

  foods-10-00600




foods-10-00600







Foods 2021, 10(3), 600; doi:10.3390/foods10030600




Review



Functionality of Ingredients and Additives in Plant-Based Meat Analogues



Konstantina Kyriakopoulou *[image: Orcid], Julia K. Keppler[image: Orcid] and Atze Jan van der Goot[image: Orcid]





Food Process Engineering, Wageningen University, P.O. Box 17, 6700 AA Wageningen, The Netherlands









*



Correspondence: konstantina.kyriakopoulou@wur.nl







Academic Editor: Frédéric Leroy



Received: 6 February 2021 / Accepted: 9 March 2021 / Published: 12 March 2021



Abstract

:

Meat analogue research and development focuses on the production of sustainable products that recreate conventional meat in its physical sensations (texture, appearance, taste, etc.) and nutritional aspects. Minced products, like burger patties and nuggets, muscle-type products, like chicken or steak-like cuts, and emulsion products, like Frankfurter and Mortadella type sausages, are the major categories of meat analogues. In this review, we discuss key ingredients for the production of these novel products, with special focus on protein sources, and underline the importance of ingredient functionality. Our observation is that structuring processes are optimized based on ingredients that were not originally designed for meat analogues applications. Therefore, mixing and blending different plant materials to obtain superior functionality is for now the common practice. We observed though that an alternative approach towards the use of ingredients such as flours, is gaining more interest. The emphasis, in this case, is on functionality towards use in meat analogues, rather than classical functionality such as purity and solubility. Another trend is the exploration of novel protein sources such as seaweed, algae and proteins produced via fermentation (cellular agriculture).
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1. Introduction


The consumption of plant-based protein foods as a replacement for meat in western countries seems to encounter several barriers, despite the consumers’ awareness over environmental issues [1]. Among the barriers is the unwillingness of consumers to make this dietary change, due to the enjoyment of eating conventional meat, the nutritional and sensory appeal, as well as, the convenience that meat offers [2,3]. The development of protein-rich plant-based products with the potential to replace meat in the nutritional sense is already explored traditionally with the production of tofu, tempeh, seitan, etc. Recent meat analogue research and development focuses on the production of sustainable products that recreate conventional meat, not only nutritionally, but also in all of its physical sensations including texture, appearance, smell and taste [4]. Respective products that are available on the market are strips, chunks, patties and burgers, chicken-like blocks, ground beef-like products, nuggets, steaks, sausages, etc.



Currently, technologies such as extrusion, shearing, spinning, and freeze alignment are employed or proposed for texturizing vegetable proteins from oilseeds, pulses and grains, forming a variety of structures, while fermentation has been used for many years now for the growth of mycoproteins (Quorn). Among these technologies, extrusion and mixing are mostly used in industry, with the rest being in a developing phase. Several recent reviews are summarizing the different structuring technologies, ranging from bottom-up-approaches such as preparation of individual fibres that are assembled to meat like structures (like in the case of mycoproteins), or top-down approaches, where the dough is formed into structured products (for example through extrusion) [5,6,7]. Less well summarized is the fact that the type of structure achieved is dependent on the functional properties of the ingredients used. It is therefore relevant to have a closer look at the ingredients used in currently available meat analogues.



A typical plant-based meat analogue contains, apart from protein in textured and non-textured form, a significant amount of water, flavourings, oil or fat, binding agents and colouring agents. However, most of the ingredients used in those products are highly refined. That is the reason that meat analogues face more and more criticism for being artificial products [8]. The use of less refined ingredients is a development that gains traction in recent years [9,10,11]. To maintain new innovation in meat analogues, it is imperative to understand the role of each ingredient (refined or not) and their interplay to find alternatives that are better appreciated by consumers.



In this overview, a first introduction is given to the different types of plant-based meat analogues produced through top-down technologies. This is followed by a discussion of the key ingredients of plant-based meat analogues. Special focus is put on the protein sources, and how origin and extraction methods affect their exerted functionality. We elaborate on the requirements for the development of different categories of meat analogues and we report cases and examples where specific ingredients could be used for the development of new meat analogues.




2. Meat Analogue Products Formulation


Consumer preference studies in Western countries have shown that meat-eaters are more willing to switch to plant-based meat analogues when the products mimic meat in texture and sensorial properties and can be incorporated in a meal context that fits with the consumer’s expectations [12,13]. Focusing on this consumer segment more and more companies have launched plant-based products on the market resembling meat. The meat analogue product categories addressed in this study are minced products (burger patties and nuggets), muscle-type products (chicken or steak-like cuts) and emulsion-type products (such as sausages). The following sections summarize the characteristics of these products, as well as their requirements in terms of ingredients and additives. In Section 3, we provide information on how these requirements can be fulfilled by the currently available plant-based ingredients.



2.1. Emulsion-Type Products


Plant-based products such as sausages, frankfurters, bologna, mortadella, etc. are examples of emulsion-type products. Similarly to the animal-based formulation, plant-based products consist of a substantial amount of water, proteins, fats, carbohydrates (gums, fibres, starch, etc.), salt and spices. The inspiration for the formulation of many plant-based emulsion-type products comes from meat and meat extender applications, where high protein non-meat substances partially replace meat [5].



In animal-based emulsion-type products, finely chopped meat from different sources (pork, beef, mutton, etc.) is used to form a stable mixture that binds water and traps fat, giving the product its characteristic texture when cooked [6]. Depending on the types of meat used, a variety of products is produced ranging from high-quality all-meat sausages to economy-style sausages, where lower meat quality cuts are augmented with higher fat levels [7]. Although different parts of the animal are used in sausage production, lean meat is usually separated firstly and mixed with water and salt to maximize protein extraction. Afterwards, it is blended with the rest of the fat meat, spices and binders for the final formulation [14,15].



Lean meat contains soluble myofibrillar proteins with desired water-holding capacity and emulsifying properties [7]. Based on this, it can be expected that plant-based proteins with similar functionality as myofibrillar proteins in terms of solubility, water-holding and emulsification capacity can be a suitable replacement. Similar to their meat counterparts, plant-based emulsion products can comprise multiple emulsion systems (mostly W/O/W). However, next to good emulsification capacity, the plant-based ingredients used should present the ability to form coherent and strong gels.



Proteins: Multiple plant proteins have the function of binding water, stabilise emulsions and gels, among which are soy protein, gluten, pea proteins, potato proteins (see Section 3.1). To achieve a coarser texture in emulsion-type formulations, there is also the possibility to add proteins in a texturized form in order [16]. Though, proteins are often combined with non-protein binders or fillers such as polysaccharides (e.g., fibres and starches (see Section 3.2)). The addition of those ingredients originates from the fact that it is known already that the presence of plant proteins often leads to a reduction in gel formation/elasticity in cooked emulsion products [17]. In recent product formulations such as “mimic-würstel” and “mimic-mortadella”, the use of less refined ingredients such as bean protein flour, chickpea flour and wheat flour as well as tofu has been suggested [18]. Amongst others due to the use of these ingredient combinations, the dry matter content of the products is higher than their meat counterparts. That has effects on juiciness.



Binders: Several soluble binders such as soy protein isolate, methylcellulose, carrageenan and modified starches are used in emulsion-type meat analogues. Their role is to improve the textural properties of the products, providing the desirable gelling and thickening (see Section 3.2). Additionally, they can contribute to emulsion stability, reducing oil leakage and purge loss.



Fats: Fat is an essential component as it improves juiciness, tenderness, and overall palatability of the emulsion-type products. The stability of both moisture and fat binding in the highly hydrated gel protein matrix is important. For meat products, rind emulsions or fat pre-emulsions are used, aiming at fat stabilization, preventing any fat separation during cooking and coalescence of the fat on the surface of the product [14]. Similar requirements are also expected for the plant-based counterparts where plant oils and fats are used (see Section 3.3). The type of fat (fat with a high or low melting point) seems to be less important for finely ground sausages applications like frankfurters, whereas fats with higher melting points are used when manufacturing cooked coarse cutting sausages or emulsion-type products with fat inclusions like mortadella [15]. Stabilisation of the fat in such plant-based foods can be achieved with the selection of the plant proteins with good emulsification capacities or even the use of native oleosomes [19] (see Section 3.1). Next to that, the use of protein-rich ingredient where oil is still in its native oleosome structure can also form fat containing gels when heated, which can be suitable for this type of products [20].



Others: Colourants and spices are also added to the product to resemble meat emulsion-type products. Heat stable colourants colours are mainly used, but those can be of natural origin (see Section 3.4.1). For example, fermented rice flour and paprika oleoresins were used in plant-based bologna formulations (Smart Deli® Bologna by Lightlife) to a typical pink colour. A variety of natural savoury spices and meaty aromas are available [21] and are selected according to the type of product the meat analogue mimics. Salt remains an important taste enhancer. However, when in contact with proteins, it affects their functionalities [22]. Current nutritional trends aim at reducing salt content and especially sodium, leading to some product formulation challenges, not only for sausage-types of products but also for comminuted products and whole-cuts.




2.2. Burgers, Patties and Nuggets


Plant-based products resembling ground and bound animal-based meat products, aim at recreating their distinct bite, chewiness, succulence and firmness. Animal-based burgers, patties and nuggets, consist mainly of proteins and fats and to a lesser extent of seasoning, salt and binders (such as wheat crumb, starches and fibres). Although in smaller quantities, salt changes the structure of proteins and toughens the products [23], while binders provide water and fat retention, and improve the texture and appearance of the product [24]. Plant-based comminuted products follow closely the recipes of the corresponding animal products. The majority of the protein components is first transformed into a meat-like fibre structure that resembles ground meat, known as textured vegetable protein (TVP), and then mixed with the rest of the ingredients for the final formulation.



Proteins: The protein is often texturized using low moisture extrusion cooking (Figure 1A). The most prevalent TVPs used in meat analogues are those based on soy, wheat or pea protein and mixtures thereof. Nevertheless, there is an increasing number of protein sources that can be texturized and have the potential to be used for the development of new plant-based burger-type products (see Section 3.1). Hydrated TVP as an ingredient gives a meaty and chewy texture to the product and provides desirable juiciness in the final product formulation. Research is focused on the structuring potential of new protein sources and their ability to retain water during storage and to release it upon heating and deformation. However, TVP alone, similarly to ground meat, cannot form a coherent product, which makes the use of binders unavoidable.



Binders: Egg protein and methylcellulose are the main candidates in commercial products, while wheat gluten can also play this role as it creates a network when hydrated and helps bind the TVP and other ingredients together. The texture and mouthfeel of the products are further improved, with the use of texturizers that present high water holding moisture and can make the burger softer and juicier. For the latter ingredient requirements, protein isolates, protein concentrates and polysaccharides (see Section 3.2) can be used.



Fats: The mouthfeel of juiciness is also affected by the fat in the product, which can be liquid or solid plant-based fat, emulsified or free (see Section 3.4). In many cases, a combination of liquid (such as sunflower and canola oil) and solid fats (like coconut or palm oils) is used to achieve the right balance (see for example the Beyond Burger® and the Impossible™ Burger). Preferably the fats in the burger are solid at room temperature and turn liquid when the product is heated. This gives the product a pleasant mouthfeel, similar to corresponding meat products.



Others: Moreover, “bleeding” vegetarian burgers attempt to create the feeling of juiciness by using beetroot juice and at the same time giving the product a characteristic meat colour (see Section 3.4). Research and development on plant-based burgers are furthermore focused on achieving even better juiciness and improving the appearance and taste of these products by developing new colour changing compounds, flavourings and aroma precursors.




2.3. Chicken-Like and Steak-Like Products


Another category of meat analogue products aims at mimicking whole-cut meats, like chicken meat, pork and beef steak, that are characterized by the presence of long fibres or layered structure. Plant-based products mimicking this fibrous or layered structure are produced via extrusion mainly. The products are processed further by freezing, curing, marinating and cooking to achieve the final structure, colour, tenderness, aroma and flavour change. So far, extrusion can be used to make small pieces of those products, while the shear cell technology (which is still in development) has the potential to make large pieces of fibrous plant-based products [25] (Figure 1B,C). The advantage of these products is that the desired structure of the final product is already there, so there is no need for reconstitution as it is required for the burger-type products. This can significantly reduce the ingredient list since binders and other texturizing agents can be omitted. However, this means that the structuring step is the key step in the formation of both a fibrous and a juicy product.



Proteins: Soy protein is the most commonly used ingredient. Not only isolated but especially less refined forms of soy protein such concentrates are used in extrusion applications [26,27]. With the use of an isolate, in several cases, additional components such as wheat gluten or carbohydrate fibres, are used for the formation of a multi-phase blend [28,29]. The mechanism of fibre formation is then based on the alignment of those phases [25]. Finally, solidification of the structure is achieved usually by cooling. The products take their shape based on the equipment used.



Binders: On the contrary to the previous meat analogues categories, binders are not necessary for whole-cut-type meat analogues due to the structuring technology used.



Fats: Fat is added to a limited extend during the structuring step, while the texturized products can be enriched with fat in a later stage (through marination). Liquid oils seem to be the preference of the industry for these types of products (see for example the vegan NoChicken chunks by The Vegetarian Butcher). However, there is still room for improvement, especially when the products are mimicking raw steak-like pieces where marbling effects maybe be desirable (see Section 3.3). Technologies to texturize vegetable fat are currently explored for this purpose [30].



Others: Colouring agents and flavours (including salt) can be either added during the structuring procedure or applied in the form of a marinade afterwards (for more details see Section 3.4), depending on whether the product mimics raw or cooked meat.



Regarding the flavour addition, most applications are based on marination afterwards, since the conditions used inside an extruder are detrimental for flavour compounds. In a patent by Ojah, it is reported that the marination process through infusion is more successful if the wet extrudate product is first frozen and then thawed prior to diffusion [31]. This means that cooling and freezing steps after the extrusion process can be beneficial.





3. Plant-Based Ingredients for Meat Analogues


In the following sections, different ingredients are described that are used or suggested for the production of the aforementioned categories of meat analogue products. We look into the role of bulk ingredients, such as proteins, oils and fat, and ingredients used in smaller quantities, such as binding agents, flavouring and colourants, on the desired texture and appearance of meat analogues. The required functionalities of the different types of meat analogues dictate which ingredients can be successful for each specific product development. Ingredients can have multiple properties and functionalities. Within this review, we discuss their purpose and end with suggestions for a route to create more natural plant-based products.



3.1. Plant Proteins


Although the selection of plant protein ingredients is the starting point for product development, the actual choice is often dictated by the protein availability, the yield of the crops and the protein extraction potential. A common characteristic observed among the most frequently used plant-based ingredients is that they are originally by-products of the food industry (primarily oil or starch production). For example, soy meals collected after oil extraction were formerly used as animal feed. However, the high protein content, balanced amino acid composition, wide availability, low price and the specific protein functionalities of soy (such as good gelling properties and water holding capacity) [4], made way for the production of protein-rich food ingredients that are used in meat analogue applications. The popularity of soy however decreased in recent times in western countries [32] because of criticism on crop production (i.e., deforestation of the rainforest) [33] and potential negative health effects associated with the presence of specific antinutritional factors [34]. Protein from wheat, which contains a high amount of gluten, is another frequently used ingredient. Gluten has unique film-forming properties that result in small fibres when applied in meat analogues. Besides, it is cost-effective because the starch present in wheat flour is used industrially as well. The main drawback is that part of the population is intolerant to gluten.



Apart from soy protein and gluten, other protein-rich oilseeds and leftovers from oil production are also considered as an ingredient for meat analogues, for example, sunflower and rapeseed meals. In addition to that, more and more crops are explored for their protein content, for example, rice, other cereal and bean flours. Derivatives of these crops such as meals, concentrates and isolates are used in traditional and novel meat analogues [4,35]. However, despite the increased interest in alternative protein crop, just meeting the demand for nutritional and functional characteristics is not enough; the socio-economic viability is also important. Lupin is an example of such a crop. Despite the huge potential and market demand for lupin-based ingredients/products, lupin cultivation in Europe remains largely insufficient to guarantee a steady supply to the food industry [36]. In the following sections, we look into currently used and promising protein ingredients for the three meat analogue categories: emulsion-, burger- and muscle-type products.



3.1.1. Soy protein


Soybeans contain a mixture of water-soluble and insoluble proteins, of which the whole aqueous extractable proteins can be separated into storage globulin and whey fractions by acidification to pH 4.5–4.8. The extractable globular proteins are classified into four protein categories 2S, 7S, 11S and 15S according to their sedimentation coefficients. The 7S (β-conglycinin) and 11S (glycinin) fractions represent more than 80% of the proteins [37]. The protein content (type and ratios between different proteins) [38,39] and the presence of additional compounds (such as carbohydrates) [40,41] determine the functional properties of soy ingredients. For example, Tarone et al. (2013) found that gels produced at pH 3 of soy protein fractions rich in 7S exhibited higher stress at rupture and higher water holding capacity than those of rich in 11S [38]. In another research, the hydrophobic interactions of the proteins and thus the foamability and surface elastic behaviour of the soy proteins were affected by the presence of soyasaponin [40]. Moreover, the addition of external carbohydrates, such as inulin, is found to proportionally improve tofu hardness and enhance the incorporation of protein into the gel matrix [41].



Soy protein isolates and concentrates are the most commonly used ingredients for sausage-, burger- and meat muscle-like meat analogues. The production process of those ingredients determines the composition of the ingredients and their functionality. Both soy milk and defatted soy flour are used for making protein-rich ingredients. In the case of soymilk, produced by aqueous extraction of whole soybeans, concentration or spray drying is used to yield a powder of 45–50% protein content and ~30% fat [42,43]. Defatted soy flour with a protein content of about 50% [44], is used to make concentrates and isolate through a process known as fractionation. The concentrates specifically are extracted with aqueous alcohol or acid solvent resulting in final protein content of 70%. The isolates, which have a protein content of 90%, are produced using alkaline extraction followed by a precipitation step in acidic pH and neutralisation [45].



Regarding the protein functionality requirements for the different meat analogues (see Section 2), these can be achieved both by using highly refined and only enriched soy protein ingredients. Table 1 provides a summary of the functional quality as well as the application potential of different soy ingredient, as well as other protein-rich ingredients. Post-treatment processing, such as toasting or moisture heating [46,47], or even mixing with other protein or polysaccharides [48] is suggested for tuning the protein properties. For meat analogue applications, protein purity does not have to be so high. Stronger mixtures of soy protein isolate (SPI) and gluten or soy protein concentrates (SPC) have been used for the production of TVP based patties [4], while less refined ingredients have also been used for soy emulsions and gels for sausages [49,50], or for structuring muscle-like products [51,52,53,54].




3.1.2. Wheat gluten


Wheat gluten is a key ingredient for many analogues. It has an attractive price for the industry as it is a by-product of bulky wheat starch production. In contrast to soy, extraction of gluten from wheat is done by washing out the soluble and dispersible components with water only, leaving behind the insoluble protein. Apart from binding and dough forming capacity, wheat gluten has additional desired functionality (including viscosity, swelling, nutritional quality) [55,56]. Its characteristic functionality allows it to be used both as a binder and as a structuring agent. The use of gluten in extrusion or shear cell can transform raw materials into fibrous structures, providing a base for both whole-cut and minced meat-types of analogues [57,58]. Gluten forms thin protein films upon simple deformation and elongation, transforming the meat analogue dough into a fibrous material [53]. This three-dimensional network is a result of disulphide protein linking [59], which causes also the formation of fibrous structures during high-moisture extrusion [26,60,61]. Disulphide bonds can be intramolecular or intermolecular, depending on the protein class. For gliadins, the low/medium molecular weight monomeric proteins, mostly intramolecular disulphide bonds will be formed, while for glutenins intermolecular disulphide bonds are more likely [62]. This means that gluten functionality is determined by the ratio of glutenins:gliadins. Isolation of specific protein subunits [63], modification of the protein during extraction (for example the use of non-reducing and reducing conditions [64] or hydrostatic pressure and temperature [65]), and interaction of gluten with other compounds such as polyphenols [66] and alkali salts [67] can lead to different degrees of cross-linking, which affect the eventual structure of the gluten in the meat analogues. Through hydrolysis other properties like solubility, foaming, and emulsifying qualities can be improved [68], broadening the application field of gluten. Current trends however are going towards replacing gluten due to its correlations with celiac diseases, although its unique properties are difficult to replace. Suggestions have been made to replace gluten with other types of proteins mimicking the properties of gluten after the addition of hydrocolloids, fermentation or hydrolysis [69,70]. The use of cross-linking enzymes such as transglutaminase or phenolic compounds and fibres with cross-linking potential is also an option for the modification of the alternative proteins [71,72,73].




3.1.3. Legume proteins


Legume proteins from pea, lentil, lupine, chickpea, faba bean, mung bean and other types of beans have been examined on their functional properties, such as emulsification, foam stabilization and gel formation [74,75,76,77,78,79]. Among those plant proteins, pea protein has gained a lot of attention since it can be used in meat products and meat analogues in several forms based on final product formulation, the technology used, and any regulatory requirements [80]. The properties of the pea ingredients can be affected by the pea cultivar, the extraction process and the actual protein composition (legumin/vicilin ratio) [79]. The ability of pea ingredients to bind water and fat, and to generate a firm texture after thermal processing, allows them to act as binders, fillers, and functional improvers [80]. Structuring of pea protein by high moisture extrusion [81,82] and shearing [83] to produce meat analogue fibres has been successful. However, pea-based structures were found weaker than their soy-based counterparts [84,85]. This explains why often hydrocolloids are added in the case of pea protein-containing meat analogues.



Next to pea proteins, chickpea-, lentil-, faba bean-, mung bean- and lupine proteins also have good emulsion and foam stabilisation capacities [86,87,88,89,90,91], placing them as good alternatives to soy for sausage-type meat analogues. Unfortunately, proteins from lentil, lupine and faba bean present weaker gelling capacities than soy [84,92,93,94], limiting their application range. Mung bean and chickpea on the other hand present good gelling properties and are therefore more promising for meat analogues [75,86,87]. Recent research is focused on understanding and improving the functionality of ingredients (mostly isolates). For example, ultrasonication has been employed to improve gelling properties and thermal stability for legume proteins under optimized treatment conditions [95].



In case the ingredient after fractionation does not possess the desired functionality, it is possible to apply post-treatment steps to modify the protein composition and functionality. For example, pH shifting, the use of NaCl, calcium or high hydrostatic pressure during fractionation can change the protein structure, which in turn affects properties like gelation [93,96]. Thermal post-processing treatments of the ingredients, such as toasting, were also found a good way to modify legume ingredients, increasing their water holding capacity and decreasing their solubility [47,97]. An alternative is to use mixtures of ingredients to obtain the right functionality [98]. Mixing different legume proteins with polysaccharides or even using less-refined protein-rich ingredients can be a way to improve the functionality of legume proteins [99,100,101]. Vogelsang-O’Dwyer et al. (2020) showed that dry fractionated protein-rich faba bean flour exhibited superior functionality compared to isolate produced through acid extraction/isoelectric precipitation. The former showed higher protein solubility (~85%) at pH 7, increased foaming capacity and good gelling ability [102]. Therefore, many researchers look at the properties of mildly fractionated legumes, that are produced by milling and air classification [77,103,104,105,106,107].




3.1.4. Rapeseed, sunflower and other seed proteins


In addition to legumes and soy, oilseeds such as rapeseed/canola, sunflower, and others have also gained interest. Although most seed isolates and concentrates are not commercially available yet, they seem to have promising functionality for replacing soy in plant-based food formulations. The fact that many of these proteins are by-products of the oil industry, makes their valorisation quite attractive economically. Limitations observed due to the presence of antinutritional factors or polyphenols that can react with the proteins and can hinder their application for human nutrition [108] are currently addressed by using extraction protocols [109,110], fermentation processes [111,112] or crop breeding [113]. Salgado et al. (2012) reported that sunflower protein concentrates have moderate water holding capacity values, similar to commercial soy protein isolates that are used as a thickening agent. Moreover, sunflower proteins are known to have good stability for emulsions and foams, comparable to commercial soybean protein isolates and bovine serum albumin [114]. Malik et al. (2017) report enhancement of the emulsification and the foaming capacity of sunflower protein isolates when the pH is kept near the isoelectric point (pH 4–5) while applying heat [115]. To act as an emulsifying agent, high protein purity was not a prerequisite according to Karefyllakis et al. (2019). They showed that mildly fractionated ingredients from sunflower containing three main classes of macromolecules (proteins, polysaccharides and oil bodies) exhibited satisfactory emulsification performance [116]. Moreover, sunflower protein concentrates also showed a gelation capacity comparable with commercial proteins used as gelling agents in different applications [114]. Lastly, the treatment of sunflower isolates with ultrasonication lead to the formation of stronger gels when applying a temperature of 95 °C. The firmness was further increased as the temperature decreased to 25 °C [117]. The protein heating causes the unfolding of proteins and the exposure of its hydrophobic groups, which allows the formation of non-covalent interaction among the denatured protein molecules reinforcing the colloidal network upon cooling [117].



Similarly to sunflower proteins, rapeseed proteins, consisting mainly of cruciferin (11S globulin) and napin (1.7–2S albumin), can gel under high pressure or heat and thus might promote meat-like textures [118,119]. However, differences in the properties of the rapeseed protein subunits have been reported; cruciferin forms a strong heat-set gel under alkaline conditions, while napin in general forms a weaker gel [120]. Ainis et al. (2018) reported that rapeseed proteins as a whole formed solid gels only at pH 7, while at pH 5 and pH 3 they had viscous-like behaviour after heating [121]. Other researchers report that gelation of rapeseed and canola proteins typically involves the addition of fixatives (e.g., transglutaminase), the chemical modification of the proteins (e.g., succinylation and acetylation), and the use of polysaccharide mixtures [122,123]. Apart from gelation, rapeseed proteins exhibit good emulsification and foaming properties [124,125], which can promote their application in sausage-type meat analogues. These properties are further improved even at alkaline pH by the presence of polysaccharides such as gum Arabic [126].



Quinoa seeds, belonging to the category of pseudo-cereals, have also gained attention as a protein source. Less refined quinoa ingredients such as whole seeds and flours have been encountered in meat products as meat extenders in nuggets [127], gelling agents in mortadella [128], fat replacers in burgers [129], and as binders and means to reducing nitrate/nitrite additions in sausage-type products [130,131]. Research is focused on understanding how quinoa protein (rich in 11S globulin and 2S albumin) behaves. Quinoa isolate presents average solubility (~50%) at neutral pH, however, its water absorption, emulsifying and foaming properties are similar to that of soy protein [132]. Good gelation properties are also reported [133,134], together with fibre-like connections in the gel network at low pH and divalent salt addition heat gelation procedures [135]. So far, there is limited research on the use of quinoa in extrusion processes (apart from low moisture extruded snacks). This suggests that quinoa protein is more suitable as an ingredient for sausage-type products and as a binding/thickening agent for TVP based products.



Research on other seed proteins, such as chia and pumpkin seed proteins, is still in a pioneering stage and thus focused on protein isolation (including alkaline treatment and dry fractionation) and the resulting functionality [136,137,138,139]. For chia protein-rich ingredients, emulsifying stability was the highest for less refined fractions, while the protein-enriched fractions through dry fractionation exhibited better protein solubility, water absorption, foaming and least gelling capacity [136]. These properties indicate their potential to be used as an ingredient for emulsion-type products like sausages. Similar to chia seed protein, the solubility of pumpkin seed proteins is also rather low (<20%) in the acidic pH region (pH < 5), but it drastically increases at pH above pH 6 [140]. Pumpkin seed protein with denaturation temperatures above 90 °C seems to be more resistant than other proteins [139,140], which however might be the reason that these proteins lack important functionalities thus further modification should be taken into consideration [141].




3.1.5. Other plant proteins (Peanut, Potato, Zein, Hemp)


Protein-rich streams such as peanuts, hemp, potato proteins and corn zein fractions are also promising sources of protein in food applications. Already in earlier research peanut flour was texturized using single-screw extrusion and presented functionality comparable to that of textured soya flour [142]. As potential ingredients for meat analogues, peanut protein concentrates showed comparable oil binding and foaming capacity to soy protein isolates. Moreover, they presented higher viscosity and gel formation after heating [143]. Rehrah et al. (2009) formulated a defatted peanut flour meat analogue with a protein content of 55%. The physicochemical and sensory properties of the product were similar to soy-based TVP, and the researchers suggested that it can be used for the development of ground beef like substitutes [144]. Recently, high-moisture extrusion products with a fibrous structure were also reported [145,146].



Proteins isolated from hemp seed meal (a by-product of the edible hemp oil industry) were found to exert a range of functionalities, regarding solubility, emulsification, water and oil holding capacity. These functionalities were affected by the extraction and isolation process [147,148,149,150]. An interesting property of hemp ingredients for meat analogue application is the least gelling concentration, which ranges from 12% w/w for the hemp meal to 22% w/w for the isolate [150]. Next to that, evidence was reported on the potential use of hemp protein concentrate for the substitution of SPI in high moisture extrusion meat analogues [151].



Potato proteins and zein, either separate or as a blend, can be used as meat analogue ingredients. Potato protein has good emulsification, foaming and gelation properties [152,153,154], making it a good texturizer. It consists of the majority from patatin and has a low thermal denaturation temperature (55–75 °C) at which it forms a gel network [154]. Thermally formed gels from potato protein isolates were obtained at pH 3 and pH 7 with minimal gelation temperatures around 45–50 °C [155], which can be beneficial for applications where a low temperature is required. However, similar to the rest of the proteins, potato protein properties can change with the use of different protein isolation methods [156] or post-treatment modification using enzymes [157].



Zein has been successfully used in stabilizing oil-in-glycerol emulsion-gels fortified with antioxidants as a healthy substitute for margarine in cake preparation, as a fat analogue in mayonnaise formulation [158], stabilization of foam and emulsions [159], and in the production of gluten-free bread or dough [160,161]. Glusac et al. (2018) reported gel-like structure formation of zein-potato protein stabilized used in meat analogues [162]. Recent research on the formulation of zein fibres by Mattice and Marangoni (2020) showed that individual fibres of the smallest scale can be produced by electrospinning. In addition, a web-like network can be produced by antisolvent precipitation, while an oriented fibrous network could be achieved by mechanical elongation. These zein fibres when incorporated into model meat analogue soy protein isolate gels, could potentially create texture mimicking chicken meat [163].




3.1.6. Outlook of Plant Protein Usage for Meat Analogues


Soy, pea and gluten are so far the main ingredients encountered in commercial meat analogues. Those ingredients have in common that they are widely available, and are by-products of already established food /ingredient production lines, which goes along with the low cost. Research so far aimed at determining the most relevant functional properties for meat analogue applications, among which gelling and emulsification are mostly investigated. Generally stated the functional properties of readily available ingredients are not optimised for meat analogue applications, since their fractionation processes were designed before this application became important. It is therefore interesting to investigate options to tune the properties of these ingredients towards meat analogue applications, by blending ingredients (for example proteins with polysaccharides) or by inducing modification through post-treatments (inducing covalent interactions during processing for example [164]).



From the overview above we also see that many protein sources are explored and a broad range of properties are reported. Several promising protein ingredients however are not commercially available. Probably, the economic feasibility is hampered by the complexity of the fractionation process and the lack of use of any by-products of those novel crops. However, new crops can be used to develop fractionation processes that are aimed at meat analogue applications, for which that inclusion of non-protein components can be accepted, leading to reduced by-products stream. This means that more options are available to improve both functionality and resource use (see also Section 4). In addition, more insights on how the ingredients behave can help to find the right directions to improve the overall ingredient production process.





3.2. Binding and Texturizing Agents


The formulations of currently available meat analogues include several ingredients from animal or plant origins, which act as stabilizers, gelling agents, thickeners, emulsifiers. These ingredients can bind water and/or fat and can provide adhesion for the TVP particles. For sausage type products, binders are used to improve the smoothness and consistency of the product, and to maintain a juicy product by retaining the desirable moisture and fat. For meat emulsion products, phosphates (E450) and NaCl improve the binding properties of myofibrillar proteins [165,166], however, they are not well perceived by consumers that demand more natural ingredients [167,168]. Recent research on meat products has shown the potential of using citrus fibres [169] or fibre-rich fractions of cereals as alternatives binders for bologna-type products [131]. For non-vegan meat analogues, egg white or albumen can provide the desired functionality (used for example in The vegetarian butcher’s Little willies). Alternatively, the use of methylcellulose, carrageenan, locust bean gum, calcium alginate and other ingredients are encountered (see for example the Knacki Vegetale by HERTA (vegetarian product) and the Garden Gourmet Sensational sausage braadworst by Nestle (vegan product)). Arora et al. (2017) showed that mushroom-based sausage analogues containing 5% saturated fat and produced with carrageenan and xanthan gum exhibited improved textural properties (purge loss and emulsion stability) compared to those produced with soy protein concentrate and casein [170]. This improvement can be attributed to the gelling and thickening abilities of polysaccharides [171] and explains their increasing use as meat analogue binders and extenders. Despite the commercial application of polysaccharides in vegan products, the fact that E numbers or a long ingredient list with scientific equivalent names have to be labelled on the package [for exampleE461 (methylcellulose), E407 (carrageenan), E410 (locust bean gum), E412 (guar gum) and E415 (xanthan gum)] does not appeal to consumers. This has to do with the perception of consumers regarding their naturalness [172,173] and their impacts on health and wellness [174].



Clearly, the use of egg is not an option for vegan burger products. In those products, the requirements for binders are slightly different, however. Next to water and fat binding capacity, the binder helps to improve the texture and appearance of the burger by gluing the minced particles together. The functionality of hydrocolloids such as methylcellulose, hydroxypropyl methylcellulose, long fibre cellulose, corn zein and alginates, to bind texturized vegetable proteins, to improve oil encapsulation and to reduce oil absorption, is well documented [175,176,177,178]. Among these ingredients, methylcellulose is the most commonly used ingredient and can be found in many signature products of meat analogue companies despite its E number. Its binding capacity in combination with properties such as the unique reversible thermal gelation, the abilities to control ice crystals formation and reduced cooking loss [179,180,181], have made it a key ingredient for both comminuted products and emulsion type products. As a replacement of methylcellulose other hydrocolloids or combinations thereof can be considered. Alginate solutions can provide adhesion for particular materials [6] as in the presence of divalent cations they form a cold-set gel [182]. Additionally, enzymes like transglutaminase that induce crosslinks between the protein molecules can be used, improving the binding properties and the sliceability of finely-textured plant-protein products [6]. However, the use of enzymes is not perceived well from the consumers’ point of view due to its correlation with celiac disease [183]. Although enzymes, used as processing aids, may not have to be labelled when they are inactivated by cooking before final packaging [184], their usage does add to the costs of the ingredients. Oil can also play a binding role, especially at increased concentrations. Oil interacts with the proteins and promotes hydrophobic interactions and aggregation resulting in a uniform gel network [185]. However, despite the possible alternatives listed above, no clear alternative exists for methylcellulose at this moment that provides all functionalities needed.



Among the plant-based meat analogues, whole-cut products (like chicken chunks) have the lowest demand for additives; the recipes are simpler and the products do not need adhesion. However, some products could benefit from the use of binders when it comes to water and fat retention, which can improve the mouthfeel and juiciness perception. Mattice and Marangoni (2020) suggested the addition of gums to improve the water holding capacity of zein fibres destined for chicken-like meat analogue formulations [163]. Possible additional ingredients for such applications are polysaccharides such as pectin, guar gum, carrageenan, cellulose, methylcellulose [177,186,187,188,189,190,191]. Polysaccharides can be also introduced during the thermomechanical processing, where they improve the rheological properties of mixtures and the water-binding capacity of meat analogues, as was observed in the case of soy/pectin based meat analogues produced in the shear cell [192]. For more natural and clean label products, however, the selection of ingredients that naturally contain polysaccharides such as protein concentrates or protein-rich flours is advised for the production of extruded or sheared products.




3.3. Fat, Oil and Oil Substitutes


Fat contributes to the juiciness, tenderness and flavour release, which are important attributes for meat products [193,194]. Therefore, the addition of fat or oil in meat analogues can have similar advantages. Emulsion-type meat analogues currently available on the marked such as sausages have a fat content of up to 25%, which is similar to corresponding meat products [15]. In these products, fat is pre-emulsified and introduced together with the protein and the rest of the ingredients in the mixing stage (see Section 2.1 Emulsion-type products). This differs from burger-type analogues based on TVP, where fat is introduced through mixing the (pre-processed) ingredients, in the cold mixing step to create the final product. Muscle cut mimicking meat products could benefit from practices applied to corresponding meat products, where fats or oils are injected into the muscle to improve characteristics and consumer acceptability [195,196,197].



Fat should be properly balanced in the selected formulations as it influences the structure, rheological properties (fluidity, plasticity, texture) and sensory characteristics of the products [198]. Pre-emulsification of fat can be achieved by using a variety of plant-based proteins (see Section 3.1). The extraction and use of native plant oleosomes has also been suggested as an emulsifier [199]. The formulation of gels using pure oleosomes [200] or in combination with proteins [201] and carbohydrates [202] have been reported, which can be interesting for emulsion-type applications or comminuted products. For whole cut meat analogues, the use of emulsified and crosslinked fat crystal networks [30,203] and oleogels [204,205] is considered promising when aiming at a marbling structure.



The fats and oils mostly used in meat analogue applications originate from soy, sunflower, rapeseed, canola, corn, palm, coconut and sesame oil. Interestingly, the co-products of many of them: defatted meals, flours and their derivatives (protein concentrates and isolates), are used or considered as the protein sources of meat analogues. This raises the question of whether it is necessary to fractionate these oilseeds to proteins and oils. The oilseed ingredients rich both in fat and proteins could be another way to introduce lipids into a meat analogue recipe. Ingredients such as full-fat soy flour and (naturally containing fat) mildly fractionated soy isolates have been used to produce fibrous meat analogues structures using the shear cell technology [46]. The addition of fat/oil during processing, however, can affect the structuring potential of the ingredients. When used in high quantities (>5%) during thermomechanical processing (extrusion and shearing), slip can is observed which negatively influences the shear forces and thus the fibre formation process [206]. Additionally, it was reported that extrusion of recipes containing more than 15 wt% of oil, negatively affected the alignment of the macromolecules and the fibre formation for the meat analogues, due to excessive material lubrication [207]. Thus, one can take into consideration the intended use of the material (whether this will be used in the structuring process or as a binder in the final formulation).



Abundant consumption of fat is associated with adverse health effects, which explains that part of the research on meat products, focusses on reducing the actual fat content [208,209]. Research on fat substitutes consisting of water and functional ingredients is picking up [210,211,212,213]. Fat substitutes may also be considered for the formulation of low-fat meat analogues, where juiciness, succulence and texture need improvement. Fat substitutes already used in the food industry are protein particles (from milk, eggs, or plants (i.e., soy protein isolate)), modified lipids, such as synthetic lipids (Olestra® sucrose polyester); carbohydrates, including modified starches, resistant starches, dietary fibres, amorphous cellulose fibre (Z-trim®), etc. [214,215,216,217,218]. Among these, carbohydrates have gained a lot of attention in meat applications. Amorphous cellulose fibre has been successfully used for partial replacement of pork back fat in fermented sausages [219]. Dietary fibres such as inulin and fructooligosaccharides have been used in low quantities in low-fat Italian-type salami [220], while alpha-cyclodextrin and wheat fibre have been proposed as ingredients in chicken frankfurters [221]. Another successful example is konjac gels combined with other ingredients (starch, carrageenates, gellan gum) which have been used in the formulation of reduced/low-fat meat products such as frankfurters, bologna, fresh sausages and pork nuggets [222,223]. The positive aspects of fat substitutes do not stop on sensorial benefits. The use of rice-starch oleogels in beef burgers diminished cooking loss and fat absorption as well [205].




3.4. Flavour and Colouring Agents


Meat analogues acceptance is largely determined by their visual appearance and flavour. After providing the right texture and shape, the focus is on colour or colour changes during preparation that helps the product to resemble meat. Most commonly used ingredients for meat analogues, like soy protein and gluten, have a beige or yellow-brown colour. Thus, the colour of the basic meat analogue structure is far different from the well-accepted red colour of unprocessed meat or the brown colour of cooked meat. Therefore, colourants are added to the ingredient mix. The mixing can be done before any structuring treatment i.e., high-temperature shearing and extrusion (for muscle-type products), or with the rest of the ingredients in the final product formulation stage (for sausage and burger types of products). Depending on the application stage and the type of product, colouring requirements can differ. For example for sausage-type applications, heat-stable red hues are used, while for raw meat-type analogues browning or decolouring of the original red hues is desired. The difficulty in the latter case is the determination of proper red colour hues that present high storage stability at the pH value of the meat analogue but degrade or brown upon heating.



3.4.1. Colouring Agents


Heat stable colouring ingredients, such as caramel colours, malt or annatto, turmin, cumin, erythrosine and carotenoids, such as carotene, canthaxanthin and lycopene [224,225,226,227,228,229], can provide the desired hues for products such as sausages or meat analogues mimicking cooked final products. These colourants are chemically synthesised or naturally derived components; the latter has gained popularity and come in the form of extracts or dry powders. Carotenoid-rich extracts like paprika oleoresins and annatto seed extracts, as well as lycopene-rich extracts from tomatoes, have been used in meat-based products, such as fermented sausages [229,230,231]. Red yeast (Monascus purpureus) products made by fermenting rice, are used traditionally in Chinese cuisine for the colouration of duck meat and has also been introduced in tofu and other food products [232]. Studies on natural colourants indicate that those ingredients possess antioxidant properties suggesting that they could act as nitrite replacers in meat products [229,233]. The combination of colouring agents (paprika oleoresin, lycopene and red yeast rice) has been successfully applied in “non-meat-based sausages” based on soybean isolates, gluten, soy oil, egg white, carrageenan, and modified starch [227]. Due to their stability, these colourants fit well for final product formulations.



Meat analogues marketed as a replacer for “raw” meat products (whole-cut meat type, burgers or minced meat) require colour changes upon cooking. Therefore, heat-stable colouring agents, even of natural origin, need to be replaced by or combined with colourants that allow a colour change similar to that of meat upon cooking or frying. For meat, it is observed change from red to pink or grey-brown, due to the denaturation of myoglobin, occurs at a temperature range around 75 °C [234,235]. To mimic this, betanin and beetroot extracts are proposed as additives attributing a “raw meat” colour [225,236,237] and undergo colour changes due to thermal degradation [238]. Beetroot extract was the choice of colourant for the “raw” burger formulation by Beyond Meat™. Impossible Foods™ created a “bleeding” plant-based burger with the use of soy leghemoglobin, which is now recombinantly produced. Leghemoglobin gives their product the colour of fresh meat, while after cooking the desired browning together with meat-like aromas was observed [226,239]. Chemical changes including Maillard reactions influence the colour of the products not only during the preparation of final by the consumer but also during thermomechanical structuring (extrusion or shearing). This explains why heat-labile colourants and reducing sugars are used in various combinations depending on the meat analogue production technology and the characteristics of the final product [225]. Reducing sugars already reported in meat analogue formulation patents are dextrose, maltose, lactose, xylose, galactose, mannose and arabinose [225,236].



Despite the available embodiment methodologies and the variety of colourants, the final products are not always of the highest possible quality. In many applications, mismatches among the pH range of the colourant and the pH of the meat analogue are the cause of the colour problems. Therefore, acidulants, such as citric acid, acetic acid, lactic acid or their combinations are added to the formulation [240]. However, pH changes are known to alter the properties of the proteins, affecting the proteins structuring as well as the taste of the final meat analogues. Besides, proteins have a buffering capacity, thus require large quantities of additives to induced pH changes. Furthermore, along with the colouring agents colour retention aids such as maltodextrin and hydrated alginate, are used to inhibit or control the colour migration from the dyed structured meat analogue [240].




3.4.2. Flavouring Agents


Like with the colouring agents, the selection of the flavour depends on the final product formulation. Starting from the selection of the plant protein ingredients, it is known that soy and legume ingredients have unpleasant flavour profiles and intrinsic off-flavours, which hinders the acceptability of the products [241]. Astringent and bitter flavours are encountered due to the presence of glycosides, like saponins, and phenols, such as isoflavones, catechins and phenolic acids [21,241]. Off-flavours such as grassy and beany flavours are formed due to lipid oxidation [242]. Practises such as defatting, removal and deactivation of lipoxygenases and even fermentation of the ingredients are suggested to remove the undesirable compounds [243].



Meat in itself has a quite neutral taste, while meat analogues mostly mimic processed meat products (see sections above). Thus, apart from correcting the off-flavours, desired aroma and taste needs to be introduced depending on whether the final product mimics marinated meat, burgers or sausages. When measuring commercial meat analogue burger products, He et al. (2021) examined the effect of cooking on aroma formation and found that the fatty acid composition and the volatile flavour substances profile are mainly determined by the flavouring ingredients used [244]. The selection of the right spices can thus increase consumer acceptance of those products.



For flavouring of meat analogues natural savoury spices, meaty and savoury aromas are currently used [21]. Besides these, the use of precursors is explored as well [245]. Earlier research was focused on volatile components produced during the cooking of meat [246,247,248,249]. With this knowledge, meat-like flavours have been produced using precursors like reducing sugars (glucose, xylose, fructose, and ribose), amino acids (cysteine, cystine, lysine, methionine, proline, serine, threonine), vitamins (such as thiamine), nucleotides and iron complexes (e.g., ferrous chlorophyllin or heme-containing proteins) [245,250,251]. Chemical reactions, such as Maillard reactions [252,253], create new characteristic flavour substances from sugars and amino acids [254,255]. Recently, Chiang et al. (2020) explored the use of Maillard-reacted beef bone (MRP) hydrolysate to provide meat sensory aspects in extruded soy and gluten-based products [256]. Even though the added ingredient does not comply with a vegetarian and/or vegan diet, the produced flavour can increase the acceptance of meat analogues among consumers that enjoy eating conventional meat [257]. Modification of plant-based protein with the use of enzymatic hydrolysis was also found to develop desirable chicken- and beef-like aromas [258,259]. Compounds such as furans and thiophenes containing sulphur are also known to possess strong meat-like aromas with exceptionally low threshold values [260], thus cysteine/ribose reactions dominated by sulphur-containing compounds were used as contributors to an overall roasty, meat-like aroma [254,261]. Such roast aroma or flavour is the most desired, though a risk of off-flavour formation exists. Therefore, the optimization of the flavour and taste perception quality is a challenge [262,263]. Depending on the nature of these compounds, complex chemical reactions may occur, while under high temperature and pressure treatment volatile components are released from the material leading to flavour perception changes. The latter is observed during thermomechanical processing, together with moisture loss when the material leaves the extrusion die [264].



The protein ingredients used during extrusion play an important role as well. Flavour compounds, such as aldehydes, ketones, and esters, bind with proteins through hydrophobic and even through covalent interaction with cysteines [71,265,266,267]. During extrusion, changes in the volatile flavour substances are observed, associated with the microstructure of the meat analogue, the water distribution and the protein conformation [264]. Guo et al. (2020) reported that an increase in the gluten content of extruded SPI: gluten formulations lead to volatile losses and a decrease in the volatile retention rate [264]. Extrusion reduces the available binding sites for wheat gluten, among others due to disulphide cross- linking [60,264]. Thus, research on understanding how volatile flavours interact with the protein matrix can be beneficial for developing meat flavours that can be introduced during the food structuring step.



Together with aromas and precursors, salt also plays an important role in taste perception. However, the role of salt is not only as a taste enhancer, but it also contributes to the extension of the shelf life of the product. In some cases, it also improves the product’s texture. Salt addition to the protein base of the meat analogues, can lead to the solubilisation and unfolding of the protein affecting its structuring potential (see Section 3.1). It should be noted that the protein isolates contain already quite some salt due to the fractionation process [268]. The high level of sodium in the western diet and the increased health risks that it brings have raised concerns [269]. Looking for inspiration from the meat industry, sodium reduction strategies include the use of salt replacers and/or flavour enhancers. However, the sensory impact of these components is found to be matrix dependent [270].





3.5. Water


Water in meat analogues has multiple functions. It acts as a hydration medium for the different dried ingredients and as a plasticizer and reaction agent during processing. In extrusion processing specifically, water determines the viscosity of the melt, participates in the chemical reactions (starting with the induction of conformational changes in protein), influences the friction and acts as an energy transfer (thermal and mechanical) medium [271]. In low moisture extrusion, the moisture content together with the temperature affects the expansion and porosity of the product as it is observed for starch-containing extrudates [272]. With increasing moisture content during highly concentrated plant protein extrusion, an increase in the reaction rates of proteins is reported [273]. The disulphide bonds, hydrogen bonds and hydrophobic interactions are promoted at higher moisture levels. This can lead to a high degree of fibrous structure formation [271], while as already mentioned in the previous section interaction with the flavour components can also occur.



In addition, many of the functional properties of the proteins as swelling, viscosity, gelation, emulsification, and foaming are affected by the availability of water in the food system and the degree of interaction with the biopolymers [274,275]. This is important for specific meat analogue application such as in sausage-type products where water is needed for the emulsification process. Moreover, the higher water content can be desirable since sensory properties such as juiciness and mouthfeel of meat analogues are retained longer. Besides, meat analogues with high water content can also be baked and cooked similarly to meat. To sustain the desired water content, a variety of binders with water-holding properties are used (see Section 3.2). Lastly, the inclusion of water in food reduces the ingredient costs.





4. Steps for the Production of the Future Meat Analogues


Consumer preference studies revealed that key motivations for people to switch towards a plant-based diet and thus include meat analogue products in their eating routine are the health benefits and the price of the products [2]. Possible constructs on the other hand are food neophobia and meat attachment [2]. This means that future research, development and innovation on meat analogue formulation and production should address all these aspects. Currently, the main focus has been given on the development of meat analogues that recreate conventional meat in all of its physical sensations (appearance, texture, taste, smell, etc.), however, there is an increasing demand by consumers for sustainable ingredient sourcing, natural, clean-label and nutritious products.



4.1. Structure Formation


To achieve the desired texture and bite in current meat analogues, familiar ingredients to the consumer, such as soy, gluten and pea protein are used, however from this review we see that more and different types of plant proteins can be exploited. Mixing, heating and (low and high moisture) extrusion are still the most established texturization methods to create meat-like structures, while there is new research on novel structuring methods such as shear cell, spinning and 3D printing. For each structuring technology and product applications (emulsion-, burger- and muscle-type meat analogues), product formulations are optimised based on the protein ingredients used. Many additional ingredients (binders and texturizing agents) are added to improve the texture of the final product.



What is known so far is that in sausage type formulation, plant proteins should answer the requirements for solubility, emulsification/fat stabilization and water binding capacities, while they should also form a firm elastic gel [15,17]. For meat analogues based on extrusion and shearing, protein-crosslinking is considered the main structuring mechanism. Properties such as water holding capacity and solubility are often regarded as good indicators of cross-link density and formation during processing, respectively [276]. However, covalent cross-links are unfavourable before or during thermomechanical processing, since they decrease chain mobility, increase viscosity, and preventing material homogenization [276], while the also affect other sensorial characteristics (Section 3.4.2 Flavouring agents). The identification of these requirements paves the way to the use of currently underutilised protein sources.




4.2. Exploring Novel Proteinaceous Ingredients


Novel protein sources are constantly explored. Proteins from crops such as rapeseed and sunflowers (leftovers from oil production) and legumes, can be considered good alternatives to soy and are expected to be implemented soon in meat analogue products [118]. The fact that they come in vast quantities and can provide high-quality proteins makes them really attractive for the food industry, while their functional properties allow their implementation in a variety of meat analogue products. Researchers aim at exploring other protein crops as well such as leaves (RubisCo) and aquatic biomasses such as duckweed, seaweed and algae, however, the technology to extract proteins from those sources is still in the initial development stage, making them less competitive towards the plant protein (examined in this review in short term [277]). There are additionally new developments on protein sources concerning recombinant or cellular agriculture, which use fungi, yeast and bacteria for the production of animal proteins or for proteins that are natural for the microorganism. However, also for this downstream processing and determination of their functional properties are still subjects to recent research [164].



In addition, there is also a trend to use classical protein sources differently. There is less focus on purity and more on functionality. This trend aligns with traditional techniques of making plant-based products such astofu, yuba and tempeh, where flours, milk or even whole beans were used as main ingredients [7]. These products show the potential of using less refined ingredients and argue even in the direction of designing or modifying protein-rich ingredients to fit specific requirements for each application. This approach can potentially reduce the product’s environmental impact [4,278,279], though the nutritional quality and the functionality of highly refined and less refined ingredients (and their by-products) should be carefully considered in such comparison [280,281]. This means that the subject of the research should be understanding when this switch can be made [18] and what the actual environmental benefit can be.




4.3. Functionality of Protein Sources


The plethora of plant proteins and their properties suggests that the amino acid sequence of the protein defines the functionality [276]. The technological functionality of the proteins though can be further influenced by processing creating new possible uses for the proteins (see Section 3.1). Apart from technological functionality, plant proteins should also replace meat nutritionally, taking into consideration the amino acid profile, digestibility and bioavailability of the proteins [282,283]. An indication of composition differences between animal proteins, traditional and alternative plant-based protein sources is given in Table 2. Although some plant proteins may be considered inferior to animal proteins due to their deficiency in the essential amino acid composition and their low digestibility [284,285], a combination of ingredients to achieve a balanced amino acid profile and introduction of treatments that improve digestibility could be an option.



However, as discussed in this review, currently available meat analogues contain apart from proteins and oils/fats (that are encountered in meat), also carbohydrates that play the role of binding agents and texturizers. This deviation in the composition can be beneficial for the target customer segment; meat-eating consumers, whose eating patterns are now characterized by protein overconsumption, due to high intake of animal-based products (meat and dairy) [286]. In this case, nutritional requirements in terms of protein intake are less strict, while consumers can benefit from a product with a diverging composition (i.e., containing a higher dietary fibre content, vitamins, minerals, antioxidants, etc.).





5. Conclusions


Creating meat analogues that mimic meat both nutritionally and in its physical sensations can increase people’s willingness to substitute (part of) their meat consumption. The latest research and development activities on meat analogues have shown that it is possible to produce meat-like texture with the use of plant-based proteins and technologies such as extrusion, shearing and mixing. However, to mimic meat in other sensorial characteristics, such as colour, aroma and mouthfeel, additional non-protein ingredients are used. The diversity in ingredient functionality requirements among the different plant-based meat analogues types (sausages, burgers and whole-cuts) does make product development complicated.



Generally stated, the functional properties of readily available protein-rich ingredients (mostly highly purified from plant material) are not optimal for meat analogue applications. This can be seen from the necessity to use additives to improve the texture of the products. The non-optimal ingredient properties can be attributed to the fact that the ingredients used in meat analogues were designed before meat analogue applications became important. This means that there might be room for improvement of the ingredients towards meat analogue production. Novel functionality can be achieved by applying other fractionation methods, which aim for functionality rather than purity. Next to that proteins from novel sources can bring novel ingredients for meat analogue applications.







Funding


This research received no external funding.




Acknowledgments


The authors thank Jarno Gieteling (Food Process Engineering, Wageningen University) for assistance in taking photographs of the extruder and shear cell.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Niva, M.; Vainio, A.; Jallinoja, P. Barriers to Increasing Plant Protein Consumption in Western Populations. In Vegetarian and Plant-Based Diets in Health and Disease Prevention; Elsevier: Amsterdam, The Netherlands, 2017; pp. 157–171. ISBN 9780128039694. [Google Scholar]

	



Szejda, K.; Urbanovich, T.; Wilks, M. Accelerating Consumer Adoption of Plant-Based Meat: An Evidence-Based Guide for Effective Practice February 2020. Available online: https://www.gfi.org/images/uploads/2020/02/NO-HYPERLINKED-REFERENCES-FINAL-COMBINED-accelerating-consumer-adoption-of-plant-based-meat.pdf (accessed on 14 December 2020).

	



Corrin, T.; Papadopoulos, A. Understanding the attitudes and perceptions of vegetarian and plant-based diets to shape future health promotion programs. Appetite 2017, 109, 40–47. [Google Scholar] [CrossRef] [PubMed]

	



Kyriakopoulou, K.; Dekkers, B.; van der Goot, A.J. Plant-Based Meat Analogues. In Sustainable Meat Production and Processing; Elsevier: Amsterdam, The Netherlands, 2019; pp. 103–126. ISBN 9780128148747. [Google Scholar]

	



Dekkers, B.L.; Boom, R.M.; van der Goot, A.J. Structuring processes for meat analogues. Trends Food Sci. Technol. 2018, 81, 25–36. [Google Scholar] [CrossRef]

	



Sha, L.; Xiong, Y.L. Plant protein-based alternatives of reconstructed meat: Science, technology, and challenges. Trends Food Sci. Technol. 2020, 102, 51–61. [Google Scholar] [CrossRef]

	



Kyriakopoulou, K.; Keppler, J.K.; van der Goot, A.J.; Boom, R.M. Alternatives to Meat and Dairy. Annu. Rev. Food Sci. Technol. 2021, 12. [Google Scholar] [CrossRef] [PubMed]

	



O’Connor, A. Fake Meat vs. Real Meat-The New York Times. In New York Times. Available online: https://www.nytimes.com/2019/12/03/well/eat/fake-meat-vs-real-meat.html (accessed on 5 August 2020).

	



Corredig, M.; Young, N.; Dalsgaard, T.K. Food proteins: Processing solutions and challenges. Curr. Opin. Food Sci. 2020, 35, 49–53. [Google Scholar] [CrossRef]

	



Heusala, H.; Sinkko, T.; Sözer, N.; Hytönen, E.; Mogensen, L.; Knudsen, M.T. Carbon footprint and land use of oat and faba bean protein concentrates using a life cycle assessment approach. J. Clean Prod. 2020, 242, 118376. [Google Scholar] [CrossRef]

	



Monnet, A.F.; Laleg, K.; Michon, C.; Micard, V. Legume enriched cereal products: A generic approach derived from material science to predict their structuring by the process and their final properties. Trends Food Sci. Technol. 2019, 86, 131–143. [Google Scholar] [CrossRef]

	



Hoek, A.C.; Luning, P.A.; Weijzen, P.; Engels, W.; Kok, F.J.; De Graaf, C. Replacement of meat by meat substitutes. A survey on person- and product-related factors in consumer acceptance. Appetite 2011, 56, 662–673. [Google Scholar] [CrossRef]

	



Elzerman, J.E.; Hoek, A.C.; van Boekel, M.A.J.S.; Luning, P.A. Consumer acceptance and appropriateness of meat substitutes in a meal context. Food Qual. Prefer. 2011, 22, 233–240. [Google Scholar] [CrossRef]

	



Knipe, C.L. Sausages, Types of|Emulsion. In Encyclopedia of Meat Sciences; Elsevier: Amsterdam, The Netherlands, 2014; pp. 256–260. ISBN 9780123847317. [Google Scholar]

	



Flores, M. Sausages. In Encyclopedia of Food and Health; Elsevier Inc.: Amsterdam, The Netherlands, 2015; pp. 722–727. ISBN 9780123849533. [Google Scholar]

	



Meatless® Emulsion for Vegan Sausages. Available online: https://www.meatless.nl/meat-videos/emulsion-for-vegan-sausages/ (accessed on 24 February 2021).

	



Kamani, M.H.; Meera, M.S.; Bhaskar, N.; Modi, V.K. Partial and total replacement of meat by plant-based proteins in chicken sausage: Evaluation of mechanical, physico-chemical and sensory characteristics. J. Food Sci. Technol. 2019, 56, 2660–2669. [Google Scholar] [CrossRef]

	



Bedin, E.; Torricelli, C.; Gigliano, S.; De Leo, R.; Pulvirenti, A. Vegan foods: Mimic meat products in the Italian market. Int. J. Gastron. Food Sci. 2018, 13, 1–9. [Google Scholar] [CrossRef]

	



Karefyllakis, D.; van der Goot, A.J.; Nikiforidis, C.V. Multicomponent emulsifiers from sunflower seeds. Curr. Opin. Food Sci. 2019. [Google Scholar] [CrossRef]

	



Devnani, B.; Ong, L.; Kentish, S.; Gras, S. Heat induced denaturation, aggregation and gelation of almond proteins in skim and full fat almond milk. Food Chem. 2020, 325, 126901. [Google Scholar] [CrossRef]

	



Li, X.; Li, J. The Flavor of Plant-Based Meat Analogues. Cereal Foods World 2020, 65. [Google Scholar] [CrossRef]

	



Zheng, L.; Teng, F.; Wang, N.; Zhang, X.-N.; Regenstein, J.; Liu, J.-S.; Li, Y.; Wang, Z.-J. Addition of Salt Ions before Spraying Improves Heat- and Cold-Induced Gel Properties of Soy Protein Isolate (SPI). Appl. Sci. 2019, 9, 1076. [Google Scholar] [CrossRef]

	



Rios-Mera, J.D.; Saldaña, E.; Cruzado-Bravo, M.L.; Martins, M.M.; Patinho, I.; Selani, M.M.; Contreras-Castillo, C.J. Impact of the content and size of NaCl on dynamic sensory profile and instrumental texture of beef burgers. Meat Sci. 2020, 161, 107992. [Google Scholar] [CrossRef] [PubMed]

	



Pietrasik, Z.; Sigvaldson, M.; Soladoye, O.P.; Gaudette, N.J. Utilization of pea starch and fibre fractions for replacement of wheat crumb in beef burgers. Meat Sci. 2020, 161, 107974. [Google Scholar] [CrossRef] [PubMed]

	



Cornet, S.H.V.; Snel, S.J.E.; Schreuders, F.K.G.; van der Sman, R.G.M.; Beyrer, M.; van der Goot, A.J. Thermo-mechanical processing of plant proteins using shear cell and high-moisture extrusion cooking. Crit. Rev. Food Sci. Nutr. 2021, 1–18. [Google Scholar] [CrossRef]

	



Chiang, J.H.; Loveday, S.M.; Hardacre, A.K.; Parker, M.E. Effects of soy protein to wheat gluten ratio on the physicochemical properties of extruded meat analogues. Food Struct. 2019, 19, 100102. [Google Scholar] [CrossRef]

	



Pietsch, V.L.; Bühler, J.M.; Karbstein, H.P.; Emin, M.A. High moisture extrusion of soy protein concentrate: Influence of thermomechanical treatment on protein-protein interactions and rheological properties. J. Food Eng. 2019, 251, 11–18. [Google Scholar] [CrossRef]

	



Nanta, P.; Skolpap, W.; Kasemwong, K. Influence of hydrocolloids on the rheological and textural attributes of a gluten-free meat analog based on soy protein isolate. J. Food Process Preserv. 2021, e15244. [Google Scholar] [CrossRef]

	



Samard, S.; Gu, B.Y.; Ryu, G.H. Effects of extrusion types, screw speed and addition of wheat gluten on physicochemical characteristics and cooking stability of meat analogues. J. Sci. Food Agric. 2019, 99, 4922–4931. [Google Scholar] [CrossRef] [PubMed]

	



Dreher, J.; König, M.; Herrmann, K.; Terjung, N.; Gibis, M.; Weiss, J. Varying the amount of solid fat in animal fat mimetics for plant-based salami analogues influences texture, appearance and sensory characteristics. LWT 2021, 111140. [Google Scholar] [CrossRef]

	



Giezen, F.E.; Jansen, W.W.J.T.; Willemsen, J.H.A. Method of Making Structured Protein Composition. 2013. Available online: https://patents.google.com/patent/WO2012158023A1/en (accessed on 14 December 2020).

	



Bashi, Z.; McCullough, R.; Ong, L.; Ramirez, M. Alternative Proteins: The Race for Market Share Is on. In McKinsey&Company. Available online: https://www.mckinsey.com/industries/agriculture/our-insights/alternative-proteins-the-race-for-market-share-is-on (accessed on 16 February 2021).

	



Harvey, F.; Phillips, D. A fifth of Brazilian Soy in Europe is Result of Deforestation|Environment|The Guardian. 2020. Available online: https://www.theguardian.com/environment/2020/jul/16/a-fifth-of-brazilian-soy-in-europe-is-result-of-deforestation-amazon-jair-bolsonaro (accessed on 23 October 2020).

	



Haidar, C.N.; Coscueta, E.; Cordisco, E.; Nerli, B.B.; Malpiedi, L.P. Aqueous micellar two-phase system as an alternative method to selectively remove soy antinutritional factors. LWT 2018, 93, 665–672. [Google Scholar] [CrossRef]

	



Kumar, P.; Chatli, M.K.; Mehta, N.; Singh, P.; Malav, O.P.; Verma, A.K. Meat analogues: Health promising sustainable meat substitutes. Crit. Rev. Food Sci. Nutr. 2017, 57, 923–932. [Google Scholar] [CrossRef]

	



Lucas, M.M.; Stoddard, F.L.; Annicchiarico, P.; Frías, J.; Martínez-Villaluenga, C.; Sussmann, D.; Duranti, M.; Seger, A.; Zander, P.M.; Pueyo, J.J. The future of lupin as a protein crop in Europe. Front. Plant Sci. 2015, 6, 705. [Google Scholar] [CrossRef] [PubMed]

	



Nishinari, K.; Fang, Y.; Guo, S.; Phillips, G.O. Soy proteins: A review on composition, aggregation and emulsification. Food Hydrocoll. 2014, 39, 301–318. [Google Scholar] [CrossRef]

	



Tarone, A.G.; Fasolin, L.H.; Perrechil, F.D.A.; Hubinger, M.D.; Cunha, R.L. Da Influence of drying conditions on the gelling properties of the 7S and 11S soy protein fractions. Food Bioprod. Process. 2013, 91, 111–120. [Google Scholar] [CrossRef]

	



Wu, C.; Hua, Y.; Chen, Y.; Kong, X.; Zhang, C. Effect of temperature, ionic strength and 11S ratio on the rheological properties of heat-induced soy protein gels in relation to network proteins content and aggregates size. Food Hydrocoll. 2017, 66, 389–395. [Google Scholar] [CrossRef]

	



Zhu, L.; Yin, P.; Xie, T.; Liu, X.; Yang, L.; Wang, S.; Li, J.; Liu, H. Interaction between soyasaponin and soy β-conglycinin or glycinin: Air-water interfacial behavior and foaming property of their mixtures. Colloids Surf. B Biointerfaces 2020, 186, 110707. [Google Scholar] [CrossRef]

	



Stanojevic, S.P.; Barać, M.B.; Pešić, M.B.; Vucelic-Radovic, B.V. Protein composition and textural properties of inulin-enriched tofu produced by hydrothermal process. LWT 2020, 126, 109309. [Google Scholar] [CrossRef]

	



Jinapong, N.; Suphantharika, M.; Jamnong, P. Production of instant soymilk powders by ultrafiltration, spray drying and fluidized bed agglomeration. J. Food Eng. 2008, 84, 194–205. [Google Scholar] [CrossRef]

	



Catelli, R.; Lazzari, A. A Process for Producing Soya Milk in Powder form and a Plant for Realising the Process. Patent EP2018810A1, 26 July 2008. [Google Scholar]

	



Xing, Q.; de Wit, M.; Kyriakopoulou, K.; Boom, R.M.; Schutyser, M.A.I. Protein enrichment of defatted soybean flour by fine milling and electrostatic separation. Innov. Food Sci. Emerg. Technol. 2018, 50, 42–49. [Google Scholar] [CrossRef]

	



Altschul, A.M.; Wilcke, H.L. New Protein Foods: Seed Storage Proteins (Vol. 5); Academic Press: Cambridge, MA, USA, 2013. [Google Scholar]

	



Geerts, M.E.J.; Dekkers, B.L.; van der Padt, A.; van der Goot, A.J. Aqueous fractionation processes of soy protein for fibrous structure formation. Innov. Food Sci. Emerg. Technol. 2018, 45, 313–319. [Google Scholar] [CrossRef]

	



Peng, Y.; Kyriakopoulou, K.; Rahmani, A.; Venema, P.; van der Goot, A.J. Isochoric moisture heating as a tool to control the functionality of soy protein. LTW 2021. submitted/under revision. [Google Scholar]

	



Lin, D.; Lu, W.; Kelly, A.L.; Zhang, L.; Zheng, B.; Miao, S. Interactions of vegetable proteins with other polymers: Structure-function relationships and applications in the food industry. Trends Food Sci. Technol. 2017, 68, 130–144. [Google Scholar] [CrossRef]

	



Yves Veggie Cuisine Yves Veggie Cuisine—Bologna. Available online: http://yvesveggie.com/en/products/deli-slices/bologna/ (accessed on 23 October 2020).

	



Baune, M.-C.; Völler, M.; Schroeder, S.; Witte, F.; Heinz, V.; Weiss, J.; Terjung, N. Additive-Free Vegan Emulsion-Type Sausages Based on Meat and Fat Substitutes (Notes P-05-25, #507). 2019. Available online: http://icomst-proceedings.helsinki.fi/papers/2019_12_25.pdf (accessed on 23 October 2020).

	



Wild, F.; Czerny, M.; Janssen, A.M.; Kole, A.P.W.; Zunabovic, M.; Domig, K.J. The evolution of a plant-based alternative to meat: From niche markets to widely accepted meat alternatives. Agro Food Ind. Hi Tech. 2014, 25, 45–49. [Google Scholar]

	



Palanisamy, M.; Töpfl, S.; Aganovic, K.; Berger, R.G. Influence of iota carrageenan addition on the properties of soya protein meat analogues. LWT Food Sci. Technol. 2018, 87, 546–552. [Google Scholar] [CrossRef]

	



Krintiras, G.A.; Gobel, J.; Van Der Goot, A.J.; Stefanidis, G.D. Production of structured soy-based meat analogues using simple shear and heat in a Couette Cell. J. Food Eng. 2015, 160, 34–41. [Google Scholar] [CrossRef]

	



Grabowska, K.J.; Zhu, S.; Dekkers, B.L.; De Ruijter, N.C.A.; Gieteling, J.; Van Der Goot, A.J. Shear-induced structuring as a tool to make anisotropic materials using soy protein concentrate. J. Food Eng. 2016, 188, 77–86. [Google Scholar] [CrossRef]

	



Day, L. Wheat gluten: Production, properties and application. In Handbook of Food Proteins; Elsevier: Amsterdam, The Netherlands, 2011; pp. 267–288. ISBN 9781845697587. [Google Scholar]

	



Barak, S.; Mudgil, D.; Khatkar, B.S. Influence of Gliadin and Glutenin Fractions on Rheological, Pasting, and Textural Properties of Dough. Int. J. Food Prop. 2014, 17, 1428–1438. [Google Scholar] [CrossRef]

	



Pietsch, V.L.; Emin, M.A.; Schuchmann, H.P. Process conditions influencing wheat gluten polymerization during high moisture extrusion of meat analog products. J. Food Eng. 2017, 198, 28–35. [Google Scholar] [CrossRef]

	



Krintiras, G.A.; Göbel, J.; Bouwman, W.G.; Jan van der Goot, A.; Stefanidis, G.D. On characterization of anisotropic plant protein structures. Food Funct. 2014, 5, 3233–3240. [Google Scholar] [CrossRef]

	



Ooms, N.; Jansens, K.J.A.; Pareyt, B.; Reyniers, S.; Brijs, K.; Delcour, J.A. The impact of disulfide bond dynamics in wheat gluten protein on the development of fermented pastry crumb. Food Chem. 2018, 242, 68–74. [Google Scholar] [CrossRef] [PubMed]

	



Pietsch, V.L.; Werner, R.; Karbstein, H.P.; Emin, M.A. High moisture extrusion of wheat gluten: Relationship between process parameters, protein polymerization, and final product characteristics. J. Food Eng. 2019, 259, 3–11. [Google Scholar] [CrossRef]

	



Wang, K.; Li, C.; Wang, B.; Yang, W.; Luo, S.; Zhao, Y.; Jiang, S.; Mu, D.; Zheng, Z. Formation of macromolecules in wheat gluten/starch mixtures during twin-screw extrusion: Effect of different additives. J. Sci. Food Agric. 2017, 97, 5131–5138. [Google Scholar] [CrossRef] [PubMed]

	



Wieser, H. Chemistry of gluten proteins. Food Microbiol. 2007, 24, 115–119. [Google Scholar] [CrossRef] [PubMed]

	



Dangi, P.; Chaudhary, N.; Khatkar, B.S. Rheological and microstructural characteristics of low molecular weight glutenin subunits of commercial wheats. Food Chem. 2019, 297, 124989. [Google Scholar] [CrossRef] [PubMed]

	



Pietsch, V.L.; Schöffel, F.; Rädle, M.; Karbstein, H.P.; Emin, M.A. High moisture extrusion of wheat gluten: Modeling of the polymerization behavior in the screw section of the extrusion process. J. Food Eng. 2019, 246, 67–74. [Google Scholar] [CrossRef]

	



Kieffer, R.; Schurer, F.; Köhler, P.; Wieser, H. Effect of hydrostatic pressure and temperature on the chemical and functional properties of wheat gluten: Studies on gluten, gliadin and glutenin. J. Cereal Sci. 2007, 45, 285–292. [Google Scholar] [CrossRef]

	



Girard, A.L.; Awika, J.M. Effects of edible plant polyphenols on gluten protein functionality and potential applications of polyphenol–gluten interactions. Compr. Rev. Food Sci. Food Saf. 2020, 19, 2164–2199. [Google Scholar] [CrossRef]

	



Li, T.; Guo, X.N.; Zhu, K.X.; Zhou, H.M. Effects of alkali on protein polymerization and textural characteristics of textured wheat protein. Food Chem. 2018, 239, 579–587. [Google Scholar] [CrossRef] [PubMed]

	



Wouters, A.G.B.; Rombouts, I.; Fierens, E.; Brijs, K.; Delcour, J.A. Relevance of the Functional Properties of Enzymatic Plant Protein Hydrolysates in Food Systems. Compr. Rev. Food Sci. Food Saf. 2016, 15, 786–800. [Google Scholar] [CrossRef] [PubMed]

	



Puerta, P.; Garzón, R.; Rosell, C.M.; Fiszman, S.; Laguna, L.; Tárrega, A. Modifying gluten-free bread’s structure using different baking conditions: Impact on oral processing and texture perception. LWT 2021, 140, 110718. [Google Scholar] [CrossRef]

	



Deora, N.S.; Deswal, A.; Mishra, H.N. Alternative Approaches Towards Gluten-Free Dough Development: Recent Trends. Food Eng. Rev. 2014, 6, 89–104. [Google Scholar] [CrossRef]

	



Keppler, J.K.; Schwarz, K.; van der Goot, A.J. Covalent modification of food proteins by plant-based ingredients (polyphenols and organosulphur compounds): A commonplace reaction with novel utilization potential. Trends Food Sci. Technol. 2020, 101, 38–49. [Google Scholar] [CrossRef]

	



Yano, H. Recent practical researches in the development of gluten-free breads. NPJ Sci. Food 2019, 3, 1–8. [Google Scholar] [CrossRef]

	



Shaabani, S.; Yarmand, M.S.; Kiani, H.; Emam-Djomeh, Z. The effect of chickpea protein isolate in combination with transglutaminase and xanthan on the physical and rheological characteristics of gluten free muffins and batter based on millet flour. LWT 2018, 90, 362–372. [Google Scholar] [CrossRef]

	



Gumus, C.E.; Decker, E.A.; McClements, D.J. Formation and Stability of ω-3 Oil Emulsion-Based Delivery Systems Using Plant Proteins as Emulsifiers: Lentil, Pea, and Faba Bean Proteins. Food Biophys. 2017, 12, 186–197. [Google Scholar] [CrossRef]

	



Brishti, F.H.; Zarei, M.; Muhammad, S.K.S.; Ismail-Fitry, M.R.; Shukri, R.; Saari, N. Evaluation of the functional properties of mung bean protein isolate for development of textured vegetable protein. Int. Food Res. J. 2017, 24, 1595–1605. [Google Scholar]

	



Ladjal-Ettoumi, Y.; Boudries, H.; Chibane, M.; Romero, A. Pea, Chickpea and Lentil Protein Isolates: Physicochemical Characterization and Emulsifying Properties. Food Biophys. 2016, 11, 43–51. [Google Scholar] [CrossRef]

	



Singhal, A.; Karaca, A.C.; Tyler, R.; Nickerson, M. Pulse Proteins: From Processing to Structure-Function Relationships. In Grain Legumes; InTech: London, UK, 2016; pp. 55–78. ISBN 9789533070940. [Google Scholar]

	



Du, M.; Xie, J.; Gong, B.; Xu, X.; Tang, W.; Li, X.; Li, C.; Xie, M. Extraction, physicochemical characteristics and functional properties of Mung bean protein. Food Hydrocoll. 2018, 76, 131–140. [Google Scholar] [CrossRef]

	



Cui, L.; Bandillo, N.; Wang, Y.; Ohm, J.B.; Chen, B.; Rao, J. Functionality and structure of yellow pea protein isolate as affected by cultivars and extraction pH. Food Hydrocoll. 2020, 108, 106008. [Google Scholar] [CrossRef]

	



Nadathur, S.R.; Wanasundara, J.P.D.; Scanlin, L. Sustainable Protein Sources; Academic Press: Cambridge, MA, USA, 2016; ISBN 9780128027769. [Google Scholar]

	



Osen, R.; Schweiggert-Weisz, U. High-Moisture Extrusion: Meat Analogues. In Reference Module in Food Science; Elsevier: Amsterdam, The Netherlands, 2016; pp. 1–7. ISBN 9780081005965. [Google Scholar]

	



Osen, R.; Toelstede, S.; Wild, F.; Eisner, P.; Schweiggert-Weisz, U. High moisture extrusion cooking of pea protein isolates: Raw material characteristics, extruder responses, and texture properties. J. Food Eng. 2014, 127, 67–74. [Google Scholar] [CrossRef]

	



Schreuders, F.K.G.; Dekkers, B.L.; Bodnár, I.; Erni, P.; Boom, R.M.; van der Goot, A.J. Comparing structuring potential of pea and soy protein with gluten for meat analogue preparation. J. Food Eng. 2019, 261, 32–39. [Google Scholar] [CrossRef]

	



Batista, A.P.; Portugal, C.A.M.; Sousa, I.; Crespo, J.G.; Raymundo, A. Accessing gelling ability of vegetable proteins using rheological and fluorescence techniques. Int. J. Biol. Macromol. 2005, 36, 135–143. [Google Scholar] [CrossRef]

	



Lam, A.C.Y.; Can Karaca, A.; Tyler, R.T.; Nickerson, M.T. Pea protein isolates: Structure, extraction, and functionality. Food Rev. Int. 2018, 34, 126–147. [Google Scholar] [CrossRef]

	



Boye, J.I.; Aksay, S.; Roufik, S.; Ribéreau, S.; Mondor, M.; Farnworth, E.; Rajamohamed, S.H. Comparison of the functional properties of pea, chickpea and lentil protein concentrates processed using ultrafiltration and isoelectric precipitation techniques. Food Res. Int. 2010, 43, 537–546. [Google Scholar] [CrossRef]

	



Aydemir, L.Y.; Yemenicioĝlu, A. Potential of Turkish Kabuli type chickpea and green and red lentil cultivars as source of soy and animal origin functional protein alternatives. LWT Food Sci. Technol. 2013, 50, 686–694. [Google Scholar] [CrossRef]

	



Bader, S.; Bez, J.; Eisner, P. Can protein functionalities be enhanced by high-pressure homogenization?—A study on functional properties of lupin proteins. Procedia Food Sci. 2011, 1, 1359–1366. [Google Scholar] [CrossRef]

	



Chapleau, N.; De Lamballerie-Anton, M. Improvement of emulsifying properties of lupin proteins by high pressure induced aggregation. Food Hydrocoll. 2003, 17, 273–280. [Google Scholar] [CrossRef]

	



Karaca, A.C.; Low, N.; Nickerson, M. Emulsifying properties of chickpea, faba bean, lentil and pea proteins produced by isoelectric precipitation and salt extraction. Food Res. Int. 2011, 44, 2742–2750. [Google Scholar] [CrossRef]

	



Brishti, F.H.; Chay, S.Y.; Muhammad, K.; Ismail-Fitry, M.R.; Zarei, M.; Karthikeyan, S.; Saari, N. Effects of drying techniques on the physicochemical, functional, thermal, structural and rheological properties of mung bean (Vigna radiata) protein isolate powder. Food Res. Int. 2020, 138, 109783. [Google Scholar] [CrossRef] [PubMed]

	



Sun, X.D.; Arntfield, S.D. Gelation properties of salt-extracted pea protein isolate induced by heat treatment: Effect of heating and cooling rate. Food Chem. 2011, 124, 1011–1016. [Google Scholar] [CrossRef]

	



Langton, M.; Ehsanzamir, S.; Karkehabadi, S.; Feng, X.; Johansson, M.; Johansson, D.P. Gelation of faba bean proteins—Effect of extraction method, pH and NaCl. Food Hydrocoll. 2020, 103, 105622. [Google Scholar] [CrossRef]

	



Berghout, J.A.M.; Boom, R.M.; van der Goot, A.J. Understanding the differences in gelling properties between lupin protein isolate and soy protein isolate. Food Hydrocoll. 2015, 43, 465–472. [Google Scholar] [CrossRef]

	



Gharibzahedi, S.M.T.; Smith, B. The functional modification of legume proteins by ultrasonication: A review. Trends Food Sci. Technol. 2020, 98, 107–116. [Google Scholar] [CrossRef]

	



Peyrano, F.; de Lamballerie, M.; Speroni, F.; Avanza, M.V. Rheological characterization of thermal gelation of cowpea protein isolates: Effect of processing conditions. LWT 2019, 109, 406–414. [Google Scholar] [CrossRef]

	



Bühler, J.M.; Dekkers, B.L.; Bruins, M.E.; van der Goot, A.J. Modifying Faba Bean Protein Concentrate Using Dry Heat to Increase Water Holding Capacity. Foods 2020, 9, 1077. [Google Scholar] [CrossRef]

	



Li, B.S.; Wang, B.S. Changes in the interactions between proteins and other macromolecules induced by HPP. In Encyclopedia of Food Chemistry; Elsevier: Amsterdam, The Netherlands, 2018; pp. 499–504. ISBN 9780128140451. [Google Scholar]

	



Makri, E.; Papalamprou, E.; Doxastakis, G. Study of functional properties of seed storage proteins from indigenous European legume crops (lupin, pea, broad bean) in admixture with polysaccharides. In Food Hydrocolloids; Elsevier: Amsterdam, The Netherlands, 2005; Volume 19, pp. 583–594. [Google Scholar]

	



Zhan, F.; Shi, M.; Wang, Y.; Li, B.; Chen, Y. Effect of freeze-drying on interaction and functional properties of pea protein isolate/soy soluble polysaccharides complexes. J. Mol. Liq. 2019, 285, 658–667. [Google Scholar] [CrossRef]

	



Mohanan, A.; Nickerson, M.T.; Ghosh, S. Utilization of pulse protein-xanthan gum complexes for foam stabilization: The effect of protein concentrate and isolate at various pH. Food Chem. 2020, 316, 126282. [Google Scholar] [CrossRef] [PubMed]

	



Vogelsang-O’Dwyer, M.; Petersen, I.L.; Joehnke, M.S.; Sørensen, J.C.; Bez, J.; Detzel, A.; Busch, M.; Krueger, M.; O’Mahony, J.A.; Arendt, E.K.; et al. Comparison of Faba bean protein ingredients produced using dry fractionation and isoelectric precipitation: Techno-functional, nutritional and environmental performance. Foods 2020, 9, 322. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Guldiken, B.; Tulbek, M.; House, J.D.; Nickerson, M. Impact of alcohol washing on the flavour profiles, functionality and protein quality of air classified pea protein enriched flour. Food Res. Int. 2020, 132, 109085. [Google Scholar] [CrossRef]

	



Saldanha do Carmo, C.; Silventoinen, P.; Nordgård, C.T.; Poudroux, C.; Dessev, T.; Zobel, H.; Holtekjølen, A.K.; Draget, K.I.; Holopainen-Mantila, U.; Knutsen, S.H.; et al. Is dehulling of peas and faba beans necessary prior to dry fractionation for the production of protein- and starch-rich fractions? Impact on physical properties, chemical composition and techno-functional properties. J. Food Eng. 2020, 278, 109937. [Google Scholar] [CrossRef]

	



Pelgrom, P.J.M.; Vissers, A.M.; Boom, R.M.; Schutyser, M.A.I. Dry fractionation for production of functional pea protein concentrates. Food Res. Int. 2013, 53, 232–239. [Google Scholar] [CrossRef]

	



Pelgrom, P.J.M.; Berghout, J.A.M.; van der Goot, A.J.; Boom, R.M.; Schutyser, M.A.I. Preparation of functional lupine protein fractions by dry separation. LWT Food Sci. Technol. 2014, 59, 680–688. [Google Scholar] [CrossRef]

	



Pelgrom, P.J.M.; Wang, J.; Boom, R.M.; Schutyser, M.A.I. Pre- and post-treatment enhance the protein enrichment from milling and air classification of legumes. J. Food Eng. 2015, 155, 53–61. [Google Scholar] [CrossRef]

	



Fetzer, A.; Herfellner, T.; Stäbler, A.; Menner, M.; Eisner, P. Influence of process conditions during aqueous protein extraction upon yield from pre-pressed and cold-pressed rapeseed press cake. Ind. Crops Prod. 2018, 112, 236–246. [Google Scholar] [CrossRef]

	



Náthia-Neves, G.; Alonso, E. Valorization of sunflower by-product using microwave-assisted extraction to obtain a rich protein flour: Recovery of chlorogenic acid, phenolic content and antioxidant capacity. Food Bioprod. Process. 2021. [Google Scholar] [CrossRef]

	



Kalaydzhiev, H.; Ivanova, P.; Stoyanova, M.; Pavlov, A.; Rustad, T.; Silva, C.L.M.; Chalova, V.I. Valorization of Rapeseed Meal: Influence of Ethanol Antinutrients Removal on Protein Extractability, Amino Acid Composition and Fractional Profile. Waste Biomass Valoriz. 2020, 11, 2709–2719. [Google Scholar] [CrossRef]

	



Wang, Y.; Liu, J.; Wei, F.; Liu, X.; Yi, C.; Zhang, Y. Improvement of the nutritional value, sensory properties and bioavailability of rapeseed meal fermented with mixed microorganisms. LWT 2019, 112, 108238. [Google Scholar] [CrossRef]

	



Lücke, F.K.; Fritz, V.; Tannhäuser, K.; Arya, A. Controlled fermentation of rapeseed presscake by Rhizopus, and its effect on some components with relevance to human nutrition. Food Res. Int. 2019, 120, 726–732. [Google Scholar] [CrossRef]

	



McVetty, P.B.E.; Duncan, R.W. Canola/Rapeseed: Genetics and Breeding. In Encyclopedia of Food Grains, 2nd ed.; Academic Press: Cambridge, MA, USA, 2015; ISBN 9780123947864. [Google Scholar]

	



Salgado, P.R.; Molina Ortiz, S.E.; Petruccelli, S.; Mauri, A.N. Functional Food Ingredients Based on Sunflower Protein Concentrates Naturally Enriched with Antioxidant Phenolic Compounds. J. Am. Oil Chem. Soc. 2012, 89, 825–836. [Google Scholar] [CrossRef]

	



Malik, M.A.; Saini, C.S. Improvement of functional properties of sunflower protein isolates near isoelectric point: Application of heat treatment. LWT 2018, 98, 411–417. [Google Scholar] [CrossRef]

	



Karefyllakis, D.; Octaviana, H.; van der Goot, A.J.; Nikiforidis, C.V. The emulsifying performance of mildly derived mixtures from sunflower seeds. Food Hydrocoll. 2019, 88, 75–85. [Google Scholar] [CrossRef]

	



Malik, M.A.; Saini, C.S. Rheological and structural properties of protein isolates extracted from dephenolized sunflower meal: Effect of high intensity ultrasound. Food Hydrocoll. 2018, 81, 229–241. [Google Scholar] [CrossRef]

	



Jia, W.; Rodriguez-Alonso, E.; Bianeis, M.; Keppler, J.K.; van der Goot, A.J. Assessing functional properties of rapeseed protein concentrate versus isolate for food applications. Innov. Food Sci. Emerg. Technol. 2021, 68, 102636. [Google Scholar] [CrossRef]

	



He, R.; He, H.Y.; Chao, D.; Ju, X.; Aluko, R. Effects of High Pressure and Heat Treatments on Physicochemical and Gelation Properties of Rapeseed Protein Isolate. Food Bioprocess Technol. 2014, 7, 1344–1353. [Google Scholar] [CrossRef]

	



Tan, S.H.; Mailer, R.J.; Blanchard, C.L.; Agboola, S.O.; Day, L. Gelling properties of protein fractions and protein isolate extracted from Australian canola meal. Food Res. Int. 2014, 62, 819–828. [Google Scholar] [CrossRef]

	



Ainis, W.N.; Ersch, C.; Ipsen, R. Partial replacement of whey proteins by rapeseed proteins in heat-induced gelled systems: Effect of pH. Food Hydrocoll. 2018, 77, 397–406. [Google Scholar] [CrossRef]

	



Kim, J.H.; Varankovich, N.V.; Stone, A.K.; Nickerson, M.T. Nature of protein-protein interactions during the gelation of canola protein isolate networks. Food Res. Int. 2016, 89, 408–414. [Google Scholar] [CrossRef]

	



Uruakpa, F.O.; Arntfield, S.D. Rheological characteristics of commercial canola protein isolate-κ-carrageenan systems. Food Hydrocoll. 2004, 18, 419–427. [Google Scholar] [CrossRef]

	



Larré, C.; Mulder, W.; Sánchez-Vioque, R.; Lazko, J.; Bérot, S.; Guéguen, J.; Popineau, Y. Characterisation and foaming properties of hydrolysates derived from rapeseed isolate. Colloids Surf. B Biointerfaces 2006, 49, 40–48. [Google Scholar] [CrossRef]

	



Yoshie-Stark, Y.; Wada, Y.; Wäsche, A. Chemical composition, functional properties, and bioactivities of rapeseed protein isolates. Food Chem. 2008, 107, 32–39. [Google Scholar] [CrossRef]

	



Li, Q.; Wang, Z.; Dai, C.; Wang, Y.; Chen, W.; Ju, X.; Yuan, J.; He, R. Physical stability and microstructure of rapeseed protein isolate/gum Arabic stabilized emulsions at alkaline pH. Food Hydrocoll. 2019, 88, 50–57. [Google Scholar] [CrossRef]

	



Verma, A.K.; Rajkumar, V.; Kumar, S. Effect of amaranth and quinoa seed flour on rheological and physicochemical properties of goat meat nuggets. J. Food Sci. Technol. 2019, 56, 5027–5035. [Google Scholar] [CrossRef] [PubMed]

	



Vargas Zambrano, P.; Riera González, G.; Cruz Viera, L. Quinoa as gelling agent in a mortadella formulation. Int. Food Res. J. 2019, 26, 1069–1077. [Google Scholar]

	



Baioumy, A.A.; Bobreneva, I.V.; Tvorogova, A.A.; Shobanova, T.V. Possibility of using quinoa seeds (Chenopodium quinoa) in meat products and its impact on nutritional and organoleptic characteristics. Biosci. Res. 2018, 15, 3307–3315. [Google Scholar]

	



Fernández-López, J.; Viuda-Martos, M.; Pérez-Alvarez, J.A. Quinoa and chia products as ingredients for healthier processed meat products: Technological strategies for their application and effects on the final product. Curr. Opin. Food Sci. 2021, 40, 26–32. [Google Scholar] [CrossRef]

	



Fernández-López, J.; Lucas-González, R.; Viuda-Martos, M.; Sayas-Barberá, E.; Ballester-Sánchez, J.; Haros, C.M.; Martínez-Mayoral, A.; Pérez-Álvarez, J.A. Chemical and technological properties of bologna-type sausages with added black quinoa wet-milling coproducts as binder replacer. Food Chem. 2020, 310, 125936. [Google Scholar] [CrossRef]

	



Elsohaimy, S.A.; Refaay, T.M.; Zaytoun, M.A.M. Physicochemical and functional properties of quinoa protein isolate. Ann. Agric. Sci. 2015, 60, 297–305. [Google Scholar] [CrossRef]

	



Mäkinen, O.E.; Zannini, E.; Arendt, E.K. Modifying the Cold Gelation Properties of Quinoa Protein Isolate: Influence of Heat-Denaturation pH in the Alkaline Range. Plant Foods Hum. Nutr. 2015, 70, 250–256. [Google Scholar] [CrossRef] [PubMed]

	



Ruiz, G.A.; Xiao, W.; Van Boekel, M.; Minor, M.; Stieger, M. Effect of extraction pH on heat-induced aggregation, gelation and microstructure of protein isolate from quinoa (Chenopodium quinoa Willd). Food Chem. 2016, 209, 203–210. [Google Scholar] [CrossRef]

	



Kaspchak, E.; de Oliveira, M.A.S.; Simas, F.F.; Franco, C.R.C.; Silveira, J.L.M.; Mafra, M.R.; Igarashi-Mafra, L. Determination of heat-set gelation capacity of a quinoa protein isolate (Chenopodium quinoa) by dynamic oscillatory rheological analysis. Food Chem. 2017, 232, 263–271. [Google Scholar] [CrossRef]

	



Coelho, M.S.; Salas-Mellado, M. de las M. How extraction method affects the physicochemical and functional properties of chia proteins. LWT 2018, 96, 26–33. [Google Scholar] [CrossRef]

	



Bujnowski, D.; Xun, P.; Daviglus, M.L.; Van Horn, L.; He, K.; Stamler, J. Longitudinal Association between Animal and Vegetable Protein Intake and Obesity among Men in the United States: The Chicago Western Electric Study. J. Am. Diet. Assoc. 2011, 111, 1150–1155. [Google Scholar] [CrossRef] [PubMed]

	



López, D.N.; Ingrassia, R.; Busti, P.; Wagner, J.; Boeris, V.; Spelzini, D. Effects of extraction pH of chia protein isolates on functional properties. LWT 2018, 97, 523–529. [Google Scholar] [CrossRef]

	



Bučko, S.; Katona, J.; Popović, L.; Vaštag, Ž.; Petrović, L.; Vučinić–Vasić, M. Investigation on solubility, interfacial and emulsifying properties of pumpkin (Cucurbita pepo) seed protein isolate. LWT Food Sci. Technol. 2015, 64, 609–615. [Google Scholar] [CrossRef]

	



Rezig, L.; Chibani, F.; Chouaibi, M.; Dalgalarrondo, M.; Hessini, K.; Guéguen, J.; Hamdi, S. Pumpkin (Cucurbita maxima) seed proteins: Sequential extraction processing and fraction characterization. J. Agric. Food Chem. 2013, 61, 7715–7721. [Google Scholar] [CrossRef]

	



Rezig, L.; Riaublanc, A.; Chouaibi, M.; Guéguen, J.; Hamdi, S. Functional Properties of Protein Fractions Obtained from Pumpkin (Cucurbita maxima) Seed. Int. J. Food Prop. 2016, 19, 172–186. [Google Scholar] [CrossRef]

	



Aguilera, J.M.; Rossi, F.; Hiche, E.; Chichester, C.O. Development and evaluation of an extrusion-texturized peanut protein. J. Food Sci. 1980, 45, 246–250. [Google Scholar] [CrossRef]

	



Yu, J.; Ahmedna, M.; Goktepe, I. Peanut protein concentrate: Production and functional properties as affected by processing. Food Chem. 2007, 103, 121–129. [Google Scholar] [CrossRef]

	



Rehrah, D.; Ahmedna, M.; Goktepe, I.; Yu, J. Extrusion parameters and consumer acceptability of a peanut-based meat analogue. Int. J. Food Sci. Technol. 2009, 44, 2075–2084. [Google Scholar] [CrossRef]

	



Zhang, J.; Liu, L.; Jiang, Y.; Shah, F.; Xu, Y.; Wang, Q. High-moisture extrusion of peanut protein-/carrageenan/sodium alginate/wheat starch mixtures: Effect of different exogenous polysaccharides on the process forming a fibrous structure. Food Hydrocoll. 2020, 99, 105311. [Google Scholar] [CrossRef]

	



Zhang, J.; Liu, L.; Jiang, Y.; Faisal, S.; Wang, Q. A new insight into the high-moisture extrusion process of peanut protein: From the aspect of the orders and amount of energy input. J. Food Eng. 2020, 264, 109668. [Google Scholar] [CrossRef]

	



Hadnađev, M.; Dapčević-Hadnađev, T.; Lazaridou, A.; Moschakis, T.; Michaelidou, A.M.; Popović, S.; Biliaderis, C.G. Hempseed meal protein isolates prepared by different isolation techniques. Part I. physicochemical properties. Food Hydrocoll. 2018, 79, 526–533. [Google Scholar] [CrossRef]

	



Shen, P.; Gao, Z.; Xu, M.; Ohm, J.B.; Rao, J.; Chen, B. The impact of hempseed dehulling on chemical composition, structure properties and aromatic profile of hemp protein isolate. Food Hydrocoll. 2020, 106, 105889. [Google Scholar] [CrossRef]

	



Dapčević-Hadnađev, T.; Hadnađev, M.; Lazaridou, A.; Moschakis, T.; Biliaderis, C.G. Hempseed meal protein isolates prepared by different isolation techniques. Part II. gelation properties at different ionic strengths. Food Hydrocoll. 2018, 81, 481–489. [Google Scholar] [CrossRef]

	



Malomo, S.A.; He, R.; Aluko, R.E. Structural and Functional Properties of Hemp Seed Protein Products. J. Food Sci. 2014, 79, C1512–C1521. [Google Scholar] [CrossRef]

	



Zahari, I.; Ferawati, F.; Helstad, A.; Ahlström, C.; Östbring, K.; Rayner, M.; Purhagen, J.K. Development of high-moisture meat analogues with hemp and soy protein using extrusion cooking. Foods 2020, 9, 772. [Google Scholar] [CrossRef]

	



Ralet, M.C.; Guéguen, J. Fractionation of Potato Proteins: Solubility, Thermal Coagulation and Emulsifying Properties. LWT Food Sci. Technol. 2000, 33, 380–387. [Google Scholar] [CrossRef]

	



Schmidt, J.M.; Damgaard, H.; Greve-Poulsen, M.; Larsen, L.B.; Hammershøj, M. Foam and emulsion properties of potato protein isolate and purified fractions. Food Hydrocoll. 2018, 74, 367–378. [Google Scholar] [CrossRef]

	



Schmidt, J.M.; Damgaard, H.; Greve-Poulsen, M.; Sunds, A.V.; Larsen, L.B.; Hammershøj, M. Gel properties of potato protein and the isolated fractions of patatins and protease inhibitors—Impact of drying method, protein concentration, pH and ionic strength. Food Hydrocoll. 2019, 96, 246–258. [Google Scholar] [CrossRef]

	



Katzav, H.; Chirug, L.; Okun, Z.; Davidovich-Pinhas, M.; Shpigelman, A. Comparison of Thermal and High-Pressure Gelation of Potato Protein Isolates. Foods 2020, 9, 1041. [Google Scholar] [CrossRef]

	



Peksa, A.; Rytel, E.; Kita, A.; Lisinska, G.; Tajner-Czopek, A. The Properties of Potato Protein. Food 2009, 3, 79–87. [Google Scholar]

	



Gui, Y.; Li, J.; Zhu, Y.; Guo, L. Roles of four enzyme crosslinks on structural, thermal and gel properties of potato proteins. LWT 2020, 123, 109116. [Google Scholar] [CrossRef]

	



Gu, J.; Xin, Z.; Meng, X.; Sun, S.; Qiao, Q.; Deng, H. A “reduced-pressure distillation” method to prepare zein-based fat analogue for application in mayonnaise formulation. J. Food Eng. 2016, 182, 1–8. [Google Scholar] [CrossRef]

	



Blanco, E.; Smoukov, S.K.; Velev, O.D.; Velikov, K.P. Organic-inorganic patchy particles as a versatile platform for fluid-in-fluid dispersion stabilisation. Faraday Discuss. 2016, 191, 73–88. [Google Scholar] [CrossRef]

	



Jeong, S.; Kim, H.W.; Lee, S. Rheological and secondary structural characterization of rice flour-zein composites for noodles slit from gluten-free sheeted dough. Food Chem. 2017, 221, 1539–1545. [Google Scholar] [CrossRef]

	



Smith, B.M.; Bean, S.R.; Selling, G.; Sessa, D.; Aramouni, F.M. Effect of Salt and Ethanol Addition on Zein-Starch Dough and Bread Quality. J. Food Sci. 2017, 82, 613–621. [Google Scholar] [CrossRef]

	



Glusac, J.; Davidesko-Vardi, I.; Isaschar-Ovdat, S.; Kukavica, B.; Fishman, A. Gel-like emulsions stabilized by tyrosinase-crosslinked potato and zein proteins. Food Hydrocoll. 2018, 82, 53–63. [Google Scholar] [CrossRef]

	



Mattice, K.D.; Marangoni, A.G. Comparing methods to produce fibrous material from zein. Food Res. Int. 2020, 128, 108804. [Google Scholar] [CrossRef] [PubMed]

	



Keppler, J.K.; Heyse, A.; Scheidler, E.; Uttinger, M.J.; Fitzner, L.; Jandt, U.; Heyn, T.R.; Lautenbach, V.; Loch, J.I.; Lohr, J.; et al. Towards recombinantly produced milk proteins: Physicochemical and emulsifying properties of engineered whey protein beta-lactoglobulin variants. Food Hydrocoll. 2021, 110, 106132. [Google Scholar] [CrossRef]

	



Pinton, M.B.; dos Santos, B.A.; Lorenzo, J.M.; Cichoski, A.J.; Boeira, C.P.; Campagnol, P.C.B. Green technologies as a strategy to reduce NaCl and phosphate in meat products: An overview. Curr. Opin. Food Sci. 2021, 40, 1–5. [Google Scholar] [CrossRef]

	



Glorieux, S.; Goemaere, O.; Steen, L.; Fraeye, I. Phosphate reduction in emulsified meat products: Impact of phosphate type and dosage on quality characteristics. Food Technol. Biotechnol. 2017. [Google Scholar] [CrossRef] [PubMed]

	



Choe, J.; Lee, J.; Jo, K.; Jo, C.; Song, M.; Jung, S. Application of winter mushroom powder as an alternative to phosphates in emulsion-type sausages. Meat Sci. 2018, 143, 114–118. [Google Scholar] [CrossRef] [PubMed]

	



O’Flynn, C.C.; Cruz-Romero, M.C.; Troy, D.J.; Mullen, A.M.; Kerry, J.P. The application of high-pressure treatment in the reduction of phosphate levels in breakfast sausages. Meat Sci. 2014, 96, 633–639. [Google Scholar] [CrossRef]

	



Powell, M.J.; Sebranek, J.G.; Prusa, K.J.; Tarté, R. Evaluation of citrus fiber as a natural replacer of sodium phosphate in alternatively-cured all-pork Bologna sausage. Meat Sci. 2019, 157, 107883. [Google Scholar] [CrossRef]

	



Arora, B.; Kamal, S.; Sharma, V.P. Effect of Binding Agents on Quality Characteristics of Mushroom Based Sausage Analogue. J. Food Process. Preserv. 2017, 41, e13134. [Google Scholar] [CrossRef]

	



Demirci, Z.O.; Yılmaz, I.; Demirci, A.Ş. Effects of xanthan, guar, carrageenan and locust bean gum addition on physical, chemical and sensory properties of meatballs. J. Food Sci. Technol. 2014, 51, 936–942. [Google Scholar] [CrossRef]

	



Chambers, E.; Chambers, E.; Castro, M. What Is “Natural”? Consumer Responses to Selected Ingredients. Foods 2018, 7, 65. [Google Scholar] [CrossRef]

	



Battacchi, D.; Verkerk, R.; Pellegrini, N.; Fogliano, V.; Steenbekkers, B. The state of the art of food ingredients’ naturalness evaluation: A review of proposed approaches and their relation with consumer trends. Trends Food Sci. Technol. 2020, 106, 434–444. [Google Scholar] [CrossRef]

	



Diaz, J. Ingredient Marketing: A Clear Label Strategy for Food Additives; The World Food Ingredients: Arnhem The Netherlands, 2016; pp. 10–13. Available online: https://www.tno.nl/media/8754/a_clear_label_strategy_for_food_additives.pdf (accessed on 22 February 2021).

	



Varela, P.; Fiszman, S.M. Hydrocolloids in fried foods. A review. Food Hydrocoll. 2011, 25, 1801–1812. [Google Scholar] [CrossRef]

	



Gazmuri, A.M.; Bouchon, P. Analysis of wheat gluten and starch matrices during deep-fat frying. Food Chem. 2009, 115, 999–1005. [Google Scholar] [CrossRef]

	



Howse, G.; Sidhu, K.; Grex, D. Methods of Preparing Meat Analogues, Meat Analogues, and Foodstuffs Comprising Meat Analogues. U.S. Patent 10/616,700, 13 January 2015. [Google Scholar]

	



Warnakulasuriya, S.N.; Nickerson, M.T. Review on plant protein-polysaccharide complex coacervation, and the functionality and applicability of formed complexes. J. Sci. Food Agric. 2018, 98, 5559–5571. [Google Scholar] [CrossRef] [PubMed]

	



BeMiller, J.N. (Ed.) Carbohydrate Chemistry for Food Scientists; Elsevier: Amsterdam, The Netherlands, 2018; ISBN 9780128120699. [Google Scholar]

	



Hill, S.E.; Prusa, K.J. Physical and Sensory Properties of Lean Ground Beef Patties Containing Methylcellulose and Hydroxypropylmethylcellulose. J. Food Qual. 1988, 11, 331–337. [Google Scholar] [CrossRef]

	



Sarteshnizi, A.; Hosseini, H.; Khaneghah, M.; Karimi, N. A Review on Application of Hydrocolloids in Meat and Poultry Products. Int. Food Res. J. 2015, 22, 872–887. [Google Scholar]

	



Karakasyan, C.; Legros, M.; Lack, S.; Brunel, F.; Maingault, P.; Ducouret, G.; Hourdet, D. Cold gelation of alginates induced by monovalent cations. Biomacromolecules 2010, 11, 2966–2975. [Google Scholar] [CrossRef]

	



Aaron, L.; Torsten, M. Microbial transglutaminase: A new potential player in celiac disease. Clin. Immunol. 2019, 199, 37–43. [Google Scholar] [CrossRef]

	



Schulz, S. New EU labeling law: Omission of food additives and enzymes from the list of ingredients under regulation (EC) no. 1169/2011. Eur. Food Feed Law Rev. 2015, 10, 14–19. [Google Scholar]

	



Wi, G.; Bae, J.; Kim, H.; Cho, Y.; Choi, M.-J. Evaluation of the Physicochemical and Structural Properties and the Sensory Characteristics of Meat Analogues Prepared with Various Non-Animal Based Liquid Additives. Foods 2020, 9, 461. [Google Scholar] [CrossRef] [PubMed]

	



Imeson, A. Food Stabilisers, Thickeners and Gelling Agents; Wiley-Blackwell: Chichester, UK, 2009; ISBN 9781405132671. [Google Scholar]

	



Payne, T.; Egbert, R. Process for Making Vegetable-Based Meat Extenders. U.S. Patent 5,626,899, 6 May 1995. [Google Scholar]

	



Cavallini, V.; Hargarten, P.G.; Joehnke, J. Vegetable Protein Meat Analogue. Patent EP1493337A2, 5 July 2004. [Google Scholar]

	



Feldbrugge, A.H.R.; Rankowitz, M.M.; Huste, A. Meat Analog System. U.S. Patent 3919435A, 10 September 1973. [Google Scholar]

	



Varadan, R.; Solomatin, S.; Holz-schietinger, C.; Cohn, E.; Klapholz-brown, A.; Shiu, J.W.-Y.; Kale, A.; Karr, J.; Fraser, R. Ground Meat Replicas. U.S. Patent 10172380B2, 31 March 2015. [Google Scholar]

	



Wüstenberg, T. (Ed.) Cellulose and Cellulose Derivatives in the Food Industry; Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, Germany, 2014; ISBN 9783527682935. [Google Scholar]

	



Dekkers, B.L.; Nikiforidis, C.V.; van der Goot, A.J. Shear-induced fibrous structure formation from a pectin/SPI blend. Innov. Food Sci. Emerg. Technol. 2016, 36, 193–200. [Google Scholar] [CrossRef]

	



Savell, J.W.; Cross, H.R. The role of fat in the palatability of beef, pork and lamb. Committee on technological options to improve the nutritional attributes of animal products. In Designing Foods: Animal Product Options in the Marketplace; National Academies Press: Cambridge, MA, USA, 1988; pp. 345–355. ISBN 0-309-53552-2. [Google Scholar]

	



Reig, M.; Lillford, P.J.; Toldrá, F. Structured Meat Products. In Food Materials Science; Springer: New York, NY, USA, 2008; pp. 501–523. [Google Scholar]

	



Reed, D.M.D.; Walter, L.A.J.; Schmitz, A.N.; Guadián-García, D.E.; Lawrence, T.E. Post-mortem mechanical injection of low quality beef loins with pork back fat improves palatability and sensory attributes. Meat Sci. 2017, 123, 205–210. [Google Scholar] [CrossRef] [PubMed]

	



Suzuki, A.; Takahashi, T.; Tanaka, Y.; Tsuzuku, T. Method of Injection into Meat and Pickle Injector for Use Therein. U.S. Patent 6014926A, 18 January 2000. [Google Scholar]

	



Pietrasik, Z.; Wang, H.; Janz, J.A.M. Effect of canola oil emulsion injection on processing characteristics and consumer acceptability of three muscles from mature beef. Meat Sci. 2013, 93, 322–328. [Google Scholar] [CrossRef] [PubMed]

	



Rios, R.V.; Pessanha, M.D.F.; de Almeida, P.F.; Viana, C.L.; Lannes, S.C.d.S. Application of fats in some food products. Food Sci. Technol. 2014, 34, 3–15. [Google Scholar] [CrossRef]

	



Nikiforidis, C.V. Structure and functions of oleosomes (oil bodies). Adv. Colloid Interface Sci. 2019, 274, 102039. [Google Scholar] [CrossRef] [PubMed]

	



Nikiforidis, C.V.; Scholten, E. High internal phase emulsion gels (HIPE-gels) created through assembly of natural oil bodies. Food Hydrocoll. 2015, 43, 283–289. [Google Scholar] [CrossRef]

	



Kirimlidou, M.; Matsakidou, A.; Scholten, E.; Nikiforidis, C.V.; Kiosseoglou, V. Composite gels structured by a gelatin protein matrix filled with oil bodies. Food Struct. 2017, 14, 46–51. [Google Scholar] [CrossRef]

	



Yang, N.; Feng, Y.; Su, C.; Wang, Q.; Zhang, Y.; Wei, Y.; Zhao, M.; Nishinari, K.; Fang, Y. Structure and tribology of κ-carrageenan gels filled with natural oil bodies. Food Hydrocoll. 2020, 107, 105945. [Google Scholar] [CrossRef]

	



Dreher, J.; Blach, C.; Terjung, N.; Gibis, M.; Weiss, J. Influence of protein content on plant-based emulsified and crosslinked fat crystal networks to mimic animal fat tissue. Food Hydrocoll. 2020, 106, 105864. [Google Scholar] [CrossRef]

	



Franco, D.; Martins, A.J.; López-Pedrouso, M.; Cerqueira, M.A.; Purriños, L.; Pastrana, L.M.; Vicente, A.A.; Zapata, C.; Lorenzo, J.M. Evaluation of linseed oil oleogels to partially replace pork backfat in fermented sausages. J. Sci. Food Agric. 2020, 100, 218–224. [Google Scholar] [CrossRef]

	



Moghtadaei, M.; Soltanizadeh, N.; Goli, S.A.H. Production of sesame oil oleogels based on beeswax and application as partial substitutes of animal fat in beef burger. Food Res. Int. 2018, 108, 368–377. [Google Scholar] [CrossRef]

	



Cheftel, J.C.; Kitagawa, M.; Queguiner, C. New Protein Texturization Processes by Extrusion Cooking at High Moisture Levels. Food Rev. Int. 1992, 8, 235–275. [Google Scholar] [CrossRef]

	



Gwiazda, S.; Noguchi, A.; Saio, K. Microstructural Studies of Texturized Vegetable Protein Products: Effects of Oil Addition and Transformation of Raw Materials in Various Sections of a Twin Screw Extruder. Food Struct. 1987, 6, 8. [Google Scholar]

	



Lusk, J.L. Consumer beliefs about healthy foods and diets. PLoS ONE 2019, 14. [Google Scholar] [CrossRef]

	



U.S. Department of Health and Human Services and U.S. Department of Agriculture. 2015–2020 Dietary Guidelines for Americans. 2015. Available online: http://health.gov/dietaryguidelines/2015/guidelines/ (accessed on 23 February 2021).

	



Paximada, P.; Howarth, M.; Dubey, B.N. Double emulsions fortified with plant and milk proteins as fat replacers in cheese. J. Food Eng. 2021, 288, 110229. [Google Scholar] [CrossRef]

	



Hjelm, L.; Mielby, L.A.; Gregersen, S.; Eggers, N.; Bertram, H.C. Partial substitution of fat with rye bran fibre in Frankfurter sausages—Bridging technological and sensory attributes through inclusion of collagenous protein. LWT 2019, 101, 607–617. [Google Scholar] [CrossRef]

	



Câmara, A.K.F.I.; Okuro, P.K.; da Cunha, R.L.; Herrero, A.M.; Ruiz-Capillas, C.; Pollonio, M.A.R. Chia (Salvia hispanica L.) mucilage as a new fat substitute in emulsified meat products: Technological, physicochemical, and rheological characterization. LWT 2020, 125, 109193. [Google Scholar] [CrossRef]

	



Espert, M.; Salvador, A.; Sanz, T. Cellulose ether oleogels obtained by emulsion-templated approach without additional thickeners. Food Hydrocoll. 2020, 109, 106085. [Google Scholar] [CrossRef]

	



Giese, J. Fats, oils, and fat replacers: Fats and oils play vital functional and sensory roles in food products. Food Technol. 1996, 50, 78–83. [Google Scholar]

	



Schmiele, M.; Nucci Mascarenhas, M.C.C.; da Silva Barretto, A.C.; Rodrigues Pollonio, M.A. Dietary fiber as fat substitute in emulsified and cooked meat model system. LWT Food Sci. Technol. 2015, 61, 105–111. [Google Scholar] [CrossRef]

	



López-Pedrouso, M.; Lorenzo, J.M.; Gullón, B.; Campagnol, P.C.B.; Franco, D. Novel strategy for developing healthy meat products replacing saturated fat with oleogels. Curr. Opin. Food Sci. 2021, 40, 40–45. [Google Scholar] [CrossRef]

	



Dos Santos, M.; Ozaki, M.M.; Ribeiro, W.O.; Paglarini, C.d.S.; Vidal, V.A.S.; Campagnol, P.C.B.; Pollonio, M.A.R. Emulsion gels based on pork skin and dietary fibers as animal fat replacers in meat emulsions: An adding value strategy to byproducts. LWT 2020, 120, 108895. [Google Scholar] [CrossRef]

	



Mao, L.; Miao, S.; Yuan, F.; Gao, Y. Study on the textural and volatile characteristics of emulsion filled protein gels as influenced by different fat substitutes. Food Res. Int. 2018, 103, 1–7. [Google Scholar] [CrossRef]

	



Campagnol, P.C.B.; dos Santos, B.A.; Wagner, R.; Terra, N.N.; Rodrigues Pollonio, M.A. Amorphous cellulose gel as a fat substitute in fermented sausages. Meat Sci. 2012, 90, 36–42. [Google Scholar] [CrossRef] [PubMed]

	



Bis-Souza, C.V.; Ozaki, M.M.; Vidal, V.A.S.; Pollonio, M.A.R.; Penna, A.L.B.; Barretto, A.C.S. Can dietary fiber improve the technological characteristics and sensory acceptance of low-fat Italian type salami? J. Food Sci. Technol. 2020, 57, 1003–1012. [Google Scholar] [CrossRef] [PubMed]

	



Henck, J.M.M.; Bis-Souza, C.V.; Pollonio, M.A.R.; Lorenzo, J.M.; Barretto, A.C.S. Alpha-cyclodextrin as a new functional ingredient in low-fat chicken frankfurter. Br. Poult. Sci. 2019, 60, 716–723. [Google Scholar] [CrossRef]

	



Jiménez-Colmenero, F.; Cofrades, S.; Herrero, A.M.; Fernández-Martín, F.; Rodríguez-Salas, L.; Ruiz-Capillas, C. Konjac gel fat analogue for use in meat products: Comparison with pork fats. Food Hydrocoll. 2012, 26, 63–72. [Google Scholar] [CrossRef]

	



Li, J.; Wang, Y.; Jin, W.; Zhou, B.; Li, B. Application of micronized konjac gel for fat analogue in mayonnaise. Food Hydrocoll. 2014, 35, 375–382. [Google Scholar] [CrossRef]

	



Malav, O.P.; Talukder, S.; Gokulakrishnan, P.; Chand, S. Meat Analog: A Review. Crit. Rev. Food Sci. Nutr. 2015, 55, 1241–1245. [Google Scholar] [CrossRef] [PubMed]

	



Rolan, T.; Mueller, I.; Mertle, T.J.; Swenson, K.; Conley, C.; Orcutt, M.W.; Mease, L. Ground Meat and Meat Analog Compositions Having Improved Nutritional Properties. U.S. Patent 11/963,375, 30 October 2008. [Google Scholar]

	



Vrljic, M.; Solomatin, S.; Fraser, R.; O’reilly Brown, P.; Karr, J.; Holz-Schietinger, C.; Eisen, M.; Varadan, R. Methods and Compositions for Consumables. Patent WO2013010042A1, 12 July 2012. [Google Scholar]

	



Akramzadeh, N.; Hosseini, H.; Pilevar, Z.; Karimian Khosroshahi, N.; Khosravi-Darani, K.; Komeyli, R.; Barba, F.J.; Pugliese, A.; Poojary, M.M.; Khaneghah, A.M. Physicochemical properties of novel non-meat sausages containing natural colorants and preservatives. J. Food Process. Preserv. 2018, 42, e13660. [Google Scholar] [CrossRef]

	



Stewart, G.F.; Schweigert, B.S.; Hawthorn, J.; Bauernfeind, J.C. Carotenoids as Colorants and Vitamin A Precursors: Technological and Nutritional Applications.; Elsevier Science: Amsterdam, The Netherlands, 1981; ISBN 0323139779. [Google Scholar]

	



Bolognesi, V.J.; Garcia, C.E.R. Annatto Carotenoids as Additives Replacers in Meat Products. In Alternative and Replacement Foods; Elsevier: Amsterdam, The Netherlands, 2018; pp. 355–384. ISBN 9780128114469. [Google Scholar]

	



Calvo, M.M.; García, M.L.; Selgas, M.D. Dry fermented sausages enriched with lycopene from tomato peel. Meat Sci. 2008, 80, 167–172. [Google Scholar] [CrossRef] [PubMed]

	



Domínguez, R.; Gullón, P.; Pateiro, M.; Munekata, P.E.S.; Zhang, W.; Lorenzo, J.M. Tomato as Potential Source of Natural Additives for Meat Industry. A Review. Antioxidants 2020, 9, 73. [Google Scholar] [CrossRef] [PubMed]

	



Agboyibor, C.; Kong, W.B.; Chen, D.; Zhang, A.M.; Niu, S.Q. Monascus pigments production, composition, bioactivity and its application: A review. Biocatal. Agric. Biotechnol. 2018, 16, 433–447. [Google Scholar] [CrossRef]

	



Loypimai, P.; Moongngarm, A.; Naksawat, S. Application of Natural Colorant from Black Rice Bran for Fermented Thai Pork Sausage-Sai Krok Isan. Int. Food Res. J. 2017, 24, 1529–1537. [Google Scholar]

	



Pakula, C.; Stamminger, R. Measuring changes in internal meat colour, colour lightness and colour opacity as predictors of cooking time. Meat Sci. 2012, 90, 721–727. [Google Scholar] [CrossRef]

	



Hollenbeck, J.J.; Apple, J.K.; Yancey, J.W.S.; Johnson, T.M.; Kerns, K.N.; Young, A.N. Cooked color of precooked ground beef patties manufactured with mature bull trimmings. Meat Sci. 2019, 148, 41–49. [Google Scholar] [CrossRef]

	



Hamilton, M.N.; Ewing, C.E. Food Coloring Composition. 2000. Available online: https://patents.google.com/patent/CA2314727C/en (accessed on 15 February 2018).

	



Kyed, M.-H.; Rusconi, P. Protein Composition for Meat Products or Meat Analog Products. U.S. Patent 12/389,148, 20 August 2009. [Google Scholar]

	



Herbach, K.M.; Stintzing, F.C.; Carle, R. Impact of Thermal Treatment on Color and Pigment Pattern of Red Beet (Beta vulgaris L.) Preparations. J. Food Sci. 2006, 69, C491–C498. [Google Scholar] [CrossRef]

	



Fraser, R.; Davis, S.C.; Brown, P.O. Secretion of Heme-Containing Polypeptides. U.S. Patent 20170342131A1, 9 August 2017. [Google Scholar]

	



Orcutt, M.W.; Sandoval, A.; Mertle, T.J.; Mueller, I.; Altemueller, P.A.; Downey, J. Meat Compositions Comprising Colored Structured Protein Products. U.S. Patent 12/061,843, 23 October 2008. [Google Scholar]

	



Roland, W.S.U.; Pouvreau, L.; Curran, J.; van de Velde, F.; de Kok, P.M.T. Flavor Aspects of Pulse Ingredients. Cereal Chem. J. 2017, 94, 58–65. [Google Scholar] [CrossRef]

	



Duque-Estrada, P.; Kyriakopoulou, K.; de Groot, W.; van der Goot, A.J.; Berton-Carabin, C.C. Oxidative stability of soy proteins: From ground soybeans to structured products. Food Chem. 2020, 318, 126499. [Google Scholar] [CrossRef]

	



Kaczmarska, K.T.; Chandra-Hioe, M.V.; Frank, D.; Arcot, J. Aroma characteristics of lupin and soybean after germination and effect of fermentation on lupin aroma. LWT Food Sci. Technol. 2018, 87, 225–233. [Google Scholar] [CrossRef]

	



He, J.; Liu, H.; Balamurugan, S.; Shao, S. Fatty acids and volatile flavor compounds in commercial plant-based burgers. J. Food Sci. 2021, 86, 293–305. [Google Scholar] [CrossRef] [PubMed]

	



Fraser, R.; Brown, P.O.; Karr, J.; Holz-Schietinger, C.; Cohn, E. Methods and Compositions for Affecting the Flavor and Aroma Profile of Consumables. U.S. Patent 9700067B2, 11 July 2017. [Google Scholar]

	



Moon, S.Y.; Cliff, M.A.; Li-Chan, E.C.Y. Odour-active components of simulated beef flavour analysed by solid phase microextraction and gas chromatography-mass spectrometry and -olfactometry. Food Res. Int. 2006, 39, 294–308. [Google Scholar] [CrossRef]

	



Mottram, D.; Donald, S.M. Flavour formation in meat and meat products: A review. Food Chem. 1998, 62, 415–424. [Google Scholar] [CrossRef]

	



Varavinita, S.; Shobsngob, S.; Bhidyachakorawat, M.; Suphantharika, M. Production of meat-like flavor. Sci. Asia 2000, 26, 219–224. [Google Scholar] [CrossRef]

	



Werkhoff, P.; Brüning, J.; Emberger, R.; Güntert, M.; Köpsel, M.; Kuhn, W.; Surburg, H. Isolation and Characterization of Volatile Sulfur-Containing Meat Flavor Components in Model Systems. J. Agric. Food Chem. 1990, 38, 777–791. [Google Scholar] [CrossRef]

	



Kerler, J.; Winkel, C.; Davidek, T.; Blank, I. Basic Chemistry and Process Conditions for Reaction Flavours with Particular Focus on Maillard-Type Reactions. In Food Flavour Technology; Wiley-Blackwell: Oxford, UK, 2010; pp. 51–88. ISBN 9781405185431. [Google Scholar]

	



Moon, J.H.; Choi, I.W.; Park, Y.K.; Kim, Y. Development of natural meat-like flavor based on Maillard reaction products. Korean J. Food Sci. Anim. Resour. 2011, 31, 129–138. [Google Scholar] [CrossRef]

	



Ames, J.M. Control of the Maillard reaction in food systems. Trends Food Sci. Technol. 1990, 1, 150–154. [Google Scholar] [CrossRef]

	



Jaeger, H.; Janositz, A.; Knorr, D. The Maillard reaction and its control during food processing. The potential of emerging technologies. Pathol. Biol. (Paris) 2010, 58, 207–213. [Google Scholar] [CrossRef]

	



Hofmann, T.; Schieberle, P. Evaluation of the Key Odorante in a Thermally Treated Solution of Ribose and Cysteine by Aroma Extract Dilution Techniques. J. Agric. Food Chem. 1995, 43, 2187–2194. [Google Scholar] [CrossRef]

	



Taylor, A.J.; Hort, J. Modifying Flavour in Food; Elsevier: Amsterdam, The Netherlands, 2007; ISBN 9781845690748. [Google Scholar]

	



Chiang, J.H.; Hardacre, A.K.; Parker, M.E. Effects of Maillard-reacted beef bone hydrolysate on the physicochemical properties of extruded meat alternatives. J. Food Sci. 2020, 85, 567–575. [Google Scholar] [CrossRef] [PubMed]

	



Fiorentini, M.; Kinchla, A.J.; Nolden, A.A. Role of Sensory Evaluation in Consumer Acceptance of Plant-Based Meat Analogs and Meat Extenders: A Scoping Review. Foods 2020, 9, 1334. [Google Scholar] [CrossRef]

	



Wu, Y.F.G.; Cadwallader, K.R. Characterization of the aroma of a meatlike process flavoring from soybean-based enzyme-hydrolyzed vegetable protein. J. Agric. Food Chem. 2002, 50, 2900–2907. [Google Scholar] [CrossRef]

	



Wu, Y.-F.; Baek, H.H.; Gerard, P.D.; Cadwallader, K.R. Development of a Meat-Like Process Flavoring from Soybean-Based Enzyme-Hydrolyzed Vegetable Protein (E-HVP). J. Food Sci. 2000, 65, 1220–1227. [Google Scholar] [CrossRef]

	



Mottram, D.S.; Madruga, M.S.; Whitfield, F.B. Some Novel Meatlike Aroma Compounds from the Reactions of Alkanediones with Hydrogen Sulfide and Furanthiols. J. Agric. Food Chem. 1995, 43, 189–193. [Google Scholar] [CrossRef]

	



Farmer, L.J.; Mottram, D.S. Interaction of lipid in the maillard reaction between cysteine and ribose: The effect of a triglyceride and three phospholipids on the volatile products. J. Sci. Food Agric. 1990, 53, 505–525. [Google Scholar] [CrossRef]

	



Czerny, M.; Christlbauer, M.; Christlbauer, M.; Fischer, A.; Granvogl, M.; Hammer, M.; Hartl, C.; Hernandez, N.M.; Schieberle, P. Re-investigation on odour thresholds of key food aroma compounds and development of an aroma language based on odour qualities of defined aqueous odorant solutions. Eur. Food Res. Technol. 2008, 228, 265–273. [Google Scholar] [CrossRef]

	



Heng, L.; Van Koningsveld, G.A.; Gruppen, H.; Van Boekel, M.A.J.S.; Vincken, J.P.; Roozen, J.P.; Voragen, A.G.J. Protein-flavour interactions in relation to development of novel protein foods. Trends Food Sci. Technol. 2004, 15, 217–224. [Google Scholar] [CrossRef]

	



Guo, Z.; Teng, F.; Huang, Z.; Lv, B.; Lv, X.; Babich, O.; Yu, W.; Li, Y.; Wang, Z.; Jiang, L. Effects of material characteristics on the structural characteristics and flavor substances retention of meat analogs. Food Hydrocoll. 2020, 105, 105752. [Google Scholar] [CrossRef]

	



Wang, K.; Arntfield, S.D. Effect of protein-flavour binding on flavour delivery and protein functional properties: A special emphasis on plant-based proteins. Flavour Fragr. J. 2017, 32, 92–101. [Google Scholar] [CrossRef]

	



Guichard, E.; Langourieux, S. Interactions between β-lactoglobulin and flavour compounds. In Food Chemistry; Elsevier: Amsterdam, The Netherlands, 2000; Volume 71, pp. 301–308. [Google Scholar]

	



Anantharamkrishnan, V.; Hoye, T.; Reineccius, G.A. Covalent Adduct Formation between Flavor Compounds of Various Functional Group Classes and the Model Protein β-Lactoglobulin. J. Agric. Food Chem. 2020, 68, 6395–6402. [Google Scholar] [CrossRef] [PubMed]

	



Peng, Y.; Dewi, D.P.A.P.; Kyriakopoulou, K.; van der Goot, A.J. Effect of calcium hydroxide and fractionation process on the functional properties of soy protein concentrate. Innov. Food Sci. Emerg. Technol. 2020, 66, 102501. [Google Scholar] [CrossRef]

	



Kloss, L.; Meyer, J.D.; Graeve, L.; Vetter, W. Sodium intake and its reduction by food reformulation in the European Union—A review. NFS J. 2015, 1, 9–19. [Google Scholar] [CrossRef]

	



Gaudette, N.J.; Pietrasik, Z. The sensory impact of salt replacers and flavor enhancer in reduced sodium processed meats is matrix dependent. J. Sens. Stud. 2017, 32, e12247. [Google Scholar] [CrossRef]

	



Zhang, J.; Liu, L.; Liu, H.; Yoon, A.; Rizvi, S.S.H.; Wang, Q. Changes in conformation and quality of vegetable protein during texturization process by extrusion. Crit. Rev. Food Sci. Nutr. 2019, 59, 3267–3280. [Google Scholar] [CrossRef]

	



Lazou, A.E.; Michailidis, P.A.; Thymi, S.; Krokida, M.K.; Bisharat, G.I. Structural Properties of Corn-Legume Based Extrudates as a Function of Processing Conditions and Raw Material Characteristics. Int. J. Food Prop. 2007, 10, 721–738. [Google Scholar] [CrossRef]

	



Emin, M.A.; Quevedo, M.; Wilhelm, M.; Karbstein, H.P. Analysis of the reaction behavior of highly concentrated plant proteins in extrusion-like conditions. Innov. Food Sci. Emerg. Technol. 2017, 44, 15–20. [Google Scholar] [CrossRef]

	



Peters, J.P.C.M.; Vergeldt, F.J.; Boom, R.M.; van der Goot, A.J. Water-binding capacity of protein-rich particles and their pellets. Food Hydrocoll. 2017, 65, 144–156. [Google Scholar] [CrossRef]

	



Cornet, S.H.V.; van der Goot, A.J.; van der Sman, R.G.M. Effect of mechanical interaction on the hydration of mixed soy protein and gluten gels. Curr. Res. Food Sci. 2020, 3, 134–145. [Google Scholar] [CrossRef]

	



Verbeek, C.J.R.; Van Den Berg, L.E. Extrusion processing and properties of protein-based thermoplastics. Macromol. Mater. Eng. 2010, 295, 10–21. [Google Scholar] [CrossRef]

	



Tamayo Tenorio, A.; Kyriakopoulou, K.E.; Suarez-Garcia, E.; van den Berg, C.; van der Goot, A.J. Understanding differences in protein fractionation from conventional crops, and herbaceous and aquatic biomass—Consequences for industrial use. Trends Food Sci. Technol. 2018, 71, 235–245. [Google Scholar] [CrossRef]

	



Lie-Piang, A.; Braconi, N.; Boom, R.M.; van der Padt, A. Less refined ingredients have lower environmental impact—A life cycle assessment of protein-rich ingredients from oil- and starch-bearing crops. J. Clean. Prod. 2021, 292, 126046. [Google Scholar] [CrossRef]

	



Blonk Consultants Revealing the Environmental Impact of Plant Proteins. Available online: http://www.blonkconsultants.nl/2017/12/14/revealing-the-environmental-impact-of-plant-proteins/?lang=en (accessed on 14 February 2018).

	



Depping, V.; Grunow, M.; Kulozik, U. A methodological framework for comparing fractionated and non-fractionated products in life cycle assessments: The case of milk concentrates. J. Clean. Prod. 2020, 257, 120478. [Google Scholar] [CrossRef]

	



Zisopoulos, F.K.; Overmars, L.; van der Goot, A.J. A conceptual exergy-based framework for assessing, monitoring, and designing a resource efficient agri-food sector. J. Clean. Prod. 2017, 158, 38–50. [Google Scholar] [CrossRef]

	



van der Weele, C.; Feindt, P.; Jan van der Goot, A.; van Mierlo, B.; van Boekel, M. Meat alternatives: An integrative comparison. Trends Food Sci. Technol. 2019, 88, 505–512. [Google Scholar] [CrossRef]

	



Sá, A.G.A.; Moreno, Y.M.F.; Carciofi, B.A.M. Plant proteins as high-quality nutritional source for human diet. Trends Food Sci. Technol. 2020, 97, 170–184. [Google Scholar] [CrossRef]

	



Multari, S.; Stewart, D.; Russell, W.R. Potential of Fava Bean as Future Protein Supply to Partially Replace Meat Intake in the Human Diet. Compr. Rev. Food Sci. Food Saf. 2015, 14, 511–522. [Google Scholar] [CrossRef]

	



Sá, A.G.A.; Moreno, Y.M.F.; Carciofi, B.A.M. Food processing for the improvement of plant proteins digestibility. Crit. Rev. Food Sci. Nutr. 2019. [Google Scholar] [CrossRef]

	



Alexander, P.; Brown, C.; Arneth, A.; Finnigan, J.; Moran, D.; Rounsevell, M.D.A. Losses, inefficiencies and waste in the global food system. Agric. Syst. 2017, 153, 190–200. [Google Scholar] [CrossRef]

	



FoodData Central. Available online: https://fdc.nal.usda.gov/fdc-app.html#/food-details/172423/nutrients (accessed on 26 February 2020).

	



Peng, Y.; Kersten, N.; Kyriakopoulou, K.; van der Goot, A.J. Functional properties of mildly fractionated soy protein as influenced by the processing pH. J. Food Eng. 2020, 275, 109875. [Google Scholar] [CrossRef]

	



Tessari, P.; Lante, A.; Mosca, G. Essential amino acids: Master regulators of nutrition and environmental footprint? Sci. Rep. 2016, 6, 26074. [Google Scholar] [CrossRef] [PubMed]

	



Gorissen, S.H.M.; Crombag, J.J.R.; Senden, J.M.G.; Waterval, W.A.H.; Bierau, J.; Verdijk, L.B.; van Loon, L.J.C. Protein content and amino acid composition of commercially available plant-based protein isolates. Amino Acids 2018, 50, 1685–1695. [Google Scholar] [CrossRef] [PubMed]








[image: Foods 10 00600 g001 550] 





Figure 1. Technologies for plant protein texturization: (A) low moisture extrusion, (B) high moisture extrusion and (C) shear cell technology. The person in figure has given the consent to use this photo. 
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Table 1. Summary of already used protein ingredients for meat analogue applications.
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	Protein Ingredient
	Composition (%w/w)
	Functionality
	Application in Meat Analogues





	Soy isolate

(alkaline/acid precipitation treatment)
	~90 % protein
	Good solubility, gelling and emulsification
	Structuring process: Extrusion, shear cell, spinning, freeze structuring

Role: Protein source, texture, binder, base for fat substitutes, emulsifier

Products: Burger patties, minced meat, sausages



	Soy isolate

(additional heat treatment/ toasted isolate)
	~90 % protein, denatured due to heat treatment
	Decreased solubility, increased water holding capacity, good gelling
	Structuring process: Extrusion, shear cell

Role: Protein source, texture, binder, base for fat substitutes

Products: Burger patties, minced meat, sausages



	Soy concentrate
	~70 % protein
	Good texturization properties
	Process: Extrusion, Shear cell

Role: Protein source, texture, binder

Products: Burger patties, minced meat, sausages, muscle-type products



	Soy milk

(spray-dried powder)
	>45% protein, ~30 % fat
	High solubility, good emulsification properties
	Process: Freeze structuring

Role: Emulsifier, texture

Products: Tofu and yuba production



	Soy flour/meal (defatted)
	~43–56% protein, ~0.5-9% fat, ~3–7% crude fibre, >30% total carbohydrate
	Water binding capacity and fat retention, native protein
	Process: Extrusion

Role: Texture, Binder

Products: Burger patties, minced meat, sausages, muscle-type products



	Wheat Gluten isolate
	75–80% protein, 15–17% carbohydrates, 5–8% fat
	Binding, Dough forming/ Cross-linking capacity via S-S bridges, low solubility
	Structuring process: Extrusion, shear cell

Role: Adhesion, texture

Products: Burger patties, muscle-type products



	Pea isolate
	~85% protein
	Water and fat binding, emulsification, and firm texture after thermal processing
	Process: Extrusion, shear cell, spinning

Role: Emulsifier, texture, Binder

Products: Burger patties, minced meat, sausages, muscle-type products
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Table 2. Composition (%) and essential amino acid contents (in g/100 g) of different plant and animal protein sources.
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Composition

(% )

	
Egg

Dried

	
Beef **

	
Milk

Dry Whole

	
Soy

	
Wheat Flour

	
Pea Seeds

	
Lupine Seeds

	
Sunflower Seed Kernels

	
Peanut Flour Low Fat




	
Isolate

	
Concentrate

	
Flour






	
Protein

	
48.05

	
21.91

	
26.32

	
83.3 ± 0.7 (N × 5.7)

	
63.63

	
37.0 ± 1.1

(N × 5.7)

	
9.61

	
23.12

	
36.17

	
20.78

	
33.8




	
Lipid

	
43.9

	
4.62

	
26.71

	
-

	
0.46

	
21.8 ± 0.4

	
1.95

	
3.89

	
9.74

	
51.46

	
21.9




	
Carbohydrates

	
1.13

	
0

	
38.42

	
13.3 ± 0.7

	
25.41

	
34.5 ± 2.2

	
74.48

	
61.63

	
40.37

	
20

	
31.27




	
Ash

	
4.13

	
1.09

	
6.08

	
3.4 +0.0

	
4.7

	
6.7 ± 0.7

	
1.53

	
2.67

	
3.28

	
3.02

	
5.23




	
Reference

	
[287]

	
[287]

	
[287]

	
[288]

	
[287]

	
[288]

	
[287]

	
[287]

	
[287]

	
[287]

	
[287]




	
Essential amino acids

	
Recommended daily allowances (RDA in mg, for a 70-kg man)

	
Essential amino acids content in g/100 g of product




	
Egg

	
Beef

	
Milk

	
Soy isolate

	
Soy concentrate

	
Defatted soy flour

	
Wheat flour

	
Pea seeds

	
Lupine seeds

	
Sunflower Seed kernels

	
Peanut flour low fat




	
Histidine

	
700

	
1.202

	
0.699

	
0.714

	
2.303

	
1.578

	
1.268

	
1.4

	
0.586

	
1.03

	
0.632

	
0.854




	
Isoleucine

	
1400

	
2.434

	
0.997

	
1.592

	
4.253

	
2.942

	
2.281

	
2.0

	
0.983

	
1.615

	
1.139

	
1.188




	
Leucine

	
2730

	
4.15

	
1.743

	
2.578

	
6.783

	
4.917

	
3.828

	
5.0

	
1.68

	
2.743

	
1.659

	
2.191




	
Lysine

	
2.100

	
3.339

	
1.852

	
2.087

	
5.327

	
3.929

	
3.129

	
1.1

	
1.771

	
1.933

	
0.937

	
1.213




	
Methionine

	
1050 *

	
1.495

	
0.571

	
0.66

	
1.13

	
0.814

	
0.634

	
0.7

	
0.195

	
0.255

	
0.494

	
0.415




	
Phenylalanine

	
1750 *

	
2.53

	
0.865

	
1.271

	
4.593

	
3.278

	
2.453

	
3.7

	
1.151

	
1.435

	
1.169

	
1.752




	
Tryptophan

	
280

	
0.775

	
0.144

	
0.371

	
1.116

	
0.835

	
0.683

	
Not measured

	
0.159

	
0.289

	
0.348

	
0.328




	
Threonine

	
1050

	
2.129

	
0.875

	
1.188

	
3.137

	
2.474

	
2.042

	
1.8

	
0.813

	
1.331

	
0.928

	
1.158




	
Valine

	
1820

	
2.991

	
1.087

	
1.762

	
4.098

	
3.064

	
2.346

	
2.3

	
1.035

	
1.51

	
1.315

	
1.418




	
Reference

	
[289]

	
[287]

	
[287]

	
[287]

	
[287]

	
[287]

	
[287]

	
[290]

	
[287]

	
[287]

	
[287]

	
[287]








* These values are reported as the sum of cysteine and methionine, and phenylalanine and tyrosine ** Beef, top sirloin, steak, separable lean only, trimmed to 1/8” fat, choice, raw.
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