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Abstract

:

In addition to their nutritional and physiological role, proteins are recognized as the major compounds responsible for the rheological properties of food products and their stability during manufacture and storage. Furthermore, proteins have been shown to be source of bioactive peptides able to exert beneficial effects on human health. In recent years, scholarly interest has focused on the incorporation of high-quality proteins into the diet. This fact, together with the new trends of consumers directed to avoid the intake of animal proteins, has boosted the search for novel and sustainable protein sources and the development of suitable, cost-affordable, and environmentally friendly technologies to extract high concentrations of valuable proteins incorporated into food products and supplements. In this review, current data on emergent and promising methodologies applied for the extraction of proteins from natural sources are summarized. Moreover, the advantages and disadvantages of these novel methods, compared with conventional methods, are detailed. Additionally, this work describes the combination of these technologies with the enzymatic hydrolysis of extracted proteins as a powerful strategy for releasing bioactive peptides.
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1. Introduction


Proteins are essential macronutrients involved in the growth and development of the body. In addition to their nutritional and physiological properties, the techno-functional characteristics of proteins are responsible for the appearance, texture, and stability of food products. Moreover, proteins have been demonstrated to be a source of peptides capable of exerting multiple biological activities after their release by hydrolysis, gastrointestinal digestion, and/or food processing [1].



The incorporation of high-quality proteins into the everyday diet is a prevalent theme in current research. To meet consumer trends in limiting the intake of animal proteins, nutritionists and food industries are exploring the use of novel and sustainable protein sources from plants, insects, and algae. However, satisfying this demand requires the simultaneous development of suitable, cost-effective, and eco-friendly technologies to extract higher concentrations of valuable proteins to be incorporated into food and supplements [2]. The application of conventional methods generally results in lower extraction yields due to protein degradation from extreme pH, temperature, solvent conditions, and long extraction times. Therefore, researchers are currently focused on non-thermal green technologies for improving extraction efficiency and reducing protein degradation. These methods generally have no damaging effect on the environment. Moreover, the minimal use of toxic chemicals and reactants makes extracted proteins safe for animal and human consumption. Other than improving the protein yield, these innovative techniques can enhance their nutritional and techno-functional properties as well as their potential as a source of bioactive peptides. Understanding the principles of each of these new methodologies, and their advantages and disadvantages in comparison with conventional methods, is essential to advance in the knowledge of their applications in the food industry, and to achieve extractions, from new sources, of high-purity proteins with interesting properties at high concentrations. Thus, this review aims to respond to this need by providing all the existing evidence on the emergent extraction technologies applied on natural protein sources. Moreover, the application of some novel technologies, in combination with the enzymatic hydrolysis of extracted proteins with the aim to release bioactive peptides, is also described.




2. Extraction of Proteins from Natural Sources


2.1. Chemical Extraction Techniques


The classification of chemical methods is based on the solvent used, such as water, alkali, organic solvents, and acids. Although the efficiency of the methodology primarily depends on the nature of the protein sample, the processing conditions have also been demonstrated to show their influence on protein recovery [3]. Aqueous extraction is a frequently used method due to the high protein solubility and stability of isolated proteins in water. Moreover, this methodology shows other advantages such as its easy operation conditions and low cost [4]. Generally, extraction with water is performed under basic conditions, as it has been described for proteins from different plant sources such as mung bean (Vigna radiata) [5], grass pea (Lathyrus sativus) [6], rice and rice bran [7,8], and tomato [9,10], among others. However, extreme extraction conditions, such as high temperature or high alkaline conditions, could influence the thermal, conformational, and functional properties of protein fractions, reducing their nutritional value and degrading their bioactive compounds [11]. Mild acidic conditions have also been reported to efficiently extract proteins from sunflower with a 23–26% rate recovery [12].



To extract proteins containing non-polar, hydrophobic and/or aromatic amino acid residues, organic solvents like ethanol, butanol, and acetone are required [13]. Thus, a recent study has described the application of an ethanol-petroleum ether combination in water to extract proteins from Moringa olifera seeds, reaching 33% of recovery after the purification of the protein [4].



2.1.1. Aqueous Two-Phase System (ATPS)


Currently, aqueous two-phase system (ATPS) is being used for efficient protein extraction due to the associated properties, such as the hydrophobicity of the phase system, the electrical potential between phases, molecular size, and the bioaffinity of the protein [2]. ATPS is a multifunctional technique that allows separating, concentrating, and purifying proteins. It is based on the mixture of two components of different natures. The appropriate choice of these two components guarantees the completion of two defined and equilibrated layers. The benefits of the ATPS technique are of great interest to the scientific community. Its attributes of rapidity, flexibility, economical convenience, and biocompatibility ensure a higher selectivity, purity, and extraction yield than with conventional systems. On top of that, phase constituents do not denature proteins; they can stabilize protein structures within their biological activity [14]. A recent review summarizing the existing evidence on the application of ATPS for the recovery of valuables, as well as the elimination of contaminants from industrial waste discharges, has been published [15]. Among these high-value components, proteins have been demonstrated to be efficiently extracted by ATPS. Therefore, two-phase systems constituted by sodium citrate and polyethylene glycol, or sodium citrate and ethanol, have been recently reported as useful in extracting proteins from shrimp (Litopenaeus vannamei) waste and microalgae (Arthrospira platensis) [16,17].




2.1.2. Subcritical Water Extraction (SWE)


Subcritical water (SW) extraction (SWE) is a technique based on the use of hot water in the range from water’s normal boiling point (100 °C) to water’s critical temperature (374 °C), while using a high pressure to maintain water in its liquid state within those temperatures (usually 220–230 bar). The increase in temperature significantly modifies water’s properties. For example, its viscosity and density decrease, but its compressibility remains low, and indeed the most important change is the temperature-dependent decrease of water’s dielectric constant. Thus, the hydrogen bonding structure of water is weakened, which enables the solubilization of moderately polar and nonpolar compounds. Furthermore, SW produces a high-ion product, a property suitable for hydrolysis reactions and thus, when compared with water at lower temperatures and ambient pressures, SW conditions enhance the depolymerization of polysaccharides and the generation of smaller soluble protein fractions [18].



Mlyuka et al. [19] presented SWE as a strategic alternative for the food industry with promising potential in the selective extraction of bioactive compounds and in green hydrolysis reactions, while stressing scaling as the major challenge facing its commercial use. SWE is an efficient, cheap, fast, and environmentally friendly technology. Several reviews [19,20,21] analyzed the tuning of operation conditions in different types of raw materials, to maximize extraction yield and/or to avoid the degradation and decomposition of desired products. In general, in comparison with conventional alkali or enzymatic hydrolysis, SW provides comparable or higher yields in shorter times. In a very recent contribution, Álvarez-Viñas et al. (2021) reviewed the most important features in the SWE/hydrolysis of proteins, the different modes of operation, and analyzed the effect of process conditions on the product properties [22]. The authors highlighted the necessity of establishing optimal conditions as a compromised solution for processing proteins derived from agro-food wastes and algal biomass, suggesting that could be desirable in the stage wise operation to sequentially obtain high-valued fractions. Nevertheless, the formation of allergenic and/or toxic peptides from wastes and biomasses during protein extraction and hydrolysis should be prudently tested.





2.2. Enzyme-Assisted Extraction


Enzyme-assisted extraction (EAE) is a green technology based, firstly, on the action of degrading enzymes within the major components of the cell wall, such as cellulose, hemicellulose, and/or pectins, resulting in the disruption of the wall and the release of cellular proteins [23]. Secondly, proteases break down the high molecular weight cell proteins into smaller and more soluble portions, thus providing valuable extraction conditions [2]. Although EAE has been characterized by its long processing time, high costs, elevated energy consumption, and irreversible carbohydrate-protein matrix disruption, it has become an emergent strategy showing advantages in comparison with conventional solvent-based extraction methods [23]. Moreover, products obtained using this technology evidence a higher purity and suitability for human consumption [24,25,26]. Thus, Sari et al. demonstrated the higher protein yield resulting from the extraction of proteins from soybean (Glycine max) and rapeseed (Brassica napus subsp. napus) meals when serine, endo, and exoproteases were used in comparison to the protein yield obtained without enzyme addition [24]. Similarly, Rommi et al. [27] demonstrated the beneficial effects of pectinolytic enzymes acting on pectic polysaccharides and glucans on the extraction yield of proteins from rapeseed press cakes made from cold oil processing. The use of enzymes increased the protein yield by 1.7 times in comparison with that obtained without enzymes. In addition, these authors found that the enzymatic hydrolysis of carbohydrates at a pH of 6 allowed for the extraction of rapeseed press cake proteins with a higher solubility and dispersion stability than those obtained using an alkaline extraction that provoked their partial denaturation [28]. Chirinos et al. also found that the EAE (alcalase) of proteins from sacha inchi (Plukenetia volubilis L.) kernel meal resulted in a higher (≈ 1.5-fold) protein recovery than that obtained through alkaline extraction [29]. More recently, bi-(α-amylase and amyloglucosidase) and tri-enzyme (α-amylase, amyloglucosidase, and β-1,3,4-glucanase) treatments were applied to extract proteins from defatted barley flour, obtaining a protein yield of 49% and 78.3%, respectively [30]. Similarly, defatted soybean flour was treated with xylanase, pectinase, cellulase, and a cocktail of commercial carbohydrases within alkaline extraction, resulting in the increase of the protein yield by 21% compared to the 2 h alkaline extraction without enzymatic treatment [31]. In a recent study, four enzyme preparations, followed by assisted alkaline extraction, were tested for protein extraction from the seaweed Palmaria palmata [32]. These authors found that the most efficient treatments were the combination of Celluclast® 0.2% w/w plus Alcalase® 0.2% w/w (90.0% extraction efficiency), or Shearzyme® 0.2% w/w plus Alcalase® 0.2% w/w (85.5% extraction efficiency). Moreover, these methods allowed for improving the amino acid profile, the essential amino acid score, and the ratio of the extracted proteins, in which their potential as source of bioactive peptides was also improved, making this methodology suitable for extracting proteins with interesting nutritional and functional properties. Recent studies have reported on the suitability of enzyme-assisted extraction to recover proteins from other sources, such as sugar beet (Beta vulgaris L.) leaves [33] and almond cake [34].




2.3. Novel Assisting Cell Disruption Techniques


2.3.1. Microwave-Assisted Extraction (MAE)


Microwave-assisted extraction (MAE) is a novel cell disruption technique that uses electromagnetic waves of frequency in the range from 300 MHz to 300 GHz [23]. These waves are absorbed by the matrix and converted into thermal energy, which heats the moisture inside the cells. This generates a high pressure on the cells’ walls, increasing their porosity and thus facilitating the extraction of their compounds [35]. The main MAE parameters required for optimization and scaling up the extraction process are the sample solubility, the solid-liquid ratio, the extraction process time and temperature, the microwave power, the system agitation, the dielectric constant, and the dissipation factor [36,37,38]. In comparison with conventional technologies, MAE presents some advantages, such as a higher reproducibility in a shorter period of time, and a lower solvent and energy consumption. These advantages make MAE a suitable technology for extracting different compounds, such as proteins, carbohydrates, and antioxidant polyphenols [39]. Studies on the MAE of proteins from various biological sources are presented in Table 1. This Table shows a comparison of the yield values, protein content, and other characteristics of the resulting products with those obtained from traditional extraction technologies, such as solvent extraction or steam infusion, among others. According to these studies, the use of MAE results in higher plant protein yields compared to the standard alkaline procedure [26,40]. Electromagnetic microwaves also provide other potential advantages over conventional hydro-thermal treatments, such as uniform heating, an enhanced extraction rate, lower solvent consumption, and a higher extraction speed [3,41]. Moreover, the improvements of functional properties and the digestibility of extracted proteins when using MAE have been reported [26,42]. Thus, MAE has been recommended as an approach to extracting protein from structurally rigid biological samples, which are difficult to digest using enzymes and/or ultrasound waves, such as bran, or other by-products of the milling industry (i.e., sesame, rice, and wheat) [43,44,45].




2.3.2. Ultrasound-Assisted Extraction (UAE)


Although ultrasound-assisted extraction (UAE) has been studied since the 1950s as a suitable approach to obtain proteins from natural sources, its application in food science is very recent, being recognized as a clean and novel technology. UAE is based on the propagation of pressure oscillations in a liquid medium at the speed of sound, which results in the formation, growth, and collapse of microbubbles, allowing cell disruption and a mass transfer to the medium [46]. The bubbles generated are relatively large and their collapse provokes cell wall breakup, a reduction of in particle size, and a mass transfer across cell membranes, allowing the extraction of substances from the medium. UAE’s performance is affected by different parameters, such as the food matrix, extraction solvent, exposure time and temperature, ultrasound frequency, power, amplitude, and the type of equipment used [47]. As a green technology, UAE is energy efficient, easy to install, with minimal environmental impact, and its maintenance costs are low. Moreover, it requires a low investment and shorter extraction times, thus reducing the process time and the associated costs [48].



Thus, as a fast, cost-effective, and environmentally friendly technology, UAE has been used to extract and modify vegetable proteins, improving the efficiency of the extraction process. Recently, the existing evidence for the UAE of plant-based protein has been summarized by Rahman et al. [47]. Moreover, comparison between UAE and conventional technologies used to extract proteins from vegetal and animal food sources is shown in Table 1. Ochoa-Rivas et al. compared alkali extraction, MAE, and UAE to extract protein from peanut flour. The highest protein yield resulted from UAE, which also improved the techno-functional properties (the water absorption, foaming and emulsifying activities) and the in vitro protein digestibility of the extracted proteins [26]. Furthermore, UAE was recently applied to extract individual arachin and conarachin from defatted peanut protein, resulting in an increase in the extraction yield, a shortening of the extraction time and temperature, and an improvement of the emulsifying properties of arachin [49]. Similarly, increases in the protein yield and the enhancement of the functional and biological properties were reported after the UAE of proteins from pea and brewer’s spent grain proteins [50,51]. Although the number of studies applying UAE to extract proteins from animal sources is more limited, this technology has been also recognized as a means to increase the extraction yield and improve the functional properties of extracted proteins from chicken liver and common carp (Cyprinus carpio) byproducts [52,53].



Despite being considered a novel and suitable approach to extracting proteins from different food materials, UAE has been associated with some weaknesses, such as the formation of radicals responsible for the release of degradation products affecting protein quality, resulting in protein oxidation, loss of aroma, changes in protein color, structure changes, texture alterations, free radical formation, and a metallic flavor [54].



In addition, when UAE is applied at high intensities, it generates heat which provokes protein denaturation and unfolding. Thus, the intensity and synergy of ultrasound need to be optimized before their application. Recently, UAE has been combined with other technologies to reduce its limitations and improve the extraction of food proteins. Among these combinations, those including UAE and EAE have been reported to be effective to extract target compounds with the advantages of enhanced extraction yield, reduced extraction time, and physiological activity. Görgüç et al. compared alkali-EAE with ultrasound-EAE, reporting an increase in the sesame bran protein yield from 79.3% to 87.9% [45]. These authors also found an increase in the protein yield, phenolic content, and antioxidant capacity of the protein extracts when vacuum-ultrasound-EAE was applied to the sesame bran [56].




2.3.3. Pulsed Electric Field and High Voltage Electrical Discharge Extraction


Pulsed electric field (PEF) and high voltage electrical discharge (HVED) are emerging non-thermal technologies that use high voltage to generate an electric field to perform an extraction. Both technologies are based on the pores formed on the cell membrane (electroporation) resulting from the application of an electric field, thus allowing the extraction of intracellular components through a diffusion process [64]. In PEF technology, a material is placed between two electrodes through which high voltage pulses (from 100 to 300 V/cm to 20–80 kV/cm) are applied in short time periods. Under the effect of PEF, the cell membrane is electrically pierced, losing its permeability in a reversible or irreversible manner depending on the electrical parameters, the cell characteristics (size, age, and shape), and the pulsing media composition [65]. These features have made PEF into an extensive technology for microorganisms’ inactivation, recovering high-value compounds, like proteins and polyphenols, and improving freezing and drying processes [66]. In HVED technology, a current of high-voltage electrical discharge is applied between two electrodes forming a plasma channel where energy is then presented directly in a liquid. Because PEF and HVED are non-thermal techniques, they present some advantages over conventional heat-assisted extraction techniques, such as their ability to preserve thermolabile food constituents as proteins and increasing the quality of the extracts during processing and throughout the storage period [13]. Moreover, the low energy consumption of these extraction processes agrees with the principles of green extraction [67].



Recent studies have applied PEF and HVED to recover proteins from different natural sources. For example, Roselló-Soto et al. compared the effects of PEF, HVED, and ultrasound pre-treatments before the extraction of intracellular compounds from olive kernels [68]. In this study, HVED technology was found to be more effective than others in terms of the energy and treatment time required to extract the phenolic compounds and proteins. Sarkis et al. also reported on the efficiency of the PEF and HVED approaches in increasing the yield of polyphenol, lignin, and protein extracts from sesame cake, and in improving the kinetics of diffusion [69]. More recently, PEF technology was applied to release and extract proteins from the microalgae Chlorella vulgaris and Neochloris oleoabundans. The protein yield was much lower than that obtained using mechanical approaches with a higher energy input [70]. Although PEF technology has been associated with changes in the solubility and functional properties of extracted proteins, these modifications can be beneficial. Thus, Zhang et al. reported that the PEF treatment of canola (Brassica napus) seeds increases the solubility, emulsifying, and foaming properties of the extracted proteins [71]. Changes in the secondary structure and in the antioxidant activity of peptides released from pine nut proteins have also been reported [72].




2.3.4. High Hydrostatic Pressure-Assisted Extraction


High hydrostatic pressure (HHP) technology is based on the application of an isostatic pressure ranging from 100 to 1000 MPa transmitted instantaneously and uniformly through a fluid, generally water. This pressure provokes the deformation of cells and the damage of their membranes and protein structures, thus allowing for the penetration of the solvent within cells and increasing the transfer rate of its intracellular components [73]. HHP processing, also known as “cold pasteurization”, has been traditionally used in the food industry to reduce the microbial charge and improve the shelf-life of different food systems [74]. However, in recent years, HHP processing has been extended to other innovative uses, such as the selective recovery of phenolic compounds, polysaccharides, fats, and proteins, among others [75,76,77]. Moreover, HHP processing has become one of the most efficient methods for modifying the properties of proteins, such as thermal and rheological properties, gelation solubility, water holding and foaming capacity, stability, surface hydrophobicity, emulsifying activity, and stability [78]. It also induces the reversible denaturation of native proteins and the modulation of protein-protein and protein-solvent interactions, stimulating the formation of oligomeric and aggregated species that can negatively affect the digestibility of the protein [79,80]. However, in some cases, the alteration of the food proteins profile caused by HHP results in the higher exposure of susceptible digestion sites and, consequently, in a higher hydrolysis and yield of hydrolytic products, thereby reducing both time and costs [81]. In addition to its ability to modify proteins, HHP also shows an ability to modulate the conformation and activity of different enzymes as well as their interaction with their target proteins [82]. Additionally, in the recent years HHP has been employed in combination with enzymatic treatments to hydrolyze proteins from different food sources, such as kidney and pinto bean (Phaseolus vulgaris), soy and flaxseed (Linum usitatissimum) protein, and whey protein isolate, and to release bioactive peptides (see the review of Ulug et al. [83]). Since the efficiency of hydrolysis depends on the protein system, pressurization conditions, and the enzyme used, optimizing these parameters to produce the maximum amount of bioactive peptides from a complex food matrix is essential to accelerate the development of bioactive peptides-based food products.






3. Release of Bioactive Peptides


Bioactive peptides are sequences of amino acids inactive within the source protein. Once released, they can exert antioxidant, anti-inflammatory, antihypertensive, anti-obesity, antimicrobial, and immunomodulatory biological activities. These activities suggest their potential as novel, safe, and effective ingredients for functional foods and/or nutraceuticals to prevent and manage chronic disorders. Enzymatic hydrolysis and fermentation are the most known conventional methods to release bioactive peptides from their source protein. However, their use in the food industry is limited due to some disadvantages. Acid and alkaline hydrolysis are low-cost methodologies, but they affect some amino acid residues, thus resulting in the loss of nutritional and biological value of the released peptides [8]. Enzymatic proteolysis is a better alternative for hydrolyzing proteins due to the enzyme’s specificity, but it can be expensive, time consuming, and require the use of acids and bases for pH control [84]. In the case of fermentation, it offers the advantage of removing hyper-allergic or antinutritional factors, but the costs are also relatively high [8]. Moreover, to produce protein hydrolyzates and bioactive peptides, efficient and scalable methods should be used to avoid the use of harmful chemicals and solvents, costly enzymes, and long processing times [21]. Therefore, in recent years, novel technologies such as ultrasounds, microwave-assisted processing, HHP, PEF, and SW hydrolysis are being explored to enhance the production of bioactive peptides [83] (Figure 1).



In addition to extracting proteins, microwave radiation is capable of improving proteolysis and releasing low molecular weight peptides when combined with enzymatic hydrolysis, thereby increasing the bioactivities of the resultant hydrolyzates. Thus, in comparison to thermal processing, MA-hydrolysis has significantly increased the dipeptidyl peptidase IV (DPP-IV) and ACE inhibitory activities of cricket (Gryllodes sigillatus) protein hydrolyzates [85], and the antioxidant capacity of chia (Salvia hispanica) protein hydrolyzates [86]. Similarly, this combination has been used to prepare bioactive peptides from bovine serum albumin, ginkgo (Ginkgo biloba) nuts [87], milk protein concentrate [88], bighead carp (Aristichthys nobilis) [89], fish protein [90], trout frame (Oncorhynchus mykiss) [91], and collagen sea cucumber (Acaudina molpadioides) [92]. Microwave radiation facilitates the exposure of cleavage sites of the protein to the enzyme action; thus, the hydrolysis efficiency, processing time, and reproducibility are generally improved by this technology. Other advantages of microwave processing over conventional methods include its simple handling and low cost [93].



Although the application of ultrasounds alone is not enough to break peptidic bonds, this technology is capable of increasing the ability for enzymes into enter peptide bonds; thus, its combination with enzymatic hydrolysis is recognized as a suitable means to improve the production of bioactive peptides. This combination also shows other advantages over conventional hydrolysis, such as a speedier energy and mass transfer, diminished temperature and time, a higher process control, and a higher selectivity of the extraction [39]. Several food proteins have been used as a source of bioactive peptides following the application of UA-hydrolysis. Thus, more potent ACE inhibitory [94] and antioxidant [95] peptides were released after applying an ultrasound step before hydrolysis of wheat protein. More recently, the improvement of the ACE inhibitory activity of rapeseed protein hydrolyzates has been demonstrated [96]. Ultrasound has also been employed to increase the bioactivities of hydrolyzates from animal proteins such as milk and whey protein [88,97] and ovotransferrin [98].



HHP is another green technology employed to increase the production process of bioactive peptides due to its ability to denature protein and improve the accessibility of enzymes within susceptible cleavage sites [83]. Within the animal kingdom, HHP-assisted enzymatic hydrolysis has been applied to whey protein isolate [99] and beta-lactoglobulin [100] to release bioactive peptides. Similarly, this technology has been employed to produce bioactive hydrolyzates from pinto beans [101], kidney beans [102], soy protein [103], and flaxseed protein [104].



Because of its ability to break non-covalent bonds, such as hydrogen bonds, hydrophobic interactions, and covalent bonds, PEF is considered as an environmentally friendly choice for producing antioxidant extracts from food byproducts, such as fish heads, bones, and gills [105]. PEF has also been recognized as useful for hydrolyzing food proteins, such as egg white proteins [106,107,108] and soybean proteins [109], resulting in the release of small weight antioxidant peptides. Although this methodology shows some advantages over conventional hydrolysis, such as shorter treatment times and lesser energy consumption, its current use is still limited due to its’ high investment costs [110].



SW-hydrolysis (SWH) is a clean and fast protein hydrolysis alternative to acid, alkali, and enzymatic hydrolysis methods. It implies the application of high pressure to maintain water in its liquid state at temperatures above its boiling point. The high temperature results in high diffusion, low viscosity, and low surface tension, allowing the hydrolysis of proteins in shorter times [111]. Thus, because of its non-toxic and non-flammable attributes, SWH has been used in recovering a large variety of high value-added bioactive protein hydrolyzates and peptides from different animal and vegetable sources (Table 2). Despite the fact that SWH can be applied as a pre-treatment process before enzymatic hydrolysis to improve the biological activities of food proteins [112], it can also be used without using enzymes, thus reducing the process time and costs and avoiding the use of hazardous solvents and chemicals [113]. However, some disadvantages, such as high infrastructure costs and the necessity to optimize multiple process conditions to increase the efficiency of SWH, limit the current application of this methodology [83].




4. Supercritical CO2 in Protein Extraction and Processing


Supercritical carbon dioxide (SC-CO2) has opened a wide range of new alternatives in food technology. Many studies and applications of SC-CO2 in the processing of certain target food components, such as oils, fatty acids, phytosterols, alkaloids, carotenoids, and flavonoids, were widely reported in the last few decades. Proteins were not the exception, despite the complexity of their structure and properties. Several applications of SC-CO2 in protein processing are related with the elimination of oils and other lipophilic substances from protein-based matrices, such as the recent works reported by different authors [114,115,116]. In these works, the supercritical step is just a pre-treatment and the SC-CO2 is used as an extractive solvent to eliminate the oily substances prior to the protein isolation from the food matrix (canola seeds, quinoa seeds and corn germ, respectively).



Besides extraction, SC-CO2 can be applied in other protein-based processes, such as the precipitation of protein particles, the separation of peptides, or the improvement of protein functionalities taking into advantage the structural and conformational modifications that can be attained by their exposure to high pressure CO2.
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Table 2. Subcritical water assisted hydrolysis of natural proteins to release bioactive hydrolyzates and peptides.
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	Natural Source
	Hydrolysis Conditions
	Results
	Reference





	Whey protein isolate (WPI)
	WPI:water ratio = 60 g/L

Different temperatures and times (experimental design)
	Effective and fast (˂60 min) WPI hydrolysis

Generation to the highest total amino acid and lysine concentration at 300 °C for 40 min
	[84]



	Bovine seroalbumin
	Seroalbumin:water ratio = 10 mg/mL

Different temperatures and times
	Greatest release of free amino groups and maximum amount of amino acids at 280 °C

High generation of alanine and glycine
	[117]



	Hemoglobin, bovine seroalbumin, and β-casein
	Protein:water ratio = 1 mg/mL

Different temperatures and times
	High protein sequence coverages (>80%) comparable to those obtained by trypsin digestion

Favored cleavage of the Asp-X bond under mild conditions (160 °C) for three proteins

Favored cleavage of the Glu-X bond under 160 °C and 207 °C (β-casein) and 207 °C (seroalbumin)
	[118]



	Scomber japonicus muscle protein
	Different temperatures
	Highest degree of hydrolysis at 140 °C for 5 min

Highest antioxidant activity at 140 °C for 5 min and tyrosinase inhibitory activity at 200 °C for 15 min
	[119]



	Mackerel (Scomber japonicus)
	Collagen:water ratio = 1:200 (w:v)

Hydrolysis time = 3 min
	Release of small and potent antioxidant peptides
	[111]



	Bigeye tuna skin
	Bacterial collagenolytic protease-extracted collagen:solvent ratio = 1:200 (w:v)

Hydrolysis time = 3 min
	Efficient hydrolysis of collagen

Release of small (˂425 Da) and potent antioxidant and antimicrobial peptides
	[120]



	Tuna skin collagen and skin
	Sample:liquid ratio = 1:200 (collagen) and 1:50 (skin)

Different temperatures

Hydrolysis time = 5 min
	Highest antioxidant and antimicrobial activity at 280 °C

Release of low molecular weight peptides (<600 Da) and/or free amino acids associated with the bioactivity
	[121]



	Atlantic cod (Gadus morhua) frames
	Different temperatures

Hydrolysis time = 30 min
	Release of smaller peptides at high temperatures (250 °C)

Potent anti-inflammatory potential of hydrolyzates in Caco-2 cells
	[122]



	Comb penshell (Atrina pectinata) viscera
	Powder:water ratio = 30 g/L

Different temperatures

Hydrolysis time = 15 min
	Release of small (˂1000 Da) peptides at temperature higher than 200 °C

Release of antioxidant and anti-hypertensive peptides
	[123]



	Green seaweed (Ulva sp.)
	Algae:seawater ratio = 8% (w:w)

Hydrolysis time = 40 min
	Efficient protein extraction as starting material for fermentation with E. coli and S. cerevisiae
	[124]



	Algae Laver (Pyropia yezoensis)
	Powder:water ratio = 1:20 (w:v)

Different temperatures

Hydrolysis time = 30 min
	Extraction of the maximum amount of amino acids at 120 °C

Extraction of potent antioxidant compounds
	[125]



	Soy protein
	Powder:water ratio = 62.5 g/L

Different temperatures
	Highest amino group content and yield at 190 °C

Influence of the temperature on color parameters

Release of small peptides

Inhibitory effects on murine macrophages viability
	[126]








4.1. Precipitation of Micro and Nano Protein Particles


Several SC-CO2 techniques are currently available for particle formation, encapsulation and the drying of a wide type of materials, indicating the flexibility of SC-CO2 technology which offers worthy advantages, such as the control of the particle size, size distribution, and morphology, in comparison with conventional technologies (spry-drying, jet milling, freeze drying, and coacervation). Food lipids, carbohydrates, proteins, and minor components have been processed using these SC-CO2 techniques with the major purpose to deliver bioactive components.



Table 3 shows several protein-based SC-CO2 processes reported in the literature, categorized according to the overall objective of the supercritical approach, i.e., the formation of micro/nanoparticles and the use of SC-CO2 for drying and atomization.



SC-CO2 techniques using solvents such as dimethyl sulfoxide (DMSO) contradicts the main advantage of this technology for food applications. For example, Moshashaée et al. determined 20 ppm of residual DMSO solvent in the Solution Enhanced Dispersion of Solids (SEDS) precipitation of lysozyme [128]. The challenge is circumventing the use of solvents or limiting their use to food-grade solvents. This is the case of the friendly whey protein fractionation process developed by Yver et al. to produce enriched fractions of α-lactalbumin (α-LA) and β-lactoglobulin (β-LG) from a commercial whey protein isolate (WPI) [129]. SC-CO2 was injected into the vessel containing the WPI de-ionized water solution, and the pH modification produced due to the SC-CO2 dissolution allowed the fractionation of the proteins. A solid α-LA-enriched phase was selectively precipitated at pH 4.4–5.0 and separated from the liquid β-LG-enriched fraction. After the supercritical treatment, these fractions were ready-to-use and did not contain salt, acid, or other chemical contaminants. The highest α-LA purity was 61% (α-LA initial concentration in WPI was 18%) with 80% of α-LA recovery in the solid fraction, and was obtained at 60 °C, 83 bar and 5% of proteins in WPI. Lima et al. described a continuous flow reactor for the protein fractionation process, testing pressures in the range of 80–240 bar and temperatures of 55–65 °C [143]. The initial ratio α-LA/β-LG in the WPI was 1:2.7 and the combination 80 bar and 55 °C was found to be the best condition to obtain α-LA (α-LA/ β-LG =3.84 and 20.9% precipitation yield). These process conditions also resulted in a β-LG-enriched fraction. Recently, the authors reported a techno-economic assessment of this continuous α-LA/β-LG supercritical fractionation [144].



Other remarkable reports concerning the protein particle formation using SC-CO2 technique are those published by Perinelli et al., Zhong et al., and Kluge et al. [130,131,132]. Avoiding the use of an organic solvent, the encapsulation of bovine seroalbumin (BSA) using biodegradable copolymers has been carried out applying particles from gas-saturated solutions (PGSS) [130]. Zhong et al. developed a supercritical anti-solvent (SAS)-based process to manufacture, generally recognized as safe, (GRAS) delivery systems to release antimicrobials, thereby enhancing the shelf-lives of foods [131]. Corn zein was used as the carrier material and egg white lysozyme dissolved in 90% aqueous ethanol was microencapsulated. The authors revealed a long-time continuous release of antimicrobials of lysozyme at neutral pH conditions in the presence of salt. On the other hand, Kluge et al. studied the supercritical-fluid-extraction of emulsions (SFEE) process for the manufacturing of lysozyme—poly-lactic-co-glycolic acid (PLGA) composite particles for the delivery of lysozyme protein [132]. SFEE combines the efficiency of SC-CO2 extraction with the facilities of water in oil (w/o) or water in oil in water (w/o/w) double emulsion methods. The SC-CO2 and the emulsion feed streams are mixed at the inlet of the reactor in a two-coaxial nozzle. The particles are formed due to the organic solvent extraction from the emulsion droplets and remain suspended in the continuous water phase. Different encapsulation methods were tested and evaluated using ethyl acetate as organic solvent, but the encapsulation efficiencies were lower than 50%. The authors concluded that despite the efficacy of SFEE process to produce solvent-free PLGA particles with small size and homogenous distribution, the encapsulation of drugs is more challenging for very hydrophilic compounds, such as peptides and proteins.



The use of different SC-CO2 techniques for drying and atomization in protein-based processes was mainly limited to pharmaceutical applications, but research and development in the area of food-related products, including natural health ingredients, is increasing rapidly in recent years. Protein-based ingredients may be the single protein or multicomponent composite systems. The micronization of a single protein can improve bioavailability due to the increase of specific surface area, whereas composite systems refer to micro or nano particles where a certain active component is coated with the protein. In this respect, both proteins and polysaccharides are food-grade GRAS coatings and are preferred in food ingredient processing, in comparison with synthetic polymers (i.e., polyethylene glycol, polylactic acid, PLGA), which are especially selected as excipients for drug delivery in pharmaceuticals.



The supercritical drying of aqueous based solutions requires the use of very large quantities of CO2 due to the low solubility of water in SC-CO2 [145], or very high temperatures (>120 °C), as in the case of PGSS-drying [145] or PGX (gas-expanded liquids) [146].



Nuchuchua et al. have illustrated PGSS-drying as a scalable organic solvent free SC-CO2 spray drying process for producing dry protein/sugar formulations (1:10 and 1:4 w/w ratios) [134]. Reibe et al. introduced the drying, micronization, and formulation of high molecular mass gelatine:aqueous gelatine solutions with a dry mass content of up to 50% w/w, which were pulverised and dried with minor hydrolysis degradation during PGSS-drying supercritical processing [133].



In PGX, liquid ethanol expanded by the dissolution of CO2 is an appropriate choice for polysaccharides, or proteins drying. SC-CO2 removes water but also can act as an antisolvent for the precipitation of the biopolymer. The process parameters must be selected to ensure a homogeneous single liquid phase of the ethanol-water-CO2 ternary system. Thus, the liquid-liquid mixing operation (aqueous biopolymer solution with CO2-expanded ethanol) avoids mass transfer problems involved in spraying processes. The precipitated polysaccharide, or protein, is collected on a filter after the liquid is drained by passing SC-CO2. In this respect, expanded liquid anti-solvent (ELAS) protocol was used to denote the protein drying processes using CO2-expanded ethanol, acetone, and isopropyl alcohol. De Marco et al. used ELAS with CO2-expanded ethanol to yttrium acetate and BSA water-soluble materials, to produce micro and nanoparticles [136]. At the appropriate operating conditions, BSA spherical and non-coalescing particles were produced, with a narrow particle size distribution and mean diameter in the range 0.5–2.0 µm.



The supercritical assisted atomization (SAA) is another micronized technique that uses a thermostatic saturator to solubilize CO2 in the drug solution, and a thin wall injector to induce the atomization of the solution into the precipitator vessel. The fast release of CO2 from the primary formed droplets causes decompression and forms smaller secondary droplets. The SAA process was successfully applied to micronize antibiotics and polymers from either organic solvents or water, including protein micronization [137,147]. A hydrodynamic cavitation mixer (HCM) added to the saturator can intensify mass transfer between CO2 and the liquid solution. The SAA-HCM process was used [139] to produce lysozyme microparticles with a controlled particle size distribution. The particles were well defined (no agglomerates), spherical, and with 0.2–5.0 µm diameters at the optimum operating conditions. Bioactivity assays showed the maintenance of 85% of lysozyme original activity. Furthermore, Wang et al. used this technique to prepare BSA microparticles from water solutions, obtaining different morphologies with particle diameters in the range of 0.3–5.0 μm [138]. Moreover, Shen et al. applied SAA-HCM to prepare micrometric particles of trypsin from aqueous solutions, obtaining several morphologies depending on the process conditions, while also analyzing the structural stability of the protein to conclude that trypsin retained above 70% of its biological activity [140]. Moreover, polymer chitosan was used to prepare trypsin composite microparticles, obtaining spherical microparticles with a homogeneous size distribution with 90% efficiency.



Supercritical solvent-assisted impregnation (SSI) is a more recent protein-based application of SC-CO2 technology. Trivedi et al. investigated the coating of protein-immobilised particles with myristic acid using SC-CO2 processing at low temperatures, in order to prevent thermal degradation of the protein (bovine haemoglobin, bHb) [141]. A solid core drug delivery system was prepared using bHb immobilisation on mesoporous silica followed by supercritical myristic acid coating at 43 °C and 100 bar. Protein particles were also coated via solvent evaporation to compare the protein release. In both methods, myristic acid coating provided good protection in gastric fluid media and limited the bHb release for the first two hours. After the change to intestinal fluid media, the protein release reached 70% within three hours. The release from supercritical samples was slower than with solvent evaporation formulations, indicating a superior myristic acid coverage, in addition to the protein conformation remaining unchanged after the release. Similarly, soy protein microparticles were coated with chia oil [142] using SC-CO2. A good encapsulation efficiency was attained in the range of process conditions 100–160 bar, 40–60 °C and 0.0–0.1 w/w for the ethanol:oil ratio (ethanol was used as a co-solvent to increase the oil solubility in the SC-CO2). The chia oil-loaded microparticles showed a spherical shape, no pores or fissures, sizes between 1 and 10 μm, and a homogeneous oil distribution. Furthermore, the hydroperoxide values and fatty acid profile indicated that the SSI process did not affect the chemical quality of the oil; the product showed an excellent oxidative stability, and almost all of the oil contained in the protein microparticles was released under gastro-intestinal conditions, remaining available for absorption.



It can be concluded that protein-based ingredients produced using SC-CO2 technologies show good potential for further development, considering the growing demand for natural health products. Encapsulation of bioactive proteins is commonly accomplished using polysaccharides leading to dry powders which can be uniformly incorporated into different formulations even at low concentrations. In this way, efficient delivery systems can be designed. Varying supercritical processes parameters (temperature, pressure, flow rate ratios, nozzle diameter and depressurization rate, among others) the particle size, and morphology can be effectively controlled. Furthermore, low temperatures favour the handling of heat-sensitive substances, and circumventing the use of organic solvents, or the easy removal when they are used, is another key advantage of SC-CO2 technology applied to the formation of bioactive protein-based microparticles.




4.2. Structural and Conformational Modifications Resulting from SC-CO2 Treatments


Proteins and their products are used as ingredients in several food applications (dairy and bakery products, infant foods, and beverages) with the objective of enhancing nutritional value, creating emulsification, foaming, and antioxidant barriers, among others [148]. Since the functionality of food proteins are related to their structures, the structural modification of proteins can lead to new or improved functionalities [149]. In this respect, SC-CO2 treatment was described as a green method to achieve protein modification [150]. SC-CO2 offers many advantages in comparison with thermal processing methods, such as minimizing the alterations and quality of food [151]. Several studies have been reported, using SC-CO2 for the inactivation of microorganisms and enzymes in liquid foods [152]. Despite many reports concerning the physical modification of polysaccharides under SC-CO2 processing [153], fewer studies can be found concerning the effects of SC-CO2 treatment on protein quality and functionality.



For example, Zhong et al. analysed the effect of SC-CO2 treatment on the rheological properties of whey protein [154]. The authors concluded that temperature, pressure, holding time, protein concentration, and pH were the main operating parameters influencing the conformational, structural, and functionalities of whey protein isolate (WPI). Later, Xu et al. conducted a complete analysis of the physical, conformational, and structural properties of WPI treated with SC-CO2 in comparison with the thermal treatment of WPI solution [150]. Increased turbidity of WPI treated with SC-CO2 (50–60 °C at 20 MPa for 1 h) suggested more intensive WPI denaturation in comparison with thermal processing. Furthermore, dynamic light scattering measurements showed higher aggregates and a maximum mean particle size when WPI was processed with SC-CO2 at 60 °C, indicating the partial aggregation of the dimer into the polymers. An analysis of the fluorescence emission spectra of proteins suggested changes in the polarity of the protein residue’s microenvironment from a less polar to a more polar. The authors evidenced secondary and tertiary protein structure changes induced by SC-CO2 treatment, resulting in physicochemical and functional properties of proteins.



The mechanisms of protein denaturalization due to SC-CO2 treatment is actually a major topic of research due to its importance in cold sterilization methods. The complexity of the process has limited the possibility of attaining microstructural information related with microbial and/or enzyme inactivation by SC-CO2. In a recent work, Monhemi and Dolatabadi used molecular dynamics simulation of SC-CO2 pasteurization to conclude that the denaturation of proteins (myoglobin and lysozyme as models) is produced at the CO2/water interface [155]. The protein migrates from a pure aqueous phase to the CO2/water interface, releasing the hydrophobic cores to the CO2 phase and the hydrophilic residues to the aqueous phase and then the protein is denatured to a flat and extended conformation. Several other works have been recently reported, aiming to explain the molecular mechanisms of protein denaturalization in SC-CO2 [156,157], or describing novel food applications of SC-CO2 enzyme inactivation. For example, Podrepšek et al. applied an SC-CO2 treatment to inactivate the polyphenol oxidase enzyme in order to extend shelf life of a coarse-ground flour from whole wheat (graham flour) while preserving, at the same time, its high quality [158]. The effect of pressure on protein concentration and enzyme activity was significant, evidencing a 35% decrease in polyphenol oxidase enzyme activity after SC-CO2 exposure at 300 bar for 24 h. Furthermore, the quality of the flour remained almost the same or even improved, indicating that the SC-CO2-treated graham flour is still suitable for use in the bakery industry. Also, SC-CO2 + ethanol extraction of yellow pea was found to enhance organoleptic attributes of the edible seed, reducing most chemical constituents, and lowering certain functionality qualities, such as pasting viscosities. Scanning electron micrographs indicated that protein-rich particles were adhered to the surface of starch granules of pea flour extracted with SC-CO2, and this change may be responsible for the different functionality observed [157].



Thermal extrusion has been effectively used to improve the techno-functional properties of food proteins. The combination of temperature and shear weakens the structure of proteins and the extrusion process helps to partially unfold and denature proteins to modify their functionalities. SC-CO2 extrusion is an effective technique to produce conformational changes in proteins, providing several advantages in comparison to steam extrusion cooking, such as low-temperature processing, formation of a uniform and porous product, and pH control. For instance, the use of milk protein concentrate (MPC) in extruded products is still a challenge because of its sensitivity to high temperature and shear. For example, Yoon et al. have demonstrated the improved physicochemical properties of MPC extruded with SC-CO2 in comparison with steam extrusion [158]. Also, Gopirajah et al. applied SC-CO2 extrusion to improve emulsifying properties of MPC, obtaining a better emulsion activity index, reduced creaming index, and similar viscosity as compared to commercial sodium caseinate [159].



Ding et al. showed that SC-CO2 treatment can be a novel method to improve the foam ability of egg white protein [160]. At 9 MPa SC-CO2 treatments, the protein foaming capacity increased 3.6 times in comparison with the original egg white. The protein electrostatic force was reduced due to the pH change and their particle size decreased. Accordingly, these effects resulted in an increase of protein hydrophobicity and viscosity.





5. Conclusions


Protein extraction is commonly considered to be a crucial step in contributing to the final greenness of the complete protein analysis process. In recent years, important advances have been achieved with the design, development, and application of novel methodological approaches for extracting high quality proteins at high yields. These new techniques also reduce the use of hazardous chemicals and solvents, and decrease the temperature and time conditions of the extraction process. Emerging eco-innovative extraction technologies are becoming a promising alternative to conventional methods for producing safe and nutritive proteins with preserved techno-functional properties. Furthermore, the combination of some of these methodologies with enzymatic hydrolysis has been demonstrated to improve the yield and biological properties of protein-derived peptides with the capability to be incorporated into functional foods and nutraceuticals. As presented in this review, although many advantages have been associated with the use of these technologies at a laboratory scale, the research is still in its infancy, thus further studies demonstrating their economical and environment suitability at an industrial scale are required.
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Figure 1. Hydrolysis of food sources assisted by novel and green technologies to release bioactive peptides. 
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Table 1. Comparison between conventional and emergent assisting cell disruption technologies (microwave and ultrasound-assisted) for the extraction of food proteins.
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Food Protein Source

	
Results of the Extraction Process

	
Reference




	
Conventional Extraction

	
Microwave-Assisted

	
Ultrasound-Assisted






	
Rice bran

	
Extraction yield: 12.85%

Protein content: 75.32%

Extraction time: 60 min

	
Extraction yield: 15.68%

Protein content: 79.98%

Extraction time: 2 min

	

	
[41]




	
Protein yield: 2.92%

	
Protein yield: 4.37%

Protein content: 71.27%

	

	
[40]




	
Rice

	
Extraction yield: 38.0%

Protein purity: 64.12%

	

	
Extraction yield: 65.0–86.0% (combined with α-amylase degradation)

Protein purity: 77.47–92.99%

Higher solubility, emulsifying activity and foaming capacity

	
[55]




	
Sesame bran

	
Protein content: 24.5%

TPC: 3.45 mg GAE/g

	
Protein content: 43.8 to 61.6% (91.7% by MAEE)

TPC: 4.20 mg GAE/g (8.04 mg GAE/g by MAEE)

Highest recovery of antioxidant compounds

	

	
[44]




	
Protein yield: 24.5% (alkaline extraction)-79.3% (enzymatic-assisted extraction)

	

	
Protein yield: 59.8 (ultrasound-assisted)-87.9% (combined with enzymatic treatment)

	
[45]




	

	

	
Protein yield: 58.0% (vacuum-ultrasound assisted)-65.9% (vacuum-ultrasound assisted enzymatic extraction)

Higher total phenolic capacity and antioxidant capacity

	
[56]




	
Peanut flour

	
Protein yield: 42.4%

	
Protein yield: 55.0%

Improvement of water absorption, foam activity, emulsifying activity, and in vitro digestibility

	
Protein yield: 57.6%

Improvement of water absorption, foam activity, emulsifying activity, and in vitro digestibility

	
[26]




	
Defatted peanut protein

	

	

	
Arachin extraction yield: 37.53%

Conarachin extraction yield: 7.57%

Shortening of the extraction time and temperature

Improvement of emulsifying properties of arachin

	
[49]




	
Defatted wheat germ protein

	
Extraction yield: 24.0–37.0%

	
Extraction yield: 45.6% (combined with reverse micelles)

	

	
[43]




	
Pea protein

	
Extraction yield: 71.6%

	

	
Extraction yield: 82.6%

Shortening of extraction times and reduction of water consumption

Improvement of functional properties and biological activities

	
[50]




	
Alfalfa protein

	

	

	
Extraction yield: 14.5% (Ultrasound-ultrafiltration-assisted alkaline ioelectric precipitation)

Potein content: 91.1 g/100 g

Increase of solubility, water-holding and oil-binding capacities

Reduction of emulsifying and foaming properties

	
[51]




	
Brewer’s spent grain protein

	
Extraction yield: 45.71%

	

	
Extraction yield: 86.16%

Protein purity: 57.84%

Enhancement of the fat absorption capacity, emulsifying and foaming properties

	
[57]




	
Soy milk

	
Extraction yield: 3.86% (steam infusion)

Protein content: 7.38%

	
Extraction yield: 4.83%

Protein content 13.12%

Improvement of characteristics of soy milk

Increase of protein solubility and digestibility

	

	
[58]




	
Soy okra

	
Extraction yield: 0.35% (steam infusion)

Protein content: 25.0%

	
Extraction yield: 0.23%

Protein content 18.5%

	

	
[58]




	
Jackfruit

leaves

	
Protein content: 8.41%

	
Protein content: 9.56%

	
Protein content: 9.63%

	
[59]




	
Eurycoma longifolia roots

	
Extraction yield: 9.76% in 38 min (heat assisted)

	

	
Extraction yield: 9.54% in 5 min

	
[60]




	
Coffee silverskin

	
Protein yield: 24.35% (alkali extraction)-32.52% (sequential alkaline-acid extraction)

	
Protein yield: 43.53%

	
Protein yield: 14.04%

	
[61]




	
Dolichos lablab L. protein

	
Extraction yield: 40.95%

	

	
Extraction yield: 69.98%

Enhancement of functional characteristics and antioxidant capacity of the protein

	
[62]




	
Common carp by-products

	

	
Extraction yield: 0.82–1.27%

Protein content: 87.63 to 88.19%

Reverse correlation between the extraction time and the gel strength and viscosity of gelatin

	
Extraction yield: 19.80–27.0%

Protein content: 86.15 to 90.21%

Decrease of the gel strength and viscosity of gelatin

	
[53]




	
Duck feet gelatin

	
Extraction yield: 51.83% (water bath) and 22.06% (electric pressure cooker)

	
Extraction yield: 17.58%

Improvement of gel strength, melting point, and viscosity

	

	
[42]




	
Bighead carp

	
Protein yield: 19.15–36.39% (water bath)

Protein content: 84.15–88.67%

	
Protein yield: 30.94–46.67%

Protein content: 89.17–91.85%

	

	
[63]




	
Chicken liver protein

	
Extraction yield: 43.5%

Protein content: 63.9%

	

	
Extraction yield: 67.6%

Protein content: 61.8%

Improvement of the water/oil holding capacity and emulsifying properties

	
[52]








TPC: total phenolic content; GAE: gallic acid equivalent; MAEE: Microwave-assisted enzymatic extraction.
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Table 3. Examples of protein-based ingredients obtained using pressurized fluid technologies.
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Protein

	
SC-CO2 Technique

	
Abbreviation

	
Reference






	
Particle formation




	
Lysozime

	
Precipitation with a Compressed fluid Antisolvent

	
PCA

	
[127]




	
Lysozime

	
Solution Enhanced Dispersion of Solids

	
SEDS

	
[128]




	
Whey protein isolate (WPI)

	
Gas Anti-Solvent

	
GAS

	
[129]




	
Bovine serum albumin (BSA)

	
Particles from Gas Saturated Solutions

	
PGSS

	
[130]




	
Zein

	
Supercritical Anti-Solvent

	
SAS

	
[131]




	
Lysozime

	
Supercritical Fluid Extraction of Emulsions

	
SFEE

	
[132]




	
SC-CO2-assisted drying and atomization




	
Gelatin

	
Particles from Gas Saturated Solutions for drying

	
PGSS drying

	
[133]




	
Lysozime + sugars

	
Particles from Gas Saturated Solutions for drying

	
PGSS drying

	
[134]




	
Lysozime

	
Expanded Liquid Anti-Solvent

	
ELAS

	
[135]




	
Bovine serum albumin (BSA)

	
Expanded Liquid Anti-Solvent

	
ELAS

	
[136]




	
Lysozime

	
Supercritical Assisted Atomization

	
SAA

	
[137]




	
Bovine serum albumin (BSA)

	
Supercritical Assisted Atomization with Hydrodynamic Cavitation Mixer

	
SAA-HCM

	
[138]




	
Lysozime

	
Supercritical Assisted Atomization with Hydrodynamic Cavitation Mixer

	
SAA-HCM

	
[139]




	
Trypsin and trypsin-chitosan

	
Supercritical Assisted Atomization with Hydrodynamic Cavitation Mixer

	
SAA-HCM

	
[140]




	
SC-CO2-assisted impregnation




	
Bovine haemoglobin (bHb)

	
Supercritical Solvent-Assisted Impregnation

	
SSI

	
[141]




	
Soy protein

	
Supercritical Solvent-Assisted Impregnation

	
SSI

	
[142]
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