility depends on the intensity of treatment, e.g., the solubility of soy protein is improved with increasing electric field strength and time until 30 kV/cm and 288 μs, while further increases in strength and time lead to reduced solubility due to protein denaturation and aggregation [73,74].





4.2. Chemical Modification


Chemically modified proteins display better physicochemical properties compared to native proteins. Derivatisation is one example of a chemical reaction, where reactive functional groups are chemically altered. Derivatisation mainly occurs in the functional groups such as amino, carboxyl, disulfide, imidazole, indole, phenolic, sulfhydryl, thioether, and guanidine. However, the applications of chemical modification for plant-based proteins are limited due to the restriction of hazardous or carcinogenic chemicals. Thus, glycation and pH-shifting are the most suitable chemical modifications that can be performed for plant-based proteins [58]. In addition, acylation, deamidation, and phosphorylation are also employed for protein modification [2].



4.2.1. Glycation


Glycation is the most desired chemical modification because it is safe and there are no side products. Glycation can be carried out through Maillard reactions or by enzymatic cross-linking via transglutaminase or laccase [2]. Enzymatic cross-linking is discussed in the biological modification section. As Figure 3 shows, the Maillard reaction is a non-enzymatic chemical reaction that occurs when free amino acids of proteins react with the carbonyl groups of reducing carbohydrates. Some examples of Maillard reaction applications and its kinetic aspects are studied and described in the example of wheat germ protein in the following studies [75,76].




4.2.2. pH Shifting


Moreover, pH-shifting initiates changes in the protein structural and functional properties because pH is one of the major effective variables on protein structure. Many proteins undergo conformational changes when they are exposed to pH-shifting (acid/base environment). Silventoinen and co–workers [77] studied how ultrasound treatment improves barley protein solubility in alkaline and acidic medium. Shifting from alkaline to neutral pH keep on colloidal stability compared to proteins treated with ultrasound at neutral pH [77]. Other studies showed improved soy protein isolate emulsifying properties, solubility, and thermal stability [78] when soy protein was exposed to extreme pH-shifting.




4.2.3. Acylation


Acylation is a chemical reaction where an acyl group is added to the substrate using acyl anhydrides or halides. Acylation can be classified into acetylation and succinylation based on the acylating agent used. Acetylation is the reaction of introducing an acetyl group where acetyl transferase catalyse the transfer of the acetyl group to the target protein [79]. During acetylation, basic groups are converted into neutral ones, while in succinylation, the net positive charge is replaced with a negative charge in the hydroxyl and amino group of proteins [70]. Figure 4 shows an example of a lysine acetylation mechanism catalysed by lysine acetyltransferases.



The acylation has an influence on secondary and tertiary structure of plant proteins converting them into more hydrophobic molecules [80,81]. Zhao and scholars revealed [82] that the application of acetylation and succinylation causes changes in the secondary and tertiary structure of oat protein and molecular weight. The influence of succinylation on thermal stability, solubility, and emulsifying properties of mucuna bean and palm pollen protein was discussed in the following articles, respectively [83,84].




4.2.4. Deamidation


Deamidation is a chemical reaction where amide groups of glutamine and asparagine residues are converted into carboxyl groups within protein. The process can be performed under mild conditions and is a common modification for proteins from legumes and cereals because of the high content of glutamine and asparagine. Figure 5 displays the mechanism of deamidation to asparagine.



Guan and co-workers [85] described how alkaline deamidation improves the solubility of rice bran protein. However, enzymatic deamidation is one of the most common modifications because of the particularity of substrate and minor side-chain reactions. Enzymatic deamidation can be performed under deamidase, transglutaminase, and protease, but the most employed enzymes are glutaminase. The application of glutaminase in deamidation displayed better solubility, foaming, and emulsifying properties as shown in the example of primrose protein [86] and oat protein [87].




4.2.5. Phosphorylation


Phosphorylation is a chemical reaction where the phosphate group is introduced to the protein primary sequence. The covalent bonding between the phosphate and amino group is catalysed by enzymes called kinase (Figure 6). Chemical phosphorylation can be useful for the improvement of protein functional properties. The most common reagents used in phosphorylation are phosphoric acid (H3PO4), phosphorous oxylchloride (POCl3), and sodium trimetaphosphate (STMP) [88]. Phosphorylation performed with STMP enhances the solubility and emulsifying properties of proteins. STMP is an organic salt that is approved as a food additive and is more efficient compared to other phosphates. For instance, phosphorylation of rice ban protein with STMP is described in the following article [89]. On the other hand, the phosphorylation of proteins with POCl3 improves gel- forming properties and water-binding capacity [90]. Phosphorous oxychloride is a reactive reagent that can be used in an aqueous or non-aqueous system.





4.3. Biological Modification


Other functionalisation strategies include biological modifications that can be classified into enzymatic hydrolysis, cross-linking [2,49], and fermentation [2]. These modification approaches have the ability to enhance protein functionality and stability during processing.



4.3.1. Enzymatic Hydrolysis


Enzymatic hydrolysis is the most employed modification in the food industry that includes the disruption of peptide bonds followed by the creation of hydrolysates [58].



Hydrolysates are made from free amino acids and small and large peptides, in proportions that depend on the type of enzyme and the source. The advantage of enzymatic hydrolysis over chemical modification is the absence of toxic compounds and quick action time. The type of enzyme (e.g., trypsin, pepsin, chymosin, etc.) plays an important role in affecting the functional properties and modifying plant proteins. Enzymatic hydrolysis can be carried out as a pre- or post-treatment for modification approaches such as ultrafiltration and high-pressure treatment [91,92]. The degree of hydrolysis is determined by the number of peptide-cleaved bonds, which is divided by the total number of peptide bonds in protein and multiplied by 100 [93]. The hydrolysis itself is intricate and some of the following factors affect the process, e.g., the nature of substrate, numerous substrates and reactions, heterogenous system, and thermal inactivation of enzymes modulated by peptide products [94]. Some of the studies have considered Michaelis–Menten modelling for displaying enzymatic hydrolysis with diverse protein sources and enzymes [95,96,97].




4.3.2. Enzymatic Cross-Linking


Conversely, enzymatic cross-linking is carried out using transglutaminase to initiate the cross-linking of proteins and to improve their textural properties by building up the polypeptides into stronger structures [58]. There are many different types of enzymes that can be employed for protein-linking molecules through intra- and inter-covalent bonds. Transglutaminases are the most commonly used type of enzyme for protein-joining molecules. These enzymes modulate an acyl transfer reaction between the carboxamide group of glutamine residues and primary amines [98]. Another group of enzymes belong to the oxidoreductase family (e.g., laccase, peroxidase, and tyrosinase) [99]. Oxidoreductase are only used to instigate and create reactive species that spontaneously polymerises with other functional groups leading to covalent cross-linking [99]. Some examples of enzymatic cross-linking via tyrosinase, e.g., oat and faba bean proteins, are given in the research of Nivala et al. [100] and cross-linking of chickpea and pea proteins via transglutaminase [101,102,103]. The other examples of protein cross-linking are described in the following studies, e.g., cross-linking of whey and oat protein via laccase [104] and cross-linking of α–Lactalbumin and bovine serum albumin via peroxidase [105,106].




4.3.3. Fermentation


The fermentative process can be used as another modification approach for the preservation, improvement of micronutrients availability, and enhancement of the sensorial properties [107]. Fermentation is a conversion of organic matter by enzymes or microorganisms that enhances the nutritive properties of plant-based cheese and reduces its bitter flavours. Fermentation can be classified as traditional, biomass, and precision fermentation [108]. Traditional fermentation is the most common type, where lactic acid bacteria, yeasts, molds, Bacillus, and Staphylococcus stains are used as the main starter cultures. The fermentation includes the natural growth of microorganisms, e.g., fermenting soybeans for tempeh using lactic acid bacteria [109]. In addition, biomass fermentation involves the naturally occurring protein and rapid growth of microorganisms (e.g., algae or fungi) [110], while precision fermentation uses microbial cells to generate specific ingredients [111].






5. Processing Plant-Based Cheese


Traditional dairy cheese can be classified based on type: fresh, aged-fresh, blue, flavour-added cheese, or on textural properties: soft, semi-soft, semi-hard, and hard cheese and on the origin of the milk. Generally, the traditional cheese is prepared from animal milk (goat, cow, sheep), which is the main ingredient, and the process consists of several steps such as acidification, coagulation, curding and removal of whey, salting, and ripening (Figure 7). Since pasteurisation destroys lactose fermenters, it is necessary to add adjunct bacteria (Streptococcus or Lactococcus species) in order to facilitate the process. Throughout the curdling process, inorganic salt (CaCl2), acid (the acid in vinegar), or enzyme (calf rennet) are added to induce coagulation of proteins [112]. Formation of semisolids occurs during coagulation, where whey occurs as a byproduct that remains after milk has been curdled. In the last stage, the ripening process is carried out, where optimal ripeness is achieved by spraying Penicillium molds on the surface of the cheese (e.g., Camembert) or injecting molds under the surface of the cheese (e.g., blue cheese).



With respects to plant-based cheese, the method for their preparation is similar to traditional cheesemaking. They are made from plant-derived ingredients with a higher percentage of protein and fat content, which are responsible for physicochemical, mechanical, and sensorial properties, respectively [32]. Plant-based cheese prepared in this way retains similar desirable properties such as mouthfeel, melting, and high shelf-life compared to traditional cheese. In order to reduce the shortfalls of plant-based cheeses in comparison with their counterparts, the way of processing plant-based cheese can comprise an emulsifier, anti-foaming and colouring agents, nutritional yeast, and supplements. In addition, acidulants or acidic agents are used to adjust the pH of prepared cheese. The pH of cheese is an important parameter, because it affects protein–protein forces, and the optimum pH value of plant-based cheeses is in the range between 5.21 and 5.87 [113].



Bergsma [114] designated a path for plant-based cheese preparation, where waxy non-modified potato starch was used as a gelling agent. Starch mainly contributes to the better texture and nutritional properties of cheese and can be used as modified (chemically or enzymatically modified) or non-modified. The adequate concentrations are reported as follows: starch (10–24%), protein (0.5–8%), lipids (15–35%), and water (35–74.5%) based on the total weight [114]. The process induces gelatinisation of starch followed with cooling the mixture to instigate the sol–gel transition. The sol–gel transition enables viscoelastic and textural characteristics similar to those found in traditional cheese [32]. Moreover, Grossmann and co-workers [32] briefly described the route of plant-based cheese production based on phase transitions. The fractionation and tissue disruption paths can be differentiated by the main actor that instigates the sol–gel transition. For instance, the sol–gel transition in the fractionation path is induced with fractionated ingredients (from diverse sources), while in tissue, disruption is induced by the ingredients that can be found in raw materials. However, the tissue disruption path is more energy convenient because it employs two phase transitions compared to the fractionation path. Nevertheless, Wang and researchers [115] noted the importance of controlling the protein dimension and its impact on gelling properties. The gelation was induced using Ca2+ salt, leading to the formation of protein aggregates. The existence of the aggregates affects the properties of the gel matrices and their emulsion characteristics, such as the oil droplet size, leading to the formation of various gel network structures [115].



The disadvantage of plant proteins is based on their surface chemistries compared to casein micelles that leads to dissimilar gelation properties [116]. The processing behaviour and sensorial quality of cheese depends on the viscosity, emulsification, gelation, and meltability of the formed gel matrix during coagulation. The physicochemical properties of plant-based cheese may be affected through preparation, because the agitation speed disturbs the microstructure by decreasing the lipid globule size and improving their distribution throughout the protein matrix making the cheese whiter, possibly through increased light scattering [117]. Another desired characteristic of plant-based cheese is its meltability that is related to lipid globule size. It is known that plant-based cheeses have poor melting properties. In cases of increasing the agitation speed, the lipid globule size reduces and shears the protein matrix to create a more tightly knitted structure, in which lipid globules are finely distributed [118].




6. Conclusions and Future Perspectives


During the last decades, attention has been paid to developing and investigating functionality differences between the proteins of animal and plant origins. Contrary to the origin of traditional cheese, plant-based cheese is derived from a diverse range of plant ingredients, which can be fortified with nutrients that also can be found in traditional cheese (e.g., calcium or vitamin B12). To satisfy consumer demand and eating requirements, the growth of non-protein ingredients is an essential for plant-based product development and manufacturing. The technology for development must catch up with the high demand for novel plant-based protein sources.



Certainly, plant-based cheeses are processed, which means they contain preservatives, colour additives, and a high level of sodium. Considering their nutritional and functional properties, plant-based proteins are recognised as a potential frontier in future innovations providing insights and the spurring of new developments in food chemistry. Modification approaches have a strong influence on the physicochemical properties of proteins in food matrixes. They provide a wide range of food and biotechnological applications due to their ability to alter and modify the functional properties of proteins. Chemical modification has gained significant interest due to its efficiency, low cost, and effortlessness of operation. However, one of the major disadvantages of chemical modification is certain effects on human health such as toxicity, food allergies, and reduced nutrition. On the other hand, enzymatic modification is mainly environmentally friendly and a low- energy consuming process, but it is not affordable for large-scale applications. The application of a physical modification is mostly used at the industrial level, but due to the lack of sufficient data, further studies are required. Furthermore, there are still a lack of data of understanding how molecular and colloidal interactions affect the textural features of plant-based cheeses. Due to the previously mentioned limitations, future investigations should be more focused on the following aspects such as structure, sensory and nutritional characteristics, safety, and melting properties of plant-based cheese.
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Figure 1. Natural sources of plant-based proteins, reproduced under CC BY 4.0 license from [2]. 
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Figure 2. Modification approaches of plant-based proteins. 
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Figure 3. Synthesis of proteincarbohydrates complex via Maillard reaction. 
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Figure 4. Synthesis of acetylated lysine via acetylation (KATs–lysine acetyltransferase; KDACs–lysine deacetylase. 
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Figure 5. Synthesis of asparagine peptide via deamidation. 
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Figure 6. Synthesis of tyrosine peptide via phosphorylation. 
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Figure 7. Schematic visualisation of traditional and plant-based cheese production. 
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Table 1. Nutritional composition of whole grains (per 100 g), data taken from [18].
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	Energy (Kcal)
	Protein

(%)
	Carbohydrate

(%)
	Dietary Fibre

(%)
	Lipid

(%)





	CEREALS
	
	
	
	
	



	Wheat
	340
	13.2
	71.9
	10.7
	2.5



	Barley
	352
	9.9
	77.7
	15.6
	1.2



	Oat
	379
	13.2
	67.7
	10.1
	6.5



	Rice
	367
	7.5
	76.3
	3.6
	1.4



	PSEUDO-CEREALS
	
	
	
	
	



	Quinoa
	368
	14.2
	64.2
	7.0
	6.1



	Chia seeds
	486
	16.5
	42.1
	34.4
	30.7



	Amaranth
	371
	13.6
	65.3
	6.7
	7.0



	Buckwheat
	343
	13.3
	71.5
	10.0
	3.4










 





Table 2. Nutritional composition of legumes (per 100 g), data taken from [20].
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	Energy (Kcal)
	Protein

(%)
	Carbohydrate

(%)
	Dietary Fibre

(%)
	Lipid

(%)





	Cow peas
	339
	22.0
	59.1
	4.5
	1.4



	Pigeon peas
	336
	22.4
	51.2
	5.5
	1.7



	Red kidney
	336
	23.1
	62.7
	-
	1.7



	Mung bean
	345
	22.2
	62.9
	4.40
	1.8



	Jack bean
	389
	30.3
	54.0
	-
	2.9



	Soybean
	335
	38.0
	31.3
	3.80
	18.0










 





Table 3. Nutritional composition of oilseeds (per 100 g), data taken from [22,23].
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	Energy (Kcal)
	Protein

(%)
	Carbohydrate

(%)
	Dietary Fibre

(%)
	Lipid

(%)





	Cottonseeds
	253
	24.7
	19.4
	6.0
	25.2



	Sunflower
	627
	27.5
	19.4
	9.0
	50.8



	Pumpkin seeds
	591
	21.4
	18.9
	18.4
	48.0



	Sesame seeds
	573
	20–28
	14–26
	11.8
	48–55



	Flaxseeds
	530
	20.3
	27.3
	4.8
	37.1



	Palm kernel
	514
	14.8
	50.3
	16.7
	7.9










 





Table 4. Nutritional composition of nuts (per 100 g) [27].
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	Energy (Kcal)
	Protein

(%)
	Carbohydrate

(%)
	Dietary Fibre

(%)
	Lipid

(%)





	Peanuts
	587
	24.4
	21.3
	8.4
	49.7



	Almonds
	607
	21.4
	17.9
	10.7
	53.6



	Cashews
	579
	18.4
	28.9
	2.6
	47.4



	Walnuts
	654
	15.2
	13.7
	6.7
	65.2



	Pistachios
	571
	21.4
	28.6
	10.7
	46.4



	Pecans
	679
	7.1
	21.4
	7.0
	67.9










 





Table 5. The main ingredients of processed plant-based cheeses [31,32].
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	Ingredient
	Sources





	Carbohydrate
	Tapioca, potato, and corn starches



	Plant protein
	Legume, nut, and seed proteins



	Vegetable oil
	Coconut, cocoa, and palm oils



	Salt
	Sodium citrate and sodium phosphate



	Texturizer
	Xanthan gum, agar, and alginic acid



	Acidulent
	Acetic acid, citric acid, and lactic acid
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