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Abstract

:

With the increased consumer demand for nutritional foods, it is important to develop value-added products, which will not only catch the attention of a wider consumer group but also provide greater benefits in terms of enhanced nutrition and functionality. Milk whey proteins are one of the most valued constituents due to their nutritional and techno-functional attributes. Whey proteins are rich in bioactive peptides, possessing bioactive properties such as being antioxidant and antihypertensive as well as having antimicrobial activities, which, when ingested, confers several health benefits. These peptides have the potential to be used as an active food ingredient in the production of functional foods. In addition to their bioactivities, whey proteins are known to possess enhanced functional attributes that allow them to be utilized in broad applications, such as an encapsulating agent or carrier materials to entrap bioactive compounds, emulsification, and in edible and active packaging. Hence, over the recent years, several whey protein-based ingredients have been developed and utilized in making formulations for a wide range of foods to harness their beneficial properties. This review highlights the bioactive properties, functional characteristics, associated processing limitations, and applications of different whey protein fractions and derivatives in the field of food formulations, encapsulation, and packaging.
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1. Introduction


Bovine milk is one of the most nutritious foods and is widely used for human consumption. It is one of the rich sources of nutrients that have several biological properties that impact the biochemical processes in our body, influences the development and functioning of specific organs, and offers protection from diseases. Milk provides a wide range of biologically active components, such as bioactive proteins and peptides, oligosaccharides, immunoglobulins, and fats/lipids, that protect against pathogens and illnesses on regular consumption.



Milk can be sourced from several milch animals, including, cow, buffalo, goat, and sheep. Bovine milk contains approximately a total protein of 3.5%, fats, and essential vitamins, which support growth and development [1]. It is a natural and rich source of well-balanced nutrients that show a diverse range of bio functional properties. These properties are because of the presence of milk proteins/peptides, which support infant development, stimulates growth, improves muscle mass, and confers positive health implications beyond basic nutrition [2]. Besides, the proteins extracted from milk are well characterized for their multiple functional characteristics and are utilized by several industries in food applications. The milk protein system is predominantly constituted by two kinds of proteins: approximately 80% (w/w) casein, which is generally extracted from skim milk through precipitation using either an acid (isoelectric precipitation) or enzymes (rennet coagulation), and 20% whey, which is a leftover byproduct after the casein is extracted [3]. Generally, the whey portion of milk contains five fractions that altogether make up 85% of the whey protein. These fractions include α-lactalbumin, β-lactoglobulin, glycomacropeptide, immunoglobulins, protease peptone, and serum albumin, whereas the casein portion of milk contains β-casein, αs1-casein, αs2- casein, and κ-casein [4].



Proteins are macronutrients, and when consumed as supplements may exhibit favorable effects on growth metabolism and health [5,6]. Several reports show that protein deficiency is one of the major health concerns globally [7], and considering this condition, the introduction of dietary protein-rich supplements is of utmost importance. Some of the by-products from agricultural industries, like fruit pomace [8], soy extract [9], cereal brans [10], and milk whey [11], are increasingly getting popular as food ingredients with healthy components. This review focuses on exploiting the bioactive and functional properties of milk whey proteins.



Whey is the yellow-green-colored liquid portion of milk, also called cheese serum, and is obtained after separation of the curd, during coagulation of milk using proteolytic enzymes or acids [12]. It was considered as a major dairy waste for decades because of the disposal issues related to its high biological oxygen demand and high organic matter [13]. However, nowadays whey proteins are recognized as a potential source of nutrients and are exploited for its bioactive ingredients. Because of its high nutritional composition, it is used in several commercial food product applications and is significantly associated with the dairy industry. Generally, fresh liquid whey from cheese-making is composed of 94.2% water and 50% of the total solids of which 0.8% is whey proteins, 0.5% is minerals, 0.1% is fat, and 4.3% is lactose, which is the main constituent [14]. However, the composition and the characteristics of whey may vary with the type of cattle, the diet of the animal, the milk from which it is produced, the processing techniques used, and other environmental factors [15]. Whey proteins are a form of globular proteins, containing a considerable number of α-helix patterns with evenly distributed hydrophilic and hydrophobic as well as acidic and basic amino acids along their polypeptide chain [16]. The major constituents of whey proteins include α-lactalbumin (α-LA), β-lactoglobulin (β-LG), bovine serum albumin (BSA), immunoglobulins (IG), bovine lactoferrin (BLF), bovine lactoperoxidase (LP), and minor amounts of glycomacropeptide (GMP). The composition of each constituent is shown in Table 1. However, the whey protein composition will vary based on the whey type, i.e., sweet whey or acid whey; the type of milk, i.e., bovine, ovine, or caprine; the type of cattle feed; lactation stage; and the type of processing. Whey, acidic in nature, will have a pH of approx. 5.1 and is generally produced through direct acidification whereas sweet whey has a pH of around 5.6 and is produced through rennet-coagulation, particularly during the cheese-making process [17].




2. Whey Protein Derivatives: Concentrates, Isolates, and Hydrolysates


With the rising popularity of healthy eating, there is a worldwide demand for food products formulated with high protein [22]. The daily average protein intake for a sedentary person should be 0.8 g per kg of body weight per day (g/kg/day) [23]. This amount of protein is required to maintain a positive nitrogen balance and healthy metabolic function in the body. There are various forms of supplemental proteins available, such as egg, soy, hemp, whey, and casein. Among these, milk whey contains the maximum concentration of amino acids that are readily available and easy to digest, making it effectively incorporate into body cells [24].



Besides, milk whey proteins are recognized as healthy ingredients because of their several advantages associated with their regular intake, including appetite control, exercise recovery, and promoting satiety [25]. In recent years, several applications of membrane filtration have enabled the use of different whey protein components as food additives. Using selective membranes, after the milk is coagulated the whey protein is extracted in two main forms: whey protein concentrates (WPCs), having ~34–89% protein, and whey protein isolates (WPIs), having at least 90% protein [26,27]. Passing the whey proteins through various processing treatments leads to the formation of whey products (Figure 1) with different qualitative and quantitative protein profiles, minerals, lipids, and sugars. Application of selective membranes to fractionate whey proteins include ultrafiltration (UF) to concentrate proteins or the use of the diafiltration (DF) method to exclude the molecular compounds like minerals, lactose, and other low-weight components. This leads to the production of whey protein concentrates (WPC) [24]. It is the most concentrated form of protein supplement, which has high calories and contains all the macro- and micro-nutrients derived from the manufacturing process. However, based on the protein concentration, it can be of several types, like a WPC of 35%, 50%, 65%, and 80% (w/w) protein. When most of the components are removed, i.e., the whey undergoes an additional purification step to eliminate or minimize the extraneous carbohydrates and fats to obtain a protein threshold of 90% (w/w), it is referred as whey protein isolate (WPI). Though being a high-quality protein, the disadvantage of an isolated form of whey protein is that the purification leads to the elimination of some of the important micro-nutrients and protein fractions like lactoferrins, β-lactoglobulins, and immune-globulins.



The concentrates and isolates are composed of large intact protein structures, hence, during digestion, the enzymes in our digestive tract break down these proteins, targeting the amino acid bonds, to generate smaller peptides with amino acid sequences. To facilitate this process and make the protein absorption faster, the manufacturers pre-digest the protein to produce protein hydrolysates.



When whey protein concentrates or isolates are treated with acids, enzymes, or heat, the intact form of protein breaks down into peptides and amino acids, leading to the formation of whey protein hydrolysates (WPH). These pre-digested forms of whey protein are effectively absorbed in the gut, and the hydrolysates that are produced through enzymatic hydrolysis using protease enzyme contains the identical amino acid composition to that of the concentrate and isolate; thus, on ingestion, they can rapidly increase the amino acid concentration in the plasma as compared to intact forms of protein [28]. The final composition of the hydrolysate largely depends on the type of process implied to break the proteins, the type of enzymes used, reaction or hydrolysis conditions applied, and the number of amino acid bonds that are targeted and broken. Therefore, the degree of hydrolysis is measured to determine the release of the amino acids. The greater the degree of hydrolysis, the smaller the amino acids per peptide, resulting in the generation of more bitter peptides [29]. However, all these forms of proteins are enriched with several benefits and used as food additives to exhibit biological properties.




3. Biological Properties of Whey Proteins Associated with Bioactive Peptides


The biological properties of whey proteins (Figure 2) are widely recognized and have been increasingly exploited in scientific research studies and food applications by various industries. β-lactoglobulins contribute to 50% of the whey protein, which helps to bind minerals like zinc and calcium. It also has partial sequence homology to retinol-binding proteins. α-Lactalbumin, on the other hand, is strongly advised to be added in infant formulas or into foods to develop protein-rich dietary intakes [30]. Serum albumin can bind fatty acids and immunoglobulins like IgA, IgM, IgG1, and IgG2, which helps to develop passive immunity in consumers [31]. Other protein fractions like lactoferrin is an iron-binding protein that increases the iron absorption in the digestive tract to inhibit enteric microorganisms and promote the growth of desirable microorganisms. It also modulates the immune system and is considered as the major non-specific disease resistance factor in the mammary gland. Lactoferricin is a peptide derived from lactoferrin and is used against intestinal pathogens. Lactoperoxidase is an enzyme with antibacterial properties that is used as a natural preservative to control acid development in milk during refrigerated storage [32]. Whey proteins are a rich source of essential amino acids like cysteine, branched-chain amino acids like leucine, isoleucine, and valine, and in bioactive peptides [33]. Leucine plays an important role in regulating the synthesis of skeletal muscle protein and is 50–75% higher in whey proteins as compared to other sources [34]. It is also high in sulphur-rich amino acids, i.e., cysteine, which is a precursor of glutathione [35]. Glutathione is a non-enzymatic thiol obtained from the diet, which acts as an antioxidant. It helps to protect from diseases by reducing the antioxidative stress and regulating the cellular processes [36]. Glycomacropeptide (12%), released during the rennet coagulation of cheese, is a casein-derived whey peptide that has many health benefits, including satiety and phenylketonuria management [37]. Specific biological functions of the whey protein components are given in Table 2.



Depending on the protein concentration and characteristics, whey proteins are marketed in forms of whey protein concentrates, isolates, and hydrolysates (partially broken down through digestion) [38]. These derivatives have a broad range of biological functions, including reducing oxidative stress, promoting muscle growth and synthesis, suppressing appetite, hypoglycemia, phenylketonuria management, reducing risks related to cardiovascular diseases, and protecting from ultraviolet (UV) radiation damage [11].



3.1. Whey Protein-Associated Bioactive Peptides


The isolated protein fragments, i.e., those containing 2 to 20 amino acid residues, that influence health by delivering beneficial effects on body functions are referred to as bioactive peptides. Mellander in 1950 derived phosphorylated peptides from casein and showed an enhanced effect on rachitic infants in Vitamin-D-independent bone calcification [55]. Thereafter, numerous bioactive peptides have been isolated, identified, and studied [56]. BIOPEP consists of both sequence databases and tools for the evaluation of protein as precursors of bioactive peptides. Using this database, several peptides with biological functions have been identified [57], from which ACE inhibitory peptides are the most identified ones [13,58,59]. However, other bioactive peptides with opioid, antioxidant, immunomodulatory, and anticancer properties have also been presented. Bioactive peptides can be isolated from different food proteins either through gastrointestinal digestion or through fermentation using proteolytic lactic acid bacteria. Depending on their amino acid chains, bioactive peptides, on ingestion, may significantly affect the body functions related to the digestive, immune, cardiovascular, or nervous system. These amino acid sequences are specific to their actions in delivering health effects. For example, peptides exhibiting antioxidative, antimicrobial, ACE inhibition, and immunomodulation will possess specific known peptide sequence [56,60,61,62,63]. Some of these peptides also exhibit multi-functional activities [64]. Hence, these bioactive peptides have been recently used in several food applications for the development of pharmaceutical, nutraceutical, and functional foods [65].




3.2. Manufacture of Bioactive Peptides from Whey Proteins


Bioactive peptides or biologically active peptides are mostly produced through the use of different enzymes through enzymatic hydrolysis. They can also be generated through food processing and microbial fermentation using proteolytic lactic acid bacteria.



3.2.1. Enzymatic Hydrolysis of Whey Proteins


Bioactive peptides are mostly produced using different enzymes through enzymatic hydrolysis. The enzymes that are most widely used are proteases and they can be specific or non-specific to their target protein. Hydrolysis of whey proteins using enzymes is mostly preferred by food manufacturers due to their short reaction time, the specific site of enzyme action, and the availability of wide sources of enzymes (from animal, plant, and microorganisms). The most used enzymes are trypsin, pepsin, chymotrypsin, and bromelain, and they have their specific reactions conditions (temperature, pH, and time) [66,67]. However, for the maximum activity, the type of enzymes to be used, the enzyme:substrate ratio, and their reaction conditions should be optimized before the hydrolysis. The selection of enzymes is essential as it influences the cleavage site and patterns of the peptide bonds. Enzymatic modifications are also known to produce peptides with more consistent molecular weights and improved functional and biological properties of the hydrolysates. Various proteases are commercially produced and used for generating bioactive peptides on a laboratory scale [68]. Sometimes, these enzymes, when used in combination, are shown to release more stable and effective peptides [69]. Yamamoto and coworkers used enzymes to hydrolyze protein-rich food materials such as fish, milk, meat, cereal, eggs, and soybean to extract bioactive peptides [70]. Those peptides exhibited properties like being antihypertensive, opioid, immunomodulatory, antimicrobial, and promoting mineral binding. Sarmadi and Ismail showed that hydrolysis of β-conglycinin and glycinin using enzymes can lead to the production of active antioxidant peptides with R group amino acids [71]. They also reported that digestion through enzymes can also produce bioactive peptides with a low molecular weight (below 1000 Da).




3.2.2. Microbial Fermentation and Food Processing of Whey Proteins


Food-grade bioactive peptides are mostly preferred to be produced through microbial fermentation using proteolytic lactic acid bacteria (LAB). These microorganisms are commonly found in our digestive system and are widely spread in nature. Lactic acid bacteria are generally used in food fermentation because of their physiological significance and their role in influencing the texture and flavor of the product [72]. During the fermentation process, these LAB are also able to break down food proteins to produce biologically active peptides. Their proteolytic system comprises proteinases, which break down the proteins to generate numerous oligopeptides (4–8 amino acids), an oligopeptide transport system, a route to provide entry for nitrogen into the cells and peptidases, which completely break down the accumulated peptides [73]. Compared to enzymatic hydrolysis, microbial fermentation is considered to be more economical and is recognized as safe. LAB, being an efficient source of proteases, require minimal nutrition and expresses proteases on the cell membrane, which makes the enzyme extraction and purification convenient and cost effective [66].





3.3. Bioactive Properties Associated with the Bioactive Peptides Isolated from Whey Proteins and Derivatives


3.3.1. Antioxidant Activity of the Bioactive Peptides


Oxidative stress in the body can lead to several disorders, such as diabetes, cancer, cystic fibrosis, atherosclerosis, aging, and numerous other degenerative diseases. Whey protein is a precursor of the antioxidant glutathione and exhibits antioxidant activity by suppressing the adverse effects of stress factors. The release of bioactive peptides from whey proteins is shown to raise the intracellular glutathione level and reduced the generation of in vitro interleukin IL-8 (cytokine responsible for mediating pathogenesis in the respiratory tract) [74]. Supplementation of pressurized whey (20 g/day) for a month was shown to reduce the C-reactive protein serum level in patients with cystic fibrosis [75]. Whey protein hydrolysates treatment, produced from alcalase enzymes, was found to contain two peptide fragments, P4 and P4c (a pentapeptide containing amino sequence of Val-His-Leu-Lys-Pro). These peptides exhibited antioxidant activity by significantly reducing the hydrogen peroxide exposure to human lung fibroblast MRC-5 cells [76]. A diet (MHN-02) formulated with antioxidants and whey peptides was tested for anti-inflammatory activity in rats. It was observed that the rats that received this diet showed higher survival (90%) as compared to the ones fed with the control (55%). This was due to the high superoxide dismutase activity (conversion of superoxide radicals to hydrogen peroxide and oxygen) and less pathological lesions in the MHN-02 diet group [77]. The role of whey protein derivatives in improving the glutathione synthesis in neurons and reducing the neuro-system disorders was studied [78]. It was reported that whey protein isolates and native hydrolysates with antioxidant and anti-inflammatory peptides, when added to human epithelial colorectal adenocarcinoma Caco-2 cells that was exposed to H2O2, both inhibited production of IL-8 and reactive oxygen species (ROS) [74]. However, the effect was comparatively higher for whey protein isolate treatment, which suggested that the whey protein hydrolysates from isolates are more effective in alleviating inflammation and oxidative stress in intestinal cells. Besides, these activities were observed to be elevated following hyperbaric treatment. In one of the studies, rats were subjected to a high concentration of iron followed by treating them with a placebo or whey protein diet to determine the effect on oxidative stress. After 6 weeks, the test animals showed an increase in lipid peroxidation and a reduction in the radical scavenging activity. Whereas, rats that were fed with a whey protein diet exhibited a higher blood glutathione level as compared to the control (iron overload) group. This suggested the ability of the whey proteins to alter the high iron-induced DNA-damage and reduce ROS in cells [79]. Pseudomonas aeruginosa is one of the known pathogens responsible for lung colonization and pulmonary infection, leading to difficulty in breathing [80]. Kishta and his team studied the effect of whey protein in lowering pulmonary infection and found that mice fed with a pressurized-whey protein diet showed a reduced level of oxidative stress, inflammation, and lung damage [81]. The potential reason was the ability of the peptides to stimulate the leucocytes to kill the pathogens and protect the airway proteins from oxidation. A whey protein hydrolysate, when administered in mice with paracetamol-induced hepato-nephrotoxicity, was found to increase the level of antioxidant enzymes, like catalase, glutathione peroxidase, and superoxide dismutase, but reduced the production of thiobarbituric acid reactive substances (TBARS) and the oxidative biomarkers like phosphatase, glutathione pyruvate transaminase, and creatinine [82]. It was also observed that peptide generated from chymotrypsin-hydrolyzed whey protein exhibited a higher ferrous chelating capacity and DPPH radical-scavenging activity as compared to the whey protein isolates [83].




3.3.2. Antihypertensive Activity of the Bioactive Peptides


The bioactive peptides from whey protein concentrates, isolates, and hydrolysates that have angiotensin-converting enzyme (ACE) inhibitory or antihypertensive activity is strongly associated with the renin–angiotensin system. Therefore, foods with antihypertensive peptides should be regularly consumed to control blood pressure and prevent cardiovascular disorders [64]. ACE plays an important role in converting angiotensin I to angiotensin II (vasoconstrictor) in the renin–angiotensin system. Besides, it also degrades bradykinin, which is a potent vasodilator. Although the structure–activity interaction of the ACE-inhibitory peptides from milk proteins is not well defined, there is the possibility that peptide binding to ACE is accessed by the C-terminal tripeptide sequence of the substrate or competitive inhibitors, choosing hydrophobic (aromatic or branched side chains) amino acid residues at each of the three C-terminal positions [84].



Many whey protein-derived peptides have been described to demonstrate ACE inhibition activity. Whey protein hydrolysates (WPH) containing peptides derived from the α-lactalbumin (f 99–110) fraction has been shown to demonstrate ACE inhibitory activity, specifically in the sequences (f 99–108), (f 104–108), and (f 105–110). It was reported that the whey protein fraction (α-lactalbumin) (f 50–53) exhibited antihypertensive activity at IC50 = 733.3 µM. Other dipeptides that demonstrated similar ACE inhibition at an IC50 = 1522.6 µM and IC50 = 349.1 µM include Tyr-Gly and Leu-Phe, respectively [85]. Tripeptides (Try-Gly-Leu) (α-lactalbumin f 50–52) are also shown to demonstrate ACE-inhibition in the same range as that of the dipeptides. Whey protein hydrolysates derived from the β-lactoglobulin chain consist of a mixture of peptides that are shown to demonstrate antihypertensive activity. Whey proteins treated with trypsin enzyme liberated peptides with moderate antihypertensive activity, including β-Lg (f 22–25), (f 32–40), and (f 81–83). β-Lactoglobulin peptide (f 142–148) generated from trypsin as reported by Mullaly and his team, exhibited higher ACE-inhibition effects with an IC50 = 42.6 µM as compared to the peptides that showed ACE inhibition effects with a range of IC50 = 77–1682 µM [85]. Studies from Philanto-Leppala showed the most active antihypertensive whey protein peptide to be from α-lactalbumin (f 104–108) with an IC50 = 77 µM [86].



Neutrase enzyme hydrolysis of cheese whey protein generated a mixture of peptides, which was shown to exhibit strong antihypertensive or ACE-inhibition activity. ACE is responsible for regulating several biological processes and is strongly associated with cardiovascular disorders; hence, the role of whey proteins in inhibiting the ACE enzyme is relevant [87]. ACE-inhibitory bioactive peptides are generally below 1 kDa and hold 38% of the total protein content in the whey protein hydrolysate [88].




3.3.3. Opioid Activity of the Bioactive Peptides


Bovine whey protein fractions like α-lactalbumin (f 50–53) and β-lactoglobulin (f 102–105) contain certain peptides that exert opioid activity. These peptides are referred to as α- and β-lactorphins [89]. These peptides have an affinity towards the opiate receptor, inhibited by naloxone. These peptides have an amino acid sequence of Tyr-Gly-Gly-Phe in their N-terminal and exhibit their activity to the target cell by binding to the specific opiate receptors. The presence of tyrosine residue at the N-terminal and the aromatic amino acids at the other positions play an important role in forming the peptide structure motif that perfectly binds to the opiate receptors [90]. These receptors play a role in several physiological responses, like the µ-receptor for emotions and a reduction in intestinal motility; the κ-receptor for food consumption and sedation; and the σ-receptor for emotional behavior.



Several process treatments can be applied to generate lactorphins from bovine whey proteins. α-Lactalbumin, when treated with enzymes like pepsin, liberates α-lactorphin through proteolysis, whereas when β-lactoglobulin is treated with pepsin followed by trypsin, or with a combination of trypsin and chymotrypsin, yields β-lactorphin. Furthermore, hydrolysis of β-lactoglobulin (f 146–149) using chymotrypsin alone led to the production of β-lactotensin (His-Ile-Arg-Leu). Considering the receptor-binding affinity, α-lactorphin exhibits a weak but consistent affinity whereas the β-lactorphin exhibits non-opioid activity when tested on the ileum of the guinea pig. Overall, these peptides belong to the µ-type receptor ligands, which displayed a low receptor-binding affinity towards opioid receptors. Both these peptides, when added in micromolar concentrations, were found to inhibit 3H-naxolone from binding to the receptor sites. In contrast, morphine, which is a standard opioid peptide, was found to inhibit 3H-naxolone in the range of IC50 = 23 ± 13 nM nanomolar concentrations [91]. Approximately 0.9 g/L of α-lactalbumin and 3.0 g/L of β-lactoglobulin is present in bovine milk, which contributes to the production of 30 mg of α-lactorphin and 90 mg of β-lactorphin. During in vitro digestion of milk, these peptides get released to exhibit in vitro opioid effects. For hydrolysates, it was observed that the release of lactorphins at concentrations of 5–14% was sufficient to exhibit opioid activity in vitro.




3.3.4. Antidiabetic Property of the Bioactive Peptides


Diabetes is one of the critical health issues that causes several disorders, including vision loss, angiopathy, and blood flow restriction, leading to tissue hypoxia and ulcers with reduced healing [92]. Consumption of hypoglycemia chemical drugs with a controlled diet can help to treat type 2 diabetes. Dietary supplements with added whey proteins have been shown to demonstrate anti-diabetic effect by reducing the serum blood glucose level in healthy individuals, improve muscle mass, and increase the secretion of satiety hormones (cholecystokinin, leptin, and glucagon-like peptide 1(GLP-1)) and reduce the release of ghrelin (the hormone responsible for hunger) [11]. It was observed that the presence of cysteine, plays an important role in treating glycemia and controlling inflammation in people with diabetes [93]. A study from Badr and coworkers showed the effects of whey protein on type I diabetes-induced wounds in a mouse model. Compared to the untreated mice, it was found that whey proteins significantly lowered the diabetic inflammation and wounds by restricting the production of inflammatory cytokines and expression of chemokines (MIP-1α, MIP-2, KC, CX3CL1, and TGF-β) [94]. Salehi and coworkers investigated the effects of whey protein and found that an increase in the levels of insulin and amino acids, like valine, leucine, isoleucine, threonine, and lysine, are the major causes for antidiabetic activity [95]. Whey protein derivatives (isolate and hydrolysate) when supplemented in a fat-rich diet were found to improve the secretion of insulin, leading to the lowering of postprandial triglyceride responses in type 2 diabetes subjects [96]. After feeding rats with a diet rich in whey protein hydrolysate for a month, an increase in the leucine content and insulin level was observed [97]. Results showed that the whey protein is metabolized in the gut and as result peptides and amino acids are released, which are responsible for inducing the insulin level along with the secretion of the gut and incretin gastric hormones. When the whey protein action was investigated for reducing the glucose concentration, it was observed that the protein was able to strongly lower the levels of plasma glucose, insulin, and C-peptide. However, it increased the levels of GLP-1 and PYY, which tells that consumption of whey protein before a meal can lower the post-meal glycemia by both insulin-dependent and insulin-independent pathways [98]. Tong and coworkers demonstrated the effect of both whey protein and its hydrolysate fraction to exhibit anti-diabetic effects by improving the insulin resistance in rat subjects [99].




3.3.5. Anticancer Activity of the Bioactive Peptides


Intake of whey protein has been shown in several studies to exhibit beneficial effects on cancer patients. Reports have stated that whey protein hydrolysates confer an improved anticancer effect as compared to other forms of whey protein. A study showed that rats with colon cancer, when fed with a whey protein hydrolysate, demonstrated a reduction in the appearance of macroscopic and microscopic tumors as compared to the rats that belonged to the control group fed with un-hydrolyzed whey protein [100]. Whey protein was also reviewed for anticancer properties against the melanoma B16F10 cell model and it was observed that expression of caspase-3 increased significantly in the media containing whey protein isolate [101]. Caspase-3 is known to play an important role in mediating apoptotic cell death [102]. In a 48-year-old Caucasian female, when whey protein at a dosage of 10 g (three times daily) was administered in combination with a weekly injection of testosterone enanthate before and during chemotherapy, an improvement in the lean body mass, physical movement, and overall quality of life were observed [103]. Another study demonstrated the protective effect of whey protein hydrolysate on rat pheochromocytoma PC 12 cells with oxidative damage. A 20–30% increase in the cell viability was observed at a dosage level of 100–400 µg hydrolysate/mL as compared to the ones that were incubated with an infusion of H2O2. This suggests the potentiality of the whey protein hydrolysates to exhibit antioxidant activities [104].




3.3.6. Immunomodulatory Activity of the Bioactive Peptides


Whey protein derivatives in the form of concentrates are known to improve the innate mucosal immunity and deliver protection from immune disorders [105]. Public concern for atopic dermatitis (a condition where the skin is swollen, scaly with itchy rashes) is continuously increasing worldwide with infants being more susceptible to it. Recently, a meta-analysis showed that infants fed with a hydrolyzed form of whey protein developed reduced symptoms of atopic dermatitis as compared to the control subjects that were given plain bovine milk [106]. These results suggested that diets included with whey protein might play an effective role to protect the infants from atopic dermatitis. Another study in mice models showed reduced levels of the plasma (interleukin) IL-1α, IL-1β, IL-10, (tumor necrosis factor) TNF-α, ROS (reactive oxygen species), and cholesterol after they were treated with whey protein concentrate and examined for blood parameters, plasma cytokine profiles, proliferation, and migration of immune cells [94]. Mice subjects given the whey protein diet displayed significantly improved concentrations of IL-2, IL-4, IL-7, IL-8, and glutathione. Besides, an improvement in the response of leucocytes, macrophages, and monocytes to different antigens was observed. As compared to the control group, in the treated group it was observed that the cytokine CC chemokine ligand-21 (CCL-21) and CXC chemokine ligand-12 (CXCL12) can attract the immune cells and migrate the B cells, T cells, and dendritic cells towards them [94]. The bioactive effect of the whey protein isolate was determined against psoriasis (a skin condition with thick skin, dry scales, and red patches) and an intake dose of 20 g/day was provided to the patients. It was found that the glutathione level increased and, following the inflammation due to the psoriasis, decreased with the consecutive intake of whey protein [107].




3.3.7. Muscle Protein Synthesis by Bioactive Peptides


Heavyweight exercise and resistance training, as well as eccentric (muscle lengthening), concentric (muscle shortening), and isometric (muscle non-lengthening) exercises can cause skeletal muscle tear and damage and possibly can lead to internal inflammation (due to the production of inflammatory muscle protein markers) [108]. Resistance training (heavy weightlifting) can lead to the accumulation of oxidation products in blood plasma, resulting in leukocyte functionality [109]. Regular intake of whey protein supplements containing amino acids like hydrolysates has been reported to repair muscle damage. Ingestion of β-hydroxy-β-methyl butyrate, generated from leucine has been shown to improve muscle recovery. Expression of glucose transporters in skeletal muscle in the form of cell-surface glucose transporter 4 (GLUT-4) is known to control the rate of glucose transport in the cell membrane, in response to insulin and muscle contraction. Hence, whey protein was investigated for its capability to accumulate GLUT-4 in the membrane, which can lead to a reduction in glucose entrapment in the muscles. The major amino acid and bioactive peptide in the whey hydrolysate contributing to the process was found to be L-isoleucine and L-leucyl -L-isoleucine, respectively [110]. The effects of whey protein on muscle functionalities like contraction, elasticity, extensions ability, and excitability as compared to a casein-diet were reviewed. It was observed that the whey protein-fed rats with isometric and concentric exercise injury recovered faster as compared to the ones fed with casein [111]. A whey protein beverage supplemented with different doses of leucine and branched-chain amino acids was shown to stimulate the synthesis of myofibrillar protein both at a high and low protein content and at a 5 g leucine content [112]. Leucine contributes to 10% of the total whey protein amino acid and, therefore, is more important for muscle protein synthesis and recovery. In a study, whey protein hydrolysate was consumed for 12-week and it was observed that protein played a role in reducing the muscle damage markers like creatine kinase and lactate dehydrogenase [113]. As compared to soy protein, it was found that whey protein supplements are more effective in expressing leucine in subjects undergoing resistance training exercises [114].





3.4. Identification of Bioactive Peptides Isolated from Whey Proteins and Derivatives


Bioactive properties of the peptides are determined based on their amino acid sequence and molecular weight. Mostly, the peptides are of short-chain length with 2 to 6 amino acid sequences; however, some peptides with high molecular weight are made of 30 amino acids. Hence, to isolate these peptides, firstly they can be passed through an ultra-filtration membrane of varying molecular weights, such as 10 kDa, 5 kDa, or 3 kDa. Roblet and coworkers recovered peptides from a soy-protein hydrolysate through ultra-filtration and screened them for their bioactive properties. He found an improvement in the bioactivities following fractionation [115]. Another technique that has been commonly used for separating and purifying these bioactive peptides is High-Performance Liquid Chromatography (HPLC). Other methods, such as sodium dodecyl sulfate–polyacrylic gel electrophoresis (SDS-PAGE) and ultra-centrifugation, are also implied for the characterizing the protein and identifying the amino acid composition of the peptides. Recently, several other methods like electrospray ionization (ESI), mass spectrometry (MS), matrix-assisted laser desorption ionization–time of flight (MALDI-TOF) are being used to isolate, identify, and characterize the bioactive peptides. Among these methods, mass spectrometry has been used to generate the peptide profile and determine the molecular mass and amino acid sequences of the protein hydrolysates. It is also used to analyze the protein conformational changes and protein degradation products [116]. The peptides generated can be concentrated using ultra-filtration and size exclusion chromatography. In addition, to obtain the protein structure-based functional properties, reverse phase HPLC is used to segregate the peptides depending on their hydrophobic properties [117].



Haileselassie and coworkers extracted peptides from an enzyme-modified cheese. The peptides were then passed through reverse phase HPLC using a Delta Pak C18 column [118]. In total, eight peaks were generated (one from neutrase digest, five from neutrase debitrase digest, and two from microbial enzyme from Lactobacillus digest). These peptides were purified and identified through API mass spectrometry. In another study, antihypertensive peptides were extracted from soy milk and fractionated into four parts (A–D) using a size exclusion chromatography [119]. It was found that, among the fractions obtained, B showed the highest antihypertensive property. Using proteolytic fermentation, three antimicrobial peptides were generated, and these peptides were later separated using reverse-phase HPLC. The fractionated peptides were identified for their properties using a mass spectrometry combined with MALDI-TOF [120]. Electrospray LC-MS was used to purify and identify peptides from buckwheat protein that exhibited ACE-inhibitory activity. A UHPLC-Q-TOF MS/MS method was developed to identify peptides from Mactraveneriformis hydrolysates. Four nucleobases and one nucleoside were in total identified through the de novo sequencing based on the MS/MS fragmentation [121]. There are also several databases, such as the BIOPEP bank, available that can be used to generate information related to proteins and peptides [122].





4. Functional Properties of Whey Proteins


Functional properties of proteins refer to the physicochemical properties that play an important role in imparting a specific behavior and performance to proteins when added in food systems. The properties of whey proteins include thermal stability, hydration, gelling, and emulsification properties, which influence the final quality of foods. These properties vary with the interaction among proteins or with other food components and are strongly affected during preparation, processing, storage, and consumption of the foods. Some of the processing conditions and extrinsic and intrinsic parameters that influence the functionalities of whey proteins are shown in Table 3. Whey proteins and derivatives vary in their composition and, hence, possess different functional properties. As a result, they are used in different food applications.



4.1. Thermal Denaturation of Whey Proteins


The thermal processing of food is greatly influenced by processing as well as compositional factors. Processing parameters include temperature, pH, ionic strength, and rate of heating, whereas the compositional factors include the lactose and protein content. Foods with whey proteins when exposed to mild heating (40 °C) lead to denaturation of β-lactoglobulin, whereas heating beyond that (50 °C to 60 °C) leads to unfolding and exposure of the thiol group [124]. During the cooling of β-lactoglobulin, in the presence of calcium, the protein–protein linkages are formed via disulfide bonding and entropic forces, leading to aggregation [125]. At a low pH of <3, denaturation of whey proteins can develop unique physicochemical and functional behaviors. It was reported that whey protein concentrates obtained through ultra-filtration at pH 2.5–3 yielded proteins with different viscosity and gelling properties before or after heat treatment [126]. Heating treatment at 90 °C for 15 min at pH 2.5–3 led to isoelectric precipitation of protein, which was very viscous with reduced solubility and increased setting to form a soft coagulum [126]. Several research also has been done on the unfolding of whey proteins following heat treatment. Investigations using differential scanning calorimetry (DSC) have shown the entire thermodynamics of the unfolding of whey proteins. During heating (20 °C to 110 °C) of α-lactalbumin and β-lactoglobulin at a concentration of 3–9% and pH 7, they are reported to have a transition temperature (Tt) of 65 °C and 73 °C at 10 °C per min; the Tt increased with the increase in the rate of heating. However, it was observed that increasing the pH from 6.4 to 7.3 increased the denaturation of the β-Lg and reduced the Tt from 79 °C to 74 °C [127]. This suggests the ability of the whey proteins to unfold at increased pH and electrostatic repulsive forces within the polypeptides. At a pH beyond 7, the thiol group of the whey proteins gets exposed and as a result increases the thiol-disulfide interchange reaction [124]. Hence, increasing the ionic strength conceal the exposed thiol groups, thereby increasing the hydrophobic interactions. Some of these protein fractions can reverse their denaturation (renaturation) depending on the pH. α-Lactalbumin, being a small protein with four disulfide bonds, can reverse their denaturation by 80–90% at 3–9% concentrations [127]. Kronman and coworkers reported that when the pH is lowered to 3.75 or below, aggregates of α-lactalbumin are formed following heat treatment, and when the pH is adjusted to 5.2 or above, the protein aggregation is reversed [128]. An acidic pH leads to exposure of apolar amino residues that facilitate protein–protein aggregation, leading to the unfolding of α-La. Protein aggregation is also dependent on bound calcium content and, hence, removal of calcium during acidification leads to protein coagulation. The subjection of α-La to a reduced pH of 3 removes bound calcium from the molecule, making it more susceptible to irreversible heat-induced protein denaturation.




4.2. Hydration and Solubility of Whey Proteins


The property of proteins to interact with water in different systems describes the solubility or hydration properties of whey proteins. It is considered as one of the important factors in whey protein preparations. Several physical and chemical characteristics influence the hydration properties of whey proteins. Physical parameters include protein particle size, shape, agglomeration state, and nature of porosity, and the chemical parameters include protein surface net charge, hydrophobicity, and hydrophilicity [129]. Hydration properties play roles in optimizing both processing and storage conditions [130]. For example, whey protein powders obtained through controlled spray drying conditions to yield particle sizes of 150–200 µm is most effective in improving the hydration properties [131]. Determining the amino acid composition can help to estimate the water-binding properties of pure proteins. Besides, other factors like protein structural conformation, polarity, ionic strength, pH, and temperature also influence the water-binding capacity of the proteins. Determining the solubility of whey proteins can help to decide their specific applications to food products such as beverages. After precipitation of casein at isoelectric pH 4.6, the whey protein fraction remains soluble in the supernatant. Hence, reduced solubility at pH 4.6 is usually used to analyze the extent of the protein denaturation. Whey protein concentrates (WPCs) at concentrations from 5 to 100% display a wide range of solubilities, and this is due to their different production methods. To obtain an improved and consistent solubility, the whey proteins and derivatives must be produced under processing conditions that lead to minimal heat denaturation and aggregation of protein components. Currently, the spray drying technique is largely being used to produce different whey protein powder forms. Therefore, the conditions associated with the spray drying method can be controlled and optimized to produce powders with enhanced solubility. However, in some cases, the proteins get partially denatured before the spray drying step and this mostly affects the functional performance of the whey protein products. The effect of pH largely influences the hydration or solubility of the whey proteins by altering the net charge of the proteins. Proteins possessing a net positive or negative charge tend to dissolve in water as compared to the proteins having a minimal net charge (for example in the isoelectric point). However, under certain conditions, whey proteins remain in the soluble form at their isoelectric pH. Ionic strength also varies according to ion species and valency. In the presence of salts, β-lactoglobulin remains soluble even at pH 4–5. Heat and some processing treatments often lead to protein denaturation and aggregation, thereby reducing their solubility. However, the addition of salts like sodium chloride at a 0.01 M concentration has been shown to improve the solubility of β-lactoglobulin when heat-treated at 80 °C for 15 min. Increasing the salt concentration was effective in increasing the solubility of the whey protein fractions by reducing the aggregation, and at a 0.5 M concentration, the protein precipitation was completely inhibited [132].




4.3. Gelation Ability of Whey Proteins


Whey proteins have the capacity to form gels with different properties varying from soft, smooth curds to viscous, rubbery, and stiff gels. Their properties differ based on hardness, cohesiveness, color, stickiness, and mouthfeel [133]. Gels formed from a whey protein concentrate appears as stiff, transparent gels to curd-like opaque gels. Whey proteins with reduced protein concentrations and a low ionic strength form translucent grey, weak gels. Mild heating of whey proteins can lead to specific protein–protein interactions, leading to the formation of gels, whereas extensive thermal processing can lead to the formation of coagulation or curd-like gels. During gelation, a structural network is formed within proteins in which the water is entrapped, leading to reduced syneresis. The shape of the gel formed, its color, mechanical strength, and elastic properties play an important role during food applications. Whey proteins undergo conformational changes when heat-treated beyond its critical temperature, leading to form aggregates. These aggregates when cooled set to form a soft to firm, clear to opaque viscous gels. The gel formation varies depending on the type of protein, concentration, temperature, pH, and calcium [134]. Heat-induced gels are formed in two steps, wherein the first step, the protein exposed to heat undergoes conformational changes through protein–protein interactions and unfolding of polypeptide segments, leading to the formation of a structural network [135]. However, a balance between the repulsive and the attractive forces are necessary to form a three-dimensional network. In certain cases, limited protein unfolding during heating leads to exposure of hydrophobic residues, which later associate with cooling. This forms a gel network based on the number of interactive sites, their reactivity, and the amount of the repulsive forces between the solute molecules. Hence, they are highly affected by pH and ionic strength. In protein gels containing serum albumin, approximately 1–2 molecules of protein arrange themselves to form a highly dense, viscous network depending on the degree of cross-linking [136]. In another study, gels obtained from the whey fraction β-Lg at high and low ionic strengths contained protein aggregates in the form of a continuous branching network [137], whereas whey proteins with lysozymes formed gels containing straight, rod-like protein molecules arranged in small, irregular clusters with a bead-like structural network [137].




4.4. Emulsification Property of Whey Proteins


Emulsions are referred to as heterogeneous systems formed by dispersing one or more phases in a continuous phase and they can be stabilized by incorporating surface-active agents that are amphiphilic in nature, i.e., they have an affinity for the dispersed and dispersing/continuous phases. The main intent to add an emulsifier is to reduce the interfacial tension and facilitate diffusion of the dispersed phase. Emulsion systems stabilized using a protein have an interfacial membrane formed around the oil droplet to avoid any formation of coalescence, flocculation, creaming, or oiling-off [138]. However, to be an effective emulsifier, the protein must be soluble and able to lower the interfacial tension at the oil/water interface. Hence, factors such as pH, salts, protein concentration, and temperature play an important role in protein adsorption onto the surface of the fat globule, influencing the emulsifying properties of the whey proteins [139]. Emulsions formed of whey protein–coconut oil displayed reduced creaming stability with enhanced viscosity and protein adsorption at pH 5. This suggests that the electrostatic nature of the proteins largely influences the emulsion stability [140]. Besides, the availability of the hydrophobic groups surrounding the fat globules also plays role in protein adsorption. Studies suggest that whey protein-based emulsions can be improved through the partial unfolding of proteins during emulsion formation, like while undergoing homogenization [141]. Whey protein concentrates (WPCs) enriched with α-La and β-Lg were analyzed for their emulsifying properties in an oil/water emulsion. WPC alone and β-Lg added WPC demonstrated similar emulsifying properties, which tell that origin and whey processing have little to no effect on the emulsifying properties. WPC with added α-La demonstrated a moderate emulsifying capacity with reduced stability, indicating β-Lg-enriched whey proteins to be more effective emulsifiers [142]. In another study, emulsions formed from whey protein–coconut oil contained more protein at pH 5 as compared to pH 7 at the interfacial surface. At pH 9, β-Lg was strongly adsorbed and found to predominating, whereas at pH 3, α-La-associated protein adsorption increased. This suggests that protein adsorption and their emulsifying properties are extensively affected by the pH of the medium. At an alkaline pH, molecular expansion of β-Lg led to more adsorption, whereas, at an acidic pH, α-La was found to adsorb more readily probably due to the reduced stabilizing effect of the bound calcium [139]. The stability of emulsions and the role of proteins as emulsifying agents were found to be correlated with the surface hydrophobicity when examined through fluorescent probe cis-parinaric acid [143]. Reduction in the surface hydrophobicity significantly lowered the emulsifying capacity of the β-Lg and serum albumin (BSA), in proportion with the extent of thermal denaturation. This tells that, both being hydrophobic in nature, BSA and β-Lg underwent a conformational change during heating, leading to the reduced affinity of apolar residues to hydrophobic sites. Emulsions with added WPCs also vary with the composition of the lipid content, ash, and sulfhydryl content, and is often used to predict the emulsifying capacity of various WPC samples in aerated emulsions.




4.5. Improvement in the Functionality through Conjugation


Whey proteins are one of the nutritionally beneficial systems enriched with amino acids and bioactive peptides and, hence, popularly used in developing functional foods. Whey protein products are greatly in demand for developing nutraceutical foods due to their several health benefits associated with their bioactive properties, such as being antimicrobial, antioxidant, antihypertensive, opioid, and promoting mineral binding [144]. However, the incorporation of WPH into food formulations is not a trivial task because of their heat stability issues [145]. To ensure product safety and shelf stability, most liquid foods and medical beverages undergo thermal treatments, and this can cause whey proteins to denature irreversibly to form gels and aggregates. Besides, due to the poor emulsification properties, the use of hydrolyzed proteins in developing formulated powders can be significantly affected, because of the increased stickiness of the powder particles during the spray drying process. Moreover, the use of whey proteins with high protein levels can lead to extensive fouling and blockage of the equipment and pipelines. Sedimentation and gelation of denatured proteins, particularly during long-term storage, show signs of unwanted sensory attributes in the final product. Developing value-added products using whey proteins can create a lot of technical limitations, leading some producers to switch to some other protein types. However, such proteins may differ in terms of their amino acid profile and digestion benefits of whey proteins.



Recently, the stability of whey proteins has been addressed by several researchers, primarily by conjugating them with carbohydrates. Heating of whey proteins or peptides with reducing carbohydrates leads to a series of chemical reactions, referred to as the Maillard reaction, and it is during the early stages of heating where a covalent bridge is formed between the protein and carbohydrate molecules, and a conjugated protein is formed [146]. Conjugation of whey proteins with reducing sugars via the Maillard reaction process (i.e., glycation) is an advancing area of interest, with some previous reports showing improvement in the physiological, nutritional, and functional properties, including thermal stability, solubility, emulsification capacity, water binding, and antioxidant activity of the whey protein/peptide-based ingredients [147].



However, the main challenge with conjugation is that it can occur naturally or can be initiated, which significantly influences the characteristics of the food products in terms of physical, chemical, biological, and organoleptic properties. Furthermore, conjugation of whey proteins with reducing sugars via the Maillard reaction is a very complex reaction process involving a series of processing parameters, including pH, temperature, and time. Hence, scaling up of the process present serious challenges as an insufficient binding of the proteins to carbohydrates can lead to coagulation of proteins and an uncontrolled Maillard reaction can lead to the formation of unwanted or adverse effects, such as the formation of products that leads to the generation of off-flavors and toxic compounds [148]. Therefore, for wider applications in developing value-added health ingredients, the effect of the different process parameters on the Maillard reaction, and their impact on the functional and health properties of the proteins, need to be studied.





5. Current Applications of Whey Proteins and Its Derivatives


5.1. Role of Whey Proteins and Derivatives as Food Ingredients


In food applications, whey proteins and derivatives are gaining attention due to their immense benefits owing to several functionalities, including gelation, foaming, emulsification, solubility, and thermal properties. The addition of the whey proteins is known to improve the food sensory quality and enhance the texture. For example, whey proteins have been previously added to foods such as yogurt, bakery foods, energy bars, pasta, and beverages to influence the overall quality and nutrition of the foods. A study reported the effect of adding a complex of non-heat-treated whey protein and high methoxyl pectin in low-fat yogurt [149]. The whey protein acted as a good fat-replacer and texturing agent for the yogurt. Another study showed the ability of the whey proteins to stabilize emulsions and improve the overall texture when added into whole-fat yogurt prepared from skim milk powder. When the droplets merger was used, it yielded whey protein agglomerates with a high molecular weight and reduced emulsifying capacity; however, when passed through a high-pressure homogenizer at 20–100 MPa, it yielded a more stable emulsion [150]. In a study, the effect of the addition of the milk-protein ingredients on the microstructure of probiotic yogurt (prepared with a combination of commercial starter culture and Bifidobacterium lactis Bb12) was analyzed during a 28-day-period refrigerated storage [151]. One sample was added with sodium caseinate at the level of 2% and the other was added with a whey protein concentrate at 2%. It was reported that the addition of sodium caseinate transformed the firmness, adhesiveness, and the overall viscosity of the product, whereas the product added with whey protein demonstrated an improved water holding capacity, viscous texture, and low syneresis as compared to the caseinate. Whey protein in combination with a plant protein was added into a date bar and the nutritional profile was optimized applying a response surface method (RSM) targeting the school children [152]. An addition of 6.05% of whey protein concentrate (WPC) was found to be ideal. Several research studies are still ongoing to utilize whey proteins and their derivatives to develop nutraceutical and functional foods.




5.2. Benefits of Combination of Whey Proteins and Derivatives with Other Supplements


Extensive hydrolysis of whey proteins using enzymes can lead to the formation of bitter peptides, reducing their acceptability in food applications. Enzymatic hydrolysis breaks down the protein fractions like α-lactalbumin, β-lactoglobulin, and serum albumin to generate whey protein hydrolysates containing bitter peptides. This bitter taste of the peptides are often masked using various inhibitors and some of these inhibitory compounds include sucralose, fructose, adenosine 5′ monophosphate, sucrose, adenosine 5′ monophosphate disodium, monosodium glutamate, sodium chloride, sodium gluconate, and sodium acetate [153]. Several techniques involve identifying the bitter peptides and removing them to improve their sensory properties. Liu and coworkers identified four peptides contributing to bitterness in a whey protein hydrolysate. Fractionation techniques (ultra-filtration and chromatography) were used followed by LC-TOF-MS/MS (Liquid chromatography-time of flight-mass spectrometry) to identify the peptides and the constituent amino acids [83]. Gad and his team reported an improvement in the antioxidant and metal chelating activities of the whey protein concentrate (WPC) when supplemented with freshwater algae, spirulina, in both in vitro and in vivo subjects using rat models [154].



Application of whey proteins can also be limited as some of its components like α-lactalbumin and β-lactoglobulin are associated with causing allergenicity, particularly in children. Some children are found to develop gastrointestinal problems [155], atopic dermatitis [156], respiratory allergies [157], or anaphylactic reactions [158] after ingestion of cow milk protein. Hence, it is important to assess the allergenicity risks before the administration of whey protein diets. One of the effective methods that were reported to reduce the allergenicity in whey proteins is heat treatment. Bu and coworkers analyzed the antigenicity of α-lactalbumin and β-lactoglobulin in whey protein isolates through competitive ELISA (enzyme-linked immunosorbent assay) after exposure to heat treatment [159]. It was observed that, above 90 °C, the antigenicity in the protein fraction decreased significantly. Treating whey proteins with enzymes is also known to reduce the allergenicity [104]. Whey protein concentrates were hydrolyzed with trypsin and fed to mice subjects. An increase in the secretion of IFN-γ was observed in the subjects, which suggest the ability of the hydrolysates to lower the allergenicity of the whey proteins [160].




5.3. Role of Whey Proteins and Derivatives as Encapsulating Agents and Coating Materials


As consumers become more health-conscious, they are looking for natural ingredients rich in nutrients inside their foods and beverages [161]. Hence, processors are responding to this trend by continually incorporating healthy ingredients in foods or as supplements. Recently, bioactive compounds (e.g., vitamins, antioxidants, minerals and ions, flavor, aroma compounds, lycopene, fats or enzymes or bacterial cells like probiotic microorganisms) have emerged as functional ingredients, leading to the production of novel formulations and value-added foods [162]. However, there are several challenges faced during the application of these bioactive molecules [163]. As a result, to overcome these challenges and considering the increasing demand for value-added novel ingredients in food, food manufacturers started implementing the process of encapsulation [164]. These wide ranges of active compounds can be encapsulated or packaged in a carrier material composed of whey protein. The process of encapsulation involves the incorporation of any solid, liquid, or gaseous materials, including ingredients, enzymes, cells, or other molecules in different carrier materials to produce capsules of varying sizes [161]. This facilitates transporting the agents at the delivery site and based on the strength of the carrier material, the core agents get released at various intervals. Besides, entrapping in a whey protein gel is known to reduce rancidity issues and augment stability. For instance, fortifying foods with iron presents numerous difficulties, and to address this problem, whey protein isolate was used, by utilizing its gelling properties. The isolate was exposed to cold-set gelation to form a matrix, and subsequently iron was entrapped in it in the presence of ascorbate [165]. This led to improving the encapsulation efficiency of the whey protein to recover more iron and improve the in vitro bio-accessibility from 10% to 80%. The use of ascorbate contributed to strengthening the whey protein gel, which led to increased recovery of iron and improved its release characteristics. Similarly, a whey protein concentrate was used as an encapsulant to entrap folic acid. A favorable interaction between the folic acid and the protein matrix was observed, making it a suitable matrix for incorporating vitamins. When compared with a polymer (commercial resistant starch), the WPC capsules imparted a higher stability to folic acid [166]. Whey protein encapsulants can also be formed in combination with other carrier materials, such as carbohydrates and fats. A study demonstrated the efficiency of the whey protein isolate nanoparticle when combined with and without methoxyl pectin [167]. The results showed improved resistance to homogenization and overall stability of the encapsulants formed with pectin. Even during storage at pH 3, the nanoparticle suspension displayed higher interfacial pressures as compared to encapsulants without pectin. Such encapsulants can be potentially used as effective surfactants. An important benefit of the encapsulation process is to prevent the reaction of the core ingredient with other food components, like in the case of essential oils [168]. Besides containing several compounds like phenols, alcohols, esters, ketones, and aldehydes, essential oils exhibit a wide spectrum of antimicrobial activity against bacteria, yeasts, and fungi. Hence, to confer stability inside a food matrix, such oils can be microencapsulated using whey protein derivatives as the carrier material. For example, WPI was used to encapsulate cardamom essential oil [169]. It was found that the WPI microcapsules obtained had a spherical, regular, and smooth texture and, during storage, it was able to retain the oil at a 30% concentration.



In a study, a whey protein isolate was transformed into an edible film with ascorbic acid impregnated into it [166]. The film was then assessed for the oxygen-scavenging property. It was observed that the tensile strength of the film improved with reduced oxygen permeability. This suggests the ability of the WPI films to prevent oxygen diffusion and eliminate oxygen in food systems, thereby enhancing the storage stability of the oxygen-sensitive products [170]. Edible layering using whey proteins is also used to coat nuts to improve its shelf life by retarding the formation of rancidity in them. A study showed the efficacy of a whey protein isolate to delay the oxidation and rancidity in walnuts and pine nuts. The nuts coated with WPI generated improved sensory characteristics throughout storage at 25 °C for 12 days, as compared to uncoated nuts [169].



Whey protein-based packaging materials show great potential in replacing plastics and is one of the most promising biopolymers. Recently, whey proteins have been widely used in the field of active packaging to exploit their antimicrobial properties. Antimicrobial packaging refers to a form of active packaging with antimicrobial compounds infused in it. These compounds get released when used in edible films to impart an improved shelf life of the product. Whey protein isolate (WPI) edible films with antimicrobial properties have been developed with infused essential oils (extracted from spices such as rosemary, oregano, and garlic). Previous studies show the efficiency of whey proteins to improve the oxygen barrier properties and increase biodegradation when added in a compostable plastic film [171]. Due to their high emulsification properties, whey proteins are also used in forming stable emulsions. Cheese is often fortified with vitamins to enhance its nutritional value. However, during the ripening period, the vitamins tend to degrade. Hence, to improve the retention of vitamins, Tippetts and team studied the role of whey proteins to incorporate vitamin D3 in Cheddar cheese [172]. They formed an oil-in-water emulsion by adding sodium caseinate, calcium caseinate, whey protein, and vitamin D3 to obtain the final dose of 280 IU/serving. The nano emulsions were stable and about 74–78% of vitamin D3 was retained in the product. In another study, the ability of the whey protein isolates to generate stable nano emulsions under various thermal processes and ionic strengths was shown [173]. These emulsions were found to be stable under storage conditions even at higher protein concentrations without the addition of any polymers like gums and polysaccharides as a secondary layer. These results suggest the potentiality of the whey protein-based emulsions in the food and pharmaceutical industries.





6. Conclusions


From the findings above, it can be suggested that whey proteins and derivatives are functionally significant and have great potential in food applications. Whey proteins and peptides are now increasingly endorsed by nutritionists as an excellent source of nutrition. Peptides generated from whey are being incorporated in the form of ingredients in functional and fresh foods, dietary supplements, and even pharmaceuticals to deliver specific health benefits. Whey protein products are currently the subject of investigation for formulating new drugs and functional food ingredients for gut health and modulating the intestinal absorption of nutrients because of their biofunctional properties. Most of the bioactive peptides isolated and purified from whey proteins have good antioxidant, antihypertensive, anticancer, antidiabetic, and hypocholesterolemic activity. After absorption, these peptides exert their action on specific target organs. Such peptides, when enriched in diets, can be consumed by infants, geriatrics, diabetics, cardio-risk groups, and athletes. Commercial interest in the production and use of bioactive peptides has been increasing recently but industrial-scale production of such peptides is still not well established. Some commercial products have been launched in the market, claiming a specific biological activity and therapeutic effect. Besides, the functional characteristics of the whey proteins also play an important role during applications in food systems. However, the data available does not truly reflect the functional behavior of the whey proteins in food systems, which tells that in an actual food condition, the components sometimes extensively interact to change the functional characteristics of the proteins.



With the continuous expansion of the market for functional proteins, there is a need to develop simple cost-effective methods for the production, isolation, purification, and scalability of the whey proteins and peptides in huge amounts for the market. The whey processors must determine useful functional properties and demonstrate their effectiveness to be used as a functional ingredient so that the whey products can be promoted and marketed based on their performance. Recently, to meet the increasing demand from health-conscious consumers, food industries have started to explore protein blends (a mixture of proteins derived from various sources like casein, whey, plants, microbial sources, etc.) for developing protein-rich foods and beverages. However, to make the concept feasible, there are several technical and marketing challenges that are reported during the development process. Besides, such products have been reviewed as less palatable. Hence, these preparations should be tested in a simulated food system followed by an actual food condition to validate the protein behavior and performance in commercial foods. Specific protocols should be designed regarding ingredient addition, temperature, pH, and other processing parameters. Such information is necessary to facilitate the appropriate processing methods during manufacturing to prevent compositional variation, the extent of the protein denaturation, and other conformational changes. Routine tests for assuring the food quality also should be of great value in providing information concerning the functional applications.







Author Contributions


Conceptualization, S.A.; researching literature, S.M.; writing—original draft preparation, S.A. and S.M.; writing—review and editing, S.A.; supervision, S.A.; project administration, S.A.; funding acquisition, S.A. All authors have read and agreed to the published version of the manuscript.




Funding


The authors acknowledge the support of the Agricultural Experiment Station (AES), SD State University, and the Midwest Dairy Association fund 3X7431.




Acknowledgments


The authors would like to acknowledge the Midwest Dairy Association, Agricultural Experiment Station, South Dakota State University, for supporting the work.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Yalcin, A.S. Emerging therapeutic potential of whey proteins and peptides. Curr. Pharm. Des. 2006, 12, 1637–1643. [Google Scholar] [CrossRef]

	



Mølgaard, C.; Larnkjær, A.; Arnberg, K.; Michaelsen, K.F. Milk and growth in children: Effects of whey and casein. In Milk and Milk Products in Human Nutrition; Karger Publishers: Basel, Switzerland, 2011; Volume 67, pp. 67–78. [Google Scholar]

	



Madureira, A.R.; Pereira, C.I.; Gomes, A.M.; Pintado, M.E.; Malcata, F.X. Bovine whey proteins–Overview on their main biological properties. Food Res. Int. 2007, 40, 1197–1211. [Google Scholar] [CrossRef]

	



Séverin, S.; Wenshui, X. Milk biologically active components as nutraceuticals. Crit. Rev. Food Sci. Nutr. 2005, 45, 645–656. [Google Scholar] [CrossRef]

	



Chou, C.J.; Affolter, M.; Kussmann, M. A Nutrigenomics View of Protein Intake: Macronutrient, Bioactive Peptides, and Protein Turnover. In Progress in Molecular Biology and Translational Science; Elsevier BV: Amsterdam, The Netherlands, 2012; Volume 108, pp. 51–74. [Google Scholar]

	



Bertenshaw, E.J.; Lluch, A.; Yeomans, M.R. Satiating effects of protein but not carbohydrate consumed in a between-meal beverage context. Physiol. Behav. 2008, 93, 427–436. [Google Scholar] [CrossRef]

	



Gomes, S.P.; Nyengaard, J.R.; Misawa, R.; Girotti, P.A.; Castelucci, P.; Blazquez, F.H.J.; Ribeiro, A.A.C. Atrophy and neuron loss: Effects of a protein-deficient diet on sympathetic neurons. J. Neurosci. Res. 2009, 87, 3568–3575. [Google Scholar] [CrossRef] [PubMed]

	



Bhushan, B.; Jung, Y.C. Wetting, adhesion and friction of superhydrophobic and hydrophilic leaves and fabricated micro/nanopatterned surfaces. J. Phys. Condens. Matter 2008, 20, 225010. [Google Scholar] [CrossRef]

	



Katayama, M.; Wilson, L.A. Utilization of okara, a byproduct from soymilk production, through the development of soy-based snack food. J. Food Sci. 2008, 73, S152–S157. [Google Scholar] [CrossRef]

	



Pavlovich-Abril, A.; Rouzaud-Sández, O.; Carvajal-Millán, E.; Navarro, R.E.; Robles-Sánchez, R.M.; Barrón-Hoyos, J.M. Molecular characterization of water extractable arabinoxylans isolated from wheat fine bran and their effect on dough viscosity. LWT 2016, 74, 484–492. [Google Scholar] [CrossRef]

	



Sousa, G.T.; Lira, F.S.; Rosa, J.C.; de Oliveira, E.P.; Oyama, L.M.; Santos, R.V.; Pimentel, G.D. Dietary whey protein lessens several risk factors for metabolic diseases: A review. Lipids Health Dis. 2012, 11, 67. [Google Scholar] [CrossRef]

	



Codex Alimentarius. Milk and Milk Products, Codex Stan 243–2003, 2nd ed.; World Health Organization and Food and Agriculture Organization of the United Nations: Rome, Italy, 2011. [Google Scholar]

	



Ahn, W.S.; Park, S.J.; Lee, S.Y. Production of poly (3-hydroxybutyrate) from whey by cell recycle fed-batch culture of recombinant Escherichia coli. Biotechnol. Lett. 2001, 23, 235–240. [Google Scholar] [CrossRef]

	



Almeida, G.; Magalhães, R.; Carneiro, L.; Santos, I.; Silva, J.; Ferreira, V.; Teixeira, P. Foci of contamination of Listeria monocytogenes in different cheese processing plants. Int. J. Food Microbiol. 2013, 167, 303–309. [Google Scholar] [CrossRef]

	



Park, Y.W.; Juárez, M.; Ramos, M.; Haenlein, G.F.W. Physico-chemical characteristics of goat and sheep milk. Small Rumin. Res. 2007, 68, 88–113. [Google Scholar] [CrossRef]

	



Evans, E.W. Uses of milk proteins in formulated foods. In Developments in Food Proteins; Applied Science: London, UK, 1982. [Google Scholar]

	



Pintado, M.E.; Macedo, A.C.; Malcata, F.X. Technology, chemistry and microbiology of whey cheeses. Food Sci. Technol. Int. 2001, 7, 105–116. [Google Scholar] [CrossRef]

	



De Wit, J.N. Nutritional and functional characteristics of whey proteins in food products. J. Dairy Sci. 1998, 81, 597–608. [Google Scholar] [CrossRef]

	



Eigel, W.N.; Butler, J.E.; Ernstrom, C.A.; Farrell, H.M., Jr.; Harwalkar, V.R.; Jenness, R.; Whitney, R.M. Nomenclature of proteins of cow’s milk: Fifth revision. J. Dairy Sci. 1984, 67, 1599–1631. [Google Scholar] [CrossRef]

	



Brew, K.; Castellino, F.J.; Vanaman, T.C.; Hill, R.L. The complete amino acid sequence of bovine α-lactalbumin. J. Biol. Chem. 1970, 245, 4570–4582. [Google Scholar]

	



Korhonen, H.J. Whey as raw material for development of new products for human nutrition and health: A review. In Milk in Nutrition: Effects of Production and Processing Factors: Proceedings of NJF/NMR-Seminar No. 252, Turku, Finland 13.-15.1. NJF-Report 102/Edited by: Säde Mantere-Alhonen and Kalle Maijala; Scandinavian Association of Agricultural Scientists: Helsinki, Finland, 1995; pp. 207–219. [Google Scholar]

	



Westhoek and Colleagues. Available online: http://www.fao.org/fileadmin/user_upload/animalwelfare/Protein_Puzzle_web_1.pdf (accessed on 17 July 2017).

	



Lemon, P.W. Do athletes need more dietary protein and amino acids? Int. J. Sport Nutr. Exerc. Metab. 1995, 5, S39–S61. [Google Scholar] [CrossRef] [PubMed]

	



Smithers, G.W. Whey and whey proteins—From ‘gutter-to-gold’. Int. Dairy J. 2008, 18, 695–704. [Google Scholar] [CrossRef]

	



Shang, N.; Chaplot, S.; Wu, J. Food Proteins for Health and Nutrition. In Proteins in Food Processing; Woodhead Publishing Series in Food Science; Technology and Nutrition: Duxford, UK, 2018; pp. 301–336. [Google Scholar]

	



Suárez, E.; Lobo, A.; Alvarez, S.; Riera, F.A.; Álvarez, R. Demineralization of whey and milk ultrafiltration permeate by means of nanofiltration. Desalination 2009, 241, 272–280. [Google Scholar] [CrossRef]

	



Wright, B.J.; Zevchak, S.E.; Wright, J.M.; Drake, M.A. The impact of agglomeration and storage on flavor and flavor stability of whey protein concentrate 80% and whey protein isolate. J. Food Sci. 2009, 74, S17–S29. [Google Scholar] [CrossRef]

	



Morifuji, M.; Ishizaka, M.; Baba, S.; Fukuda, K.; Matsumoto, H.; Koga, J.; Higuchi, M. Comparison of different sources and degrees of hydrolysis of dietary protein: Effect on plasma amino acids, dipeptides, and insulin responses in human subjects. J. Agric. Food Chem. 2010, 58, 8788–8797. [Google Scholar] [CrossRef]

	



Buckley, J.D.; Thomson, R.L.; Coates, A.M.; Howe, P.R.; DeNichilo, M.O.; Rowney, M.K. Supplementation with a whey protein hydrolysate enhances recovery of muscle force-generating capacity following eccentric exercise. J. Sci. Med. Sport 2010, 13, 178–181. [Google Scholar] [CrossRef] [PubMed]

	



Layman, D.K.; Lönnerdal, B.; Fernstrom, J.D. Applications for α-lactalbumin in human nutrition. Nutr. Rev. 2018, 76, 444–460. [Google Scholar] [CrossRef]

	



Ulfman, L.H.; Leusen, J.H.; Savelkoul, H.F.; Warner, J.O.; van Neerven, R.J. Effects of bovine immunoglobulins on immune function, allergy, and infection. Front. Nutr. 2018, 5, 52. [Google Scholar] [CrossRef]

	



Walzem, R.L. Health enhancing properties of whey proteins and whey fractions. Blood 1999, 1, 1–6. [Google Scholar]

	



Hulmi, J.J.; Lockwood, C.M.; Stout, J.R. Effect of protein/essential amino acids and resistance training on skeletal muscle hypertrophy: A case for whey protein. Nutr. Metab. 2010, 7, 51. [Google Scholar] [CrossRef]

	



Chen, W.C.; Huang, W.C.; Chiu, C.C.; Chang, Y.K.; Huang, C.C. Whey protein improves exercise performance and biochemical profiles in trained mice. Med. Sci. Sports Exerc. 2014, 46, 1517. [Google Scholar] [CrossRef]

	



Bell, S.J. Whey protein concentrates with and without immunoglobulins: A review. J. Med. Food 2000, 3, 1–13. [Google Scholar] [CrossRef]

	



Trachootham, D.; Lu, W.; Ogasawara, M.A.; Valle, N.R.D.; Huang, P. Redox regulation of cell survival. Antioxid. Redox Signal. 2008, 10, 1343–1374. [Google Scholar] [CrossRef]

	



Sharma, R.; Rajput, Y.S.; Mann, B. Chemical and functional properties of glycomacropeptide (GMP) and its role in the detection of cheese whey adulteration in milk: A review. Dairy Sci. Technol. 2013, 93, 21–43. [Google Scholar]

	



Barth, C.A.; Behnke, U. Nutritional physiology of whey and whey components. Die Nahr. 1997, 41, 2–12. [Google Scholar] [CrossRef]

	



Markus, C.R.; Olivier, B.; de Haan, E.H. Whey protein rich in α-lactalbumin increases the ratio of plasma tryptophan to the sum of the other large neutral amino acids and improves cognitive performance in stress-vulnerable subjects. Am. J. Clin. Nutr. 2002, 75, 1051–1056. [Google Scholar] [CrossRef]

	



Ganjam, L.S.; Thornton, W.H., Jr.; Marshall, R.T.; MacDonald, R.S. Antiproliferative effects of yogurt fractions obtained by membrane dialysis on cultured mammalian intestinal cells. J. Dairy Sci. 1997, 80, 2325–2329. [Google Scholar] [CrossRef]

	



Puyol, P.; Perez, M.D.; Ena, J.M.; Calvo, M. Interaction of bovine β-lactoglobulin and other bovine and human whey proteins with retinol and fatty acids. Agric. Biol. Chem. 1991, 55, 2515–2520. [Google Scholar] [CrossRef]

	



Wu, S.Y.; Pérez, M.D.; Puyol, P.; Sawyer, L. β-Lactoglobulin binds palmitate within its central cavity. J. Biol. Chem. 1999, 274, 170–174. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Q.; Allen, J.C.; Swaisgood, H.E. Binding of vitamin D and cholesterol to β-lactoglobulin. J. Dairy Sci. 1997, 80, 1054–1059. [Google Scholar] [CrossRef]

	



Perez, M.D.; Sanchez, L.; Aranda, P.; Ena, J.; Oria, R.; Calvo, M. Effect of β-lactoglobulin on the activity of pregastric lipase. A possible role for this protein in ruminant milk. Biochim. Biophys. Acta (BBA) Lipids Lipid Metab. 1992, 1123, 151–155. [Google Scholar] [CrossRef]

	



Farrell, H.M., Jr.; Behe, M.J.; Enyeart, J.A. Binding of p-nitrophenyl phosphate and other aromatic compounds by β-lactoglobulin. J. Dairy Sci. 1987, 70, 252–258. [Google Scholar] [CrossRef]

	



Warme, P.K.; Momany, F.A.; Rumball, S.V.; Tuttle, R.W.; Scheraga, H.A. Computation of structures of homologous proteins alpha-lactalbumin from lysozyme. Biochemistry 1974, 13, 768–782. [Google Scholar] [CrossRef]

	



Walzem, R.L.; Dillard, C.J.; German, J.B. Whey components: Millennia of evolution create functionalities for mammalian nutrition: What we know and what we may be overlooking. Crit. Rev. Food Sci. Nutr. 2002, 42, 353–375. [Google Scholar] [CrossRef] [PubMed]

	



Bosselaers, I.E.M.; Caessens, P.W.J.R.; Van Boekel, M.A.J.S.; Alink, G.M. Differential effects of milk proteins, BSA and soy protein on 4NQO-or MNNG-induced SCEs in V79 cells. Food Chem. Toxicol. 1994, 32, 905–909. [Google Scholar] [CrossRef]

	



Laursen, I.; Briand, P.; Lykkesfeldt, A.E. Serum albumin as a modulator on growth of the human breast cancer cell line, MCF-7. Anticancer Res. 1990, 10, 343. [Google Scholar]

	



Mitra, A.K.; Mahalanabis, D.; Ashraf, H.; Unicomb, L.; Eeckels, R.; Tzipori, S. Hyperimmune cow colostrum reduces diarrhoea due to rotavirus: A double-blind, controlled clinical trial. Acta Paediatr. 1995, 84, 996–1001. [Google Scholar] [CrossRef]

	



Loimaranta, V.; Laine, M.; Soèderling, E.; Vasara, E.; Rokka, S.; Marnila, P.; Tenovuo, J. Effects of bovine immune and non-immune whey preparations on the composition and pH response of human dental plaque. Eur. J. Oral Sci. 1999, 107, 244–250. [Google Scholar] [CrossRef]

	



Freedman, D.J.; Tacket, C.O.; Delehanty, A.; Maneval, D.R.; Nataro, J.; Crabb, J.H. Milk immunoglobulin with specific activity against purified colonization factor antigens can protect against oral challenge with enterotoxigenic Escherichia coli. J. Infect. Dis. 1998, 177, 662–667. [Google Scholar] [CrossRef]

	



Okhuysen, P.C.; Chappell, C.L.; Crabb, J.; Valdez, L.M.; Douglass, E.T.; DuPont, H.L. Prophylactic effect of bovine anti-Cryptosporidium hyperimmune colostrum immunoglobulin in healthy volunteers challenged with Cryptosporidium parvum. Clin. Infect. Dis. 1998, 26, 1324–1329. [Google Scholar] [CrossRef]

	



Sharpe, S.J.; Gamble, G.D.; Sharpe, D.N. Cholesterol-lowering and blood pressure effects of immune milk. Am. J. Clin. Nutr. 1994, 59, 929–934. [Google Scholar] [CrossRef]

	



Mellander, O.L.O.F. The physiological importance of the casein phosphopeptide calcium salts. II. Peroral calcium dosage of infants. Some aspects of the pathogenesis of rickets. Acta Soc. Bot. Pol. 1950, 55, 247–257. [Google Scholar]

	



Korhonen, H.; Pihlanto-Leppälä, A. Milk-Derived Bioactive Peptides: Formation and Prospects for Health Promotion. In Handbook of Functional Dairy Products, Functional Foods and Neutraceuticals Series 6.0; CRC Press: Boca Raton, FL, USA, 2004; pp. 109–124. [Google Scholar]

	



Dziuba, J.; Nałęcz, D.; Minkiewicz, P.; Dziuba, B. Identification and determination of milk and soybean protein preparations using enzymatic hydrolysis followed by chromatography and chemometrical data analysis. Anal. Chim. Acta 2004, 521, 17–24. [Google Scholar] [CrossRef]

	



Clare, D.A.; Catignani, G.L.; Swaisgood, H.E. Biodefense properties of milk: The role of antimicrobial proteins and peptides. Curr. Pharm. Des. 2003, 9, 1239–1255. [Google Scholar] [CrossRef] [PubMed]

	



Gobbetti, M.; Stepaniak, L.; De Angelis, M.; Corsetti, A.; Di Cagno, R. Latent bioactive peptides in milk proteins: Proteolytic activation and significance in dairy processing. Crit. Rev. Food Sci. Nutr. 2002, 42, 223–239. [Google Scholar] [CrossRef]

	



Nongonierma, A.B.; FitzGerald, R.J. The scientific evidence for the role of milk protein-derived bioactive peptides in humans: A Review. J. Funct. Foods 2015, 17, 640–656. [Google Scholar] [CrossRef]

	



Li-Chan, E.C. Bioactive peptides and protein hydrolysates: Research trends and challenges for application as nutraceuticals and functional food ingredients. Curr. Opin. Food Sci. 2015, 1, 28–37. [Google Scholar] [CrossRef]

	



Fekete, A.A.; Givens, D.I.; Lovegrove, J.A. The impact of milk proteins and peptides on blood pressure and vascular function: A review of evidence from human intervention studies. Nutr. Res. Rev. 2013, 26, 177–190. [Google Scholar] [CrossRef]

	



Shimizu, M. Food-derived peptides and intestinal functions. Biofactors 2004, 21, 43–47. [Google Scholar] [CrossRef]

	



FitzGerald, R.J.; Meisel, H. Milk protein hydrolysates and bioactive peptides. In Advanced Dairy Chemistry—1 Proteins; Springer: New York, NY, USA, 2003; pp. 675–698. [Google Scholar]

	



Panchaud, A.; Affolter, M.; Kussmann, M. Mass spectrometry for nutritional peptidomics: How to analyze food bioactives and their health effects. J. Proteom. 2012, 75, 3546–3559. [Google Scholar] [CrossRef] [PubMed]

	



Agyei, D.; Danquah, M.K. Industrial-scale manufacturing of pharmaceutical-grade bioactive peptides. Biotechnol. Adv. 2011, 29, 272–277. [Google Scholar] [CrossRef]

	



Clemente, A. Enzymatic protein hydrolysates in human nutrition. Trends Food Sci. Technol. 2000, 11, 254–262. [Google Scholar] [CrossRef]

	



Byun, H.G.; Kim, S.K. Purification and characterization of angiotensin I converting enzyme (ACE) inhibitory peptides from Alaska pollack (Theragra chalcogramma) skin. Process Biochem. 2001, 36, 1155–1162. [Google Scholar] [CrossRef]

	



Najafian, L.; Babji, A.S. A review of fish-derived antioxidant and antimicrobial peptides: Their production, assessment, and applications. Peptides 2012, 33, 178–185. [Google Scholar] [CrossRef] [PubMed]

	



Yamamoto, N.; Ejiri, M.; Mizuno, S. Biogenic peptides and their potential use. Curr. Pharm. Des. 2003, 9, 1345–1355. [Google Scholar] [CrossRef]

	



Sarmadi, B.H.; Ismail, A. Antioxidative peptides from food proteins: A review. Peptides 2010, 31, 1949–1956. [Google Scholar] [CrossRef]

	



Savijoki, K.; Ingmer, H.; Varmanen, P. Proteolytic systems of lactic acid bacteria. Appl. Microbiol. Biotechnol. 2006, 71, 394–406. [Google Scholar] [CrossRef]

	



Christensen, J.E.; Dudley, E.G.; Pederson, J.A.; Steele, J.L. Peptidases and amino acid catabolism in lactic acid bacteria. Antonie Van Leeuwenhoek 1999, 76, 217–246. [Google Scholar] [CrossRef]

	



Piccolomini, A.; Iskandar, M.; Lands, L.; Kubow, S. High hydrostatic pressure pre-treatment of whey proteins enhances whey protein hydrolysate inhibition of oxidative stress and IL-8 secretion in intestinal epithelial cells. Food Nutr. Res. 2012, 56, 17549. [Google Scholar] [CrossRef]

	



Lands, L.C.; Iskandar, M.; Beaudoin, N.; Meehan, B.; Dauletbaev, N.; Berthiuame, Y. Dietary supplementation with pressurized whey in patients with cystic fibrosis. J. Med. Food 2010, 13, 77–82. [Google Scholar] [CrossRef]

	



Kong, B.; Peng, X.; Xiong, Y.L.; Zhao, X. Protection of lung fibroblast MRC-5 cells against hydrogen peroxide-induced oxidative damage by 0.1–2.8 kDa antioxidative peptides isolated from whey protein hydrolysate. Food Chem. 2012, 135, 540–547. [Google Scholar] [CrossRef]

	



Takayanagi, T.; Sasaki, H.; Kawashima, A.; Mizuochi, Y.; Hirate, H.; Sugiura, T.; Sobue, K. A New Enteral Diet, MHN-02, Which Contains Abundant Antioxidants and Whey Peptide, Protects Against Carbon Tetrachloride–Induced Hepatitis. J. Parenter. Enter. Nutr. 2011, 35, 516–522. [Google Scholar] [CrossRef]

	



Ross, E.K.; Gray, J.J.; Winter, A.N.; Linseman, D.A. Immunocal® and preservation of glutathione as a novel neuroprotective strategy for degenerative disorders of the nervous system. Recent Pat. Cns Drug Discov. 2012, 7, 230–235. [Google Scholar] [CrossRef] [PubMed]

	



Kim, J.; Paik, H.D.; Yoon, Y.C.; Park, E. Whey protein inhibits iron overload-induced oxidative stress in rats. J. Nutr. Sci. Vitaminol. 2013, 59, 198–205. [Google Scholar] [CrossRef]

	



Lyczak, J.B.; Cannon, C.L.; Pier, G.B. Lung infections associated with cystic fibrosis. Clin. Microbiol. Rev. 2002, 15, 194–222. [Google Scholar] [CrossRef]

	



Kishta, O.A.; Iskandar, M.; Dauletbaev, N.; Kubow, S.; Lands, L.C. Pressurized whey protein can limit bacterial burden and protein oxidation in Pseudomonas aeruginosa lung infection. Nutrition 2013, 29, 918–924. [Google Scholar] [CrossRef]

	



Athira, S.; Mann, B.; Sharma, R.; Kumar, R. Ameliorative potential of whey protein hydrolysate against paracetamol-induced oxidative stress. J. Dairy Sci. 2013, 96, 1431–1437. [Google Scholar] [CrossRef] [PubMed]

	



Liu, J.; Wang, X.; Zhao, Z. Effect of whey protein hydrolysates with different molecular weight on fatigue induced by swimming exercise in mice. J. Sci. Food Agric. 2014, 94, 126–130. [Google Scholar] [CrossRef]

	



Haque, E.; Chand, R.; Kapila, S. Biofunctional properties of bioactive peptides of milk origin. Food Rev. Int. 2008, 25, 28–43. [Google Scholar] [CrossRef]

	



Mullally, M.M.; Meisel, H.; FitzGerald, R.J. Angiotensin-I-converting enzyme inhibitory activities of gastric and pancreatic proteinase digests of whey proteins. Int. Dairy J. 1997, 7, 299–303. [Google Scholar] [CrossRef]

	



Pihlanto-Leppälä, A. Bioactive peptides derived from bovine whey proteins: Opioid and ace-inhibitory peptides. Trends Food Sci. Technol. 2000, 11, 347–356. [Google Scholar] [CrossRef]

	



Eliseeva, I.E. Angiotensin-converting enzyme and its physiological role. Voprosy Meditsinskoi Khimii 2001, 47, 43–54. [Google Scholar]

	



Estévez, N.; Fuciños, P.; Sobrosa, A.C.; Pastrana, L.; Pérez, N.; Luisa Rúa, M. Modeling the angiotensin-converting enzyme inhibitory activity of peptide mixtures obtained from cheese whey hydrolysates using concentration–response curves. Biotechnol. Prog. 2012, 28, 1197–1206. [Google Scholar] [CrossRef]

	



Chiba, H.; Yoshikawa, M. Biologically Functional Peptides from Food Proteins: New Opioid Peptides from Milk Proteins. In Protein Tailoring for Food and Medical Uses; Feeney, R.E., Whitaker, J.R., Eds.; Marcel Dekker: New York, NY, USA, 1986; pp. 123–153. [Google Scholar]

	



Teschemacher, H.; Brantl, V. Milk Protein Derived Atypical Opioid Peptides and Related Compounds with Opioid Antagonist Activity. In β-Casomorphins and Related Peptides: Recent Developments; Brantl, V., Teschemacher, H., Eds.; VCH: Weinheim, Germany, 1994; pp. 3–17. [Google Scholar]

	



Paakkari, I.; Järvinen, A.; Antila, P.; Mattila, M.J.; Pihlanto-Leppälä, A. Opioid effect of the milk whey protein-derived peptides alpha-and betalactorphin. In Beta-Casomorphins and Related Peptides: Recent Development; Brantl, V., Teschemacher, H., Eds.; VCH: Weinheim, Germany, 1994; pp. 33–37. [Google Scholar]

	



Casqueiro, J.; Casqueiro, J.; Alves, C. Infections in patients with diabetes mellitus: A review of pathogenesis. Indian J. Endocrinol. Metab. 2012, 16 (Suppl. 1), S27. [Google Scholar]

	



Jain, S.K. L-cysteine supplementation as an adjuvant therapy for type-2 diabetes. Can. J. Physiol. Pharm. 2012, 90, 1061–1064. [Google Scholar] [CrossRef]

	



Badr, G.; Badr, B.M.; Mahmoud, M.H.; Mohany, M.; Rabah, D.M.; Garraud, O. Treatment of diabetic mice with undenatured whey protein accelerates the wound healing process by enhancing the expression of MIP-1α, MIP-2, KC, CX3CL1 and TGF-β in wounded tissue. BMC Immunol. 2012, 13, 32. [Google Scholar] [CrossRef] [PubMed]

	



Salehi, A.; Gunnerud, U.; Muhammed, S.J.; Östman, E.; Holst, J.J.; Björck, I.; Rorsman, P. The insulinogenic effect of whey protein is partially mediated by a direct effect of amino acids and GIP on β-cells. Nutr. Metab. 2012, 9, 48. [Google Scholar] [CrossRef] [PubMed]

	



Mortensen, L.S.; Holmer-Jensen, J.; Hartvigsen, M.L.; Jensen, V.K.; Astrup, A.; De Vrese, M.; Hermansen, K. Effects of different fractions of whey protein on postprandial lipid and hormone responses in type 2 diabetes. Eur. J. Clin. Nutr. 2012, 66, 799–805. [Google Scholar] [CrossRef]

	



Toedebusch, R.G.; Childs, T.E.; Hamilton, S.R.; Crowley, J.R.; Booth, F.W.; Roberts, M.D. Postprandial leucine and insulin responses and toxicological effects of a novel whey protein hydrolysate-based supplement in rats. J. Int. Soc. Sports Nutr. 2012, 9, 24. [Google Scholar] [CrossRef]

	



Akhavan, T.; Luhovyy, B.L.; Panahi, S.; Kubant, R.; Brown, P.H.; Anderson, G.H. Mechanism of action of pre-meal consumption of whey protein on glycemic control in young adults. J. Nutr. Biochem. 2014, 25, 36–43. [Google Scholar] [CrossRef]

	



Tong, X.; Li, W.; Xu, J.Y.; Han, S.; Qin, L.Q. Effects of whey protein and leucine supplementation on insulin resistance in non-obese insulin-resistant model rats. Nutrition 2014, 30, 1076–1080. [Google Scholar] [CrossRef]

	



Attaallah, W.; Yılmaz, A.M.; Erdoğan, N.; Yalçın, A.S.; Aktan, A.Ö. Whey protein versus whey protein hydrolyzate for the protection of azoxymethane and dextran sodium sulfate induced colonic tumors in rats. Pathol. Oncol. Res. 2012, 18, 817–822. [Google Scholar] [CrossRef] [PubMed]

	



Castro, G.A.; Maria, D.A.; Bouhallab, S.; Sgarbieri, V.C. In vitro impact of a whey protein isolate (WPI) and collagen hydrolysates (CHs) on B16F10 melanoma cells proliferation. J. Dermatol. Sci. 2009, 56, 51–57. [Google Scholar] [CrossRef]

	



Takata, T.; Tanaka, F.; Yamada, T.; Yanagihara, K.; Otake, Y.; Kawano, Y.; Wada, H. Clinical significance of caspase-3 expression in pathologic-stage I, nonsmall-cell lung cancer. Int. J. Cancer 2001, 96, 54–60. [Google Scholar] [CrossRef]

	



Dillon, E.L.; Basra, G.; Horstman, A.M.; Casperson, S.L.; Randolph, K.M.; Durham, W.J.; Willis, M. Cancer cachexia and anabolic interventions: A case report. J. Cachexia Sarcopenia Muscle 2012, 3, 253–263. [Google Scholar] [CrossRef]

	



Zhang, Q.X.; Ling, Y.F.; Sun, Z.; Zhang, L.; Yu, H.X.; Kamau, S.M.; Lu, R.R. Protective effect of whey protein hydrolysates against hydrogen peroxide-induced oxidative stress on PC12 cells. Biotechnol. Lett. 2012, 34, 2001–2006. [Google Scholar] [CrossRef]

	



Pérez-Cano, F.J.; Marin-Gallen, S.; Castell, M.; Rodríguez-Palmero, M.; Rivero, M.; Franch, A.; Castellote, C. Bovine whey protein concentrate supplementation modulates maturation of immune system in suckling rats. Br. J. Nutr. 2007, 98, S80–S84. [Google Scholar] [CrossRef]

	



Alexander, D.D.; Schmitt, D.F.; Tran, N.L. Partially hydrolyzed 100% whey protein infant formula and atopic dermatitis risk reduction: A systematic review of the literature. Nutr. Rev. 2010, 68, 232–245. [Google Scholar] [CrossRef]

	



Prussick, R.; Prussick, L.; Gutman, J. Psoriasis improvement in patients using glutathione-enhancing, nondenatured whey protein isolate: A pilot study. J. Clin. Aesthetic Dermatol. 2013, 6, 23. [Google Scholar]

	



Morton, J.P.; Kayani, A.C.; McArdle, A.; Drust, B. The exercise-induced stress response of skeletal muscle, with specific emphasis on humans. Sports Med. 2009, 39, 643–662. [Google Scholar] [CrossRef]

	



Freidenreich, D.J.; Volek, J.S. Immune responses to resistance exercise. Exerc. Immunol. Rev. 2012, 18, 8–41. [Google Scholar]

	



Morato, P.N.; Lollo, P.C.B.; Moura, C.S.; Batista, T.M.; Carneiro, E.M.; Amaya-Farfan, J. A dipeptide and an amino acid present in whey protein hydrolysate increase translocation of GLUT-4 to the plasma membrane in Wistar rats. Food Chem. 2013, 139, 853–859. [Google Scholar] [CrossRef]

	



Martin, V.; Ratel, S.; Siracusa, J.; Le Ruyet, P.; Savary-Auzeloux, I.; Combaret, L.; Dardevet, D. Whey proteins are more efficient than casein in the recovery of muscle functional properties following a casting induced muscle atrophy. PLoS ONE 2013, 8, e75408. [Google Scholar] [CrossRef]

	



Churchward-Venne, T.A.; Breen, L.; Di Donato, D.M.; Hector, A.J.; Mitchell, C.J.; Moore, D.R.; Phillips, S.M. Leucine supplementation of a low-protein mixed macronutrient beverage enhances myofibrillar protein synthesis in young men: A double-blind, randomized trial. Am. J. Clin. Nutr. 2014, 99, 276–286. [Google Scholar] [CrossRef] [PubMed]

	



Lollo, P.C.B.; Amaya-Farfan, J.; Faria, I.C.; Salgado, J.V.V.; Chacon-Mikahil, M.P.T.; Cruz, A.G.; Arruda, M. Hydrolysed whey protein reduces muscle damage markers in Brazilian elite soccer players compared with whey protein and maltodextrin. A twelve-week in-championship intervention. Int. Dairy J. 2014, 34, 19–24. [Google Scholar] [CrossRef]

	



Volek, J.S.; Volk, B.M.; Gómez, A.L.; Kunces, L.J.; Kupchak, B.R.; Freidenreich, D.J.; Quann, E.E. Whey protein supplementation during resistance training augments lean body mass. J. Am. Coll. Nutr. 2013, 32, 122–135. [Google Scholar] [CrossRef] [PubMed]

	



Roblet, C.; Amiot, J.; Lavigne, C.; Marette, A.; Lessard, M.; Jean, J.; Bazinet, L. Screening of in vitro bioactivities of a soy protein hydrolysate separated by hollow fiber and spiral-wound ultrafiltration membranes. Food Res. Int. 2012, 46, 237–249. [Google Scholar] [CrossRef]

	



Del Mar Contreras, M.; Lpez-Expsito, I.; Hernndez-Ledesma, B.; Ramos, M.; Recio, I. Application of mass spectrometry to the characterization and quantification of food-derived bioactive peptides. J. AOAC Int. 2008, 91, 981–994. [Google Scholar] [CrossRef]

	



Pownall, T.L.; Udenigwe, C.C.; Aluko, R.E. Amino acid composition and antioxidant properties of pea seed (Pisum sativum L.) enzymatic protein hydrolysate fractions. J. Agric. Food Chem. 2010, 58, 4712–4718. [Google Scholar] [CrossRef]

	



Haileselassie, S.S.; Lee, B.H.; Gibbs, B.F. Purification and identification of potentially bioactive peptides from enzyme-modified cheese. J. Dairy Sci. 1999, 82, 1612–1617. [Google Scholar] [CrossRef]

	



Chiang, W.D.; Tsou, M.J.; Tsai, Z.Y.; Tsai, T.C. Angiotensin I-converting enzyme inhibitor derived from soy protein hydrolysate and produced by using membrane reactor. Food Chem. 2006, 98, 725–732. [Google Scholar] [CrossRef]

	



Hayes, M.; Ross, R.P.; Fitzgerald, G.F.; Hill, C.; Stanton, C. Casein-derived antimicrobial peptides generated by Lactobacillus acidophilus DPC6026. Appl. Environ. Microbiol. 2006, 72, 2260–2264. [Google Scholar] [CrossRef]

	



Liu, R.; Zheng, W.; Li, J.; Wang, L.; Wu, H.; Wang, X.; Shi, L. Rapid identification of bioactive peptides with antioxidant activity from the enzymatic hydrolysate of Mactra veneriformis by UHPLC–Q-TOF mass spectrometry. Food Chem. 2015, 167, 484–489. [Google Scholar] [CrossRef]

	



Minkiewicz, P.; Dziuba, J.; Iwaniak, A.; Dziuba, M.; Darewicz, M. BIOPEP database and other programs for processing bioactive peptide sequences. J. AOAC Int. 2008, 91, 965–980. [Google Scholar] [CrossRef] [PubMed]

	



Kinsella, J.E.; Whitehead, D.M. Proteins in Whey: Chemical, Physical, and Functional Properties. In Advances in Food and Nutrition Research; Academic Press, Inc.: Cambridge, MA, USA, 1989; Volume 33, pp. 343–438. [Google Scholar]

	



Kella, N.K.D.; Kinsella, J.E. Enhanced thermodynamic stability of β-lactoglobulin at low pH. A possible mechanism. Biochem. J. 1988, 255, 113–118. [Google Scholar] [CrossRef] [PubMed]

	



Haque, Z.; Kinsella, J.E. Interaction between κ-casein and β-lactoglobulin: Effect of calcium. Agric. Biol. Chem. 1987, 51, 1997–1998. [Google Scholar] [CrossRef]

	



Modler, H.W.; Emmons, D.B. Properties of whey protein concentrate prepared by heating under acidic conditions. J. Dairy Sci. 1977, 60, 177–184. [Google Scholar] [CrossRef]

	



Rüegg, M.; Moor, U.; Blanc, B. A calorimetric study of the thermal denaturation of whey proteins in simulated milk ultrafiltrate. J. Dairy Res. 1977, 44, 509–520. [Google Scholar] [CrossRef]

	



Kronman, M.J.; Sinha, S.K.; Brew, K. Characteristics of the binding of Ca2+ and other divalent metal ions to bovine alpha-lactalbumin. J. Biol. Chem. 1981, 256, 8582–8587. [Google Scholar]

	



Kinsella, J.E.; Morr, C.V. Milk proteins: Physicochemical and functional properties. Crit. Rev. Food Sci. Nutr. 1984, 21, 197–262. [Google Scholar] [CrossRef]

	



Kinsella, J.E.; Fox, P.F.; Rockland, L.B. Water sorption by proteins: Milk and whey proteins. Crit. Rev. Food Sci. Nutr. 1986, 24, 91–139. [Google Scholar] [CrossRef]

	



Neff, E.; Morris, H.A.L. Agglomeration of milk powder and its influence on reconstitution properties. J. Dairy Sci. 1968, 51, 330–338. [Google Scholar] [CrossRef]

	



Townend, R.; Gyuricsek, D.M. Heat denaturation of whey and model protein systems. J. Dairy Sci. 1974, 57, 1152–1158. [Google Scholar] [CrossRef]

	



Kohnhorst, A.L.; Mangino, M.E. Prediction of the strength of whey protein gels based on composition. J. Food Sci. 1985, 50, 1403–1405. [Google Scholar] [CrossRef]

	



Mulvihill, D.M.; Kinsella, J.E. Gelation of β-lactoglobulin: Effects of sodium chloride and calcium chloride on the rheological and structural properties of gels. J. Food Sci. 1988, 53, 231–236. [Google Scholar] [CrossRef]

	



Bernal, V.; Jelen, P. Thermal stability of whey proteins—A calorimetric study. J. Dairy Sci. 1985, 68, 2847–2852. [Google Scholar] [CrossRef]

	



Clark, A.H.; Saunderson, D.H.P.; Suggett, A. Infrared and laser-Raman spectroscopic studies of thermally-induced globular protein gels. Int. J. Pept. Protein Res. 1981, 17, 353–364. [Google Scholar] [CrossRef]

	



Harwalkar, V.R.; Kalab, M. Thermal denaturation and aggregation of blactoglobulin at pH 2.5. Effect of ionic strength and protein concentration. Milchwissenschaft 1985, 40, 31–34. [Google Scholar]

	



Farooq, Z.; Boye, J.I. Novel Food and Industrial Applications of Pulse Flours and Fractions. In Pulse Foods: Processing, Quality and Nutraceutical Applications; Tiwari, B.K., Gowen, A., McKenna, B., Eds.; Elsevier: Amsterdam, The Netherlands, 2011; pp. 283–323. [Google Scholar]

	



Shimizu, M.; Kamiya, T.; Yamauchi, K. The adsorption of whey proteins on the surface of emulsified fat. Agric. Biol. Chem. 1981, 45, 2491–2496. [Google Scholar]

	



Yamauchi, K.; Shimizu, M.; Kamiya, T. Emulsifying properties of whey protein. J. Food Sci. 1980, 45, 1237–1242. [Google Scholar] [CrossRef]

	



Tornberg, E. Functional characterization of protein stabilized emulsions: Creaming stability. J. Food Sci. 1978, 43, 1559–1562. [Google Scholar] [CrossRef]

	



Slack, A.W.; Amundson, C.H.; Hill, C.G., Jr. Foaming and emulsifying characteristics of fractionated whey protein. J. Food Process. Preserv. 1986, 10, 81–88. [Google Scholar] [CrossRef]

	



Kato, A.; Osako, Y.; Matsudomi, N.; Kobayashi, K. Changes in the emulsifying and foaming properties of proteins during heat denaturation. Agric. Biol. Chem. 1983, 47, 33–37. [Google Scholar]

	



Hernández-Ledesma, B.; García-Nebot, M.J.; Fernández-Tomé, S.; Amigo, L.; Recio, I. Dairy protein hydrolysates: Peptides for health benefits. Int. Dairy J. 2014, 38, 82–100. [Google Scholar] [CrossRef]

	



LaClair, C.E.; Etzel, M.R. Ingredients and pH are key to clear beverages that contain whey protein. J. Food Sci. 2010, 75, C21–C27. [Google Scholar] [CrossRef] [PubMed]

	



Kato, A.K.I.O. Industrial applications of Maillard-type protein-polysaccharide conjugates. Food Sci. Technol. Res. 2002, 8, 193–199. [Google Scholar] [CrossRef]

	



Zhang, L.; Li, J.; Zhou, K. Chelating and radical scavenging activities of soy protein hydrolysates prepared from microbial proteases and their effect on meat lipid peroxidation. Bioresour. Technol. 2010, 101, 2084–2089. [Google Scholar] [CrossRef]

	



Oliver, C.M.; Melton, L.D.; Stanley, R.A. Functional properties of caseinate glycoconjugates prepared by controlled heating in the ‘dry’state. J. Sci. Food Agric. 2006, 86, 732–740. [Google Scholar] [CrossRef]

	



Krzeminski, A.; Prell, K.A.; Busch-Stockfisch, M. Whey protein–pectin complexes as new texturising elements in fat-reduced yoghurt systems. Int. Dairy J. 2014, 36, 118–127. [Google Scholar] [CrossRef]

	



Kuhn, K.R.; Cunha, R.L. Flaxseed oil–whey protein isolate emulsions: Effect of high pressure homogenization. J. Food Eng. 2012, 111, 449–457. [Google Scholar] [CrossRef]

	



Akalın, A.S.; Unal, G.; Dinkci, N.; Hayaloglu, A.A. Microstructural, textural, and sensory characteristics of probiotic yogurts fortified with sodium calcium caseinate or whey protein concentrate. J. Dairy Sci. 2012, 95, 3617–3628. [Google Scholar] [CrossRef] [PubMed]

	



Nadeem, M.; Muhammad Anjum, F.; Murtaza, M.A.; Mueen-ud-Din, G. Development, characterization, and optimization of protein level in date bars using response surface methodology. Sci. World J. 2012, 2012. [Google Scholar] [CrossRef] [PubMed]

	



Leksrisompong, P.; Gerard, P.; Lopetcharat, K.; Drake, M. Bitter taste inhibiting agents for whey protein hydrolysate and whey protein hydrolysate beverages. J. Food Sci. 2012, 77, S282–S287. [Google Scholar] [CrossRef] [PubMed]

	



Gad, A.S.; Khadrawy, Y.A.; El-Nekeety, A.A.; Mohamed, S.R.; Hassan, N.S.; Abdel-Wahhab, M.A. Antioxidant activity and hepatoprotective effects of whey protein and Spirulina in rats. Nutrition 2011, 27, 582–589. [Google Scholar] [CrossRef]

	



Kattan, J.D.; Cocco, R.R.; Järvinen, K.M. Milk and soy allergy. Pediatr. Clin. N. Am. 2011, 58, 407–426. [Google Scholar] [CrossRef]

	



Botteman, M.; Detzel, P. Cost-effectiveness of partially hydrolyzed whey protein formula in the primary prevention of atopic dermatitis in high-risk urban infants in Southeast Asia. Ann. Nutr. Metab. 2015, 66 (Suppl. 1), 26–32. [Google Scholar] [CrossRef]

	



Ameratunga, R.; Woon, S.T. Anaphylaxis to hyperallergenic functional foods. Allergy Asthma Clin. Immunol. 2010, 6, 33. [Google Scholar] [CrossRef]

	



Hochwallner, H.; Schulmeister, U.; Swoboda, I.; Spitzauer, S.; Valenta, R. Cow’s milk allergy: From allergens to new forms of diagnosis, therapy and prevention. Methods 2014, 66, 22–33. [Google Scholar] [CrossRef]

	



Bu, G.; Luo, Y.; Zheng, Z.; Zheng, H. Effect of heat treatment on the antigenicity of bovine α-lactalbumin and β-lactoglobulin in whey protein isolate. Food Agric. Immunol. 2009, 20, 195–206. [Google Scholar] [CrossRef]

	



Duan, C.C.; Yang, L.J.; Li, A.L.; Zhao, R.; Huo, G.C. Effects of Enzymatic Hydrolysis on the Allergenicity of Whey Protein Concentrates. Iran J. Allergy Asthma Immunol. 2014, 13, 231–239. [Google Scholar]

	



Nedovic, V.A.; Obradovic, B.; Leskosek-Cukalovic, I.; Vunjak-Novakovic, G. Immobilized yeast bioreactor systems for brewing—Recent achievements. In Engineering and Manufacturing for Biotechnology; Springer: Berlin/Heidelberg, Germany, 2001; pp. 277–292. [Google Scholar]

	



De Vos, P.; Faas, M.M.; Spasojevic, M.; Sikkema, J. Encapsulation for preservation of functionality and targeted delivery of bioactive food components. Int. Dairy J. 2010, 20, 292–302. [Google Scholar] [CrossRef]

	



Desai, K.G.H.; Jin Park, H. Recent developments in microencapsulation of food ingredients. Dry. Technol. 2005, 23, 1361–1394. [Google Scholar] [CrossRef]

	



Wandrey, C.; Bartkowiak, A.; Harding, S.E. Materials for Encapsulation. In Encapsulation Technologies for Active Food Ingredients and Food Processing; Springer: New York, NY, USA, 2010; pp. 31–100. [Google Scholar]

	



Martin, A.H.; De Jong, G.A.H. Enhancing the in vitro Fe2+ bio-accessibility using ascorbate and cold-set whey protein gel particles. Dairy Sci. Technol. 2012, 92, 133–149. [Google Scholar] [CrossRef]

	



Pérez-Masiá, R.; López-Nicolás, R.; Periago, M.J.; Ros, G.; Lagaron, J.M.; López-Rubio, A. Encapsulation of folic acid in food hydrocolloids through nanospray drying and electrospraying for nutraceutical applications. Food Chem. 2015, 168, 124–133. [Google Scholar] [CrossRef]

	



Gülseren, İ.; Fang, Y.; Corredig, M. Complexation of high methoxyl pectin with ethanol desolvated whey protein nanoparticles: Physico-chemical properties and encapsulation behaviour. Food Funct. 2012, 3, 859–866. [Google Scholar] [CrossRef]

	



Parris, N.; Cooke, P.H.; Hicks, K.B. Encapsulation of essential oils in zein nanospherical particles. J. Agric. Food Chem. 2005, 53, 4788–4792. [Google Scholar] [CrossRef]

	



Mehyar, G.F.; Al-Isamil, K.M.; Al-Ghizzawi, H.A.M.; Holley, R.A. Stability of cardamom (Elettaria Cardamomum) essential oil in microcapsules made of whey protein isolate, guar gum, and carrageenan. J. Food Sci. 2014, 79, C1939–C1949. [Google Scholar] [CrossRef] [PubMed]

	



Janjarasskul, T.; Tananuwong, K.; Krochta, J.M. Whey protein film with oxygen scavenging function by incorporation of ascorbic acid. J. Food Sci. 2011, 76, E561–E568. [Google Scholar] [CrossRef]

	



Cinelli, P.; Schmid, M.; Bugnicourt, E.; Wildner, J.; Bazzichi, A.; Anguillesi, I.; Lazzeri, A. Whey protein layer applied on biodegradable packaging film to improve barrier properties while maintaining biodegradability. Polym. Degrad. Stab. 2014, 108, 151–157. [Google Scholar] [CrossRef]

	



Tippetts, M.; Martini, S.; Brothersen, C.; McMahon, D.J. Fortification of cheese with vitamin D3 using dairy protein emulsions as delivery systems. J. Dairy Sci. 2012, 95, 4768–4774. [Google Scholar] [CrossRef]

	



Li, M.; Ma, Y.; Cui, J. Whey-protein-stabilized nanoemulsions as a potential delivery system for water-insoluble curcumin. LWT-Food Sci. Technol. 2014, 59, 49–58. [Google Scholar] [CrossRef]








[image: Dairy 01 00016 g001 550] 





Figure 1. Production of whey protein derivatives. 
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Figure 2. Biological properties of the whey protein derivatives. 
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Table 1. Whey protein constituents and its composition a.
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	Whey Protein Constituent
	Concentration (g/L) b,e
	Molecular Weight in kDa c,d
	Number of Amino Acid Residues c





	α-Lactalbumin
	1.2
	14,175
	123



	β-Lactoglobulin
	1.3
	18,277
	162



	Bovine serum albumin
	0.4
	66,267
	582



	Immunoglobulins

(A, M, and C)
	0.7
	25,000 (light chain) and 50,000–70,000 (heavy chain)
	-



	Bovine lactoferrin
	0.1
	80,000
	700



	Glycomacropeptide
	1.2
	6700
	64



	bovine Lactoperoxidase
	0.03
	70,000
	612







References: a [3], b [18], c [19], d [20], e [21].
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Table 2. Biological activities of the major whey protein constituents based on Madureira et al. (2007) [3].
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Whey Protein Constituent

	
Biological Activities

	
References






	
α-Lactalbumin

	
Anticancer activity

	
[18]




	
Lactose metabolism and synthesis

	
[39]




	
Treatment of chronic stress-induced disease

	
[40]




	
β-Lactoglobulin

	
Transporter of retinol, fatty acids, palmitate, vitamin D and cholesterol

	
[41,42,43]




	
Increase in pregastric esterase activity

	
[44]




	
Mammary gland phosphorus synthesis and metabolism

	
[45]




	
Passive immunity transfer

	
[46]




	
Bovine serum albumin

	
Bind fatty acids

	
[47]




	
Anti-mutagenic activity

	
[48]




	
Anti-cancer activity

	
[49]




	
Immune system modulation through passive immunity

	
[50,51]




	
Immunoglobulins

(A, M, and C)

	
Antimicrobial activity

	
[52]




	
Antifungal activity

	
[53]




	
Opioid activity

	
[54]
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Table 3. Processing conditions and extrinsic and intrinsic parameters affecting the functional properties of whey proteins (sourced from [123]).
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Processing conditions

	
Heating




	
Acidification




	
Counter ions




	
Ionic strength




	
Reducing conditions




	
Drying




	
Storage conditions




	
Modifications related to physical, chemical, enzymatic, and genetic




	
Extrinsic parameters

	
Temperature




	
pH




	
Oxidation-reduction potential




	
Salts or ions




	
Water




	
Carbohydrates




	
Lipids




	
Gums




	
Surfactants




	
Tannins




	
Intrinsic parameters

	
Protein composition




	
Monomeric oligomeric




	
Protein blends




	
Rigidity/flexibility




	
Hydrophobicity or hydrophilicity




	
Surface charge




	
Bound flavor ligands
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