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PREFACE

This is an exciting time for all who wish to understand the nature of food and how it changes during storage,
processing, cooking and digestion. This is because science has turned its focus onto soft matter and food is very
largely soft matter. Earlier scientific effort was preoccupied with simple molecules in solution and solids
(preferably pure crystalline proteins). When you think about it, knowing the total protein, carbohydrate, lipid
and vitamin contents of a food doesn’t tell you much about the nature of the food and how it will provide
nutrients for us. Now we are seeing a huge effort to understand soft matter, which is directly applicable to food.
Meaning we are increasing our knowledge of how food components (both macromolecules such as proteins
and polysaccharides as well as smaller molecules) interact chemically with each other; leading ultimately to
understanding the complex chemical structure of foods (everything from apples and ice cream to vegetable
protein meat-substitutes and food for a visit to Mars).

A golden age for food research has begun, with so many new techniques available such as CRISPR, isothermal
calorimetry (ITC), analytical ultracentrifugation (AUC), small angle neutron and X-ray scattering (SANS, SAXS),
surface plasmon resonance, electronic tweezers, and computer modelling (for example molecular dynamics
simulations for understanding the interactions of proteins and polysaccharides, enzymes and substrates,
bioactives and encapsulating agents). This is in addition to the tried and tested techniques of nuclear magnetic
resonance (NMR), mass spectroscopy, electron and confocal microscopy, high performance liquid chroma-
tography (HPLC), and gas chromatography. Biosensors publications are huge and nanotechnology is a hot topic
for research.

The Encyclopedia of Food Chemistry is for people who have a basic knowledge of food chemistry and wish to
expand their understanding of a topic based on information from a reliable source. No fake news here! We
welcome you to enjoy the excitement captured here by experts from across the planet.

Laurence D. Melton
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Acids and Bases in Food
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General Definition and Theory

According to the theory of Bransted-Lowry, an acid is a chemical substance that can donate protons (H*), i.e. a proton donor, while
a base is a chemical substance that has a tendency to accept those protons, i.e. a proton acceptor:

HA—H'T + A~

H" +B—BH™

A global acid-base reaction can, hence, be written as:

HA+B — BH" + A~

Water can both act as base and acid:
2H,0 — H;0" + OH~

It has been shown that in pure water, the concentration of both these ions (H;O* and OH™) is 1077 M. In the presence of an
acid, a proton donor, the concentration of protons in solution will increase and surpass the ‘neutral’ concentration of 10" M, while
a base, a proton acceptor, will deplete the protons in solution and the proton concentration will decrease below the ‘neutral’
concentration of 1077 M. A logarithmic scale has been introduced to make the concept ‘proton concentration in solutions’ more
tangible, i.e. the pH scale:

pH = —log [HgOﬂ

In neutral solutions, the H3O* (or HT) concentration is 10”7 M and the pH would, hence, be 7.0. In acid solutions the pH will
be lower than 7.0 while in alkaline solutions the pH will be higher. It is important to keep in mind that the pH scale is a logarithmic
scale, which implies that when the pH decreases with one unit, the proton concentration actually multiplies by a factor 10.

With every acid and base a certain ‘strength’ is associated. This strength is an indication of the tendency of an acid or base to
donate or accept protons, respectively. Strong acids/bases are usually completely deprotonated/protonated in water, while weak
acids/bases will only be partially deprotonated/protonated in water. This is quantitatively expressed by the dissociation constants
that are associated with these acids/bases. An in-depth explanation on how to use these dissociation constants can be found in most
chemistry handbooks, but falls outside the scope of this chapter.

Acid and Bases in the Food Sector

Food products are often classified according to their acidity (Table 1). Fruits are widely perceived as acid foods. The pH in a lime for
example can be as low as pH 2.0, apples and grapes have pH values around 4.0, while bananas have a pH around 5.0. The pH of
avocados is close to neutrality. Most vegetables have slightly acid pH values. Examples of neutral pH food products are milk and
water. Tea, tofu and some cheeses are alkaline food products (Table 1) (US. Food and Drug Administration/Center for Food Safety
and Applied Nutrition, 2003).

In addition to the naturally present acids and bases in food products, acids and bases are often also included in the product
recipe as food additive or processing aid, or are generated during processing. Fermentation of food e.g. is an example of the in
situ production of acid during processing.

Besides the targeted functionality, the selection of the acid or base which is most suitable for a specific food product depends on
the flavor profile, the solubility and the hygroscopicity of the acid/base, and the food pH. Hygroscopicity, i.e. the tendency to absorb
moisture, is especially important for those applications focusing on dry mixes or powders (Igoe, 2011). Besides the physical form of
the food product, the cost, legal requirements, availability and storage and handling properties of the acids/bases are also
considered when selecting the appropriate acid.

Acids in the Food Sector

Current consumer trends towards clean label food products boost the use of so-called ‘natural’ acids (such as lime juice) or acid
producing processes during food production. Biopreservation is one of the technologies that has recently gained a lot of attention
and uses beneficial microbes such as lactic acid bacteria and their products (usually acids) to ensure food safety and shelf-life
(Akbar et al., 2016). The most common acids for food use are organic acids such as acetic, lactic and citric acid. Phosphoric acid
is an example of a mineral acid present in food. In Fig. 1, the structure of the different organic acids that will be discussed in
this section are listed. Acids approved for use in food have been given an E-number by the European Food Safety Authority
(EFSA). Their E-numbers classify most of them either in the preservative list (E200-E299) or as antioxidants and acidity regulators
(E300-399). E-numbers are also increasingly found on products in North-America and largely follow the numbering of the
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Table 1 pH of some common foods or food ingredients (U.S. Food and
Drug Administration/Center for Food Safety and Applied Nutrition, 2003)

Food product/ingredient PH value
Apple juice 3.4-4.0
Apple sauce 3.1-3.6
Artichokes 5.5-6.0
Avocados 6.3-6.6
Bananas 4.5-5.2
Broccoli 6.3-6.9
Butter 6.1-6.4
Cabbage 5.2-6.8
Carrots 5.9-6.4
Cheese 4.1 (cream cheese)
7.4 (camembert cheese)
Coconut 5.5-7.8
Corn 5.9-75
Corn starch 4.0-7.0
Cucumber 51-5.8
Flour 6.0-6.3
Garlic 5.8
Grapes 2.8-3.8
Grapefruit 3.0-3.8
Honey 3.9
Fruit jam 3.5-45
Ketchup 3.9
Lettuce 5.7-6.1
Maple syrup 52
Milk 6.4-6.8
Molasses 5.0-5.5
Mushrooms 6.0-6.7
Pineapple 3.2-4.0
Potatoes 5.4-59
Pumpkin 49-55
Rhubarb 3.1-3.4
Rice (cooked) 6.0-6.8 (range includes brown,
white and wild rice)
Spinach 5.5-6.8
Strawberries 3.0-3.9
Sugar 5.0-6.0
Tea 7.2
Tofu 7.2
Tomatoes 43-49
Vinegar 24-34

International Numbering System for Food Additives (INS) that is defined in the Codex Alimentarius (Food and Agriculture
Organization of the United Nations and World Health Organization, 2017).

Functionalities that are targeted by adding acids to processed foods range from enhancing or altering flavor (e.g. in beverages,
fruit drinks and desserts), improving food preservation (e.g. in mayonnaise, tomato sauce, delaying/inhibiting fruit discoloration),
chelating metals (e.g. preventing oxidation of fatty and oily foods and delaying/inhibiting canned shrimp discoloration), buffering
of food products (e.g. in prepared desserts), gelling (e.g. in desserts and jams) and/or coagulation (e.g. cheese and milk-based
desserts) (Igoe, 2011). The perception of sour taste or flavor is a very complex phenomenon and falls outside the scope of this
chapter. The interested reader is referred to the excellent review of Ramos Da Conceicao Neta et al. (2007).

In what follows, a few examples of acids important in the food sector are listed. It needs to be emphasized, however, that this list
is not complete and other food additives exist which also have an effect on the pH of the food system.

Acetic Acid

Acetic acid (E260 or INS 260), sometimes even called ethanoic acid (Fig. 1, Table 2), is a colorless organic acid with a very strong
smell. According to the Codex Alimentarius (Food and Agriculture Organization of the United Nations and World Health
Organization, 2017) it is classified as an acidity regulator and preservative. Acetic acid is the main acid in vinegar, in which it is often
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Table 2 Overview of a selection of common acids used as additives in the food sector (Igoe, 2011; Ramos Da Conceicao Neta et al., 2007)

PH of 1.0% Acid dissociation
Acid Appearance solution Sensory properties constants Water solubility Examples of use
Acetic acid Liquid 2.8 Astringent, tart and sour, 4.75 High miscibility and  Salad dressings,
vinegary solubility pickles, cured meat

Citric acid Crystalline 2.2 Sharp, tart, delivers a 3.08/4.74/5.40 Rapid and high Beverages

powder ‘burst’ of tartness, solubility

fresh citrus flavor

Fumaric acid Crystalline 2.1 Sharp, tart and sour, 3.03/4.44 Low solubility Bakery applications,

powder metallic controlling leavening,

beverages

Lactic acid Powder or 2.3 Bland or mildly acid 3.86 High solubility Dairy foods

liquid
Malic acid Powder 2.3 Mildly tart, green, smooth 3.40/5.11 High solubility Sour confectionary
Phosphoric acid  Liquid 1.6 Sour, tangy 2.12/7.21/12.32  Miscible with and Beverage syrups

very
soluble in water

Succinic acid Crystalline 2.7 Tart and slightly bitter, salty, 4.19/5.50 Moderate solubility ~ Soup, broth, powdered

powder savory and brothy notes in water drinks
Tartaric acid Crystalline 2.3 Sharp, sour, very tart, slightly 2.98/4.34 Low solubility Bakery applications,

powder bitter, augments fruit flavor candy

present as 3% to 9% of the product volume. As a constituent of vinegar it is a very popular acid in food as e.g. a flavoring agent for
salads (Table 2).

It is also used as a sanitizing agent, especially for salad vegetables which are eaten raw. The effect of acetic acid on
microorganisms which are related to food spoilage has been of interest for a long time and seems to go beyond the pH effect
alone. The undissociated acid is readily taken up by the cells and dissociates in the cell interior, causing a pH drop and metabolic
disturbance by the acetate anion (Trcek et al., 2015). Although some bacterial food spoilage strains show a high tolerance
towards acetic acid (Trcek et al., 2015), it has been proven to be very effective and toxic against Salmonella aertrycke, Saccharomyces
cerevisiae and Aspergillus niger (Levine and Fellers, 1940). The inhibitory activity of acetic acid on Aspergillus flavus growth was also
proven in terms of food preservation (Pelaez et al., 2012). In combination with sodium benzoate, acetic acid is used to preserve
food products such as cucumbers without subjecting them to a thermal treatment (Perez-Diaz and McFeeters, 2008). Next to the
above applications, acetic acid can also be used as a processing aid in the extraction of certain protein fractions from cereals.
Indeed, acetic acid is a good solvent to extract the prolamin fraction of certain cereals and pseudocereals, a fact that may be
of interest to food ingredient producers which are focusing on protein isolates (Taylor et al., 2005).

Acetic acid bacteria are commonly used in the food industry and in situ produce acetic acid in the food product or during
processing (Sengun and Karabiyikli, 2011). Through the oxidation of sugars and alcohol to organic acid during food fermentation
processes these bacteria have a distinct effect on the food appearance, flavor and shelf life. However, the action of these bacteria is
not always wanted as they also cause wine spoilage through oxidation of ethanol into acetic acid. Next to the production of vinegar,
these acetic acid producing bacteria can also be important to fermentation of cocoa beans and coffee processing (Sengun and
Karabiyikli, 2011).

Citric Acid
Citric acid (E330 or INS330) is a weak organic tricarboxylic acid (Fig. 1, Table 2) that naturally occurs in citrus fruits. Next to its role
as flavoring agent, citric acid is widely used as an acidity regulator, antioxidant, color retention agent and sequestrant (Food and
Agriculture Organization of the United Nations and World Health Organization, 2017). Sequestrants bind to metal ions, hence,
slowing down oxidation reactions and prolonging the shelf life of food products. At the same time, it can also be considered as
a nutrient enhancer. Its wide applicability and ‘clean and natural’ image, made it into probably the most widely used and popular
acid in the food industry.

Originally, citric acid was extracted from citrus fruits. However, nowadays, it is produced through fermentation of molasses and
other sugar sources. More than half of all citric acid is used in beverages. Over the years, some questions were raised on the
innocence of citric acid as a food additive, especially with regard to the formation of reactive radicals (Gautier-Luneau et al., 2007).

Fumaric Acid

Fumaric acid (E297 or INS297) is a four-carbon dicarboxylic acid (Fig. 1, Table 2) and used as acidity regulator in food (Food and
Agriculture Organization of the United Nations and World Health Organization, 2017). Its low cost and non-toxicity are at the basis
of its popularity as a food additive since 1946. Fumaric acid is claimed to be 1.5 times more acid than citric acid. Microbial inac-
tivation studies have shown that fumaric acid can inactivate food-borne pathogens and extend the shelf life of products such as fresh



Acids and Bases in Food 5

beef (Tango et al., 2014). It is often used as a beverage ingredient, but also finds application in bakery products, powdery dessert
mixes and confectionary (Santini et al., 2012). Next to food applications, fumaric acid is used in feed as antibacterial agent and is
a well-known chemical that is used in the production of polymers and as intermediate in the production of L-malic and L-aspartic
acid. Fumaric acid is predominantly produced by petroleum-based chemical synthesis, but research focusing on microbial fumaric
acid production (e.g. using Rhizopus oryzae) from starchy materials is in the process of optimizing and commercializing this ‘green’
technique (Xu et al.,, 2012; Yang et al., 2011; Alonso et al., 2014).

Lactic Acid

Lactic acid (E270 or INS 270, Fig. 1, Table 2) is an acidity regulator and was one of the earliest food additives. It is very commonly
found in sour milk products such as yoghurt and often used to regulate the acidity of processed food products. It has also been
described to act as an antioxidant and preservative. Lactic acid was tested for it inhibitory effect on the growth of A. flavus. Its efficacy
was lower than that reported for acetic acid. The combination of acetic and lactic acid, however, showed a synergistic effect (Pelaez
etal., 2012).

Lactic acid is also produced by bacteria in a lot of (fermented) food products (Torino et al., 2015; de souza motta and da silva
mesquita gomes, 2015, Ganzle, 2015). These bacteria are believed to have probiotic effects and, hence, caught the interest of
consumers and the food industry. In the dairy industry e.g. lactic acid bacteria have been extensively researched with regard to their
potential to design natural biofunctional health-promoting food (Linares et al., 2017). Through the production of products such as
lactic acid, these bacteria influence the product’s sensory properties and microbiological stability (De Souza Motta and Da Silva
Mesquita Gomes, 2015).

Malic Acid
Malic acid (E296 or INS 296, Fig. 1, Table 2) is a four-carbon dicarboxylic acid that is used as acidity regulator and flavor enhancer
in food. It is often found in unripe fruit and is also present in wine. Malic acid levels in soft drinks, fruit juices and wine need to be
strictly controlled as too low or high levels may result in product deterioration (Antonelli et al., 2008). Together with tartaric acid,
malic acid makes up about 90% of the total acidity of wine. Malic acid is also used as flavoring agent in the sour confectionary
sector. Similar as the other organic acids, malic acid has been found to be an effective agent for inactivating common food
pathogens on fresh vegetables (Kim et al., 2016).

Malic acid is often synthesized chemically starting from fumaric acid (Chi et al., 2014). However, the increasing cost of fumaric
acid production and the quest for more eco-friendly techniques has triggered more research efforts into producing malic acid from
sugars using microorganisms (Chi et al., 2014).

Succinic Acid

Succinic acid (E363, Fig. 1, Table 2) and its sodium salt are used as a flavor enhancers in food products such as desserts, soups/
broths and powders that can be used to prepare drinks at home (Chimirri et al., 2010). Succinic acid production through fermen-
tation (e.g. using Yarrowia lipolytica) of agricultural and food waste streams is one of the strategies that is currently explored to reduce
the less ecological chemical synthesis of succinic acid (Yang et al., 2017).

Phosphoric Acid

Phosphoric or orthophosphoric acid (H3PO,4, E338 or INS338, Fig. 1, Table 2) is used as an acidity regulator, antioxidant and
sequestrant in food (Food and Agriculture Organization of the United Nations and World Health Organization, 2017). It is a widely
used flavoring agent for carbonated soft drinks and lies at the basis of the tangy flavor of cola, root beers and other soft drinks.
Although it is also a synthetic chemical, phosphoric acid derivatives are widely found in nature and are, hence, already naturally
present in food. Phosphoric acid is the only inorganic acid that is widely used as food acid and, at the same time, is one of the least
expensive food-grade acid additives. It is also, of all the acids described here, the strongest acid, which can give the lowest attainable
pH values (Table 2). Next to its use in the soft drinks industry, phosphoric acid is also used in cheese manufacturing and brewing
practices. It has also been shown to stimulate yeast growth (important to foods which involve fermentation by yeast) and is used in
the production of gelatin.

Tartaric Acid

Tartaric acid (E334 or INS 334) is a dicarboxylic acid (Fig. 1) that finds application as acidity regulator, antioxidant, flavor enhancer
and sequestrant in the food sector. Tartaric acid is highly water soluble and has a very strong tart taste (Table 2). Tartaric acid is
naturally found in grapes and bananas and has been reported to enhance the flavor of grape- and lime-flavored beverages. Together
with malic acid it contributes 90% of the acidity in wine and its levels need to be tightly controlled in order to ensure product quality
(Sprenger et al., 2015). Similar to malic acid, it is used as flavoring agent in sour-tasting confectionary. Its antioxidant activity stems
from its function as sequestrant. Tartaric acid is commercially obtained in either a natural way (extraction from grapes or wine
by-products) or by chemical synthesis starting from petroleum by-products (Serra et al., 2005).

Benzoic Acid
Benzoic acid (E210 or INS210, Table 2), a colorless aromatic carboxylic acid (Fig. 1), is naturally present in plant (fruits, nuts, spices
and vegetable), fungal and animal tissues, but it can also be produced by microorganisms during food processing and/or be added
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as a food additive. Rich natural sources of benzoic acid are strawberries (up to 29 mg/kg), cayenne pepper and mustard seeds (up to
10 mg/kg), cloves, salvia, thyme and nutmeg (up to 50 mg/kg) and cinnamon (up to 335 mg/kg) (del Olmo et al., 2017). Benzoic
acid levels in milk were also found to very sharply increase during fermentation, presumably due to the activity of lactic acid
bacteria, Pseudomonas and/or Escherichia coli. Levels of up to 24 mg/L have been reported in fermented cow’s milk. The benzoic
acid levels in raw cow’s milk cheese ripened for 6 months can be as high as 250 mg/kg (Del Olmo et al., 2017).

Next to its natural occurrence in food, benzoic acid and its derivatives are also commonly supplemented as antibacterial
and -fungal preservatives or flavoring agents (Del Olmo et al., 2017). Benzoic acid has a low taste threshold and low volatility
and wide antimicrobial spectrum (Ashurst, 1991). Although the undissociated form of benzoic acid is proven to be more
effective as antimicrobial agent, the salt, due to its better water solubility, is more often used in food applications. The maximal
antimicrobial activity of benzoic acid has been described between pH 2.5 and 4.5. It is clear that benzoic acid and its
derivatives are, hence, most often used as preservatives in acid food products. However, when using benzoic acid as food
additive, care needs to be taken that the food product’s taste is not altered in such way that it becomes unacceptable. Benzoic
acid is known to cause oral prickling, to increase the perception of sweetness, to reduce sourness and saltiness perception and
to strongly suppress the perception of bitterness (Otero-Losada, 2003).

Notwithstanding its approval for food use and GRAS status, the toxicology of benzoic acid and its derivatives has always been
controversial (Del Olmo etal., 2017). Information on maximum allowed limits of benzoic acid and its salt as food additives can be
found in the Codex Alimentarius (Food and Agriculture Organization of the United Nations and World Health Organization,
2017).

Other Acids

Examples of other non-organic acids in food are hydrochloric acid (HCl, E507 or INS 507), boric acid (E284) and sulfuric acid (H,SO4,
E513). Hydrochloric and sulfuric acid act as acidity regulators, while boric acid can be used as a preservative. However, these acids
are usually formed in the food rather than being added as a food additive. Hydrochloric acid has been described as having a faintly
bitter taste (Ramos Da Conceicao Neta et al., 2007).

Sorbic acid (E200 or INS200, Fig. 1), analogous to benzoic acid, is used in beverages as preservative (Food and Agriculture
Organization of the United Nations and World Health Organization, 2017) due to its non-volatile nature and effectiveness against
yeasts (Otero-Losada, 2003). However, sorbic acid has a lower taste threshold and some consumers are very sensitive to its particular
flavor in citrus flavored food products.

Ascorbic acid (E300 or INS300, Fig. 1) functions as acidity regulator, antioxidant, flour treatment agent and sequestrant in food
applications. Ascorbic acid is highly water soluble and is often used as an antioxidant in beverages, wine and meat products
(Sadecka and Polonsky, 2001).

Chlorogenic acid (Fig. 1) is a phenolic compound that is widely distributed in plants such as apples, artichokes, carrots, eggplants,
kiwi fruits, pears, potatoes and tomatoes (Santana-Galvez et al., 2017). To this acid, a lot of health-promoting properties have
been ascribed and it is, hence, often used as a food additive and nutraceutical. As a food additive, it fulfills the role of a broad spec-
trum antimicrobial agent effective against bacteria, yeasts, molds, viruses and amoebas. Furthermore, chlorogenic acid has
also antioxidant activity and may be useful in reducing the degree of lipid oxidation or for protecting bioactive molecules
(Santana-Galvez et al., 2017). Due to its properties, chlorogenic acid is certainly gaining more interest and importance for the
formulation of dietary supplements or functional foods (Santana-Galvez et al., 2017). The health-improving effects ascribed to
chlorogenic acid are anti-oxidant, anti-inflammatory, anti-obesity, anti-diabetic and anti-hypersensitive properties. Till date,
however, the isolation of chlorogenic acid to be used as food additive is rather expensive, and, hence, not yet competitive relative
to other well-known acids that are used as traditional preservatives (Santana-Galvez et al., 2017).

Adipic acid (E355 or INS355, Fig. 1) and its salts are used as acidity regulators, acidifiers, flavor enhancers, gelling aids and slow
raising agents (Chimirri et al., 2010, Food and Agriculture Organization of the United Nations and World Health Organization,
2017). Adipic acid is used in filling and topping for bakery products, dry powdered dessert mixes, gel-like desserts, fruit-flavored
desserts and beverage powders (Chimirri et al., 2010). It is also used to adjust the viscosity and melting behavior of food products
such as cheese spread and as leavening acidulant in baking powder. Adipic acid’s taste is sometimes described as chalky (Ramos Da
Conceicao Neta et al., 2007).

Propionic acid (E280 or INS280, Fig. 1) is used in food as a preservative. One of its main applications is as antimicrobial additive
in bread (Basler et al., 1987) (Table 1).

Bases in the Food Sector

Next to acids, bases are also important in food. One of the most alkaline food products in the human diet is bird’s nest soup, with
a pH that varies between 7.2 and 7.6 (U.S. Food and Drug Administration/Center for Food Safety and Applied Nutrition, 2003). The
(in the Western world) more commonly consumed Camembert cheese has a pH around 7.4 (Table 1). Acids in water will donate
a proton to water and its conjugate base will be formed. Hence, for all the above acids conjugated bases also exist. For a lot of the
above mentioned commonly used acids, the salt-form of the conjugated base is also an approved and commonly used food
additive.

Examples of food products that require the use of bases during production are wheat noodles and pretzels (Rombouts et al.,
2012b, 2014). During noodle production alkaline salts (such as sodium and potassium carbonate) are used. Pretzels, on the other
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Table 3 Overview of less common food acid additives and their properties (Food and Agriculture Organization of the United Nations and World
Health Organization, 2017)

Name E/INS-number  Type of additive Notes References
Carminic acid E/INS120 Food dye Red or purple color, obtained from an insect that lives on cacti Muller-Maatsch and Gras
(2016) (Fig. 1)
Formic acid E236 Preservative Produced by lactic acid bacteria, but level highly dependent on  Ozcelik et al. (2016) and
growth medium and bacterial strain Ostling and Lindgren
(1993) (Fig. 1)
Dehydroacetic acid  E265 Preservative Used in e.g. butter, cheese and margarine Ohtsuki et al. (2013) and
Wolf (1950)

Erythorbic acid E/INS315 Antioxidant Stereoisomer of ascorbic acid with similar physicochemical ~ Fidler et al. (2004) and
properties, enhances the bioavailability of iron, does not Kadin and Osadca (1959)
have antiscorbutic activity

Metatartaric acid E353 Emulsifier Used in the wine industry to prevent the precipitation of Sprenger et al. (2015)
tartrate salt

Thiodipropionic acid E/INS388 Antioxidant Used in fatty foods to prevent rancidity Stokes et al. (1975)

Phytic acid E391 Considered an antinutritional factor, tightly interacts with Graf (1983) (Fig. 1)

metals (antioxidant for lipid containing food systems and
stabilization of colors) and buffers food systems

Alginic acid E/INS400 Emulsifier, thickening Used in e.g. soup, processed cheese, dairy spreads, pudding, Usov and Zelinsky (2013)
and gelling agent mustard, jam
Gluconic acid E574 Acidity regulator Also has raising, sequestering, hardening and flavor Canete-Rodriguez et al.

enhancing properties — bitter but refreshing flavor, used in ~ (2016) (Fig. 1)
fruit juices, pickled foods

Glutamic acid E/INS620 Flavor enhancer Its salt, monosodium glutamate (MSG) is an important food Populin et al. (2007)
additive, imparts umami taste to food product

Guanylic acid E/INS626 Flavor enhancer Enhances umami taste in food, used in soup, noodles, potato
chips, savory rice, canned vegetables

Inosinic acid E/INS630 Flavor enhancer Used in meat sector for intensification of meat flavor in soups, Portela et al. (1994)
sauces and seasonings

Cyclamic acid E/INS952 Sweetener Used in low calorie food and drinks

Cholic acid E1000 Emulsifier (Fig. 1)

hand, are dipped in a hot alkaline solution (1.0 w/v NaOH at 80-90 °C) prior to baking. This causes gelatinization of starch at the
dough surface, leads to dissociation of amylose-lipid complexes, promotes crosslinking of wheat gluten and induces Maillard and
caramelization reactions (Rombouts et al., 2012a, 2012b). The alkaline treatment leads to the unique taste and the hard shiny
surface of the pretzels (Rombouts et al., 2012a). However, in general, food consumed in a regular human diet has a more acid
pH (Table 1).

In what follows, a few bases which have been approved for use as food additive in Europe and/or North America are listed.
Again, this list is by no means not complete.

Carbonates

Carbonates include sodium carbonate (E500 or INS500), calcium carbonate (E170 or INS170) potassium carbonate (E501 or
INS501), ammonium carbonate (E503 or INS503), magnesium carbonate (E504 or INS504) and ferrous carbonate (E505). Besides
the functionality as acidity regulators in food products, additional functionalities have been ascribed to each of these carbonates
(Table 4). Carbonates are often also used as neutralizer for products which have undergone an acid treatment such as in the
production of non-fermented soybean sauce (Food and Agriculture Organization of the United Nations and World Health
Organization, 2017).

Sodium bicarbonate is commercially known under the name ‘baking soda’. Baking soda is used in the baking industry as raising
agent. Upon exposure to water, sodium bicarbonate generates carbon dioxide, which leads to (chemical) leavening of bakery
products.

Calcium carbonate is technically ground limestone or can be obtained by precipitation of calcium ions using carbonate ions. It is
a white, odorless and tasteless powder that is insoluble in water and alcohol. In contact with an acid, it creates bubbles. Its
traditional use was for adulteration of flour. Although it is also listed as a food coloring agent, this application is not widespread
(Scotter, 2011).

Hydroxides
Sodium hydroxide (E524 or INS524) and potassium hydroxide (E525 or INS525) are sometimes used during processing to sustain
specific alkaline conditions in order to promote certain reactions in the food matrix (Rombouts et al., 2012a, 2012b).
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Table 4 Overview of food bases and their properties (Food and Agriculture Organization of the United Nations and World Health Organization, 2017)

Name E/INS-number  Type of additive Properties References
Sodium carbonate E/INS500 Acidity regulator, anticaking agent, Used in cereal products, dairy products Karaca et al. (2014)
emulsifying salt, raising agent, and fish products
stabilizer, thickener Studied as preservative in food coating,

inhibiting growth of fungi
Calcium carbonate/chalk E/INS170 Acidity regulator, anticaking agent, Used in cereal products, dairy products, Scotter (2011)

color, firming agent, flour meat and fish products
treatment agent, stabilizer Use as food color is limited
Potassium carbonate E/INS501 Acidity regulator, stabilizer Used in dairy products, pasta and noodles, Palou et al. (2009)

studied as preservative in food coating,
inhibiting growth of fungi
Ammonium carbonate  E/INS503 Acidity regulator, raising agent Used in frozen fish products, studied as Karaca et al. (2014)
preservative in food coating, inhibiting
growth of fungi

Magnesium carbonate  E/INS504 Acidity regulator, anticaking Used in dairy products, fish products,
agent, color retention agent salt and salt substitutes
Ferrous carbonate E505 Acidity regulator
Sodium hydroxide E/INS524 Acidity regulator Used in pretzel making, dried whey and Rombouts et al. (2012b),
whey products and infant formulae Rombouts et al. (2012a)
Potassium hydroxide E/INS525 Acidity regulator Used in dried whey and whey product
and infant formulae
Calcium hydroxide E/INS526 Acidity regulator, firming agent Improves textural properties of buckwheat ~ Han et al. (2012)
noodles, used in infant formulae
Ammonium hydroxide  E/INS 527 Acidity regulator Used in fermented milk
Magnesium hydroxide ~ E/INS528 Acidity regulator, color Used in fermented milk, salt substitutes,
retention agent fish and coffee products
Calcium oxide E/INS529 Acidity regulator, flour treatment ~ Used in fermented milk
agent
Magnesium oxide E/INS530 Acidity regulator, anticaking agent Used in salt, dried whey and whey products

Also the hydroxides of calcium (E526 or INS526), ammonium (E527 or INS527), and magnesium (E528 or INS528) are used in the
food sector for the regulation of the acidity. Calcium hydroxide is also used as firming agent and has been proven useful for
improving the texture of cereal products (Han et al., 2012).

CGonclusion

Acids and bases are omnipresent in food products. They are either naturally present in the main food ingredients, are generated
during food processing and/or storage or are deliberately added to improve the quality and shelf life of food. Besides contributing
to product taste and flavor, acids and bases also have roles as colorants, structure building or stabilizing agents and shelf life
extenders.
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Introduction

Anthocyanins are the largest group of water-soluble pigments in the Plant Kingdom, displaying a diversity of colors that range from
pink-orange through red to purple and blue hues. They are present in all types of vascular plants and can be found in any plant
tissue, although most commonly in flowers and fruits, being widely distributed in the human diet trough plant-based foods. Their
chemical nature was established at the beginning of the 20th century through the pioneer works of Richard Willstitter (Nobel
Laurate in Chemistry in 1915) and Muriel Wheldale Onslow, with initial studies mostly focused in understanding their role in
flower coloration (e.g. Willstitter and Everest, 1913; Wheldale, 1914). Studies on color changes dependent on pH variation
were developed by Shibata et al. (1919), whereas Sir Robert Robinson (Nobel Prize in 1947) made significant contributions to
anthocyanin synthesis (Robertson and Robinson, 1926) and the copigmentation process (Robinson and Robinson, 1931).
Equilibria among anthocyanin structures (Brouillard and Dubois, 1977; Brouillard and Delaporte, 1977) and the copigmentation
mechanisms (Goto and Kondo, 1991) were mostly elucidated in the 1970s-1980s. Over the last thirty years, favored by the
advances in the analytical techniques, a large number of novel structures have been identified and new families of anthocyanin-
related pigments, like pyranoanthocyanins, described (Andersen, 2008). Currently the complete structures of more than 700 antho-
cyanins present in natural sources have been described and above 200 have been tentatively identified (Andersen and Jordheim,
2013), although the number of reported compounds is continually increasing. The interest in anthocyanin research has renovated
in recent times as evidences about their potential benefits in human health have accumulated, and novel applications of anthocy-
anin pigments as colorants or putative bioactives to be exploited by food, pharmaceutical and cosmetic industries have arisen (He
and Giusti, 2010; Pina et al., 2012).

Structural Features

Anthocyanins belong to the family of flavonoids and their basic structure consists of an aglycone (known as anthocyanidin) derived
from the 2-phenylbenzopyrylium (flavylium) skeleton diversely hydroxylated/methoxylated. Anthocyanins are generally repre-
sented as positively charged flavylium cations (Fig. 1), which are the dominant equilibrium forms in strongly acidic aqueous solu-
tions (see below).

About 30 anthocyanidins have been identified in nature (Table 1), although only six are widespread, with more than 90% of the
naturally occurring anthocyanins based on them; these are: cyanidin (around 31%), delphinidin (22%), pelargonidin (18%), petu-
nidin, peonidin, and malvidin (21% together) (Andersen, 2008). They share the same hydroxylation pattern in 3, 5, 7 and 4’ posi-
tions, and differ in the number of hydroxyl and methoxyl groups at 3’ and 5’ in the B-ring. Less common anthocyanidins include
those additionally hydroxylated at C6 or methoxylated at 5 or 7 positions on the A-ring, and the 3-deoxyanthocyanidins that lack
the hydroxyl group at position 3.

The anthocyanin aglycones are quite unstable and seldom found as such in plant tissues and food, although the natural presence
of free anthocyanidins, especially cyanidin, delphinidin and pelargonidin, has been reported in dried beans (Phaseolus spp)
(Macz-Pop et al., 2006b).

Most anthocyanins are glycosylated on the hydroxyl at position 3; additional glycosylation may exist at 5, 7, 3/, or 5/, and more
rarely at 4’ (Brouillard, 1988). Unusual anthocyanins bearing sugar functional groups only in 3’ position have also been reported
(Fossen and Andersen, 1999), as well as C-glycosyl anthocyanins (Saito et al., 2003). The most common substituting sugar is
glucose (90%), followed by rhamnose, galactose, xylose and arabinose; glucuronic acid is the rarest monosaccharide found (Ander-
sen and Jordheim, 2006). Several di- and trisaccharides, such as rutinose (6-O-a-L-thamnosyl-D-glucose), neohesperidose (2-O-a-L-
rhamnosyl-D-glucose), sophorose (2-O-B-D-glucosyl-D-glucose), sambubiose (2-O-B-D-xylosyl-B-D-glucose), xylosylrutinose or
glucosylrutinose are also found as sugar moieties (Andersen and Jordheim, 2006)

Sugars may be substituted by aliphatic, hydroxybenzoic or hydroxycinnamic acids; the most usual are malonic, acetic, p-couma-
ric, and caffeic acids, although acylation with oxalic, succinic, malic, p-hydroxybenzoic, gallic, vanillic, syringic, protocatechuic,
ferulic and sinapic acids can also occur. Polyacylated anthocyanins that contain chains consisting of multiple glycosyl and acyl
groups have been described, being particularly reported in flowers from different plant species (Goto and Kondo, 1991). It has
been estimated that more than 65% of naturally occurring anthocyanins are acylated (Andersen and Jordheim, 2006), being
malonic acid the most frequent acyl moiety.

Un-like usual anthocyanins, 3-deoxyanthocyanidins are commonly found as free aglycones in plants. Nevertheless, these
compounds have much restricted distribution, being present in mosses and ferns, as well as in certain members of the Poaceae,
Gesneriaceae, Sterculiaceae or Bignonaceae families among higher plants (Harborne, 1966; lacobucci and Sweeny, 1983). Sorghum
is the known major edible source of these compounds, especially apigeninidin and luteolinidin (Dykes and Rooney, 2006), whereas
tricetinidin is formed in black tea from the enzymatic oxidation of epigallocatechin-3-O-gallate (Coggon et al., 1973). The leaves of
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Structure of the flavylium cation.

Table 1 Naturally occurring anthocyanidins

Anthocyanidins Substitution pattern
Common anthocyanidins

Pelargonidin (Pg) 3,5,7,4-0H
Cyanidin (Cy) 3,5,7,3,4-0H
Delphinidin (Dp) 3,5,7,3,4.5-0H

Peonidin (Pn)

Petunidin (Pt)

Malvidin (Mv)

Rare anthocyanidins
6-Hydroxypelargonidin (Aurantinidin)
6-Hydroxycyanidin
6-Hydroxydelphinidin
5-0-Methylcyanidin (Elodenin)
7-0-Methylcyanidin
7-0-Methylpeonidin (Rosinidin)
5-0-Methyldelphinidin (Pulchellidin)
5-0-Methylpetunidin (Europinidin)
5-0-Methylmalvidin (Capensinidin)
7-0-Methylmalvidin (Hirsutinidin)
3-Deoxyanthocyanidins

3,5,7,4'-0H; 3'-0CH3
3,5,7,4',5'-0H; 3'-0CH3
3,5,7,4'-0H; 3',5-0CHs

3,5,6,7,4'-0H
3,5,6,7,3,4'-0H
3,5,6,7,3,4,5-0H
3,7,3',4'-0H; 5-0CHs
3,5,3',4'-0H; 7-0CH3
3,5,4'-0H; 7,3'-0CHg
3,7,3' .4 5'-0H; 5-0CHs
3,7,4',5'-0H; 5,3'-0CH3
3,7,4'-0H; 5,3',5'-0CHs
3,5,4'-0H; 7,3',5'-0CH3

Apigeninidin 5,7,4-0H
Luteolinidin 5,7,3,4'-0H
Tricetinidin 5,7,345'-0H
6-Hydroxyluteolinidin 5,6,7,3,4'-0H
8-Hydroxyluteolinidin (Columnidin) 5,7,8,3,4'-0H
5,4'-0-Dimethylapigeninidin (Bifloridin) 7-0H; 5,4'-0CH3
7-0-Methylapigeninidin 5,4'-0H; 7-0CHs
Diosmetinidin 5,7,3'-0H; 4’-0CH3
5-0-Methylluteolinidin 7,3',4'-0H; 5-0CH3
5-0-Methyl-6-hydroxyapigeninidin (Arrabidin) 6,7,4’-0H; 5-0CH3
4'-0-Methyl-6-hydroxyapigeninidin (Carajurone) 5,6,7-0H; 4-0CH3
5,4'-0-Dimethyl-6-hydroxyapigeninidin (Carajurin) 6,7-0H; 5,4’-0CH3
5,4’-0-Dimethyl-6-hydroxyluteolinidin 6,7,3'-0H; 5,4'-0CH3
5-0-Methyl-6-hydroxyluteolinidin (3/-Hydroxyarrabidin) 6,7,3,4’-0H; 5-0CH3

Arrabidaea chica (syn. Bignonia chica), traditionally used by the indigenous populations of the Amazonia for body painting and cloth
dyeing, are rich sources of carajurin, arrabidin and carajurone (Devia et al., 2002).

Anthocyanin-Related Pigments

Pyranoanthocyanins are an important group of anthocyanin-derived pigments that possess an additional pyranic ring in the antho-
cyanin structure (Fig. 2). They were identified over twenty years ago in red wines (Fulcrand et al., 1996; Bakker and Timberlake,
1997), where they are formed during winemaking and ageing from the cycloaddition onto the carbon 4 and the hydroxyl at position
5 of anthocyanins of different products from the yeast metabolism (e.g., acetaldehyde, pyruvic acid, diacetyl, acetone or acetoacetic
acid) or coming from the grape (e.g., flavan-3-ols, hydroxycinnamic acids). All these pigments possess the same basic structure, as
presented in Fig. 2, and differ in the type of substituents linked at position C-10 on ring D. A second generation of more complex
pyranoanthocyanins that are not derived from anthocyanins but from other previously formed pyranoanthocyanins was further
described in Port red wines, such as the so-called portisins, oxovitisins or pyranoanthocyanin dimers (de-Freitas and Mateus,
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Figure 2 Basic structure of pyranoanthocyanins. Positions 3’ and 5’ may be hydroxylated or methoxylated depending on the parent anthocyanin.
Substituent R10 varies as a function of the precursor and defines the different classes of pyranoanthocyanins (see Table 2).

2011; Oliveira et al., 2014). A summary of the different types of pyranoanthocyanins that have been described in red wines is
collected in Table 2 together with their precursors. Some pyranoanthocyanins have also been found as naturally-occurring in plants
or other foodstuffs like blackcurrant seeds (Lu et al., 2002), red onion (Fossen and Andersen, 2003), strawberries (Andersen et al.,
2004), or blood orange (Hillebrand et al., 2004), black carrot (Schwarz et al., 2004) and berry juices (Rein et al., 2005).

Rosacyanins are a particular type of pyranoanthocyanidins that were isolated from petals of Rosa hybrida (Fukui et al., 2002;
Fukui et al., 2006), namely the violet pigment rosacyanin B (Fig. 3) and their blue analogues rosacyanins A1 and A2 that contain
ellagitannin moieties linked to the anthocyanidin nuclei. These pigments are present in the plant in the form of aglycones. A non-
glycosylated pyrano-3-deoxyanthocyanidin derived from apigeninidin was also identified in red Sorghum bicolor (Khalil et al., 2010).
Similar pigments were further synthesized by Sousa et al. (2013) that give them the name of deoxyvitisins (Fig. 3).

Other anthocyanin-related pigments that have been found in natural sources in non-glycosylated form are sphagnorubins
(Fig. 4), a type of red pigments described in mosses from some Sphagnum species (Mentlein and Vowinkel, 1983), and riccionidins
(Fig. 4) found in liverworts (Kunz and Burkhardt, 1994) and root cultures of Rhus javanica (Taniguchi et al., 2000).

Oligomeric pigments where anthocyanins are covalently linked to other flavonoids have also been described in some natural sour-
ces. Anthocyanin-flavonol conjugates were identified in flowers of different plants such as orchids (Strack et al., 1989), chive (Fossen
et al.,, 2000) or Agapanthus spp (Bloor and Falshaw, 2000), whilst similar anthocyanin-flavone derivatives have been isolated from
Eichhornia flowers (Toki et al.,, 2004). Pigments from the direct condensation between anthocyanins and flavan-3-ols (Fig. 5A)
have been long indicated to be formed in red wines during winemaking and ageing (Jurd, 1969) and their presence further confirmed

Table 2 Classes of pyranoanthocyanins identified in red wines

Type Structure Precursors

Non-substituted pyranoanthocyanins (B-type Ry Anthocyanins + ethanal

vitisins) l OH
R,

Carboxypyranoanthocyanins (A-type vitisins) Ry Anthocyanins -+ pyruvic acid

Methylpyranoanthocyanins R, Anthocyanins + acetone or acetoacetic acid
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Table 2 Classes of pyranoanthocyanins identified in red wines—cont'd

Type

Structure

Precursors

Acetylpyranoanthocyanins

Phenyl-pyranoanthocyanins (pinotins)

Flavanol-pyranoanthocyanins

Vinlyflavanol-pyranoanthocyanins (A-type
portisins)

Vinylphenyl-pyranoanthocyanins (B-type portisins)

Anthocyanins + diacetyl

Anthocyanins + hydroxycinnamic acids or
vinylphenols

Anthocyanins + vinylflavanols or flavan-3-ols and
acetaldehyde

Carboxypyranoanthocyanins + vinylflavanols or flavan-
3-ols and acetaldehyde

Carboxypyranoanthocyanins + hydroxycinnamic acids
or vinylphenols

(Continued)
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Table 2 Classes of pyranoanthocyanins identified in red wines—cont'd
Type Structure Precursors
Phenyl-butadienilydene-pyranoanthocyanins Ry Methylpyranoanthocyanins +

Pyranoanthocyanin dimers

Pyranone-anthocyanins (oxovitisins)

hydroxycinnamaldehydes

Carboxypyranoanthocyanins +
H  methylpyranoanthocyanins

Carboxypyranoanthocyanins -+ water

OH
OH
HO O
N
+
4 o
(0]
(6]
HO
OH
A

Figure 3 Structures of particular non-glycosylated pyranoanthocyanidins. (A) Rosacyanin B (Fukui et al., 2002), (B) pyrano-apigeninidin 4-

+

HO o
A

0

=
= S
OH COOH
B c

vinylphenol (Khalil et al., 2010), and (C) malvidin-derived type-A deoxyvitisin (Sousa et al., 2013).

OCH,

OH

OCH,
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Figure 4 Structures of sphagnorubins (left) and riccionidins (right).

Figure 5 Structures of different anthocyanin-related pigments. (A) Flavanol-anthocyanin condensed pigments; (B) pigments from the anthocyanin-
flavanol condensation mediated by acetaldehyde, and (C) an oaklin (guaiacylcatechinpyrylium).

(Remy et al., 2000; Salas et al., 2004). Similar pigments have been found in extracts of different fruits and grains, such as strawberries
(Fossen et al., 2004), black currant concentrates (McDougall et al., 2005), purple corn and red grape skin (Gonzdlez-Paramds et al.,
2006), fig (Ficus carica) (Duenas et al., 2007) or dried beans (Macz-Pop et al., 2006a). Nevertheless, it is not totally clear whether these
pigments actually occur in the plant or they are artefacts produced during extracts preparation or storage. Pigments from the conden-
sation between anthocyanins and flavan-3-ols mediated by acetaldehyde (Fig. 5B) are another type of oligomeric anthocyanins that
have also been described in red wines and assigned a crucial role in wine color evolution (Timberlake and Bridle, 1976). The presence
of anthocyanin dimers has also been reported in grapes and red wines (Vidal et al., 2004; Alcalde-Eon et al., 2007), as well as that of
oaklins (Fig. 5C), a type of anthocyanin-like brick-red pigments that are formed in red wines aged in oak barrels from the reaction
between catechins and wood cinnamic aldehydes, such as sinapaldehyde or coniferaldehyde (Sousa et al., 2005).

Anthocyanins Equilibria

In aqueous solutions anthocyanins exist in various equilibrium forms following different reactions (proton transfer, hydration, tau-
tomerization) of the flavylium cation determined by the pH value. The basic mechanisms of these transformations were established
by Brouillard and coworkers in the 1970s (Brouillard and Dubois, 1977; Brouillard and Delaporte, 1977; Brouillard et al., 1978)
and are summarized in Fig. 6.

The flavylium cation (AH™), which shows a red color in common anthocyanins, is the predominant form in strongly acidic
solutions (pH < 2). The positive charge is delocalized through all the pyrylium moiety, although carbons 2 and 4 are the more
positively charged atoms (Brouillard et al., 2010). In slightly acidic to neutral solutions, as the pH increases, competition occurs
between two reactions: (a) deprotonation of the acidic hydroxyl groups to yield purple/blue quinonoidal bases (A), and
(b) hydration of the flavylium cation to give colorless hemiketal forms also referred to as carbinol pseudo-bases (B). Although
both positions 2 and 4 of the flavylium cation are charge-defective and susceptible to nucleophilic attack, the hydration reaction
mainly takes place at C-2, since the formation of the 4-hydroxy adduct is thermodynamically less favored. The hemiketal form can
eventually undergo a ring opening with the formation of the also almost colorless cis-chalcone (Cg) by a tautomeric process, fol-
lowed by further isomerization to the trans-chalcone (Cz) form (Pina et al., 2012; Brouillard et al., 2010). From the flavylium
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Figure 6 Scheme of the pH-dependent equilibria between main anthocyanin forms.

cation forward, the reactions in anthocyanins equilibria are endothermic, so that chalcone formation is favored by the increase in
the temperature. Acidification reverts the equilibria to the flavylium cation; nevertheless, while there is a quick reversion from the
hemiketal, the reconversion of the chalcone to AH" is very slow and more than 1 h may be required to re-establish equilibrium
(Tacobucci and Sweeny, 1983).

By their part, at pH values close to neutrality, the quinonoidal bases undergo a second deprotonation leading to more bluish
resonance-stabilized quinonoidal anions (A™). The proton transfer is faster than the hydration reaction, lasting from microseconds
to several seconds, respectively (Brouillard and Dubois, 1977). However, the hemiketal (B) and chalcone species (Cg, Cz) are more
stable than the quinonoidal forms (A), so that while these latter are rapidly formed as a kinetic product, later they totally or partially
disappear in favor of the colorless species as the thermodynamic equilibrium is reached (Pina et al., 2012). However, in planta, the
colorless forms (B, Cg, Cz) are rare, indicating the existence of vacuolar mechanisms that stabilize the colored species, such as copig-
mentation and metal complexation, which are described below.

In contrast to the 3-substituted flavylium derivatives, quinonoidal bases of 3-deoxyanthocyanins are quite stable and predom-
inate over the colorless hemiketal (Devia, 2003). Actually, carajurin, the first isolated deoxyanthocyanin, was obtained in the form
of the quinonoidal base (Chapman et al., 1927).

Anthocyanin Color and Stability

The stability of the anthocyanins is affected by several factors like their structure, pH, temperature, concentration, oxygen, light and
presence of other coexisting components, such as nucleophiles, copigments, metal ions or antioxidants, factors that also have
a strong impact on their color. For the six most common anthocyanidins, the stability is influenced by the pattern of substitution
in the B-ring, decreasing with the number of hydroxyls and increasing with that of methoxyls. Pelargonidin would be the most
stable anthocyanidin, followed by malvidin, peonidin, petunidin, cyanidin and delphinidin. B-ring substitution also affects the
color increasing the blue tint with the number of substituents. Nevertheless, anthocyanidins are quite unstable and suffer easy
degradation in slightly acidic to neutral mediums as those existing in foods and beverages. Both glycosylation and acylation are
stabilizing factors, so that anthocyanins are more stable than their parent aglycones (lacobucci and Sweeny, 1983).

As above indicated, anthocyanins are usually glycosylated at position 3; further glycosylation at position 5 improves the stability
and, thus, 3,5-O-diglycosides are more stable than corresponding 3-O-glycosides (Hrazdina et al., 1970). Acylated derivatives are
generally more resistant to hydration than non-acylated counterparts, showing higher color stability in weakly acidic or neutral solu-
tions. Thus, acylated anthocyanins, such as those present in black carrot, red radish or red cabbage, can provide acceptable color at
slightly acidic pH values (Giusti and Wrolstad, 2003). These compounds are not only more stable to pH changes but also against
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light and heat. Both aromatic and aliphatic acylation improve stability, but in the first case a blue shift in anthocyanin color is
produced that is not observed for aliphatic acylation (Giusti and Wrolstad, 2003).

Bisulfite ions (HSO3 ™), present in food as a result of the addition of sulfite preservatives, act as nucleophiles and attack the
flavylium, producing colorless sulfonate adducts, which lead to anthocyanin discoloration. The reaction mostly takes place on
C-4 position, which is less sterically hindered than C-2 and it is reversible in a variable extent upon acidification, depending on
the anthocyanin and the pH value (Berke et al., 1998). When the position 4 of the pyrylium ring is occupied, the anthocyanins
are less susceptible to the nucleophilic attack and subsequently they are totally or partially resistant to bleaching effect of water
or bisulfite. This is one of the reasons for the greater color stability of the pyranoanthocyanins and other anthocyanin-derived
pigments, as those formed in red wines (de Freitas and Mateus, 2011). Depending on their class, pyranoanthocyanins present
different colors that range from yellow to turquoise blue color, through orange, red or purple, which are quite stable within the
range of pH existing in most foods and beverages (Oliveira et al., 2014).

The lack of the hydroxyl group in position 3 greatly improves the stability of the anthocyanidins, so that 3-deoxyanthocyanins
are much more stable to pH changes than common anthocyanins, showing greater resistance to color bleaching by water or sulfur
dioxide, as well as increased stability against ascorbic acid and thermal degradation (Awika et al., 2004; Ojwang and Awika, 2008;
Yang et al.,, 2014). As above indicated, these compounds can be commonly found in nature as free aglycones, and show yellow to
orange colors in acidic media (Awika et al., 2004), in contrast with common anthocyanins that possess red to purple hues.

Phenolic compounds with catechol groups are known to possess antioxidant properties, related to their ability to scavenge free
radicals by donation of phenolic hydrogen atoms to form relatively stable phenoxyl radicals, and metal chelating capacity (Heim
et al., 2002). This activity is expected for cyanidin, delphinidin and petunidin, which would also be the anthocyanins most suscep-
tible to oxidation. The antioxidant capacity of some fruits and vegetables, such as berries, has been related to their anthocyanin
content, as well as their protective effects against degenerative and chronic diseases (Heinonen, 2007).

Ascorbic acid, either naturally present or incorporated to food as an additive, induces the degradation of anthocyanins in the
presence of oxygen, leading to their bleaching through a mechanism that has been related to ascorbic acid auto-oxidation and
may involve the oxidative cleavage of the pyrylium ring (Iacobucci and Sweeny, 1983). Light exposure also speeds anthocyanin
degradation by a photo-oxidative mechanism regardless of the pH of the medium, whereas the increase in the temperature leads
to the degradation of the anthocyanins by favoring heterocycle ring opening and further cleavage (Furtado et al., 1993).

Copigmentation and Metal Complexation

In intact plant tissues stabilizing mechanisms exist that contribute to protect anthocyanin color from its degradation and
pH-dependent changes. Among them, the most widespread are copigmentation and metal complexation and combinations of
both (Brouillard et al., 2010).

Copigmentation consists of a hydrophobic -7t molecular non-covalent interaction between the planar polarizable nuclei of the
colored forms of the anthocyanins with other organic molecules (i.e., copigments). Copigmentation complexes adopt a vertical
stacking (sandwich configuration) that protects the flavylium chromophore from the attack of water and other nucleophilic species
like sulfur dioxide, thus preventing at least in part the formation of the colorless adducts. This results in an enhancement and gener-
ally a modification in the original color of the pigment containing solution. Thus, at the same time color stabilization and variation
can be obtained (Brouillard and Dangles, 1993). The copigmentation effect is evident in weakly acidic to neutral conditions where
anthocyanins should mostly exist under colorless forms, and it is well known to occur in plant tissues offering an explanation for the
large color variations in flowers and fruits (Goto and Kondo, 1991). However, its contribution to the color in processed foods and
beverages is more debatable, due to their lower anthocyanin and copigment concentrations compared to those existing in plant
vacuoles. Despite it and the dissociating effects of ethanol on the formation of copigmentation complexes, this process is believed
to play a relevant role on color definition in young red wines (Santos-Buelga and de Freitas, 2009).

Copigments are generally colorless and can have different chemical nature, including most polyphenols, but also alkaloids,
amino acids, nucleotides, organic acids and some carbohydrates, their efficiency depending on their chemical structures
(Escribano-Bailén and Santos-Buelga, 2012). Copigmentation may also occur among anthocyanins themselves, in whose case is
also referred to as self-association. This is observed at increasing the concentration of anthocyanins in the medium, which results
in a positive deviation from Beer’s law, and it is accepted to contribute to the color expression in flowers (Hoshino, 1991).

Another-type of copigmentation is intramolecular copigmentation, where the anthocyanin chromophore interacts with other
residues of its own molecule. Such residues are generally hydroxycinnamic acids attached to the anthocyanidin chromophore
through one or more sugar units that would act as “spacers”, allowing the molecule to fold in such a way that the m-orbitals of
the aromatic acyl group(s) can interact with the benzopyrylium nucleus and protect it from hydration (Dangles et al.,, 1993).
Intramolecular copigmentation has the entropic advantage of the copigment being directly attached to the chromophore and
consequently the non-requirement of bringing together two molecules initially separated in solution. Those structures are found
in many plants and give rise to pigments that are colored through a wide range of pH values (Brouillard et al., 2010).

A process that also influences the color of the anthocyanins is metal complexation. Anthocyanins possessing an o-dihydroxyl
substitution (catechol group) in their ring B (e.g., derivatives of cyanidin, delphinidin and petunidin) are able to form complexes
with di-or trivalent metals leading to changes in color. Metals most commonly involved in the formation of metalloanthocyanins
are iron (II), magnesium (II) and aluminium (III). Metals selectively link with the quinonoidal forms of the anthocyanins,
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especially with the anionic quinonoidal bases that result from the deprotonation of the hydroxyls on 4’ and 7, which show high
acidity at weakly acidic pH values (Brouillard et al., 2010). Metal complexation and hydration are competitive processes, so that
as a result of the association with the metal cation, anthocyanin equilibria are displaced to the formation of quinonoidal bases,
provoking a bathochromic shift of the absorption spectrum and a change of the color to more violet hues (Dangles et al.,
1994). Ternary complexes anthocyanin:metal:copigment can also be formed where the metal links to both pigment and copigment,
strengthening the copigmentation effect (Takeda et al., 1990). This-type of associations has been indicated to contribute to the blue
color in some flowers (Goto and Kondo, 1991; Goto et al., 1986).

Occurrence in Food and Dietary Intake

As above indicated, most of the anthocyanins occurring in foods are derived from six anthocyanidins: cyanidin, delphinidin, petu-
nidin, peonidin, pelargonidin, and malvidin, being cyanidin glycosides the most commonly found in fruits and vegetables.

The most commonly eaten anthocyanin sources belong to the fruits in family Rosaceae (blackberries, raspberries, strawberry,
cherries, plums, apples), whose composition is based on cyanidin derivatives as major anthocyanins (Andersen and Jordheim,
2013). The total anthocyanin content reported to occur in fruits varied from a few milligrams to more than 1000 mg per 100 g
(fw), with higher levels present in some commonly consumed berries, such as blackcurrants, blackberry, blueberries or chokeberry
(Andersen and Jordheim, 2013; Clifford, 2000). Anthocyanins are also abundant in certain cereals and leafy and root vegetables,
such as pigmented potatoes, eggplant, cabbage, beans, or red onion, with higher values found in purple corn and purple sweet
potato (Ipomoea batatas) reaching contents as high as 1400 mg/100 g (Andersen and Jordheim, 2013; Clifford, 2000).

Anthocyanins in the vegetables are considerably more complex than those of the fruits. The proportion of anthocyanins without
acyl groups and just one or two monosaccharide units is 74% in fruits, whereas above 77% of the anthocyanins in the vegetables
have one or more acyl groups, generally aromatic acyl groups. The families Brassicaceae (red cabbage, radish), Apiaceae (purple
carrot), Solanaceae (purple potato), and Convolvulaceae (purple sweet potato) are especially rich in anthocyanins with aromatic
acylation. Among fruits, only 23% of the anthocyanins contain acyl groups and 11% have just one aromatic acyl group (Andersen
and Jordheim, 2013).

The qualitative and quantitative anthocyanin content in processed products have been much less studied than the anthocyanin
content of intact plant sources, except for red wine. The anthocyanin composition in processed products usually reflects that of the
original fruit or vegetable, although there are huge variations in their contents depending on the methods of processing and storage
conditions. In red wines the intact anthocyanins (mainly malvidin-3-O-glucoside and its derivatives) are present in considerable
amounts in young wines (accounting for around 200 mg/L to more than 500 mg/L). Anthocyanin levels notably decrease during
wine ageing and storage, until their almost completely disappearance, at the same time that they are replaced by other more stable
anthocyanin-derived pigments (de Freitas and Mateus, 2011; Fulcrand et al., 2006). Although less studied, similar reactions may
also take place in other processed products like jams or juices during processing and storage (Fukui et al., 2002).

There are large variations in the anthocyanin intake depending on the country, season and dietary habits, especially related to the
consumption of fruits, berries and red wine. A first estimation of the average daily intake of anthocyanins was made by Kithnau
(1976) that situated it in the range of 180-215 mg, although further reports offer much lower daily consumptions. Dietary intakes
of 3.1 mg/day (Chun et al., 2007) and 12.5 mg were estimated for US adults (Wu et al., 2006), whereas mean values of 47 mg/day
(Ovaskainen et al., 2008) and 82.5 mg/day (Heinonen, 2007) were calculated in Finland and explained by the high berry consump-
tion. An estimate of 18.9 mg/day was made by Zamora-Ros et al. (2010) for a Spanish adult population, with a relevant contribu-
tion of red wine, which accounted for up to 46% of the anthocyanin intake. In general, Andersen and Jordheim (2013) estimated
that the average adult intake of anthocyanins in Western countries could be on the scale of 10 mg/day. More studies are, however,
required regarding anthocyanin consumption according to the country and the consumers’ profiles, taking into account that not
only total intake is important but also qualitative composition should have an influence on their putative health promoting effects.
Moreover, attention will also have to be paid to the increasing popularity of food supplements and the developing market for func-
tional foods, as they may contribute substantially to a rise in the dietary intake levels (Santos-Buelga et al., 2014).

Actually, a serious limitation to investigate the relation between anthocyanin consumption and health promotion is the diffi-
culty to make adequate estimations of their dietary intake. Data on anthocyanins and other phytochemicals contents in selected
foods are already collected in some databases, such as the US flavonoids database (http://www.ars.usda.gov/Services/docs.htm?
docid=6231), the Canadian FooDB (http://foodb.ca/), or the European eBASIS (Bioactive Substances in Food Information Systems;
http://ebasis.eurofir.org/Default.asp), Phenol-Explorer (http://phenol-explorer.eu/) and PhytoHub (www.phytohub.eu). Also, the
EU PlantLIBRA initiative (PLANT food supplements: Levels of Intake, Benefit and Risk Assessment; www.plantlibra.eu) was fostered
with the aim of gathering knowledge on plant food supplement bioactive compounds. However, accurate data on the qualitative
and quantitative anthocyanin composition in foods and beverages are not always available and they are also difficult to obtain,
owing to their structural diversity, distribution across a wide range of products, and the strong influence of agronomic and environ-
mental factors on their contents and profiles (Andersen and Jordheim, 2013; Santos-Buelga et al., 2014). Besides, further changes
may take place during food processing, storage and culinary preparation, owing to their instability and the formation of
anthocyanin-derived products, whose significance and putative biological activities are still to be established. In these circum-
stances, the description of adequate biomarkers could represent a promising alternative to traditional dietary assessments in order
to estimate the exposure to different phytochemicals, including anthocyanins and other polyphenols (Zamora-Ros et al., 2014).
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Anthocyanins as Food Additives

Anthocyanins are approved as natural food colorant additives in both the European Union and the United States. They are usually
employed in the form of extracts or concentrated juices obtained from different edible plants, so that they may also contain other
components of the original plant material, such as organic acids, tannins, sugars or minerals. In the EU, the anthocyanins receive the
common code of E-163 regardless of their origin (Commission Directive, December 2008; Regulation (EC) No 1333/2008 of the
European Parliament and of the Council of 16, December 2008; Commission Regulation, November 2011), indicating that, at least
from a regulatory point of view, they are looked upon as one homogeneous group of harmless compounds (Andersen and Jord-
heim, 2013). Several sources are authorized for their extraction, including grape skins, black currants and other berries, purple
corn or red cabbage. In the United States, FD&C numbers are only given for synthetic food dyes approved for their use in foods,
drugs, and cosmetics, whereas natural colorants are exempt from batch certification. Grape color and grape skin extracts (enocia-
nina) and fruit and vegetable juices are included in this latter category (US Food and Drug Administration, 2015).

The interest in anthocyanins and other natural pigments as food colorants to replace synthetic dyes has increased significantly
over the last years due to safety issues and consumers’ concerns. However, the applications of anthocyanins as food colorants are
seriously limited due to their problems of stability. They are generally unsuitable for foodstuffs that do not have a sufficiently acidic
pH or that contain sulfites, because of the color changes that they suffer in those conditions. Also, they are susceptible to heat degra-
dation, so that they are not well suited for products submitted to high processing temperatures, such as extruded foods. Typical
products for anthocyanin addition are soft drinks, acid dairy products like yogurts, or sugar candies and jams, as well as low water
activity products like some snack foods. Acylated anthocyanins, as those present in some vegetables like colored potatoes, black
carrot, red radish or red cabbage, usually possess greater heat and light stability, so that they are better candidates for their use
as colorants (Giusti and Wrolstad, 2003). The recent description of several classes of anthocyanin-derived pigments, such as pyra-
noanthocyanins, with greater stability against pH changes and showing a diversity of colors from yellow to bright blue, has opened
promising expectations regarding their use as food colorants (Oliveira et al.,, 2014). Moreover, owing to their putative health-
promoting effects, anthocyanins have also been proposed for their use as nutraceuticals in the formulation of functional foods
or dietary supplements, making them multifunctional food additives (He and Giusti, 2010).
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Overview

Flavor plays an important role in food selection and consequently overall nutrition. Flavor is the integrated response to the
simultaneous perception (total sensation) of the taste, odor and chemical feeling factors (somatosensory perceived) characteristics
of a substance, and is often influenced by the color, shape, texture and overall appearance or esthetic quality of the product.
Although the peripheral sensory organs for detection of taste and smell stimuli are quite distinct, their signals are integrated in
the orbitofrontal and other areas of the cerebral cortex of the brain to generate the perception of “flavor” and to mediate food
recognition (Chaudhari and Roper, 2010). It is generally accepted by most researchers that olfaction (aroma) plays the dominant
role in the flavor of food (Spence, 2015).

This chapter provides an overview of the chemicals responsible for aroma or odor perception and to a lesser degree on the
physiology and mechanisms involved in odor perception. The discussion is mainly focused on some important and well-defined
aroma compounds and in some cases chemical pathways for the formation of specific aroma compounds are provided. Throughout
his chapter it is recognized that more detailed information for certain subjects is covered in much greater detail by other publications.
Espedially useful resources are provided in the Further Reading and Relevant Websites sections provided at the end of this chapter.

Olfaction and Odor Perception

The olfactory system of humans is capable of detecting and discriminating a multitude of odorants with diverse chemical structures
and widely varying concentrations (Zarzo, 2007; DeMaria and Ngai, 2010). Odorants are transported, by either orthonasal or
retronasal pathways, to the olfactory mucosa, which contains millions of bipolar olfactory neurons (IHutchins, 2017). Each neuron
contains a single dendrite with multiple (10-20) cilia that are embedded in the surface mucosa and each cilium contains numerous
receptor membrane proteins which can interact with different odorant molecules (Menini et al., 2004). Unbound hydrophilic odor
molecules diffuse across the layer of mucus, whereas hydrophobic odors must become bound to a specific odorant binding protein
to be transported to each cilium for interaction with specific receptors. All of these receptors have the same general structure, seven
hydrophobic transmembrane regions, but the amino acid sequence within the cylinders spanning the membrane are extremely
diverse which permits the discrimination of a large number of odorants.

Odorant molecules bind reversibly to the odorant receptors which are composed of a diverse group of G-protein coupled
receptors. The binding of an odorant activates adenylyl cyclase leading to the formation of cAMP, which triggers a cascade of events
that ultimately lead to a nerve signal (Firestein, 2001). Individual odorant molecules stimulate multiple receptors and neurons
across the olfactory mucosa to produce spatial patterns of activity that code for its odor character and intensity (Malnic et al., 1999).

Odor Quality

The way in which people perceive and classify the odor quality of an aroma substance is as much a matter of perceptual learning and
memory as it is sensitivity to the odorant (Stevenson, 2001). In general, people can discriminate among individual odors, but are
generally poor at naming them (Johnson et al., 2005; Stevenson et al., 2007; Frank et al., 2011; Kaeppler and Mueller, 2013). The
perceived odor quality of a single odorant is mainly related to its chemical structure. However, food aromas are not composed of
single odorants but are instead complex odorant mixtures. The recognition and categorization of perceived smells emanating from
odorant mixtures is complex (Thomas-Danguin et al., 2014). Studies have shown that people can identify only about three odorants
in mixtures containing up to eight odorants (Laing and Jinks, 2001). But people do not generally perceive and process odor mixtures
in this way, but instead as a global mixture percept, referred to as odor object perception (Rescorola et al., 1985). This means that
complex olfactory information is coded and stored in the brain as perceptual odor objects which are later recalled. Odor objects
or odor quality attributes are believed to be concentration invariant and mainly a function of the defined ratios of the perceived
odorants in a mixture (Cleland et al., 2007). For example, a strawberry or a mixture of strawberry aroma components in the
correct ratios would be perceived, stored and later recalled as a strawberry odor object. In some instances, people may respond
to only a single odorant or just a few odorants in a food containing a complex mixture of odorants. These are often the
character-impact odorants of that food, or if these odorants are considered to be unusual or foreign to that food they might be
perceived as off-odors or taints.

Aroma Substances

Not all volatile compounds have perceivable odors in foods. In many food products it is possible to identify thousands of volatile
compounds; however, only a few (estimated to be ~3%) of these are actually odor-active and contribute substantially to the overall
aroma or flavor of the product (Dunkel et al., 2014). Often a volatile compound has a detectable odor at high concentrations, but
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cannot be detected at the low levels at which it is typically found in a food product. Therefore, when we speak of aroma substances,
we generally refer to only those volatile compounds that have perceivable odors at relatively low concentrations and which exceed
their odor detection thresholds.

Odor Threshold and Odor Activity (Value)

The human nose is an extremely sensitive and specific chemical detector. One measure of the potency of an aroma substance is its
odor detection threshold. The odor detection threshold of a substance is the lowest concentration required to elicit an odor
response. Some odorants can be detected at sub parts-per-trillion (pptr, ng/L) levels, while others must be present at parts-
per-billion (ppb, pg/L), parts-per-million (ppm, mg/L) or even higher concentrations in order to elicit odors. Table 1 illustrates
the enormous odor threshold differences that exist among aroma compounds with the same aliphatic nine-carbon backbone
structure but which differ in their functional groups. In addition to general structural features the stereochemistry and absolute
configuration (chirality) of a molecule is often also important to its perceived odor quality and odor detection threshold (Brenna
et al., 2003). For example, linalool, which has a single chiral center (at carbon 3), can exist in two chiral forms (3S and 3R). It is
known that the S and R enantiomers can evoke different neural responses in humans and therefore each possesses a distinct odor
(Sugawara et al., 2000) and odor detection threshold, e.g., 0.8 ppb for the 3R-enantiomer versus 7.4 ppm for the 3S-enantiomer
(Padrayuttawat et al., 1997).

Thresholds can vary widely both within and across individuals. In addition, some people lack sensitivity to specific odor-active
compounds. That is, they are anosmic to these odor stimuli. To further complicate matters, detection thresholds for specific aroma
compounds depend on their vapor pressures, which are influenced by temperature and the food matrix (or medium) in which they
exist. Also, some aroma compounds may undergo odor quality (attribute) changes as a function of concentration (Gross-Isseroff
and Lancet, 1988).

One way of gauging or estimating the impact of a compound on a food’s aroma is based on its odor-activity value (OAV),
sometimes referred to as aroma value or odor unit. An OAV is a dimensionless number and is defined as the ratio of the
concentration of an odorant in a food to its odor detection threshold value of the odorant in a suitable matrix (i.e., which mimics
that of the food). Based on this concept, compounds having high OAVs should make the greatest contribution to the overall aroma
of the food under investigation. However, this assumes that the aroma compounds are below levels that saturate the olfactory
receptors. In fact, the olfactory sense can only accommodate a relatively narrow range of response differential for most aroma
compounds. The effect of concentration (dose) on the perceived odor intensity can vary greatly among different aroma compounds.
This relationship is governed by the Stevens’ Power Law (Stevens, 1971). For this reason OAVs do not necessarily allow for accurate
ranking of aroma compounds by intensity (or odor importance) in a food. Nevertheless, OAVs are still a common way of providing
a preliminary ranking of the relative importance of aroma compounds in foods. As an example, the concentrations and OAVs for the
main aroma components of a lemon-lime carbonated beverage are compared in Table 2.

Table 1 Odor detection thresholds for some aliphatic nine-carbon aroma compounds

Compound Odor Quality Threshold (ug-L~")?
Nonanoic acid Fatty, soapy 3000

Nonan-1-ol Melon 50

Nonanal Pungent, fatty 1

(E)-2-nonenal Fatty, hay 0.08

20dor detection threshold in water (Buttery et al., 1988).

Table 2 Concentrations, odor thresholds and odor-activity values (OAV) for selected
potent aroma components of a lemon-lime flavored carbonated beverage

Compound Cnen (ug-kg~ ') Threshold (1g-L~") 0AV
Octanal 585 0.7 836
limonene 3220 10 322
Decanal 341 2 171

Linalool 483 6 80.4
Nonanal 61.5 1 61.5
Geranyl acetate 248 9 27.6
Geranial 874 32 27.3
1,8-Cineole 19.0 1.3 14.6
Geraniol 321 40 8

Data from Hausch, B.H., Lorjaroenphon, Y., Cadwallader, K.R., 2015. Flavor chemistry of lemon-lime
carbonated beverages. J. Agric. Food Chem. 63, 112-119.
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Aroma Analysis by Combined Instrumental-Sensory Methods

Being able to distinguish the predominant and characterizing aroma components of a food system, so called character-impact
components, from the other odorless of less important aroma components is a difficult task, and sometimes this is not feasible
if a large number of compounds make a seemingly equal contribution to the aroma. Individual aroma-significant volatile
components are generally present at low parts-per-million (ng-kg™'), parts-per-billion (ng-kg™'), and sometimes part-per-trillion
(pg-kg™!) levels, making the detection and identification of these compounds difficult. Nonetheless, due to modern advances in
analytical chemistry, especially application of instrumental-sensory techniques, like gas chromatography-olfactometry (GC-O)
combined with GC-mass spectrometry and sensory analysis of aroma models, significant progress has been made toward our under-
standing of the aroma chemistry of foods (Grosch, 2001; Marsili, 2007; Dunkel et al., 2014). Such efforts have eventually led to the
identification of character-impact components in various foods. Some examples of character-impact compounds are given in
Table 3.

Formation and Occurrence of Aromas in Foods

There are numerous ways in which flavor systems can be classified. In foods there exists a great diversity of classes (alcohols,
aldehydes, ketones, acids, esters, amines, etc.) of aroma compounds. The diversity of chemical structures indicates the involvement
of numerous chemical reactions in the formation of food aromas. Even in aroma systems as seemingly different as vegetables and
cooked meats there are numerous common reactions that produce similar or overlapping aroma profiles. In this discussion, the
chemistry of aroma components will focus on a few general categories, with the understanding that inevitably there will be
some overlap in the chemical pathways involved in aroma formation.

Aroma Biogenesis in Plants

The volatile profiles of fruits and vegetables are composed of a large number of different compound classes, and depending on
species, variety, cultivar and/or other factors, one or more these classes may predominate (Cadwallader, 2005; Schwab et al.,
2008a). Among the thousands of volatile compounds identified in plants, only a relative few actually contribute to the distinctive
aromas of specific fruits and vegetables. The great diversity of the chemical structures indicates the involvement of various
biosynthesis pathways and chemical reactions in the formation of plant-derived aroma compounds. In fruits and vegetables there
are some common reactions that produce similar or overlapping aroma profiles. The biogenesis and occurrence of aroma
compounds in plants has been previously reviewed (Cadwallader, 2005; Schreier, 1986; Leahy and Roderick, 1999; Schwab
et al., 2008a). This discussion presents a brief overview of some pathways involved in the biogenesis of aroma compounds in fruits
and vegetables. The references cited provide additional information for each pathway mentioned.

The major biosynthetic pathways involved in the formation of aroma compounds in plants are shown in Fig. 1 (Schwab et al.,
2008b). Monoterpene (Cyp) and sesquiterpene (C;s) hydrocarbons and their oxygenated derivatives (terpenoids) are formed by
enzymes known as terpene synthases (Degenhardt et al., 2009). Acyl pathways play a central role in the metabolism of fatty acids,
terpenes, amino acids, and carbohydrates (Tressl and Albrecht, 1986; Leahy and Roderick, 1999). Lipoxygenase and associated
enzymes (hydroperoxide lyases, alcohol dehydrogenases and isomerases) are responsible for the breakdown of fatty acids, in
particular linoleic and linolenic acids, into Cg, Cg and Cq volatile aldehydes and alcohols important in the aromas of green plants
(Hatahaka, 1996). Fatty acid metabolism, e.g., B-oxidation of linolenyl-CoA, results in the formation of volatile esters, ketones and
alcohols. Hydroxylated fatty acids (Cg-Ci,) are also formed via B-oxidation and may cyclize (spontaneously) to form +y- and
d-lactones (Engel et al., 1989). Branched-chain and aromatic esters are formed via amino acid metabolism to give typical fruity
aromas (Wyllie et al., 1996). In strawberries, the character-impact compound 2,5-dimethyl-4-hydroxy-3(2H)-furanone is formed
via metabolism of carbohydrates (Schwab et al., 2008b). Metabolism of carotenoids leads to the formation of aroma significant
Cy0 and Cy3 norisoprenoids (Winterhalter and Rouseff, 2002). Volatile sulfur-containing compounds are of particular importance
in the aromas of some plants such as members of the Cruciferae family and Alliums and are formed by the action of specific enzymes
released after tissue disruption (Cadwallader, 2005).

Table 3 Examples of some character-impact aroma compounds in foods

Compound Aroma Quality Product Threshold (ug-L~")
(E,Z)-2,6-nonadienal Fatty, melon Fresh-cut cucumber 0.001
2-Methyl-3-furanthiol Meaty, sulfurous Cooked meat 0.0004
1-Octen-3-one Metallic, mushroom Mushroom 0.005
2-Acetyl-1-pyrroline Roasted, nutty Aromatic rice 0.1

Methional Potato, sulfurous Potato products 0.2
4-Hydroxy-2,5-dimethyl-3(2H)-furanone Burnt sugar, caramel Strawberry, pineapple 0.6
1-(p-Hydroxyphenyl)-3-butanone Floral, raspberry Raspberry 10

Vanillin Vanilla-like Vanilla 20

20dor detection threshold in water (Rychlik et al., 1998).
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Figure 1 Main pathways and precursors involved in the formation of aroma compounds in plants. Adapted from Tressl, R., Albrecht, W., 1986.
Biogenesis of aroma compounds through acyl pathways. In: Parliament, T.H., Croteau, R. (Eds.), Biogeneration of Aromas. ACS Symposium Series
317American Chemical Society, Washington, DC, pp. 114-133 and Schwab et al. (2008).

Thermal Generation of Aromas

The Maillard reaction between amino acids (or other amines) and sugars (or other carbonyls) plays a predominant role in the
formation of aroma in thermally treated food (Mottram, 2007) This complex reaction leads to the formation of hundreds of volatile
compounds that can be grouped into many chemical classes (Fig. 2). The Strecker degradation is an important reaction associated
with the Maillard reaction which involves the oxidative deamination and decarboxylation of an a-amino acid in the presence of
a dicarbonyl compound to produce a volatile aldehyde, so called Strecker aldehyde (Fig. 2). Table 4 contains of list some of
common odor-important Strecker aldehydes, their amino acids precursors and odor detection thresholds. The Strecker degradation
of cysteine is of particular importance since it leads to the formation of the highly reactive intermediate compounds hydrogen
sulfide and ammonia. Hydrogen sulfide can react to form various potent heterocyclic sulfur compounds, e.g., 2-methyl-
3-furanthiol, a potent character-impact aroma component of cooked meat (Mottram, 1998a,b).

Lipid Degradation as a Source of Aromas

Degradation of lipids by hydrolytic and oxidative processes leads to the formation of numerous volatile aroma compounds in foods
(Table 5). Hydrolytic rancidity is caused by the hydrolysis (lipolysis) of fats or oils (triglycerides) which leads to the release of
pungent, rancid or sweaty smelling short-chain free fatty acids such as butyric acid. Lactones, with fruity or coconut-like aroma
characteristics, also may be produced from hydroxy fatty acids released by lipid hydrolysis (e.g., in dairy products). In general,
oxidation of fats and oils, especially polyunsaturated lipids, is of greater importance than lipolysis, since it is source of volatile
aldehydes and ketones with low odor detection thresholds (Pegg and Shahidi, 2007). These compounds are generally
unstable and may be transformed to other volatile compounds through further chemical reactions. For example, the retro-aldol
condensation of unsaturated aldehydes, e.g., (E,E)-2,4-decadienal to form (E)-2-octenal (Table 5), is an important reaction that
can further impact the aroma of lipid-containing foods (Josephson and Lindsay, 1987). It is important to note that in addition
to forming aroma-active compounds, the oxidative and thermal degradation of lipids gives rise to many volatile compounds
(e.g., carbonyls) that also can take part in the Maillard reaction (Zhang et al., 1994).

Fermentation-Derived Aromas

Fermentations have been used for millennia to preserve foods and for modification of food flavors. This section will briefly focus on
flavors derived by yeast and lactic acid bacteria fermentations. The aroma components of fermented products can be derived
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Figure 2 Formation of aroma compounds by the Maillard reaction. Adapted from Ho, C.-T., 1996. Thermal generation of Maillard aromas.
In: Ikan, R. (Ed.), The Maillard Reaction: Consequences for the Chemical and Life Sciences. John Wiley and Son Ltd. pp 27-53.

Table 4 Aroma-active Strecker aldehydes found in foods

Compound Odor Quality Amino Acid Precursor Threshold (ug-L~")?
Acetaldehyde Pungent, yoghurt Alanine 25

Methylpropanal Malty, green Valine 1

2-Methylbutanal Malty, bug Isoleucine 2

3-Methylbutanal Malty Leucine 0.2
Phenylacetaldehyde Floral, honey Phenylalanine 4

Methional Potato, sulfurous Methionine 0.2

20dor detection threshold in water (Rychlik et al., 1998).

through primary metabolism or by residual enzymes produced by the organism. The biosynthetic pathways and reactions involved
formation of fermentation aromas are often analogous to those previously discussed for aroma biogenesis in plants. Extensive
reviews have been published on flavor chemistry of fermented dairy products (Singh et al., 2007), fermented meat products (Toldr3,
2008) and alcoholic beverages (Piggot, 2012). Of particular interest in recent years has been the application of fermentation
technology (biotechnology) for the sustainable production of natural aroma compounds (Berger, 2007; Gupta et al.,, 2015).

0ff-Odors and Taints

Oft-odors (off-flavors) and taints can cause severe problems in foods, leading to economic losses due to product recalls, reduced
consumer confidence and to potentially a tarnished brand image. Owning to its importance to the food industry numerous
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Table 5 Some important lipid-derived aroma compounds

Compound Odor Quality Precursor Mode of Formation

Butyric acid Cheesy, fecal Tributyrin Hydrolysis (lipolysis)

Hexanal Green, cut-grass Linoleic acid Oxidation

(E)-2-hexenal Green, cut-leaf Linolenic acid Oxidation/isomerization
via (2)-3-hexenal

Nonanal Pungent, fatty Oleic acid Oxidation

(E)-2-nonenal Fatty, hay Linoleic acid Oxidation/isomerization
via (2)-3-nonenal

(E,2)-2,6-nonadienal Fresh-cut cucumber  Linolenic acid Oxidation/isomerization
via (Z,2)-3,6-nonadienal

(E,E)-2,4-decadienal Fatty, fried Linoleic acid Oxidation

(E,E,2)-2,4,7-decadienal Fatty, fishy Linolenic acid Oxidation

(2)-4-heptenal Rancid, fishy (E,2)-2,6-nonadienal  Retro-aldol condensation

(E)-2-octenal Fatty, nutty (E,E)-2,4-decadienal Retro-aldol condensation

comprehensive reviews have been published on this subject (Goldenburg and Matheson, 1975; Saxby, 1982; Whitfield, 1986;
Mottram, 1998a,b; Jelén, 2006; McGorrin, 2007; Pegg and Shahidi, 2007; Reineccius, 1991). For the sake of this discussion
off-odors are considered to be the occurrence of any atypical odors resulting from compounds formed by internal deterioration
of the food, including chemical reactions and microbial spoilage; whereas, taints result from contamination of the food by foreign
chemicals derived from the environment or other external sources (Whitfield, 1986).

Off-odors in foods may result from oxidation, light-catalyzed reactions, nonenzymatic browning, chemical reactions and
interactions among food constituents, enzymatic reactions and microbial spoilage. Many of the reactions involved in the formation
of off-odors are the same or analogous to those already discussed in previous sections. Oftentimes, compounds that impart
a positive aroma character in one instance may cause an off-odor when present in the wrong context or at elevated levels. For
example, lipid degradation caused by autoxidation and/or lipolysis is a common source of either desirable aromas or off-odors
in foods (Pegg and Shahidi, 2007).

In addition to chemical reactions, certain aspects of plant and animal metabolism can also lead to formation of off-odors. The
so called “boar taint” off-odor associated with meat derived from intact male pigs has been attributed to the steroid 5-o-adrost-
16-en-3-one or “androstenone” which has an ammoniacal and urine-like odor. This is sometimes accompanied by the
fecal-smelling tryptophan metabolite 3-methylindole (skatole) (Bonneau, 1982).

As mentioned above, taints as opposed to off-odors, originate from external sources. Taints may be introduced into food
materials as a result of exposure to environments or packaging materials contaminated by either synthetic chemicals or chemicals
produced or transformed by microbial action. Some common taints of chemical and microbial origins include halogenated
phenolic compounds (e.g., trichloroanisole) which cause cork taint in wine (Simpson and Sefton, 2007), as well as the musty/
earthy smelling geosmin and 2-methyl isoborneol in aquaculture products (Whitfield, 1988, 1998; Rimando and Schrader, 2003).

Conclusions

Much has been learned over the past 50 years with respect to our understanding of olfaction and odor perception and on the
identities and origins of volatile foodborne odorants involved food aromas. This above discussion is just a small sampling of
what is known and available in the vast literature on the subject. However, despite our already great understanding of the subject,
the identification and characterization of food aromas will continue to be of interest to food chemists concerned with food quality.
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Glossary

ADI Acceptable Daily Intake

EDI estimated daily intake

GRAS generally recognized as safe
FDA Food and Drug Administration.

Introduction

While no single factor is responsible for the recent, dramatic increases in overweight and obesity, a scientific consensus has emerged
suggesting that consumption of sugar-sweetened products, especially beverages, is casually linked to increases in risk of chronic,
debilitating diseases including type 2 diabetes, cardiovascular disease, hypertension and stroke (Swithers, 2015). Sweeteners
have been used extensively in food and beverages for decades, yet there continues to be controversy about their net effects on energy
balance. There has been renewed interest in this discussion in recent years in the wake of a number of prospective cohort studies in
which it was observed that the risk of weight gain was increased in a dose responsive manner among participants consuming diet
beverages compared to those who did not consume them (Fowler et al., 2008, 2015). Recognizing our desire for sweet flavours, the
food industry has developed and supplied sugar free alternatives designed to satisfy our cravings, referred to as sugar substitutes,
artificial sweeteners or non-nutritive sweeteners. Nowadays they occupy a large portion of commercial space on the supermarket
shelves worldwide.

Sweeteners are functional food additives that impart sweetness in food (DuBois and Prakash, 2012). Some of the low-calorie
sweeteners currently approved by different international authorities as direct food additives include acesulfame, aspartame,
cyclamate, saccharin and sucralose. On the other hand, there is a wide range of natural, unrefined sweeteners which aside from
providing sweetness to the product, contain various bioactive compounds, such as vitamins, minerals or polyphenols that are
known to exhibit positive health effects and contribute to the concept of functional food. Natural sweetener can be further divided
in to saccharide and non-saccharide sweeteners (Surana et al., 2006). There are many other natural alternatives to sugar that are
available, though not widely used, despite the fact that natural non-refined sugar alternatives potentially contain beneficial bioactive
compounds, especially polyphenolic compounds, known for their antioxidant properties. Some of these natural sugar alternatives
include plant saps/syrups (eg, maple syrup, agave nectar), syrups made from raw sugar and grains (eg, molasses, barley malt, and
brown rice syrup), honey, fruit or vegetable sugars (eg, date sugar, carrot). Among the natural alternatives to sucrose that can be used
as sweeteners with low glycemic index are lucuma (Pouteria obovata) and yacon (Smallanthus sonchifolius), which - undergo less
refining process and may therefore provide a substantial content of other beneficial nutrients and bioactives. Likewise, the use of
Stevia and liquorice (Glycyrrhiza glabra) are also well known in confectionery industry, but they still do not have a wider application
due to the aftertaste that often occurs in the products. Black locust (Robinia pseudoacacia) is a tree native and widely spread in the
southeast European region, appreciated for its medicinal properties (prepared and consumed as tea) and culinary uses (the flower
nectar is used for production of honey, flowers are fried, added to dishes or used for preparation of beverages), mostly due to its
specific sweet taste and mild, flowery aroma (Belscak-Cvitanovic et al., 2015). Sweetener can be broadly divided into two categories,
natural and artificial or synthetic sweetener.

Artificial Sweeteners: An Alternative to Limiting Table Sugar in the Diet

Sensory properties of food are highly influenced by the sensational properties like taste, smell texture and appearance (Sorensen
et al., 2003). The selection and consumption of food plays a crucial role in the regulation of human appetite and nutrient intake.
A sweetener is a food additive, which mimics the effect of sugar on taste. Therefore, they are called sugar substitutes. Consumers
often select foods that are composed of low calorie sweetener because they want the taste of sweetness without added calories.
Artificial sweeteners are being used as sugar substitutes in considerable and increasing amounts in food and beverages, especially
by those who are diabetic and/or obese (Benton, 2005). They have also been used in other personal care and pharmaceutical
products such as toothpastes (Zygler et al., 2009). Although, from the beginning of their use, there has been a controversy over their
risk as potential carcinogens (Weihrauch and Diehl, 2004), these sweetener compounds are generally considered to be safe for use in
food stuffs (Kroger et al., 2006; Ahmed and Thomas, 1992; Cohen et al., 2008). Artificial sweeteners are becoming increasingly used
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to sweeten beverages, such as soda, juice, coffee and tea. In an era where obesity has become a serious health problem with large
populations affected, sweeteners are a way to replace sucrose consumption. These products have been considered as safe in a recently
published position article from the Academy of Nutrition and Dietetics (Caballero, 2007; Fitch and Keim, 2012). Acesulfame-k,
aspartame, cyclamate, saccharin and sucralose are currently approved as artificial sweeteners as direct food additives. Others are
continually being developed and are gradually used in more foodstuffs, especially because they contribute to longer shelf-life. In
terms of environmental degradation, among the five most commonly used artificial sweeteners named above, only aspartame
decomposes under normal usage conditions, and safety clearance was given to the intake of even its breakdown derivatives (US
FDA, 2006; EU, 2003; US FDA, 1983). The number of times that a sweetener is sweeter than sucrose is called sweetener potency.
The potency of a sweetener is compared with sucrose mainly in the threshold levels of the sweetener and sucrose (Yasuura et al.,
2014). Sugars and sugar alcohols, such as sucrose and xylitol, are low-potency sweeteners, whose sweetener potencies are about
1 and under. On the other hand, sweeteners which have a sweetener potency exceeding 10 are called high-potency sweeteners,
such as saccharin and aspartame. Interestingly, low-potency sweeteners, such as sucrose, exhibit higher sweetness intensity than
high-potency sweeteners at very high concentrations. That is why low-potency sweeteners are also called high-intensity sweeteners
(Hayes, 2008; Cardello et al., 1999; Farkas and Hid, 2011).

Acesulfame—k

Acesulfame—k;, a high intensity sweetener, is a potassium salt of 6-methyl-123-axathiazine-4 (3H)-one 2, 2-dioxide with molecular
formula C4;H4KNO,4S and molecular weight of 201.24 was developed as sweetener by Hoechst. Synthesis of Acesulfame-K involves
the treatment of acetoacetamide with at least two equivalents of sulfur trioxide. This results in formation of N-sulfoacetoacetamide,
which is then dehydrated by sulfur trioxide to form oxathiaazinone dioxide. Neutralization with potassium hydroxide gives
Acesulfame-K (Clauss et al., 1993). Acesulfame—Kk is a white crystalline, water soluble powder, which is roughly 120 times sweeter
than sucrose. It is heat stable so it can be used in cooking and baking. Acesulfame-K or Ace-k is often blended with other sweeteners
(usually sucralose or aspartame) whereby each sweetener masks the other’s after taste and exhibit a synergistic effect by which the
blend is sweeter than its components. The European Commission’s Scientific Committee on food reevaluated this sweetener and
supported its safety but recommended an ADI from 9 mg kg™ ' to 15 mg kg~ ! bw per day. The amount of acesulfame-K added to
food products is very small because of its intense sweetening power and because it is often used in combination with other
sweeteners. The EDI is estimated at 20% of the ADI because of its intense sweetening power.

Alitame

L-aspartic acid, D-alanine, and a novel C-terminal amide moiety are the main component of Alitame. It is 2000 times sweeter than
sucrose without the bitter or metallic qualities of high-intensity sweetener (Auerbach et al., 2001). This sweetener blends with other
high-intensity sweeteners to maximize the quality of sweetness. From an oral load of alitame, 7% to 22% is unchanged and excreted
in the feces. The remaining amount (78% to 93%) is hydrolyzed to aspartic acid and alanine amide. An ADI of 0-1 mg kg™ ' body
weight was allocated on the basis of the no-observed-adverse-effect-level (NOAEL) of 100 mg kg™ body weight/day to an 18 month
study in dogs. Joint FAO/WHO Expert Committee on Food Additives (JEFCA) reviewed safety data on alitame in 2002 and
postponed making ADI or other toxicology recommendations about alitame until findings of a 90-day tolerance study were
made available. In the FDA petition, the estimated daily intake as a sole sweetener in all products is 0.34 mg kg™' bw per day.
The level at which no observed adverse effects occurred in animals was 100 mg kg™ ' (Auerbach et al., 2001). Alitame has already
been approved in Mexico, Colombia and China as well as Australia and New Zealand.

Aspartame

Aspartame was discovered in 1965 by James Schlatter. It is an artificial, non-saccharide sweetener, L-aspartyl-L phenylalanine methyl
ester that is a methyl ester of the dipeptide of the amino acids aspartic acid and phenylalanine. Under strongly acidic or alkaline
conditions, aspartame may generate methanol by hydrolysis. Under more severe conditions, the peptide bonds are also hydrolyzed,
resulting in the free amino acids. It is slightly soluble in water. The solubility increases with higher or lower pH as well as with
increased temperature (Mazur et al., 1970; Mazur and Ripper, 1979). Intestinal esterases hydrolyze aspartame to aspartic acid, meth-
anol, and phenylalanine. These components are found in much greater amounts in the normal diet in fruits, vegetables, meat, and
milk. For example, a serving of nonfat milk provides about six times more phenylalanine and 13 times more aspartic acid, whereas
a serving of tomato juice has about six times more methanol than an equal volume beverage sweetened 100% with aspartame. In
1981, the FDA approved aspartame as a sweetener for a number of dry uses (eg, tabletop sweetener, cold breakfast cereal, gelatins
and puddings) and in chewing gum. This approval was expanded in 1983 to include carbonated beverages. The first safety
assessment of aspartame carried out in Europe was published by the Scientific Committee on Food (SCF) in 1984 and ADI for
aspartame of 40 mg kg~! bw per day was established. The Council on Scientific Affairs of The American Medical Association in
1985 concluded that “Available evidence suggests that consumption of aspartame by normal humans is safe and is not associated
with serious adverse health effects”. In European Food Safety Authority’s (EFSA’s) first ever full risk assessment of the food additive
aspartame, the experts concluded that aspartame and its breakdown products are safe for human consumption at current levels of
exposure. Aspartame is used in low-calorie soft drinks, foods, and sweeteners because aspartame is approximately 200 times sweeter
than sugar. Aspartame is a low calorie option for people who should or need to limit their sugar intake (Ishii, 1981).
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Neotame

Neotame is one of the newest artificial sweetener, a derivative of aspartame. Another similar compound, alitame, is pending
approval before the FDA. Neotame is 7000 to 13,000 times sweeter than sugar and has no calories. Synthesis of neotame involve
the hydrogenation of L-a-aspartyl-L-phenylalanine I methyl ester and 3-3 dimethylbutyraldehyde produced in-situ by the
hydrolysis or cleavage of a 3-3-dimethylbutyraldehyde precursor. Neotame is an odorless white to gray-white powder with a strong
sweetness and is readily soluble in alcohols and slightly soluble in water (Prakash et al., 2002; Prakash, 2007). Globally, neotame is
approved for use in multiple countries in North America, South American, Europe, Africa, Asia, and Australia. In June 2003, the
JECFA confirmed the safety of neotame and granted an ADI of 2 mg kg™ ' bw per day.

Saccharin

Saccharin, the first artificial sweetener, was discovered serendipitously, as were most artificial sweeteners. Constantine Fahlberg was
researching on the oxidation mechanisms of toluenesulfonamide, during research, a substance accidentally splashed on his finger;
he later licked his finger and noticed the substance had a sweet taste, which he traced back to saccharin (Arnold, 1983). Since that
time, a number of compounds have been discovered and used as food additives for their sweetener properties. Saccharin has been in
use since 1900 and obtained FDA approval in 1970. Saccharin has no calories and is 300 times sweeter than sugar (Food and Drug
Administration, 2006). Synthesis involves diazotization of methyl anthranilate and then treatment of the diazonium salt with sulfur
dioxide and chloride gas to give the sulfonyl chloride which is then treated with ammonia to give saccharin (Tarbell and Tarbell,
1978). The label must state saccharin in the ingredient declaration, the amount of saccharin listed per fluid ounce for beverages,
milligrams in the dispensing unit for cooking or tabletop use, and milligrams per serving for processed goods. The FDA lists the
ADI for saccharin at 5 mg kg™".

Sucralose

Sucralose was accidentally discovered in 1976 when Tate & Lyle, a British sugar company, was looking for ways to use sucrose as
a chemical intermediate. This non-nutritive sweetener is made from sucrose by a process that substitutes 3 chloride atoms for 3
hydroxyl groups on the sucrose molecule (Food and Drug Administration, 2006). Sucralose is 600 times sweeter than sugar and
contains no calories. Sucralose was approved by the FDA in 1998 for use in 15 food categories, including a tabletop sweetener under
the brand name Splenda. In 1999, sucralose was approved as a general-purpose sweetener. The FDA concluded from a review of
more than 110 studies in human beings and animals that this sweetener did not pose carcinogenic, reproductive, or neurologic
risk. According to European Food Safety Authority’s (EFSA’s) ADI of sucralose is 40 mg kg™ ' bw per day.

Artificial Sweetener Use and Health Effects

The nutritive sweeteners include the monosaccharide polyols (e.g., sorbitol, mannitol, and xylitol) and the disaccharide polyols
(e.g., maltitol and lactitol). They are approximately equivalent to sucrose in sweetness (Dills, 1989). The non-nutritive sweeteners,
better known as artificial sweeteners, include substances from several different chemical classes that interact with taste receptors and
typically exceed the sweetness of sucrose by a factor of 30 to 13,000 times. Nutritive sweeteners (eg, sucrose, fructose) are generally
recognized as safe by FDA, yet concern exists about increasing sweetener intakes relative to optimal nutrition and health. In the
United States, estimated intakes of nutritive sweeteners fall below this, although one in four children (ages 9 to 18 years) can surpass
this level. In addition to their sensory qualities, nutritive sweeteners add functional properties to foods through their effects on
physical (eg, crystallization, viscosity), microbial (eg, preservation, fermentation), and chemical (eg, caramelization, antioxidation)
characteristics (Davis, 1995). Nutritive sweeteners are easily digestible except in the cases of rare genetic abnormalities of
carbohydrate metabolism (eg, galactosemia, inherited fructose intolerance) (Rumessen, 1992). Over the years, the effects of artificial
sweetener use on health have been a concern among health professionals as well as the public for a variety of reasons (Jones and
Elam, 2003). One area involves the safety of sweeteners for use by children, when sweetener intakes are high relative to body weight,
and pregnant women, when the goal of the diet is to support maternal and fetal health (Kaiser and Allen, 2002). Concern about
sweetener intakes has shifted from diabetes in the 1960s, to hyperactivity and behavior issues in children in the 1990s, and to the
etiology of obesity in the 2000s. A key recommendation related to the use of non-nutritive sweeteners is to control total energy
intake and increase physical activity to manage body weight (US Departments of Agriculture and Health and Human Services,
2010). Eating patterns that are low in energy density improve weight loss and weight maintenance, and may be associated with
a lower risk of type 2 diabetes in adults. Substituting non-nutritive sweeteners for higher-energy foods and beverages can decrease
energy intake, but evidence of their effectiveness for weight management is limited.

Dental caries are the localized destruction of dental hard tissue by acidic material from bacterial fermentation of dietary
carbohydrate (American Academy of Pediatric Dentistry, 2011). Factors that control the development of dental caries include
microbiological shifts in the biofilm, salivary flow, buffering capacity of saliva, frequency and kind of dietary sugars consumed,



Artificial Sweeteners 33

length of time oral bacteria have to ferment the fermentable carbohydrate and create organic acids, tooth susceptibility, preventive
behaviors such as cleaning of teeth (Selwitz et al., 2007), and exposure to fluoride (National Institutes of Health, 2001). Use of
polyol-based gum can reduce the risk of dental caries in children, with the greatest benefit in xylitol-based gums, but
non-nutritive sweeteners do not promote dental caries (Makinen et al., 1995). A child who consumes more than three nutritive
sweetener-containing snacks or beverages between the meals per day is considered at increased risk for dental caries. Xylitol is
considered cariostatic and anticariogenic and aids in the prevention of dental caries. It is very soluble in water and sparingly soluble
in ethanol. Human tolerance studies indicate that consumption exceeding 50 g per day leads to diarrhoea. The estimated intakes of
non-nutritive sweeteners in children are below the established acceptable daily intakes for all approved sweeteners. As a percentage
of AD], they are as low as 10.4% for aspartame to as high as 60% for acesulfame-K. It has been suggested that caregivers may want to
limit intake of saccharin by young children because of the limited amount of data available for its use in children (Council on
Scientific Affairs, 1985). The wide range of nutritive and non-nutritive sweeteners available in the food supply, as well as blending
these sweeteners in food and beverage systems, should continue to keep estimated intakes of non-nutritive sweeteners in children
well below the acceptable daily intakes.

Obesity is another complex problem, and its cause cannot simply be attributed to any one component of the food supply such
as sweeteners. The causes of obesity are multifactorial, and the focus on any single factor no doubt oversimplifies the issue.
Nevertheless, with regard to recent and rapid increases in the prevalence of obesity, scientific evidence has implicated a number
of dietary factors as likely contributors. Most recently, special attention has been focused on the extremely high levels of
consumption of sugars in general and sugar-sweetened beverages in particular. For example, in the US overall consumption of
sugar-sweetened soft drinks in 2001 was roughly 37 gallons per capita (USDA, 2008). The prevalence of obesity has increased
substantially at the same time as the consumption of non-nutritive sweeteners has increased (Sylvetsky et al., 2012). The question
is, do these sweeteners maintain a highly sweet food environment to increase risk of obesity through appetite, intake, and energy
regulation mechanisms? Some evidence primarily from studies with animals suggests that high intakes of sweets (nutritive
sweeteners alone or in mixtures with fat) promotes weight gain through changes in neuropeptide control of appetite, intake,
and energy expenditure (Levine et al., 2003). In 2012 over 70% of adults reported that they consumed sugar-sweetened beverages
(SSB; soft drinks or fruit drinks with added sugar; Kumar et al., 2014), with over 25% reporting daily intake. A recent meta-analysis
also showed strong links between SSB consumption and increased body weight (Malik et al., 2013). Thus, the rise in prevalence
clearly relates to all factors that cause an energy imbalance.

Pregnancy is a time of special concern because the focus is on maternal and fetal health. All FDA-approved nutritive sweeteners
and non-nutritive sweeteners are approved for use by the general public, which includes pregnant and lactating women. The
position of the Academy is that use of nutritive sweeteners is acceptable during pregnancy (Position of the American Dietetic Asso-
ciation, 2008). The safety of acesulfame-K, aspartame, sucralose, and neotame in pregnancy has been determined with rat studies;
the scientific community accepts rats and some other animals as appropriate models for reproductive toxicology testing that are
applicable to human beings. At high doses, there was no change observed in fertility, size of litter, body weight, growth, or mortality
for acesulfame-K, sucralose, or neotame (Food and Drug Administration, 1998, 1998, 2002).

Conclusions

Artificial sweeteners add to the pleasure of eating. Consumers can enjoy a wide range of sweeteners in a wide variety of foods and
beverages. Artificial sweeteners are safe for use within the approved regulations. Artificial sweeteners are those that sweeten with
minimal or no carbohydrate or energy. They can increase the palatability of fruits, vegetables, and whole-grain breads/cereals
and thus have the potential to increase the nutrient density of the diet while promoting lower energy intakes. They are regulated
by the Food and Drug Administration as food additives or generally recognized as safe. The Food and Drug Administration approval
process includes determination of probable intake, cumulative effect from all uses, and toxicology studies in animals. Five
non-nutritive sweeteners are approved by FDA, those are acesulfame-K, aspartame, neotame, saccharin, sucralose. They have
different functional properties that may affect perceived taste or use in different food applications. There is a chance that, continuous
exposure to artificial sweeteners could persistently alter sweet preferences, leading to enhanced intake of sugars throughout life and
it could interfere with learning of basic relations between sweet tastes and the delivery of calories, which in turn could negatively
affect regulation of metabolic processes. Artificial sweeteners could alter the composition of the gut microbiota, which in turn can
contribute to metabolic dysregulation. Thus, consumers must be aware of science-based information about particular artificial
sweetener and supportive research on the use of that to promote eating enjoyment, optimal nutrition, and health.
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Introduction

Betalains are water-soluble nitrogen-containing vacuolar pigments, consisting of the red to red-violet betacyanins and the yellow-orange
betaxanthins (Fig. 1). They are immonium conjugates of betalamic acid with cyclo-Dopa (cyclo-3,4-dihydroxyphenylalanine) and
amino compounds (amino acids, amines, or derivatives), respectively. Examples are betanin (betanidin-5-O-f-glucoside) of red beet
and indicaxanthin (betalamic acid linked to proline) of cactus pear, the first structurally characterized betalains.

Glycosylation and acylation result in a diversity of betacyanin structures. The betanidin aglycone is usually linked with glucose,
occasionally with glucuronic acid, sophorose, thamnose, and apiose, at the C-5 or C-6 position. Further modification occurs by
aliphatic or aromatic acid esterification of the sugar moiety. Malonic, 3-hydroxy-3-methyl-glutaric, caffeic, p-coumaric, cinnamic,
and ferulic acids are typical acid substituents (Strack et al., 2003). To date, about 78 plant betalains have been identified and
characterized (Slimen et al., 2017).

The biosynthesis of betalains is discussed in detail in review articles (Esatbeyoglu et al., 2015; Khan and Giridhar, 2015; Strack
et al., 2003). Betalains are found in numerous sources (flowers, fruits, roots, leaves, stalks, seeds, grains) in the plant kingdom. In
food, however, their occurrence is limited, the red beet being regarded for a long time as practically the sole source of betacyanin.
More recently, other edible sources have been investigated, such as Ullucus tuberosus, an important root crop in the Andean region of
South America (Cejudo-Bastante et al., 2014); Basella rubra, known as Malabar spinach, a leafy vegetable that accumulates pigments
in its fruits (Kumar et al., 2015, 2016); prickly (cactus) pear (Opuntia ficus-indica and Opuntia stricta) (Castellar et al., 2003; Melgar
etal.,, 2017; Mophammer et al., 2005a,b; 2006; Stintzing et al., 2002b, 2003); red-purple pitaya (dragon fruit) Hylocereus polyrhizus
(Herbach et al., 2006a, 2007; Mophammer et al., 2005b; Stintzing et al., 2002a; Wybraniec et al., 2001) and Amaranthus leaf and
grain (Stintzing et al., 2004; Cai and Corke, 2000; Cai et al., 2005).

Being minor pigments in red beet, betaxanthins have received much less attention. Food sources of betaxanthins are yellow
varieties of Swiss chard, beet, and cactus fruits (Kugler et al., 2004; Stintzing et al., 2002b; Strack et al., 2003).

Physical and Chemical Properties

Betacyanins and betaxanthins exhibit absorption maxima at 532-550 nm and 457-485 nm, respectively (Khan, 2016). The
conjugated double bond system of the betalamic acid moiety constitutes the chromophore responsible for these absorptions
and consequently, the vivid color. The bathochromic shift of 50 to 70 nm of betacyanins compared to betaxanthins is due to
conjugation of the aromatic ring’s double bonds of cyclo-Dopa, extending the electronic resonance system. Glycosylation of
betanidin causes a hypsochromic shift (Stintzing et al., 2004) while esterification with aliphatic acids has little impact on the
maximum absorption of betacyanins (Stintzing et al., 2002a; Wybraniec et al., 2001). Acylation with aromatic acids results in
a bathochromic shift (Heuer et al., 1992).

As with other natural pigments, stability is a major concern with betalains. It is enhanced by high betalain content, high degree of
glycosylation and acylation, low a,,, pH 3 to 7, antioxidants, chelating agents, low temperature, protection from light, and nitrogen
atmosphere (Herbach et al., 2006a,b). Conversely, degrading enzymes (peroxidase, polyphenol oxidase, glucosidase), low degree of
glycosylation and acylation, high a,,, metal cations, pH < 3 or >7, high temperature, exposure to light, O, and H,O, lowers stability.

The lower oxidation-reduction potential of betanidin as compared to betanin coincides with its greater susceptibility to
destruction by molecular oxygen (von Elbe and Attoe, 1985). Glycosylation increased the half-life of betanidin and isobetanidin
by about 17 times in Oj-saturated solutions. Betacyanin stability may be increased by substitution with aromatic acids, the

Betacyanins Betaxanthins

R, = glucosyl or derivatives R= amino acid, amine or derivatives
R, = glucosyl, glucuronyl, derivatives or H

Figure 1 Structures of betacyanins and betaxanthins.
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6-O— being more effective than the 5-O-substitution, explained by intramolecular stacking that may protect the aldimine bond
from hydrolytic attack (Schliemann and Strack, 1998).

It is widely known that betalains are stable over a broad pH range, from 3 to 7, which makes them well suited for application in
low-acid and neutral foods. Betanin is most stable at pH 4-5 (Huang and von Elbe, 1987).

Betanin undergoes water-dependent hydrolysis; ay is a crucial factor for betanin susceptibility to aldimine bond cleavage, Lower
a,, improved betanin stability, most effectively at below 0.63 (Kearsley and Katsaboxakis, 1980). In encapsulated beetroot pigments,
betanin degradation was greatest at a,, = 0.64 (Serris and Biliaderis, 2001). Greater betanin stability was ascribed to decreasing
mobility of the reactants at lower a,, and by dilution effects at higher ay,.

Metal cations (Fe**, Fe**, Sn?*, AI**, Cr’*, Cu®") accelerate betanin degradation (Attoe and von Elbe, 1984; Czapski, 1990;
Sobkowska et al., 1991). EDTA can prevent metal-catalyzed betanin degradation by pigment stabilization and complex formation
with metal ions (Attoe and von Elbe, 1984).

Ascorbic acid showed a protective effect in purple pitaya juice and pigment preparations (Herbach et al., 2006a,b) and on
Amaranthus pigments (Cai and Corke, 1999). Added to the juice prior to storage, it prevented the detrimental effects of light
exposure (Herbach et al., 2007). Addition of 0.25% ascorbic acid, pH 4.0, and pasteurization at 65 °C for 30 min were selected
as the best processing conditions to retain betacyanin content in red-fleshed pitaya juice (Wong and Siow, 2015). Ascorbic acid
and Se synergistically protected and regenerated betalains efficiently after thermal degradation in Rivina humilis L. berry juice
(Khan and Giridhar, 2014).

Alterations During Processing and Storage of Food

Decomposition of betalains may be catalyzed by degrading enzymes. Several polyphenol oxidases were isolated from red beet
(Escribano et al., 2002). A betalain oxidase catalyzed betanin degradation to cyclo-Dopa-5-O-B-glucoside, betalamic acid, and
2-hydroxy-2-hydro-betalamic acid (Zakharova et al., 1987).

Degradation of betalain during thermal processing has been reported in many papers (e.g. Herbach et al., 2004a,b, 20063;
2007). The color shift of red beet juice to orange on thermal treatment was attributed to the formation of yellow and
orange-red degradation products (Herbach et al., 2004b).

Betacyanin undergoes isomerization, deglycosylation, dehydrogenation, hydrolysis, and decarboxylation (Fig. 2). The
predominating reaction differs with different betacyanin (Stintzing and Carle, 2007). Betanin was mainly hydrolyzed into betalamic
acid and cyclo-Dopa-5-O-glucoside. Decarboxylation and combined decarboxylation/dehydrogenation predominated with
hylocerenin (3-hydroxy-3-methylglutaryl-betanin). Phyllocactin (malonyl-betanin) yielded betanin and various yellow and red
dehydrogenated and decarboxylated derivatives.

Betacyanins are generally accompanied by their respective isobetacyanins, but isomerization can be induced by acidic or alkaline
conditions (Schwartz and von Elbe, 1983; von Elbe et al., 1981). It has also been observed during thermal treatment of red beet juice
(Herbach et al., 2004b; von Elbe et al., 1981).

The glucose moiety of betanin may be cleaved in the presence of B-glucosidase, under strongly acidic conditions, or at high
temperature (Herbach et al., 2006b). This deglucosylation results in increased susceptibility towards oxidation (Stintzing and Carle,
2004).

Yellow neobetanin (14,15,-dehydrobetanin) is an endogenous pigment, as in red beet (Alard et al., 1985; Kujala et al., 2001)
and prickly pear (Strack et al., 1987). It can also be generated on heat exposure (Herbach et al. (2004b). Dehydrogenation of
phyllocactin and hylocerenin on thermal treatment of purple pitaya juice resulted in the formation of the corresponding yellow
neo-derivatives (IHerbach et al., 2004a).

At pH above 6 or during thermal processing, betanin is cleaved to the bright yellow betalamic acid and the colorless cyclo-
Dopa-5-O-B-glucoside (Schwartz and von Elbe, 1983). The aldimine bond may be protected from cleavage by acylation with
aromatic or aliphatic acids (Schliemann and Strack, 1998; Herbach et al., 2005). Partial regeneration of betanin occurs after
short-term heating (Czapski, 1985; Huang and von Elbe, 1985; von Elbe et al., 1981). Ascorbic, isoascorbic, metaphosphoric,
and gluconic acids improved the regeneration of red beet juice pigments after heating (Han et al., 1998).

Betanin may be decarboxylated at the C-2, C-15, or C-17 position (Herbach et al., 2005). The monodecarboxylated betanins are
subsequently transformed to di- and tridecarboxylated betanins (Wybraniec, 2005). Decarboxylation at either C-2 or C-15 do not
alter the betanidin chromophore, thereby maintaining the color of the original betacyanin. On the other hand, a carboxyl
substituent in conjugation with the conjugated double bond system is eliminated in 17-decarboxybetanin, which thus exhibit
an orange hue (Herbach et al., 2006b). Monocarboxylated betanin, phyllocactin, and hylocerenin were shown to be considerably
more stable towards degradation than nondecarboxylated betacyanins (Huang and von Elbe, 1987; Herbach et al., 2006c).
Isobetanin and neobetanin are also decarboxylated in a manner similar to that of betanin (not shown in Fig. 2) (Wybraniec, 2005).

During heating of Basella alba L. fruit juice, the principal decarboxylation products of major gomphrenins (simple and acylated
betanidin-6-O-6-glucoside) were 2-, 17-, and 2,17-decarboxy-gomphrenins (Kumorkiewicz and Wybraniec, 2017). Their
diastereomers, as well as minor levels of their dehydrogenated derivatives were also found.

On prolonged thermal treatment of red beet, a diversity of betacyanin degradation products may be formed by multiple
decarboxylation or by combined decarboxylation and dehydrogenation of betanin (Herbach et al., 2006b). Mixtures of mono-, di-,
and tridecarboxylated betacyanins, together with their corresponding neobetacyanins were identified in purified extracts of red
beet and purple pitaya (Wybraniec, 2005; Wybraniec and Mizrahi, 2005). Main products were 17-decarboxy-betacyanin,
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Figure 2 Alterations of betanin during processing and storage of food. Based on Herbach, K.M., Stintzing F.C., Carle, R., 2004. Impact of thermal
treatment on color and pigment pattern of red beet (Beta vulgaris L.) preparations. J. Food Sci. 69, C491—C498; Herbach, K.M., Stintzing, F.C., Carle,
R., 2006. Betalain stability and degradation — structural and chromatic aspects. J. Food Sci. 71, R41-R50.

17-decarboxy-isobetanin, 2-decarboxy-betanin, 2,17-didecarboxybetanin, 2,17-didecarboxyisobetanin, and 14,15-dehydrogenated-
neobetanin. Heating of betanin, phyllocactin, and hylocerenin resulted in decarboxylated neo-derivatives together with the
corresponding decarboxylated betacyanins (Herbach et al., 2005).

Betalains as Food Colorants

Concern about food safety and strong demand for more natural products have stimulated efforts for the replacement of artificial
food dyes by natural pigments, strengthened in more recent years by the potential health benefits of the latter. Natural colorants,
however, are usually less stable, more costly, and not as easily utilized as synthetic dyes, besides having weaker tinctorial strength,
interaction with food components, and limited range of hues (Sigurdson et al., 2017; Wrolstad and Culver, 2012).

Betanin extracted from beetroot has been commercialized as a natural food colorant, approved by the European Union and
the U.S. Food and Drug Administration. It is used mainly to color such foods as dairy products, confectionery, ice cream, desserts,
beverages and sausages (Obon et al., 2009). Its use is, however, restricted by its high nitrate content and its earthy flavor caused by
geosmin and pyrazine derivatives (Lu et al., 2003; Stintzing and Carle, 2004). Alternative sources such as purple and yellow cactus
pear and purple pitaya are therefore being explored.
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Along with continued search for new and economically viable sources, appropriate pretreatment and extraction methods
(Ngamwonglumlert et al., 2017), advances in processing technology and stabilization (Celli and Brooks, 2017), availability of
wide spectrum of color, better quality of pigments devoid of off-flavor, and possibility of developing betalain-fortified formulations
containing certain other bioactive and nutritional components could be expected (Khan and Giridhar, 2015).

Microencapsulation of betalains can be a successful strategy to improve stability, make handling easier during processing, and
ensure bioavailability of microcapsules to be used as food colorants (Otélora et al., 2015). Microencapsulation of beetroot juice
(Janiszewska, 2014; Pitalua et al., 2010) or extract/pigment (Azeredo et al., 2007; Serris and Biliaderis, 2001), pulp and cactus
pear extract (Vergara et al.,, 2014), and Amaranthus pigments (Cai and Corke, 2000) has been tested.

Health Benefits

Various health-promoting biological activities have been attributed to betanin and betalain-rich foods such as: scavenging of free
radicals/reactive oxygen species, inhibition of lipid peroxidation and LDL oxidation, prevention of DNA-damage, induction of
antioxidant (e.g. paraoxonase 1, glutathione peroxidase, heme oxygenase 1) and phase II detoxifying enzymes (e.g. glutathione
S-transferase, NAD(P)H dehydrogenase [quinone] 1), gene regulatory activity (e.g. Nrf2-dependent signaling pathway);
anti-inflammatory (e.g. inhibition of cyclooxygenase-2), anti-proliferative and anti-microbial activities (Esatbeyoglu et al., 2015;
Gandia-Herrero et al., 2016; Gengatharan et al., 2015; Khan, 2016; Ninfali et al., 2017). Most of the studies have, however,
been conducted in vitro with cells and animal models; human studies are lacking.

The antioxidant, anti-inflammatory, antiangiogenic and GST-inducing activities of betalains from pitaya fruit peels were
enhanced by encapsulation in maltodextrin-gum Arabic and maltodextrin-pectin matrices (Rodriguez et al., 2016).

Concluding Remarks

The coming years will witness continued intense research on betalains. Research topics will include: new and economically viable
sources of both betacyanins and betaxanthins, optimization of processing to control alterations of betalains, efficient and green
extraction and stabilization methods, production of high quality betalain colorants with wide color spectrum and free from
off-flavor, and human studies to evaluate betalain’s health benefits.
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Glossary

Antioxidants Compounds that inhibit or reduce the ability of oxidizing compounds (e.g., singlet oxygen and free radicals).
Isomerization Process that changes arrangement of atoms in a molecule without adding or removing anything from the
original molecule.

Oxidation Chemical reaction that involves combination of oxygen with another substance or process that involves loss of
electron.

Oxidative stress Presence of excessive level of oxidizing compounds known as free radicals in a cell; lack of antioxidant
compounds that can eliminate free radicals.

Pro-vitamin A Substances in food that can be converted into vitamin A in organism.

Introduction

Carotenoids are among the most widely distributed pigments and naturally exhibit red, orange and yellow colors. Carotenoids are
lipid-soluble pigments, which can be found in many kinds of fruit, vegetables, fungi, flowers and some kinds of animals (Otles and
Cagindi, 2008). Photosynthetic bacteria, algae, fungi and plants can produce carotenoids through biosynthesis, whereas carotenoids
found in humans as well as animal cells (e.g., lutein and zeaxanthin in human eyes and astaxanthin in salmon) are only from diets
(Ellison, 2016; Kaczor et al., 2016). More than 750 different structures of carotenoids have so far been isolated from natural sources;
about 500 structures have been fully characterized (Rodriguez-Amaya, 2016). Based on their structures, carotenes and xanthophylls
are two main subclasses of carotenoids (Ngamwonglumlert et al., 2017). Different carotenoids structures naturally possess different
physical, chemical and functional properties as well as stabilities.

Carotenoids exert several beneficial functions. The compounds can help, for example, attract insect pollinators in flowers, indi-
cate maturity in fruit, absorb visible light in photosynthesis and defend light-induced damage of cells in the cases of photosynthetic
bacteria, algae and green plants (Lerfall, 2016). Carotenoids are also essential for human health. For instance, lutein and zeaxanthin
in human eyes are responsible for the filtering of the high-energy wavelengths of blue light, resulting in the reduction of oxidative
stresses on the retina (Roberts et al., 2009). Some carotenoids provide additional health benefits since they play essential roles as
pro-vitamin A and antioxidants. Based on their various benefits, carotenoids have long been utilized by nutraceutical and pharma-
cological industries (Otles and Cagindi, 2008; Alcaino et al., 2016). In addition, various carotenoids are used in many food-related
industries as food colorants in lieu of the synthetic ones.

This chapter aims to provide basic information on carotenoids in terms of their occurrences, sources, structures, properties and
stabilities. Relationships between the carotenoids structure and some selected properties as well as stability are outlined. The chapter
ends with some sample applications of carotenoids as food colorants.

Occurrences, Structures and Sources

The origin name of carotenoids is from carrot (Daucus carota) as they are the major pigments in a carrot root (Kaczor et al., 2016).
Carotenoids, which are polyisoprenoid compounds consisting of eight isoprene units, are essential for all photosynthetic organisms
due to their important photoprotective, antioxidant and visible-light absorbing roles. Plants, algae, bacteria and some fungi can
naturally produce carotenoids through biosynthesis (Otles and Cagindi, 2008; Lohr, 2009; Lerfall, 2016).

Carotenoids biosynthesis occurs in plastids, which are chloroplasts in the case of green tissues or chromoplasts in the case of
yellow or red tissues. Carotenoids are synthesized from a C5 compound (isopentenyl pyrophosphate, IPP), which is obtained
from the cytosolic mevalonic acid (MVA) as well as plastid methylerythritol 4-phophase (MEP) pathways. Three IPP units and
one unit of its allylic isomer (dimethylallyl diphosphate, DMAPP) are merged to form a C20 compound (geranylgeranyl pyrophos-
phate, GGPP), which is a precursor of the carotenoids biosynthesis, with GGPP synthase as the catalyst. Two molecules of GGPP are
condensed together by the activation of phytoene synthase (PSY) enzyme, leading to the formation of 15-cis-phytoene, which is a C40
carotenoid skeleton. Phytoene later undergoes a series of dehydrogenation (desaturation reaction) and isomerization, with the acti-
vation of phytoene desaturase (PDS) and ¢-carotene desaturase (ZDS) enzymes, resulting in the transformation of the colorless phy-
toene into red lycopene, which is the origin compound that can be transformed into a large variety of carotenoids structures (Otles
and Cagindi, 2008; Rosas-Saavedra and Stange, 2016). Other structures of carotenoids can thus be considered as lycopene derivatives.
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Structures of carotenoids have been classified into two main subclasses, which are carotenes and xanthophylls. Carotenes consist
of pure hydrocarbons, while xanthophylls consist of hydrogen, carbon and one or more oxygen-containing functional groups (Otles
and Cagindi, 2008; Alcaino et al., 2016; Ngamwonglumlert et al., 2017). In the xanthophylls structure, various forms of oxygen
groups (hydroxy, methoxy, carboxy, keto and epoxy groups) can be found. The presence of oxygen in the structure leads to
many structural derivatives and the higher polarity of xanthophylls in comparison to that of carotenes. Common carotenes found
in green plants and algae are B-carotene, while common xanthophylls found in plants are lutein, antheraxanthin, neoxanthin, vio-
laxanthin and zeaxanthin (Nobel, 2009).

Carotenoids are naturally found in the form of all-trans isomer; an exception is noted in the case of neoxanthin, which is exclusively
present in the form of 9'-cis-isomer (Lohr, 2009). However, all-trans-isomer can easily be isomerized to cis-isomer when the former is
being exposed to heat and light (Provesi and Amante, 2015). Although the transformation of carotenoids structure from trans- to cis-
isomer is noted to slightly reduce the color saturation of the pigments (Ngamwonglumlert et al., 2017), change in the carotenoids color
is indeed more affected by the change in the number of conjugated double bonds in their structure. The characteristic color of carot-
enoids changes from colorless (phytoene) to yellow, red and pink when the number of conjugated double bonds increases as listed in
Table 1. In addition, the color of carotenoids can also change to green, purple or blue when they form complexes with proteins (car-
otenoproteins). Crustacyanin, for example, is a dark blue pigment found in lobster shell (Lerfall, 2016; Alcaino et al., 2016).

Carotenoids play essential roles in nutrition, vision, enhancement of immune function and prevention of cellular differentiation
(Arscott, 2013; Rosas-Saavedra and Stange, 2016). Unfortunately, humans and animals cannot synthesize carotenoids. Carotenoids
found in human and animal cells are thus acquired from dietary intake. Among many carotenoids, B-carotene, lutein, zeaxanthin
and lycopene (Fig. 1) are the major carotenoids found in food sources (Boon et al., 2010; Arscott, 2013) and are well known to exert
many health benefits. Food and plant sources of the four major carotenoids and their carotenoid contents are listed in Table 2.

Functional Properties

Consumption of carotenoids-rich foods as well as carotenoids supplements has become more popular as a number of researchers
have reported that carotenoids can help reduce the risks of several degenerative disorders, including cancer, cardiovascular and
ophthalmological diseases due to their antioxidant properties (Stahl and Sies, 2003). In addition, diets containing carotenoids
are important for human health since some carotenoids are pro-vitamin A or can be converted into vitamin A in human body. Anti-
oxidant and conversion mechanisms of carotenoids into vitamin A are of focus here.

Antioxidant Property

In human body, reactive oxygen species (ROS), which are singlet oxygen (*O,) and free radicals, are naturally generated during
respiration and metabolism. The generated singlet oxygen and free radicals normally have a beneficial role of killing pathogenic
organisms that attack the body. However, ROS generation is an uncontrolled process; this, in combination with the fact that
humans also typically obtain additional free radicals from such exogenous sources as air pollution, tobacco smoke and pesticides,
may result in exceeding ROS level in the body. When the ROS level is excessive, oxidative stresses occur. ROS would react with fatty
acids in cell membranes, enzymes, nucleic acids and endothelial cells, leading to cell damage and cell deterioration, mutation and/
or inflammation, which are related to aging and occurrence of degenerative disorders, chronic diseases and cancer (Stahl and Sies,
2003; Lerfall, 2016).

Consumption of carotenoids-rich sources has been reported to reduce the risks of several disorders and diseases that are caused
by oxidative damage as carotenoids are a potent natural antioxidant. The antioxidant property of carotenoids is due to physical
scavenging of ROS.

Scavenging of Singlet Oxygen

The role of singlet oxygen quencher is based on the conversion of excess energy of such oxygen into heat. The process of singlet
oxygen quenching consists of two main steps: (1) energy transfer between singlet oxygen and carotenoids molecules and (2)
return to the ground state of carotenoids as shown in Egs. (1) and (2), respectively. Carotenoids would first interact with singlet

Table 1 Characteristic colors of carotenoids pigments

Pigment Number of conjugated double bonds Color
Phytoene 3 Colorless
¢-Carotene 7 Light yellow
4,4'-Diaponeurosporene 9 Yellow
Capsanthin 10 Red
B-Carotene 11 Orange

Bacterioruberin 13 Pink
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Figure 1 Structures of major carotenoids found in foods. Reprinted with permission from Rao and Rao (2007) and Zhang et al. (2018).

oxygen ('O;) through the absorption of the energy of the oxygen, resulting in the formation of triplet ground state oxygen
(?0,) and triplet excited carotenoids. The triplet excited carotenoids would then return to the ground state by converting the
excess energy to heat. In this process, the damage effect that is caused by the excited carotenoids is mostly neglected since
the excited carotenoids possess low energy and short lifetime. After the excited carotenoids have returned to the ground state,
they can be reused to quench another singlet oxygen (Stahl and Sies, 2003; Edge and Truscott, 2010; Fiedor and Burda, 2014;
Lerfall, 2016).

10, + Carotenoids =30, + >Carotenoids (1)

3 Carotenoids — Carotenoids + heat (2)

The influence of various carotenoids on the singlet oxygen quenching ability has been demonstrated; most of the works were
carried out in organic solvents (e.g., benzene, methanol and toluene). The results show that four major carotenoids found in foods,
which are B-carotene, lutein, zeaxanthin and lycopene, possess high ability to quench singlet oxygen. This is probably because the
triple energy levels of those carotenoids are closer to that of the singlet oxygen and hence the facilitated energy transfer (Stahl and
Sies, 2003; Edge and Truscott, 2010). Many researchers also investigated the relationship between the quenching efficiency of carot-
enoids and the number of conjugated double bonds in the carotenoids structure and reported that the number of conjugated
double bonds is related to the triple energy level. Carotenoids containing the larger number of conjugated double bonds exhibit
a closer triple energy level to that of singlet oxygen and hence the enhanced quenching efficiency (Edge et al., 1997; Conn et al.,
1991; Edge and Truscott, 2010).

The ability to quench singlet oxygen of carotenoids not only depends on the number of conjugated double bonds but also on
other factors, including stereo-structure and functional groups in the carotenoids molecule. For example, Mascio et al. (1991) re-
ported that lycopene (11 conjugated double bonds) possesses a higher quenching rate than astaxanthin (13 conjugated double
bonds) although it has the smaller number of conjugated double bonds. All-trans-B-carotene has also noted to exhibit a higher
quenching rate than 15-cis- and 9-cis-B-carotene although they all have similar numbers of conjugated double bonds (Conn
et al., 1991; Edge and Truscott, 2010). The rate constants of singlet oxygen quenching of some selected carotenoids are listed in
Table 3.
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Table 2 B-Carotene, lutein, zeaxanthin and lycopene contents in some selected food and plant sources

Carotenoids content (mg/100 g)

Source B-Carotene Lutein + zeaxanthin Lycopene
Apricot 6.640 ND 0.065
Apple 0.031-0.072 - 0.209
Asparagus 0.493 - -
Avocado 0.053 - -
Broccoli 0.779 2.445 ND
Brussels sprout 0.140 - ND
Cabbage 0.010-3.020 - ND
Carrot 6.500-21.000 - -
Cauliflower 0.130 - -
Cantaloupe 1.595 0.040 ND
Celery 0.770 - ND
Chinese kale 4.090 - ND
Chinese mustard leaves 2.930 - ND
Chive 0.830 - ND
Collard 3.323 - -
Corn 0.030 0.884 -
Curry leaves 7.100 - -
French bean 0.240 - ND
Garlic leaves 5.000 - -
Green bean 0.377 0.640 ND
Green pea 0.485 - -
Guava 0.001 - 0.114
Ivy gourd 3.200-4.100 - -
Jackfruit 0.026-0036 - 0.037
Kale 9.226 39.550 ND
Long bean 0.410-0.570 - ND
Mango 0.445 - -
Okra 0.432 - -
Onion leaves 4.900 - -
Orange 0.040-0.059 - -
Peach 0.097 0.057 ND
Pineapple 0.056 - ND
Pink and red grapefruit 0.240-2.343 0.000-2.000 0.160-3.362
Pink guava - - 5.400
Pumpkin 0.060-14.850 - ND
Spinach 5.597 11.938 -
Spring onion leaves 1.280 - -
Sweet green pepper 0.198 - -
Sweet red pepper 2.379 - -
Tomato (ripe) 0.393 0.130 3.025
Watermelon 0.287-0.310 0.017 4.868

ND = Not detected; - = Data not available.
Source: Khoo et al. (2011), Arscott (2013).

Scavenging of Free Radicals
Other antioxidative role of carotenoids is free radical scavenging. Radical adduct formation, electron transfer and allylic hydrogen
abstraction (or hydrogen atom transfer) are the three accepted possible interactions to quench free radicals by carotenoids (Krinsky
and Yeum, 2003; Fiedor and Burda, 2014); these are shown in Egs. (3)-(6).

Radical adduct formation:

R® + Carotenoids > R—Carotenoids® 3)

Electron transfer:

R® + Carotenoids > R+ Carotenoids ™" (4)

or
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Table 3 Singlet oxygen quenching rate constants of carotenoids in benzene and toluene

kg (x10°M"s77)

Carotenoid N Benzene® Toluene®
Dodecapreno-B-carotene 19 23.0 29.0
Tetradehydrolycopene 15 10.7 -
Astaxanthin 11 (+2, C=0) 14.0 -
Canthaxanthin 11 (+2, C=0) 12.0 13.0
Lycopene 11 17.0 18.0
All-frans-B-carotene 11 13.0 14.0
15-cis-B-carotene 11 11.0 12.0
9-cis-B-carotene 11 11.0 9.0
Zeaxanthin 11 12.0 -
a-carotene 10 12.0 8.2
Lutein 10 6.64 -

N = Number of conjugated double bonds.
Source: Edge and Truscott (2010).
®Source: Conn et al. (1991).

R® + Carotenoids > R" + Carotenoids™ (5)

Allylic hydrogen abstraction:

R® + Carotenoids > RH + Carotenoids® (6)

Carotenoids-free radicals interaction mechanism depends on the species of free radicals (e.g., sulfur-containing, nitrogen dioxide
and peroxyl radicals) and solvent that are used to test the scavenging ability. For example, carotenoids would interact with thiyl
radical (RS*) through the process of radical adduct formation, while they would interact with thiyl sulfonyl radical (RSO,*) through
radical adduct formation and electron transfer (Everett et al., 1996). In a non-polar solvent, carotenoids would react with acylper-
oxyl radicals via radical adduct formation but would interact with those radicals via both radical adduct formation and electron
transfer in a polar solvent (Edge and Truscott, 2010). Other interactions between carotenoids and various species of free radicals
are listed in Table 4. However, relationships between the carotenoids structure and the carotenoids-free radicals interaction mech-
anism have never been established.

There are three types of products from the carotenoids-free radicals interactions: (I) adduct radical (R-Carotenoid*) from radical
adduct formation, (II) carotenoids radical cation (Carotenoids**) or anion (Carotenoids*’) from electron transfer and (I1I) neutral
carotenoid radical (Carotenoids*) from allylic hydrogen abstraction. Among the various types of the products, carotenoids** are
mostly studied as they possess strong oxidizing activity and long lifetime. This radical can play a role as pro-oxidant since it is
well known to be able to interact with oxygen, other carotenoids and other biological substrates such as water-soluble antioxidants
and amino acids (Edge and Truscott, 2010). El-Agamey et al. (2004) noted that carotenoids** (i.e., B-carotene, zeaxanthin, astax-
anthin, B-cryptoxanthin and lycopene radical cations) could oxidize amino acids (i.e., tryptophan, cysteine and tyrosine), resulting
therefore in protein damage. Removing and/or repairing carotenoids*™ is thus necessary; this can be achieved through the oxidation
of carotenoids** by other antioxidants such as another carotenoids and ascorbic acid. Transferring the oxidizing radicals from lipid
phase to aqueous phase through an interaction between carotenoids** and water-soluble antioxidants such as ascorbic acid is one of
the interesting ways to reduce the risk of additional lipid oxidation (El-Agamey et al., 2004).

Pro-vitamin A Ability

Besides the antioxidant activity, ability to serve as pro-vitamin A is another most important property of carotenoids. However, only
carotenoids that contain at least one unsubstituted B-ionone ring at the terminal end possess the ability to be pro-vitamin A (Chan-
drika, 2009; Lerfall, 2016). For this reason, B-carotene and a-carotene are noted to be pro-vitamin A, whereas lycopene, lutein and
zeaxanthin are not. Among the many types of carotenoids, all-trans-B-carotene is well recognized as the most important precursor of
vitamin A. Transformation of B-carotene into vitamin A (or retinol) in humans and mammals has long been investigated and the
process predominantly occurs in intestine (Tang, 2010). Two different pathways for the cleavage of B-carotene as well as other carot-
enoids into retinol, which are central cleavage pathway and eccentric cleavage pathway, have been proposed (Rodriguez-Amaya,
2016).

Central cleavage or symmetric cleavage is the pathway that involves the activity of 15,15-dioxygenase (BCO1) to break the
central 15,15’-double bond of B-carotene to yield two molecules of retinal. Retinal can then be reversibly converted into retinol
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Table 4 Interactions of carotenoids with various free radical species and their products in different solvents
Carotenoid Free radical Solvent Result
All-trans-B-carotene® NO,* No-saturated tert-butanol/water mixture Interaction:
(50:50, v/v) Electron transfer
Product:
B-carotenes™
GS* (glutathione thiyl Interaction:
radical) Radical adduct formation
Product:
GS—B-carotene*
CoHsS0,° Interaction:
Electron transfer, radical adduct formation
Product:
B-carotene™, Co,H5SO—p-carotene*
All-trans-B-carotene® CCl309° Triton X-100 micelles (aqueous 2% v/v Interaction:

All-trans-B-carotene®

All-trans-B-carotene®

7,7'-dihydro-B-carotene

(77DH)*

Astaxanthin®

Astaxanthin’

Canthaxanthin®

CgHs0° (phenoxyl radical)

CH3C(0)00*

C5H5CH20(0)00'
(phenylacetylperoxyl
radical, PAP)

CC|302‘

NO*

GS- (glutathione thiyl

radical)

HO(CH2)25°

CH3502'

CC|302‘

Trion X-100)

Di-tert-butyl peroxide/benzene
(70:30, v/v)

Benzene

Hexane

Methanol

Triton X-100 micelles (aqueous 2% v/v

Trion X-100)

No-saturated tert-butanol/water mixture
(60:40, viv)

Triton X-100 micelles (aqueous 2% v/v
Trion X-100)

Electron transfer, radical adduct formation
Product:

B-carotene*™, CCl30,—p-carotenes
Interaction:

Electron transfer, radical adduct formation
Product:

B-carotene™, CgHs0—B-carotenes
Interaction:

Radical adduct formation

Product:

CH3C(0)00-B-carotene*

Interaction:

Radical adduct formation

Product:

PAP-77DH-

Interaction:

Electron transfer, radical adduct formation
Product:

77DH*, PAP-77DH*

Interaction:

Electron transfer, radical adduct formation
Product:

Astaxanthin=*, CCl;0,—astaxanthin *
Interaction:

Electron transfer

Product:

Astaxanthin™

Interaction:

Radical adduct formation

Product:

GS—astaxanthin+

Interaction:

Radical adduct formation

Product:

HO(CH,),S—astaxanthin®

Interaction:

Electron transfer, radical adduct formation
Product:

Astaxanthin=*, CH3S0,—astaxanthin®
Interaction:

Electron transfer, radical adduct formation
Product:

Canthaxanthin**, CCl30,—canthaxanthin

(Continued)
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Table 4

Interactions of carotenoids with various free radical species and their products in different solvents—cont'd

Carotenoid

Free radical

Solvent

Result

Canthaxanthin'

Zeaxanthin®

Zeaxanthin®

Zeaxanthin'

Lutein®

Lutein®

Lutein'

NOQ'

GS* (glutathione thiyl

radical)

HO(CHQ)QS’

CH3802'

CC|302’

CgHs0° (phenoxyl radical)

N02'

GS- (glutathione thiyl

radical)

HO(CHz)zS'

CH3802'

CC|302’

CgHs0° (phenoxyl radical)

N02'

GS- (glutathione thiyl

radical)

HO(CH,),S*

CH3802'

No-saturated tert-butanol/water mixture
(60:40, v/v)

Triton X-100 micelles (aqueous 2% v/v
Trion X-100)

Di-tert-butyl peroxide/benzene (70:30,
VIV)

No-saturated tert-butanol/water
mixture (60:40, v/v)

Triton X-100 micelles (aqueous 2% v/v
Trion X-100)

Di-tert-butyl peroxide/benzene
(70:30, v/v)

No-saturated tert-butanol/water mixture
(60:40, v/v)

Interaction:

Electron transfer

Product:

Canthaxanthin**

Interaction:

Radical adduct formation

Product:

GS—canthaxanthin®

Interaction:

Radical adduct formation

Product:

HO(CH,),S—canthaxanthine

Interaction:

Electron transfer, radical adduct formation
Product:

Canthaxanthin**, CH3S0,—canthaxanthine
Interaction:

Electron transfer, radical adduct formation
Product:

Zeaxanthin*™, CCl30,—zeaxanthin ¢
Interaction:

Electron transfer, radical adduct formation
Product:

Zeaxanthin*™, CgHs0-zeaxanthin ¢
Interaction:

Electron transfer

Product:

Zeaxanthin="

Interaction:

Radical adduct formation

Product:

GS-zeaxanthin®

Interaction:

Radical adduct formation

Product:

HO(CH,),S—zeaxanthine

Interaction:

Electron transfer, radical adduct formation
Product:

Zeaxanthin=", CH3S0,—zeaxanthin®
Interaction:

Electron transfer, radical adduct formation
Product:

Lutein**, CCl30o—lutein®

Interaction:

Electron transfer, radical adduct formation
Product:

Lutein**, CgHs0-lutein *

Interaction:

Electron transfer

Product:

Lutein*™

Interaction:

Radical adduct formation

Product:

GS-lutein®

Interaction:

Radical adduct formation

Product:

HO(CH,),S-lutein®

Interaction:

Electron transfer, radical adduct formation
Product:

Lutein**, CH3S0,-luteine
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Table 4 Interactions of carotenoids with various free radical species and their products in different solvents—cont'd

Carotenoid Free radical Solvent Result

Lycopene® CgH50° (phenoxyl radical) Di-tert-butyl peroxide/benzene (70:30, Interaction:
VIV) Electron transfer, radical adduct formation
Product:
Lycopene*", CgHs0-lycopene*
Lycopene’ NO,* No-saturated tert-butanol/water mixture Interaction:
(80:20, v/v) Electron transfer

Product:
Lycopenes™

GS* (glutathione thiyl Interaction:

radical) Radical adduct formation

Product:
GS-lycopene*

HO(CHy).S- Interaction:
Radical adduct formation
Product:
HO(CHz).S—lycopene*

CH3S0,* Interaction:
Electron transfer, radical adduct formation
Product:
Lycopene*", CH3S0»—lycopene*

aSource: Everett et al. (1996).

®Source: Hill et al. (1995).

“Source: Mortensen and Skibsted (1997).
dSource: Mortensen (2001).

®Source: El-Agamey and McGravey (2002).
'Source: Mortensen et al. (1997).

via the reaction of retinal reductase; retinal can otherwise be irreversibly transformed into retinoic acid via the reaction of retinal
dehydrogenase (Rodriguez-Amaya, 2016). The conversion of B-carotene into retinol through the central cleavage pathway is shown
in Fig. 2.

The other alternative route, which is the eccentric cleavage or asymmetric cleavage pathway, involves the activation of dioxyge-
nase 2 (BCO2). BCO2 activates the cleavage of double bond in the polyene chain beside the central 15,15’-double bond, yielding
B-ionone and several B-apo-carotenals, which can subsequently be transformed into retinal and then retinol as shown in Fig. 3.

Conversion efficiency of carotenoids into vitamin A is related to the absorption and bioconversion abilities and also depends on
the status of vitamin A and pro-vitamin A in the body. The efficiency increases when vitamin A status becomes low, but decreases
when a high dose of pro-vitamin A is consumed (Rodriguez-Amaya, 2016). This occurs to prevent the toxicity that may occur due to
excess vitamin A level. Excess consumption of pro-vitamin A (e.g., B-carotene and a-carotene) have nevertheless never been reported
to be related to toxicity, but can simply cause deep yellow or orange coloration of skin (Francis, 1996; Lerfall, 2016). On the other
hand, vitamin A deficiency (VAD) is known to lead to several disorders. VAD has been reported to be directly linked to night blind-
ness and reduction of immune function, which causes an increase in the risks of morbidity and mortality, especially in infant and
preschool-age child due to bacterial or viral infection (Haskell, 2013).

Carotenoids Stability

Change in the molecular structure as well as degradation of carotenoids normally begin even during the process of material prep-
aration. Most preparation processes (e.g., chopping and grinding) cause tissue disruption and hence increased surface area exposing
to oxygen, which leads to the oxidation of carotenoids (Yahia and de Jestis Ornelas-Paz, 2010). Heat, light and enzymes are the
important factors stimulating the oxidation reaction, which are the main cause of the losses in both the activity and color of carot-
enoids (Ngamwonglumlert et al., 2017). Carotenoids can be oxidized into the primary oxidation products, which are apo-
carotenoids and epoxides, which subsequently degrade into secondary degradation products, which are low molecular weight or
volatile compounds (Borsarelli and Mercadante, 2010).

To prevent the oxidation of carotenoids due to the activity of such enzymes as lipoxygenase, short-time thermal treatment
(i.e., blanching) can be conducted (von Elbe and Schwartz, 1996; Bahgeci et al., 2005). However, although blanching can
help inactivate the oxidative enzymes, a number of researchers have reported that blanching as well as other thermal processes
may lead to change in carotenoids structure through isomerization. Heat is a major factor inducing carotenoids isomerization
from trans- to cis- isomers. Although transformation from trans- to cis-isomers only slightly leads to a decrease in the color
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B-carotene

15,15'- dioxygenase
(BCO1)
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Retinol Retinoic acid

Figure 2 Central cleavage pathway of B-carotene. Adapted from Harrison et al. (2012).
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Figure 3 Eccentric cleavage pathway of B-carotene. Adapted from Harrison et al. (2012).
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saturation without a significant change in the hue (Ngamwonglumlert et al., 2017), such a change may affect the antioxidant
activity of carotenoids. Bohm et al. (2002), for example, noted that all-trans-B-carotene has higher antioxidant activity than
13-cis-B-carotene.

Food processing generally leads to degradation of carotenoids through both oxidation and isomerization. Increasing tempera-
ture and processing time as well as large amount of oxygen concentration lead to extensive degradation of carotenoids. Fratianni
et al. (2010), for example, investigated the effect of temperature on the degradation of carotenoids in orange juice (Citrus sinensis
Osbeck) during microwave pasteurization. Increasing pasteurization temperature resulted in the more extensive loss of carotenoids.
Total carotenoids, a-carotene, B-carotene, lutein and zeaxanthin contents of the juice pasteurized at 70 °C for 60 s did not change,
while those of the sample pasteurized at 85 °C for 60 s decreased by about 50%, 57%, 66%, 54% and 58%, respectively. Chen et al.
(1995) earlier compared the change in the carotenoids content of carrot juice subjected to pasteurization and sterilization. Carrot
juice undergone pasteurization (110 °C for 30 s) suffered less extensive loss of a-carotene than the juice undergone sterilization
(121 °Cfor 30 min) due to the use of the lower heating temperature and shorter heating time of the former. Isomerization of a-caro-
tene into 9-cis-, 13-cis- and 15-cis-a-carotenes was noted in both the pasteurized and sterilized products; sterilized product neverthe-
less possessed lower contents of 13-cis- and 15-cis-a-carotenes than the pasteurized one due to the compound degradation at
extended heating time.

To retain food quality as well as to prevent degradation of carotenoids due to heat, non-thermal techniques such as high-pressure
processing (HPP) and pulsed electric field (PEF) treatment have been proposed. Knockaert et al. (2012), for example, compared the
quality of tomato puree (in terms of its lycopene content) obtained from thermal and non-thermal preservation techniques. Lyco-
pene content of the puree obtained from mild pasteurization (60 °C for 1 min) and from HPP at a milder condition (450 MPa at
20 °C for 15 min) were not significantly different. However, pasteurization at a more intense condition (90 °C for 10 min) resulted
in the loss of lycopene content by about 14%, while the content of the product treated by HPP at a more intense condition
(600 MPa at 20 °C for 15 min) was not altered. Tomato puree sterilized at 120 °C for 1.5 min suffered more extensive loss of lyco-
pene than the puree treated by HPP at a sterilization condition (600 MPa at 117 °C for 1.5 min). Lycopene content decreased by
about 38% and 5% after sterilization and HPP at the sterilization condition, respectively.

Cortés et al. (2006) investigated the effect of high-intensity PEF on carotenoids in orange juice; the results were also compared
with those of the sample undergone pasteurization. The juice treated by PEF (at 30 kV/cm for 100 ps) suffered less extensive losses
of total carotenoids, a-carotene, B-carotene, lutein and zeaxanthin than the pasteurized juice (treated at 90 °C for 20 s). Total carot-
enoids, a-carotene, B-carotene, lutein and zeaxanthin were lost by about 7%, 7%, 4%, 7% and 16% after PEF and 13%, 34%, 10%,
12% and 17% after pasteurization, respectively.

Structural changes and degradation of carotenoids through isomerization, oxidation and degradation to low molecular weight
or volatile compounds are shown in Fig. 4.

Applications as Food Additives

Carotenoids have long been used as a colorant to yield yellow-orange or red color in foods. Carotenoids can be directly added into
foodstuffs or indirectly added by mixing into animal feeds such as in chicken feed to give a color to egg-yolk. Oil-based extract,
emulsion and dried powder are the most popular forms of commercially available carotenoids. Carrot, annatto, marigold, paprika,
saffron and tomato are usually used as sources of carotenoids. Some carotenoids are permitted for use in foods, while some are
restricted to such specific uses as animal feeds. Such allowance depends on the regulation of each country.

Heat
All-trans-carotenoids PE— cis-carotenoids
Isomerization
Heat Heat
Oxidation Light +0, Oxidation | Light — +0O,
Enzymes Enzymes

Primary oxidation products (e.g., apo-carotenoids and epoxides)

Degradation l

Secondary degradation products
(low molecular weight and volatile compounds)

Figure 4 Structural changes and degradation of carotenoids. Adapted from Borsarelli and Mercadante (2010).
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Astaxanthin

Astaxanthin, which is a keto-carotenoid derivative of canthaxanthin, is an orange-red pigment found in green algae, red algae and
bacteria. The United States permits the use of astaxanthin from Haematococcus sp. as a pigment source in animal and fish feeds, while
the use in foods is still not permitted. Limitation of the use is less than 80 mg/kg of finish product. Suspension, water- or oil-
dispersion and freeze-dried products can be found in the market (Delgado-Vargas and Paredes-Lopez, 2003; Solymosi et al., 2015).

B-Carotene

B-carotene, the most widely distributed carotenoids, is usually used as a colorant to yield yellow-orange color in various foods (Francis,
1996). B-carotene obtained from halo-tolerant algae (Dunaliella salina) or fungi (Blakeslea trispora) is permitted for use as food additive
in Europe, while B-carotene extracted form vegetables such as carrot and grass alfalfa is only permitted for feed additive (Delgado-
Vargas and Paredes-Lopez, 2003; Kendrick and Limited, 2012). Although there is no evidence indicating that oral consumption of
f-carotene is related to toxicity or harm to humans, hypercarotenemia, which results in orange skin coloration, may be observed
when consuming food containing B-carotene at a higher concentration for an extended period of time (Francis, 1996).

Bixin

Bixin, which is an oil-soluble red-brown pigment, can be extracted from the resinous coating on the seed of annatto (Bixa orellana).
Water-soluble annatto extract can be prepared by saponification; the extract has been used as a colorant for foods as well as cosmetic
and textile products (Delgado-Vargas and Paredes-Lopez, 2003; Britton, 1996) Oil-soluble annatto is, on the other hand, more suit-
able for use in oily foods such as dairy spreads, salad dressings and extruded snacks (Delgado-Vargas and Paredes-Lopez, 2003).
Dried powder of annatto extract has also been applied in sausage to replace the use of nitrite (Zarringhalami et al., 2009). Maximum
use level, which has been established by JECFA, of annatto extract depends on the type of foods. For example, limitation for the use
in cakes, cookies, and pies is 15 mg/kg of a final product, while limitation for the use in processed meat and poultry is less than
50 mg/kg of a final product (Delgado-Vargas and Paredes-Lopez, 2003).

Canthaxanthin

Canthaxanthin is a red keto-carotenoid, which is naturally found in bacteria, algae and some fungi (Esatbeyoglu and Rimbach, 2017).
However, most commercially available canthaxanthin is chemically synthesized. This is because natural canthaxanthin is generally
found at lower concentrations (Sanchez et al., 2013). Canthaxanthin is used as poultry feed additive to yield red color in skin
and yolks (Esatbeyoglu and Rimbach, 2017). The European Union permits the use of canthaxanthin in feedstuff at a maximum
content of 25 mg/kg of final feedstuff (Oehlenschldger and Ostermeyer, 2016), while the United States allows the use of this pigment
in broiler chicken and salmonid fish feeds at a concentration below 30 mg/0.45 kg of solid or semi-solid feed or below 30 mg/0.74 L
of liquid food (Harp and Barrows, 2015). Canthaxanthin is also permitted for use as food additive. ADI of canthaxanthin when used
as a food colorant has been defined by JECFA as 0-3 mg/kg of body weight (Esatbeyoglu and Rimbach, 2017).

Capsanthin and Capsorubin

Capsanthin and capsorubin are orange-red pigments generally obtained from paprika (Capsicum annum). Paprika powder and oleo-
resin, which is an oil-based mixture containing oil, fat, wax and pigment, are the major forms that are widely used in foods, espe-
cially in spice mixes, sauces and emulsified processed meats (Delgado-Vargas and Paredes-Lopez, 2003; Kendrick and Limited,
2012). Besides enhancing the color of food, the other aim of adding paprika is to add flavor. Both paprika and paprika oleoresin
are allowed in general foods in the United States (Harp and Barrows, 2015). However, the limitation for use of paprika as food
colorant is its hot and spicy flavor, which may not be desirable in some products.

Crocetin and Crocin

Crocetin and crocin are yellow pigments that are normally obtained from saffron (Crocus sativus). Saffron powder as well as extract
are used as both colorant and spice (Delgado-Vargas and Paredes-Lopez, 2003; Britton, 1996). However, the use of saffron powder
and extract as food colorant is limited due to its high cost and is restricted only in the United States. The European Union has not
approved saffron for its use as colorant but allows its use as spice (Solymosi et al., 2015; Harp and Barrows, 2015). In Japan and
China, crocin extracted from fruit of gardenia yellow (Gardenia jasminoides and Gardenia augusta) has been approved for use in foods.
On the other hand, the use of crocin obtained from the fruit has not been permitted in the United States and European Union
(Solymosi et al., 2015).

Lycopene

Lycopene extracted from tomato (Lycopersicon esculentum) is permitted for use as colorant in the United States and European Union
to yield red color in food (Delgado-Vargas and Paredes-Lopez, 2003; Solymosi et al., 2015; Harp and Barrows, 2015). Besides
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tomato, lycopene extract from fungus B. trispora has been approved for use in the European Union (Harp and Barrows, 2015). Lyco-
pene extracted from tomato suffers one important limitation, however; the intense flavor of tomato may not be favored by some
consumers (Britton, 1996).

Lutein and Zeaxanthin

Lutein and zeaxanthin, which are pigments that give yellow color, are usually obtained from petals of marigold flower (Kendrick
and Limited, 2012). In the European Union, dried petals and oleoresin of lutein and zeaxanthin are permitted for use in poultry and
fishery feeds, while the purified oleoresin is permitted for use as additives in various kinds of foods such as pastas, vegetable oils,
margarine and baked products (Delgado-Vargas and Paredes-Lopez, 2003). On the other hand, the United States allows the use of
the dried petals and extracts only in chicken feed (Harp and Barrows, 2015).

To enhance the color stability of carotenoids when being used as colorants, some antioxidants such as ascorbic acid are added
into food to prevent the oxidation of carotenoids. Addition of ascorbic acid at a maximum level (400 mg/kg) has been noted to help
increase the color stability of carotenoids (Kendrick and Limited, 2012). Products containing carotenoids should also be kept in
a low-oxygen environment and in dark.

Conclusions

Occurrences, sources, structures, selected properties, stabilities and applications in food of carotenoids are here outlined.
Properties, including color, antioxidant and pro-vitamin A activities, as well as stability of carotenoids are related to their
structures. Trans-carotenoids normally possess higher antioxidant activity than cis-ones. Only carotenoids containing at least
one unsubstituted B-ionone ring at the terminal end (i.e., B-carotene and a-carotene) exhibit pro-vitamin A activity. Heat
induces isomerization of carotenoids structure from trans- to cis-isomers, while completed degradation of carotenoids is
generally due to oxidation.

Foods processed under high oxygen-concentration environment (e.g., hot air drying) and high temperature (e.g., sterilization)
suffer more extensive losses of carotenoids. Processes involving low oxygen concentration (e.g., vacuum microwave drying and low-
pressure superheated steam drying) and non-thermal processes (e.g., high pressure processing and high-intensity pulsed electric
field) have therefore been proposed to alleviate such losses.

For utilization of carotenoids as a coloring agent, regulations and limitations, which depend on the type of carotenoids, must be
considered. Some carotenoids are permitted for use in foods as colorant, additive or spice, while some are restricted only for animal
feeds.
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Introduction

In broader terms, “clarification” is the crucial step, in either juice processing or wine/beer making, which removes suspended solids
and clarity compromising colloids, to achieve the required degree of clarity and sensory attributes. Clarification is a process by which
the semistable emulsion of colloidal plant carbohydrates that support the insoluble cloud material of a freshly pressed juice or wine
is “broken” such that the viscosity is dropped and the opacity of the cloudy juice is changed to an open splotchy appearance. Manu-
facturers and processors can clarify the juice or any other beverage by either using mechanical separations (centrifugation or filtra-
tion) alone or a combination of clarifying/fining agents and mechanical separations.

Kilara and Van Buren (1989) classified ways for attaining clarification as enzymatic and nonenzymatic where nonenzymatic clar-
ification involves breaking the emulsion by other means, the most common of which is heat. Other techniques include addition of
gelatin, casein, and tannic acid-protein combinations (Kilara and Van Buren, 1989). Additionally, the uses of honey and combined
honey-pectinase treatments have been found to be effective clarification agents. It is believed that the proteinaceous component of
honey is responsible for a synergistic effect when honey and pectinase are used in combination (McLellan et al., 1985).

Need for Clarification

Fruit juices, beer, wine, and many beverages face a major problem of haziness. The interaction between natural phenolic substances
and pectic and proteinaceous substances causes the formation of clarity compromising colloids. The consumers’ expectations for
clarity and sensory quality attributes have prompted many manufacturers of juice and beverage makers to incorporate clarifying/
fining agents during their processing.

Clarifying Agents

Proteins and polyphenols are the most common substances that require clarification in wines and fruit juices. There is one other
contributing cause of suspended haze that we often overlook, for example, entrained carbon dioxide. Moving the wine into a warmer
area from a cold cellar can frequently reduce this contributor. Clarifying agents can be classified according to their composition as
shown in Fig. 1.

Generally, conventional clarifying procedures can be achieved by centrifugation, enzymatic treatment, applying clarifying agents
such as gelatin, bentonite, silica sol, polyvinylpolypyrrolidone (PVPP), or a combination of these compounds (Sin et al., 2006). A
number of agents, including gelatin, bentonite, activated carbon, casein, ion-exchange waxes, and PVPP, have been studied for the
removal of polyphenols from fruit juices (Balik, 2003; Fang et al., 2006; Stankovic et al., 2004; Turkyolmaz et al., 2012). Zoecklein
etal. (1999) compared desirable effects and potential problems for different clarifying agents in their decreasing order of activity or
effectiveness (Table 1). The strong negative charge of the bentonite surface exerts an important action on positively charged proteins
of the juice that enables its flocculation. Effective use of clarification agents requires optimization of their methods of preparation
and determination of the suitable concentrations needed to achieve the desired clarification.

Enzyme as a Clarifying Agent

Enzymes are effective protein catalysts for biochemical reactions. Enzymes are classified into six groups according to the reaction
catalyzed and denoted by an EC (Enzyme Commission) number, viz., EC1: Oxidoreductases, EC2: Transferases, EC3: Hydrolases,
EC4: Lyases, EC5: Isomerases, and EC6: Ligases. Systematic nomenclature is the addition of the suffix -ase to the enzyme-catalyzed
reaction with the name of the substrate (Bayindirli, 2010).

Fruit juice contains pectin and other polysaccharides, so it may lead to fouling during membrane filtration. Enzymatic treat-
ments lead to the degradation of pectin. Enzymatically clarified juice resulted in viscosity reduction and cluster formation, which
facilitates separation through centrifugation or filtration. As a result, the juice presents higher clarity, as well as more concentrated
flavor and color (Abdullah et al., 2007).

Enzymatic treatments lead to an increase in the clarity of juice. Juice clarity can be determined in terms of absorbance and trans-
mittance at 660 nm using ultraviolet-visible spectrophotometer. An increase in enzymatic concentration increases the rate of clar-
ification by exposing part of the positively charged protein, thus reducing electrostatic repulsion between cloud particles which
caused these particles to aggregate into larger particles and eventually settle out (Sin et al., 2006). Clarity showed the lowest absor-
bance value at highest enzyme concentration, where lower absorbance indicates a clearer juice, is being produced. It was also
observed that the absorbance values decreased with increasing incubation time at fixed temperatures (Table 2).
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Figure 1 Classification of clarifying agents.

Table 1 Comparison of various clarifying agents in terms of desirable effects and potential problems in their decreasing order of activity or

effectiveness
Desirable effects and potential problems for various fining agents

Clarity and stability Tannin reduction Color reduction Volume of lees formed Potential for overfining Quality impairment
Chitosan Gelatin Carbon Bentonite Gelatin Carbon
Bentonite Albumen Gelatin Gelatin Albumen Bentonite
Ferrocyanide Isinglass Casein Casein Isinglass Casein
Carbon Casein Albumen Albumen Casein Gelatin
Isinglass Bentonite Isinglass Isinglass Ferrocyanide Albumen
Casein Carbon Bentonite Ferrocyanide Isinglass
Gelatin Ferrocyanide Ferrocyanide Carbon Ferrocyanide
Albumen Chitosan

Modified from Zoecklein, B.W., Fugelsang, K.C., Gump, B.H., Nury, F.S., 1999. Fining and fining agents. In: Wine Analysis and Production. Springer, Boston, MA, pp. 242-271.

In general, the time required to obtain a clear juice is inversely proportional to the concentration of enzyme used at a constant
temperature (Kilara, 1982). At the lowest temperature, the clarity of banana juice was found to increase rapidly at the beginning of
the reaction but slowed as the reaction progressed. The temperature increases the rate of enzymatic reactions, hence the rate of clar-
ification, as long as the temperature is below the denaturation temperature of the enzyme. A similar behavior for the clarity was
observed for the changes in incubation time in case of banana juice (Lee et al., 2006). The clarity of centrifuged litchi juice increased
with an increase in enzyme concentration. Among the different concentrations used for the optimization of pectinase, the litchi pulp
added with 500 ppm of pectinase resulted in maximum transmittance of 80% at 660 nm. The clarity of mosambi juice decreases
with time up to 90 min and increases thereafter. Similarly at constant time and temperature, the clarity decreases with enzyme
concentration and remains constant and increases thereafter. From both the observations, it is evident that there exists an optimum
enzyme concentration and time for the juice clarity (Rai et al., 2003).

Effect of the Enzymes on Viscosity of Juice During Clarification Process

The use of enzymes leads to the drop of fruit juice viscosity and disintegrating the jelly structure and making it easier to obtain the
fruit juices (Singh et al., 2012). The effect of different enzymes on viscosity of different juices is presented in Table 3. The high
concentration of pectin leads to colloid formation, which constitutes one of the main problems during the processing of clear fruit
juices (Sulaiman et al., 1998). The depectinisation of fruit juices through the use of pectinases has been presented as an efficient
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Table 2 Effect of pectinase enzyme on clarity of different fruit juices

Incubation Enzyme
Fruit Incubation time® temperaztureb concentration® Claril‘yd References
Banana (Musa sapientum cv. Berangan) 80 43.2 0.084% 0.009 Abs Lee et al. (2006)
Carambola (Averrhoa carambola L.) 20 30 0.10% 0.019 Abs Abdullah et al. (2007)
White grape (Vitis vinifera) 30 27-30 0.048% 0.031 Abs Sreenath and Santhanam (1992)
Sapodilla (Achras sapota) 120 40 0.1% 0.023 Abs Sin et al. (2006)
Mosambi (Citrus sinensis (L.) Osbeck) 99.27 41.89 0.0004 wiv% 83.97% T Rai et al. (2003)
Lichi (Litchi chinensis L.) 120 40 500 ppm 80% T Vijayanand et al. (2010)

3Incubation time in minutes.

PIncubation temperature in °C.

°Enzyme concentrations in footnote a w/v%: Weight per volume, ppm: parts per million,%: Percentage on pulp basis.

dCIarity in Abs: Absorbance, T: Transmittance.

Sharma, H.P., Patel, H., Sugandha, 2017. Enzymatic added extraction and clarification of fruit juices—A review. Crit. Rev. Food Sci. Nutr. 57 (6), 1215-1227.

Table 3 Effect of Enzyme concentration with Incubation time and Temperature on Viscosity of Different Juices

Incubation  Incubation

Fruit/vegetable Enzymes time® t‘emperatureb Enzyme concentration® V/'scosil‘yd References
Bael (Aegle marmelos (L.) Pectinase 210 35 24 mg/100 gm 1.35 Singh et al. (2012)
Correa)
Soursop (Annona muricata L.) Pectinase 180 35-40 0.05% 4.68 Yusof and Ibrahim (1994)
Apricot Pectinase 240 40 2.5% 1.11 Joshi et al. (2011)
Pear Pectinase 240 40 2.5% 1.17 Joshi et al. (2011)
Banana (Musa sapientum cv. Pectinase 240 44 0.4% 14.2 Shahadam and Abdullah
Berangan) (1995)
White grape (Vitis vinifera) Pectinase 30 27-30 0.048% 1.05 Sreenath and Santhanam
(1992)
Banana (M. sapientum cv. Pectinase 80 43.2 0.084% 1.89 Lee et al. (2006)
Berangan)
Sapodilla (Achras sapota) Pectinase 120 40 0.1% 1.37 Sin et al. (2006)
Carambola (Averrhoa Pectinase 20 30 0.1% 1.33 Abdullah et al. (2007)
carambola L.)
Kiwi (Actinidia deliciosa) Pectinase, 120 50 0.06, 0.025, and 5.43 Vaidya et al. (2009)
amylase, 0.025 g kg™,
and cellulase respectively
Date (Variety Birhi and safri) Pectinase and 60-300 40 1% (1:1) 17.6 (Birhi) Al-Hooti et al. (2002)
cellulase and
14.8
(safri)
Carrots (Daucus carota) Pectinase and 30 50 2% (3:2) 2.75 Anastasakis et al. (1987)
cellulase

4ncubation time in minutes.

PIncubation temperature in °C.

°Enzyme concentrations in %: Percentage on pulp basis, mg/100 gm: milligram per 100 g of fruit/pulp.

dViscosity in cps: centipoises.

Sharma, H.P., Patel, H., Sugandha, 2017. Enzymatic added extraction and clarification of fruit juices—A review. Crit. Rev. Food Sci. Nutr. 57 (6), 1215-1227.

alternative to reduce turbidity, in many studies (Kashyap et al., 2001; Landbo et al., 2007). Pectinases degrade pectin, hence result-
ing in a reduction in viscosity and cluster formation, which facilitates separation through centrifugation or filtration. As a result, the
juice presents higher clarity, as well as more concentrated flavor and color (Abdullah et al., 2007; Kaur et al., 2004). Pectinase
enzymes used in grape juice macerate increased the juice clarity and filterability by 100% according to Brown and Ough (1981).
For clarified fruit juices, a juice that has an unstable cloud or whose turbidity is considered “muddy” is unacceptable to be marketed
as clear juices (Viquez et al., 1981).
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Proteins as Clarifying Agents

All proteins have an isoelectric point, which is a pH at which they carry no net charge when they are in solution. Most of the proteins
are least soluble at their isoelectric point. For instance, casein precipitates when it attains neutrality under acidic conditions.
However, certain proteins such as ovalbumin form stable solutions when they attain their neutrality (Hornsey, 2007). Attraction
of positively charged proteins such as gelatin, isinglass, and casein toward negatively charged materials forms the basis for clarifi-
cation. Proteins have a high affinity for polyphenols and interact with phenolic compounds by hydrogen bonding between the
phenolic hydroxyl and the carbonyl oxygen of the peptide bond (Zoecklein et al., 1995).

Gelatin

Gelatin is prepared from hydrolysis of collagen from skin and bones of animals. Collagen can either be acid treated (Type A gelatin)
or alkali treated (Type B gelatin). Enzymatic hydrolysis of collagen is also one of the methods to obtain gelatin. In food industries,
for many years, gelatin has been used as a clarifying agent, stabilizing agent, and as a protective coating material (Salgues and Bidan,
1984; Adler-Nissen, 1985).

During juice and beverage processing, gelatin aids clarification by forming flocs in the liquids. The isoelectric point of gelatin is
pH 4.7 and hence carries positive charge in juice or wine and thereby attracts the negatively charged phenolic substances and sus-
pended particles, which then causes neutralization and settling of heavy flocs. These heavy flocs are later removed by sedimentation,
centrifugation, or any other filtration technique. To retain a certain level of astringency in the beverages, little quantities of tannins
should be added by the manufacturers before addition of gelatin. The concentration of gelatin to be added plays a crucial role in
successful clarification of beverages, as the excess or insufficient amounts of gelatin can lead to the problems such as overgluing,
undesirable color loss, or retention of haze. Different grades of gelatin are available in both solid as well as liquid forms. Commer-
cially, gelatin is rated depending on its purity and ability to absorb water “bloom”. A bloom number of 75 or 100 is suitable for
wines, and the usage levels for fining of wines usually range from 0.2 to 0.8 Ib (1000 gallons) ™" (or 0.024-0.096 g L™!). However,
much larger doses, up to 4 Ib (1000 gallons) ™" (or 0.48 g L™'), are required for juice fining (Morris and Main, 1995). The positive
aspect of using gelatin is that it can be used in additive-free products, as it is categorized as an ingredient and not an additive.

Isinglass

Isinglass, protein fining agent, is produced from sturgeon collagen (Boulton et al., 1996). It is available in sheets or flocculated
forms. It is beneficial to work with flocculated form of isinglass as it does not require rinsing to remove fishy odors. For efficient
clarification, the triple helical structure of isinglass plays a vital role (Jackson, 2000). Keeping in mind, the denaturation temperature
of this structure (29°C), maintaining low temperatures during its preparation, is very important (Boulton et al., 1996). However, if
hot water is used for preparation, it undergoes partial hydrolysis and thereby resulting in the formation of smaller molecules. The
molecular weight is reduced from 140 000 to 15-58 000, resulting in the differences in fining characteristics and a product that is
more gelatinlike in its activity (Rankine, 1984).

Isinglass is principally used in white still and sparkling wines for improvement in clarity, cleaning up the aroma, and modifying
the finish to give brilliant and softer wines without significantly modifying tannin levels with typical usage levels in the range of 0.2~
0.5 1b (1000 gallons) ™" (or 0.024-0.06 g L™ ') (Morris and Main, 1995). With an isoelectric point 5.5, it carries a net positive charge
at the pH of the wine, which electrostatically attracts negatively charged particles (Rankine, 1984; Margalit, 2004; Troost, 1988).

Isinglass removes phenolics and tannins from beverages without significantly affecting color, astringency, and body than most
other protein fining agents because it is less active toward condensed tannins than either gelatin or casein (Rankine, 1984). Use of
isinglass is most suitable for obtaining brilliant, softer wine, and it also reinforces the yellow color in case of white wines (Ribér-
eau-Gayon et al.,, 2006). Other advantages over gelatin include the enhanced clarification at lower concentrations with lesser
dependability on temperature (Ribéreau-Gayon et al., 1972).

Despite its advantages, there are certain issues with the use of isinglass. Many people wish to avoid drinking alcoholic beverages
that have been clarified with isinglass because of the specific allergic reactions toward fish and fish products, and therefore, alter-
natives to isinglass are sought for (Walker et al., 2007). Also, it produces excessive lees (sediments that form during and after fermen-
tation, which may include grape cell remains, seeds, dead yeasts and bacteria, precipitated tannins, and tartarate salts), and when the
contact period of isinglass with wine increases, it tends to impart objectionable fishy odor (Zoecklein et al., 1999; Zoecklein, 2002).

Casein

Casein is a heterogeneous group of four phosphoproteins and phosphoglycoproteins (a1-casein, as;-casein, k-casein, and B-casein)
with molecular weight ranging from 11.6 to 24.1 kDa and an average isoelectric point of 4.6 (Evans, 1982; Fox and Mulvihill,
1982). This protein is characterized by sequences of hydrophobic and hydrophilic amino acids, resulting in an amphiphilic char-
acter with micelle-forming properties (Weber et al., 2007). Being an insoluble protein at 4-5 pH, it is prepared and added to wines
in the form of alkaline solution (O’Neal et al., 1950; Boulton et al., 1996). Caseinates are readily soluble in water and hence wine-
makers generally prefer potassium or sodium caseinate. However, when it is used in the form of sodium caseinate, it results in the
wine with increased contents of sodium. With an isoelectric pH of 4.6, casein carries a positive charge, which causes flocculation in
acidic media such as wine. It adsorbs and mechanically removes suspended materials as it settles (Marchal et al., 2002b).
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Caseins are most commonly used to reduce haziness and tannin concentrations. Also, it is used to remove undesirable odors and
is sometimes used as a substitute for carbon for color modification of juice and white wines. The usage levels for wines typically
ranges from 0.2 to 2 b (1000 gallons) ™" (or 0.024-0.24 g L) (Morris and Main, 1995).

Caseins are not as effective as gelatin or bentonite for stabilization of wines. Greater stability was reported by Cruess (1963) for
Muscatel and sherry wines fined with bentonite as compared with those fined with casein. But, if caseins are used along with other
fining agents, it can improve the quality of beverage. For example, Dambrouck et al. (2005) reported that casein assisted in
producing better quality of champagne than using bentonite alone. Manufacturers should also consider allergic problems faced
by some consumers toward casein fractions.

Egg Albumen

Egg albumen is one of the oldest fining agents used for reducing the harshness of red wines. Peynaud (1984) reported that about
12.5% (w/w) protein can be found in fresh egg whites. The principal proteins in egg white are albumen (water soluble) and globular
proteins (soluble in neutral dilute salt solutions). To aid solubility of egg white, addition of small amounts of sodium chloride is
a common practice.

Albumen is primarily used to remove excess tannins and thereby reducing astringency in wines. Studies have been conducted on
the ability of albumen clarify wines and its impact on finished quality (Meunier, 2003; Bonerz et al., 2004; Castillo-Sanchez et al.,
2006). Having an isoelectric point between 4.55 and 4.90 (Boulton et al., 1996), albumen carries positive charge that attracts nega-
tively charged tannins. Egg albumen is suitable for red wines but not for white wines, as high levels of tannins are required for floc-
culation. Usage level for wines varies from 1 to 8 egg whites per 60 gallon barrel, with an average of 2-4 (Morris and Main, 1995).
However, care has to be taken to avoid excessive frothing and warming while addition to avail better dissolution in wines.

Other Proteins

Increasing consumer concerns about possible allergies from animal-based proteins, stricter rules imposed by regulatory agencies
altogether with the risk of bovine spongiform encephalopathy has prompted manufacturers and researchers to look for the alter-
natives to animal-based proteins for the purpose of clarification. In view of this, plant- and vegetable-based fining agents as alter-
native to animal-based proteins have started gaining attention from many researchers. Potatoes and peas have already been accepted
and allowed in some winemaking regions (Iturmendi et al., 2013). Marchal et al. (2002a) showed very good dlarification of
Burgundy wine with the help of gluten proteins. Zeins as potential clarifying agents for red wine have also been reported (Simonato
et al.,, 2013). Wheat gluten and isolates from pea, lentil, and soybean, used as fining agents, have shown to effectively reduce
turbidity in white wine (Granato et al., 2014).

Polysaccharides as Clarifying Agents

Many plant- and seaweed-based polysaccharides function as stabilizers, gelling agents, and viscosity modifiers in a wide range of
food products. Polysaccharides such as alginates, carrageenan, and other seaweed-based extracts attain negative charge at lower
pH and hence can bind and precipitate positively charged proteins from aqueous solutions (Cabello-Pasini et al., 2005). This forms
the basis for clarification of juices and other beverages.

Alginate

The most abundant polysaccharide which is extracted from brown seaweed is alginate. On dry basis, alginate comprises about 18%-
40% of the biomass in brown algae (Moe et al., 1995; Whistler and BeMiller, 1997). It is present in seaweed as a mixed salt of
sodium, potassium, calcium, and magnesium (Draget, 2009). Ascophyllum nodosum, Durvillaea antarctica, Durvillaea potatorum, Lami-
naria digitata, Laminaria hyperborea, Laminaria saccharina, Laminaria japonica, Ecklonia maxima, Macrocystis pyrifera, Lessonia nigrescens,
and Lessonia trabeculata are some of the common species of algae, which are cultivated to produce alginate (McHugh, 2003; Helgerud
et al., 2009). In its structure, alginic acid contains three kinds of polymer segments, viz., b-mannuronic acid units, .-guluronic acid
units, and alternating p-mannuronic acid and t-guluronic acid residues (Black, 1950; Hoppe and Schmid, 1962). The proportion of
these polymer segments also varies depending on the type of brown algae used.

Alginic acid is insoluble, but sodium, potassium, or ammonium salts are readily soluble and hence are preferred for most food
and industrial uses. Among the most widely used compound is the sodium alginate, referred as algin. Alginates have found
numerous applications in the food industry, and it can act as thickening, stabilizing, emulsifying, suspending, film-forming, or
gel-forming agents without affecting the flavors. Gibsen and Rothe (1955) have reported many such applications of alginate. Apart
from these applications, alginates can also be used during juice processing (Moncrieff, 1953), beer (Steiner, 1953), and winemaking
(Kulzhinskaya, 1951) in the form of clarifying agent.

Other Polysaccharides

Other polysaccharide-based clarifying agents may include gum arabic (Vivas et al., 2001), guar gum (Wang et al., 2010), carob gum
(Cairns et al.,, 1986), xanthan gum (Erkan-Ko¢ et al.,, 2015), carboxymethylcellulose (Genovese and Lozano, 2001), agar-agar
(Rehman et al., 2014), gellan, A-carrageenan, and xanthan (Ghafoor et al., 2008), and many others.
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Synthetic Polymers as Clarifying Agents

Polyvinylpolypyrrolidone

PVPP is a synthetic, high-molecular-weight clarifying agent made up of cross-linked monomer of polyvinylpyrrolidone. PVPP has
long been used in the beverage industry as a polyphenol adsorbent (Siebert and Lynn, 1997, 1998). Although, it has been called as
a “protein-like” fining agent, insoluble PVPP interacts with only few reactive groups. Hence, PVPP is used for binding and removing
smaller phenolic compounds such as catechins and anthocyanins, which are responsible for causing browning and bitterness in
wines. However, PVPP, along with charcoal and casein, can remove resveratrol, a component that imparts certain health benefits
(Castellari et al., 1998). Typical usage level of PVPP for wines ranges from 1 to 6 Ib (1000 gallons)™" (or 0.12-0.72 g L™!) (Morris
and Main, 1995).

Nylon

Nylon is a synthetic fiber that comprises of repeating polymer units linked by peptide bonds. It is mainly used for clarification of
wines, and its use is legal in many countries. On its surface, nylon has carbonyl functional groups, which can adsorb phenols and
similar compounds. Successful reduction in color of white table wines and slowed browning with very little effect on the quality of
wine has been reported by Fuller and Berg (1965). However, it is less preferred to PVPP because of its lesser efficiency of adsorption
(Caputi and Peterson, 1965; Fuller and Berg, 1965; Rossi and Singleton, 1966; Boulton et al., 1996).

Tannins as Clarifying Agents

For clarification, tannins made from oak wood or grape pomace are used (Zoecklein et al., 1995; Jackson, 2000; Lee and Noble,
2003). In solution, tannin is negatively charged and forms complex with positively charged gelatin to form flocs and thereby cause
clarification. When compared with bentonite, tannins are less popular because of its lower adsorptive capacity (Ribéreau-Gayon
et al., 2006). Tannin is also used for adjusting astringency in juices and wines.

Bentonite as a Clarifying Agent

Bentonite is arguably the most frequently used fining agent. It is volcanic clay discovered in Wyoming. When hydrated, it can grow
20 times its size. Bentonite must be hydrated before being added to the wine or fruit juices, otherwise it would just sink to the
bottom and absorb all parts of the wine and not just the particles intended. After hydration, bentonite is able to attract positively
charged particles because it has a negative charge itself.

When a 5% (w/v) suspension of bentonite is made up with warm water, a pale green-gray milky liquid results if the concen-
tration of bentonite reaches 10%-15% (w/v), forming a gelatinous paste. These thicker slurries will form a gel when left to stand
but will liquefy on agitation, i.e., they are thixotropic. This is due to the presence of positive charges on the edges of the plates, which
are electrostatically drawn to the negatively charged faces of adjacent plates and thus form a contact at an angle. This means that
although bentonite primarily acts by an adsorptive interaction between the flat, negatively charged platelet surfaces and positively
charged proteins, a certain amount of binding with negatively charged wine constituents may occur. Bentonite is now widely used
for the adsorption of proteinaceous material from wines but was originally used for clarifying vinegar.
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Overview

B-glucans and psyllium are recognized as functional and bioactive ingredients and they are included in the complex dietary
fiber group. B-glucans are found in bacteria, edible mushrooms, yeast and grains, such as oat, barley, rye, and wheat (Mit-
messer and Combs, 2017). It can be purchased like a food additive (VITACEL® Oat Fibre, Germany) or it can be extracted
from above-mentioned sources for scientific studies. Psyllium is a term used to designate both plantago plants and a mucilag-
inous material prepared from seed husks of Plantago genus including Plantago ovata, Plantago psyllium, Plantago indica, etc.,
which grow in certain temperate and subtropical regions (Yu et al., 2008; Cui and Roberts, 2009). It has a long history of
use as a dietary fiber supplement to promote the regulation of large bowel function, and the reduction of blood cholesterol
levels (Fischer et al., 2004). It can be acquired alone (as particles or powder form, Frontier, USA) or accompanied by other
additives like sucrose (Metamucil™, USA). Nowadays, B-glucans and psyllium are employed by the food industry and are
studied by the world research community in several fields of science (chemistry, food science, nutrition, medicine, materials
science, microbiology, etc.).

The basic structures of B-glucans and psyllium are known from past decades. However, small variations, continue to be reported
year after year. From a functional point of view, B-glucans and psyllium are soluble in water and they are form gels. Accordingly,
they could classify as viscous soluble fibers (Dello Staffolo et al., 2012). Jenkins et al. (1986) mentioned the term viscous soluble
fiber in their works about fibers and health benefits. Then, several researchers advance in this topic (McRorie and McKeown, 2017).
B-glucans and psyllium differ in that the first is a single chemical substance, while psyllium is a mixture of chemical substances since
it is the yield of seed milling.

B-glucan and psyllium have been utilized in food industry owing to their health benefits and technological properties. This is
consistent with the global trend in creating healthy foods, also called functional foods, to incorporate into the diet of consumers
who are concerned about reducing diseases and/or improving their life quality.

Chemical Structure and Molecular Characteristics

Cereal B-glucan is a polysaccharide that occurs in the subaleurone and endosperm cell walls of cereals seeds, including oats, barley,
rye, and wheat. The level of B-glucans in cereals varied between species, as shown in Table 1. Cereal B-glucans are linear homopol-
ymers of glucose bonded by B-(1—4) and B-(1— 3) glucosidic linkages. About 90% of the glucose units are arranged in blocks of
two or three consecutive (1 — 4)-linked units separated by a single (1 — 3)-linkage, which forms the two building blocks of cereal
B-glucans: a cellotriosyl (DP3) unit and a cellotetraosyl (DP4) unit, as shown in Fig. 1. The (1 — 3)- linkages act as kinks to disrupt
the regularity of the (1 — 4)-linkages (Nie et al., 2018a). The remaining less than 10% of the polymer chain is mainly composed of
longer cellulosic sequences ranging from 5 up to 14 B-D-Glcp residues (Fig. 2).

The DP3/DP4 ratio (the fingerprint of each grain) in oat B-glucan is typically 2:1; in barley and wheat are 3:1 and 4:1, respectively.
However, small variations in the trisaccharide-tetrasaccharide ratio has been reported within the same species, which may arise from
several factors including differences between species, growing-conditions, extraction-conditions, and analytical methods. Some
studies have suggested the presence of amino-acid residues and inner C-6 carbon-bound phosphomonoesters in the oat B-glucan
molecule although, these additional structures have not always been observed (Wang and Ellis, 2014; Comino et al., 2016).

Cereal B-glucans in aqueous solution adopt a disordered random coil conformation with an expanded, semi-flexible chain
conformation whose shape fluctuates continually under Brownian motion. In addition, there is molecular aggregation among
B-glucan molecules through hydrogen bonding, which imparts great stiffness (thus high solution viscosity) to the polymer. These
aggregates could be effectively eliminated in 0.5 M sodium hydroxide, but not with other treatments (6 M urea or ultrasonic treat-
ment). The success of obtaining an aggregate-free solution allowed the measurement of true molecular weight and conformational

Table 1 Amount (w/w) of B-glucans in four
common cereals

Cereal B-Glucan content
Barley 3%—11%

Oat 3.2%-6.8%

Rye 1%—-2%

Wheat 0.5%-1%

From Cui and Roberts (2009).
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Figure 1 Building blocks (trisaccharides and tetrasaccharides) of cereal p-glucans. From Cui and Roberts (2009).
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Figure 2 Chemical structure of oat B-glucan. G represents a glucose unit and the numbers indicate the linkage sites; the ratio of m/n is approxi-
mately 2. From Wang and Ellis (2014).

properties of single molecules (Li, 2007; Nie et al., 2018a). The aggregation behavior was also confirmed by NMR relaxation tech-
niques (Wu et al., 2017). The oat B-glucan had an average molecular weight of 2.0 x 10* kDa whereas barley f-glucan had 1.79 x
10® kDa average molecular weight (Shah et al., 2017). Even so, this value could vary to some extent owing to the complexity and
polydispersity of natural polysaccharides (Nie et al., 2018a). Li et al. (2012) proposed that as molecular weight increased, the degree
of aggregation decreased, due to the lower diffusion rate of large molecules. These authors also used computer modeling techniques
to calculate those molecular parameters and visualize the shape of the random coil polysaccharide in aqueous solution. Fig. 3A
illustrates the active site for the formation of junction zones between two B-D-glucan molecules. Fig. 3B shows the 3D molecular
model with a moderately extended sinuous chain conformation. The conformational parameters of cereal B-glucans were calculated
by RMMC simulation, which are in good agreement with experimental results and also revealed that chain stiffness increased with
the tri/tetra ratio. Furthermore, the conformation of B-glucans could be modified by physical (ultrasonic, irradiation, microwave,
extrusion, dough formation, baking, cooking/boiling) and chemical (carboxymethylated, sulfated and phosphorylated) methods
(Comino et al., 2016; Honcu et al., 2016; Wang et al., 2017).

Psyllium material obtained by milling psyllium seed husks mainly contains hemicellulose, cellulose, and lignin (Dello Staffolo
et al, 2011). In most of the Plantago species analyzed to date, it has been found that psyllium hemicellulose is a highly branched
heteroxylan which consists of a xylan backbone with both (1—4) and (1 — 3) linkages and side chains attached to the O-2 or O-3
position (Fig. 4). Psyllium polysaccharide is composed of xylose (57%), arabinose (22%), 10%-15% uronic acid, and trace
amounts of galactose, thamnose, glucose, and mannose. However, these percentages fluctuate depending on Plantago genus species
from polysaccharides were extracted as well as, the extraction method employed (Nie et al., 2018b). Although most psyllium poly-
saccharides found are heteroxylans, there are still some exceptions. Biringanine et al. (2012) described a Plantago palmata polysac-
charide that presents an unbranched galacturonan domain.

The different extraction techniques (water or alkaline) produce several heterogeneous fractions of psyllium polysaccharides:
some fractions contain uronic acids while other fractions are neutral polysaccharides as noted by different research groups. The pres-
ence of soluble and gel fractions observed by Guo et al. (2009) is in agreement with the findings of Al Assaf et al. (2003) who frac-
tioned psyllium polysaccharides into three fractions: a water-soluble fraction (Mw 1-3 million Dalton), a gel fraction (Mw 9-20
million Dalton), and a matrix fraction (insoluble). Edwards et al. (2003) reported molecular weights of 2.2 x 10° for water
extracted and 1.6 x 10° for 0.1 M NaOH extracted psyllium polysaccharides using size exclusion chromatography coupled with
multiangle laser light scattering. Comparing the data of Al-Assaf's group and Edward’s group, it was found that the water-
extractable polysaccharides were in the same order and the difference existed between the polysaccharides extracted from alkaline
solutions (Cui et al., 2013).

Currently, most commercial products containing ground psyllium seeds husk utilize the P. ovata species. Saghir et al. (2008)
studied the psyllium polysaccharide extracted from Plantago ovata and found it a main chain consisted of $-(1— 4)-linked Xylp;
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Figure 3 (A) Side and top view of single helix structure of six consecutive cellotriosyl units. (B) Snapshot view of a B-D-glucan molecule in random
coil shape (Li et al., 2012).

some Xylp residues carried a single Xylp moiety at its O-2, and other Xylp residues have trisaccharide branches at position 3 with
a sequence of L-Araf-a-(1 — 3)-D-Xylp-B-(1— 3)-L-Araf.

Psyllium polysaccharides prepared from different species have in common the gelling and strong water-absorbing capacities.
These features can be explained because psyllium gum is an anionic polysaccharide which could bear a negative charge due to
ionized carboxyl groups. Therefore, the intermolecular electrostatic repulsion owing to homo-charges makes the polysaccharide
chains fully extended and interpenetrated with each other to form intermolecular cross-linking which induces gelation (Farahnaky
et al., 2010). Moreover, the swelling behavior could be a result of the entanglement of polysaccharide chains and development of
inter- and intramolecular hydrogen bonds between the polysaccharide and water, which would cause more and more water to be
trapped within the polysaccharide chains (Rao et al., 2011). It is noteworthy that psyllium polysaccharide is rich in calcium, which
has a significant influence on its gelling properties (Yin et al., 2015).

Functional Properties

Likewise, the chemical structure, molecular weight, and molecular weight distribution are fundamental B-glucans properties that
regulate their overall functionality: solubility, hydration, conformation, and gelation in aqueous systems, which is relevant for
the food industry and physiological behavior (Nie et al., 2018a). A higher (DP3/DP4) ratio causes reductions in solubility,
promoting the gel-forming properties (Brennan and Cleary, 2005). High-molecular-weight oat B-glucan solutions exhibit typical
viscoelastic flow behavior and do not form a gel within a reasonable time period. Freshly prepared barley and wheat b-glucan solu-
tions are also viscoelastic fluids as demonstrated in Fig. 5 (Cui and Roberts, 2009). B-glucan gelation capacity is in the order of
wheat > barley > oat, which is the same as the order of the tri/tetrasaccharides ratio of these cereals. The gelation rate of B-glucan
solutions usually decreases with increased molecular B-glucan weight as shows Fig. 6 (Cui et al., 2013). Subsequent findings
allowed researchers to propose the following hypothesis. The gelation rate and strength of cereal -D-glucans are determined by
a combination of the mobility of the polymer chains and the entanglement density of the “junction zone” of the polymer chain
in solutions. An increase in the tri/tetra ratio in the p-D-glucans leads to a more rigid conformation in dilute solutions, and easier
formation of gels at higher concentrations; smaller molecular weight B-D-glucans have higher mobility, which have more oppor-
tunity to interact with neighboring chains to form entanglements; this results in a higher degree of aggregation. The association of
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Figure 4 (A) Proposed consensus psyllium structure extracted from ispaghula husk (Plantago ovata) (B) The possible structure of polysaccharide
(PLP-2) from the seeds of Plantago asiatica L. Xylp: xylopyranose, Araf: arabinosefuranose, Galp: galactopyranose, Rhap: rhamnopyranose. R, may be
T-linked GlcAp, 1,6-linked Glcp, 1,4-linked Glcp, 1,3,6-linked Glcp or 1,3,4-linked Galp. (A) From Edwards et al. (2003). (B) From Nie et al. (2018b).

three-dimensional networks (entanglements) or the aggregates at higher concentrations leads to the formation of gel (Nie et al.,
2018a).

Psyllium polysaccharide could be dissolved in strong ammonia solution and dimethyl sulfoxide. However, it is insoluble in
acetone, alcohol, ether, chloroform dichloromethane, dimethylamine, trimethylamine, diethylether, and ethylacetate (Nie et al.,
2018b). Besides, psyllium gum does not completely dissolve in water due to its high molecular weight. It forms a gel-like paste
or dispersion when hydrated (Cui et al., 2013). Freshly prepared psyllium gum dispersion (1%) exhibits a Newtonian plateau at
low shear rates and shear thinning flow behavior at higher shear rates. However, upon aging, psyllium gum dispersions form cohe-
sive gels (Izydorczyk et al., 2005a,b). Psyllium gel is thermally stable, with G’ and G” decreasing with increased temperature. No
melting is observed unless the temperature exceeds 80 °C (Fig. 7), where a deeper decrease of G’ was observed (Haque et al.,
1993). It was also found that the psyllium gel exhibits an extensive swelling property in water and 0.1 M HCI solution, whereas
no swelling was observed in 0.5 M NaOH solution (Rao et al., 2011).

Farahnaky et al. (2010) investigated the effect of concentration, temperature, and pH on the dynamic rheology of psyllium gels.
The results showed that psyllium gel at 2%-3% concentration was a weak gel, since the dynamic storage modulus (G’) was larger
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Figure 5 Viscoelastic properties of wheat b-glucan: freshly prepared versus standing for 2 hours at room temperature (25 °C) (Mw = 3.4 x 104,
measured at 25 °C). From Cui and Roberts (2009).
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Figure 6 Increase in gelation rate corresponding to decrease in molecular weight. From Cui and Roberts (2009).

than the viscous modulus (G”), and there was no obvious melting point found for psyllium gel, indicating that the melting process
was a continuous and long process. As for the pH value, the maximum functional properties of psyllium gels were observed at a pH
of 4 and 7. It can be explained as net electrostatic repulsion decreases at low pH values, and the interaction of molecules also
decreases, which leads to a reduction in gel elasticity. In addition, that the gel elasticity decreases in a higher pH value environment
might be attributed to an alkaline depolymerization reaction, which results in fewer junction zones.

When Ca?" is added to the gel, the gel becomes more resistant to temperature; meanwhile, its bioavailability is reduced (Cho
etal., 2001). Guo et al. (2009) reported that when the psyllium polysaccharide solution was added to with 50 mM Ca’*, the spec-
trum of G’ and G” showed less frequency dependency, and lower tan 3, which meant the psyllium gel appeared more typical of
a true gel in the presence of Ca®>". On the contrary, by adding Ca®™, the gel strength became much stronger and it was more tolerant
of higher temperatures and the microstructure of the gel changed from fibril strand gel to aggregated gel (Fig. 8). Yin et al. (2015)
treated psyllium gels with ethylenediaminetetraacetic acid (EDTA) to remove calcium ions. They found that its intrinsic viscosity
decreased significantly; however, adding Ca®" increased the apparent viscosity of psyllium gels increased considerably. In addition
to modifying the rheological behavior of psyllium dispersions and gels, calcium binding also causes a decrease in its bioavailability

and absorption in the digestive tract (Rodriguez et al., 2008). A reduction in the availability of glucose and iron has also been
observed in chemical digestive models (Rodriguez et al., 2008; Dello Staffolo et al., 2011).
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Functionality and Health Promotion Relationship

B-glucans and psyllium are viscous soluble fibers inducing thickening when mixed with liquids. An increase in the viscosity of food
may have several effects, including slowing down the small intestinal transit time, reducing the interaction between food nutrients
and digestive enzymes, and increasing the time for nutrient diffusion, by increasing the thickness of the unstirred water layer. A
mechanism for viscous dietary fibers in appetite regulation has been reported. Viscous soluble fibers can absorb large quantities
of water, and increase stomach distension, which may trigger afferent vagal signals of fullness. Besides, more time and effort are
required to masticate foods rich in dietary fibers, and this allows more signals mediating satiety sensations to the brain. Viscous
dietary fibers increase the viscosity of the digesta in the small intestine and therefore prolong small intestine transit time and absorp-
tion rate of nutrients. These, in turn, affect gastric emptying and signaling to the central nervous system (Brownlee, 2011; Nie et al.,
2018b; McRorie and McKeown, 2017).

This mechanism that influences the absorption of nutrients in the first portion of the digestive system, generates effects related to
health promotion and life quality improvement such as: regulation of glycaemia (FDA, 2017; Wood, 2011; Gibb et al., 2015), hypo-
cholesterolemia (Wolever et al., 2011; Wei et al., 2009), hypolipemia (Choi et al., 2010; Rahbar et al., 2014), body weight decrease
(Salas-Salvado et al., 2008; Galisteo et al., 2010). Likewise, these effects have secondary consequences as decreased risk of cardio-
vascular disease (Code of Federal Regulations, 2010; FDA, 1998; McRae, 2017) and cancer prevention (Dahm et al., 2010; Kacz-
marczyk et al., 2012; Sohn et al., 2012). B-glucan and Psyllium possess other abilities in relation with health benefits such as
immune enhancement (Zhao et al.,, 2014) and antioxidant activity (Kofuji et al., 2012; Gong et al., 2015).

Functional Foods

In recent years B-glucans as emulsion stabilizers, bulking agents, fat replacers, and healthy ingredients, have been incorporated and
studied in the following food groups. For example, in bakery products have been developed two-layer flat bread (Izydorczyk et al.,
2008), cookies and peanut spreads, muffins (Moriartey et al., 2011), and batter and sponge cake (Majzoobi et al., 2015). However,
in yeast-leavened bread, B-glucan could produce high water retention, poor crumb texture, and loaf volume. These effects are depen-
dent on the concentration of B-glucan in the bread as well as the molecular weight (Cui and Roberts, 2009). It has been also studied
durum wheat pasta and noodles (Izydorczyk et al., 2005a,b). In this type of foods, slight differences in color have been observed as
a disadvantage, in comparison with pasta without fiber (Quinde-Axtell et al., 2005). Among milk products, it has been developed:
yogurts (Brennan and Tudorica, 2008), cheeses, and ice creams. Chicken meat patties and sausages (Huang et al., 2011) are exam-
ples of processed meats products. In beverages, Lyly et al. (2009) studied the perceived satiety with healthy volunteers. Currently,
the best-selling beta glucan-containing foods are bread, cereals bars, breakfast cereals, snack foods, and oat and barley-based prod-
ucts, such as whole oats, oat bran, oat meal, barley flour, etc. However, from time to time other types of foods with beta glucans, as
functional ingredients appear but, they do not achieve to stabilize in the market. An exception could be pasta including cereal bran,
which can be found in the market with some discontinuity, many years ago.

Psyllium has been used for decades, in beverages (orange juice, apple, etc.) to which pharmaceutical formulas like Metamucil are
added (Chan and Wypyszyk, 1988). Probably, the first use of Psyllium as a food additive was into confectionery and bakery prod-
ucts (Czuchajowska et al., 1992) through its ability to mimicking gluten network. Then, it is continued to work in this area (Zan-
donadi et al., 2009; Cappa et al., 2013; Raymundo et al., 2014; Fratelli et al., 2018). Among milk products, it has been studied:
yogurts (Rodriguez et al., 2008; Ladjevardi et al., 2015; Yadav et al., 2016), dairy desserts (Dello Staffolo et al., 2017). Additionally,
psyllium has been employed in confectionery jams (Figueroa and Genovese, 2018) as a stabilizer and a gel filling.

It is estimated from a western diet that the average daily consumption of arabinoxylan in the absence of fiber supplements ranges
from 1-5 g/day. To obtain a beneficial effect on post-prandial glucose excursions, the conditions of use for the claim are that 8 g of
arabinoxylan-rich fiber derived from wheat endosperm (which is at least 60% arabinoxylan by weight) per 100 g of available carbo-
hydrates should be consumed per quantified portion as part of a meal. To achieve this recommended intake, consumption of forti-
fied foods or arabinoxylan fiber supplements will be required (Kellow and Walker, 2018). In consequence, incorporating psyllium
into food, especially at the level required to allow a health claim, is challenging due to its strong water-absorbing and gelling prop-
erties. In addition, an unpleasant slimy mouthfeel and undesirable flavor characteristics were reported for some foods containing
psyllium. To promote the application of psyllium in foods, some researchers developed an enzyme treatment method to produce
psyllium with improved sensory properties and reduced water-adsorbing capacity without altering its hypolipidemic capacity (Allen
et al., 2004).

Conclusions

B-glucans and psyllium are viscous soluble fibers with the ability to form gels, which gives them several interesting properties for the
food industry, life quality improvement, and treatment of certain diseases. Cereal B-glucans are linear homopolymers of glucose
bonded by B-(1—4) and B-(1— 3) glucosidic linkages with repeated building blocks of tri and tetrasaccharides. Psyllium hemicel-
lulose is a highly branched heteroxylan which consists of a xylan backbone with both (1—4) and (1 — 3) linkages and side attached
chains. B-glucans and psyllium promote health because they regulate glycemia, cholesterolemia, lipidemia, body weight and
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decrease the risk of cardiovascular and cancer diseases. These effects have been well documented and they continue to study for both
polysaccharides. A wide range of food products with B-glucans and psyllium have been developed and studied to satisfy functional
foods demand by consumers and reach their recommended intakes. In this process, some sensory disadvantages have appeared in
some foods that have begun to be solved but even today are the future challenge for food scientists and technologists with the aim of
achieving the highest levels of acceptability by consumers.
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Diglyceride Structure

Diglycerides or diacylglycerols (DAG), are composed of two fatty acids esterified to the trihydric alcohol glycerol. Since glycerol has
three hydroxyl groups available as binding sites, there are two possible structural isomers. A 1,2-DAG has fatty acids esterified to the
sn-1 and sn-2 positions on the glycerol. A 1,3-DAG has fatty acids linked to the sn-1 and sn-3 positions. Acyl migration occurs within
DAG molecules and results in an equilibrium with 1,3-DAG making up 60%-70% of the total concentration (Lo et al., 2008;
Matsuo, 2004; Siew and Ng, 1999). This class of molecule is amphiphilic in nature because of the lipophilic fatty acids and the
hydrophilic hydroxyl group. As a result, DAGs have surface active properties.

Synthesis in Plants and Animals

DAGs can be produced in plant and animal cells as a by-product of triglyceride (TAG) biosynthesis (Siew and Ng, 1995). TAGs are
synthesized by the addition of fatty acids to glycerol-3-phosphate with the help of fatty acid-CoA esters and acyltransferase enzyme
complexes (Belitz et al., 2009). During this process DAGs are produced just prior to the synthesis of TAGs. Therefore, in the event
that this process is not completed, a DAG may be formed. Additionally, the hydrolytic activity of lipase enzymes during maturation
or harvesting of oil fruits and seeds as well as during the storage of an edible oil can lead to increased levels of DAGs. These enzymes
hydrolyse the ester linkages within TAGs, producing DAGs and monoglycerides (MAGs) along with free fatty acids (Cheng et al.,
2017). DAGs are typically found within edible oils at very low levels, but depending on the type of oil, method of extraction,
and storage conditions they may be found at concentrations up to 10% (Lo et al., 2008; Matsuo, 2004). Edible oils originating
from oil fruits, as opposed to oil seeds, are known to contain higher levels of DAGs because they are exposed to water for a longer
time, meaning the TAGs are more prone to undergoing hydrolysis reactions (Cheng et al., 2017).

Industrial Production

While there are many different ways through which DAGs can be formed, DAGs for commercial use are typically produced one of
two ways. Either through a direct esterification reaction between glycerol and fatty acids, or by performing glycerolysis between
glycerol and a fat or blend of fats. With both of these processes, the amount of glycerol in the reaction will determine the ratio
of MAG/DAG/TAG produced. The production of DAGs can be optimized for a specific process by changing the amount of glycerol
added as a reactant. A high concentration of glycerol will lead to an increase in the concentration of MAGs produced. Alternatively,
performing these reactions with a low amount of glycerol results in a product high in TAGs. Furthermore, glycerolysis is a more cost-
effective option because the cost of a fat or oil, whether it be natural or hydrogenated, is less than that of the fatty acids used in
a direct esterification process. Additionally, a higher quantity of glycerol is required to perform a direct esterification. This increases
the cost further and because lipids have a low solubility in glycerol, the reaction must be performed at a higher temperature
(Hasenhuettl, 2008; Lo et al., 2008).

Both processes can be performed either chemically or enzymatically. Chemical esterification and glycerolysis reactions are often
faster and more reproducible compared to the enzymatic processes. In addition, in terms of material cost, it is more cost effective to
perform these reactions chemically, because the cost of enzymes greatly exceeds that of the chemical catalysts (Gibon and Kellens,
2014). However, with chemical processing, the reaction is run at high temperatures (>200 °C). Besides the energy costs associated
with these high reaction temperatures, side reactions occur which lead to colour changes and the production of off-flavours. This
decreases the overall quality of the oil, which must be improved through further processing steps (Hasenhuettl, 2008). Furthermore,
the lipase enzymes used to catalyze these reactions typically have optimal temperatures in the range of 60-80 °C (Kristensen et al.,
2005). Since the reaction temperatures are relatively low when using enzymes, the quality of the oil remains high. As a result, the
high cost of enzymes and the lower reaction rates may be offset by the improved quality of the oil (Phuah et al.,, 2015). Therefore,
the use of enzymes represents a very viable means of producing DAGs. In addition, with the push for clean label products in recent
years, the use of a biocatalyst is an attractive alternative to chemical catalysts.

When performing enzymatic modifications on lipids, it is important to consider using immobilized enzymes, particularly,
enzymes immobilized on a hydrophobic support. Immobilized enzymes are both easier to disperse in oil and easier to separate
and recover compared to free lipases. The use of a hydrophilic support encourages the formation of a layer of glycerol surrounding
the lipase particles. This creates a barrier, decreasing contact between the lipase and the lipids, reducing the performance of the
enzyme. It is for these reasons that lipases immobilized on hydrophobic supports have been known to perform more effectively
(Fregolente et al., 2008; Kristensen et al., 2005).
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Diglycerides as Emulsifiers

DAGs are frequently used in food products for emulsification purposes. They are typically found as a mixture of MAGs and DAGs
(Kim and Akoh, 2015). In fact, MAGs and DAGs are some of the most commonly used emulsifiers in the food industry. The DAG
molecule has only one hydroxyl group, whereas MAGs have two, and so DAGs are therefore more lipophilic compared to MAGs and
thus have a lower HLB value. Because of these differences, MAGs are more surface active and are a more sought-after ingredient for
emulsification purposes. However, the distillation process used to purify the MAGs, after a mixture of partial glycerides has been
produced, adds to the ingredient cost. For this reason, a mixture of MAGs and DAGs is used more frequently. In many cases, a blend
of emulsifiers with different HLB values will perform better than one single emulsifier as the emulsifiers work synergistically (ICI
Americas Inc., 1976). Therefore, it is often beneficial for food systems to contain a blend of MAGs and DAGs besides simply as
a means of reducing cost. While MAGs and DAGs may be found in a wide range of food products as an emulsifier, they are predom-
inantly used in bakery products (i.e. breads and cakes), frozen desserts, and sauces/dressings (Nash and Brickman, 1972). This
emulsifier is typically used to increase the volume and improve the crumb structure of baked goods and to extend their shelf
life, by preventing staling. In sauces and dressings, this emulsifier acts to keep the water and oil phases from separating, thereby
improving the appearance and shelf life.

In addition to DAGs being used directly as an emulsifier, these molecules can be esterified to organic acids, producing a wide
range of emulsifiers with different HLB values that can be used for a variety of food applications. In most cases, it is again a mixture
of MAGs and DAGs used to produce these esters and they are named accordingly. These include, diacetyl tartaric acid esters of
mono- and diglycerides (DATEM), citric acid esters of mono- and diglycerides (CITREM), lactic acid esters of mono- and diglycer-
ides (LACTEM), acetic acid esters of mono- and diglycerides (ACETEM), and tartaric acid esters of mono- and diglycerides (TATEM).

Proposed Health Benefits

There are several well researched health benefits pertaining to the consumption of DAGs. These include reduced serum TAG levels
and anti-obesity effects. Although there has been conflicting research on these health benefits, due mainly to differences in the levels
of DAGs consumed and the condition of the test subjects, it is generally regarded that the consumption of DAGs in place of TAGs is
beneficial (Phuah et al., 2015). Consumption of DAGs has been shown to reduce fat stores within the body, helping to reduce body
mass index and waist circumference. Additionally, several animal studies have demonstrated increased rates of B-oxidation as well
as increased activity of the enzymes involved in this process (Lo et al., 2008; Matsuo, 2004).

The energy value and digestibility of DAG oil has been shown to be similar to that of traditional TAG oil (Taguchi et al.,, 2001). It
is therefore believed that the different metabolic fates of DAGs compared to TAGs bring about these positive health effects. The
effects arise mainly from the 1,3-DAGs rather than the 1,2-DAGs. When TAGs are metabolized, two of the ester bonds are cleaved
to form free fatty acids and 2-MAGs. These molecules are then able to pass through the intestinal wall where they are reassembled
into TAGs based on a 2-MAG pathway. They are then packaged into chylomicrons for transport throughout the body. In the case of
1,2-DAGs, the ester bond at position sn-1 is cleaved to form 2-MAG and a free fatty acid. These components are therefore able to be
used towards assembling TAGs for packaging into chylomicrons. 1,3-DAGs however, will be metabolized to form 1-MAGs and free
fatty acids. The body is not efficient at assembling TAGs from 1-MAGs, and so following absorption in the gastrointestinal tract the
components are transported to the liver for metabolism rather than being transported and stored throughout the body in adipose
tissue. This difference in metabolic pathway between TAGs and 1,3-DAGs is believed to cause the reduced post-prandial serum TAG
levels and the decreases in body fat stores observed when DAG oil is consumed in place of traditional TAG oils (Flickinger and
Matsuo, 2003; Kim and Akoh, 2015; Lo et al., 2008; Maki et al., 2009; Matsuo, 2004; Teramoto et al., 2004).

Diglyceride 0il

As a result of the health benefits associated with the consumption of DAGs, oils containing high levels of DAGs have been commer-
cialized. KAO Corporations developed a cooking oil known as Econa oil in Japan and released it to the market in 1999 (Matsuo,
2004). This oil contained around 80% DAGs, compared to conventional cooking oils that contain less than 10%. Enova oil later
became available in the United States after Kao Corporations partnered with Archer Daniels Midland (Lo et al., 2008). These
products were found to contain high levels of glycidyl esters and were voluntarily removed from the market in 2009 (Gibon
and Kellens, 2014).

Glycidyl fatty acid esters (GEs) are classified as a “possible human carcinogen” (group 2) by the International Agency for
Research on Cancer because they are hydrolysed to form the carcinogen glycidol in the intestinal tract. GEs are formed because
of the high temperatures of the deodorization step during the refining of oils. Furthermore, DAGs are known to be a precursor
to GE formation. As a result, most edible oils contain some level of glycidyl esters. Furthermore, oils containing a DAG content
of greater than 6% are known to have considerable amounts of glycidyl esters (Cheng et al., 2017).



72 Diglycerides

Crystallization of Lipids

Pure DAG:s crystallize differently from pure TAGs. Additionally, the isomeric form of the DAG changes the crystallization behaviour.
When considering DAGs and TAGs that contain the same fatty acids, the melting point of the 1,3-DAG is generally around 10 °C
higher than that of the TAG. While the melting point of the 1,2-DAG is approximately 10 °C lower than that of the 1,3-DAG,
meaning that it has a similar melting point to that of the TAG (Lo et al., 2008). In the case of TAGs and DAGs containing palmitic
acid, 1,3-dipalmitin (1,3-PP) has a melting point of 72.5 °C, tripalmitin has a melting point of 65.5 °C, and 1,2-dipalmitin (1,2-PP)
has a melting point of 64.0 °C (Belitz et al., 2009). Furthermore, the two isomeric forms of DAG crystallize in different polymorphic
forms. 1,2-DAG can crystallize in either the a-form or the p'-form, while 1,3-DAG can crystallize in two types of the B-form (Lo et al.,
2008).

Besides simply crystallizing differently in the purified form compared to TAGs, small amounts of DAGs have an affect on the
crystallization of TAGs in lipid mixtures. Palm oil is notorious for crystallizing slowly. This is believed to be caused by the high
DAG content (typically 5%-8%). Siew and Ng (1999) investigated the effects of various DAGs containing palmitic and oleic fatty
acids on the crystallization of purified palm oil TAGs. In this study, DAGs were first removed from the palm oil and specific DAGs
were later added back to the purified palm oil TAGs at various concentrations (1, 2.5, 5, and 10%). It was found that many of the
different types of DAGs increased the induction of crystallization period of the palm oil TAGs. Both isomeric forms of diolein
(1,2-00 and 1,3-0O0) along with 1,3-PO increased the induction period at all tested concentrations, while addition of 1,2-PO
reduced the induction period. This reduction in the induction period was attributed to the ability of the asymmetrical 1,2-PO to
form mixed crystals with the palm oil TAGs. Interestingly, at low concentrations, the increase in the induction period was amplified
by the disaturated DAGs (1,3-dipalmitin and 1,2-dipalmitin), however, higher concentrations (5%) of 1,3-PP resulted in rapid
crystal growth. It was suggested that this was caused by the difference in melting point between 1,3-PP and the TAGs. Upon crys-
tallization, 1,3-PP provides a nucleation site for TAG crystal growth. Furthermore, palm DAGs slowed the rate of crystallization of
the palm TAGs. When looking at the effects of the individual DAGs on the crystallization rate, it was observed that low concentra-
tions (1%) of 1,3-PP greatly reduced the rate of crystallization, while higher concentrations (5%) increased the crystallization rate.
1,2-PP decreased the rate of crystallization only slightly when added at low concentrations, but at higher concentrations the rate of
TAG crystallization was greatly reduced. Again 1,2-PO appeared to assist in the crystallization process, increasing the rate of crys-
tallization, just as it had reduced the induction period.

Wright and Marangoni (2002) investigated the effects of milk fat DAGs on the crystallization of milk fat TAGs. DAGs were found
to delay crystallization by both inhibiting nucleation and reducing the crystal growth rate. These effects also demonstrated a concen-
tration dependence. It was suggested that DAGs primarily composed of the fatty acids that make up the high melting fraction of the
milk fat have a greater effect on TAG crystallization because they would become incorporated into the solids portion and disrupt the
TAG crystal network. Furthermore, DAGs that contain fatty acids differing from those of the high melting fraction TAGs also have an
inhibitory effect on crystallization, however, they do not affect the nucleation because they do not become incorporated into the
TAG crystal network in this stage. Additionally, with regards to the different isomers of DAGs containing palmitic and oleic fatty
acids, it was determined that the 1,2-DAGs (1,2-PP, 1,2-O0, and 1P,20) delayed milk fat TAG crystallization at 25 °C while
mixtures of 1,2-DAGs and 1,3-DAGs enhanced the crystallization slightly.

Silva et al. (2014) studied the effects of DAGs on the crystallization of TAGs by adding dipalmitin, distearin, and diolein to pure
tripalmitin, tristearin, and triolein. Each of the three DAGs delayed the crystallization of both the saturated TAGs, tripalmitin and
tristearin. As a result, the crystallization temperature was reduced. The opposite effect was observed with the unsaturated TAG
triolein. In this case, each of the DAGs accelerated the crystallization process, with distearin causing the largest rise in crystallization
temperature. Furthermore, it was determined that both dipalmitin and distearin acted to stabilize the o polymorphic form in both
tripalmitin and tristearin, effectively delaying the transition to the B-form. Diolein, however, was seen to accelerate the o to B poly-
morphic transition of both TAGs.

Because of their influence on the crystallization of TAGs, DAG addition represents a viable method of improving the quality and
extending the shelf life of margarine. Hernqvist and Anjou (1983) demonstrated the effectiveness of DAGs at stabilizing the
B’ polymorph. In this study, the addition of 5% DAGs to margarines made with hydrogenated rapeseed and soybean oils delayed
the B’ to B polymorphic transition from four weeks to 44 weeks.

In summary, DAGs are a partial glycerol naturally present in edible oils, that can also be produced industrially in high concen-
trations. This class of lipid is widely used in food products as an emulsifier, and because of the well researched health benefits asso-
ciated with DAGs, oils high in DAGs have been produced and sold as a healthy cooking oil in both Japan and the USA. DAGs have
been shown to have either inhibitory or enhancing effects on TAG crystallization depending on the isomeric form of the DAGs and
the fatty acid profile of both the DAGs and the TAGs. Therefore, there are some instances in which it is beneficial to remove DAGs in
order to improve the physical properties of the oil and other cases in which adding DAGs to an oil may improve its crystallization
behaviour.
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Glossary

Amphipathic a chemical compound containing both hydrophobic/lipophilic and hydrophilic properties

Apolipoproteins proteins that specifically bind lipids to produce lipoproteins. Their major role is to carry lipids through the
circulatory and lymphatic system

Calcification impregnation with calcium or calcium salts

Glycation formation of a covalent bond between a sugar molecule (such as fructose or glucose) to a protein or lipid molecule
Isoelectric point refers to the pH at which a specific molecule bears no net electrical charge

Lectin any protein or glycoprotein that is capable of binding to the sugar moieties of glycoproteins and glycolipids present on
the surface of cells in most organisms. These proteins help in stimulating lymphocyte proliferation

Polymorphism refers to the branching of the genetic tree which is because of two or more alleles present at one DNA position
or in one DNA region, each with significant frequency in the population

Reactive oxygen species (ROS) chemical species which contains oxygen and are chemically reactive, for instance, superoxide,
peroxides, singlet oxygen

Nomenclature

TSAA Total Sulfur Amino acids, i.e. (Methionine + Cystine)

Quercetin Plant polyphenol belonging to the flavonoid group and has a bitter taste. It is present in many vegetables, fruits,
grains and leaves

Introduction

The chicken eggs have always been recognized as an excellent source of human nutrition, especially for the dietary protein. The
chemical composition of an egg has always fascinated human mind, may be due to the compartmentalized structure of the whole
egg. However, only in recent years, with the help of innovative research tools, scientists have revealed the structural and functional
diversity of the different components in eggs. These revelations diversify the use of eggs in various processed food products and
increase the commercial value of an egg. Egg proteins are well-known for its functional properties and are massively used as an
ingredient to enhance the texture or flavor of variety of food products. Additionally, egg proteins are also a potential source of bioac-
tive proteins and peptides. The bioactive egg proteins and peptides can exhibit health beneficial effect above and beyond their
known nutritional value. Research of last two decade has highlighted some bioactivity of egg proteins and broadened the use of
egg as a critical ingredient of functional foods or nutraceuticals. Subsequently, egg proteins, especially proteins from egg white,
are known as a major allergen affecting nearly 2.5% young children in the USA (Caubet and Wang, 2011). Therefore, this chapter
briefly discusses the different proteins of egg and their functional and biological properties.

The egg consists of three major portions; a) eggshell, b) egg white, and c) egg yolk. Protein is one of the major component present
in all three parts of the egg, and egg white is the prime source of proteins. The following section discusses the major proteins found
in each part of the egg.

Egg Shell Proteins

The eggshell is the outermost layer of an egg and is mainly composed of a foamy layer of cuticle, a calcium carbonate layer, and then
two flexible membranes (inner and outer membrane). This whole structure together retains the egg white or albumen and egg yolk
inside the egg and also prevent the invasion of any pathogenic bacteria (Burley and Vadehra, 1989).

The organic matter of chicken eggshell and eggshell membrane comprises of a complex mix of proteins and polysaccharides, out
of which proteins constitute almost 70% of the total organic matter (Tullet, 1987). The eggshell membrane has been found to
contain many bacteriolytic enzymes, such as N-acetylglucosaminidase and lysozyme, and other components which might have
a role in preventing the invasion of Gram-negative and Gram-positive bacteria. Moreover, the eggshell membrane hydrolysates
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have been found to contain hydroxyproline suggestive of the presence of collagen in the membrane layers (Nakano et al., 2003), the
collagen constitutes almost 10% of the total proteinaceous matter in the eggshell.

Eggshell mainly comprises of various ubiquitous proteins which are extensively expressed in different organs. Osteopontin,
a phosphorylated glycoprotein, is found in kidney, bones and many body secretions and it was found to be expressed in the uterus
epithelial cells during the calcification of the eggshell (Pines et al., 1994). This protein is mainly confined to the mammillae, core of
the non-mineralized shell membrane fibers, and the outermost segment of the shell palisade layer (Fernandez et al., 2003). Osteo-
pontin inhibits the precipitation of calcium carbonate in the eggshell, and the protein loses its inhibitory activity upon dephosphor-
ylation with alkaline phosphatase. This suggests that osteopontin might have a role as a modulator in the precipitation of calcium
carbonate in the uterine fluid or even as an inhibitor during the termination of the calcification process (IHincke and St Maurice,
2000).

Clusterin is another ubiquitous eggshell secretory protein which is a heterodimeric glycoprotein bonded with disulfide linkages
(Mann et al., 2003). This particular protein is found in many tissues and is also present in all the calcified regions of the eggshell. In
the uterus, it is secreted by the tubular gland cells into the uterine fluid, irrespective of the shell calcification stage. Clusterin might
have a role in preventing premature aggregation and precipitation of eggshell proteins by acting as an extracellular chaperone in the
uterine fluid (Mann et al., 2003). There are specific proteins which are unique to the eggshell and are secreted only by the tissues
present in the shell. These proteins have been identified in domestic hens only.

Ovocleidin-17 (OC-17) is a 142 amino acid long phosphorylated protein having a C-type lectin domain, and it was the first
protein to be purified to homogeneity. This protein is also present as a 23 kDa glycosylated protein in a minor form (Mann,
1999). The tubular gland cells of the uterus secrete OC-17 throughout the calcified part of the shell during the entire calcification
period (Hincke et al., 1995; Mann and Siedler, 1999; Reyes-Grajeda et al., 2004). OC-17 modifies the shape of calcium carbonate
crystals in vitro (Reyes-Grajeda et al., 2004).

Ovocleidin-116 (OC-116) is an 80 kDa protein with 742 amino acids, and it was the first eggshell protein which was cloned
(Hincke et al., 1999). The protein comprises of two disulfide bonds and two N-glycosylations (Mann et al., 2002). OC-116 was
named ovoglycan (Fernandez et al., 2001, 2003) and it forms the protein core of the primary proteoglycan of the shell (Carrino
et al., 1997). The carbohydrates of OC-116 comprises of 17 different oligo-structures (Nimtz et al., 2004). Eight of them were
hybrid-type, four were the high-mannose type, and the rest five had a complex-type structure. When present in the uterine fluid,
OC-116 exists as a 116 kDa protein due to glycosylation modification and as a 190 kDa protein after glycation (Arias et al.,
1992; Fernandez et al., 1997). This protein is thought to have a role in the modulation of calcite growth.

Ovocalyxin-32 (OCX-32) is released in the uterine fluid by the surface epithelial cells of the uterus during the end of the calci-
fication phase and thus it is mainly confined to the outer regions of the shell, i.e., the vertical crystal layer, cuticle, and the palisade
layer (Gautron et al.,, 2001b, 2003; Hincke et al., 2003). Therefore, it has been suggested that this protein has a role in the termi-
nation of the calcification process of the eggshell.

Ovocalyxin-36 (OCX-36) is found in abundance in the uterine fluid during the calcification process, and the expression of this
protein is highly upregulated. This protein has been cloned as well (Gautron et al., 2007). It has been reported that OCX-36 has
homologous similarities with proteins involved in innate immune responses such as bactericidal permeability increasing proteins,
lipopolysaccharide binding proteins, and Plunc family proteins, which suggests the fact that OCX-36 may also be involved in the
defence mechanisms to keep the egg pathogen free (Gautron et al., 2007).

Ovocalyxin-25 and -21 are also two other eggshell proteins which are exclusively detected in tissues undergoing mineralization.
Database analysis reported that Ovocalyxin-21 has remarkable homologies with brichos domain-containing proteins. The Brichos
domain consists of nearly 100 amino acids and comparing the similarities, several functions of the ovocalyxin-21 proteins were
postulated including chaperon-like functions (Sanchez-Pulido et al., 2002). Ovocalyxin-25 contains two protease inhibitory
domains, one of which is the WAP-type. The matrix protein from the nacreous layer of the pearl and shell of molluscs, known
as lustrin A, also has the same inhibitory WAP-type domains (Shen et al., 1997).

Egg White Proteins

The egg white is made up of four individual layers: chalaziferous layer, thin layer, thick layer, and the chalazae cord. The thin layer
accounts for about 23.3% of egg white, which is further separated into two layers, i.e., inner and outer thin layers. The thin inner
layer (16.8% of egg white) is attached to the chalaziferous layer, which accounts for about 2.7% of egg white, whereas, the thin outer
layer is connected to the inner eggshell membrane. The outer and inner thin layers are separated by the thick or viscous layer which
accounts for the most substantial portion of egg white, i.e., 57.3% (Brake et al., 1997; Conrad and Philips, 1938; Li, 2006).

Water is the primary constituent of egg white which accounts for about 84% to 89% of the total egg white or albumen weight.
Among albumen solids, proteins are the major constituents (10%-11%), while the minor components include carbohydrates
(0.9%), lipids (0.03%), vitamins and minerals (Li-Chan and Nakai, 1989).

Egg proteins are well known for their high nutritional quality, excellent digestibility and comprise of all the essential amino acids
necessary for the human nutrition and development (Friedman, 1996). Egg albumen consists of several different protein compo-
nents which have been identified and characterized through modern high-resolution analytical techniques (Raikos et al., 2006). In
a study, 78 egg white proteins were detected using 1-dimensional electrophoresis and liquid chromatography tandem mass-
spectrometry (LC-MS/MS) (Mann, 2007). However, among egg white proteins, ovalbumin, ovotransferrin, ovomucoid, ovomucin,
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Table 1 Physio-chemical properties of major and minor egg white proteins

Protein dry weight of albumen (g/kg) Isoelectric point (Pl) Molecular weight (kDa) T, €C)
Major proteins

Ovalbumin 540 45 45 84
Ovotransferrin 120 6.1 76 61
Ovomucoid 110 4.1 28 77
Ovomucin 35 4.5-5.0 5500-8300 -
Lysozyme 34 10.7 14.3 75
Minor proteins

Ovoglobulin (6.1-5.3)

G, globulin 40 55 30-45 92.5
Gs globulin 40 48 - -
Ovoinhibitor 15 5.1 49 -
Ovoglycoprotein 10 3.9 24.4 -
Ovoflavoprotein 8 4.0 32 -
Ovomacroglobulin 5 45 769 -
Cystatin 0.5 5.1 12.7 -
Avidin 0.5 10 68.3 -

‘~* represents not determined.
Modified from Powrie, W.D., Nakai, S., 1985. Characteristics of edible and fluids of animal origin: egg. In: Fennema, O. (Ed.), Food
Chemistry. New York, Marcel Dekker, pp. 829-855 and Data compiled from Li-Chan, E.C.Y., Powrie, W.D., Nakai, S., 1995.

and lysozyme have been studied extensively due to their abundant presence in egg albumen. Physicochemical characteristics of
major egg white protein is provided in Table 1. The structure and chemical composition of these proteins are described in details
in the following section.

Ovalbumin

Ovalbumin constitutes about 54% of the total egg albumen and thus it is the primary protein present in egg white. It is a phosphor-
ylated glycoprotein made up of complete three subunits having different phosphate groups along with a carbohydrate group
attached to its N-terminal (Li-Chan et al., 1995). Ovalbumin is a member of the serpin (serine protease inhibitors) superfamily
despite lacking the inhibitory activity unlike the other serpin-like proteins (Huntington and Stein, 2001). The molecular weight
of ovalbumin is 45 kDa and is composed of 386 amino acids along with two genetic polymorphisms seen at 290 (Glu— Gln)
and 312 (Asn—Asp) (McReynolds et al.,, 1978). Among all other egg albumen proteins, ovalbumin is a unique protein as it
contains six cysteine residues, two of which are involved in a disulfide bond between Cys74 and Cys121, while the rest four include
free sulthydryl (—SH) groups. One out of the four —SH group is reactive only when the protein is denatured, however, the other
three are masked in the native state (Fothergill and Fothergill, 1970).

The amino acid composition analysis of egg albumen revealed that 50% of the total amino acids are hydrophobic while 30% are
acidic and charged amino acids, the latter contributing to the acidic isoelectric point (pI) of 4.5. Ovalbumin has a unique amino
acid distribution as compared to other glycoproteins. It lacks an N-terminal ladder sequence but contains an acetylated glycine and
proline in the N- and C-terminal, respectively, along with carbohydrate moiety attached to the amino acids in the N-terminal
(McReynolds et al., 1978; Huntington and Stein, 2001).

Ovalbumin-Y is a chimeric glycoprotein with an amino acid sequence very similar to the native ovalbumin and a carbohydrate
group identical to ovomucoid (Hirose et al., 2006). Ovalbumin-Y protein was first identified and characterized by Nau et al. (2005)
by 2-Dimensional PAGE and peptide mass fingerprinting. Ovalbumin Y is not phosphorylated unlike ovalbumin; however, it is
glycosylated. Three isoforms of ovalbumin Y protein and five isoforms of ovalbumin-related Y protein have been identified via elec-
trophoresis, each protein differing in their pIs. However, this polymorphism could not be explained by genetic variations or by
phosphorylation or glycosylation levels (Guerin-Dubiard et al., 2006).

Ovalbumin in its native form is resistant to digestion by trypsin but once it is heat denatured or given an acid or pH change
treatment, it becomes susceptible to trypsin digestion. With high pH and temperature dependent denaturation, ovalbumin converts
into a thermally stable form known as S-ovalbumin (Pelegrine and Gasparetto, 2006). Sugimoto et al. (1999) demonstrated that
storage temperature influences this conversion more than the storage time, where longer storage time at 20-25 °C did not affect the
conversion. However, Huang et al. (2012), demonstrated that during storage, the conversion of ovalbumin to S-ovalbumin had
been attributed to an increase of pH and change of pH has a direct effect on the conversion rather than temperature. Therefore,
despite temperatures of 4 °C, long time storage of eggs may increase the conversion of native ovalbumin to S-albumin by 81%
(Huang et al., 2012).

Ovalbumin is also the primary allergen in egg white which is responsible for IgE-mediated allergic reactions (Caubet and Wang,
2011). The ovalbumin epitopes which bind IgE consists of mainly polar, charged and hydrophobic amino acids and these
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sequences are mostly made up of B-sheet and B-turn structures. The only allergenic epitope which comprises of an alpha helix is
Asp95-Ala102 (Kim, 2002).

Ovotransferrin

Ovotransferrin is a monomeric glycoprotein which is involved in the transfer of ferric ions to the developing embryo from the
hen’s oviduct. Ovotransferrin accounts approximately 12% of the entire egg white protein (Desert et al., 2001; Abdallah and El
Hage Chahine, 1998). Ovotransferrin belongs to the transferrin protein family and has been reported to have around 50%
homology with mammalian lactoferrin and transferrin (Mazurier et al., 1983). Ovotransferrin can bind 2 mol of different
metal ions per mole of protein. For, ovotransferrin, lactoferrin and serum transferrin, each lobe binds one carbonate anion
and one Fe™ atom (Lambert et al., 2005). Such iron complex formation in ovotransferrin inhibits microbial growth that
requires iron.

The N and C lobes of ovotransferrin consist of a single iron-binding site located in a deep cleft along with 15 disulfide bridges
which maintain the globular structure of the protein (Kurokawa et al., 1999). The N- and C- terminal lobes of ovotransferrin form
two sulfide bonds where Alal-Tyr72 in the N-terminal segment acquires a local-native like confirmation (Mizutani et al., 1997).
This interaction between the two lobes is very critical for iron acquisition (Alcantara and Schryvers, 1996). The various metal-
and anion-binding properties of the iron binding sites of ovotransferrin can be attributed to the presence or absence of basic amino
acid residues (Nadeau et al., 1996).

The process of in-vitro Fe™ uptake and release by ovotransferrin are reported to be very similar, but not identical, to lactoferrin
and serum transferrin. The Fe™ is bound very tightly by the four protein ligands (Tyr92, Asp60, His250 and Tyr191 present in the N-
lobe) in a closed interdomain cleft (Abdallah and Chahine, 1999). Ovotransferrin efficiently binds Fe*? at pH greater than 7 and
releases any bound Fe*> at a pH lesser than 4.5 (Guérin-Dubiard et al., 2006). On uptake of Fe*3, the transferrins undergo a major
conformational transition from the apo structure (open-form/iron-free) to the closed/iron-bound holo formation, suggesting that
initial binding occurs in the open form (Mizutani et al., 1999). Both these forms have significantly different physiochemical prop-
erties, for instance, the holo-form emits a salmon pink color due to the presence of iron whereas the apo-form does not have any
color. Moreover, the apo-form is more prone to physical and chemical changes as compared to the holo-form (Kurokawa et al.,
1999).

Apart from the iron-binding capacity, several recent studies have investigated other structural and functional features of ovo-
transferrin that might be associated with various biological properties. For instance, the embryos of mammal and bird’s egg are
susceptible to oxidative stress, and thus maintenance of a constant, reducing environment during the development of the embryo
can provide protection and although much knowledge is not present currently, however egg white is suggested as the primary target
for this. Ibrahim et al. (2006) reported that ovotransferrin is capable of autocleavage at specific sites once it gets reduced by thiol
reducing agents. This autocleavage occurs due to a unique chemical reaction between the four tripeptide motifs present on both
sides of the two disulfide domains (115-211 and 454-544 residues) of ovotransferrin protein. It has been found that many
auto-processing proteins contain these reduction-scissile sequences (His/Cys-X-) which suggest that this sequence is evolutionarily
conserved.

Ovomucoid

Ovomucoid is a glycoprotein which belongs to the Kazal family of protein inhibitors. It constitutes 11% of the total egg white
proteins and is thermally stable (Li-Chan and Nakai, 1989). The protein consists of 186 amino acids with a molecular mass of
28 kDa (Kovacs-Nolan et al., 2000). It consists of 9 disulfide bonds and has three different domains which are crosslinked only
by the intra-domain disulfide bonds. Ovomucin has trypsin inhibitory effect, and the active site for the trypsin inhibitory activity
lies within the Domain II of the protein. However, considerable variations in the inhibitory activities and specificities of the
domains have been reported from different avian species (Li-Chan and Nakai, 1989). Chicken ovomucoid is one of the significant
egg white allergens, and it plays a crucial role in the pathogenesis of IgE-mediated allergic reactions (Mine and Zhang, 2001, 2002a;
Mine and Rupa, 2003a, 2004). This allergenic potential could be attributed to its higher stability towards gastrointestinal digestion
and heat treatment (Hirose et al., 2005). Yoshino et al. (2004) reported that the digestibility of ovomucoid by pepsin is much better
over the pH range of 1.5-2.5. However, the digestibility loses at a pH of 3.0 or higher. Moreover, pepsin-digested fractions of ovo-
mucoid retain its trypsin-inhibitory activities. Besler et al. (1997) reported that the epitopes on ovomucoid which were responsible
for the IgE binding were present only on the protein backbone and not the carbohydrate groups. Nine IgE epitopes (5-16 amino
acids) and eight IgG epitopes (5-11 amino acids) were identified within the primary ovomucoid sequence. Through mutational
studies of the epitopes, it was found that charged amino acids (lysine, glutamic acid, and aspartic acid), polar amino acids (cysteine,
tyrosine, threonine, and serine), and hydrophobic (glycine, leucine, and phenylalanine) are crucial for antibody binding (Mine and
Zhang, 2002b). Numerous studies have been conducted to alter the composition and structure of the ovomucoid epitopes respon-
sible for the allergenicity (Mine and Rupa, 2003b). Some of the attempts made include heating in the presence of wheat flour
(Kovacs-Nolan et al., 2000; Kato et al,, 2001), gamma irradiation along with heating (Lee et al., 2002), deglycosylation by
endo-beta-N-acetylglucosaminidases (Yamamoto et al.,, 1998), and genetic modifications (Rupa and Mine, 2006a). However,
none of these modifications made any significant changes to the allergenic epitopes of ovomucoid, suggesting that the epitopes
were extremely resistant to any modifications.
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Ovomucin

Ovomucin contributes to about 3.5% of the total egg white proteins. It is a sulfated glycoprotein which is responsible for the jelly-
like structure of egg white. The protein consists of two parts: soluble part (8,300 Da), which is the main component of the inner and
outer egg white, and the insoluble part (220-270 kDa), which is responsible for the insoluble gel-like fraction of thick albumen
(Omana and Wu, 2009). Both fractions are made up of two subunits, a-ovomucin and B-ovomucin, but have different carbohydrate
contents. The soluble fraction consists of 40 a- and three B-subunits, while the insoluble fraction contains 84 a- and 20 B-subunits
(Robinson and Monsey, 1971; Omana and Wu, 2009). There are two distinct subunits of the a-subunit, i.e., @1 and @2, and both the
a-subunits have lesser carbohydrate groups than B-subunits. Acidic amino acids such as glutamic acid and aspartic acids mainly
make up the a-subunit (Omana and Wu, 2009), whereas, serine and threonine primarily make up the B-subunit (Robinson and
Monsey, 1971). A study by Toussant and Latshaw (1999) reported that the quality of eggs could be positively correlated with
the amount of ovomucin present in the thick albumen. However, a higher concentration of highly glycosylated B-ovomucin con-
taining hexoses, sialic acid, and hexosamines, signifies the inferior quality of eggs. Ovomucin is responsible for many of the func-
tional and biological properties of egg white. It has a significant role in thinning of egg white during prolonged storage. Studies have
shown that thinning of egg white can be either due to disruption of the ovomucin-lysozyme complex or the reduction of disulfide
bonds leading to the degradation of ovomucin (Abeyrathne et al., 2014). Moreover, it is known for its exceptional emulsifying and
foaming properties (Mann, 2007).

Lysozyme

Egg white lysozyme consists of 129 amino acids and is a 14.4 kDa protein with a pI of 10.7. Lysozyme present in the egg is unique as
it is highly soluble and stable as compared to lysozyme present in other foods. Although the lysozyme present in egg exists as
a monomer, it is also frequently found as a dimer which leads to its thermal stability. Four unique disulfide bonds stabilize the
tertiary structure of egg lysozyme (Kato et al., 2006). Lysozyme tends to bind to negatively charged proteins in the egg albumen
such as ovalbumin, ovomucin, and ovotransferrin (Abeyrathne et al., 2014). The chalaza and the chalaziferous layer mainly consists
of the lysozyme-ovomucin complex. The complete structure with a resolution of 2 A° and the amino acid composition of lysozyme
had been established in the 1960s (Li-Chan and Nakai, 1989). However, still many research is carried out to investigate its structure
and function further. Three-dimensional structural analysis, at the resolution of 1.46 A°, revealed the hexagonal crystal form of lyso-
zyme (Blake et al., 1965; Kato et al., 1992). Various studies have also been conducted to investigate the structural changes of lyso-
zyme induced by different conditions, such as aqueous-organic solvent mixtures (Griebenow & Klibanov, 1996), pH variations
(Babu and Bhakuni, 1997), co-crystallization in presence of different alcohols (Deshpande et al., 2005), sorbitol (Petersen et al.,
2004), in presence of thiol reagents (Raman et al., 1996), and supercritical CO; treatment followed by heat treatment (Liu
et al., 2004). The first purification of lysozyme was done using the high concentration of ammonium sulfate, however, it led to
the modification of the characteristics and morphology of the protein due to the high salt concentration used during extraction
(Liu et al., 2004; Abeyrathne et al., 2013). The purification technique which is commonly used nowadays for lysozyme is cation
exchange chromatography which makes use of the high pI value of the protein (Abeyrathne et al., 2013). However, due to the small
size of the resin granules used in the chromatography, the flow rate is low which makes it a time-consuming process. Crystallo-
graphic structures of some of the three major egg white proteins are listed in Fig. 1.

Minor Proteins in Egg White

Egg white contains more than 50 proteins (Mann, 2007), among which the five major ones are described above. However, there are
some other proteins, which although are present in very small amount, play a crucial role in determining the physicochemical and
structural properties of the egg. Four of such proteins are described in the following section.

A Crystal Structure of Ovalbumin B Crystal Structure of Ovotransferrin C Crystal Structure of Lysozyme

PDB ID: 10VA PDB ID: 10VT PDB ID: 3V
Figure 1 Crystallographic structure of major egg white proteins. Protein Data Bank.
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Ovoglobulin

Ovoglobulin constitutes 4% of the total egg white proteins and is a minor protein. The protein is made up of two subunits G2 and
G3, with molecular weights of 36 kDa and 45 kDa respectively (Ogawa and Tanabe, 1990; Damodaran and Razumovsky, 1998).
Ovoglobulin was reported to be completely soluble in high and low ionic strength salt solution and coagulated with heat treatment;
these properties were very similar to ovalbumin (Damodaran and Razumovsky, 1998). Ovoglobulin G2, present in chicken eggs,
shows polymorphism (Asal et al., 1993). Ovoglobulin has been reported to be crucial for the foaming properties of egg white, even
though other biological functions are not well known yet (Sugino et al., 1997b). In a study by Damodaran and Razumovsky (1998),
the competitive adsorption of the five major egg white proteins described above, along with ovoglobulin was studied, at low and
high ionic strengths, and it was found that at 0.1 ionic strength, only ovoglobulin and ovalbumin were able to adsorb at the inter-
face, while the other proteins were excluded from the interface.

Cystatin

Cystatin is a cysteine proteinase inhibitor which inhibits the action of thiol proteases, for instance, papain and ficin. Cystatin of the
chicken egg contains two disulfide bonds near the carboxy-terminal along with a reactive site which is highly conserved. The pI of
phosphorylated cystatin is 5.6, whereas it is 6.5 for the non-phosphorylated form (Gueérin-Dubiard et al., 2006), with a molecular
weight of 13kDA (Li-Chan and Nakai, 1989). In a study, the effects of storage conditions of eggs, the age of hens, and heat treatment
of albumen on the cystatin activity was investigated. The cystatin present in eggs laid by hens, either older than 60 weeks or younger
than 30 weeks, had the lowest activity, while eggs laid by hens aged 40-50 weeks had the highest cystatin activity. Furthermore, the
eggs stored for 28 days at 15 °C showed a 4%-12% decrease in the cystatin activity. Thermal treatments also decreased the activity
(Trziszka et al., 2004). Apart from having proteinase inhibitor activity, cystatin has been reported to have bioactive properties, such
as, antimicrobial activity against bacterial pathogens (Wesierska et al., 2005), and inhibitor of bone matrix degradation in the
resorption lacunae adjacent to osteoclasts (Brand et al., 2004).

Avidin

Avidin is well known for its biotin-binding activities and is essentially a tetrameric glycoprotein from egg albumen. All the four
monomers of the protein are capable of binding biotin and establishing a strong interaction with a dissociation constant of
~10-15 M (Stadelman et al., 1995; Mine and Yang, 2010). The protein constitutes approximately 0.05% of the total proteins in
egg white. Each avidin chain comprises of 128 amino acids which are arranged as eight-stranded antiparallel beta-barrel, where
the D-biotin binding site is defined by the inner regions. The secondary structure of avidin mainly comprises of beta-sheets and
extended beta-turns (66%), while the rest is made up of B-turns and disordered structures (Stadelman et al., 1995). Avidin has
been shown to have insecticidal and antimicrobial activity. The insecticidal activity has been used with genetically engineered
and host plant resistance against Colorado potato beetle (Rupa and Mine, 2006a). Bacteriostatic effect of avidin has been reported
against Salmonella typhimurium. However, the effect is lost on biotin addition (Stadelman et al., 1995). Terminal mannose and
N-acetylglucosamine residues of avidin are capable of binding to lectins. Tumor cells express lectins on their cell surface at various
levels, which acts as an important biomarker. Thus binding of avidin and cytotoxic agents can be easily detected via cell surface
lectins. This mechanism was considered for tumor treatments, and avidin served as a potential vehicle for transport of toxins, drugs,
therapeutic genes, and radioisotopes (Yao et al., 1998).

Ovoflavin

Ovoflavin, also known as riboflavin-binding protein or ovo-flavoprotein, is a phosphoglycoprotein which is present in both egg
yolk and white in equal amounts. This protein is bind with riboflavin or vitamin B2 and the protein contains the highest selenium
(Se) content (1800 ng/g) as compared to other egg proteins (Kilic et al., 2002). Ovoflavin in egg white constitutes 219 amino acids
with the presence of pyroglutamic acid at the amino terminus (96 Although the biological function of ovoflavin is not fully under-
stood its ability to bind minerals and vitamins suggests that it may be involved in nourishing the embryo with vitamins and
minerals during development (Hamazume et al., 1984).

Egg Yolk Proteins

Egg yolk is composed of plasma and granules, located between the thin and thick albumen, supported by the chalazae. Yolk plasma
constitutes 80% of the yolk fraction, and its protein content is of 23% on a dry basis (Freschi et al., 2011), composed of Low-Density
Lipoprotein (LDL) (15%) and globular glycoproteins (15%) (Laca et al., 2015). Proteins such as livetins present as y-livetins are
mainly IgY antibodies (Chalamaiah et al., 2017), whose functions have been applied as immunological supplements in foods
(Yangetal.,, 2014) and several other industries. Yolk granules nonetheless have a higher concentration of lipids (33%) and proteins
(58%) in comparison with plasma (Laca et al., 2014). Their structure formation is mainly composed of non-soluble HDL-phosvitin
complexes. Therefore a medium ionic strength has shown to modify its solubility. Protein composition is also dependent on factors
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such as feed intake and environment during the hen’s productive life. Molecules such as pigments or vitamins determine the color of
the egg yolk. Studies supplementing herbs, quercetin, and TSAA with lysine, improved the color, oxidative stability, and reduced
yolk protein respectively (Simitzis et al., 2018; Hammershoj and Johansen, 2016; Novak et al., 2004). Also, egg lipid and protein
content vary throughout the productive cycle of the hen. In order to maintain egg weight homogeneity, a reduction in the amino
acid content is realized. Furthermore, alterations in the environment such as heat and feed intake undermine lipid content in the
organism. Heat stress initiates lipid peroxidation in cell membranes due to the release of hormones corticosterone and catechol-
amines (Asli et al., 2007). The following section describes the three major egg yolk proteins and Fig. 2 depicts all the egg yolk
proteins present under reducing and non-reducing conditions.

Low-Density Lipoprotein (LDL)

LDL proteins are predominant in yolk plasma with an 85% protein composition. Its structure is characterized by a micelle nano-
structure containing triglycerides and cholesterol (Anton et al., 2003; Martin et al., 1964). Emulsification properties of LDL is an
important application for the food industry. Factors such as heat treatment, ionic strength, particle dispersion and defatting induced
protein changes in the structure affecting its functionality (Kiosseoglou, 2003). For instance, amphipathic side chain structure makes
the protein interact with hydrophobic and hydrophilic interfaces such as W/O or O/W. Apolipoproteins in LDL micelle adsorb faster
than low molecular weight proteins, helped by its structure flexibility (Anton et al., 2003; Mine, 1997, 1998; Martinet et al., 2003).
In contrast, granules protein has shown an emulsification property dependent of pH. Specifically, at pH 4, its emulsification capacity
is reduced as a result of protein dimer formation (Aluko and Mine, 1998). Due to pH changes and an ionic strength increase, lipo-
proteins tend to minimize the interaction of granules proteins in an emulsion. The delivery mechanism is among other potential
applications of LDL when combined with polysaccharides (Zhou et al., 2016).

High-Density Lipoprotein (HDL)

HDL is mainly composed of protein, lipids, cholesterols, and minor lipids. Its structure functionality includes antioxidant activity
and protective effects against pathogens (Yamamoto et al., 1990; Kassaify et al., 2005). Lipid moiety in HDL influence its electron
donating properties which can reduce the generation of reactive oxygen species (ROS). Mechanisms proposed to include the reduc-
tion of lipid hydroperoxides to non-reactive species through the electron transfer of methionine amino acid, interfering with lipid
oxidation propagation (Elias et al., 2008).

MW (kDa) relative band volume (%)  SD (%) protein name
221 29 1.3 apovitellenin Via?
203 87 34 y-livetin +apovitellenin VI°
122 7.7 25 apovitellenin Va®
110 214 83 apovitellin 3 + 4¢
a3 06 03 apovitellenin Vb?
85 16 07 apovitellenin V®
78 45 18 apovitellin 5 + 6°
73 15 0.7 a-livetin
68 36 14 apovitellenin [V®
62 1.0 04 apovitellenin llia®
59 13 06 Phosvitin
55 10.7 13 a-livetin/apovitellenin III®
47 48 18 apovitellin 7¢
36 29 08 [f-livetin
33 48 1.1 flivetin
3 76 16 apovitellin 8¢
21 03 0.1 apovitellenin lla®
20 12 05 apovitellenin 11°
17 96 21 apovitellenin [®
5 33 0.6 apolipoprotein ClI¢
?LDL apoproteins named by the authors, based on Buriey and Sleigh (38).
®LDL apoproteins named after Burley and Sleigh (38). ¢ HDL apoproteins named

after Kurizaki et al. (14). 9 LDL apoproteins named after Bengtsson et al. (39).

Figure 2 SDS PAGE profile of egg yolk proteins under non-reducing (NR) and reducing (R) conditions (a and a’) whole EY (b and b’) EY plasma (c
and ¢’) EY granule (std) MW standard. From Guilmineau, F., Krause, ., Kulozik, U., 2005. Efficient analysis of egg yolk proteins and their thermal
sensitivity using sodium dodecy! sulfate polyacrylamide gel electrophoresis under reducing and nonreducing conditions. J. Agric. Food Chem. 53,
9329-9336.
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Phosvitin

Phosvitin is a highly phosphorylated molecule with 124 of 217 amino acids binds to phosphate through covalent bonds, being
serine the predominant amino acid (Byrne et al., 1984; Lei and Wu, 2012). This characteristic yield a high mineral binding capacity,
interacting with 95% of the iron present in egg yolk (Grogan and Taborsky, 1986). The addition of ascorbic acid release the phos-
vitin bonded iron, thereby increasing the lipid peroxidation in egg yolk (Nielsen et al., 2000). On the other hand, its chemical prop-
erties derive from the emulsifying functional property. When in complete protein moiety, emulsifying properties are conferred by
the interaction of the protein charged N— and C— termini. Further, glycosylated phosvitin has shown to improve the viscoelastic
layer (Khan et al., 1999).

Livetin

Livetin is a globular water-soluble glycoprotein which makes up 30% of the total egg yolk plasma proteins. The protein is present in
three forms, namely, a-livetin, B-livetin, and y-livetin (Sugino et al., 1997b). y-livetin is primarily immunoglobulin Y (IgY) which is
an ideal substitute for mammalian IgG (Laca et al., 2015). The reported molecular weights of a-livetin, B-livetin, and vy-livetin are
80,000, 45,000, and 170,000 respectively.

a-livetin has been reported to be the primary allergen responsible for the bird egg syndrome, and the protein is partially heat-
labile inhalant. The reactivity of IgE towards a-livetin was reported to reduce by almost 90% when it was heated for 30 minutes at
90 °C. Only a partial cross-reactivity was observed between o-livetin and conalbumin (Quirce et al., 2001). Martin et al. (1957)
reported that although the molecular weights and tyrosine: tryptophan ratios of a-livetin and serum albumin were similar, they
were not identical proteins because of the solubility. However, newer studies reported that although there was some precipitation
of a-livetin at lower concentrations of (NH4)2SO4, most of it was not precipitated by 50% saturation. Moreover, the peptide patterns
and immunological results suggested that both a-livetin and serum albumin were the same protein.

B-livetin contains 7% hexose. This protein is distinct from ovalbumin, although the molecular weights of both the proteins are
very similar. Because the immunological patterns of B-livetin were identical to serum protein, it was considered an o2-glycoprotein,
from its carbohydrate content and electrophoretic mobility. The sedimentation coefficient of 3S of B-livetin was similar to human
serum, although the sialic content was lower in B-livetin as compared to human serum proteins (Schmid and Burgi, 1961; Burgi and
Schmid, 1961).

The vy-livetin or IgY is derived from IgG of hen’s serum, although it differs in from mammalian IgG in many of its chemical and
structural properties. Yolk IgY consists of Asn-linked oligosaccharides like IgG. However, the oligosaccharide composition is
different in both the immunoglobulins. The molecular weight of the heavy chains of IgY is greater than mammalian IgG
(Kovacs-Nolan and Mine, 2004). Along with compositional differences, IgG and IgY also have functional differences. For instance,
the isoelectric point of IgY is lower, and it is incapable of association with the mammalian complement, Protein G, Protein A, or
rheumatoid factors. IgY also shows lesser binding capabilities with bacterial and human Fc receptors (Kovacs-Nolan and Mine,
2004).

Conclusion

Hen's egg has been considered as one of the most nutritious source of food as it can sustain both life and growth. The proteins
present in the egg are nutritionally complete with a great balance of essential amino acids. Although the egg proteins are present
in all parts of the eggs, but the major concentration lies in the egg white (50%) and egg yolk (40%), while the remaining proteins
are distributed in the egg shell and egg shell membrane. Each protein component of the egg white and egg yolk is responsible for
imparting a specific physical and chemical characteristic towards the entire functionality of an egg. Moreover, environmental condi-
tions such as ionic strength, pH, and temperature treatments can modulate the functional properties of these proteins. Therefore,
a greater understanding of the egg proteins could help in the development of functional foods, as egg proteins, particularly egg white
proteins, have gained a lot of research interest in the recent years. Apart from academic research, food industries have also shown
a lot of interest in egg proteins to explore the various functional properties of eggs, which could provide them many commercial
benefits.
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Glossary

Active packaging Not only segregating the foods from environment, active packaging aims to selectively induce certain events
in the food contents. The events include oxygen elimination, pH indication, and microbial decontamination.

BAP Bioactive peptides. During digestion of milk, meat, and plant proteins, smaller oligopeptides (10 to 15 amino acid units)
are yielded. Some of them have positive effects on our health, such as lowering blood pressure, reducing the risk of blood
clotting, and preventing microbe growth. The studies to intentionally enrich BAP in foods are recently focused in functional
food research.

Catalysis Acceleration of chemical reactions by a catalyst that is involved in the reaction without changing its chemical
structure before and after the reaction. Thus the catalyst can catalyze the reaction multiple times.

Cellulose A major poly-sugar in plant. Basic chemical component is glucose that is also the basic unit of starch. While starch is
a storage compound in plant, cellulose is form physical structure of plant body. It is a plant fibre in foods.

Esters Chemical compounds where an acid (typically R—~COOH) is condensed with an alcohol (R'—OH) forming
R—COO—R.

Fatty acids Acids made of a carboxyl group with an alkyl group, i.e., generally expressed as R—COOH. They are found in
triglycerides in the form of esters. Small fatty acids can evaporate and we can smell them. Some larger fatty acids are essential
nutrients.

Fermentation It is scientifically defined as metabolic activities where their metabolites are used as final accepters of electron in
the metabolic reactions. If electrons are accepted by external compounds, such as molecular oxygen, it is called respiration.
Meanwhile, in the food industry, fermentation is commonly defined as processing of food materials with the activities of
microbes. Typical example is alcohol beverage, cheese, and pickles.

Free radicals Electrons occupy an electron orbit as a pair. But occasionally only one electron occupies an electron orbit. This
unpaired electron is extremely reactive. It does not diminish until it meets another radical, so that a free radical can create

a chain reactions in many molecules.

HFCS (high fructose corn syrup) A common sweetening agent utilized in foods. Unlike sugar (sucrose), it is a chemically
processed product through hydrolysis of starch. Through glucose isomerase activity, glucose in hydrolyzed starch is converted
into fructose. Fructose is much sweeter than sucrose or glucose, thus high fructose substances can show the same sweetness
with smaller amounts.

Ky, value (Michaelis Constant) It is a parameter to define the affinity of a compound to an enzyme in catalytic reactions. Small
K, value represents better affinity, leading faster reactions.

Lactose The major carbohydrate in mammal milk. It is almost exclusively found in milk in nature. Chemically it is a conjugated
molecule of glucose and galactose.

Maillard Reaction Reaction between amine group and hydroxyl group. Proteins contain multiple amine groups, and sugar
molecules contain multiple hydroxyl group. Thus Maillard Reaction is a common reaction in foods, leading brown colour in
foods. A typical example is colour formation of bread crust.

Oligosaccharides Sugar molecule polymers made with less than 10 to 15 sugar molecule units. In recent years, their biological
activities are studied as functional food ingredients. GOS (galactose oligosaccharide) is one of the examples.

Pectins (pectic substances) Poly-sugar compounds found in plant body. It is a major compound in the plant cell wall to give
physical strength in plant body. In nutritional view, it is considered as a plant fibre.

Peroxides Compounds that have —O—O— groups. This two oxygen structure is very reactive. It can oxidize another compound
or form a free radical.

Poly-phenols Typical bitter compounds found in plant products. In recent years, its biological activities draw attentions of
food industry for their health benefits.

Prebiotics Compounds that assist the growth and maintenance of probiotic microbes in our intestine.

Probiotics Gasto-intestinal microbes that show positive effects to our health.

Proteins polymers of amino acids. They are a main nutrients in foods, and also major functional compounds found in living
organisms.

Saccharification Degradation of polymer of sugars, such as starch, into smaller units of sugar. For example, starch is degraded
into maltose (two-glucose unit) and glucose.
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Starch Polymer of glucose. It is a storage material in plant and human can use it for energy generation through hydrolysis into
glucose and metabolizing glucose.

Triglycerides A major compound found in fats (lipids, oils). They are ester compounds between a glycerol and three fatty acids.
Glycerol has three hydroxyl (—OH) groups and each of them is condensed with a fatty acid. If only one or two hydroxyl group
is esterified, the compound is called monoglyceride or diglyceride.

Introduction

A majority of foods are processed from their raw materials before they are in grocery stores. The processing can occur at various
stages in the food supply chain, and it utilizes many different means to achieve required/desired modifications in food materials.
The processing is considered as controlled chemical and/or physical modifications of raw materials in order to change the properties
of materials. In the chemical modifications, enzymes can play important roles to determine the direction of modifications and,
therefore, the products. Moreover, the chemical modifications can lead to physical changes. The utilization of enzymes varies
from traditional uses, modern applications to experimental approaches in developing stages.

What Is the Enzyme?

Majority, if not all, of reactions associated with the living activities are mediated by enzymes. One of the advantages of enzymes is
that they 'catalyze’ the reactions to accelerate them. There is another big advantage of enzyme: the enzymes can distinguish specific
molecules, allowing specific reaction and specific products. These two advantages (catalysis and substrate-product specificity) make
the enzymes essential in the metabolism of living organisms.

What Is Catalysis?

Many chemical substances are reasonably stable under the physiological conditions, and generally require a large energy input to
convert them into others. This energy is called activation energy (AG*) to bring the energy level of substance up to go over the energy
barrier between substances (Fig. 1). Enzymes can bring this activation energy level low so that the energy available under physio-
logical conditions is sufficient to go over the barrier to produce products. This lower activation energy also accelerates the rate of
reaction drastically. Some enzymes can accelerate the reaction by 10?°-times, and typically acceleration rates are 10°-10%-times
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Figure 1 Free Energy Profiles of Enzyme Reactions. The enzymes stabilize the transition state of their reactions, lowering the free energy of tran-
sition state, i.e., low activation energy (AGH). It allows the reaction from substrate to product easy to occur with a low energy input. It should be
noted that the enzymes do not change the free energy of substrate or product, thus free energy difference (AGC) remain the same, keeping the equi-
librium between substrate and product.
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of spontaneous reaction under given conditions. This acceleration can be reproduced with cell-free systems as far as the available
conditions are similar to physiological conditions, making enzyme ideal to accelerate reactions in many processing systems.

Traditional Utilization of Enzymes in Foods

Enzymes were found and defined in 19th century as mediators in biological activities. They might not had been defined until that
time, but the utilization of enzyme itself has a long history in food processing. In this section, such applications and their extensions
are briefly summarized (Fig. 2).

Amylases

One of traditional utilizations of enzyme is to use amylase (EC. 3.2.1.1 and EC.3.2.1.2) in cereal processing, especially cereal-based
alcohol beverages (Fig. 3). Cereals are plant seeds, and are rich in starch. The seeds use their starch to provide the initial energy for
germination and shoot/root formation until the plants can start photosynthesis. Metabolism in plant use glycolysis system to
generate ATP as the energy source. A common starting material for this energy production is glucose, and starch provides glucose
through their hydrolysis in the germination stage. Amylases are enzymes that catalyze this hydrolysis and are activated and synthe-
sized in the event of germination when water, oxygen, light and temperature conditions meet the requirements (Georg-Kraemer
et al., 2001; MacGregor, 1977).
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Figure 2 Enzyme Influences and Applications in Food Processing. Blue arrows indicate the enzyme reactions by indigenous enzymes and that we
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Figure 3 Enzyme Reactions of Plant Carbohydrate Processing. Plant carbohydrates (starch, sugar, and cellulose) are processed using enzymes to
produce value-added food products.
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From an ancient time, human have utilized amylases to saccharify the seed starch, notably to produce alcohol beverages from
cereals (Damerow, 2012; Legras et al., 2007). Archaeologists speculate that beer was brewed in Mesopotamia where cultivation of
wheat was first adapted as early as 10,000 BCE, and written evidences are found in Sumer/Mesopotamia and Egypt that are dated
back at least 4000 years ago. As in many other traditional enzyme utilizations, they obviously did not know why cereals could be
converted into alcohol beverages, but they knew that the malting process followed by a boiling step can ferment cereal extracts to beer.

In the traditional brewing, all amylase activities come from the cereal itself. Soaking seeds in water can stimulate the amylase
activity in cereals and start to convert starch into maltose (glucose disaccharide). Fortunate coincidence for human being is the
fact that amylase enzymes in cereal are fairly heat stable (Bush et al., 1989). This property allows us to extract converted sugars
and residual starch from cereals in hot water (65 °C), yet keep the activity of amylase to process more starch into fermentable sugars
during and after extraction of soluble materials in cereals. Quality of beer also heavily depends on the water quality. It is partly
because amylase is activated and stabilized in the presence of calcium cation (Bush et al., 1989).

While traditional brewing only uses amylases in cereal, contemporary brewing may use exogenous amylases to ensure the
saccharification of starch to maintain the consistency of beer quality among batches (Guerra et al., 2009). A major source of exog-
enous enzyme is aspergillus mould. This mould is traditionally used in brewing rice wine. The rice wine is made from rice, but
unlike beer, raw materials are polished to remove kernel and germ, i.e., enzymes are removed. So that the soaking does not stimulate
the saccharification. Instead Aspergillus oryzae is inoculated on the steamed rice to saccharify starch (Teramoto et al., 1993). Asper-
gillus amylases are commercially available for industrial applications and are used as exogenous enzymes in the process of beer
making as adjunct materials for brewing (Guerra et al., 2009). In addition to aspergillus mould, Bacillus amyloliquefaciens and
B. liqueniformis are used to provide thermo-stable amylases (Guerra et al., 2009).

In addition to amylase enzymes, hemicellulases, cellulases, and proteinases are often used to increase the efficiency of sacchar-
ification and filtration and to allow the use of adjunct starchy materials (such as other cereals and low-quality barley malt) (Briggs
et al., 2004). The addition of these enzymes can degrade cellulose/hemicellulose matrix to expose more starch to amylase activities.

Proteinases

Proteinases (EC. 3.4.x.x) are often found in the traditional food processing. A representative proteinase application is the cheese-
making process. Cheese is a product made of aged milk protein coagulum. Main milk proteins are grouped into two: caseins
and whey proteins (Walstra et al., 2005). Casein proteins are found as micelles (colloidal particles) in milk, where hydrophobic
o~ and B-caseins form the core and hydrophilic k-casein is concentrated on the surface of micelles (Walstra et al., 2005). This struc-
ture allows water-insoluble a- and B-caseins to be suspended in milk. Chymosin proteinase hydrolyzes k-casein into hydrophobic
para-k-casein, making micelles instable in the water phase (Walstra et al., 2005). This results in the coagulation of casein micelles to
form cheese curds. Chymosin is the enzyme found in calf's stomach juice, and has a high activity to coagulate milk casein proteins to
assist the digestion of the protein. Chymosin is collected from stomach juice of young cow after slaughter. Thus, the supply of chy-
mosin depends on supply of calf meat. In 70’s to 80's, the demands for beef and cheese went up. Since the cows were raised to fully-
grown cows to yield more meat to meet these demands, the number of calf stomach supply was not sufficient to cover the required
amount of chymosin for cheese making (Harris et al., 1982; Flamm, 1991). The hunt for alternative enzymes were extensively con-
ducted, but none of them could produce the cheese as high in quality as using calf chymosin. Today chymosin are produced from
cloned bacteria, and it makes the supply and price of chymosin more stable (Flamm, 1991).

Another traditional utilization of proteinases is found in meat tenderization. Meats are aged for 5 days to 2 weeks after the
animals are slaughtered (Huff Lonergan et al., 2010; Ouali, 1990). During this stage, muscle is ripened into meat with the indig-
enous enzyme activities. In muscle, many different proteinases are present, and their specificities towards different meat proteins
and their working pH ranges vary (Huff Lonergan et al., 2010; Ouali, 1990). As the ageing proceeds, remaining metabolic activities
in meat produce lactic acids and the pH is gradually lowered. During this process, indigenous proteinases work on a variety of meat
proteins, developing texture and flavour changes in meat. This process can be enhanced by injecting exogenous enzymes into meat
during ageing (Huff Lonergan et al., 2010; Ouali, 1990).

Furthermore, many fermented foods develop their distinctive flavour due to protein hydrolysis by proteinases secreted by
microbes. For example, Asian fermented soybean products (natto, tempeh, soy sauce, miso, and so on) and many types of cheese
use Bacillus subtilis, Aspergillus spp., Rhizopus spp., Penicillium spp., and lactic acid bacteria as fermenting microbes (Rhee et al., 2011;
Batra and Millner, 1974; Aidoo et al., 2006; Mine et al., 2005). These microbes yield proteinases in the fermentation, and hydrolyze
proteins in the materials. While proteins are generally tasteless and odour-less, their hydrolysate shows a variety of taste based on
the peptide profile generated by the microbial proteinases.

Lipases

Lipases (EC. 3.1.1.3) are another group of enzymes that influences many types of fermented products. During fermentation, lipases
secreted from microbes to hydrolyze triglycerides (Seitz, 1974). While triglycerides are odour-less, their hydrolysis products (free
fatty acids) have distinctive smell because of liberated short-chain, volatile fatty acids. A small amount of hydrolysis can generate
the smell in food products. In fermented foods, the developed smell is considered as their aroma, and can stimulate our appetite.
Aroma of cheese is one of such examples and cheese is loved for their aroma as well as taste. Meanwhile, the excess smell develop-
ment in fresh fluid milk and butter are called as rancidity and are considered as food spoilage by most.
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Modern Enzyme Utilization in Foods

In addition to the traditional utilizations of enzymes, we now use enzymes intentionally to achieve certain effects in food products.
The advancement of science allows us to rationally introduce enzymes in the food system and give a desired result within a short
time and with a reasonable efficiency and costs. In this section, some of such applications are summarized.

Pectinases

Fruit juice is a common commodity in the food supply and have been consumed for many centuries. As far as the juice produced at
home, many people do not mind about the moderate yields and cloudiness after the squeezing of fruits. However, the juice industry
needs high yields from fruits and crystal-clear juice for some juice (such as apple cider). The influential factor in these issues is the
presence of pectin (Pinelo et al., 2010; McLellan et al., 1985). Pectin (pectic substances) is polymers of saccharides including gal-
acturonans, thamnogalacturonans, arabinans, galactans, and arabinogalactans (Thakur et al., 1997). These polymers are made of
galacturonic acid, L-thamnose, arabinose, and galactose. Among them, galacturonic acid consists of >97% of pectic substances,
i.e., mostly galacturonan or rhamnogalacturonan (Thakur et al., 1997). Galacturonic acid has a carboxyl group on its sugar ring
(i-e., 2,3,4,5-tetrahydroxy-6-oxo-hexanoic acid), and 75% of carboxyl group are esterified with methanol. The degree of methoxy-
lation is a determinant of hydrophobicity of pectic substances (Thakur et al., 1997). Pectin forms skeletal matrix of fruit body. The
matrix entraps the juice and often resists to the pressure (Fig. 4A). The other issue, juice cloudiness, is caused by liberated pectic
substances (Pinelo et al., 2010; McLellan et al., 1985; Ceci and Lozano, 1998). The juice press squeezes the fruits and a part of pectic
substances are liberated from fruits flesh. Due to their hydrophobicity, liberated methoxy-galacturonan can aggregate with other
galacturonan and hydrophobic substances, and form colloidal particles. These particles give the cloudy looking in the juice
(Fig. 4B) (Pinelo et al., 2010; McLellan et al., 1985; Ceci and Lozano, 1998).

To address these issues, pectic enzymes have been utilized in the juice industry (Fig. 4) (Pinelo et al., 2010; McLellan et al., 1985;
Ceci and Lozano, 1998). Pectic enzymes are a family of three enzyme groups that are classified acoording to their substrate spec-
ificity and reaction mechanisms. The three groups are polygalacturonases, pectin esterases, and pectate lyases (Jayani et al., 2005;
Kashyap et al., 2001). Pectin esterase (EC. 3.1.1.11) is a hydrolase that cleaves off a methoxy group from a methoxygalacturonate
unit in galacturonan, and polygalacturonase (EC. 3.2.1.15) hydrolyzes galactronan (poly-(methoxy)galacturonic acid) into smaller
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Figure 4 Pectic Enzyme Utilization. (A) When fruits are squeezed, pectin/cellulose flesh matrix are distorted without allowing the entrapped juice
sipping out. When fruit flesh is treated with pectic enzymes, the wall of juice chambers is disintegrated to allow juice squeezed out from the chamber
upon pressure application. (B) Pectic substances tend to aggregate around hydrophobic substances, such as denatured proteins, once pectin are
liberated from plant flesh matrix. The aggregation particles of pectin are small enough to be suspended in the juice as colloids, showing cloudiness
in juice. Pectic enzymes can increase the solubility of pectic substances through removal of methoxy group and fragmentation of long chains. These
degradations allow the colloid particles aggregating between them through exposure of hydrophobic core of particles.
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pieces. Non-methoxy galacturonan is hydrophilic; whereas methoxy groups give galacturonate hydrophobicity, leading to aggrega-
tion of pectin in fruits juice processing. A combination of two enzymes allows floating particles of pectin aggregate (cloudiness of
juice) becoming soluble (Pinelo et al., 2010; McLellan et al., 1985; Ceci and Lozano, 1998), which dlarify juice (Fig. 4B). The third
pectic enzyme (pectate lyase; EC 4.2.2.2) also truncates the galactronan with a non-hydrolysis mechanism. These pectic enzymes can
be utilized to loosen the structure of pectic skeleton of fruits fresh. The pectic skeleton of these fruits often restricts the recovery of
juice from the fruits (Fig. 4A). It was shown that even pulp parts of fruits, which usually yield little juice by simple pressing, can yield
82% of weight as juice after treatment with pectic enzymes (Chauhan et al.,, 2001).

Cellulases

For juice extraction, there is another substance that affects the fruits flesh matrix: cellulose. The hydrolysis of cellulose is shown to
increase the yields of fruit juice (Kashyap et al., 2001). When using cellulases (EC. 3.2.1.4) in the combination with pectic enzymes,
the enzyme mixture can totally liquefy the fruits. The process can be utilized to make juice without producing pomace (Kashyap
etal, 2001).

Cellulase is also an important enzyme for sustainability of Earth’s resources. As everyone now realizes, fossil energy emits carbon
dioxide. One of the countermeasures for the excess CO, emission is to use biofuels. Bioethanol is one of the most common biofuels
in today’s technology basis. Cellulase enzyme is utilized to provide fermentable sugar from inedible materials, and this second-
generation bioethanol is becoming an industrial choice for bioethanol production systems (Sun and Cheng, 2002; Cannella and
Jorgensen, 2014; Tabka et al., 2006).

B-Galactosidases

Dairy products are one of the largest sectors in the food industry in many developed countries. Milk is a ‘perfect’ food that contains
all required nutrients to support infant growth; while many adults have issues with consuming dairy products. Two major issues of
dairy products are food allergy and lactose intolerance (Prentice, 2014; Bordoni et al., 2017). Lactose is the major carbohydrate
found in milk, and virtually it is exclusively produced as a milk ingredient in nature. Once children are weaned off from mother’s
milk and start to eat other foods, they lower the production of enzyme to hydrolyze lactose. How low this enzyme production
becomes in adults depends on ethnic (genetic) groups and food consumption customs. If an individual does not produce enough
of this enzyme, ingested lactose (in dairy products) reaches his large intestine. The assimilation of disaccharides is slower than
monosaccharides, and therefore the remaining lactose is rapidly consumed by intestinal bacteria, producing carbon dioxide gas
and lactic acid that stimulate the bowl movement to cause diarrhea (Deng et al., 2015).

B-galactosidase (aka lactase; E.C.3.2.1.35) is the enzyme that hydrolyzes lactose into galactose and glucose. To address the
lactose intolerance issue, this enzyme is used in two ways: as a processing agent and as digestion assisting pills. By addition of
B-galactosidase in the milk processing, lactose can be hydrolyzed in the milk (Deng et al., 2015; Corgneau et al., 2017). Resulted
monosaccharides are easy to assimilate in our intestinal system and cause no diarrhea. Further this enzyme can be used to produce
sweetening agents from a byproduct of dairy processing (i.e., whey) (Li et al., 2015).

Lipases

As mentioned in an earlier section, lipase (E.C.3.1.1.3) catalyzes the hydrolysis of triglycerides to yield three fatty acids and glycerol.
In the recent decades, the utilization of lipase has been developed to produce foods with less obesity issues (Fig. 5). One of such
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Figure 5 Interesterification and Esterification by Lipases. We can manipulate the fatty acid moieties on triglycerides through lipase activities.
Depending on the free fatty acid availability, lipase can replace or introduce fatty acids on glycerides (glycerol). Utilization of these reactions can yield
specific-triglycerides and diglycerides with desired fatty acids.
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applications is to form diglycerides (Singh and Mukhopadhyay, 2016; Berger et al., 1992). Many lipases have preferences in the
position on triglycerides; while the length of fatty acid does not affect the hydrolysis much. The most preferred position is Sn-1
and Sn-3 positions (Xu, 2000). Since enzymes catalyze chemical reaction, but does not change the equilibrium between substances,
most of enzymes can catalyze reverse reactions. Mixture of glycerol and fatty acids can yield diglycerides which have fatty acids on
Sn-1 and Sn-3 positions when catalyzed by lipase. Diglycerides have similar properties to triglycerides as food ingredients, but inges-
tion of diglycerides produce less energy.

Lipases are also utilized for interesterification to replace fatty acids of triglycerides with different fatty acids (Fig. 5) (Macrae,
1983). This reaction can be achieved by chemical catalyst (NaOCH3) or by lipase enzymes. Chemical interesterification is a random
reaction and is not suitable for position specific interesterification; whereas the position-specific interesterification by lipases is
useful to mimic natural triglycerides from less expensive triglycerides. For example, lipase is utilized to produce cocoa butter alter-
natives. Cocoa butter triglycerides are mostly made of three fatty acids: oleic acid, stearic acid, and palmitic acid, and their simple
compositions make the melting temperature range of cocoa butter narrow: at body temperatures, cocoa butter melts. A substitute of
cocoa butter was developed using lipase on sunflower oil. Sunflower oil is an inexpensive oil and is widely available (the fourth
common plant oil product). A sunflower cultivar has 50% ~ 60% oleic acid contents in its oil. Using lipases, interesterification
of sunflower oil is processed with excess stearic acid. This interesterification introduces stearic acid on Sn-1 and Sn-3 position
(i-e., 1,3-stearic acid-2-oleic acid). This chemical structure is the same found in cocoa butter, and thus this interesterified sunflower
oil product shows the similar properties to cocoa butter (Chang et al., 1990). Another example of interesterification is found in
human milk fat simulated oil. Baby formula is formulated to include all necessary nutrients for baby, and is made of commonly
available materials, such as milk ingredient. Since milk fat is an expensive fat and milk is known to cause allergy, development of
substitute from vegetable oil was desired. Vegetable oil often contains high amount of saturated fatty acids, meanwhile human
needs higher amount of unsaturated fatty acids. Using oleic acid, linoleic acid, and linolenic acid, palm oil is interesterified. The
resulted oil has unsaturated fatty acids on Sn-1 and Sn-3 position and palmitic acid on Sn-2 position. This composition is similar
to human milk fat (Lai et al., 2000; Quinlan et al., 1995; Ghazali et al., 1995).

Lipoxygenases

While the unsaturated fatty acids are beneficial and essential for our health, they can act negatively on the preservation of certain
foods, leading to formation of off-flavour and discolouration. This is especially critical for vegetables and legume since they have
high activities of lipoxygenase (EC 1.13.11.12) (Hsieh, 1994; Eskin et al., 1977). Lipoxygenase is an enzyme to catalyze the addition
of molecular oxygen on to a double bond in the fatty acid. Resulted peroxide molecular species are a powerful oxidative agent in
vegetables and legume (Brecht, 1995; Rolle and Chism, 1987). The peroxides also cleave themselves and yield an alcohol and
a shorter fatty acid (for example, linoleic acid becomes hexanol and 12-oxo-trans-10-dodecanoic acid, yielding different smell
from the original material). But more critical factors in off-flavour formation and discolouration are that lipoxygenase can yield
radicals (Donnelly and Robinson, 1995). The radical reaction does not diminish radical; it passes the free radical to another mole-
cule until it reacts with another radical. Thus, one radical affects many molecules including vitamins and proteins. It results in low
vitamins and high volatile compounds such as sulfur compounds. Lipoxygenase is not only found at high activities in vegetables
and legumes, it is also a hardy enzyme that can survive in many different treatments and they can even work at a very low temper-
ature, i.e., frozen vegetables can develop off flavour during the frozen preservation (Sheu and Chen, 1991; Giines and Bayindirli,
1993; Rodriguez-Saona et al., 1995; Velasco et al., 1989). The removal of lipoxygenase can be achieved by exposure to ethanol,
mechanical milling, deblanching and alkali-heat treatment.

Glucose Oxidases

While oxidation is considered as food deterioration, some oxidases are utilized in the food processing for the positive effects.
Glucose oxidase (E.C.1.1.3.4.) is utilized for elimination of molecular oxygen, in situ production of hydrogen peroxide, and in
situ production of a weak acid (Fig. 3).

Molecular oxygen is one of the most common oxidative agents abundant in the processing and storage. While we can pack foods
in air-tight packages (such as cans) to prevent the oxygen exposure, the existing oxygen in the package and materials can be enough
to cause oxidation of foods during the storage. The removal of molecular oxygen in the packages is a critical factor to attain a long
shelf life. Glucose oxidase can use glucose to capture oxygen. A small dose of glucose oxidase can use glucose in foods to deplete
molecular oxygen completely from air-tight packages (Dondero et al., 1993; Field et al., 1986). Moreover, the products of this
enzyme is gluconolactone (spontaneously becomes gluconoic acid) and hydrogen peroxide, thus we can use the reaction of glucose
oxidase positively for in situ production of acid (Fox and Stepaniak, 1993) and hydrogen peroxide (Dobbenie et al., 1995). An issue
of food processing is browning through Maillard reactions that is accelerated with heat (even at Pasteurization temperature), leaving
brown colour in the food products. Glucose oxidase can be utilized to remove glucose to suppress the Maillard Reaction (Sankaran
et al, 1989; Low et al., 1989).

Glucose oxidase is also used for glucose quantification (Wilson and Turner, 1992). This enzyme can be immobilized without
sacrificing much of its activities (Wilson and Turner, 1992). The immobilized glucose oxidase is set with platinum, then hydrogen
peroxide generated from glucose oxidase can be reduced into water and oxygen with the platinum catalyst. This reduction releases
an electron that can be detected as an electric signal. The system is widely used as glucose electrodes in the processing and research.



92 Enzyme Applications in Food Processing: Traditional Uses to New Developments

Glucose Isomerase

Another industrial enzyme that takes glucose as the substrate is glucose isomerase (E.C. 5.3.1.5) (Fig. 3). This enzyme is physiolog-
ically found as xylose isomerase (Bhosale et al., 1996). The difference between xylose and glucose is the presence of 6’-carbon and
hydroxyl group in glucose. Xylose isomerase does not severely recognize the presence of 6'-carbon, and can take glucose as the
substrate at a lower reaction rate. While K, value (Michaelis Constant) for xylose is reported as 5 ~ 93 mM, the K, value for glucose
is 86 ~ 920 mM (Chen, 1980). In physiological settings, a high K, towards glucose suppresses the glucose reaction and rather xylose
is selectively isomerized. However, if xylose does not exist and glucose is abundant, this enzyme can isomerize glucose to fructose,
and vice versa. The importance of this enzyme in industrial settings is in processing of high fructose corn syrup (HFCS) (Bhosale et al.,
1996). Hydrolysis of starch, as discussed earlier in the amylase section, can generate glucose. Starch hydrolysate has been known as
a sweetener for a long time. However, glucose is not as sweet as sugar (sucrose). Meanwhile, fructose is about 1.5-times sweeter than
sucrose. When applying glucose isomerase on a glucose solution, the conversion of glucose to fructose proceeds and eventually rea-
ches an equilibrium at 45:55 between fructose and glucose. This product is commonly referred as HFCS45 (using corn starch as the
starting material). Theoretically this mixture shows sweetness about 10% to 20% above the same weight of sucrose. In the last few
decades, more individuals pay attentions to calorie intake, and HFCS45 are utilized as an alternative sweetener. It is also inexpensive
and supply is stable, compared to sucrose. Thus, certain foods (such as soda pops) use HFCS45 (or its higher-fructose derivative,
HFCS55) as a substitute of sugar to achieve the same sweetness at a lower cost and calories.

Polyphenol Oxidases

Browning of fresh plant products is a critical issue for food supply (Lee and Whitaker, 1995). Consumers tend to choose the prod-
ucts with the appearance, and brown vegetables are not their preferred choices. The browning of fresh products is due to the enzyme
within the plant and molecular oxygen in the atmosphere. The enzyme is polyphenol oxidases (PPO; E.C.1.10.3.1 and
E.C.1.14.18.1) (Yoruk and Marshall, 2003; Mayer, 2006; Queiroz et al., 2008). There are two enzymes that are referred as PPO: cate-
chol oxidase and tyrosinase. The former enzyme catalyzes oxidation of catechol and o-diphenol to a corresponding quinone (Yoruk
and Marshall, 2003), whereas tyrosinase catalyzes phenol to o-diphenol as well as further oxidation to quinone (Mayer, 2006). The
resulted quinone substances spontaneously polymerize into polyphenol, i.e., melanin. This tannic substance shows brown colour
in the food products. Prevention of PPO-browning can be achieved in two ways: elimination of oxygen and reduction of enzyme
activities (Yoruk and Marshall, 2003; Sapers and Miller, 1998). The elimination of oxygen is achieved by physical separation of the
fresh products from molecular oxygen. For enzyme inhibition, addition of salt is known as an effective measure. The browning also
has an issue in the browning during fruit juice processing. We can add antioxidants to prevent the browning, but there is a limited
effect with a limited dose of inhibitory compounds. Thus for the juice making, another countermeasure is often considered. PPO is
mostly found as in the form associating with pulp portion of fruits. Therefore, the removal of pulp as much as possible can make the
PPO activities low, and combined use of inhibitors can reduce the browning defects drastically (Yoruk and Marshall, 2003; Sapers
and Miller, 1998).

Recent Developments of Food Enzyme Applications

The above section has discussed the development/utilization of enzymes in the past decades, and they are currently employed in the
food processing practice. In this section, we look into more recent R&D to use enzymes in food processing.

Prebiotics and Lactases

Prebiotics promote probiotic microbes’ activities. There are many prebiotics that have been reported, including resistant starch,
pectin, and B-glucans (Lomax and Calder, 2008; Andersson et al., 2001). Majority of prebiotics are so-called dietary fibre, but there
are other smaller prebiotics compounds. Such example is oligo-saccharides. Many of origosaccharides are found in nature and by
synthesis, and they can be taken as purified preparations, synthetic additives, and natural ingredients in food materials. For synthesis
of oligosaccharides, enzyme activities can be utilized. Sialidases (E.C.3.2.1.18), a.— 1-fucosidases (E.C.3.2.1.51) and B-galactosidases
(E.C.3.2.1.23) are studied for their ability to synthesize oligosaccharide prebiotics (Zeuner et al., 2014). Human milk oligosaccha-
rides made through transsaccharification by sialidases and fucosidases have been extensively reviewed (Bode, 2015). While trans-
sialilation and transfucosylation naturally occurs in human milk, B-galactosidase mediated oligosaccharides are studied to produce
oligosaccharides in vitro (Vera et al., 2012; Yu and O’Sullivan, 2014; Rodriguez-Colinas et al., 2012). As discussed earlier, B-galac-
tosidases (lactases) are the enzymes which hydrolyze lactose into galactose and glucose. When lactose concentration is high, B-galac-
tosidase can catalyze the transgalactosidation to produce a prebiotic compound, galactooligosaccharides (GOS), where galactose of
lactose is transferred onto another galactose moiety of lactose and GOS. This reaction produces a trisaccharide Gal-B-(1->4)-Gal-
B-(1->4)-Glc and a tetrasaccharide Gal-B-(1->4)-Gal-B-(1->4)-Gal-B-(1->4)-Glc (Fig. 6). B-galactosidase studied in the production
of GOS are from Bifidobacterium longum (Hsu et al., 2007), Kluyveromyces lactis (Rodriguez-Colinas et al., 2011), Aspergillus oryzae
(Vera et al., 2012; Albayrak and Yang, 2002), Lactobacillus pentosus (Maischberger et al., 2010), Lactococcus lactis (Yu and O’Sullivan,
2014), and Bacillus circulans (Rodriguez-Colinas et al., 2012). The conversion of lactose has reached GOS at ~50% of total
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Figure 6 Galactooligosaccharides. The galactose moiety in lactose is transsaccharified onto another lactose, and tri-saccharides (and another
transsaccahrification onto tri-saccharides for tetra-saccharides) are produced through p-galactosidase activities.

carbohydrates (Vera et al., 2012; Yu and O’Sullivan, 2014; Rodriguez-Colinas et al., 2012) with initial lactose concentrations at 40%
~60%. When lactose concentration is within the order observed in skimmed milk (4.6%), the conversion rates of lactose can reach
50% (Rodriguez-Colinas et al., 2012) to 72% (Yu and O’Sullivan, 2014).

Bioactive Peptides and Proteinases/Peptidases

In the last twenty years, proteolysis of food proteins is found to have additional potential health benefits. The proteolysis yields
smaller peptides and some of these peptides can have physiological activities: such as antihypertensive, antioxidative,
calmodulin-modulating, anticancer, immunoregulatory, anti-inflammatory, and antithrombotic activities. These peptides are
now classified as “bioactive peptides (BAP)”. It was first observed in the milk proteins, and then expanded to egg, beef, fish
meat, sea shell proteins, legume protein and so on (Udenigwe and Aluko, 2012). Many proteinases are artificially employed to
hydrolyze these proteins, and the peptides in hydrolysate are examined for physiological activities. In order to increase the yields
of BAP, many efforts have been conducted including denaturation of proteins (Le Maux et al., 2016; Korhonen et al., 1998) and
prediction of potential BAP activities (Gu et al., 2011). A critical issue in the production of BAP is how to separate it from the hydro-
lysate. Most products claiming BAP activities use hydrolysates as the ingredients, and the effects per protein amount is still limited
(Agyei and Danquah, 2011).

Active Packaging

Another recent development is active packaging of foods. The packaging materials have been inert by nature. It is effective to protect
foods from mechanical damages, dirt contamination, distribution ease, and so on. Meanwhile, they may not prevent growth of
already-contaminated microbes, oxidation by atmospheric oxygen, and influences from ethylene for plant produces. Active pack-
aging materials address these issues. For example, ethylene, which is a phyto-hormone to ripen fruits, can be scavenged by the pres-
ence of potassium permanganate in the packaging materials (Vermeiren et al., 2003), extending the shelf life of fruits. There are
many materials and methods proposed for active packaging: two types of active packaging use enzyme activities for their actual
active factors. One of them is oxygen scavenging and the other is antimicrobial packaging (Vermeiren et al., 1999). Oxygen scav-
enging packaging uses oxidases, such as glucose oxidases (Fortier and Bélanger, 1991; Wong et al., 2008), as the active ingredient
and consume available oxygen in the package. It is, however, less cost effective than to use inorganic materials such as ferrous
cations. For the antimicrobial packaging, enzymes such as lactoperoxidase (Min and Krochta, 2005), lysozyme (Padgett et al.,
1998), glucose oxidase (Fortier and Bélanger, 1991; Wong et al., 2008) and lactoferrin (Min et al., 2005) are shown for their positive
results. An issue of enzyme usage in the package is their stability towards temperature, moisture, and pH. It is still underdevelop-
ment, but in future, more enzyme utilization in the active packaging is expected.

Food Wastes and Enzymes

Lastly, the enzyme utilization in the food waste treatment should be mentioned. Foods are organic materials, and their production
has certain impacts on the environment. Meanwhile, about 30% of foods are reportedly wasted. A majority of food waste is carbo-
hydrates, and its utilization can contribute to the sustainable food supply and environmental protection. Many enzymes are avail-
able to hydrolyze carbohydrates, such as amylases, pectinases and cellulases. Along with hydrolases of other food waste
components, such as proteinase and lipases, enzyme reactions can be utilized to degrade food waste to provide the feedstock for
other purposes, including biofuel production (Uckun Kiran and Liu, 2015; Uckun Kiran et al., 2014).
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Gonclusion

Enzymes are considered as efficient tools to decrease food processing costs, to reduce the waste and to provide more safe and healthy
foods. Many of applications have been utilized and are being developed. In next decades, we expect to see more enzyme utilizations
in the processing of foods, in the analyses of foods and in the reduction of impacts on the natural environment.
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Glossary

Fat extender used to reduce the concentration of fats by replacing them with a standard lipid combined with other ingredients.
Fat mimetic used to replace fat however it requires a high-water content for to attain its desired functionality.

Fat Substitute used to replace fat on a weight-by-weight basis but is resistant to hydrolysis by digestive enzymes.
Low-calorie fat used to substitute fat with a synthetic fat with one or more of the fatty acids on the glycerol backbone being
replaced with something other than a fatty acid.

Introduction

Reduced fat products are common place in the food landscape of today; consumers often choose these products to control or restrict
caloric intake or to reduce the perceived threat of coronary heart disease (CHD). Messages centering on lipids, especially around
saturated and trans unsaturated, has led a large cohort of consumers to shift their diet towards consuming more low-fat options.
However, the paradigm that all saturated and trans fats have deleterious biological consequences has shifted once again and it is
now being suggested that saturated fat and trans fats from ruminants may not be implicated in CHD as once believed (Chavan
etal., 2016; de-Souza et al., 2015). In practice, because of recommendations to limit saturated fats to no more than 10% and trans
unsaturated fats to no more than 1% of a person’s dietary energy, consumers often choose low-fat options. Although mandates exist
to reduce hardstock fats from foods, a simple fat reduction is associated with undesirable changes to texture and sensory perception
of fat products (Liu et al., 2016b). Up to now, there has been no single fat replacer identified that is able to mimicking the diverse
functionalities of fat across a wide range of foods therefore fat replacers are targeted to specific applications (Table 1).

Replacement of the fat component of foods is often difficult because they have multi-functional roles in foods as they influence
chemical, physical and sensory attributes of foods as well as their processing characteristics. Simply reducing the content of fat
causes quality losses that decrease the acceptance of foods (Peng and Yao, 2017). Therefore, depending on the role that fat has
in determining the quality of these product it will affect the complexity of the system that must be implemented to replace that
lipid fraction (Jones, 1996). Fat replacer is a broad term to describe any technology used to reduce or eliminate fat and can be
subdivided into the following categories (Jones, 1996):

Fat Substitute: used to replace fat on a weight-by-weight basis but is resistant to hydrolysis by digestive enzymes;

Fat mimetic: used to replace fat however it requires a high-water content for to attain its desired functionality;

Low-calorie fat: used to substitute fat with a synthetic fat with one or more of the fatty acids on the glycerol backbone being replaced
with something other than a fatty acid.

Fat extender: used to reduce the concentration of fats by replacing them with a standard lipid combined with other ingredients.

Fat replacers can also be sub-divided based on the primary reason for the removal of fat. Caloric reducers replace a fraction of all
lipids, while hardstock fat replacers only replace a fraction of the trans unsaturated and saturated fats (Fig. 1) (Akoh and Decker,
1995; Rogers, 2011). Caloric reducers include olestra (Bergholz, 1992), non-digestible carbohydrates (Peng and Yau, 2017),
proteins (Singer, 1996), while trans unsaturated and saturated fat replaces are often small molecules such as sorbitan tristearate,
phospholipids, monoglycerides, and modified fatty acids (Rogers et al., 2014, 2009; Wang and Rogers, 2015).

Carbohydrate-Derived Fat Replacers

The molecular diversity of carbohydrates gives rise to various structural and physicochemical properties allowing formulation
chemists to tailor the physical attributes that need replaced upon the removal of fat (de Souza et al, 2015; Peng and
Yau, 2017). Furthermore, methods are available to modify carbohydrates; for example, substituted starch using octenyl succinate
or cross-linked starches are commonly used as a fat replacer because of the indigestibility and further caloric reduction. When a frac-
tion of fat is removed, it is most commonly replaced with carbohydrates such as starch, maltodextrin, gums, or dietary fiber with or
without additional water.

Starch is typically used in its non-gelatinized form because the starch granules are on the same order of magnitude as fat crystals
or fat emulsion droplets which emulates the mouthfeel imparted by lipid droplets (McClements et al., 2017). Because of the size
and physical attributes of starch granules, they are commonly crossed linked to prevent swelling and leaching of the amylose and in
numerous causes amylopectin is debranched (Klaochanpong et al., 2017). Starch based gels have been proven capable of replacing
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Table 1

Classification of fat replacers by nutrient source and function properties

Type of fat substitute

Nutrient source (energy density)

Functional properties

Use in food

Derived from carbohydrate

Polydextrose

Modified food starch

Dextrin and maltodextrins

Gums and pectin

13-Glucan

Derived from protein

Microparticulated protein

and modified whey

Derived from fat
Olestra
Caprenin and salatrim

Mono- or diglycerides

Water-soluble polymer of
dextrose (1 cal g~ ")

A variety of starch sources
(1-4calg™)

A variety of starch sources
(4calg™

Xanthan, guar, locust bean,
carrageenan, alginates and
fruit

Various plant sources
(virtually noncaloric)

Soluble fiber extracted from
oats (1-4 cal g~ ")

Denatured or
microparticulated
protein from egg/milk
(1-4cal g™

Sucrose polyester with
triglycerides (noncaloric)

Caprylic, capric, behenic acid,
and glycerine, or triglyceride
of short- and long-chain fatty
acids (5cal g~ ")

Derived from vegetable oil
and emulsified with water
(9cal g™

Bulking and retaining moisture

Modifying texture, gelling,
thickening, and stabilizing
Modifying texture and bulking

Retaining moisture, mouthfeel
and modifying texture

Modifying mouthfeel, texture,
and pourability
Adding body and texture

Modifying mouthfeel

Modifying texture and mouthfeel
Simulating properties of
cocoa butter

Adding moisture and modifying
texture and mouthfeel

A wide range of foods, including baked
goods, confections, and frozen
desserts

Processed meats, salad dressing,
baked goods, frozen desserts, etc.

Baked goods, dairy products, salad
dressing, sauces, and spreads

Wide range of products, including
baked goods, sauces, and salad
dressings

Dairy products

Baked goods and a variety of other
food products

Dairy products, spreads, and bakery
products

Savory snacks (stable for fried foods)

Confections, baked goods, and

dairy foods

Baked goods, vegetable dairy replacers

Reproduced with permission from Chavan, R.S., Khedkar, C.D., Bhatt, S., 2016. Fat replacer. In: Caballero, B., Finglas, P. M., Toldr4, F. (Eds.), Encyclopedia of Food and Health.
Academic Press, Oxford, pp. 589-595.

Fat substitutes

Calorie reducers Trans/saturated fat reducers

Olestra Carbohydrate Pro!eln Lipid based Nonlipid
Wax

Nondigestible Digestible Fatty MAG Phytosterol  Sorbitan

(gums/cellulose) (starch)  acid y-oryzanol

Phospholipid Ceramide

Figure 1 Primary strategies to substitute fats in edible food applications. Reproduced from Rogers, M.A., 2011. Novel lipid substitutes.
In Moo-Young, M. (Ed.), Comprehensive Biotechnology, second ed., vol. 4. Elsevier, pp. 603-616. Reproduced with permission from Elsevier.

numerous attributes which fats contribute including: increased water-holding capacity, gel firmness and viscosity and these changes
are often perceived as an increase in creaminess in liquid formulation such as low fat salad dressing (Peng and Yau, 2017).
Starch can also be partially hydrolyzed using enzymes or acid to form maltodextrin. Maltodextrins with dextrose equivalents
(DE) between 2 and 4 are most commonly used as fat replacers between 1 and 5 wt% because of their ability to gel and thicken
(McPherson and Seib, 1997). At 1 to 5 wt% maltodextrin, 25 to 35 wt% of the fat can be replaced in cookies while maintaining
a full-bodied texture and desirable mouthfeel (Chavan et al., 2016). By selecting the appropriate DE the melting point of the
maltodextrin gel can be tailored to simulate the oral melt down properties of fat (Peng and Yau, 2017). Not only does the DE effect
the ability to mimic the physical properties of fats, but so does the source of the maltodextrin (Peng and Yau, 2017). Maltodextrin
fat replacers are commonly employed in dairy products, confectionary, frozen desserts, cereal baked goods, and meat products
because they form soft, spreadable, thermo-reversible gels with melt-in-the-mouth properties. However, maltodextrins increase
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the glycemic load of the food and post meal glycemia, which are less desirable for health (Hofman et al., 2016). There are also
physical limitations in its application due to the amylopectin which has a tendency to retrograde, causing setback in low-fat salad
dressings and their poor freeze-thaw stability and unreliable heat and acid stability (Chavan et al., 2016).

Non-digestible polysaccharides may also be utilized as fat replacers. Microcrystalline cellulose (MCC) is partially depolymerized
cellulose synthesized from a-cellulose precursor. MCC is a modified form of cellulose that is composed mainly of anhydroglucose
units with B(1-4) glycosidic bonds (Chavan et al., 2016). The majority of colloidal grades have microcrystals less than 0.2 pm in
length, that when added to an aqueous medium disperse rather than hydrate (Lucca and Tepper, 1994). MCC is typically processed
with adjuvants such as guar gum which act as a ‘glue’ to hold the insoluble cellulose crystals in a 3D network that is thixotropic
mimicking the body and mouthfeel of lipids. Other non-digestible polysaccharides such as pectin, B-glucan, inulin, locust bean
gum have all shown promise to be used as fat replacers.

Pectin is composed of a galacturonan backbone which may be methyl-esterified giving rise to low and high-methoxy pectin. Pectin
is able to gel and thicken foods; however, because it forms strong gels, there are challenges in incorporating high concentrations of
pectin into foods (Min et al., 2010). The functionality of pectin is influence by the source, which gives rise to variations in molecular
weight and degree of methyl esterification. High methoxy pectin gels in the presence of high sugar concentrations in acidic conditions,
while low methoxy pectin requires the addition of divalent ions such as calcium in basic conditions (Durand et al., 1990). Slendid is
a citrus pectin that when combined with calcium is able to replace up to 100% of the fats in a variety of processed foods (“Low-calorie
fat replacer is based on pectin,” 1991). Recent work with pectin fat replacers has focused on reducing the amount of fat in processed
meats, salad dressings and ice cream (Maneerat et al., 2017; Tekin et al., 2017).

Inulin is a fructosyl-fructose-linked oligomeric carbohydrate with a polymerization degree £10. Inulin is a fructosyl-fructose-
linke d oligomeric carbohydrate with a polymerization degree {10, inulin is a moderately water soluble fructosyl-fructose-linked
oligomeric carbohydrate with a polymerization degree >10 that is resistant to human digestion (Zahn et al., 2010). Inulin forms
a short spreadable gel network, when added at high concentrations, that acts as fat replacer in spreads and fillings, dairy products,
desserts and dressings (Franck, 2007; Guven et al., 2005). In the case of adding inulin to muffins, only 50% of the fat could be
replaced with similar crumb firmness as the full fat counterpart (Zahn et al., 2010).

Protein-Derived Fat Replacers

The ability to mimic fat functionality by microparticulated proteins is attributed to their spherical shape and small size that are
comparable in size to oil droplets found in food emulsions. There are numerous microparticulated protein based fat replacers
that are derived from whey, egg, and zein proteins (Cheftel and Dumay, 1993). Often, the microparticulated protein is applied
in combination with a stabilizing polysaccharide such as carboxymethylcellulose with zein protein and xanthan with egg white
protein (Liu et al., 2016b). Specifically, microparticulated proteins effectively replace the sensory perception of oil droplets in liquid
and semi-solid food matrices (Liu et al., 2016a). Microparticulated whey protein has numerous application in dairy-based products
where it has been shown to provide a smooth, creamy mouthfeel in low-fat applications such as low fat cheeses, yoghurts, ice creams
(Cheftel and Dumay, 1993; Liu et al,, 2016a, 2016b). In the case of microparticulated whey protein, the attributes of these
ingredients are dependent on the size of the particles. Small particles, contribute to the creaminess, while large particle impart
a roughness which suppress creaminess (Liu et al., 2016a).

Microparticulated proteins induce a creamy oral sensation when they are dispersed into an aqueous phase because of the
‘ball-bearing’ lubrication properties of microparticulated whey proteins in liquid and semi-solid food matrices (Liu et al.,
2016a). The ‘ball-bearing’ lubrication model suggests that creaminess arises when the microparticulated protein is dispersed in
the aqueous phase allowing them to roll freely over one another under an applied shear. Although microparticulated proteins
increase the creaminess by reducing the friction via the ‘ball-bearing’ model, the underlying mechanism differs considerably
from how oil droplets impart creaminess. These differences may induce changes in sensory perception of creaminess.

Lipid-Derived Fat Replacers

The most commonly thought of lipid-derived fat replacer is olestra, which is a mixture of hexa-, hepta- and octa-esters of sucrose. Six
to eight long-chain fatty acids are covalently linked to sucrose by chemical transesterification. Gastric lipases and the bacteria lipases
produced in the colon are incapable of cleaving the fatty acids from the sucrose ester and as such the fatty acids are not absorbed by
the microvilla but instead are excreted in the stool (Jandacek, 1982). Since olestra is lipophilic, nondigestible, nonabsorbable, it can
interfere with the absorption of other lipophilic components in the diet, consumed at the same time as olestra. An advantage of
olestra over other fat replacers is that the physical properties can be tailored depending on the fatty acids esterified to sucrose.
For example, if highly unsaturated fatty acids are esterified to sucrose than the resulting olestra will be fluid, conversely, if long chain
saturated fatty acids are used than it will be solid (Ognean et al., 2006). Olestra has very similar organoleptic and thermal properties
compared to triglycerides with similar fatty acids.

Caprenin is a triglyceride that contains glycerol esterified to two medium chain fatty acids (caprylic and capric) and a long chain
fatty acid, behenic acid. The reduction in calories occurs because behenic acid is only partially absorbed, while capric and caprylic
acids are readily metabolized and as such caprenin provides only 5 kcal/g (Akoh, 1998). Because of the fatty acid composition, the
functional properties are similar to cocoa butter allowing it to be used in soft candy and confectionary coatings. Salatrim also relies
on the fact that short chain fatty acids provide fewer calories per unit weight and that long chain fatty acid, stearic acid, is only partly
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absorbed resulting in 55% fewer calories than traditional fats (Akoh, 1998). Salatrim is a generic name for triglycerides that contain
at least one short chain fatty acid and at least one long chain fatty acid, typically stearic acid. The physical properties of salatrim can
be manipulated by chaining the amounts of short chain and long chain fatty acids allowing the melting points and hardness to be
manipulated. It is sold as Benefat 1. Its primary application is as a replacer for cocoa butter.

Small Molecule Fat Replacers

Small molecule fat replacers are used to replace the hardstock fats, i.e. trans and saturated fats, while maintaining the concentration
of unsaturated oils and the original physical properties of the fat blend. These liquid oil gels, termed oleogels, molecular gels and/or
organogels, are similar to fats in that they can undergo the sol-gel transition numerous times simply by reheating and recooling the
system (Weiss, 2014). Highly effective oleogelators form gels in vegetable oils, at concentrations as low as 0.5 wt% (Rogers, 2017).
Oleogels self-assemble, in vegetable oils, via non-covalent interactions (i.e. hydrogen bonding, -7 stacking, electrostatic and van
der Waals interactions) forming fibrillar or platelet crystals (Patel and Dewettinck, 2016; Rogers et al., 2009). These intermolecular
interactions favor 1-dimensional (1D) fibrillar growth leading to the formation of a 3 dimensional (3D) networks that is capable
of entrapping the liquid oil phase. Few applications of oleogels in foods exist because it is difficult to identify new food grade,
inexpensive gelators; however, research in this area is increasing exponentially. Although there is a plethora of reported small
molecular gelators, here we will focus only on two systems - the waxes and the phytosterol/y-oryzanol system.

Although numerous waxes have been studied as potential oleogelators to replace hardstock fats, candelilla wax (CDW),
carnauba wax (CBW), rice bran wax (RBW) and beeswax (BW) are of the greatest interest as food-grade waxes for use as edible
oleogels (Rogers et al., 2014). Oleogels comprised of wax and vegetable oils have varying fractions of n-alkanes, fatty alcohols,
and fatty acids. Wax esters have a tendency to form platelet-like or needle-like crystals in edible oils at low concentrations that
are very effective at gelling vegetable oil (Toro-Vazquez et al., 2013, 2010). CDW is obtained from the leaves of Euphorbia cerifera
and comprises n-alkanes, between 29 and 33 carbons and structures safflower and canola oil at concentrations less than 2 wt%
(Blake et al., 2014). CDW forms the most elastic gel (i.e., highest hardness value) while BW is the lowest (Lim et al., 2016).

B-Sitosterol and +y-oryzanol are unable to gel vegetable oil when added individually, however they are able to self-assemble
efficiently enough to entrain oil when combined at a 60:40 wt% vy-oryzanol/B-sitosterol ratio. At a 1:1 M ratio they self-
assembled into hollow tubules, that have a diameter between 67 and 80 A, are between 8 and 12 A thick and have a length which
can exceed 1000 A, at concentrations as low as 2% (Bot et al., 2012). The ratio of y-oryzanol to B-sitosterol and vegetable oil effects
the self-assembled structures which in turn alters their ability to entrain liquid oil. For this system to gel it requires the molecules to
form synergistic hydrogen bonding, they must contain a ring system, and alkyl residue (Bot and Agterof, 2006). Not only does
B-sitosterol form effective gels with y-oryzanol but so do other plant sterols such as ergosterol, stigmasterol, cholesterol, cholestenol
(Bot et al., 2012). In sunflower oil, the gels are transparent and by changing the concentration, the mechanical and rheological
properties can be fine-tuned to mimic saturated fats. These oleogels are food grade and phytosterols lower blood cholesterol levels
making these attractive alternatives to colloidal fat crystal networks.

Conclusions

The physical attributes that fats impart to foods are very diverse. In emulsions they provide enhanced viscosity, mouthfeel, and body
to the food, while in solid fat matrices they provide an elastic network essential for the food structure. Depending on the type of
food, which fat is being removed from, there are numerous fat replacers that can be used depending on the physical attributes that
need replaced. Fat replacers that work well in emulsions, such as microparticulated whey proteins, will not work as a hardstock fat
replacers, therefore it is important to identify a suitable fat replacer for the specific application or food that is being formulated.
Although numerous fat replacers exist to create low-fat options, there are very few oleogelators that are allowed in foods that
can effectively structure unsaturated oils. However, this is a rapidly growing area of research as there is a constant desire by
manufactures to eliminate trans fats while also reducing the concentration of saturated fats and maintaining unsaturated oil
concentration.
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Introduction

Within the context of sensory science, flavor can be described as a combination of taste, odor and chemesthetic sensations.
Generally speaking, there are five basic tastes, including sweetness, sourness, saltiness, bitterness and umami (recent and ongoing
research indicates fat may also elicit taste; Running et al., 2015). Odor includes sensations experienced through the ortho- and
retronasal routes, for example, vanilla and lemon aromas. Chemesthetic sensations activate the trigeminal nerve, such as the burn
of capsaicin from hot peppers, or the coolness of menthol from mint. While the sensory perception from each of these sensory
modalities may occur alone, they are more often experienced together during food and beverage consumption.

Flavor perception is dynamic and may be influenced, and thus, altered through the addition and/or removal of
various ingredients. From a food product development standpoint, continuous pressure to remain market relevant is placed
due to evolving consumer trends, including sugar, salt and fat reduction, clean labeling and incorporation of health-
promoting, functional ingredients. Formulation strategies to satisfy these objectives can negatively impact flavor, and thus,
the incorporation of ingredients that will optimize flavor to better align with consumer expectation and product liking are
necessary. For example, sugar, salt and fat reduction may lead to a less flavorful product, while the addition of functional ingre-
dients can introduce off-aromas and less desirable tastes (e.g., bitterness).

Flavor optimization during food product formulation may focus on the incorporation of flavor enhancers or flavor modifiers.
Generally, enhancers are used to increase the overall palatability, richness, pleasantness and hedonics of savory foods (Kemp and
Beauchamp, 1994; McCabe and Rolls, 2007). Modifiers may be used to target the suppression or enhancement of basic tastes and
odors within a food matrix, and thus, vary in their impact on overall flavor perception.

Flavor Enhancers

Ready-to-eat meats, cheeses, sauces and condiments, ready meals and various snack items represent categories of savory foods that
may be targeted for the application of flavor enhancing ingredients. In particular, new products or re-formulations that target low-
ered amounts of sodium in order to meet regulatory guidelines and consumer expectation may require the use of flavor enhancers to
counterbalance the loss of sensory palatability from the removal or replacement of salt. Strategies include the use of umami-eliciting
compounds that aim to elevate the overall palatability of savory foods.

Monosodium glutamate (MSG) elicits umami or savoriness, a basic taste sensation (Zhao et al., 2003). By itself, taste
from MSG has not been characterized as ‘delicious’, nor does it provide flavor enhancing capacity (Halpern, 2002).
However, when combined with additional compounds, including purine nucleotides - 5’-adenosyl monophosphate (AMP),
inosine 5’-monophosphate (IMP), 5’-guanosine monophosphate (GMP) - and some amino acids, a flavor enhancing effect
can result (Halpern, 2002; Chandrashekar et al., 2006).

Enhancing capabilities for these compounds have been demonstrated in food model systems. For example, when paired with
a congruent savory vegetable odor, the sensory impact of glutamate (MSG + inosine 5’ monophosphate) has been found to elevate
‘pleasantness’ compared to glutamate or vegetable odor presented alone (McCabe and Rolls, 2007). Elevated pleasantness
from glutamate + vegetable odor was also significantly higher compared to sodium chloride + vegetable odor, demonstrating
the advantageous flavor enhancing capacity for glutamate over sodium chloride. In real food applications, the use of nucleotides
and amino acids to enhance flavor has been demonstrated in reduced sodium processed meats (dos Santos et al., 2014; Campagnol
et al.,, 2012) and Cheddar cheese (Khetra et al., 2016; Grummer et al., 2012).

Flavor enhancing compounds may successfully be used to elevate the palatability of various savory foods. However, the use
of some ingredients may be less desirable if they are unfamiliar to consumers. A clean labeling approach - which may in
part be defined as a back of the package ingredient list that is short and simple, containing ‘kitchen cupboard ingredients’
that are not ‘chemical-sounding’ (Asioli et al., 2017) - will target the use of umami-eliciting ingredients that may be perceived
as more ‘natural’ by the consumer in order to better align with the product category. Here, umami-eliciting ingredients derived
from more familiar sources may be applied to food formulations to enhance flavor. For example, the addition of mushrooms has
been used to compensate for flavor loss and enhance overall flavor and umami taste in a reduced sodium ground beef taco blend
(Miller et al., 2014). Modified soy sauce has been utilized to successfully increase the overall taste intensity, meat taste, and salty
taste of reduced sodium frankfurters (McGough et al., 2012). In reduced sodium ham and turkey sausage, a milk protein and
cultured milk based flavor enhancer was used to mitigate flavor loss (Pietrasik and Gaudette, 2014, 2015). Commercial yeast
extracts have also been found to compensate for the potential flavor loss from salt removal in reduced sodium ready meals
(Mitchell et al., 2009).
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Flavor Modifiers

In order to improve or optimize the sensory properties of foods and beverages, ingredients may be used to modify overall
perceived flavor. Approaches include the use of ingredients to suppress or enhance basic taste and/or odor sensations within
foods and beverages. Similar to the need for flavor enhancers in sodium reduced savory foods, flavor modifiers may be required
in re-formulations where salt and sugar are reduced. While the addition of sodium chloride and sucrose are used, respectively, to
deliver salty and sweet taste, their purpose in formulations may also be to suppress the bitterness elicited by other ingredients.
Thus, sodium chloride and sucrose may have multiple functions within a food product regarding their direct or indirect impact
on taste and odor sensations. For example, the bitterness of caffeine is decreased through the addition of sucrose, with increasing
sucrose concentration leading to decreasing bitterness (Calvino et al., 1990). Sodium chloride can suppress the taste from bitter
eliciting compounds, primarily due to the influence of the sodium cation (Breslin and Beauchamp, 1995); although the mech-
anism for this remains unclear (Gaudette and Pickering, 2011).

As mentioned previously, current food trends include the reduction of salt and sugar to satisfy health-conscious consumers. This
remains challenging for industries that rely heavily on these ingredients (e.g., confectionary, meat, cheese, and bakery items), for
they contribute to the functionality, safety and sensory properties of foods. Since salt and sugar reduction can negatively affect
sensory properties, including decreased overall flavor intensity and increased intensity of less desirable tastes (bitterness, sourness),
options for flavor modification are needed.

Flavor modifying strategies are more challenging for functional foods - where fortification with health-promoting
ingredients elevates the nutritional profile of foods and beverages. For these products, functional ingredients (e.g., grape and
green tea-derived polyphenols, glucosinolates, soy isoflavones) can negatively impact the flavor profile of foods by introducing
off-flavors, including elevated bitterness, which may lead to decreased consumer acceptability. While bitterness suppression can
be successful through the addition of sodium chloride and sucrose, this approach is not ideal in functional food formulations
which are positioned for health conscious consumers. Thus, alternative approaches and ingredients should be considered. For
example, the use of alternative sweeteners (e.g., agave, Rebaudioside A or stevia leaf, honey, monk fruit) may provide an option
for some product formulations. However, due to the potential for the elicitation of off-flavors and bitterness, the successful use of
some plant-based sweeteners for providing a pleasant aftertaste while masking the bitterness of other ingredients may be concen-
tration dependent (Li et al., 2015).

The impact of odor on taste perception; a cross-modal, sensory interaction, is substantial (Delwiche, 2004; Prescott, 1999)
and may provide a viable strategy towards flavor modification in salt and sugar reduced foods. Due to learned taste-odor
associations experienced through everyday food and beverage consumption, congruent mixtures of tastes and odors can
have an enhancing effect on taste intensity. For example, when compared to sucrose alone, the sweetness of sucrose can be
elevated when paired with the addition of strawberry but not peanut butter odor (Frank and Byram, 1988). In simple aqueous
solutions, the saltiness of sodium chloride can be enhanced through the addition of sardine but not carrot odor (Lawrence et al.,
2009) - demonstrating the importance of taste-odor congruency on the impact of flavor. While odor-induced taste enhancing
effects have been shown in simple matrices, their capacity in foods with more complex flavor profiles remains relatively unclear.
Overall, the effect is likely dependent on the complexity of the food matrix, with increased complexity associated with a decreased
effect.

Other Considerations

Additional approaches towards flavor modification may target the use of ingredients that provide textural properties to foods and
beverages. In particular, hydrocolloids used as thickeners or gelling agents can modify flavor by trapping compounds and thus,
limiting interaction between tastants and odorants and sensory receptors. For example, several hydrocolloids have been demon-
strated to reduce bitterness, including cellulose gum, low-viscosity carboxymethyl cellulose, and sodium alginate (Moskowitz
and Arabie, 1970; Pangborn et al., 1973).

The binding of taste eliciting compounds is also of value for functional food formulations, especially towards bitterness
suppression (Coupland and Hayes, 2014). Here, the use of cyclodextrins, polymers, surfactants, lipids and emulsions may provide
an alternative strategy towards the incorporation of bitter tasting, health promoting functional ingredients into food and beverage
formulations.

Gonclusion

The use of flavor enhancers and modifiers represents a valuable approach towards improving the overall sensory properties and
consumer acceptability of foods and beverages. For simple matrices, it is possible that a single flavor enhancing or modifying
strategy may be successful. However, it is likely that a multi-strategy approach that incorporates various concentrations of one or
more ingredients is more impactful.

It is important to note that the impact of any particular flavor enhancing or modifying strategy on overall flavor perception is
highly dependent on the presence of various within- (taste-taste) and cross-modal (taste-odor) sensory interactions. Suppressive
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and additive effects on flavor will occur due to oral peripheral physiological interactions or a central cognitive effect. Therefore, it is
important to understand that the sensory impact of enhancing and modifying ingredients within a matrix may not be
straightforward.

In addition to various sensory interactions, the flavor response to an added ingredient is based on its dose - a relationship that is
not always linear and easily predictable. Finally, chemical and/or physical interactions can occur within the food matrix, providing
even more complexity towards the prediction of ingredient impact on overall flavor perception. Therefore, prior to the use of flavor
enhancing and modifying ingredients in food and beverage formulations, testing at several concentrations should occur in order to
understand, verify and optimize their impact on overall flavor.
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Introduction

Bitterness, astringency, pungency and menthol are primarily perceived in the buccal cavity. Whilst the former is regarded as a taste,
the three latter are generally considered to be responsible for specific chemesthetic experiences, ie those sensory experiences that
activate receptors not generally considered to fit the classical categories of aroma and taste, often known as somatosensation. As
a group these taste qualities can have dramatic effects on the flavor perception of many foods and beverages, as well as other orally
administered substances, such as pharmaceuticals and oral hygiene products. As such these tastes often need to be considered when
these qualities are to be included in such products. The focus of this article is primarily on positive sensory responses so consider-
ation of other related aspects, such as taste modulation and suppression are not discussed here.

The perception of bitterness, pungency and menthol requires interaction between the active compounds and their associated
G-protein coupled receptors (Table 1). Additionally, certain pungent compounds, such as acrolein and ethanol, also interact
with G-protein coupled olfactory receptors in the olfactory epithelium to give a retronasal sensory response (ie an “aroma”). These
additional perceptions complicate the sensory appraisal of such compounds.

As we will discuss below, the mechanism of astringency perception is currently disputed, but to date there do not seem to be any
astringency receptors identified. A commonly- but not universally-held view is that astringency perception is due to the non-
covalent binding of astringent species with salivary proteins that results in the precipitation of the resulting complex. This chemistry
is analogous to the initial stages of leather tanning and the formation of particulates in ageing red wines and beers.

Chemical Entities and Their Occurrence

The range of compounds that can induce perceptions of bitterness, pungency and astringency is generally broad (Tables 2-4), whilst
the flavor and cooling properties of menthol can also be substantially replicated in other menthol derivatives. Many of these
compounds have commercial significance, either as pure substances or as part of food or beverage products. Whilst we recognize
that some of the compounds discussed below have broad applications, for the purposes of this article we will not consider appli-
cations beyond the food and beverage sectors.

Future Aspects

The scientific exploration of flavour perception is highly active at present, exemplified by the recent reports of putative oil- and
starchy-related tastes reported since 2015. With the plethora of sensory stimuli and rapid developments in the physiological and
sensory approaches to both chemesthetic and flavour per ceptions, it is not beyond the bounds of expectation that more targeted
design of chemical entities with specific bitter attributes will be more accessible. Where bitterness is undesirable, bitterness could be
attenuated, either by tailoring the chemical entities themselves or by design of bitter antagonists or “masking agents”. Clarification
of the mechanism(s) of astringency perception and its apparent association with bitterness will help to rationalize the sensory prop-
erties those foods and, especially, drinks, where astringency plays a key role in flavour perception, such as wood-aged drinks, wines
and ciders.

Bitterness

Humans can detect bitterness in many foods and beverages, including fruits, vegetables, drinks such as beer, cocoa, coffee and tea as
well as in animal products such as dairy, fish and chicken. Generally bitterness is often considered to be an undesirable sensory
quality, although this is not the case for certain foods and beverages. Additionally other substances, such as orally-administered
pharmaceuticals can convey bitterness. Bitter compounds are structurally diverse and work carried out since the late 1990s has iden-
tified around 25 distinct G-protein-coupled bitterness receptors (Table 2). As of January 2018 the bitterness database BitterDB
(bitterdb.agri.huji.ac.il) listed more than 680 distinct bitter substances, either as pure compounds (eg quinine, 1) or as mixtures,

Table 1 Receptors responsible for the perception of bitterness, astringency and menthol

Taste quality Receptors Localization Taste descriptors
Bitterness TAS2R (1,3-5,7-10, 13,14,16,38-50,60) Oral taste receptor cells, larynx, upper esophagus Bitterness, metallic
Pungency TRPV1, TRPA1 Skin, mucous membranes Hot, burning

Menthol TRPM8 Skin, mucous membranes Cooling, (pepper)mint
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Table 2 Example bitter compounds and their occurrences in nature

Bitter compound TASZR receptor(s) Occurrence/sources

Alkaloids (1-3) Include 4,10,39,46 Widespread in plant kingdom

Caffeine (3) 7,10,14,43,46 Many plants, including coffee beans, tea leaves and cacao
pods

Saponins (4) ? Various plants, including aubergine and maple

Galactosyl ~~
(e)

(0-solanine, 4)

Pyrazines (5-7) 38 Thermal degradation of free amino nitrogen

Hop-derived bitterness 1,40 (a-acids); 1,14 The cultivated hop, Humulus lupulus
(is0-a-acids)

Diketopiperazines (8,9) ? Thermal degradation of free amino nitrogen

Bitter peptides ? Thermal degradation of free amino nitrogen

PROP, PTC (10,11) 38 Synthetic

Sucrose octa-acetate ? Synthetic

Glucosinolates 38 Cruciferous vegetables

Goitrin (12) 38 Cruciferous vegetables, canola

Cucurbitacins (13) 10

Bitter tannins Include 14,39 Widespread in the plant kingdom

Table 3 Example pungency compounds and their occurrences in nature

Pungency compound Receptor(s) Occurrence/sources

Ethanol Nasal? Adult beverages

Formaldehyde Nasal? Synthetic chemical

Acetaldehyde Nasal? Fermentation by-product

€0, Nasal? Carbonated beverages

Capsaicin (14) and derivatives TRPVA Capsicum species

Piperine (15) TRPVA Long, black and white peppers
Gingerol (16), shogaol (17) and analogues TRPVA1 Members of the Zingiberaceae (ginger) family
Acrolein, other lachrymators TRPA1 Various, including thermal degradation
Nicotine TRPA1 Tobacco

Allyl isothiocyanate TRPA1, TRPV1 Mustard, radishes, horseradish, wasabi
Allicin TRPA1, TRPVA Raw garlic and onions
Syn-Propanethial S-oxide TRPA1, TRPV1 Onions

Oleocanthal TRPA1 Olive oil

Table 4 Principal astringent compounds and their occurrences in nature

Astringent compound Occurrence/sources
Tannins (18-20) Widespread in the plant kingdom
Alums Baking powders

such as fennel oil. The diversity of receptors and the structural diversity of bitter compounds has led to speculation that human
perception of bitterness is in fact a defense mechanism to protect against toxic substances that also happen to be bitter, such as plant
alkaloids. A corollary of this thesis is that human appreciation of bitterness is learned. Indeed Henry VIII of England attempted to
ban bitter hops (“the pernicious weed”) because of their alleged ability to induce hangovers.

With the exception of the generally undesirable protein-derived bitterness, commercially sought bitter compounds are derived
primarily from plant sources. Thus beer bitterness is derived from the a low-yielding isomerization reaction of the hop-borne
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Figure 1 Isomerization of hop-derived «-acids into their bitter iso-o-acid counterparts. R = 2-methypropyl-, 2-methylbutyl- and 3-methylbutyl-.

1) ) 3)
Figure 2 Example alkaloid structures. (1) quinine, (2) gentianine, (3) caffeine.

a-acids (or humulones) to iso-a-acids (Fig. 1), traditionally brought about by a boiling stage during the beer production process,
but now also commonly a reaction performed by hop product manufacturers outside of the brewery.

Alkaloids are nitrogen-containing compounds that are derived from plants and have significant effects on humans, specifically
either as drugs (eg morphine) and toxins (eg strychnine; see Fig. 2 for some examples). Indeed, given the impact that alkaloids can
have on humans, it is perhaps unsurprising that many are bitter, arguably a selection pressure for early humans as they sought to
forage for foodstuffs that were both nutritious and safe. Today caffeine is the most commonly consumed alkaloid, with the top 50
caffeine-consuming countries ingesting 1.2-9.6 kg per capita per year. Being both water- and lipid-soluble it easily crosses the
blood-brain barrier and acts as a stimulant in sufficiently high doses. Other alkaloids such as strychnine, atropine, brucine and
curare are almost legendary in terms of their toxicity and are often described as bitter but of course have little use in the food
and beverage industries.

Pungency

Pungency is associated with the perception of spiciness and heat, based on the non-covalent binding of trigger molecules with the
TRPV1 and/or the TRPA1 receptors (Table 3). A further term, piquancy, is often ascribed to a milder experience of pungency. As
mentioned previously, pungency can also be attributed to an olfactory response, as in the case an acrid aroma. Indeed the trivial
name for the pungent and lachrymatory propenal (acrolein), is a contraction of “acrid oil”, and is a common artefact of the thermal
degradation of glycerol. Acetaldehyde and ethanol have also been associated with pungency. Clearly in these cases, pungency is also
perceived via (retro)nasal detection by the olfactory epithelium, in addition to TRP-based mechanisms. While it is not clear what the
mechanism of nasal perception of pungency is, presumably it is mediated at least to some extent by interaction with nociceptors.

The major natural sources of pungency are derived from the plant kingdom: the Capsicum genus (eg bell peppers), white/green/
black peppers (Piper nigrum), Allium spp. (eg onion, garlic), tobacco and olive oil. Other sources of pungency can arise from thermal
processing or from industrial activities such as carbohydrate fermentations to produce ethanol and related compounds such as acet-
aldehyde. Whilst the perception of pungency is often a positive sensory experience, the causative agents do find applications in other
areas, especially healthcare and pharmaceuticals.

Industrially the principal capsaicinoid, capsaicin (14), is the most important pungency agent, with applications beyond the food
industry, including pharmaceutical applications and as a repellent for animals and humans (“pepper spray”). Global production of
the various Capsicum species is in excess of 30 million metric tons and is dominated by China. Other major sources of commercially-
available pungent agents are black pepper and ginger. Black pepper is one of the most popular spices worldwide, with production
volumes of around 500,000 metric tons per annum. Half of this production is in Vietham and Indonesia, with India, Brazil and
China also being major black pepper producing countries. The annual ginger harvest is more than 2.5 million metric tons, with
India, China and Indonesia accounting for more than half of global production.
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Figure 3 Example tannin structures. (18) catechin (19) procyanidin B3 (20) castalagin.

The measurement of the pungency intensity of capsaicinoids and other pungent substances was traditionally based on sensory
evaluation to derive the Scoville Heat Units (SHU's) of a sample. The methodology is based on ethanolic extraction of capsaicinoids
and then dilution in a sucrose solution. The higher the dilution of the sample that gave a positive heat detection, the higher the
number of SHU's. Pure capsaicin itself may register 15-16 million SHU's, whilst pepper spray is typically < 1 million. Some other
naturally-occurring capsaicinoids (eg resiniferatoxin) can register as much as 16 x 10° SHU's, three orders of magnitude more than
pure capsaicin. By way of comparison, pure piperine (15) is estimated to register at 100,000 SHU's and 6-gingerol at around 60,000
SHU's. Today this sensory-based methodology has largely been superseded by high-performance liquid chromatography (HPLC)
analysis, although this latter is still multiplied by a factor in an attempt to bring intensities on to a similar scale to the more tradi-
tional SHU's.

Astringency

As mentioned earlier, no astringency receptors have yet been reported, although quite how astringency is perceived is, as yet, not
fully resolved. The major astringent species in the diet are polyphenolic- or tannin-based, although alums and other inorganic salts
(eg potassium permanganate, zinc oxide, silver nitrate) can also elicit the characteristic drying and mouth-puckering experience of
astringency. For the purposes of this article we will focus exclusively on tannins. The term tannin is used here to denote the broad
array of polyphenolic secondary metabolites of higher plants. We recognize the limitations of this definition but further elaboration
is beyond the scope of this article (see Fig. 3 for example structures).

Studies in vitro have shown that astringent tannin species can reversibly bind to many proteins and, especially, to proteins with
proline-rich domains (proline-rich proteins, PRP’s). These interactions tend to be non-covalent, but result in precipitation of the
protein-tannin adduct, an action that is, in principle, reversible. Irreversibility of complexation is thought to be due to the oxidation
of tannins to, for instance, more reactive 1,2-quinones that can subsequently react to form covalent complexes with proteins.

The unambiguous perception of astringency is not always straight-forward, and can be erroneously conflated with bitterness,
despite the apparent difference in perceptual mechanisms. There appears to be a complementarity between astringency and bitter-
ness. It is interesting to speculate on the reasons for this. Certainly there will be some steric constraints on significant interactions
between bitter TAS2R receptors and substances perceived as bitter, in comparison with the protein-binding model of astringency
which can be expected to be much less dependent on steric factors. Work carried out on the sensory characteristics of tannins
from apples in cider suggest that as molecular size increases, tannins tend to demonstrate more astringency and less bitterness.

In dietary terms, the occurrence of tannins is widespread. They are found in various woods, fruits, berries, nuts, herbs, spices,
legumes and chocolate, as well as beverages such as tea, coffee, cocoa, beer, cider and wines. There are also detectable levels of
tannins found in alcoholic beverages that are exposed to wood during their production process (eg whisky, brandy, wood-aged
beers). Tannins also have uses beyond the diet, especially where favorable protein interactions are required. Thus oak tannins
(“tannic acid”) can effectively reduce the levels of potentially haze-forming proteins in beers, although much of the industrial
use of tannins is to “tan” leather, which makes the leather more durable, less susceptible to degradation and even modifying its
color.
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Menthol

Menthol or, more precisely (—)-menthol, L-menthol or (1R,2S,5S)-menthol (21) is a naturally-occurring cyclic monoterpene
alcohol. Whilst there are eight possible stereoisomers (21) is the preferred one due to its low cooling threshold. Of compounds
related to L-menthol, only L-menthone (22) and L-isomenthone (23) show more potent minty and cooling characteristics. Because
of these characteristics L-menthol is considered, along with vanilla and citrus, to be one of the most important flavoring additives,
with annual consumption probably in excess of 30,000 metric tons. The applications of menthol are diverse, and include: use to
relieve sore throats, anti-itching, topical analgesics, decongestants, oral hygiene products, chewing gums and candies. One contro-
versial use is as a tobacco additive, where some authors suggest that menthol can improve the sensory acceptability of cigarette
smoke, arguably enhancing addiction.

Menthol occurs naturally almost always as the essentially pure L-menthol and is primarily sourced from wild mint (Mentha
arvensis). It also occurs in peppermint oil, together with other cooling compounds such as menthone and menthyl acetate, and
peppermint (Mentha x piperita), a hybrid of watermint and spearmint. Oil from spearmint itself also contains menthol, but is gener-
ally cultivated less extensively than peppermint or wild mint. Naturally-occurring mint oil is generally prepared by steam- or hydro-
distillation. The leaves may be cured, allowing the mint plants to dry once cut to reduce their moisture content. In some cases the
proportion of L-menthol exceeds 70% and can be crystallized out of mint oils and, if further purity is required, recrystallized from
low boiling solvents.

The demand for L-menthol outstrips global supply, so various efforts have been made to produce it synthetically. Indeed Noyori
won the 2001 Nobel Prize for chemistry based on his elegant asymmetric synthesis of L-menthol from the inexpensive monoterpene
myrcene. Other approaches, such as the Haarmann-Reimer process, synthesize racemic menthol, and then separate the required
stereoisomer by chiral resolution of the menthyl benzoate esters before hydrolysis of the ester. More recently, BASF have developed
a number of synthetic routes to L-menthol, one of which requires the stereospecific production of (+)-R-citronellal, also an inter-
mediate in the Noyori synthesis.

The cooling property of menthol is due to its ability to trigger the cold-sensitive TRPM8 (Transient Receptor Potential cation
channel subfamily M member 8) receptor, also known as the Cold and Menthol Receptor 1 (CMR1). This channel is the main
molecular transducer of cold somatosensation in humans. A range of menthol analogs have demonstrable cooling properties,
many, but not all, based on the L-menthol skeleton.
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Introduction

Seed polysaccharides have attracted research attention due to a spectrum of diverse applications in food, pharmaceutical, and
chemical industries. A class of seeds where the endosperm is present (i.e., endospermic seeds) are of industrial importance and
include corn, wheat or rice. These polysaccharides are formed in the seed with ultimate goal to deliver cartbohydrates to the
developing seedling. The advantage of polysaccharides from endospermic seeds, as seen from industrial point of view, is that
they are isolated easily in pure form and after suitable physical or chemical treatments are used as food or formulation ingredients.
The major cell wall storage polysaccharides are most commonly divided into three polysaccharide groups, that is, mannans,
xyloglucans, and galactans (Meier and Reid, 1982) with galactomannans falling in the mannan group. The distribution of galacto-
mannans in the plant kingdom is limited and are mostly found in the endospermic seeds of four economically important plants
that belong to the same family i.e., Fabaceae or Leguminoseae. The focus of the present article are the galactomannans from guar
(Cyamopsis tetragonoloba), carob or locust bean (Ceratonia siliqua), tara (Tara spinosa) and fenugreek (Trigonella foenum-graecum)
that are the major sources of industrial galactomannans. As it will be discussed in the following sections, flour is obtained from
the seeds of these plants, which is either used directly in food formulations or it is further processed to obtain special ingredients

(Fig. 1).

Structure-Extraction

Galactomannans are heteropolysaccharides (i.e., they consist of more than one carbohydrate residue) composed of D-mannose,
which is the residue that makes up the backbone of the chain, and D-galactose that forms single branches along the mannan chain.
Mannose units are linked with each other via 8-(1¥4) glycosidic linkages whereas galactose is attached at the C-6 of mannose with
a-(1X6) bonds. Galactomannans are neutral polysaccharides, which means that they do not carry uronic acid residues or other
charged groups (e.g., sulfo groups) on the backbone. They are distinguished from each other based on the mannose-to-galactose
ratio (M/G), which is characteristic for each source. The ratio ranges approximately between 1:1, 2:1, 3:1 or 4:1 for fenugreek,
guar, tara or locust bean gum, respectively (Figure 2) (Prajapati et al., 2013; Srivastava and Kapoor, 2005). For instance, an M/G
ratio of 1:3 indicates that a galactose residue is found in every three mannose units. It should be noted that the experimentally deter-
mined ratios may vary anywhere between 1 and 5 depending on the source and extraction conditions.

Generally, galactomannans are extracted from the endosperm of the seeds after milling, husk removal, and sieving steps. The
flour (Fig. 1) usually contains impurities, most commonly protein and insoluble cellulosic polymers that are co-extracted during
the milling process. Further purification usually involves dissolution in water at various temperatures followed by ethanol precip-
itation, dialysis and freeze drying (Fig. 3) (Sébastien et al., 2014; Salvalaggio et al., 2015). The first stage is usually a deactivation
step of the endogenous enzymes that are naturally found in galactomannan flour and can potentially degrade the polysaccharide
(e.g., 6-D-mannanases) during the extraction step. This step is carried out with thermal deactivation of enzymes in boiling water or

Fenugreek

Figure 1 Seeds and flours from fenugreek, guar, tara and carob. Reproduced with permission from Elsevier from Prajapati, V.D., Jani, G.K.,
Moradiya, N.G., et al., 2013. Galactomannan: a versatile biodegradable seed polysaccharide. Int. J. Biol. Macromol. 60, 83-92. Image of guar
seeds is reproduced under the Attribution-Share Alike 2.0 Generic license (from Ton Rulkens, Flickr.com).
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Figure 2 Idealised structures of repeating units of the four major galactomannans. Mannose residues are linked with 8-(1 —4) whereas galactose
via a-(1— 6) glycosidic bonds.
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Figure 3 Generalised extraction strategy for galactomannan purification.

use of solvents (e.g., PET-ether or hexane reflux) that may also serve as a means for removal of polar contaminants (e.g., lipids).
Extraction is then carried out for several hours after reduction of temperature to the required temperature that is usually higher
for poorly soluble galactomannans (e.g., locust bean). A proteolytic enzyme may be added at this stage if protein contamination
creates problems for the purity of the sample. After solubilisation, the polysaccharide is recovered with an ethanol precipitation step
usually using twice as much volume of ethanol as that of the extraction medium. At this stage the polysaccharide is recovered but if
further purity is required a dialysis or ultrafiltration step can be carried out. This step removes low molecular weight contaminants
(depending on the molecular weight cut-off of the membrane that has been selected) that may have been co-precipitated. Contam-
inants may include, amino acids (if an enzymatic treatment was employed), monosaccharides, small peptides, and oligosaccha-
rides. The final stage involves a freeze-drying step while further precipitation with alcohol and oven-drying should be preferably
avoided, as it normally results in lower yields and potentially lower molecular weight.
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Physical Properties

Hydroxyl groups of mannose in carbons 2, 3 and of galactose in 3, 4 are in cis-configuration. These groups are responsible for exten-
sive intra- and inter-chain hydrogen bond formation resulting in differences in solubility between galactomannans (Rinaudo,
2008). Galactose substitution provides steric hindrance to chain associations, thus improving solubility. As a result, highly
substituted galactomannans such as those from fenugreek (Fig. 2) are highly soluble even in cold water (Mathur and Mathur,
2005). On the other end of the spectrum, locust bean gum has the least degree of substitution making the polysaccharide soluble
only in hot water (Wielinga, 2009). As a result, the solubility follows the order (from more to least soluble): fenugreek > guar > tara
> locust bean.

Fundamental and applied research interest for galactomannans stems primarily from their ability to enhance viscosity of
aqueous media (Bresolin et al., 1997; Robinson et al., 1982). The solutions are Newtonian at low concentrations (<~0.5% w/v)
whereas at higher (~1% w/v) they exhibit shear thinning behaviour. Due to particularly high viscosity build up galactomannans are
rarely used at concentrations greater than 1% w/v in food applications. Complex foods contain several ingredients with remarkably
disparate chemical structures that create challenges to formulations. For instance, protein-polysaccharide mixtures (e.g., ice cream
mix or milkshakes) are incompatible at certain concentrations resulting in phase separation. This technological difficulty is
commonly avoided by working at low polysaccharide concentrations normally in the range of 0.1%-0.6% w/v. It should be noted
that because galactomannans do not carry charge, pH and ionic strength do not particularly influence the viscosity of their solutions.
Additionally, to achieve maximum viscosity, dissolution should be carried out under specific conditions depending on the source.
For instance, guar gum may generate highly viscous solutions after mild heating (20-40 °C) for ~2 h whereas locust bean gum with
similar molecular characteristics (e.g., molecular weight) cannot be fully dispersed if it is not heated to at least 80 °C, and conse-
quently, it will result in solutions of low viscosity (Srivastava and Kapoor, 2005; Barak and Mudgil, 2014; Brummer et al., 2003).

Galactomannans may also influence the rheology of the aqueous systems due to intermolecular synergistic chain associations
with helix forming polysaccharides (Bresolin et al., 1997; Dea and Morrison, 1975), and a remarkable increase in viscosity (Pinheiro
etal., 2011) or even gel formation (Barak and Mudgil, 2014; Miles et al., 1984; Dunstan et al., 2001; Lazaridou et al., 2001) may be
achieved. The tendency of galactomannans to modulate the rheological characteristics depends on the degree of galactose substi-
tution. Galactomannans with higher galactose content (e.g., fenugreek) show little tendency to form gels and generally exhibit lower
viscosity than their counterparts with lower degree of substitution (e.g., locust bean gum) due to the steric hindrance posed by galac-
tose residues (Mathur, 2012). Generally, unsubstituted regions in galactomannan backbone interact via multiple hydrogen interac-
tions with certain polysaccharides (e.g., xanthan or «-carrageenan) (Dea and Morrison, 1975). For example, locust bean gum
interacts readily with xanthan leading up to formation of a stable three-dimensional structure. Although the exact mechanism of
the synergism is still a matter of debate (Grisel et al., 2015) the most acceptable model is that interactions occur between disordered
segments of xanthan chains and unsubstituted regions of galactomannan (Grisel et al., 2015; Cairns et al., 1986) (Fig. 4). Similar
mechanisms of synergy exist between galactomannans and k-carrageenan or agar.

Polysaccharides are frequently modified to meet certain industrial needs e.g., improve water solubility, enhance viscosity or
modify the interfacial properties of the biopolymer. Physical modification usually involves changes to the raw material without
affecting the chemical structure of the polysaccharide such as particle size reduction, instantinization or certain heat treatments
(e.g., pregelatinisation in starches). In chemical modification, a functional group (e.g., methyl or carboxymethyl) is attached and
the chemical structure changes along with the functional properties. Galactomannans are modified with reactions that include
etherification, esterification, or crosslinking of hydroxyl groups (Warkar and Gupta, 2015; Savitha Prashanth et al., 2006). Galac-
tomannan derivatives that are produced after modification have improved functional properties (e.g., improved solubility in water
or enhanced hydrophobicity) (Maier et al., 1993; Zhang et al., 2005, 2007).

Food Applications

Galactomannans are commonly used in the food industry, particularly those from guar and locust bean gum (Table 1). Tara and
fenugreek gums are not widely used due to the availability and cost although they are steadily increasing their market share.

Galactomannan

\

o AP “___

Xanthan

Figure 4 Schematic diagram showing the predominant mechanism of interaction between xanthan and galactomannans. The interaction proceeds
with formation of junction zone associations between the disordered segments of xanthan and the unsubstituted regions of galactomannan.
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In most of the cases tara gum can be replaced by mixtures of locust bean gum and guar gum. Since the M/G ratio is in between
that of guar and locust bean gum its physical properties are approximated by mixtures of guar and locust bean flours. Guar and
locust bean gums are common ingredients in ice cream formulations where they modulate ice crystal formation and recrystalliza-
tion, and prevent lactose crystallization, during frozen storage of the product. They also find applications in other dairy products
such as cheese spreads to improve spreading or yoghurts where they are used in fat reduction to structure water and improve texture
(Thombare et al., 2016). They are also used in salad dressings, sauces, soups and in a range of liquid formulations where they
control viscosity, mouthfeel, and stability of the dispersions. For instance, in low fat mayonnaise they provide viscosity and prevent
creaming of the emulsion. In sauces (e.g., salad dressings or stock condiments) they provide a way to control syneresis and phase
separation of the solids which is particularly important considering the long shelf-life of these products. In processed meats (e.g.,
sausages, frankfurters etc.) they are used to bind meat pieces together, provide a uniform texture, increase yield through water
management and prevent phase separation during heat treatments (Nussinovitch, 1997; Mudgil et al., 2014). Commercial galac-
tomannans have been also shown to have surface active properties (Garti et al., 1997; Wu et al., 2009) that could be exploited
in the encapsulation of flavour oils of beverages (Mikkonen et al., 2009). As mentioned earlier, the ability of locust bean gum
to control rheology of aqueous media in synergism with other polysaccharides (e.g., k-carrageenan or xanthan) allows formation
of gels with diverse rheological characteristics. This makes it possible to replace gelatin for certain applications (e.g., for religious or
vegetarian diets) and permits manipulation of texture and stability in a range of products (e.g., bakery formulations, fruit based
desserts etc.) (Gidley and Grant Reid, 2006). Additionally, galactomannans are also used in gluten-free bakery products where
they improve volume and moisture content of the crumb, among other important technological characteristics (Anton and Artfield,
2008). Apart from the self-association due to hydrogen bond formation, galactomannans may interact with each other (inter-chain
interactions) and alter the rheological properties of the food matrix, as a result of sub-zero temperatures. For instance, the freezing
step in ice cream manufacturing results in formation of a freeze concentrated matrix where the effective concentration of all the
soluble ingredients increases significantly. As a result of the increased concentration, cryogelation of galactomannans may occur
with potentially detrimental results for the sensory characteristics of the product (Doyle et al., 2006; Lozinsky et al., 2000; Patmore
et al,, 2003).

Galactomannans also provide a sustainable source of biopolymers for edible film applications. These materials require tuning of
their gas (mainly CO, and O;) and moisture permeability, mechanical, and optical properties. Generally, galactomannans with
lower galactose content produce films with higher elongation at break and tensile strength thus presenting an opportunity to
tune the film properties by varying the molecular structure of the biopolymer (Mikkonen et al., 2007). Galactomannan films are
also used in conjunction with waxes, lipids, antimicrobials or antioxidants in order to modify their physical properties and extend
their functionality to foods with a diverse range of physical properties (e.g., moisture or fat content) (Cerqueira et al., 2011). It
should be, mentioned that in addition to the industrially relevant functional properties galactomannans may also exert bio-activity
to a certain degree, as it has been reported to show immunomodulating and radical-scavenging activities (Liu et al., 2015). In addi-
tion, galactomannans that have been derivatised may have anticoagulant and antithrombotic properties or may be used as bioac-
tives delivery-vehicles in drug and pharmaceutical formulations (Prabaharan, 2011).

Conclusions

Galactomannans particularly those from guar and locust bean gum are widely utilized in the food industry and are of particular
technological importance with those extracted from tara and fenugreek being less exploited at present. This is due to their suitable

Table 1 Outline of food applications and functionality of galactomannans (Thombare et al., 2016; Mudgil et al.,
2014; Gidley and Grant Reid, 2006)

Applications Functionality

Dairy Cream and milk desserts (e.g., milkshakes), yoghurts, ice creams (thickener, stabiliser),
processed cheese (control syneresis and texture modification)

Bakery products Icings, cake mixes, gluten-free (soften texture, improve loaf volume)

Gels Fruit-based desserts (water structuring with the aid of other polysaccharides

e.g., xanthan)

Beverages Soft drinks (thickener, flavour oil encapsulation)

Seasonings Sauces, salad dressings, mayonnaise and syrups (control of phase separation and
texture, fat reduction)

Meat products Sausages, frozen and tinned meats (consistency improvement, control syneresis)

Films Biodegradable film formation for packaging. Inclusion of actives in the film, such as

antibiotics, antioxidants, colour indicators.
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functional properties, which include thickening of aqueous solutions, stabilizing and controlling phase separation, binding formu-
lation ingredients to improve processing ability, and control sensory properties of the final product. The functional properties are
tunable by controlling the galactose substitution of the chains and additionally by derivatisation of the polysaccharide to improve
functionality (e.g., solubility or interfacial behaviour). As the use of galactomannans in food industry is well established future tech-
nologies should focus on the potential of these materials in biomedical, pharmaceutical and advanced nutrition applications with
an overall aim to create advanced biomaterials with tailored functionality for food and non-food industries.
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Overview

In the context of food, a vapor is a gaseous phase substance at a temperature where it can co-exist with its liquid or solid phase. The
release of vapor from a liquid or solid does not necessary involve boiling, i.e., through evaporation. On the other hand, a permanent
gas does not form liquid or solid at typical atmospheric and temperature conditions. Many gases and vapours possess properties
useful for food preservation, e.g., antimicrobial, anti-oxidative, anti-enzymatic and so on. Other gases and vapors are being
exploited during processing to impart desirable physicochemical and sensorial characteristics in food products. In this section,
selected gases and vapors commonly used in the food industry are discussed.

Gases and Vapours for Modified and Controlled Atmosphere Applications

Modified atmosphere packaging (MAP) is common for protecting processed products from the deleterious ambient factors, in
particular O, and moisture, to prevent/delay deteriorative phenomena, such as rancidity, browning, microbial growth, loss of
crispness, and so on. Typical MAP approach involves flushing the package headspace with an inert gas (e.g., N, Ar and other
noble gases) before package closure (Fellows, 2009; Robertson, 2013). To maintain the modified atmosphere, the use of
package materials of adequate barrier properties is essential. Among the MAP gases, CO, is the most important for extending
the shelf-life of perishable products, due to its effectiveness against Gram-negative and aerobic bacteria. For example, the
injection of CO; in dairy products (e.g., cottage cheese, sour cream, ice-cream mix, and pasteurized milk) can result in up to
400% increase in shelf-life via improving the microbial stability (Singh et al., 2012). However, solubilization of CO; in the aqueous
phase of the product can produce carbonic acid which dissociates into bicarbonate and H" ions, imparting acidity to the product.
Also, CO, is highly soluble in both water and oil. At 0°C, the Henry law constants for CO, in water and oil are 1.33 x 10° and 2.3 x
10° Pa.m>/kmol, respectively. To put this in perspective, at atmospheric pressure, 1 L of water and oil can absorb approximately 1.7
and 1 L of CO,, respectively (Lencki, 2005). Therefore, in MAP involving CO,, its solubility in water and oil phases of the product
should be taken into consideration. To prevent the unwanted package distortion, N; is often used as a filler gas.

MAP of fresh perishable products (e.g., fruits, vegetables, meats) requires careful manipulation of headspace gas composition to
prevent physiological damages of the live tissues, while suppressing the respiratory and microbial activities to extend product shelf-
life. In red meats, O; (35% to 80% O,; blended with 20%-60% CO,, balanced with N;) is often used to maintain the myoglobin in
oxygenated state (i.e., oxymyoglobin), inducing red coloration which is often being associated with freshness by consumers. For
fruits and vegetables, concentration of O, is typically reduced while CO, elevated to tolerable levels to maximize storage stability
(Fig. 1). The target O, and CO, concentrations can be established through the use of thermoplastic films with optimal permselec-
tivity (i.e., ratio of CO, permeability to O, permeability) that matches the respiration rate of the live products (Mahajan et al., 2007;
Robertson, 2013). Temperature abuse during transportation can result in dramatic increase in the respiration rate, creating anoxic
condition which can be detrimental to the product. To compensate for the increase in respiration rate, side chain crystallizable poly-
mers may be used to allow for proportional increases in O, and CO, transmission rates of the packaging structure. Other strategies
for MAP of fresh produce include the use of plastic films perforated with holes (several micron in size) using a focused laser beam,
and microporous film dispersed with porous fillers during the extrusion process (Clarke, 2011; Goswami and Mangaraj, 2011;
Hussein et al., 2015; Mangaraj et al., 2009; Robertson, 2013; Zhang et al., 2016).

In general, the goal of controlled atmosphere storage (CAS) is to delay the senescence of fresh produce during storage through
manipulating CO, and O, concentrations in the air. Here, fruits and vegetables are stored in large insulated and gas-tight rooms/
containers equipped with sophisticated CO,/O,, humidity, and temperature control systems (Dilley, 2010; Thompson, 2010).
During the ripening process, climacteric fruits (e.g., avocado, banana, nectarine, mango, pear, peach, apple) tend to produce
ethylene vapor (1) - a naturally-occurring hormone that promotes the respiration and accelerates the development of aroma, color
changes, and softening of tissues. On the other hand, non-climacteric fruits do not exhibit burst release of ethylene production
during ripening, although exposing them to ethylene can increase their respiration and hasten the ripening process (Bapat et al.,
2010). Scrubbing of ethylene in controlled storage atmosphere delays the ripening of fruits, which can be achieved via
adsorption/absorption, high-temperature catalytic oxidation, photocatalytic oxidation, and chemical oxidation (Keller et al.,
2013; Pathak et al., 2017). In addition to scrubbing, the food industry also applies various strategies to mitigate the effect of
ethylene at a cellular level. Of particular importance is 1-methylcyclopropene (1-MCP) (2), which is a potent ethylene receptor
blocker capable of delaying the ripening of fruits (Blankenship and Dole, 2003; Lee et al., 2006; Pepera et al., 2003; Watkins,
2006). Because climacteric fruits deteriorate rapidly once when the ripening process begins, they are often harvested at
“commercially maturity” stage, i.e., hard green before ripening to provide adequate time for distribution. At the point of sales,
the ripening of these fruits is then initiated in a temperature- and relative humidity-controlled ripening room injected with ethylene
gas.

Senescence and wounding in fruits result in degradation of phospholipids in the cell membrane through the lipoxygenase
pathway, leading to the production of hexanal (3) and other six carbon aldehydes important for defending the plant from microbial
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Figure 2 Selected volatile compounds used for food preservation.

proliferation and further tissue damages (Casey et al., 1999; Lanciotti et al., 1999; Patrignani et al., 2008). Besides being a potent
antimicrobial, hexanal also elicits enzymatic inhibition properties to delay discoloration, softening, ripening, and generation of off-
flavors in fruits (Paliyath and Murr, 2007; Paliyath et al., 2003). It inhibits the activity and expression of phospholipase-D, which is
responsible for catalyzing the hydrolysis of phospholipids (e.g., phosphatidylethanolamine, phosphatidylcholine, and phosphati-
dylglycerol) into phosphatidic acid and their corresponding head-groups (Exton, 1997). Hexanal has been exploited to preserve the
cell membrane, substantially delaying the ripening and senescence of fruits. Being a GRAS (generally regarded as safe) substance
frequently uses as a flavour additive, hexanal can be very useful to reduce fruit spoilage during storage and distribution (Cheema
etal.,, 2018; El-Kereamy et al., 2009; Paliyath and Murr, 2007; Paliyath et al., 1999; Paliyath et al., 2003; Tiwari and Paliyath, 2011).

Antimicrobial Volatiles

The antimicrobial properties of hexanal are well documented in the literature, which are mainly due to its interaction with microbial
cytoplasmic membrane, causing increased membrane permeability and cell death (Corbo et al., 2000; Gardini et al., 1997; Kubo
etal.,, 2004; Kubo et al., 1999; Lanciotti et al., 2004; Lanciotti et al., 1999; Simons et al., 2000). Other aldehydes, many of which are
naturally-occurring in spices and their essential oils, are also known to elicit antimicrobial activities useful for food preservation. For
example, benzaldehyde (4), an aromatic aldehyde consisting a formyl substituted phenyl ring with a characteristic almond odour, is



116 Gases and Vapors Used in Food

a major constituent of the essential oil from the kernels of almonds (Prunus amygdalus) and other seeds (e.g., peaches, cherries,
plums, and apricots) (Butzenlechner et al., 1989; Remaud et al., 1997; Sanchez-Perez et al., 2008). Its antimicrobial properties
have been attributed to covalent attachment of the aldehyde’s carbonyl group to the sulthydryl groups of cysteine in microbial
cell, disrupting active transport and oxidative phosphorylation in microbial cells (Hugo, 1967; Morris et al., 1984; Ramos-Nino
et al., 1996; Ramos-Nino et al.,, 1998). Benzaldehyde is potent against pathogens responsible for fruit spoilage, such as Bacillus
subtilis, Serratia marcescens, Acinetobacter calcoacetica, Erwinia carotovora, Escherichia coli, Flavobacterium suaveolens, Monilinia
fructicola, Botrytis cinerea, and Tyrophagus putrescentiae (Wilson et al., 1987; Deans and Ritchie, 1987; Sung et al., 2006).

Cinnamaldehyde (5) is extracted from the bark of Cinnamonum zeylanicum with an unique aroma of cinnamon spice (Burt,
2004). The aldehyde vapor exhibits broad-spectrum antimicrobial properties against mold, fungi, Gram-positive and -negative
bacteria (Lopez et al., 2005, 2007a,b; Rodriguez et al., 2008), including food-borne pathogens, such as Bacillus cereus, B. subtilis,
E. coli, Listeria monocytogenes and Campylobacter jejuni (Tajkarimi et al., 2010). It interacts with microbial cell membrane to disperse
the proton motive force, causing the leakage of small ions and the inhibition of glucose transport and glycolysis (Gill and Holley,
2004; Helander et al., 1998). Researchers have investigated the antimicrobial effects of cinnamaldehyde in various food products,
such as Salmonella tennessee on peanut paste (Chen et al., 2015a), E. coli O157:H7 and Salmonella typhi in ground beef (Turgis et al.,
2008), microflora in carp (Mahmoud et al., 2004), Salmonella typhimurium, Staphylococcus aureus and Yersinia enterocolitica in apple
juice (Yuste and Fung, 2003), and spoilage microbes in melon juice (Mosqueda-Melgar et al., 2008). Solid matrices investigated as
carriers for cinnamaldehyde include paper impregnated with paraffin (Echegoyen and Nerin, 2015), cast plastic films (Lopes et al.,
2014; Qin et al., 2015), and edible films (Balaguer et al., 2013; Zhu et al., 2014).

Thymol (2-isopropyl-5-methylphenol) (6) is a major component in the essential oil of thyme (Thymus capitatus). The volatile can
disrupt the phospholipid bilayers of the cell membranes, causing the leakage of cellular contents, as well as interacting with
hydrophobic proteins in altering their structures (Chavan and Tupe, 2014; Nedorostova et al., 2009; Zheng et al., 2013). Researchers
have shown that the application of thymol in MAP of sweet cherries and table grapes can reduce the growth of mesophilic aerobics,
yeasts, and fungi during cold storage, in additional to decreasing weight loss, color changes, loss of firmness (Serrano et al., 2005;
Valverde et al., 2005). In MAP of raw shrimp, thymol vapor has been shown to inhibit the growth of Salmonella spp., lowering the
maximum growth rate by up to 71% and lag time by 100% (Zhou et al., 2013). An isomer of thymol, carvacrol (5-isopropyl-
2-methylphenol) (7), found in the essential oil from oregano herb (Origanum vulgare) is another antimicrobial volatile potent against
Pseudomonas fluorescens, Erwinia amylovora, and Candida albicans (Zheng et al., 2013). Carvacrol can delay the spoilage of table grapes,
kiwifruits, and honeydew melon without substantially affecting their sensory properties (Martinez-Romero et al., 2007; Roller and
Seedhar, 2002). Its mode of action is believed to be its interaction with cellular membrane proteins and periplasmic enzymes, disrupt-
ing the membrane proton motive force (Hyldgaard et al., 2012). Synergistic antimicrobial properties of thymol and carvacrol have
been reported against a number of microorganisms. For examples, minimum inhibitory concentration (MIC) values of thymol and
carvacrol against P. fluorescens inoculated in tryptic soy broth (incubated at 37 °C for 24 h) are reported to be 648 and 167 pg/mlL,
respectively, while the minimum bactericidal concentration (MBC) values are 1932 and 555 pug/mL, respectively. By combining
both thymol and carvacrol, the MIC and MBC values decreased substantially to 78 and 156 ug/mL, respectively (Zheng et al.,
2013). Similarly, other researchers reported synergistic antimicrobial effect of thymol and carvacrol against Salmonella typhimurium
(Zhou et al., 2013) and Listeria innocua (Garcia-Garcia et al., 2011). In view of their strong flavour attributes, synergistic antimicrobial
properties of thymol and carvacrol, as well as other potential essential oil volatiles, can be beneficial to minimize the possible undesir-
able sensory attributes via lowering the dosage required to exert the antimicrobial effects.

Diacetyl (2,3-butanedione) (8) is a metabolic by-product of lactic acid bacteria, such as the species from Lactococcus, Leuconostoc,
Lactobacillus and Pediococcus (Suskovic et al., 2010) It is naturally present in fruits, milk, dairy products, beer, wines, coffee, and other
fermented food (Papagianni, 2012; Shibamoto, 2014). It is commonly used as a food additive to impart buttery flavor (Lanciotti
et al., 2003). The dione has a wide antimicrobial spectrum against yeast, as well as Gram-positive and -negative bacteria due to the
reaction of its dicarbonyl group (—CO—CO—) with arginine in enzymes, which weakens the microbial cells (Papagianni, 2012; Ray
and Bhunia, 2014). It is more potent in acidic than in neutral pH conditions (Jay, 1982; Jay and Rivers, 1984). Jay (1982) reported
antagonistic effects of several additives on the antimicrobial efficacy of diacetyl, that 1% (w/v) acetate exhibited the strongest inhib-
itory effect to diacetyl, followed by 5% glucose and 1% Tween 80. On the other hand, Lanciotti et al. (2003) reported that NaCl
enhances the efficacy of diacetyl by increasing its vapor pressure through “salting out” effect. These factors should be taken in
account when applying diacetyl in complex food systems.

Allyl isothiocyanate (AITC) (9) is a volatile compound produced by plants from the Cruciferae family (e.g., horseradish,
mustard, cabbage) when their tissues are disrupted. In its natural state, AITC is glycosinolated as sinigrin. When the plant tissues
are disrupted, the glucosinolate is hydrolyzed by the cell wall bound myrosinase, releasing AITC, along with D-glucose and sulfate
ion (Mari et al.,, 1993). The antimicrobial properties of AITC have been well demonstrated in the literature (Delaquis and Mazza,
1995; Delaquis and Sholberg, 1997; Kim et al., 2002; Lin et al., 2000a,b; Nadarajah et al., 2005; Nielsen and Rios, 2000; Park et al.,
2000). In vapor phase, its MIC values against bacteria, yeasts, and molds are reported to be 34-110, 13-37, and 16-62 ng/mL,
respectively (Isshiki et al., 1992). Tsunoda reported that the toxic limits of AITC against five fungi on wood ranged from 3.8 to
118 ppm (Tsunoda, 2000). In view of its broad spectrum antimicrobial potency, AITC continues to gain research and development
interests (Mari et al., 1993; Kim et al., 2002; Shofran et al., 2006; Winther and Nielsen, 2006; Shin et al., 2010; Wang et al., 2010; Ko
et al., 2012; Ugolini et al., 2014; Dai and Lim, 2015; Chen et al.,, 2015b). Both synthetic and naturally-derived AITC are used for
food preservation. In the latter approach, dried mustard seed meal powders have been used as a naturally source of AITC, the release
of which is activated by water via the myrosinase-mediated hydrolysis of sinigrin (Dai and Lim, 2014, 2015).
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Chlorine dioxide (ClO;) (10) vapor is a broad-spectrum oxidizing/antimicrobial agent potent against bacterial, viral and
protozoan pathogens. Its efficacy is generally considered to be equivalent or stronger than chlorine, but less than that of ozone
on a mass-dose basis (Erickson and Ortega, 2006; Gomez-Lopez et al., 2009). The main mode of disinfection action can be attrib-
uted to its interaction with nucleic acid and/or peripheral cell structures, leading to a disruption of protein synthesis. The destruction
of outer membrane proteins that alters the permeability of the cell membrane is also believed to be a possible mode of action (Aieta
and Berg, 1986; Benarde et al., 1967; US EPA, 1999). ClO; has been used for treating fresh produce (Garcia et al., 2003; Gil et al.,
2009; Gomez-Lopez et al., 2009; Sapers et al., 2003; Sy et al., 2005). It is often used as a sanitizing agent of packaging, food
processing equipment, factory tools, potable water treatment, and so on.

Fumigants

Methyl bromide (11), a very effective fumigant for quarantine purposes, has been used for decades during the pre-shipment treat-
ment of horticultural products to destroy insect pests. However, its use as a fumigant has been prohibited in most countries due to
its ozone-depleting properties (Benschoter, 1988; Fields and White, 2002; Tebbets et al., 1983). Various alternative fumigants have
been explored. For example, ethyl formate (EF) (12), a volatile compound naturally present in many products (e.g., rice, beef,
grapes, wine, beer, and cheese), is a FDA approved GRAS food-flavouring agent that exhibits potent fumigant activities against
insects in various crops. EF at concentrations ranging from 0.8% to 4.7% are shown to be effective in inducing various degrees
of mortality in flower thrip, two-spotted spider mite, mealybugs, and leafroller on strawberries and grapes (Simpson et al.,
2007; Simpson et al., 2004). Ren and Mahon (2006) reported a 85 g/t for 4 h followed by the second 85 g/t treatment, which
resulted in a high level of control of insects in wheat, split faba beans, and sorghum. Unlike other fumigants, EF degrades rapidly
and do not pose long-term environmental residual concerns (Desmarchelier et al., 1999). The hydrolytic by-products formed, for-
mic acid and ethanol, are both naturally-occurring and exhibit antimicrobial properties. Synergistic effects have also been reported
when EF vapour is mixed with CO; in compressed gas cylinder, at 16.7% wt. level, for the fumigation of fruits, vegetables, and
grains. The product is commercially available as Vapormate® by Linde Group. EF also acts synergistically with AITC, mentone
(13), carvone (14) and other essential oils in the destruction of pests (Damcevski et al., 2010; Lee et al., 2007; Ren et al., 2008;
Ren et al., 2012; Simpson et al., 2007).

Gases as Integral Product Constituents and Processing Aid

Gases are incorporated in food to impart desirable physicochemical and sensorial properties. Methods to incorporate gases into
products are many, including injection, fermentation, whipping, missing, pressurization, steam generation, decompression,
vacuum expansion, and so on. The gas incorporated can remain dissolved in the aqueous or lipid phases of the products if it is
under-saturated. When supersaturated, the gas will nucleate and grow into bubbles and trapped within the product matrix or ascend
to the product surface. The solubility of gases is strongly dependent on temperature and pressure, as well as product compositions.

In carbonated soft drinks (CSD), products are pressurized with CO, gas to provide the characteristic effervescence and fizziness
to the palate. In bottled/canned CSD, carbonation level is typically expressed in volume of CO,, where one volume of CO, produces
about 1 atm of internal pressure at room temperature, equivalent to about 2 g/L of dissolved CO,. Typical bottled CSD ranges from
1.5 vol for carbonated fruit juices, 4 vol for cola drinks, and up to 5 vol for club soda and ginger ale (Robertson, 2013). By contrast,
carbonation in alcoholic beverages such as champagnes, sparking wine, and beers are due to the CO;, produced during the
fermentation of sugar by yeast. The level of carbonation in CSD are affected by beverage formulation; sugar reduces CO, solubility
in water, while free amino-acid and protein increase CO, concentration (Descoins et al., 2006). The presence of surface-active agents
can affect the hydrodynamics of bubbles. For example, the drag force of bubbles in beers as they ascend to the surface is greater than
that exerted on bubbles in champagnes, due to higher adsorption of surfactant species (e.g., protein) onto the gas-liquid interface in
beer. Also, because the dissolved CO, content is three times lower in beer than champagne, the growth rate of beer bubbles is slower
than that of champagne (Liger-Belair et al., 2000). The methods by which the carbonated beverages are poured into the glass and
serving temperature will affect the magnitude of dissolved CO, (Liger-Belair et al., 2010).

To reduce product acidity, stout beers are pressurized with a mixture of CO, and N, (instead of pure CO;) at approximately 0.80
and 3.00 bar (11.6 to 43.5 psi) partial pressures, respectively. The use of N; here also results in smaller bubbles and creamier foam
head texture than the use of CO; alone, when the stout beer is poured into a glass (Lee et al., 2011; Vega-Martinez et al., 2017).
Similarly, in nitrogen-infused cold brew coffee, also known as “nitro coffee”, coffee is pressurized with N, (typically 30-50 psi)
alone, rather than CO,, to avoid the development excessive product acidity and to achieve fine bubbles in the foam head (Gerstner,
2011; Jarvis and Morrison, 2015). When these beverages undergo decompression (e.g., existing from a tap, uncapping a bottle), the
dissolved N, becomes over-saturated, forming small bubbles that rise to the top of the drinking glass to form a thick foam head.
Concomitantly, a cascade of sinking bubbles appear near the glass wall due to the circulatory flow induced by the rising bubbles in
the center of the beverage, as well as the geometry of the glass (Benilov et al., 2013). The infusion of N also imparts “sweetness”
perception in cold brew coffee (Jarvis and Morrison, 2015).

Gases are incorporated in solid and semi-solid products to develop the desirable physical and sensory properties (Campbell and
Mougeot, 1999). For example, ice-cream is an air foam in which the air cells are stabilizes by ice crystals. The smaller the size of ice
crystals, the greater the proportion of air can be incorporated (Sofjan and Hartel, 2004). In aerated chocolate, air is infused into the
molten chocolate mass, dissolving mainly in the lipid phase to provide the light and creamy mouth feel. To create a more creamier
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texture, gases with low solubility (e.g., N, and Ar) are used instead to form smaller bubbles (Niranjan and Silva, 2008). In whipped
cream, N,O is being introduced (often blended with N, and CO; to reduce cost) during mechanical agitation to give overrun prop-
erties better than the typical air-aerated cream (Adhikari et al., 2017). In pressurized aerosol whipped cream products, foaming is
achieved by rapid expansion of the dissolved N,O as the cream emulsion exits the discharge valve of the aerosol can. The foam is
stabilized by rapid adsorption of fat to the air cell interfaces, giving a typical overrun of 400% to 600% (Goff and Vega, 2007). Other
gases explored in dairy manufacturing include H,, Ar, Xe and He (Adhikari et al., 2017), with limited commercial applications.
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Introduction

Gelatin is derived from collagenous materials via thermal denaturation. Practically, gelatin is extracted with hot water at tempera-
ture higher than its mother collagen’s thermal transition temperature. It has been widely applied in food, pharmaceutical, biomed-
ical, cosmetic and photographic industries. The global demands of gelatin for food and non-food products have been increased.
Grand View Research (2016) reported that the global gelatin market size was 412,700 tons in 2015 and the increasing demand
for food and beverage and pharmaceutical applications, based on its excellent stabilizing characteristics and good binding features,
is expected for the continuous market growth. Gelatin is produced from the collagenous materials, mainly from porcine and bovine
skin and bone. Due to the their limitation as well as increasing demand of halal and kosher gelatins, alternative sources for gelatin
production, such as fish, poultry, and other mammals (camel and goat), etc have gained more attention (Abedinia et al., 2017;
Almeida and Lannes, 2013; Al-Kahtani et al., 2017; Mad-Ali et al., 2016). The novel sources, e.g. amphibians have been also
used for gelatin production (Karnjanapratum and Benjakul, 2014). Yield and properties of different gelatins are varying.
Manufacturing processes involving pretreatment and extraction conditions, filtration and drying are considered to impact the final
quality of gelatin. Owing to the varying molecular and functional properties, different gelatins are employed for the particular appli-
cations with different purposes, in which the full benefit can be gained.

Sources

Most of raw materials for gelation production are from animal slaughtering or animal source food processing. The major raw mate-
rials of gelatin production are generally from bovine and porcine bone or skin, which are approximately 46% and 52% of the global
demand, respectively (Karim and Bhat, 2009). Raw materials from other mammals such as goat skin and camel bone have been
proved to be the promising sources for gelatin production (Al-Kahtani et al., 2017; Mad-Ali et al., 2016).

Fish skin, bone and scale, etc., generated as the leftover from fish processing, are widely used for production of gelatin and its
derivatives. Those raw materials are abundant and cheap (Benjakul et al., 2012). Moreover, gelatin can be also extracted from the
other parts of fish, such as fish head and swim bladder (Sinthusamran et al., 2016b; Elavarasan et al., 2017). Nevertheless, fish
gelatin, especially from skin, has fishy odor, thereby limiting its applications. Fishy odor in fish gelatin could be diminished by
several techniques, such as pretreatment, defatting and spray-drying under the appropriate condition (Sae-Leaw et al., 2015,
2016). In contrast, gelatin from fish scale has less fishy odor, but its yield is quite low (Tu et al., 2015).

Apart from porcine, bovine and fish collagenous materials, avian and amphibian processing leftover are also used for gelatin
production. Chicken and duck feet and chicken and turkey heads obtained from slaughtering or dressing could be used as the alter-
native raw material for gelatin production without BSE transmission, but bird flu is still of concern. Gelling property of gelatin from
these materials was comparable to that of mammalian counterparts (Kuan et al., 2017; Du et al., 2013). However, their yield was
quite low (7.01%-7.83%) when compared with those from other sources (Abedinia et al., 2017; Du et al., 2013; Kuan et al., 2017).
Furthermore, frog skin, a byproduct from deskining process, was also used for gelatin production (Karnjanapratum et al., 2017).

Production

Gelatin production can be divided into 3 major steps, including pretreatments (non-collagenous material removal and swelling
processes), extraction with water at high temperature and clarification/drying (hot air drying or spray drying or freeze-drying)
(Benjakul et al., 2012). Evaporation, clarification, deodorization (only for fish gelatin) and sterilization can be implemented prior
to drying as optional steps. This is dependent on the type of material and specification of final products. The removal of non-
collagenous materials, including non-collagenous protein, fat and minerals, aims to increase extraction efficiency and purity of
gelatin. Non-collagenous proteins are generally removed by alkaline solution such as sodium hydroxide, while fat and minerals
are eliminated by non-polar solvent and EDTA/HCI, respectively. For swelling process, it is applied to disrupt noncovalent bond
in collagen molecule, thus promoting the swelling of collagenous material. This can favor the subsequent extraction or solubiliza-
tion of gelatin (Stainby, 1987). The swelling process is carried out by acidic or alkaline processes, based on the complexity of raw
material. The acid and alkaline processes are used for material with low and high degree of crosslinking, respectively. The gelatin
obtained by the acidic process is called type A gelatin, whereas the gelatin manufactured from the alkaline-treated raw material
is named type B gelatin (Karayannakidis and Zotos, 2016). Acid introduced for acid pretreatment is generally organic acid, especially
acetic acid, while the alkali used are sodium hydroxide or calcium hydroxide.

Extraction of gelatin is performed from pretreated material, in which hot water is used to destroy the hydrogen bonds stabilizing
triple helix of mother collagen. During the transition of collagen to gelatin, non-covalent bonds are broken along with some
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covalent inter and intramolecular bonds and a few peptide bonds are cleaved (Benjakul et al., 2012). Temperature has the profound
impact on molecular property. Excessive heat negatively affects the gelation of gelatin by reducing the chain length of gelatin
(Sinthusamran et al., 2016b). Thus, the appropriate temperature and time are recommended, in which the high quality gelatin
can be manufactured (Sinthusamran et al., 2014). To augment the extraction efficacy, especially from animal bone or fish scale,
demineralization should be implemented (Herpandi et al., 2011). Additionally, ultrasonication or pulsed electric field can be
employed to increase the yield (Tu et al., 2015). These techniques can disrupt or loosen the matrix of those compact materials.
As a consequence, gelatin can be more released from the starting material (Chemat et al., 2011).

Filtration and clarification are required to bring about the gelatin with desired clarity. Gelatin solution is treated with diatoma-
ceous earth or activated carbon (Benjakul et al., 2012). Subsequently, the gelatin solution is subjected to drying. In general, drying
method and condition used have the impact on characteristics and properties of resulting gelatin (Mad-Ali et al., 2016). Spray
drying is a promising means to lower fishy odor of fish gelatin via evaporation of volatiles contributing to the offensive smell
(Sae-Leaw et al., 2015).

Characteristics of Gelatin

Characteristics of gelatin are influenced by both intrinsic and extrinsic factors. Those include isoelectric point, amino acid compo-
sitions and molecular weight distribution, etc. and are considered as the factors determining the functional properties and appli-
cations of gelatin.

Isoelectric Point (pl)

According to pretreatment process (swelling step), gelatins possess different pls. Type A gelatin has pI with the range of 6-9, while pI
of type B gelatin ranges from 4.8 to 5.2 (Gelatin Manufacturers Institute of America, 2012). The higher plI of type A gelatin is due to
the limited hydrolysis of the side chains of asparagine and glutamine, whereas the side chains of these amino acids are easily hydro-
lyzed to aspartic and glutamic acids, resulting in the lower pI of type B gelatin (Alfaro et al., 2015).

Amino Acid Compositions

Amino acid compositions of gelatin vary with animal species, pretreatment and extraction processes. The amount of aspartic acid
and glutamic acid in type B gelatin is higher than that of type A gelatin (Duconseille et al., 2015). Overall, gelatin shows the similar
amino acid composition to collagen. Gelatin contains glycine (~33%), proline (~12%), alanine (~11%) and hydroxyproline
(10%) as the major amino acids but has the low contents of histidine, methionine and tyrosine (Karayannakidis and Zotos,
2016). Proline and hydroxyproline, which are so called imino acid, play an essential role in gelling properties, especially rheological
property and gel strength. Imino acid content of gelatin among animal species is different, depending on their normal habitat.
Gelatins from tropical animal, both land or aquatic animals, had higher imino acid content (194-225 residues/1000 residues)
than those from temperate animals (150-173 residues/1000 residues) (Abedinia et al., 2017; Karnjanapratum et al., 2017;
Kittiphattanabawon et al., 2016; Benjakul et al., 2012).

Molecular Weight Distribution

Gelatin is a heterogeneous polypeptide mixture of a-chain (single chain), B-chain (two a-chains covalently cross-linked) and
v-chain (three covalently cross-linked a-chains) (Ramos et al., 2016). Hydrolysis of those components may occur as induced by
the harsh extraction condition, in which peptides with molecular weight ranging from 15 to 400 kDa are formed. The adequate
swelling and rupture of intra- and intermolecular bonds can favor the degradation of those components, particularly when extrac-
tion is performed at high temperature (Gomez-Guillén et al., 2002; Alfaro et al., 2015). The degradation of those components, espe-
cially a-component, negatively affects gelling property of resulting gelatin. Therefore, z-component should be maintained as much
as possible (Muyonga et al., 2004; Gémez-Guillén et al., 2002). Generally, gelatin extracted at higher temperature with shorter chain
length has the higher yield but lower gelling property, when compared to that obtained from milder process.

Functionalities

Functional property of gelatin can be divided into two groups. The first group is the functionality associated with surface or
interfacial behavior, such as the formation of emulsion, foam and film. The latter group is functionality related with gelling
properties (Schrieber and Gareis, 2007). Gelatin can be used as gelling agent or provide elasticity, consistency and stability
of food products. Gelatin can be also served as coating or edible/biodegradable packaging due to its film forming ability, where
transmission of light and oxygen into agricultural produces or foods during storage can be prevented (Benjakul et al., 2012;
Ramos et al., 2016).
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Gelling Properties

Gelling properties of gelatin, including gel strength and setting/melting temperatures as measured by texture analyzer and rheom-
eter, respectively, are the indices determining its application. Gel strength or Bloom value, which is determined according to the
standard method (BSI, 1975), is the most important property for grading the quality of gelatin (Alfaro et al., 2015; Gelatin
Manufacturers Institute of America, 2012). Commercial gelatins have Bloom values from 50 to 300 g, classified as low Bloom
(<150 g), medium Bloom (150-200 g) and high Bloom (>220 g) types (Meng and Cloutier, 2014). High Bloom gelatin generally
requires lower amount of gelatin to reach the desired gel strength in the final product, when compared with low Bloom gelatin
(Gelatin Manufacturers Institute of America, 2012; Schrieber and Gareis, 2007). Setting and melting temperatures are the temper-
ature required for phase transition from liquid to solid and solid to liquid of gelatin, respectively. Gelatin gel is mainly stabilized by
hydrogen bond. Hydrophobic and ionic interactions are also involved in gelation (Benjakul et al., 2012). The properties are gov-
erned by source, pretreatment, extraction conditions and endogenous protease present in raw material. Also, gelatin concentration
and temperature and time for making gel affect the property of gelatin. Gelatin having more degradation of a-, B- and y-chains has
poor gelling property (Kittiphattanabawon et al., 2016). Generally, fish gelatin, especially from cold water fish, had poorer gelling
property than mammalian gelatin because it contains lower amount of imino acids (Hyp + Pro) (Karim and Bhat, 2009). Gelatin
from some warm water fish had gelling property comparable to mammalian counterpart (Kittiphattanabawon et al., 2016;
Sinthusamran et al., 2014). The property of fish gelatin depends on molecular weight distribution, which is governed by pretreat-
ment and extraction conditions (Kittiphattanabawon et al., 2016; Niu et al., 2013).

The presence of endogenous protease in fish skin is associated with the decrease in gelling property. Endogenous serine protease,
which is activated at 50-70 °C, is able to hydrolyze collagen molecules during extraction of gelatin from some fish species
(Intarasirisawat et al., 2007; Ahmad et al., 2011).

To improve or strengthen gelatin gel, some substances or enzyme including protein crosslinkers (phenolic compounds, alde-
hydes, genipin, transglutaminase) are incorporated into fish gelatin during gel preparation, especially gelatin from cold water
fish containing low imino acid content (Sinthusamran et al., 2016a; Benjakul et al., 2012). Hydrocolloids such as gellan or k-car-
ageenan have been used for modification of gel property of fish gelatin (Sinthusamran et al., 2016a; Petcharat and Benjakul, 2017).

Film Formation

Gelatin is a protein, which has been used to make the edible coating and film. Gelatin film generally has good mechanical property
with an excellent oxygen barrier property, but still has high water absorbability. Gelatin based film is prone to swell, partially
dissolve or disintegrate upon the contact with wet surface (Nilsuwan et al., 2016). To tackle the problem, gelatin based film has
been modified by incorporation with different substances, such as phenolic compound as a protein crosslinker, etc. Hydrophobic
plasticizer and the selected surfactant are employed to improve water resistance property via increasing hydrophobic characteristic
of gelatin molecules (Nilsuwan et al., 2016; Ramos et al., 2016). Gelatin film from warm water fish had the comparable stress and
elongation at break to bovine and porcine gelatin films (Muyonga et al., 2004). However, water vapor permeability of gelatin film
from fish gelatin, especially from cold water fish, was lower than that from porcine and bovine because of much higher hydropho-
bicity of fish gelatin (Karim and Bhat, 2009). Bilayer films, emulsified film/fish gelatin film, has been developed to improve water
vapor barrier property (Nilsuwan et al., 2017).

Interfacial Properties

Gelatin is a surface-active agent, which is able to act as emulsifying and foaming agents in food and non-food applications. An emul-
sion is a dispersion or suspension of two immiscible liquids, while a foam is a gas phase dispersed in liquid (Hill, 1998). The hydro-
phobic domains or residues on the peptide chain are responsible for giving gelatin its emulsifying and foaming properties (Cole,
2000). Gelatin concentration has an impact on interfacial properties, but these properties are also governed by the source of gelatin,
its molecular weight distribution and environment of emulsion (pH, temperature and salt) and foam preparation methods (Ben-
jakul et al., 2012; Karayannakidis and Zotos, 2016). Increasing gelatin concentration results in the decrease in emulsifying ability
but the increase in emulsion stability, foaming ability and stability (Nagarajan et al., 2012). Bovine gelatin had the better emulsi-
fying ability and emulsion stability than duck feet gelatin. Gelatin from channel catfish had better emulsifying stability, but showed
poorer emulsion stability (Kuan et al., 2017; Duan et al., 2018). Gelatin containing higher molecular weight peptides tends to have
better emulsifying properties (Nagarajan et al., 2012). Modification of gelatin using oxidized tannic acid could enhance the stability
of its emulsion (Aewsiri et al., 2010). In addition, gelatin modified with oxidized linoleic acid rendered the better emulsifying and
foaming properties (Aewsiri et al., 2010).

Applications
Gelatin has been widely used in both food and non-food products. For food applications, gelatin has been utilized as a food addi-

tive, such as stabilizer, thickener, gelling agent, film former, whipping agent, clarifying agent, etc. Also, gelatin can be employed in
non-food applications, including the biomedical and pharmaceutical industries (hard and soft capsule manufacture, wound
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dressings, adsorbent pads and health supplements), cosmetic industries (shampoos, conditioners, lipsticks and fingernail formulas)
and the photographic industry (the unique combination of gelling agent and surface activity to suspend patrticles of silver chloride)
(Persistence-Market-Research, 2017).

The unique characteristic of gelatin is the generation of melt-in-the-mouth characteristic and formation of thermo-reversible gel.
Additionally, it has high solubility over a broad pH range (Gelatin Manufacturers Institute of America, 2012). The major applica-
tions of gelatin can be summarized into 5 groups, including confectionary and jelly desserts, dairy product, meat product, beverages
and other applications, such as sauce, soup, frozen product, edible film and coating and hydrolyzed gelatin (Table 1). Gelatin from
chicken feet with gel strength of 294 g was classified as high Bloom gelatin and was suggested to use for the production of gelatin
gums, marshmallows, gelatin desserts and other products requiring high Bloom value (Almeida and Lannes, 2013). Low Bloom
gelatin, obtained from cold water fish gelatin or gelatin extracted under improper condition, can be used in frozen or refrigerated
products that are consumed after taking out from the fridge or defrosting to prevent syneresis (Karim and Bhat, 2009).

Confections such as gummy bears contain a relatively high percentage of gelatin. These candies dissolve more slowly, while
smoothing the flavor. Gelatin is used in whipped confections such as marshmallows, where it can lower the surface tension of
the syrup, stabilize the foam via the increased viscosity, set the foam via gelation, and prevent sugar crystallization (Gelatin Manu-
facturers Institute of America, 2012).

Gelatin is widely used in ice cream as a stabilizer by binding water, forming a gel network at low temperature and also decreasing
ice crystallization (Duan et al., 2018). The addition of gelatin in yogurt can improve stability of yogurt by decreasing syneresis
(Pancar et al., 2016). Addition of 0.4% (w/v) gelatin with Bloom value of 246 g in corn-milk yogurt gave the product with
good acceptability. Syneresis of those gels can be reduced without causing the development of dense and compact structure
(Supavititpatana et al., 2008).

Gelatin is used to gel aspics, head cheese, souse, chicken rolls, glazed and canned hams, and jellied meat products. Gelatin is able
to absorb meat juice and acts as the binder. Normal usage level ranges from 1% to 5%, depending upon the type of meat, amount of
broth, gelatin Bloom, and texture required in the final product (Gelatin Manufacturers Institute of America, 2012). Addition of
cuttlefish gelatin in the octopus sausage could stabilize the emulsion and decrease cooking loss (Souissi et al., 2016). Also, the addi-
tion of 0.5% and 1.5% (w/w) porcine gelatin with Bloom value of 200 g in the pork sausage could decrease its cooking loss (Lee and
Chin, 2016). In addition, low Bloom gelatin can be used as a stabilizer of emulsion produced at below room temperature, which
allows the loading material encapsulated with the gelatin (Meng and Cloutier, 2014).

Gelatin can be used as a clarifying agent in beer and apple juice (Liu et al., 2009; Duan et al., 2018). Gelatin shows the binding
ability with a floc, followed by binding the protein into jelly-like mass. Consequently, the aggregate can settle at the bottom of
container, making the juice clear (Duan et al., 2018).

Gelatin in hydrolyzed form, which is commonly obtained from enzymatic hydrolysis, has gained an increasing attention from
consumers. Gelatin hydrolysate, generally known as ‘hydrolyzed collagen’ has been fortified in several dietary foods and drinks. It

Table 1 Application of gelatin with different Bloom values and functionalities in different foods

Product groups Bloom value (g) Product Functionalities
Confectionaries 50-300 Gummy Thickener
Marshmallow Whipping agent
Nougats Whipping agent
Chiffons Whipping agent
Pudding Thickener
Frozen dessert Protective colloid
Dairy products 150-250 Yogurt Stabilizer
Cream cheese Stabilizer
Whipped cream Whipping agent, emulsifier
Ice-cream Protective colloid
Cheese Binding agent
Meat products 175-275 Meat roll Binding agent
Canned meat Binding agent
Sausage Gel former, water holder
Beverages 100-200 Beer Clarifying agent
Wine Clarifying agent
Juice Clarifying agent
Power drink mix Thickener
Others - Gravy, sauce, soup Thickener
Edible coating for fruit and meat Film former
Microencapsulation of color, flavor, oil, vitamin Process aid/wall material

Modified from Gelatin Manufacturers Institute of America, 2012. Gelatin Handbook. Gelatin Manufacturers Institute of America, Inc, New York;
Schrieber, R., Gareis, H., 2007. Gelatine Handbook. Wiley-VCH Verlag GmbH & Co. KGaA; Turner, W.A., 1988. Prepared foods. Dan Best, Chicago, USA.
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has high digestibility and bioactivities, including antioxidant activity, ACE-inhibitory activity, human LDL-cholesterol oxidation
inhibitory activity, dipeptidyl-peptidase IV (DPP-IV) inhibitory activity, antimicrobial activity, mineral binding capacity, the
lipid-lowering effect and immunomodulatory activity (Gelatin Manufacturers Institute of America, 2012; Karayannakidis and
Zotos, 2016). Those bioactivities depend on type and amount of enzyme used, imino acid composition and peptide sequence
and size (Alemdn et al., 2011). Hydrolyzed collagen can be used in several products with nutraceutical property such as protein
drink and nutrition bars (Persistence-Market-Research, 2017). More importantly, the beneficial effects on skin nourishment have
attracted the interest since it can induce the production of collagen as well as minimize the reduction of collagen via inhibiting met-
alloprotease. The daily ingestion of collagen hydrolysate on skin extracellular matrix proteins of male Wistar rats could increase their
type I and IV collagen contents. Collagen hydrolysate uptake significantly decreased both proenzyme and active forms of matrix
metalloproteinase 2 (MMP2) (Zague et al., 2011). Bone or joint health is also improved by intake of hydrolyzed collagen. From
clinical studies in patients with degenerative hip or knee disease, administration of 10 g collagen hydrolysate daily for 2 months
could reduce pain in patients with osteoarthritis of the knee or hip by increasing the synthesis of collagen in joint and cartilage
as well as intake of collagen hydrolysate had a great effect in inhibiting bone collagen breakdown in osteoporosis patients
(Moskowitz, 2000).

Apart from using gelatin as a food additive, gelatin can be used as an edible film and coating applied in meat and fishery prod-
ucts. Cold-smoked salmon wrapped with fish gelatin based film incorporated with 5.63% (w/w) olive leaf extract could reduce the
growth of L. monocytogenes during storage at 23 °C, 58% RH for 6 days (Albertos et al., 2017). The application of gelatin based film
and coating in pork meat and beef steak could reduce color changes. This was associated with an excellent oxygen barrier property of
the film, leading to the retarded metmyoglobin formation (Davis and Lin, 2005; Cardoso et al., 2016).

In pharmaceutical and biomedical applications, gelatin is commonly used as an ingredient for wound dressing, drug delivery
systems (soft and hard capsules), soft and hard-tissue engineering scaffolds and a cell-interactive coating or micro-carrier embedded
in other biomaterials (Dubruel et al., 2007). Owing to gelling property, it can be used as a major ingredient for soft and hard
capsule. Gelatin can melt in human digestive tract and the contained drugs can be released and function at the required target
(Duconseille et al., 2015). Gelatin based scaffolds from various processing techniques exhibit excellent biocompatibility, biode-
gradability and porosity (Hoque et al., 2015). Gelatin has been used to produce biomedical materials, such as heart valve, cardiac
tissue engineering, artificial skin, small intestine, liver, wound dressing, nerve regeneration, blood vessel, bone substitute, cartilage,
contact lens, plasma substitutes, etc (Gorgieva and Kokol, 2011).

Gelatin Speciation and Adulteration

Although gelatin is an ingredient commonly used in many applications, the major concern is drawn from some groups of
consumers associated with religious practice and belief. The original materials and process used for gelatin must be approved or
certified. For example, halal gelatin and its products need to be labeled on the package (Shabani et al., 2015). Additionally,
some consumers have allergy to food containing mammalian and fish gelatin (Kuehn et al., 2009). Therefore, the adulteration
of prohibited gelatin in the product is necessary to be determined. Many researchers have proposed the analytical methods for
detection the presence and species origin of gelatins, such as chemical precipitation, Fourier transform infrared spectroscopy,
NanoUPLC-ESI-Q-TOF-MSF, polymerase chain reaction (PCR), electrophoretic analysis, high-performance liquid chromatography,
mass spectrometry, enzyme-linked immunosorbent assay (ELISA), etc (Cebi et al., 2016; Hidaka and Liu, 2003; Yilmaz et al., 2013;
Venien and Levieux, 2005; Grundy et al., 2016; Hermanto and Fatimah, 2013; Shabani et al., 2015). These aforementioned
methods have different advantages and limitations. To select any method for gelatin speciation and adulteration detection,
specificity, sensitivity, accuracy, rapidity, simplicity and cost should be considered. Development of rapid method with precision
to determine the origin of gelatin in food and pharmaceutical products is still required.

References

Abedinia, A., Ariffin, F., Huda, N., Nafchi, A.M., 2017. Extraction and characterization of gelatin from the feet of Pekin duck (Anas platyrhynchos domestica) as affected by acid,
alkaline, and enzyme pretreatment. Int. J. Biol. Macromol. 98, 586-594.

Aewsiri, T., Benjakul, S., Visessanguan, W., Wierenga, P.A., Gruppen, H., 2010. Antioxidative activity and emulsifying properties of cuttlefish skin gelatin-tannic acid complex as
influenced by types of interaction. Innov. Food Sci. Emerg. Technol. 11, 712—720.

Ahmad, M., Benjakul, S., Ovissipour, M., Prodpran, T., 2011. Indigenous proteases in the skin of unicorn leatherjacket (Alutherus monoceros) and their influence on characteristic
and functional properties of gelatin. Food Chem. 127, 508-515.

Al-Kahtani, H.A., Jaswir, I., Ismail, E.A., et al., 2017. Structural characteristics of camel-bone gelatin by demineralization and extraction. Int. J. Food Prop. 1-10.

Albertos, I., Avena-Bustillos, R.J., Martin-Diana, A.B., et al., 2017. Antimicrobial olive leaf gelatin films for enhancing the quality of cold-smoked salmon. Food Packag. Shelf Life 13,
49-55,

Alemén, A., Giménez, B., Montero, P., Gémez-Guillén, M.C., 2011. Antioxidant activity of several marine skin gelatins. LWT — Food Sci. Technol. 44, 407-413.

Alfaro, A. d. T., Balbinot, E., Weber, C.I., Tonial, I.B., Machado-Lunkes, A., 2015. Fish gelatin: characteristics, functional properties, applications and future potentials. Food Eng.
Rev. 7, 33-44.

Almeida, P.F., Lannes, S.C.D.S., 2013. Extraction and physicochemical characterization of gelatin from chicken by-product. J. Food Process Eng. 36, 824-833.

Benjakul, S., Kittiphattanabawon, P., Regenstein, J.M., 2012. Fish gelatin. In: Simpson, B.K., Paliyath, G., Nollet, L.M.L., Benjakul, S., Toldr4, F. (Eds.), Food Biochemistry and Food
Processing, second ed. John Wiley & Sons, Inc., lowa, pp. 388-405.



126 Gelatin

BSI, 1975. Methods for Sampling and Testing Gelatin (Physical and Chemical Methods). BSI, London.

Cardoso, G.P., Dutra, M.P., Fontes, P.R., et al., 2016. Selection of a chitosan gelatin-based edible coating for color preservation of beef in retail display. Meat Sci. 114, 85-94.

Cebi, N., Durak, M.Z., Toker, 0.S., Sagdic, 0., Arici, M., 2016. An evaluation of Fourier transforms infrared spectroscopy method for the classification and discrimination of bovine,
porcine and fish gelatins. Food Chem. 190, 1109-1115.

Chemat, F., Zill, E.H., Khan, M.K., 2011. Applications of ultrasound in food technology: processing, preservation and extraction. Ultrason. Sonochem. 18, 813-835.

Cole, B., 2000. Gelatin. In: Francis, F.J. (Ed.), Encyclopedia of Food Science and Technology, vol. 2. Wiley, New York, pp. 1183-1188.

Davis, C.G., Lin, B.H., 2005. Factors Affecting US Pork Consumption. United States Department of Agriculture Economic Research Service (USDA/ERS), Washington, DC, USA.

Du, L., Khiari, Z., Pietrasik, Z., Betti, M., 2013. Physicochemical and functional properties of gelatins extracted from Turkey and chicken heads. Poult. Sci. 92, 2463-2474.

Duan, R., Zhang, J., Liu, L., Cui, W., Regenstein, J.M., 2018. The functional properties and application of gelatin derived from the skin of channel catfish (lctalurus punctatus). Food
Chem. 239, 464-469.

Dubruel, P., Unger, R., Van Vlierberghe, S., et al., 2007. Porous gelatin hydrogels: 2. /n vitro cell interaction study. Biomacromolecules 8, 338-344.

Duconseille, A., Astruc, T., Quintana, N., Meersman, F., Sante-Lhoutellier, V., 2015. Gelatin structure and composition linked to hard capsule dissolution: a review. Food Hydrocoll.
43, 360-376.

Elavarasan, K., Kumar, A., Uchoi, D., et al., 2017. Extraction and characterization of gelatin from the head waste of tiger tooth croaker (Otolithes ruber). Waste Biomass Valoriz. 8,
851-858.

Gelatin Manufacturers Institute of America, 2012. Gelatin Handbook. Gelatin Manufacturers Institute of America, Inc, New York.

Gomez-Guillén, M.C., Turnay, J., Ferndndez-Diaz, M.D., et al., 2002, Structural and physical properties of gelatin extracted from different marine species: a comparative study. Food
Hydrocoll. 16, 25-34.

Gorgieva, S., Kokol, V., 2011. Collagen- vs. gelatine-based biomaterials and their biocompatibility: review and perspectives. In: Pignatello, R. (Ed.), Biomaterials Applications for
Nanomedicine. InTech, Croatia.

Grand View Research, |, 2016. Gelatin Market Analysis by Raw Material, Function, Application and Segment Forecasts to 2024, June 2016 ed. Grand View Research, Inc.

Grundy, H.H., Reece, P., Buckley, M., et al., 2016. A mass spectrometry method for the determination of the species of origin of gelatine in foods and pharmaceutical products. Food
Chem. 190, 276-284.

Hermanto, S., Fatimah, W., 2013. Differentiation of bovine and porcine gelatin based on spectroscopic and electrophoretic analysis. J. Food Pharm. Sci. 1, 68-73.

Herpandi, Huda, N., Adztey, F., 2011. Fish bone and scale as a potential source of halal gelatin. J. Fish. Aquat. Sci. 6, 379-389.

Hidaka, S., Liu, S.Y., 2003. Effects of gelatins on calcium phosphate precipitation: a possible application for distinguishing bovine bone gelatin from porcine skin gelatin. J. Food
Compos. Anal. 16, 477-483.

Hill, S.E., 1998. Emulsions and foams. In: Hill, S.E., Ledward, D.A., Mitchell, J.R. (Eds.), Functional Properties of Food Macromolecules, second ed. Aspen Publishers, Inc.,
Gaithersburg, Maryland, pp. 302—-334.

Hoque, M.E., Nuge, T., Yeow, T.K., Nordin, N., Prasad, R.G.S.V., 2015. Gelatin based scaffolds for tissue engineering-a review. Polym. Res. J. 9, 15-32.

Intarasirisawat, R., Benjakul, S., Visessanguan, W., et al., 2007. Autolysis study of bigeye snapper (Priacanthus macracanthus) skin and its effect on gelatin. Food Hydrocoll. 21,
537-544.

Karayannakidis, P.D., Zotos, A., 2016. Fish processing by-products as a potential source of gelatin: a review. J. Aquat. Food Prod. Technol. 25, 65-92.

Karim, A.A., Bhat, R., 2009. Fish gelatin: properties, challenges, and prospects as an alternative to mammalian gelatins. Food Hydrocoll. 23, 563-576.

Karnjanapratum, S., Benjakul, S., 2014. Glycyl endopeptidase from papaya latex: partial purification and use for production of fish gelatin hydrolysate. Food Chem. 165,
403-411.

Karnjanapratum, S., Sinthusamran, S., Sae-leaw, T., Benjakul, S., Kishimura, H., 2017. Characteristics and gel properties of gelatin from skin of asian bullfrog (Rana tigerind). Food
Biophys. 1-10.

Kittiphattanabawon, P., Benjakul, S., Sinthusamran, S., Kishimura, H., 2016. Gelatin from clown featherback skin: extraction conditions. LWT — Food Sci. Technol. 66, 186—192.

Kuan, Y.H., Nafchi, A.M., Huda, N., Ariffin, F., Karim, A.A., 2017. Comparison of physicochemical and functional properties of duck feet and bovine gelatins. J. Sci. Food Agric. 97,
1663-1671.

Kuehn, A., Hilger, C., Hentges, F., 2009. Anaphylaxis provoked by ingestion of marshmallows containing fish gelatin. J. Allergy Clin. Immunol. 123, 708-709.

Lee, C.H., Chin, K.B., 2016. Effects of pork gelatin levels on the physicochemical and textural properties of model sausages at different fat levels. LWT — Food Sci. Technol. 74,
325-330.

Liu, H.Y., Han, J., Guo, S.D., 2009. Characteristics of the gelatin extracted from channel catfish (/ctalurus punctatus) head bones. LWT — Food Sci. Technol. 42, 540-544.

Mad-Ali, S., Benjakul, S., Prodpran, T., Magsood, S., 2016. Interfacial properties of gelatin from goat skin as influenced by drying methods. LWT — Food Sci. Technol. 73, 102—-107.

Meng, Y., Cloutier, S., 2014. Gelatin and other proteins for microencapsulation. In: Gaonkar, A.G., Vasisht, N., Khare, A.R., Sobel, R. (Eds.), Microencapsulation in the Food Industry.
Academic Press, San Diego, pp. 227-239.

Moskowitz, R.W., 2000. Role of collagen hydrolysate in bone and joint disease. Semin. Arthritis Rheum. 30, 87-99.

Muyonga, J.H., Cole, C.G.B., Duodu, K.G., 2004. Extraction and physico-chemical characterisation of Nile perch (Lates niloticus) skin and bone gelatin. Food Hydrocoll. 18,
581-592.

Nagarajan, M., Benjakul, S., Prodpran, T., Songtipya, P., Kishimura, H., 2012. Characteristics and functional properties of gelatin from splendid squid (Lo/igo formosana) skin as
affected by extraction temperatures. Food Hydrocoll. 29, 389-397.

Nilsuwan, K., Benjakul, S., Prodpran, T., 2016. Emulsion stability and properties of fish gelatin-based films as affected by palm oil and surfactants. J. Sci. Food Agric. 96,
2504-2513.

Nilsuwan, K., Benjakul, S., Prodpran, T., 2017. Properties, microstructure and heat seal ability of bilayer films based on fish gelatin and emulsified gelatin films. Food Biophys. 12,
234-243.

Niu, L., Zhou, X., Yuan, C., et al., 2013. Characterization of tilapia (Oreochromis niloticus) skin gelatin extracted with alkaline and different acid pretreatments. Food Hydrocoll. 33,
336-341.

Pancar, E.D., Andig, S., Boran, G., 2016. Comparative effects of fish and cow gelatins and locust bean gum on chemical, textural, and sensory properties of yogurt. J. Aquat. Food
Prod. Technol. 25, 843-853.

Persistence-Market-Research, 2017. Gelatin and Gelatin Derivatives Market: Global Industry Analysis and Forecast to 2020, August 2017 ed. Persistence Market Research.

Petcharat, T., Benjakul, S., 2017. Property of fish gelatin gel as affected by the incorporation of gellan and calcium chloride. Food Biophys. 12, 339-347.

Ramos, M., Valdés, A., Beltran, A., Garrigés, M., 2016. Gelatin-based films and coatings for food packaging applications. Coatings 6, 41.

Sae-Leaw, T., Benjakul, S., O'Brien, N.M., 2015. Effect of pretreatments and drying methods on the properties and fishy odor/flavor of gelatin from seabass (Lates calcarifer) skin.
Dry. Technol. 1-13.

Sae-Leaw, T., Benjakul, S., O'Brien, N.M., 2016. Effect of pretreatments and defatting of seabass skins on properties and fishy odor of gelatin. J. Food Biochem. 40, 741-753.

Schrieber, R., Gareis, H., 2007. Gelatine Handbook. Wiley-VCH Verlag GmbH & Co. KGaA.

Shabani, H., Mehdizadeh, M., Mousavi, S.M., et al., 2015. Halal authenticity of gelatin using species-specific PCR. Food Chem. 184, 203—-206.

Sinthusamran, S., Benjakul, S., Hemar, Y., 2016. Rheological and sensory properties of fish gelatin gels as influenced by agar from Gracilaria tenuistipitata. Int. J. Food Sci. Technol.
51, 1530-1536.

Sinthusamran, S., Benjakul, S., Hemar, Y., Kishimura, H., 2016. Characteristics and properties of gelatin from seabass (Lafes calcarifer) swim bladder: impact of extraction
temperatures. Waste Biomass Valoriz. https://doi.org/10.1007/s12649-016-9817-5.


https://doi.org/10.1007/s12649-016-9817-5

Gelatin 127

Sinthusamran, S., Benjakul, S., Kishimura, H., 2014. Characteristics and gel properties of gelatin from skin of seabass (Lates calcarifer) as influenced by extraction conditions. Food
Chem. 152, 276-284.

Souissi, N., Jridi, M., Nasri, R., et al., 2016. Effects of the edible cuttlefish gelatin on textural, sensorial and physicochemical quality of octopus sausage. LWT — Food Sci. Technol.
65, 18-24.

Stainby, G., 1987. Gelatin gels. In: Pearson, A.M., Dustson, T.R., Bailey, A.J. (Eds.), Advances in Meat Research. Van Nostrand Reinhold Company Inc., New York, pp. 209-222.

Supavititpatana, P., Wirjantoro, T.I., Apichartsrangkoon, A., Raviyan, P., 2008. Addition of gelatin enhanced gelation of corn-milk yogurt. Food Chem. 106, 211-216.

Tu, Z.C., Huang, T., Wang, H., et al., 2015. Physico-chemical properties of gelatin from bighead carp (Hypophthalmichthys nobilis) scales by ultrasound-assisted extraction. J. Food
Sci. Technol. 52, 2166-2174.

Venien, A., Levieux, D., 2005. Differentiation of bovine from porcine gelatines using polyclonal anti-peptide antibodies in indirect and competitive indirect ELISA. J. Pharm. Biomed.
Anal. 39, 418—424.

Yilmaz, M.T., Kesmen, Z., Baykal, B., et al., 2013. A novel method to differentiate bovine and porcine gelatins in food products: NanoUPLC-ESI-Q-TOF-MSE based data independent
acquisition technique to detect marker peptides in gelatin. Food Chem. 141, 2450-2458.

Zague, V., de Freitas, V., Rosa, M. d. C., et al., 2011. Collagen hydrolysate intake increases skin collagen expression and suppresses matrix metalloproteinase 2 activity. J. Med.
Food 14, 618-624.



Hardstock Triglycerides
Dongming Tang, The Hershey Company, Lancaster, PA, United States
© 2019 Elsevier Inc. All rights reserved.

Glossary

CBE cocoa butter equivalent

CBR cocoa butter replacer

CBS cocoa butter substitute

FDA US Food and Drug Administration
GRAS Generally Recognized As Safe
H C;4 - Cy4 saturated fatty acids

K C;6 - Gy, fatty acids

O oleic fatty acid

M C;, - Cy4 fatty acids

N saturated fatty acids with Cg - Cq4
P palmitic fatty acid

PHO Partially Hydrogenated Oils
PUFA poly-unsaturated fatty acids

S stearic fatty acid

Sps palmitic or stearic fatty acid

S, saturated fatty acids

SFC solid fat content

U unsaturated C,g fatty acids

For food products with a high fat content, such as butter, margarine and shortening, sensory attributes are largely dependent on the
structure and properties of their underlying solid fat crystal networks. The solid fat, denoted as hardstock fat, serves to structure the
fat phase and prevent coalescence of the liquid phase, which is either water droplets for water-in-oil emulsion products like
margarine, or liquid oil for various shortening products.

Fats and oils are mainly triacylglecerides, which are esters of glycerol and three fatty acids. The behavior and functionality
of hardstock fat is determined by their fatty acid composition, arrangement of the fatty acids on the glycerol backbone, and the
polymorphic crystal forms of the triglycerides. Melting points of common fatty acids and triglycerides in food products can be found
in some literature (O'Brien, 1998a; Larsson, 1986). The most common fatty acids in hardstock fats are lauric, palmitic, oleic, and
stearic fatty acids, which form triglycerides and are solid at ambient temperature. Depending on the packing patterns of the
hydrocarbon chains of the fatty acids, the crystal polymorphic form of triglycerides can be any of the o, B/, or B form with melting
point increasing from o to ', to B. Some fats may have sub-polymorphic forms. The most well-studied fat having sub-polymorphic
forms is cocoa butter, which has six polymorphic forms with different melting temperatures ranged from 16 °C for sub-a form,
21 °C for o form, 25.5 °C and 27 °C for B,’ and B;’ separately, and 34 °C and 36 °C for B, and B; separately (Talbot, 2009).

The crystallization habit of hardstock fats or oils is determined by one or more of four characteristics: 1) palmitic fatty acid
content, 2) distribution and position of palmitic and stearic fatty acids on the triglyceride molecule, 3) degree of hydrogenation,
and 4) the degree of randomization (O’Brien, 1998b). In general, hardstock fats with a diverse triglyceride structure tend to
form B’ fat crystals and hardstock fats with limited number of triglyceride structure tend to form B fat crystals. For example,
hardstock fats with high palmitic acid content normally form B’ fat crystals, but lard tends to form B fat crystals even though it
contains around 27% palmitic acid. It is because lard has a predominately asymmetric triglyceride structure with palmitic acid
in the sn-2 position. Crystallization behavior of some common fats and oils is well studied and readily available (O’Brien, 1998b).

For food products structured with hardstock fat, a specific melting or SFC (solid fat content) profile is often desired according to
the application. For example, the melting point of cocoa butter in chocolate should be around body temperature, so it can have
a sharp melting and cooling sensation. All-purpose shortening has a flat SFC curve over a wide range of temperatures, so it can
maintain its workability at different temperatures. To have the desired SFC curve, it is often necessary to modify the natural fats
and oils through various techniques including hydrogenation, interestification, and fractionation.
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Hydrogenation

Hydrogenation has been used to produce hardstocks from liquid oils since the beginning of the 20th century. It involves addition of
molecular hydrogen to the double bonds of unsaturated fatty acid in the presence of a catalyst such as Nickel, which results in
decreased unsaturation of the fatty acids, and thus gives elevated melting point and increased oxidation stability of the fatty acids.
Many of the hydrogenated oils can serve as hardstock fat. Depending on the conditions used, the starting oils, and the degree of
saturation or isomerization, fats and oils with wide range of functionalities can be produced through the hydrogenation process.
Hydrogenation can be either partial hydrogenation or full hydrogenation. While full hydrogenation converts the vegetable oils
into fully saturated fats, vegetable oils being partially hydrogenated are partially saturated so the melting point increases to the point
where solid fat is present at room temperature. The degree of hydrogenation of unsaturated oils controls the final consistency of the
product. The partial hydrogenation gives edible oil companies a great flexibility to make fats and oils with a wide range of physical
properties and functionalities. However, geometric isomerization during partial hydrogenation process produces trans-fat, which
was demonstrated to have cardiovascular health risk, FDA has concluded that PHO (Partially Hydrogenated Oils) are not GRAS
(Generally Recognized As Safe) and asked all food manufacturers to make sure their products do not contain PHO from June
18, 2018 (FDA, 2017).

Fully hydrogenated fats and oils do not contain trans-fat, thus do not have the same health risk, but average consumers cannot
distinguish the difference between fully hydrogenated fats and oils and partially hydrogenated fats and oils, so a lot of food
manufacturers try to avoid all hydrogenated fats and oils on their labels. It raised new challenges to the edible oil industry to
manipulate the consistency and functionality of fats and oils through other measures.

Fractionation

Fractionation is the process which separates a natural fat or oil into several fractions with different melting points. The high-melting
fraction serves as hardstock fat and can be blended with other fats and oils to obtain desired consistency. There are two methods of
fractionation: dry fractionation and solvent fractionation. Under dry fractionation the oil is heated and then cooled to a given
temperature under agitation such that the partially crystallized mass can be filtered off under vacuum to give the high-melting
fraction. The remaining liquid fraction gives the low-melting fraction. Each fraction of the oil can be blended with other fats
and oils for different applications.

The most popular oil being fractionated is palm oil, which can be fractioned into at least four fractions: palm stearin, palm mid
fraction, palm olein, and palm super olein. The main reason for palm oil fractionation is the demand for clear liquid oil (palm
olein). The high-melting palm stearin fraction has been used to produce cocoa butter equivalents/replacers, and as a hardstock
for margarine and other fat continuous products.

Interestification

Interestification is the process by which fatty acids are rearranged on the glycerol fragment of the triacylglyceride molecule.
Interestification can be either random interestification (chemically catalyzed) or selective interestification (enzyme catalyzed).
The most commonly used chemical catalysts are sodium methylate and sodium ethylate. Alkaline catalyzed interestification
produce new triacylglyceride molecules with fatty acids randomly distributed on the three available positions; while lipase mainly
catalyze rearrangement of the fatty acids on sn-1 and sn-3 position, leaving the fatty acids on the sn-2 position unchanged.
Interestification of a designed fat blend can reduce the solid fat levels at high temperature and make a hardstock fat better suited
for certain applications. Fig. 1 (Wassell and Young, 2007). shows the SFC of a blend of 60% palm stearin and 40% palm kernel oil
before and after interesterification. The interestification process significantly lowered SFC of the mixture, especially the SFC above
30 °C, which improved the sensory sensation of the product. In combination with oil fractionation, interestification can modify the
SEC curve of fats and oils and improve their functionality without the formation of trans fatty acid, thus make it an ideal alternative
to hydrogenation process.

So far, the chemical structure and physical properties of hardstock fats including their melting point and polymorphic forms and
the techniques to modify hardstock physical properties have been discussed. In the next two sessions, the application of hardstock
fats in margarine and confectionery products will be discussed.

Trans Free Hardstocks for Margarine

Margarine is water-in-oil emulsion, where finely dispersed water droplets and liquid oil are immobilized by the hardstock fat crystal
network. The melting behavior of the hardstock used in margarine is extremely important to the quality and sensory perception of
the product, because margarine must remain firm at refrigerating temperature, spreadable at room temperature (10-20 °C), and
melt completely at body temperature (>35 °C). in addition to the requirement of its melting profile, B’ form of the hardstock
fat crystals is preferred in margarine since the needle-like shape and smaller crystal size of B fat crystals give margarine smooth
texture. PHO has been widely used for margarine production; however, the recognized health risk of trans fatty acid and saturated
fatty acids has led to active research and development work on trans-free and lower-saturated fatty acid hardstock for margarine.
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Figure 1 A blend of 60% palm stearin/40% palm kernel oil before and after interesterification. Adapted from Wassell, P., Young, N.W.G., 2007.
Food application of trans fatty acid substitutes. Int. Journal Food Science Technology 42, 503-517, with permission.

Margarine manufacturers have suggested that triglycerides with “H—U—H" structure form stable B'- crystals thus give smooth
texture to margarine (Elliott et al., 1999; Floeter et al., 2004), where H is C;6 — Cy4 saturated fatty acids, U is unsaturated C;g
fatty acids. Hardstock triglycerides with “K2M” structure have been reported to give desired texture to margarine as well, where
K is Cy6 - Cy; fatty acids and M is C;, - Cy4 fatty acids (Sahasranamam, 2005).

In order to achieve the desired triglyceride composition and nutritional composition of the hardstock, margarine manufacturers
either blend natural, unmodified vegetable oils, or modify the chemical structure of hardstock fats through hydrogenation,
fractionation, and interestification of a mixture of fats and oils containing high level of mono- and PUFA (poly-unsaturated fatty
acids). Palm oil fractions are the most used oil in margarine production, especially palm stearin has been widely used in blending
and interestification with other liquid oils to produce trans-free and high PUFA margarine oils. For example, a typical trans-free fat
blend for a table margarine may contain palm stearin, palm kernel olein, and sunflower seed oil in the ratio of 60:20:20 (Yusoff and
Dian, 1995), or alternatively palm oil, palm olein and canola oil in the ratio of 57:23:20 (Yusoff et al., 1998). Thanks to its short
chain lauric acid content, palm kernel oil is excellent for industrial type margarines due to its enhanced creaming properties and
preferred fat crystallization properties (Yusoff and Dian, 1995). In addition to palm oil, some specialty oils such as Allanblackia
oil and Pentadesma oil have been used in margarine production as well. Allanblackia oil and Pentadesma oil contains 60% -
80%, and 48% SOS (stearin-olein-stearin) triglycerides separately (Arellano et al., 2015; Floeter et al., 2006). The high level of
high melting SOS triglyceride makes both oils perfect hardstock for margarine production, where both oils are either fractionated
or use as a natural oil, and blended with other liquid oil. The high content of similar mixed fatty acids triglycerides such as SOS also
increases the intersolubility of triglycerides and formation of mixed fat crystals, thus give smaller fat crystal size, uniformly dispersed
fat crystal networks, enhanced emulsion stability and a smooth texture.

Hardstock Fats in Confectionery

In confectionery industry Cocoa butter is one of the most important fats and oils thanks to its sharp melting profile around
body temperature. Cocoa butter contains mainly three fatty acids - palmitic, stearic and oleic, which mostly in one of the three
triglycerides — POP, POS, and SOS, where P is palmitic acid, O is oleic acid, and S is stearic acid. Because of its specific triglycerides
composition, especially its high level of SOS triglycerides, cocoa butter can form six polymorphic forms with different melting
temperature, where form V (,) is the desired form for chocolate production.

In confectionery products, cocoa butter and cocoa butter alternatives are important hardstock fats providing structure to
chocolate, compound coatings, confectionery fillings and other confectionery products and prevent or slow down oil migration
from center filling to the coating. There are three basic types of cocoa butter alternative: CBE (cocoa butter equivalent), CBR (cocoa
butter replacer), and CBS (cocoa butter substitute).

CBSs are based on lauric fats rich in lauric acid (C12:0) specifically palm kernel oil and coconut oil and has limited compatibility
with cocoa butter. CBRs used to be produced from partially hydrogenated vegetable oils, but now it is mainly produced from
fractions of palm oil. CBEs are vegetable fats composed of similar symmetrical S;OS; triglycerides as cocoa butter (S; is saturated
fatty acids and O is oleic fatty acid), and it behaves similarly as cocoa butter such as crystallization and tempering. A typical
triglyceride composition of cocoa butter and some CBE component fats are available in literature (Talbot, 2015). CBEs can be
produced from blending of those component fats according to applications. Various oil modification techniques are often used
to produce cocoa butter alternatives from vegetable oils. For example, a cocoa butter - like fats were prepared from interestification
of a blend of palm oil and fully hydrogenated soy bean oil in a ratio of 1.6:1 followed by fractional crystallization from acetone
(Abigor et al., 2003).

In addition to providing structure, some hardstock triglycerides have excellent anti-blooming properties in confectionery
products. It was found that blends of triglycerides comprising a fat A containing > 40% SpsOSps (Sps = Ci:0 or Cig.0; O = Cig:1)
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and a fat B containing an (H,N + N,H) fat, where N is saturated fatty acids with Cg - C14, displays excellent anti-blooming properties
in chocolate compositions (Frederick et al., 1995). Blends of SOS-rich Viethamese mango fat and Indian mango fat with cocoa butter
at a ratio of 70/30 has shown to increase the heat resistance and anti-blooming properties of the chocolate made with the fat blends
(Tran et al., 2015).

Summary

Hardstock triglycerides are solid fat at room temperature, which provides structure to food products with high fat content. The
crystallization and melting behavior of hardstock triglycerides is determined by their chemical structure and physical polymorphic
forms. Various modification techniques including hydrogenation, fractionation and interestification were employed to produce
hardstock triglycerides with desired properties, especially trans-free and low-saturated hardstock triglycerides.

Hardstock triglycerides with “H—U—H" structure was shown to give the desired p’ crystal form and smooth texture to margarine.
In contrast, B crystal form is often desired in confectionery applications, which is formed mainly by the symmetric S;OS;
triglycerides.
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Glossary

GRAS abbreviation for “generally recognized as safe” by the American Food and Drug Administration (FDA) and it indicates
that the substance is considered safe by experts

Triacylglyceride lipid molecule containing a glycerol as backbone with three esters bonds of hydrocarbons hydrophobic chains
Phospholipids lipid molecule consisting of a hydrophilic phosphate group and two hydrophobic fatty acids. The head and tail
groups give this molecules an amphiphilic characteristic that is used to form bilayers

Glycolipids lipid molecule comprised of a hydrophobic lipid tail and one or more hydrophilic sugar groups linked by

a glycosidic bond

Nomenclature

TAG triacylglyceride

DAG diacylglycerides

MAG monoglyceride

FA fatty acid

MCT medium chain triacylglyceride
LCT long chain triacylglyceride
GRAS generally recognized as safe
CB cocoa butter

MCFA medium chain fatty acid
LCFA medium chain fatty acid
HC hydrocarbon chain

Introduction

Edible fats and oils comprise one of the three major classes of foods, the others being carbohydrates and proteins. Edible fats
and oils can be obtained from terrestrial or aquatic animals, from the seeds or leaves of many plants, from the pulp, or from
the nut/stone of many fruits. Edible fats and oils are used in many products not only to make food palatable but also to make
them functional.

The terms “fat” and “oil” are used according to the physical state of the material at room temperature. Fats are in a semi solid
state, but the appearance is of a solid, while oils are in a liquid state. Chemically, fats and oils are mixtures comprised of more than
95% triacylglyceride (TAGs) molecules mixed with minor components. Triacylglycerides can also be found in the literature with the
name triglycerides or triacylglycerols. These minor components can include phospholipids, glycolipids, free fatty acids, monoglyc-
erides (MAGs) or diacylglycerides (DAGs) (Swern and Bailey, 1964). When dealing with edible fats and oils for the manufacture of
food products, one tends to refer to the TAGs molecular composition, avoiding all other components as they represent less than 5%.
More over, it is common to refer to the fatty acid (FA) composition instead of the TAG composition. TAGs molecules are esters of
a glycerol molecule with three FAs. The FA is a hydrocarbon chain with a methyl (CH3) group at one end and a carboxylic acid
(COOH) group at the other. The COOH is the one reacting with the alcohol group of the glycerol to produce the ester linkage.
FAs are characterised by the hydrocarbon chain (HC) length (number of carbon atoms), the saturation (number of hydrogen atoms
per carbon atom), the presence of trans- or cis-bonds (straight or bended hydrocarbon chain) and the type of bonds (single, double
or triple bond) between carbon atoms (Small, 1986).

The melting point is a physical property commonly used to characterize FAs. The melting point is related to the way the
molecules packed. The temperature at which FAs with short HC lengths melt are lower that those with large HC. Also, the more
double bonds or the higher the number of bonds between two carbons (moving from single to triple bonds) the lower the
temperature of the melting point.

Un-saturated FA cis-bond with a single, double or triple bonds create a FA that is non-linear. This non-linearity in the FA orig-
inates a loose packing of the molecules, hence low melting points. The loose packing configuration is due to weak van der Waals
interactions since the molecules are not close to each other. Hence, the amount of energy needed in the solid-liquid transition
(melt) is less than that required for well packed molecules, as is the case for trans or saturated TAGs.
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Fig. 1 shows two FA, represented by using the expanded structural formula name, the condensed structural formula, the
common name and the symbols by which they are commonly identified.

Table 1 expands on the symbols and names following the IUPAC convection (http://www.sbcs.qmul.ac.uk/iupac/lipid/) for
only some cases. The reader is encouraged to see Akoh (2017) or Lehninger (1970) books for more complete tables.

There is no “typical” TAG fat molecule in nature. The amount and type of TAGs that constitute a particular fat or oil varies not
only with the cultivar or animal species, but also with the source of origin. For example, it is known that the environmental growing
conditions notoriously affect the FA composition of cocoa butter, CB (Marty and Marangoni, 2009; Lehrina and Keeney, 1980;
Chaiseri and Dimick, 1989). This “problem” of composition is not unique to CB, but other fats and oils obtained from animals
or vegetables are also known to have different FA composition. Changes in the composition can lead to changes in some physical
and chemical properties (Shukla, 1995; Schlichter-Aronhime and Garti, 1988; Foubert et al., 2004), hence, affecting the
functionality of the product manufactured with that particular edible fat.

TAGs are named using the fatty acids that make them up. n-1, n-2 and n-3, or Sn-1, Sn-2 and Sn-3 are used to identify
the FA position in the glycerol backbone. For example if stearic acid is in the Sn-1 position, oleic is in the Sn-2 position and stearic
acid is in the Sn-3 position, then the TAG is refered as SOS and ways of naming it could be: stearic-oleic-stearic or
1,3-distearoyl-2-oleoylglycerol. One can anticipate that the number of possible combinations of similar or different FA that can
be esterified to the glycerol back bone is very large. Fortunately, nature does not use all of those combinations. For example,
unsaturated FA typically appear in the Sn-2 position in animal fats (Beppu et al., 2017), while oils originated from seed display
a saturated FA in the Sn-2 position.

Examples of TAGs are given in Table 2, where the third column shows the FA position in relation to the backbone that make up
that particular TAG.

Calling a TAG “saturated” or “unsaturated” is not a simple task because it contains 3 FA which can be saturated or unsaturated or
a mix of them. For example calling PPP a saturated TAG is correct as it contains three fatty acids that are saturated, while OOO is an
unsaturated TAG as it is made exclusively by unsaturated FA. The tendency has been to call a TAG molecule saturated if it contains 2
or 3 saturated FA and unsaturated if it contains 2 or 3 unsaturated FA.

FA analysis are easy to perform and the reader can find in the literature lists of FA compositions for many edible fats (Gunstone,
1970). On the other hand, the analysis to detect TAGs is expensive, as pure TAGs (usually synthesized ones) need to be used for
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Figure 1 Example of two fatty acids and their naming based on different conventions. The expanded structural formula is a visual way of seeing
the number of carbon and hydrogen atoms, which gets simplified in the condensed structural formula. In the condensed structural formula, double
bonds are indicated using the A symbol. COOH identifies the carboxyl group at one end of the fatty acid and the CH3 identifies the methyl group at
the other end of the hydrocarbon chain. The symbolic name contains two numbers separated by “:”; the first number indicates the number of carbon
atoms in the FA and the second number indicates how many double bonds are present. Hence, when the second number is “0”, it indicates that the
FA is saturated, as there is no double bonds.
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Table 1 Name and symbols for some common fatty acids

Common acid name

Symbol and abbreviation IUPAC name

Most common saturated

4.0 Butyric - B Butanoic acid

6:0 Caproic - C Hexanoic acid

8:0 Caprylic - C Octanoic acid

10:0 Capric - C Decanoic acid
12:.0 Lauric - L Dodecanoic acid
14:.0 Myristic - M Tetradecanoic acid
16:0 Palmitic - P Hexadecanoic acid
18:0 Stearic - S Octadecanoic acid
20:0 Arachidic - A Icosanoic acid
22:0 Behenic - B Docosanoic acid
24:0 Lignoceric - Lig Tetracosanoic acid

Some MONO- unsaturated
10:1

Caproleic acid

dec-9-enoic acid

12:1 n-3 Lauroleic acid (Z)-dodec-9-enoic acid

14:1 n-5 Myristoleic acid (Z)-tetradec-9-enoic acid

16:1 n-7 Palmitoleic acid (Z)-hexadec-9-enoic acid

18:1 n-9 Oleic acid (Z)-octadec-9-enoic acid

Some POLY- unsaturated

18:2 n-9,12 Linoleic acid (LA) (92,122)-octadeca-9,12-dienoic acid

18:3 n-9,12,15 alpha-Linolenic acid (ALA) (92,12Z,152)-octadeca-9,12,15-trienoic acid
18:3 n-6,9,12 gamma-Linolenic acid (GLA) (6Z,92,12Z)-octadeca-6,9,12-trienoic acid

Table 2 TAG examples using the abbreviations used in Table 1

Symbol Common name Fatty acid position and name

PPP Tri-palmitin Sn-1 palmitic acid
Sn-2 palmitic acid
Sn-3 palmitic acid
Sn-1 palmitic acid
Sn-2 oleic acid
Sn-3 stearic acid
Sn-1 linoleic acid
Sn-2 linoleic acid
Sn-3 stearic acid
Sn-1 oleic acid
Sn-2 oleic acid
Sn-3 oleic acid

POS 1-palmitic, 2-oleic, 3-stearic

LA,LA,S 1, 2-linoleic, 3-stearic

000 Tri-olein

standards. Instead, many researchers report only the percentage of each hydrocarbon chain present in the oil, without being specific
about the Sn-position of the FA in the glycerol backbone.

Medium-chain triacylglyceride, MCT, are particular TAGs that contain between 6 and 12 carbons in the FA. MCT can be found in
milk, coconut oil and palm kernel oil. MCT can also be found in structured lipids, the man-made lipids created by using enzymes,
esterification or hydrogenation. On the other hand, LCT refers to those “long chain triacylglyceride” that contain more than 14
carbons in the FA, mainly 16 and 18 and up to 21. Because of the shorter hydrocarbon chain, MCTs are smaller in molecular weight
than LCT with a lower smoke and melting point than the LCT (Gunstone, 1970; Lehninger, 1970). The saturated FA that make up
MCT are caproic acid, caprylic acid, capric acid, and lauric acid.

Metabolic Path Way

MCTs have several unique nutritional and physiological properties that started being used in 1950 for dietary treatment of
malabsorption syndromes (Seaton et al., 1986). MCT are nowadays used for parenteral nutrition (Bach et al., 1989) when rapid
energy supply is desired or for enteral nutrition when digestion, absorption of transport of LCT is impaired (Megremis, 1991;
Timmermann, 1993). MCT have been shown to be a good source of nourishment for patients that displayed malabsorption
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syndromes caused by rapid absorption (Seaton et al., 1986). Another successful use of these triglycerides has been for rapid calorie
supply on postsurgical patients, who run into acute loss of energy (Winawer et al., 1996). In 1994, MCT were recognized as GRAS
(Traul et al., 2000) and it is known that they are well tolerated when the amount consumed in one meal does not exceed 30 g
(Jeukendrup and Aldred, 2004).

The usefulness of MCT resides in the way they are metabolized, absorbed and oxidise in the body. MCT hydrolysis, starts partially
with enzymes in the mouth, but more importantly in the stomach (Fernando-Warnakulasuriya et al., 1981; Staggers et al., 1981;
Hamosh et al., 1989) where the hydrolyses is faster and more complete than for LCT (Greenberger et al., 1966; Borgstrom and Pat-
ton, 1991), and the gastric transient time is faster (Harkins et al., 1964; Hunt and Knox, 1968; Hopman et al., 1984). It is also said
that the absorption of MCT is more efficient (Webb et al., 1991; Harkins and Sarett, 1968; Roy et al., 1975; Lau et al., 1979; Jensen
et al., 1986; Sulkers et al., 1992) than for LCT. The shorter medium chain fatty acids, MCFA, compared with the longer chain fatty
acids, LCFA, pass directly into the bloodstream (Bach and Babayan, 1982). The portal system transports the MCFA to the liver for
hepatic metabolism before they are sent to the heart. The metabolism for the longer triacylglycerides is different. The entrance of
LCTs into the duodenum stimulates the enteric secretion of the hormone cholecystokinin (CCK) together with the pancreatic
enzymes. Also, bile is secreted from the gallbladder to help emulsify the triglycerides into fat droplets (Isaacs et al., 1987; Symersky
et al., 2002). The pancreatic lipase hydrolyzed the LCT into FA and either mono (MONO)-acyglerides or di (DI)-acylglycerides. The
FA, MONO or DI enter the enterocyte cells lining the intestine via passive diffusion or via a protein transporter. TAGs get re-assemble
in the enterocyte from their fragments and are packed together with cholesterol and proteins to form the chylomicrons (Tso and
Balint, 1986). The chylomicrons are excreted from the cells and collected by the lymph system and transported to the subclavian
vein to reach the bloodstream. LCT are used either for energy or they are deposited into the adipose tissue.

Natural Sources of MCT: Fatty Acid and TAG Profiles

Natural sources of MCT are palm kernel oil, coconut oil and milk fat. Some literature mention that MCT can be obtained from palm
oil (the flesh of the palm fruit) but in its natural state, the amount of fatty acid with less than 12 carbon is 0.2%, an insignificant
amount.

MCT can be produced either through enzymatic (with 1,3 specific or nonspecific enzyme), chemical methods or by fractionation.

The coconut fruit consists of an external husk, a white “flesh or meat” and a nut or stone. The flesh is dried to obtain what is
called copra. To achieve this, the fruit is cut in half, the stone remove and the halved coconuts are exposed to the sun for drying,
a process that facilitates removing the husk from the flesh. The “dry method” of obtaining coconut oil involves pressing the copra
first, and solvent may also be used after the press to obtain more oil. If the oil is not refined, then the oil is called virgin. Typically the
oil goes through a refining process for direct human consumption. The processed product is called “RBD coconut oil” to indicate
that it has been refined, bleached and deodorized as any other oil for human consumption (Block and Barrera-Arellano, 2009).

Palm kernel oil is obtained from the kernel of the stone in the palm fruit. Similar to coconut, the palm fruit consists of a husk,
yellow flesh, and a stone or nut. After harvesting the fruit, the fruit is separated into its flesh and the stone. The flesh is used to obtain
palm oil. The stones are extremely hard, allowing for safe transport for processing far from the harvesting region. The dried-stones
are cracked to remove the husk and expose the kernels. The kernels are pressed to obtain palm kernel oil and similar to coconut oil,
solvent extraction may also be used. The refining process may also be employed to guarantee a product safe (free of pathogens, and
physical contaminants) for human consumption.

Milk fat's MCTs are obtained from milk fat but in less quantities than from coconut or palm kernel oil as shown in Table 3.

All three edible oils listed in Table 3 contain a percentage of unsaturated fatty acids as well as palmitic and stearic acid. If the end
product is to have only MCT, then those fats/oils must be fractionated or separated in order to obtain the desired MCT
triacylglycerides (hydrocarbon chains containing between 6 and 12 carbons) from the rest.

Table 3 shows the fatty acid profile for milk fat, palm kernel oil and coconut oil

Fatty acid Milk fat® Palm kernel oil® (PKO) Coconut oil°(CNO)
4:00 2.6-6.3

6:00 07.-3.0 0.2-0.4

8:00 0.4-1.6 3.2-4.7 4.6-10

10:00 1.4-3.2 2.9-3.5 5.0-8.0

12:00 2.4-3.7 45.4-49.8 45.1-53.2

14:00 0.3 15.4-17.2 16.8-10.2

16:00 29.4-39.4 7.9-9.3 7.5-10.2

18:00 12.6-21.1 1.9-2.3 2.0-4.0
Unsaturated 16-26.7 15-21 6-13

@Ransom-Painter et al., 1997.
Plbrahim et al., 2003.
CPantzaris and Basiron, 2002.
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Fractionation is a process in which the desired TAGs (either high, medium or low melting point) are separated using waterbath
or incubators at the different temperatures. By placing the material at particular temperatures, the desired fat-fraction can be
removed. This method is used when dealing with coconut and palm kernel oil. In the case of milk fat, different methods can be
used to obtain the MCTs: two-stage dry fractionation (Dimick et al., 1996), continuous counter-current supercritical carbon dioxide
(Bhaskar et al., 1993) or vacuum filtration (Black, 1975). The goal is to separate TAGs whit a short hydrocarbon chain length, hence
with low melting point as compared to LCT.

One can see from Table 3 that coconut oil contains more saturated FA than palm kernel oil. More saturated FA can also be seen
in the iodine value, which is in the range from 6 to 10 in coconut and 14 to 21 in PKO (Ibrahim et al., 2003). Contrary to those two
materials, milk fat contains a good percentage of short chain fatty acids 4:0 which oxidize easily and which can confer a buttery
flavor.

Future Trends

There is a continuous demand of functional foods associated with health benefits. Edible fats are only one kind of these foods. The
search for an ideal food that can prevent heart disease, diabetes or help in losing weight is on going.

For the last 30 years, nutritionists had been categorizing edible dietary fats as either “good” or “bad” according to their ability to
increase or decrease the amount of low density lipoprotein (LDL) cholesterol or high density lipoprotein (HDL). It has been shown
that having high levels of HDL cholesterol in the blood correlates well with a reduction in cardiovascular disease, hence the aim is to
consume those fats or oils that can achieve this. In particular, increase amount of saturated fats by humans had been linked to
increases in LDL level, while unsaturated fats have been linked with increasing the level of HDL. This has lead the World Health
organization to advice the public into restricting the amount of saturated fats that are consumed. However Mensink and co workers
(Mensink et al., 2003) showed that saturated fats neither raise nor lower the ratio of total cholesterol to HDL cholesterol. Mensik
findings support that lauric acid, the saturated fat present in high percentage in palm kernel oil and coconut oil should not be
categorized as a bad “fatty acid”.

The work mention in this section favours many positive physiological and nutritional aspects concerning MCT. These
aspects have lead to MCT gaining popularity among high performance athletes as the MCT had been shown to be fast source of
nourishment. MTCs are also being used in oils, sports drinks, energy bars, meal replacements and some special baby foods. As
more is learned about the health benefits of MCTs, new applications of MCT will be developed.
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Nomenclature

a-LA Alpha-lactalbumin

AA Amino acid

B-LG Beta-lactoglobulin

BSA Bovine serum albumin

Ca Calcium

CCP Colloidal calcium phosphate
EtOH-HCI Ethanol-hydrochloric acid
GMP Glycomacropeptide

LF Lactoferrin

MW Molecular weight

pl Isoelectric point

SH Sulfhydryl group

(S-S) Disulfide bond

Introduction

Milk is a complex biological fluid secreted by the females of all mammalian species. It is produced to meet the nutritional require-
ments of the neonate such as delivering the energy, essential amino acids (AA) and micro-nutrients required for adequate growth
and development. Depending on the mammalian species, the new-born will have very different nutritional requirements leading to
large interspecies differences in gross composition and yield of milk (Table 1) (Fox et al., 2015b). Bovine milk (especially from
the species Bos taurus) is the predominant raw material for dairy products which accounts for ~ 84% of total global milk production
and has been subject to extensive characterization (Thompson et al., 2009). Bovine milk proteins and their physical, chemical,
functional and nutritional properties will be the focus of this review.

Bovine milk contains ~ 3.4% protein which was initially believed to be in the form of one protein only. Between 1883 and 1885,
the Swedish scientist Hammersten (1883) showed that milk proteins could be divided into two groups, casein proteins and serum
(whey) proteins, by adjusting the pH of bovine milk to the isoelectric point (pI) of caseins (pH 4.6). At this pH, the casein proteins
were found to precipitate from milk while the whey protein fraction remained soluble. Later, studies would establish that both
casein and whey protein fractions were in turn composed of a number of different proteins.

The concentrations of these two fractions in the milk of any particular mammalian species again differ, and are presumed to
be tailored to the nutritional and physiological requirements of the young (Table 1). The whey protein:casein ratio of bovine
milk is ~ 20:80 (Jensen, 1995).

Casein Proteins

Caseins are defined as milk proteins that precipitate from raw skim milk when the pH is adjusted to pH 4.6 (i.e. pI of casein) at
temperatures greater than 10 °C. At temperatures less than 10 °C, aggregation of caseins does occur but the aggregates are fine
enough to remain in suspension (Fox et al., 2015b).

Fractionation and Heterogeneity of Caseins

The heterogeneous nature of caseins was first described by Linderstrem-Lang (1925) who fractionated isoelectric/acid casein using
an ethanol-hydrochloric acid (EtOH-HCI) extraction process (O’Mahony and Fox, 2013). The four proteins that were identified
from isoelectric casein are: o;-, 05, B- and k-casein, which account for ~38%, ~10%, ~35% and ~15% of total casein, respec-
tively. Variations occur between different casein proteins such as molecular weight (MW) and differences in AA profile (Table 2).
More subtle variations (e.g. single AA substitutions) may occur in each of the individual proteins also yielding different forms of
the same protein, which is termed micro-heterogeneity. All caseins are phosphorylated, i.e., have phosphate groups attached to
side chains of serine, threonnine and tyrosine (Klumpp and Krieglstein, 2002), while ¢1-and a,)-casein are more highly phosphor-
ylated than B- and k-casein (typically 8, 11, 5 and 1 phosphate groups, respectively (Table 2) (Eigel et al., 1984). The degree of
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Table 1 Composition of milks of selected mammalian species

Protein (%)
Species Total solids (%) Total Casein Whey Fat (%) Lactose (%) Ash (%)
Cow 12.7 34 2.8 0.6 3.7 48 0.7
Human 12.2 1.0 0.4 0.6 3.8 7.0 0.2
Sheep 19.3 55 4.6 0.9 7.4 4.8 1.0
Goat 12.3 2.9 2.5 0.4 4.5 4.1 0.8
Horse 11.2 2.5 1.3 1.2 1.9 6.2 0.5
Pig 18.8 4.8 2.8 2.0 6.8 55 n.a.
Donkey 1.7 2.0 1.0 1.0 1.4 7.4 0.5
Grey Seal 67.7 11.2 n.a. n.a. 53.1 0.7 n.a.
Polar Bear 47.6 10.9 71 3.8 331 0.3 1.4

n.a. = Not available.
Adapted from Fox et al. (2015h).

Table 2 Properties of individual casein proteins

Caseins
Property asy- Qsa. 8- K-
Molecular weight (kDa) ~23.5 ~25.5 ~24.0 ~19.0
Residues/molecules
Amino acids 199 207 209 169
Proline 17 10 35 20
Cysteine 0 2 0 2
Phosphate 8-9 10-13 4-5 1-3
Carbohydrate 0 0 0 0-4
Hydrophobicity (kJ/resiude) 49 4.7 5.6 5.1
Charged residues/molecule 34 36 23 21

Adapted from Fox et al. (2015b).

phosphorylation of each casein protein is commonly included in the abbreviated name of the casein protein, e.g. 01-8P, ¢-11P,
B-5P and «-1P.

Additionally, k-casein is a glycosylated protein, meaning that carbohydrate moieties (e.g., N-acetylneuraminic acid, galactose
and N-acetylgalactosamine) are attached to the C-terminal end of the k-casein molecule. The extent of glycosylation of k-casein
that occurs can vary; 0-4 glycosides may be present on any given k-casein protein, yielding 9 different possible molecular forms
of k-casein (Dziuba and Minkiwicz, 1996).

Properties of Caseins

Structure and Heat Stability

Caseins are relatively small molecules (MW ranging from 19-25 kDa) that lack high levels of secondary (@-helices and B-turns) or
tertiary protein structures. This is somewhat due to high concentrations of the amino acid proline in the proteins: 17, 10, 35 and 20
proline residues are present in a1-, tsp-, B- and k-casein, respectively (Swaisgood, 1982). Proline inhibits the formation of a-helices
and B-turns due the presence of a cyclic amine in its side chain (Morgan and Rubenstein, 2013). As secondary and tertiary structures
are not prevalent in the structural analysis of caseins they are considered to have a non-ordered and open structure (Holt and
Sawyer, 1993; Holt et al., 2013).

Protein denaturation occurs when a protein loses its native secondary or tertiary structure, strongly influencing the biological and
technological functionality of that protein. As caseins have a low level of secondary or tertiary structure, high temperature treatments
have little effect on the caseins, as evidenced by the fact that bovine milk can be heated at 140 °C for ~ 20-30 min without gelation
occurring (Singh and Latham, 1993). Such high heat treatments will, however, have other effects on caseins, such as dephosphor-
ylation of AA (Fox et al., 2015a).
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Hydrophobicity and Calcium Sensitivity

All casein proteins have a high concentration (35-45%) of hydrophobic AAs such as valine, leucine, isoleucine, phenylalanine,
tyrosine and proline (Swaisgood, 1982). In structured proteins, hydrophobic AAs are generally buried within the protein’s
tertiary structure; however, as caseins have an open and unordered structure these AAs remain exposed, which leads to caseins
being regarded as having a high surface hydrophobicity (Creamer et al., 1982; O’'Mahony and Fox, 2013). Hydrophobic bonds
readily form between the hydrophobic regions of caseins leading to caseins having a strong tendency to self-associate (Horne,
1998).

Hydrophobic amino acids are associated with bitterness, meaning that the hydrolysis of casein molecules has the potential to
yield bitter hydrolysates, which is problematic in some applications such as cheese production (Lemieux and Simard, 1992).
Caseins can act as amphipatic molecules which adsorb readily at air-water and oil-water interfaces in order to reduce interfacial
tension, thereby stabilizing emulsions and foams (Dickinson, 1989).

All caseins (excluding k-casein) are insoluble in the presence of calcium (Ca) which is naturally present at high concentrations in
bovine milk (~30 mM; Gaucheron, 2005), it would therefore be expected that caseins would precipitate out of milk due to their
insolubility and Ca-sensitivity. k-casein, which is Ca-insensitive, and soluble, at all Ca concentrations found in dairy products acts to
stabilise the other, Ca-sensitive, caseins from precipitation in milk by combining with both Ca and the Ca-sensitive caseins to form
large colloidal structures termed casein micelles (Miiller-Buschbaum et al., 2007; O’'Mahony and Fox, 2013). Although k-casein only
accounts for ~ 15% of total casein protein in milk, it can stabilise up to 10 times its own weight of the Ca-sensitive caseins via the
formation of the casein micelle (Fox and Brodkorb, 2008).

Casein Micelle

Holt et al. (2013) summarized the three main biological functions of the casein micelle, based on its structure and stability. It
ensures that very high levels of Ca and phosphate can be secreted from the mammary gland and transported to the neonate by
ensuring that these minerals are colloidally stable in milk (prevents calcified build-up in mammary glands). The micelle also
provides a means of safe excretion of the potentially fibrilligenic caseins (may build up in fibril structures causing blockages)
through the mammary gland. Finally, the casein micelle also allows caseins to be retained in the stomach of neonates for a length
of time required for sufficient proteolysis of the caseins into smaller peptides which can then be more readily absorbed in the small
intestine.

The structure of the casein micelle has been widely debated over recent years (De Kruif and Holt, 2003; Horne, 2006, 2008;
Farrell et al. 2006; Fox and Brodkorb, 2008; Dalgleish, 2011; Dalgleish and Corredig, 2012) and different models for the structure
of the casein micelle have been suggested and will be discussed briefly below. It is widely agreed that casein micelles are large,
spherical (diameter = 50-500 nm) (de Kruif, 1998; O’'Mahony and Fox, 2013) and highly hydrated (3.5 kg H,O per kg of protein)
(Jeurnink and De Kruif, 1993) structures containing ~ 70,000 individual protein molecules. The dry matter of the casein micelle is
94% protein and 6% low MW species, referred to as colloidal calcium phosphate (CCP). This CCP is composed mainly of Ca
(~1,400,00 Ca®*) and phosphorus (~1,000,000 PO,*~) with small amounts of magnesium, citrate and other species (O’Mahony
and Fox, 2013). The external surface structure of casein micelles is rich in k-casein where it acts to stabilise the micellar structure and
protect against destabilization or aggregation of casein micelles (Dalgleish et al., 1989). The glycosylated, hydrophilic C-terminal of
the k-casein molecule (termed macropeptide) can be found protruding ~ 7 nm out of the casein micelle into the aqueous phase of
milk. This creates a hairy k-casein layer surrounding the casein micelle, responsible for micellar stabilization via steric and
electrostatic repulsion (zeta potential of ~ —20 mV at pH 6.7) (Miiller-Buschbaum et al. 2007; O'Regan et al., 2009).

In comparison, the arrangement of a- and B-casein and CCP within the internal structure of the casein micelle has yielded greater
debate in the various models proposed in recent years. The simplest model was proposed initially by Waugh and Von Hippel (1956)
and suggested that the a- and B-caseins are surrounded by a layer of k-casein. In the intervening period to now, two main models
have been developed detailing the internal structure of the casein micelle: the submicelle and the nanocluster model.

The submicelle model was firstly proposed by Schmidt (1982) and suggests that the casein micelle is composed of smaller sub-
micelles fused together by CCP. This model has not generated widespread support as it relies on the hypothesis that there are two
forms of submicelle units present in a casein micelle - a k-casein-rich and a k-casein-depleted submicelle. The k-casein-rich submi-
celles are located at the surface of the micelle, with the k-casein-depleted submicelles in the internal structure of the casein micelle.
Research has never confirmed that these different submicelles actually exist. Following this, the nanocluster model was introduced
by Holt (1992, 1998). This model depicts the internal structure of casein micelles as a tangled web of a- and B-caseins linked by
hydrophobic interactions. This casein web contains nanoclusters of CCP (radius of 2.3 nm) which act to stabilize the casein web
structure. Dalgleish (1998, 2011) has presented an updated nanocluster model which incorporates large pores within the casein
micelle and a more sparse distribution of k-casein in the k-casein layer on the surface of the casein micelle.

These pores are large enough to allow (I) easy access to the protruding k-casein for proteolytic enzymes (important for
digestibility and destabilization of caseins) (Diaz et al., 1996) and denatured whey proteins (formation of disulfide linkages
between denatured B-lactoglobulin (B-LG) and k-casein) (Singh and Creamer, 1991; Anema and Li, 2003) and (II) movement
of individual proteins in and out of the casein micelle structure (e.g. B-casein leaving and re-entering the micelle on heating
and cooling) (Creamer et al., 1977). Both the submicelle and nanocluster models retain the key feature that CCP, which is
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Figure 1 (a) Holt's nanocluster model, depicting an internal protein matrix of o~ and B-casein which contains nanocluster like particles of CCP (@)
with steric stailization provided by the protruding k-casein at the micelle surface, from De Kruif et al. (2012). (b) Dual-binding model proposed by
Horne (1998), depicting the hydrophobic bonding occurring between o-, - and k-casein, as well as the CCP nanocluster bridging.

located within the casein micelle, plays a vital role in stabilizing the Ca-sensitive casein present in the interior of the casein
micelle (Fig. 1).

Whey Proteins

Whey proteins were traditionally separated from caseins via isoelectric precipitation of the caseins by adjusting the pH of milk to 4.6.
The whey proteins remained in the soluble phase at this pH, producing a whey stream termed acid whey (O’Mahony and Fox,
2013). Another common practice for the separation of the whey from the caseins is through the addition of an enzyme preparation
such as rennet (primary enzyme chymosin) to milk, as is done during cheese making, which causes the destabilization (cleaving of
k-casein at the micelle surface), aggregation and precipitation of casein micelles (the curd), leaving the whey proteins and glycoma-
cropeptide (GMP) (C-terminal of k-casein which is cleaved off by chymosin) in the soluble phase. Whey produced via enzymatic
coagulation of milk is termed sweet whey and contains GMP.

In industrial and lab scale applications, the separation and further enrichment of whey proteins from caseins is routinely
achieved using unit operations such as chromatography (e.g., ion exchange chromatography) membrane filtration and centrifuga-
tion which exploit the pysico-chemical differences (such as molecular weight and charge) between whey proteins and caseins to
achieve separation. The form of whey produced from these operations is sometimes termed technical whey.

Heterogeneity and Fractionation of Whey

Work carried out throughout the 20th century by Palmer (1933), Sorensen and Sorensen (1939), Gordon and Semmet (1953) and
Polis et al. (1950) showed that many different whey proteins are present in bovine milk and established that the major proteins of
bovine whey are:

® B-LG-; (~50% of total whey protein in bovine milk)

® g-Lactalbumin (a-LA); (~20% of total whey protein in bovine milk)

® Immunoglobulins (Ig); (~10% of total whey protein in bovine milk)

® Bovine serum albumin (BSA); (<10% of total whey protein in bovine milk)
® Lactoferrin (LF); (~1% of total whey protein in bovine milk)

Whey proteins differ in terms of their amino acid composition, size and physicochemical properties (e.g., charge and surface hydro-
phobicity); however, for the purpose of this review, whey proteins will be discussed as a collective.
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Properties of Whey Proteins

Structure and Heat Stability

Whey proteins are highly structured with high levels of secondary and tertiary structure. B-LG, which is the predominant whey
protein in bovine milk, is highly structured with more than half of its structure existing in the form of a-helixes (15% of B-LG
structure) or B-sheets (50% of B-LG structure) ultimately forming a tightly packed globular structure (Whitney, 1988; Kinsella
and Morr, 1984a; Creamer et al., 1983), held together strongly by internal disulfide (S-S) bridges. This highly ordered globular
structure is common for most of the major whey proteins, and thus whey proteins are very heat-labile as they are susceptible
to loss of structure during processing treatments common in the dairy industry (e.g., high heat treatments, and high-pressure
homogenization)

On exposure to temperatures greater than 65 °C, whey proteins tend to unfold from their native structure, exposing AAs such as
Cysteine (which contains a free sulfhydryl (-SH) group). The now exposed free-SH group is readily accessible and highly reactive,
allowing other denatured whey proteins and proteins containing exposed-SH groups (e.g., k-casein) to interact and aggregate via
the formation of new S-S bonds (Kinsella and Morr, 1984a; Mulvihill and Donovan, 1987; Kinsella and Whitehead, 1989; Singh
and Creamer, 1991; Wijayanti et al., 2014).

Charge and Hydrophobicity

As seen in Table 3, whey proteins contain high levels of polar and charged AAs. Kinsella and Whitehead (1989) stated that
proteins with high levels of polar and/or charged AAs, such as whey proteins, interact strongly with water due to their highly
hydrophilic nature. Whey proteins, due to their hydrophilic nature are associated with good solubility characteristics and
proteins in whey protein isolate have been shown (Pelegrine and Gasparetto, 2005) to be highly soluble over a wide range of
pH (Table 4). Due to their heat sensitivity, the solubility of whey proteins is very temperature dependent, as influenced by dena-
turation and aggregation.

Due to their charge and hydrophilic nature, whey proteins (unlike the caseins) display a very limited tendency to self-associate
and are less sensitive to changes in pH and ionic strength when compared to caseins (O'Regan et al., 2009).

Functionality of Milk Proteins

The functional properties of proteins are defined as physical and chemical properties that influence the behavior of food systems
during processing, storage and consumption. Milk proteins have a wide range of functional properties that lend to their application
in numerous food systems (Kinsella and Melachouris, 1976; Kinsella and Morr, 1984a). For the purpose of this article, the func-
tional properties, solubility, gelation and surface activity will be of focus for both casein and whey proteins.

Table 3 Amino acid composition of the major whey proteins in bovine milk

AA B8-LG a-LA BSA LF
Aspartate 11 9 4 53
Asparagine 5 12 13 44
Threonine 8 7 34 52
Serine 7 7 28 50
Glutamate 16 8 59 30
Glutamine 9 5 20 68
Proline 8 2 28 44
Glycine 3 6 15 74
Alanine 14 3 46 98
Cysteine 5 8 35 38
Valine 10 6 36 66
Methionine 4 1 4 4
Isoleucine 10 8 14 26
Leucine 22 13 61 106
Tyrosine 4 4 19 34
Phenylalanine 4 4 27 43
Tryptophan 2 4 2 17
Lysine 15 12 59 78
Histidine 2 3 17 14
Arginine 3 1 23 58
Total 162 123 581 987

Adapted from Kinsella and Whitehead (1989).
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Table 4 Protein solubility values of whey protein isolate solutions® over a pH and temperature
range (Pelegrine and Gasparetto, 2005)

Temperature (°C) pH Protein solubility (g/100 g)
40 3.50 87.1 +£0.03
450 81.8 £ 0.12
5.65 86.3 + 0.02
6.80 87.7 £ 0.02
7.80 92.8 + 0.49
43 3.50 87.7 +£0.28
450 78.8 + 0.41
5.65 89.0 +0.88
6.80 83.9 + 0.26
7.80 88.9 +£0.35
50 3.50 87.1 + 0.06
4.50 72.2 +0.26
5.65 89.6 + 0.05
6.80 74.6 £+ 0.01
7.80 88.6 +0.32
57 3.50 82.0 +0.20
450 64.9 + 0.16
5.65 87.6 + 0.50
6.80 75.6 + 0.08
7.80 85.2 + 0.32
60 3.50 80.7 +£0.18
450 62.4 + 0.06
5.65 92.4 +0.10
6.80 68.2 + 0.15
7.80 87.8 +0.05

Whey protein solutions were made by adding ~ 0.5 g of whey protein isolate (94.3% protein) to a volumetric flask and
making to 50 mL volume.

Solubility

The solubility of a protein is defined as the amount of protein that goes into solution or colloidal dispersion under specified condi-
tions (temperature and ionic strength) and does not sediment out by defined centrifugal force (Morr et al., 1985; IDF, 1995). The
solubility of a protein is regarded as the most important functional property as it is a prerequisite for many other functional prop-
erties and acts as a useful index of overall protein functionality. If a protein has good solubility, its potential applications are natu-
rally expanded (Kinsella and Morr, 1984a; Zayas, 1997c). The solubility of a protein is ultimately decided by a combination of
(I) the balance of intermolecular hydrophobic and electrostatic interactions, which themselves, are controlled by surface hydropho-
bicity and (II) the state (native or denatured) of the protein under specific environmental conditions of temperature, pH and ionic
strength (O'Regan et al., 2009).

Gelation

Gelation refers to the ability of proteins to form a gel under practical conditions during processing or storage of a food product
(Zayas, 1997b) and is a very important functional attribute in many food systems, e.g., yoghurt and cheese production. A gel is
defined as a system containing a relatively small proportion of solid in a relatively large proportion of liquid, yet the system has
mechanical rigidity, thus a protein gel is composed of a three dimensional network of proteins entrapping a large amount of water
(Kinsella and Whitehead, 1989). A protein gel is formed when protein molecules are altered in a way which allows unfolding
(denaturation) to occur, yielding polypeptide regions which are capable of forming various interactions (protein-protein and
protein-water), resulting in a three-dimensional, cross-linked network (O'Regan et al., 2009). The alteration of milk proteins to
form gels is most commonly achieved via thermal denaturation or enzymatic coagulation.

Surface Active Properties

Molecules with surface active properties are used routinely in food processing to stabilize emulsions (oil dispersed in water, O/W, or
water dispersed in oil, W/O) and foams (air dispersed in a liquid phase) in formulated foods (e.g., mayonnaise, cake batter). In
order for proteins to act as surface active agents they must be amphipathic, meaning they contain both hydrophilic and hydro-
phobicregions (Kinsella and Morr, 1984a). Milk proteins adsorb readily at the interface and surface of emulsions and foams, respec-
tively, and act to reduce interfacial and surface tension between the hydrophobic and hydrophilic phases, in turn stabilizing
emulsions and foams (Table 5).



Table 5 Functionality and applications of milk protein ingredients
Solubility Gelation Surface Activity
Casein Whey Casein Whey Casein Whey
Description -Soluble to high conc. at pH -Soluble over entire pH -Casein gels are formed -Due to their heat labile Both types of milk proteins are known to have high

(Kinsella and Melachouris,
1976; Kinsella and Morr,

1984b;
Zayas, 1997a; 0’'Regan et
al., 2009)

from milk by acid and
enzymatic coagulation

values outside of pH 4-5
(casein pl = 4.6).

range encountered in food
applications (at low ionic
strength).

-Solubility decreases at high -Rennet gelation occurs via
ionic strength due to proteolysis of the k-casein
salting out effect (de Wit layer of the casein micelle
and van Kessel, 1996). leading to micelle

destabilization and
aggregation.

-Caseins’ heat stability
allows them to remain
soluble after heat
treatment.

-Thermal denaturation and
aggregation causes
a reduction/loss in
solubility.

-Acid gelation of casein
occurs on adjustment of
pH to 4.6 (pl of caseins)
and produces gels that are
prone to syneresis (whey
expulsion).

-Solubility improved by use
of calcium chelators (e.g.,
citrates).

nature, whey proteins have
excellent thermal gelation
properties.

-The characteristics
(hardness, elasticity and
turbidity) of the gels
formed is dependent on
the solution environmental
conditions: mainly pH and
ionic strength.

surface-activity properties leading to their use as
emulsion and foam stabilizers in food
applications.

Caseins, due to their open
structure, allow for a large
surface coverage at the
interface/surface of an
emulsion or foam.

Whey proteins, in their
native globular state,
adsorb in thicker films at
the interface/surface of
emulsions or foams.
Denatured whey protein
aggregates are
associated with
enhanced surface
activity.

The emulsion properties of both casein and whey proteins
are improved via conjunction with polysaccharides as
forming a polysaccharide portion on the interface
protruding outwards into the emulsion continuous phase,
increasing steric stabilization of the emulsified droplets
(Drapala et al., 2016).
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Surface Activity

Whey

Applications &

Ingredients

(O’'Regan et al.,
2009)

Solubility
Casein Whey
Beverages Beverages

Caseins used in nutritional

beverages which require

high heat treatments for

protein fortification
-Sodium caseinate

Dairy Products

Caseins and caseinates are
commonly used in the
production of analog cheese
where one of their main
functions is to bind water
and emulsify oil.

-Rennet casein, acid casein

Meat Products

Caseins act to bind large
amounts of water, assisting
in fat emulsification and
improving the final texture in
the production of processed
meat.

-Sodium caseinate

Whey proteins are used in the The formation of a casein gel
is a core step in the
production of cheese.
Different cheese varieties are
produced depending on the
gelation mechanism
(enzymatic vs acid)

Both caseins and whey proteins are utilized in the production of Dairy Products
yoghurts. This not only improves the nutritional value of the In the production of table
yogurt but also allows increased yield, viscosity and gel
strength (reduced syneresis)

production of protein
beverages due to their
solubility over a wide pH
range.

—WPC, WPI

Bakery Products

Due to their solubility, whey
proteins are incorporated
into baked goods to retain
water and to provide
additional functionality.

—WPC

Confectionary Products

Protein-rich bars are produced
with whey protein
ingredients to increase their
level of protein and to
control texture via their
water binding capabilities
(Hogan et al., 2012)

-Hydrolyzed WPC

Some cheese varieties such as  Caseins, due to their stability,
are used as emulsifiers and
stabilizers in cream liqueurs
which is a challenging

ricotta are produced by
forming a whey protein
coagulum/curd using heat
and acid gelation.
-Sodium caseinate

spreads, a water in oil
emulsion is created.
Emulsifies are used to
stabilise this emulsion but
due to the very high level of
oil in the dispersed phase,
casein ingredients are used
to further provide
stabilization to the emulsion.

-Sodium caseinate

Casein gelation occurs and is  Textured Products
vital in the production of
kefir which is a fermented
dairy beverage. As
fermentation occurs the pH
of the kefir drops which
causes acid induced gelation
leading to an increase in the
beverage viscosity.

Whey proteins are used in the
production of surimi due to
their gelation properties, as
a replacement for beef
plasma protein or potato
starch (Hsu and Kolbe,

Beverages

Whey protein solubility at low
pH lends to their use as
emulsifiers in protein
fortified fruit juices or soft
drinks which contain volatile
oil flavor compounds.

—WPC, WPC

Bakery Products

Whey protein ingredients are
used as a replacement for
egg proteins in many bakery
applications as both very
effectively stabilise foams
(e.g. meringues).

—WPC, WPI

Meat Products

Fat used in processed meat
product production is pre-
emulsified with whey
proteins to allow for the
formation a strong fat
containing gel network
during cooking.

—WPC

suiajold AN
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Nutritional Properties of Milk Proteins
Delivery of Amino Acids

The main nutritional function of bovine milk proteins is to act as the principal source of nitrogen and amino acids which are
required for growth and maintenance of protein synthesis (Tipton and Wolfe, 2001). Amino acids are classified as essential or
non-essential, with Rose et al. (1948) defining essential amino acids as those which cannot be synthesized in sufficient amounts
by the body to maintain growth or nitrogen balance. Milk proteins have a high biological value as all essential amino acids (Histi-
dine, lysine, phenyalanine, leucine, threonine, valine, tryptophan, methionine and isoleucine) are present at relatively high levels
in the major milk proteins (os1-, ®sy-, B-, k-CN, B-LG and «-LA) (Table 3). Whey proteins have higher levels of essential AAs
(Hambreeus and Lonnerdal, 2003) while caseins, in addition to delivering AAs, play a vital role in delivery of calcium via the
CCP in casein micelles.

Biologically-Active Proteins and Peptides

Biologically-active compounds are those that affect biological processes, beyond the nutritional value, in a way which has an impact
on body function. For milk proteins, the proteins themselves, as well as the peptides formed from their proteolytic digestion, may be
biologically active. For the purpose of this review the effect that milk proteins and peptides have on the immune, cardiovascular and
nervous systems will be discussed.

Milk proteins and peptides that have a beneficial effect on the immune system are termed as either immunomodulatory or anti-
microbial. Immunoglobulins (whey proteins) are an example of immunomodulatory proteins, and are in fact a family of proteins
with varied structure and functions; however, their structures and functions critically revolve around their ability to identify and
bind specific antigens presented by bacteria and viruses which aids host protection (Schroeder et al., 2010). During proteolytic
breakdown of LF in the stomach by pepsin, an antimicrobial peptide, lactoferricin, is formed which targets Gram-negative bacteria
and binds to their cell wall. Once attached to the cell wall, lactoferricin causes the release of lipopolysaccharides, which irreversibly
damages the cell wall, leading to further morphological changes to the structure and function of the Gram-negative bacteria (Bell-
amy et al., 1992; Appelmelk et al., 1994; Tomita et al., 2002).

Antithrombotic milk peptides have a positive effect on the human cardiovascular system. These peptides are mainly formed
during the enzymatic break down of k-casein and have been shown to interrupt the formation of thrombi which, when formed,
can block veins, arteries or the chambers in the heart (Clare and Swaisgood, 2000; Mills et al., 2011).

The nervous system of newborn infants has been shown to be affected by opioid peptides from milk, which obtain their
name due to pharmacological similarities to opium. The major opioid peptides of milk are formed during the proteolytic diges-
tion of B-casein and are called B-casomorphins, which are thought to be biologically potent (Teschemacher et al., 1997; Clare
and Swaisgood, 2000). B-casomorphins have only been found in the intestinal tract and blood plasma of newborn infants and
have yet to be identified in children or adults. The specific activity of B-casomorphins is somewhat unclear, while it has been
shown to be associated with stimulating food intake and increasing the output of insulin in infants (Xu, 1998; Mills et al.,
2011).
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Introduction to Minerals

Minerals as essential micronutrients are required for maintaining normal metabolic functions in human body. These chemical
elements are classified as either major or trace elements, which are needed in larger or fewer amounts for the body, respectively.
Some examples of major minerals are calcium (Ca), magnesium (Mg), and potassium (K), while some trace minerals are manga-
nese (Mn), selenium (Se), and zinc (Zn). All the aforementioned minerals exist in specific food sources; moreover, they are vital for
the health of bones, teeth, and structural parts of enzymes, which are explained briefly in Table 1. Despite all the key roles of
minerals in the body, they have to be consumed on a regular basis with a balanced diet. Therefore, having enough information
about recommended dietary allowance (RDA) for these minerals is vital, which is provided in Table 1 (Lukaski, 2004). Human
requirements for essential minerals vary from a few micrograms per day up to about 1 g per day. Ca with an average RDA of
1200 mg per day has the highest RDA among minerals, and it needs to be consumed to be beneficial for health and bones (Heaney,
1993). Whereas Se with an average RDA of 30 ug per day for an adolescent has the lowest RDA, in which this Se level is essential for
growth and development of a human body. However, consuming the minerals greater than the maximum tolerable intake leads to
the toxicity symptoms. On the other hand, consuming less than the recommended intake can lead to the specific deficiencies
(Motarjemi, 2013). The various side effects of toxicity and deficiencies for different minerals in our body are also shown in Table 1.

Bioavailability of Minerals

The total mineral content of foods is not a useful indicator of its available amounts in the body through absorption, since only
a certain quantity is bioavailable (Jafari and McClements, 2017). The bioavailability of major and trace minerals is defined as
the proportion of the ingested minerals, which is absorbed and available for metabolic functions. The bioavailability of minerals
is varied from less than 1% to more than 90%, and it is a key factor to food effectiveness. The reasons that influence mineral
bioavailability are the chemical form of the minerals in foods, chelating agents, redox activity of food components, mineral—
mineral interactions, and physiological state of consumers (Miller, 2007). As a main rule, the mineral bioavailability in the
body is associated with digestion, release from food matrix, absorption rate of the minerals by intestinal cells, and its transport
to body cells (Fairweather-Tait, 1993).

Bioavailability Enhancers

Organic acids, including ascorbig, citric, and lactic acids, can enhance the mineral bioavailability. Their effect is dependent on the
food composition, type, and concentration of mineral and the concentration of organic acids. They can form soluble chelates with
minerals, which protect the minerals from precipitation and bind to other inhibitors (Miller, 2007; Suh et al., 2003).

Bioavailability Inhibitors

Phytates are the main storage form of plant seeds known as potent inhibitors and chelators, limiting the bioavailability of partic-
ularly divalent and trivalent minerals (Hurrell, 2004). High levels of phytates are mainly found in cereals, legumes, roots, and vege-
tables (Sandberg, 2002). Polyphenolic compounds also decrease the mineral bioavailability, which exist in foods such as tea, coffee,
and many vegetable and fruit extracts (Graham et al., 2001; Yeung et al., 2003; Zijp et al., 2000).

Bioavailability of Major Minerals (Ca, K, and Mg)

The concentration of Ca in the food products and the existence of inhibitors and enhancers of Ca absorption determine the absorp-
tion of Ca from foods (Weaver and Plawecki, 1994). The prime dietary inhibitors of Ca absorption are oxalate and phytate; there-
fore, the poor Ca bioavailability is dedicated to the spinach and pinto beans due to their high concentrations of oxalate and phytate,
respectively. Whereas dairy products are classified in food groups with the high bioavailability of Ca.

Potassium is generally absorbed well within the body up to 90% because of its high water solubility (Agarwal et al., 1994).
Therefore, there is not a lot of information about its absorption from different foods.

The efficiency of Mg absorption varies largely depending on Mg intake, from 25% to 75% in high- and low-intake groups, respec-
tively (Schwartz et al., 1984; Seelig, 1982; Spencer et al., 1980). High intakes of fiber result in lower Mg absorption because of the
inhibitory effect of phytate associated with fiber. However, the high concentration of Mg in phytate and cellulose-rich products
increases Mg intake and compensates the decrease in its absorption (Kelsay et al., 1979).
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Table 1

Food sources, functions, recommended dietary allowance (RDA) (Joint FAO/WHO, 2005), deficiency, and excessive intake effects of minerals

Minerals

Food sources

Main functions

RDA (per day)

Deficiency effects

Excessive intake effects

Major minerals
Calcium (Ca)

Magnesium (Mg)

Potassium (K)

Trace minerals
Manganese (Mn)

Selenium (Se)

Zinc (Zn)

Milk and dairy products, fortified
juices, tofu, kale, broccoli,
legumes

Milk and dairy product, seafoods,
nuts and seeds, legumes, leafy
and green vegetables, unrefined
cereal grains, chocolate,

Meats, fish (salmon), milk, yogurt,
fresh and dried fruits and
vegetables, whole grains, legumes

Seafoods, fish, hazelnut, seed
(pumpkin), beans, tea (black,
brewed), spinach, brown rice,
raisin, almonds, tofu

Skim milk, salmon, shrimp, chicken,
beef, pork, and crab meat, Brazil
nuts, brown rice, wheat bread

Milk and dairy products, red meat,
poultry, shellfish, oyster, dried
beans, nuts, whole grains, soy
food

Essential for healthy bones and teeth,
skeletal growth and development,
nerve transmission, insulin release,
blood coagulation

Proper maintenance and growth of
bones, cofactor for numerous
enzyme, plays a vital role in proper
functioning of nerves and muscles

Nerve transmission, proper fluid
balance, muscle contraction,
maintains normal blood pressure,
and waste elimination

Bone development, a part of many
enzymes, important for the normal
functioning of the brain and proper
activity of nervous system, useful
for postmenopausal women

A component of special proteins in the
body called antioxidant enzymes;
stimulation of the immune system
involved in conversion of thyroxine;
protecting the organism from
various viruses

A cofactor in metalloenzymes,

a regulation of gene expression,
growth and development of human
body

Men 1000 (mg)
Women 1000
Children  500-700
Pregnant women 1200
Men 260 (mg)
Women 220
Children  60-100
Pregnant women 220
No RDA

Men 2.3 (mg)
Women 1.8
Children 1.2-1.9
Pregnant women 2

Men 34 (ug)
Women 26
Children  17-21
Pregnant women 28

Men 12 (mg)
Women 10
Children 5-8
Pregnant women 12

Increased colon cancer risk,
hypertension, osteoporosis and
growth arrest

Muscle cramps, weakness, nausea,
tremors, anxiety, high blood
pressure, and respiratory
disorders

Gastrointestinal disorders,
depression, and confusion

Hypocholesterolemia, dermatitis,
and weight loss

Myalgias, cardiomyopathies,
increased risk for some cancers

Growth retardation, poor wound
healing, delayed sexual
maturation, impaired immune
response

Hypercalcemia (nausea, kidney
stones, constipation) and in
extreme conditions coma and
death

Rarely occurs, intestinal distress:
diarrhea, cramping, nausea

Rarely occurs

Extrapyramidal, amidal movement
disorders, and hallucinations

Nausea, diarrhea, and alteration in
mental status and loss of hair and
nails

Inhibition of Cu and Fe absorption,
impaired immune response
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Bioavailability of Trace Minerals (Mn, Se, and Zn)

The absorption of Mn is generally less than 5%. However, the Mn bioavailability has not been studied widely in humans. Ca, fiber,
and phytate make an insoluble complex with Mn, leading to an increase in the requirement of Mn and decrease the available soluble
fraction of Mn for absorption (Keen and Zidenberg-Cherr, 2003).

The Se absorption is fairly high, around 80%, but it depends on the existence of other trace minerals and proteins. It has been
recognized that the total bioavailability of Se is around 14% of the original content in the food (Tsuji et al., 2016).

Zn is found in many diets. However, its bioavailability varies widely. Animal-based foods have more Zn bioavailability than
grain-based products. This reason is all because of phytic acid that is found in whole grains and legumes; it binds to Zn and
decreases Zn absorption from dietary sources. Thus, people with vegetarian diets need 50% more dietary Zn than nonvegetarians
because of the large amounts of phytates consumption (Bel-Serrat et al., 2014).

Effect of Food Processing on Bioavailability of Minerals

During food processing and storage, minerals are subjected to light; moisture; oxygen; various processing techniques including heat-
ing, soaking, grinding, germination, fermentation; and so on. These conditions can substantially influence the mineral bioavail-
ability and degradation of special trace minerals by deactivating enzymes that degrade inhibitors or by generating insoluble
mineral compounds. However, these treatments can also increase the mineral bioavailability and diffusion through separation, par-
titioning, or destroying inhibitors and transforming food components into complex ligands for metal ions (Gibson et al., 2006;
Watzke, 1998).

Table 2 shows some bright and dark sides of different processing operations on the mineral bioavailability of food products.

Fortification and Enrichment of Food Products With Minerals

Despite an ideal condition of food diversity and availability in many parts of the world, lots of people in low-income countries
suffer from mineral deficiencies. Among varieties of methods for controlling mineral malnutrition, fortification is an advantageous
strategy and long-term solution, which can satisfy peoples’ nutritional needs in both developing and developed countries. FAO and
WHO define food fortification as enrichment or addition of one or more nutrients to foods, even if it is naturally present in that
food, with the aim of preventing or correcting nutrient deficiencies in a population. To make a plan for food fortification, some
conditions should be considered: the whole process needs to be cost-effective and safe. Moreover, the selected food vehicles depend
on their affordability and availability in all season; therefore, the foods are usually chosen from staple foods in which the specified
amount of them are regularly consumed in the local diet. The minerals and their available fortified foods are shown in Table 3
(Fathima et al., 2017). Furthermore, the whole process of fortification should have no adverse effects on the sensory properties
of the final products, with an increase in absorption and bioavailability of minerals, also with positive effects on consumers’ health-
iness (Gharibzahedi and Jafari, 2017a). With these aims and conditions, there are some suitable fortification methods, including
mineral biofortification, direct addition of minerals to processed foods, and nanoencapsulation.

Mineral Biofortification

Biofortification is a breeding process of specific crops such as rice, wheat, beans, and other cereals and legumes, with the aim of
enhancing both their mineral density and bioavailability. Mineral biofortification is implemented at the growing phase of agricul-
tural crops (Dwivedi et al., 2012). Many researchers have focused on biofortification of Zn, Ca, and Se, since they are considered as
limiting minerals in plant-based diets (Kim et al., 2006; Kutman et al., 2010; Morris et al., 2008; Park et al., 2005; Poblaciones and
Rengel, 2016; Ram et al., 2016; Ramos et al., 2010; Thavarajah et al., 2015).

Direct Addition of Minerals

Direct addition of minerals prior to food consumption is another fortification method. One of the main benefits is that the minerals
can be protected from different degradation factors during food processing, since they can be sprayed on the finished products.

Ca, as one of the essential major minerals, has lots of salutary properties, and its deficiency can lead to many diseases that are
shown in Table 1. Therefore, it is vital to fortify foods with this mineral to improve its absorption and availability. However, forti-
fication with major minerals may cause undesirable interactions in food structures such as coagulation and precipitation, which can
lead to the chalkiness and bitter taste in the finished products (Singh et al., 2007). For choosing suitable Ca sources in foods,
a variety of properties such as Ca level, solvability, bioavailability, and sensory characters of the whole product needs to be consid-
ered. Some Ca sources for milk and dairy products are calcium carbonate (CaCO3), calcium phosphate (Ca(POy);), calcium lactate
(CsH10Ca0g), and so on (Miinchbach and Gerstner, 2010).

Regarding trace minerals, some foods are fortified with sodium selenite (Na,SeO3 or Na,O3Se) and sodium selenate (Na,O4Se),
to increase Se bioavailability and reduce its deficiencies (Van Dael et al., 2001). Zn deficiency is one of the most common shortages
in the world. Since beef, poultry, and fish are the best sources of Zn, population with predominantly plant-based diet is faced with



Table 2 Impact of different processing techniques on the bioavailability of minerals

Food processing techniques

Food products

Influence on mineral content

References

Autoclaving

Baking
Baking

Blanching

Cooking

Canning
Debittering
Dehydration

Drying

Extrusion
Fermentation
Fermentation
Freezing
Germination
Grilling

Microwave cooking
Microwave cooking
Pressure cooking
Radiation

Soaking

Soaking

Sonication
Refrigerated storage

Lentils grown in Egypt

Fortified whole wheat flour
Bread from selenium (Se)-enriched whole meal/white flour

Spinach leaves

Mineral enriched carrots

Different processed foods

Lupin seeds

Cabernet and Merlot grapes

Egg white

Extruded foods

Leavened bread

Milk

Leafy vegetables

African yam bean

African catfish

Lentils grown in Egypt

Cereals and green leafy vegetables
Cereals and green leafy vegetables
Cucumber

Brown rice

Maize flour

Apple juice
Fruits and vegetables

Significant reduction in calcium (Ca), potassium (K), magnesium (Mg), and

copper (Cu) contents
Decrease in manganese (Mn), Cu, and zinc (Zn) contents

Without any significant reduction in selenomethionine content after bread

processing and production

Increasing HCI extractability of Zn and Ca

Improving the contents of major and trace minerals

Complex destruction

High decrease in minerals and 71.4% phytic acid removal

Increasing the contents of major and trace minerals

Maillard reaction, denaturation of binding proteins

Inactivation of phytase enzyme

Decrease of phytate content

Increase Zn and Ca bioavailability in iron-fortified dairy products

High retention of mineral constituents

Decrease of phytate content

Increase of mineral contents

Lesser decrease of minerals than other preparation methods

A considerable decrease in the bioavailability of Se

A considerable decrease in the Se content

High mineral sensitivity of minerals to different doses of irradiation

A significant decrease in Zn content

Activate endogenous phytase, reduce phytate levels, and improve zinc
protoporphyrin

Increase in K, Mg, Cu, and Zn

Decrease in Ca, Mn, Zn, and Cu during storage

Hefnawy (2011)

Akhtar et al. (2010)
Hart et al. (2011)

Yadav and Sehgal (1995)
Biezanowska-Kope¢ et al. (2016)
Ranhotra and Bock (1988)
Ertas and Bilgicli (2014)
Panceri et al. (2013)

Leahey and Thompson (1989)
Mercier (1993)

Gibson et al. (1998)

Drago and Valencia (2002)
Lisiewska et al. (2009)
Ene-Obong and Obizoba (1996)
Ersoy and Ozeren (2009)
Hefnawy (2011)

Khanam and Platel (2016)
Khanam and Platel (2016)
Rahman et al. (2015)
Albarracin et al. (2013)

Manary et al. (2002)

Abid et al. (2014)
Bouzari et al. (2015)
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Table 3 Minerals and their associated fortified foods

Minerals Available fortified foods

Calcium Fortified orange juice, fortified milk and soy milk, fortified cereals (raisin bran, corn flakes), enriched
breads, grains, and waffles

Magnesium No fortified foods available

Potassium No fortified foods available

Manganese Cereals

Selenium Noodles, milk, meat, cereals, flour, salt, sports drinks, and baked products

Zinc Cereals, wheat flour, maize meal, corn/soy blend, and wheat/soy blend

Zn shortages with lots of side effects. Therefore, fortification of cereal staple foods with Zn could benefit this population (Badii et al.,
2012). Some common Zn types for food fortification are zinc oxide (ZnO), zinc sulfate (ZnSO,), zinc acetate (C4HgO4Zn), and zinc
chloride (ZnCl,) (Kahraman and Ustunol, 2012).

Nano/Microencapsulation of Minerals

Nano/microencapsulation is a novel technology that involves coating a bioactive compound into a matrix at different capsule sizes.
Encapsulation improves the retention time of the minerals in the food products and leads to the controlled release of minerals
within the body. In general, nanoencapsulation can be a new delivery system for minerals and compensate many weaknesses of
the direct addition method, since it can cover and mask the undesirable flavor of minerals and increase their bioavailability, water
solubility, and physicochemical stability (Katouzian and Jafari, 2016; Pegg and Shahidi, 1999).

In recent years, nanoencapsulation of Ca, Zn, and Mg has attracted lots of attention. The encapsulated form of Ca, Mg, and Zn
has been used in soy milk, dairy products, and additive supplements, respectively (Bonnet et al., 2009; Hirotsuka et al., 1984; Oner
et al., 1988; Saeidy et al.,, 2014). Despite some efforts about fortification of bakery products with minerals, nanoencapsulation
strategy can be implemented more and more for different minerals to incorporate them in various food products and widen the
variety of fortified foods for people’s consumption (Gharibzahedi and Jafari, 2017b).

Gonclusion

This article provides a useful and synopsis information about some minerals including Ca, Mg, and K as major minerals and Mn,
Se, and Zn as trace ones, their bioavailability, and fortification strategies. Since bioavailability and absorption of minerals are
roughly depending on dietary enhancers, inhibitors, and different processing techniques, there is a wide range of efficiency
in mineral absorption. To overcome these weaknesses and have balanced and adequate mineral consumption, different fortifi-
cation strategies have been conducted. However, because of significant differences between sensory properties of fortified foods
with direct addition of minerals and original ones, some new technologies have been appeared. These technologies can encap-
sulate the minerals and protect them from different conditions until suitable release. Mineral encapsulation gives assurance to
the food industries for improving their food production, packaging, shelf life, and bioavailability without changes in nutritional
and sensory quality of their products. However, there is still a wide scope of demands on research about efficient fortification
and encapsulation methods to have the highest bioavailability for minerals and to cure lots of mineral insufficiency all over
the word.
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Introduction

Monoglycerides (MGs), diglycerides (DGs), and their derivatives account for about 70% of the total world production of emulsifiers
and are widely used in food, detergent, plasticizer, cosmetic and pharmaceutical formulations, thus they are considered as the most
important group of emulsifiers (Krog, 1997). In food science and nutrition, MGs have been investigated from at least four aspects:
molecular structures and physical properties, preparation methods, functional properties, and applications in the food industry.
Different types of MGs have different molecular structures and physical properties. There are mainly two kinds of preparation
methods of MGs: chemical synthesis and enzymatic synthesis. Additionally, MGs have many functional properties, e.g., antimicro-
bial activity, emulsibility, and self-assembly in aqueous systems, and thus have various applications in the food industry. Although
there were numerous independent studies on MGs, very limited information about an overall summarization was known. A specific
review of MGs is necessary for a current understanding of the structures, properties, production, and industrial applications of MGs.

Categories, Structures and Physical Properties of Monoglycerides

MGs can be divided into two categories: 1-monoglyceride (also named a-monoglyceride) and 2-monoglyceride (also named
B-monoglyceride) according to the position of the acyl group in MGs (Fig. 1) (Susi et al., 1961). Under different temperature
conditions, the saturated 1-monoglyceride usually has four different polymorphic forms: sub o, o, B, and B’ (Lutton, 1971;
Vereecken et al., 2009). MGs in o form are unstable and have active chemical property, which contributes to their emulsification
of shortening into the water phase, as well as aids in the incorporation of air into the fat phase (Goldstein et al., 2012; Heertje
et al., 1998). MGs crystallize directly in the a polymorph, and they transition from o polymorph to sub o polymorph after
being cooled at 35-50 °C (Vereecken et al., 2009). However, o and sub a polymorphic forms can transform into a more stable
B polymorph during longtime storage at ambient temperatures, making it widely used in the design of firm food products such
as fat spreads (Heertje et al., 1998; Vereecken et al., 2009). The B’ polymorph is only formed during quick crystallization by using
specific solvents, and it cannot be observed by differential scanning calorimetry (DSC) (IHagemann, 1988). On the other hand,
2-monoglyceride is only in one form (the B polymorph) due to its symmetric molecular structure (Susi et al., 1961; Vereecken
et al.,, 2009).

MGs can also be divided into saturated MGs (e.g., glyceryl monostearate and glyceryl monopalmitin) and unsaturated MGs (e.g.,
glyceryl monooleate and glyceryl linoleate) depending on the degree of saturation of fatty acids attached to the glycerol (Alfutimie
et al., 2014). Saturated MGs have greater ability to initiate fat crystallization and better emulsifying ability than unsaturated MGs,
while unsaturated MGs have better health functional properties and are better at displacing protein from the interface than saturated
MGs (Barford et al., 1991; Davies et al., 2001). Additionally, unlike saturated 1-monoglycerides, unsaturated 1-monoglycerides can
only exit in the B polymorphic form (Vereecken et al., 2009).

According to the chain length of fatty acids attached to the glycerol, MGs can also be divided into short-chain MGs containing
fatty acids with less than eight carbon atoms, medium-chain MGs containing fatty acids with eight to twelve carbon atoms, and
long-chain MGs containing fatty acids with more than twelve cartbon atoms. Long-chain MGs (e.g., monopalmitin, glyceryl
monostearate, glyceryl monooleate, and glyceryl behenate) only have emulsifying ability, while medium-chain MGs (e.g., glyceryl
monocaprylate, monocaprin, and monolaurin) have not only emulsifying ability but also antibacterial activity (Petschow et al.,
1996).

Table 1 shows the structures and physical properties of some common MGs in the food industry. As the chain length of fatty
acids increase, the melting point of MGs also increases and the physical appearance of MGs gradually harden (from an oily fluid
into a hardened fat and then a waxy solid). Conversely, the hydrophilic property of MGs is inversely proportional to the number of
carbon atoms of fatty acids. However, all kinds of MGs have strong lipophilic properties.

H,OH H, OCOR
HOCOR HOH
H,OH H,OH

a-monoglyceride B-monoglyceride
Figure 1 The structures of a-monoglyceride and B-monoglyceride.
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Table 1 Structures and physical properties of some common monoglycerides

Chain  Degree of Physical Melting point
Name Structural formula length  saturation appearance  (°C) Hydrophilic property
Glyceryl CH20H-CHOH-CH,-00C—(CH,)g—CH;  Cs Saturated Viscous liquid 4042 Slightly dissolve in water, and
Monocaprylate dissolve in ethanol
Monocaprin CH,0H-CHOH-CH,-00C—(CH,)s—CHs  C1g Saturated Fatty solid 48-55 Insoluble in water, but dissolve in
ethanol
Monolaurin CH20H-CHOH-CH,—00C—(CHz)10—CH3  C12 Saturated Fatty solid 52-62 Insoluble in water, but dissolve in
ethanol
Monopalmitin -~ CH,OH-CHOH-CH,—00C—(CH2)14—CHs  Cy¢ Saturated Fatty solid 65-68 Insoluble in water, but dissolve in
ethanol
Glyceryl CH,0H-CHOH-CH>-00C—(CH,)1g—CH3  C1g Saturated Waxy solid  62-64 Insoluble in water, but dissolve in
Monostearate ethanol
Glyceryl CH20H-CHOH-CH,-00C—(CHz)20—CH3  Ca2 Saturated Waxy solid ~ 65-77 Insoluble in water and ethanol
Behenate
Glyceryl CH,0H-CHOH-CH,-00C—(CH);—CH=Cys Unsaturated  Liquid 35 Insoluble in water, but dissolve in
Monooleate CH—(CH,);—CH3 ethanol
Glyceryl CH20H-CHOH-CH,-00C—(CHy)7—CH="Cys Unsaturated  Liquid - Insoluble in water
Linoleate CH—CH,—CH=CH—(CH,)4s—CH3

Preparation Methods of Monoglycerides

The direct esterification of glycerol with fatty acids, the glycerolysis (also named the interesterification), and the hydrolysis of
triglycerides (TGs) are the three most important processes for the preparation of MGs (Pouilloux et al., 1999). According to the
type of catalyst used in these processes, preparation methods of MGs fall into two main categories: chemical synthesis (using
homogeneous acid, basic, or metal oxide catalysts) and enzymatic synthesis (using lipase catalysts). However, the final product
is usually a mixture of MGs, DGs, and TGs as well as free glycerol, fatty acids, and catalysts (Kuhrt et al., 1950). MGs are usually
a minor constituent in the mixture, but only they have emulsifying ability (Kuhrt et al., 1950). Thus, preparation methods are
constantly being improved, and the separation and purification technologies have been used to produce MGs with high purity
(Fregolente et al., 2007; Kuhrt et al., 1950).

Chemical Synthesis of Monoglycerides

Fig. 2 presents the schemes of the esterification and the glycerolysis of chemical synthesis of MGs. The direct esterification of glycerol
with fatty acids has been known since the mid-19th century (Kuhrt et al., 1950). An acid catalyst (e.g., H,SO4 and H3POy) or a base
catalyst (e.g., NaOH) is required for the esterification (Corma et al., 2005). However, this process was considered uneconomic
because of rising prices of fatty acids, which made the glycerolysis preferred. Additionally, the glycerolysis is less corrosive, and
has a higher miscibility of reactants and lower level of acidic contaminants in the final products than the esterification
(Siri-nguan and Ngamcharussrivichai, 2016). In the glycerolysis, glycerol is transesterified with fatty acid methyl esters or
triglycerides (the major components in vegetable oils and animal fat). In addition, a base catalyst (e.g, KOH, NaOH, and
Ca(OH),) is required for this process (Corma et al., 2005).

The main advantage of chemical synthesis is the short reaction period (2-3 h) (Siri-nguan and Ngamcharussrivichai, 2016).
However, this reaction is carried out at relatively high temperatures (220-250 °C), which involves high-energy consumption. In
addition, high temperature and the use of homogeneous catalysts usually lead to undesirable side reactions and produce dark
colored by-products with an undesirable flavor, and thus results in low monoglycerides selectivity (40%-50%) with poor quality
(Wee et al., 2013). Thus, separation and purification technology is required to purify MGs from the mixture, which is complicated
and energy consuming (Wee et al., 2013).

In recent years, researchers used severe novel heterogeneous acidic catalysts (e.g., Keggin type heteropoly acid and silicotungstic
acid) or solid mental oxides (e.g., MgO and ZnO) impregnated on support materials (e.g., molecular sieves, activated carbon, silicon
dioxide, clay, titanium, and zeolites) as catalysts to produce MGs (Hoo and Abdullah, 2016; Yu et al., 2003). This process has many
advantages: increased surface area of catalysts, high monoglyceride selectivity, environmental friendliness, ease of catalyst
separation and hence inexpensive product purification processes (Hoo and Abdullah, 2016; Simsek et al., 2015). However, it is
more time consuming than using acid or base catalysts (Ferretti et al.,, 2010). Additionally, protected glycerol (e.g., 1,2-O-
isopropylidene glycerol) was also used to instead glycerol to produce highly pure MGs (Yu et al., 2003).

Enzymatic Synthesis of Monoglycerides

Over the last decades, enzymatic synthesis of MGs has received increasing attention. Lipase-catalyzed selective hydrolysis of
triglycerides, glycerolysis, and direct esterification of glycerol with fatty acids are the three most important enzymatic processes for
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Figure 2 Chemical methods for preparation of monoglycerides: (1) direct esterification of glycerol with fatty acids (Pouilloux et al., 1999),
(2) glycerolysis of fatty acid methyl ester with glycerol (Ferretti et al., 2012), and (3) glycerolysis of triglycerides with glycerol (Corma et al., 1998).

the preparation of MGs (Fig. 3) (Zhao et al., 2011). In the process of hydrolysis, TGs are converted to 2-monoglycerides in a selective
manner by 1,3-regiospecific lipases (Holmberg and Osterberg, 1988). One problem of this process is the low yield of MGs, because
2-monoglycerides usually convert to 1-monoglycerides by acyl migration that can be further hydrolyzed by 1,3-regiospecific lipases to
glycerol and fatty acids. Thus, most studies focused on the enzymatic glycerolysis and esterification in different reaction systems,
including organic solvent systems (Cetina et al., 2011), solvent-free systems (Zhao et al., 2011), supercritical carbon dioxide systems
(Rezaei and Temelli, 2000), and reversed micelle systems (Fan et al., 2010) with immobilized enzyme or free enzyme. In the processes
of esterification and glycerolysis, organic solvents are usually used to form aqueous-organic two-phase systems or microemulsion, and
thus improve mutual miscibility of the glycerol-fatty acids-lipases mixture or the glycerol-oil-lipases mixture (Yahya et al.,, 1998).
However, the use of organic solvents may lead to pollution, produce various undesirable effects on enzyme molecules, and bring
additional separation steps for solvent removal. Thus, solvent-free systems and supercritical carbon dioxide systems can be used to
avoid these problems (Esmelindro et al., 2008). However, in the solvent-free systems, the concentrations and viscosity of the reactants
are high, thus affecting the yield of MGs. And in supercritical carbon dioxide systems, the non-polarity of carbon dioxide can lead to
improper dissolution of both hydrophobic and hydrophilic compounds (Esmelindro et al., 2008). This problem can be solved
by reverse micelles, which are nanometer-sized aqueous or polar dispersion in a polar media in which the interface is controlled
by surfactants/cosurfactants (Hayes and Gulari, 1991). In this technology, the lipases are encapsulated into reverse micelles, which
provide large degree of interface area. However, organic solvents are also necessary in this technology.

The reaction temperature of enzymatic synthesis has a big influence on the yield of MGs. Many studies suggested that enzymatic
synthesis must be carried out below a critical temperature (Tc), which depends on the type of fat and is related to the melting point
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Figure 3 The enzymatic methods for preparation of monoglycerides: (1) lipase-catalyzed selective hydrolysis of triglycerides (Holmberg and

Osterberg, 1988), (2) glycerolysis of triglycerides with glycerol (Wongsakul et al., 2003), and (3) direct esterification of glycerol with fatty
acids (Multzsch et al., 1994).

of the fat (Mcneill et al., 1992). At a higher temperature than Tc, the yield of MGs is approximately 30%, while at a lower
temperature than Tc, the yield of MGs can reach up to > 70% (Mcneill et al., 1990).

Compared to chemical synthesis, the advantages of enzymatic synthesis are milder reaction conditions, higher yields, lower
energy consumption, more pure products, and stronger positional specificity (Freitas et al., 2010; Lee et al., 2004), however
drawbacks also exist. The enzymatic processes are time consuming and complex (Lin et al., 1999). Another disadvantage is that
it is difficult to separate the enzyme from the products (Avander et al., 1992). Immobilized lipases can be used to solve this
problem, but they are uneconomic (Elfman-Borjesson and Hérrod, 1999). Additionally, although enzymatic synthesis has been
shown to be quite successful in producing long-chain MGs, it may not be applicable to the preparation of short-chain MGs because
of the high acidity of short-chain fatty acids (Lee et al., 2004).

Functional Properties of Monoglycerides
Self-assemble in Water or Organic Liquids

MGs are insoluble in water but can swell and self-assemble into four liquid crystal phases: the coagel (the B-gel), gel phase (the
a-gel), liquid-crystalline lamellar phase (L), and cubic phase, depending on water content and temperature (Alberola et al.,
2006). At room temperature, when a small amount of water was added to MGs (usually less than 5%, w/w), MGs-water system
is in the form of isotropic fluid with a relatively low viscosity in coexist with the gel phase (Chen and Terentjev, 2011; Sagalowicz
et al., 2006). With the increase in water content, the liquid-crystalline lamellar phase (approximately 10%, w/w) and cubic phase
(approximately 15%, w/w) are formed (Sagalowicz et al., 2006). The phase transition of MGs in water are also dependent on the
temperature for the formation of gel phase (T¢) and the Krafft temperature of the system (Tx), which is defined as the melting
temperature of an amphiphilic component (Alberola et al., 2006; Luzzati et al., 2010) (Fig. 4). Above the Tk, layers between the
polar head group of crystalline MGs are penetrated by water molecules, thus forming the liquid-crystalline lamellar phase in the
presence anionic co-surfactant. With further increases of temperature (above 80 °C), the cubic phase is formed (Chupin et al.,
2001). Below the Tg, the liquid-crystalline lamellar phase converts into the gel phase. The gel phase is not thermodynamically
stable, and subsequently transforms into the coagel (Van Duynhoven et al., 2005). When the temperature of the system is between
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Figure 4 The effect of the temperature for the formation of gel phase (75) and the Krafft temperature of the system (T,) on monoglyceride phase
transitions in water (Alberola et al., 2007).

Tc and T, the liquid-crystalline lamellar phase can also slowly convert into the coagel (Alberola et al., 2006). In this changing
process, water is fully expelled from the crystal lattice.

The liquid-crystalline lamellar phase and the cubic phase are considered promising crystal phases for food applications. The
liquid-crystalline lamellar phase can form a fat-like gel network, and thus encapsulating large amounts of food ingredients
(Calligaris et al., 2013; Wang and Marangoni, 2015). The cubic phase is usually highly viscous and can also be used to the
preparation of controlled release systems due to its adhesive property (Stonewall et al., 2017).

In organic liquids, MGs can also self-assemble themselves to form organogels, which are thermoreversible, anhydrous, and
viscoelastic materials with a three-dimensional supramolecular network (Da Pieve et al., 2010). When MGs are mixed with organic
liquids, inverse bilayers are formed and subsequently grow and organize into lamellar platelet microstructures and eventually
convert into a continuous three-dimensional network via capillary forces containing the liquid (Chen et al., 2009; Chen and
Terentjev, 2009). MGs organogels can be used as organogelators for unsaturated oils with plastic structures (Zheng et al., 2016),
oil migration inhibitors (Hughes et al., 2009), and vehicle for the delivery of lipophilic bioactive compounds in the food industry
(Da Pieve et al., 2010).

Emulsifying Property

MGs are very common emulsifiers in the food industry, due to their hydrophilic head (the hydroxy of glycerol) and hydrophobic
tail (the tail of fatty acid). At the air-water interface, GMs can form closely packed Langmuir monolayers (Pantoja-Romero et al.,
2016). At the oil-water interface, crystallized GMs self-assemble to lamellae to form walls (hydrogel) surrounding oil droplets
(Manzocco et al., 2012). However, MGs are low polar emulsifiers and have weak solubility in water, thus co-emulsifiers (e.g., fatty
acids, and sodium salts of fatty acids) are usually used to increase their dispersibility in water (Hughes et al., 2009).

The molecular structure of MGs influences their chain packing and emulsifying stability at the air-water or oil-water interface
(Shen et al., 2008). Many researchers indicated that emulsions or foams stabilized by unsaturated MGs or short-chain MGs are less
stable due to the desorption and collapse than those stabilized by saturated MGs or long-chain MGs (Rodriguez Patino et al., 1999).
Additionally, saturated MGs are better initiators of fat crystallization than saturated MGs (Zhang and Goff, 2005). Saturated MGs
can accelerate fat crystallization by inducing heterogeneous nucleation, which is essential for the production of edible fat products
with desirable melting and crystallization properties (Daels et al., 2015). On the other hand, unsaturated MGs are considered better
destabilizing agents of the protein stabilized-emulsion than saturated MGs, and promote partial coalescence of fat globules, which
contributes to the formation of a fat network (Zhang and Goff, 2005).

Mixing MGs with other types of emulsifiers (e.g., sodium caseinate and B lactoglobulin) is a good method to improve mutual
emulsifying property (Cho and Cornec, 1999; Doxastakis and Sherman, 1984). Additionally, concentration and particle size of each
emulsifier have significant effects on the structures of mixtures. For instance, after mixing MGs (low molecular weight) with proteins
(high molecular weight), the adsorption of proteins at air-water interface was enhanced with in a shorter time possibly due to the
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interaction between proteins and MGs. However, after a long time, a densely packed monolayer formed by MGs completely
displaces proteins, possibly because of the surface pressure and exclusion effects (Cho and Cornec, 1999).

Antimicrobial Activity and Antivirus Effect

Medium-chain MGs (especially monolaurin) are regarded as safe and “natural” antimicrobial preservatives (Branen and Davidson,
2004). They have significant inhibitory effects on fungi (e.g., Aspergillus niger, Saccharomyces cerevisiae, and Penicillium italicum)
(Altieri et al., 2007; Nikolovska, 2012), Gram-positive spoilage bacteria (e.g., Staphylococcus and Lactobacillus species) (Blaszyk
and Holley, 1998; Fu et al., 2009) and pathogenic bacteria (e.g., Bacillus cereus, Staphylococcus aureus and Listeria monocytogenes)
(Kabara, 2010; Stecchini et al., 1996). The mechanism is that the hydrophobic tail (the tail of fatty acid) of MGs can attach to
cell membranes and puncture them, thereby altering membrane permeability and disrupting the cell metabolic activity (Altieri
et al., 2007). However, Gram-negative bacteria are resistant to MGs because Gram-negative bacterial cell walls are protected by
an outer membrane (Branen and Davidson, 2004; Proctor and Cunningham, 1988). Combining MGs with other antimicrobials
(e.g., nisin (Branen and Davidson, 2004), herbs (Hamedi et al., 2014), lactoperoxidase (Mclay et al., 2002), and ethylenediamine-
tetraacetic acid (Sadiq et al.,, 2016)) can increase their antimicrobial effects and even inactivate Gram-negative bacteria.

In addition, MGs have been found to possess antiviral activity. For instance, monocaprin has been shown to be effective against
enveloped viruses, such as vesicular stomatitis virus, herpes simplex virus and human immunodeficiency virus type 1 (HIV-1)
(Schlievert et al., 2008). In addition, unsaturated MGs (e.g., glyceryl monooleate) were found to be extremely potent inactivators
of enveloped viruses (Sands et al., 1979). Future research may focus on the clinical use of these MGs as virucidal agents after
addressing the technical challenges, such as the poor solubility in aqueous buffer solutions, and the sensitivity to the concentration
(e.g., critical micelle concentration) and environmental factors (Jackman et al., 2016).

Applications of Monoglycerides in the Food Industry

MGs are mainly used in bread, accounting for approximately 40% of all MGs used in the food industry (Van de Walle et al., 2008).
There are two main advantages for using MGs in bread. First, MGs can be used with oil to reduce the overall fat and saturated/trans
fat intake and so reduce the health and economic burden of overweight, obesity and their clinical sequelae (Calligaris et al., 2013).
In addition, MGs possess the capacity to favor oil spreading over flour and the anti-stale properties based on their ability to complex
with the major starch components, amylose and amylopectin (Calligaris et al., 2013; Sawa et al., 2009). Thus, MGs can improve
dough machining properties, enhance slicing performance and achieve superior bread quality (e.g., increased bread volume and
bread crumb softness, and reduced bread stale) (Inoue et al., 1996). Generally, the chain length of MGs can influence their
anti-stale performance in bread. Longer chain MGs (e.g., glyceryl monomyristate, monopalmitin, and glyceryl monostearate)
perform better than monolaurin with shorter chain length and glyceryl behenate with a very long chain length (Sawa et al., 2009).

Approximately 20% of all MGs are used in sponge cakes and cakes (Van de Walle et al., 2008). Saturated MGs can be used to
reduce the overall fat content in cakes and increase bread volume probably due to the interaction between MGs and proteins and
their increased foaming properties (Kuhrt and Welch, 1950; Manzocco et al., 2012). However, the use of unsaturated MGs in sponge
cakes leads to a less voluminous and harder structure (Vereecken et al., 2010). In addition, MGs have some adverse effects on the
quality of cakes, such as increased water-loss during reheating or storage, crunchier crust, higher acrylamide content and higher
tendency to going stale, probably because of the development of a peculiar system morphology promoted by hydrogel
incorporation in the food matrix (Cloke et al., 1984; Manzocco et al.,, 2012).

MGs can also be used as dough conditioners and amylose complexing agents in noodles (Charutigon et al., 2008). Many studies
indicated that noodles prepared with MGs showed induced stickiness, higher cooking time, lower cooked weight and lower cooking
loss (Charutigon et al., 2008; Kaur et al., 2005). The presence of MGs in noodles probably leads to the restricted supply of water to
the starch granules and thus prevents the swelling of starch granules to their full extent, and thereby increasing cooking time and
reducing cooking weight (Kaur et al., 2005). In addition, the complexes formed by the interaction between MGs and the amylose
may result in lower cooking losses and longer cooking time of noodles (Kaur et al., 2005; Moorthy, 1985).

Saturated MGs and unsaturated MGs have different effects at different stages of ice cream preparation. In the first step, the
preparation of a protein-stabilized oil-in-water emulsion, although MGs are not required to aid emulsification, they are still added
and function as follows (Davies et al., 2000; Govin and Leeder, 2010). During the low temperature aging step, the surface tension
between the fat and the water phases decreases due to MGs crystallization, and protein molecules are displaced by MGs due to their
lower molecular weight, which make the fat droplets more susceptible to subsequent destabilization (Davies et al., 2000). However,
the competitive adsorption of unsaturated MGs against proteins is better than saturated MGs, which makes unsaturated MGs better
destabilizing agents (Barford et al., 2010; Johansson and Bergenstahl, 1992). During the concomitant freezing/whipping step,
partial coalescence or fat destabilization contributes to the formation of a fat network, and crystallization of emulsified oil occurs
in this step also(Méndez-Velasco and Goff, 2012). However, saturated MGs are better initiators of fat crystallization than
unsaturated MGs (Davies et al., 2000).

Furthermore, MGs are also used in cookies (Goldstein and Seetharaman, 2011), margarines (Vereecken et al., 2010), cheese
(Bunka et al., 2007), and sausages (Kouzounis et al., 2017). The function of MGs in cookies is similar to that in bread (Goldstein
and Seetharaman, 2011). On the other hand, MGs act as emulsifiers and structural stabilizers in margarines, cheese and sausages,
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due to their good emulsifying performance and the property of self-assembling to create a gel with “fat-like” properties (Alfutimie
et al., 2015; Kouzounis et al., 2017).

Conclusions

We can conclude that the structures of MGs (e.g., chain length and degree of saturation of fatty acids attached to the glycerol) have
a big effect on their physical (e.g., the polymorphism, melting point, physical appearance, and hydrophobicity) and chemical (e.g.,
the self-assemble, emulsifying property, antimicrobial activity, and antivirus effect) properties, and thus their applications in the
food industry. We also found that the esterification and the glycerolysis used in both chemical and enzymatic processes are the
two most common methods for the preparation of MGs. However, many problems associated with both chemical and enzymatic
processes remain to be solved. In addition, there is a need for further studies elucidating the interactions between MGs and other
polymers (e.g., proteins, fat, and starch), properties of these complexes and their applications in the food industry.
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Introduction

Muscle proteins are an important part of the diet in many cultures, as they make up the major proportion (other than water) of lean
meat. These proteins provide most of the texture, color and nutritive value of meat and most meat products. In life, muscle proteins
provide motive power to the animal. Following slaughter, muscle tissue forms meat.

Meat and meat products are today regarded in the developed world as a luxury, and in many Western countries meat consump-
tion is on the decline due to both the price and the environmental cost. But strong demand for meat and meat products is expected
to continue because of strong meat-eating traditions in many cultures, a general recognition of meat as one of the best sources of
high quality bioaccessible protein and iron, and a general preference for the textures and flavors of meat-containing dishes. Further
to this, meat plays an important part in many developing countries, particularly meat from pigs and chickens that can convert waste
materials, and from ruminants that can convert plant materials that are inedible to humans, into high quality food.

Structure of Muscle

Skeletal muscles consist of multinucleated muscle fibers made up of bundles of elongated myofibrils in a parallel configuration
(Fig. 1) (Gault, 1992; Strasburg et al., 2008). Depending on animal species, muscle size and anatomical location, muscle fibers
differ in length (a few millimeters to 30 cm), diameter (10 pm to 100 pm), and orientation (parallel or at a specific angle to the
length). Most of the skeletal muscles are composed of muscle fiber type I, IIA, IIX and IIB (Pette and Staron, 2000; Schiaffino
and Reggiani, 2011; Spangenburg and Booth, 2003). These muscle fiber types are characterized based on their contraction speed
(slow-twitch or fast-twitch) and preferred metabolic pathway for glycogen degradation (glycolytic or oxidative). Different muscle
types vary in ATPase activity, which reflects their contractile characteristics as well as enzyme activities involved in their metabolic
pathways. Type I fibers are slow-twitch, red, with oxidative metabolism; type IIA fibers are fast-twitch, red, with intermediate
(oxidative glycolytic) metabolism; whereas type IIB and IIX fibers are fast-twitch, white, with glycolytic metabolism (Lefevre
et al,, 1999; Peter et al., 1972).

A muscle fiber is ensheathed by a fine connective tissue layer, the endomysium, which contains blood capillaries and nerves.
Each muscle fiber is composed of a few dozen myofibrils and is enclosed by the muscle plasma membrane, called the sarcolemma,
which is made up of a phospholipid bilayer with embedded proteins, glycoproteins and glycolipids. The myofibrils are bathed in
sarcoplasm containing several nuclei, sarcoplasmic reticulum, Golgi apparatus, mitochondria, lysosomes, glycogen granules,
enzymes and other soluble constituents, that are vital for muscle function. The sarcoplasmic reticulum acts as a calcium ion reservoir
for muscle contraction. Bundles of muscle fibers are organized into fascicles that are encased in another layer of connective tissue
containing larger blood vessels and nerves called the perimysium. Several fascicles are assembled into a whole muscle by an outer
layer of connective tissue known as the epimysium, which extends into tendons to join the muscles and bones together.

Unlike those of terrestrial animals, the muscles of fish are much shorter and are segmented into myotomes by a fine connective
tissue layer called the myocommata, or myosepta, as depicted in Fig. 2 (Johnston, 2001; Venugopal and Shahidi, 1996). Each
myotome consists of muscle fibers organized in parallel to the length axis of the fish body. Fish muscle fibers are enclosed by
the sarcolemma. However, the connective tissue of the extracellular matrix in fish fuses with myocommata at the myotome-
myocommata junction, in contrast to terrestrial animal muscles, that are tapered into a tendon.

Regardless of the animal species, myofibrils in muscle fibers consist of longitudinal myofilaments comprising thick and thin
filaments (Fig. 3) (Strasburg et al., 2008; Tortora and Derrickson, 2013). Thick filaments are made up of myosin molecules and
several cytoskeletal proteins such as titin, while thin filaments are composed of actin, tropomyosin and troponin. Alternating light
isotropic (I-band) and dark anisotropic (A-band) bands are seen on myofibrils under a polarized light microscope. At ultrastructural
scale, each I-band is separated into two by a dark and narrow band called the Z-disk. The region between two Z-disks is known as
a sarcomere, which is the repeating longitudinal contractile unit of the myofibril. A sarcomere comprises an I-band consisting purely
of thin filaments, an A-band containing alternatively overlapping thin and thick filaments, an H-zone that is in the center region of
the A-band, where the thin filaments are absent, and an M-line that is in the middle of the H-zone. When a muscle contracts, the
Z-disks shift closer together due to shortening of the I-bands, and the length of the sarcomere is decreased (Gault, 1992).

Skeletal muscle proteins can be classified into myofibrillar (50%-60%), sarcoplasmic (30%) and stromal (10%-20%) proteins,
based on their solubility at varying salt concentrations (Strasburg et al., 2008).
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Figure 1  Structure of skeletal muscle. Adapted from Tortora, G.J., Derrickson, B.H., 2013. Principles of Anatomy and Physiology, fourteenth ed.
Wiley Global Education, New York.

Myofibrillar Proteins

The myofibrillar proteins consist of contractile, structural and regulatory proteins (Hopkins, 2014). The contractile proteins are
myosin and actin, which form the thin and thick filaments that control the skeletal muscle contraction and relaxation. The regula-
tory proteins include troponin and tropomyosin. The structural proteins comprise mainly titin, nebulin, a-actinin, B-actinin,
tropomodulin, desmin, filamin, C-protein, H-protein and myomesin.

Contractile Proteins

Myosin (molecular weight of 520 kDa) is a filamentous protein that forms the thick filaments of muscle cells and is the principal
protein of the A-band (Gault, 1992; Strasburg et al., 2008). A myosin molecule has a quaternary structure consisting of six subunits,
which include two myosin heavy chains (MHC), two essential myosin light chains (MLC1) and two regulatory myosin light chains
(MLC2), with molecular weights (MW) of approximately 220 kDa, 23 kDa and 20 kDa correspondingly (Clark et al., 2002; Swartz
et al., 2009). Each myosin molecule can be hydrolyzed by enzymatic digestion into two portions, which are light meromyosin
(LMM) and heavy meromyosin (HMM) (Fig. 4) (Choi and Kim, 2009; Pearson and Young, 1989a; Strasburg et al., 2008). LMM
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is important for the construction of thick filaments from myosin molecules while HMM is responsible for the regulation of ATPase
activity and actin binding ability. HMM can be further broken down into fragment S1 and S2 where the former contains the globular
myosin heads with the binding site of MgATP and actin, while the latter comprises the a-helix region which binds both MLC1 and
MLC2. In adult mammalian skeletal muscle, there are primarily four MHC isoforms, namely MHC I, IIa, IIb, and IIx, which exist in
pure slow-twitch fiber type 1, fast-twitch fiber type Ila, IIb and IIx, correspondingly (Kohn et al., 2007; Pette and Staron, 2000).
Hybrid fiber types containing different myosin isoforms have also been reported.

Actin (molecular weight of 42 kDa) is the building block of thin filaments and is present in two forms namely globular actin
(G-actin) and filamentous actin (F-actin) (Gault, 1992; Strasburg et al., 2008). F-actin is formed by the polymerization of
G-actin into double-stranded, coiled filaments. F-actin is bound to tropomyosin and troponin as shown in Fig. 5.

During muscle contraction, actin binds myosin to form actomyosin cross-bridges, which activate the myosin ATPase, leading to
the pulling of thin filaments by myosin toward the M-line, resulting in shortening of the sarcomere (Lawrie, 2006).

Regulatory Proteins

Tropomyosin and troponin are two main proteins that regulate muscle contraction and relaxation (Choi and Kim, 2009; Zot and
Potter, 1987). They prevent the activation of actomyosin ATPase in the absence of calcium ions by interacting with actin filaments to
block the myosin binding site. Tropomyosin is a long, coiled protein (MW 65 kDa) that comprises two a-helix polypeptide
subunits, called a- and B-tropomyosin. Tropomyosin molecules bind head-to-tail along the F-actin filament. Each tropomyosin
molecule is attached to a troponin complex (MW 80 kDa) which is made up of troponin C (MW 18 kDa), troponin I (MW
21 kDa) and troponin T (MW 31 kDa) (Fig. 5). Troponin C acts as the calcium binding site; troponin T connects troponin complex
to tropomyosin while troponin I inhibits actomyosin ATPase activity when it is bound to actin (Lehman and Craig, 2008). At high
calcium ion concentration, calcium ions bind to Troponin C, which initiates a conformation change in the tropomyosin-troponin
complex, dislocating troponin I, allowing the action of actomyosin ATPase for muscle contraction.

Structural Proteins

The structural proteins control the filamentous structure and integrity of myofibrils (Fig. 3) (Obinata et al., 1981). Titin, also known
as connectin, with a molecular weight of 4200 kDa, serves as the backbone of thick filaments in the A-band. It also acts as a molec-
ular spring in the I-band, which provides elasticity to the sarcomere during muscle contraction (Fig. 3) (Labeit and Kolmerer, 1995).

Nebulin (MW 800 kDa) is a structural protein that regulates the length of the thin filaments (McElhinny et al., 2003; Strasburg
et al,, 2008).

a-Actinin (MW 95 kDa) is the principal constituent of the Z-disk, supporting and attaching actin to the Z-disk (Obinata et al.,
1981).

B-Actinin, also known as CapZ protein, is a heterodimer consisting of - and B-subunits (MW 37 and 34 kDa respectively). It
binds a-actinin in the Z-disk and prevents network formation between the actin filaments (Swartz et al., 2009).

Tropomodulin (MW 40 kDa) binds tropomyosin and actin as well as controlling the length of thin filaments by maintaining the
number of G-actin monomers (Clark et al., 2002).

Both desmin (MW 55 kDa) and filamin (MW 300 kDa), play a major role in linking the myofibrils to the sarcolemma as well as
stabilizing muscle structure (Capetanaki et al., 1997; Strasburg et al., 2008; Vander Ven et al., 2000).
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C-protein (MW 140 kDa) and H-protein (MW 58 kDa) are myosin-binding proteins that are found in the A-band of thick fila-
ments (Koretz et al., 1993; Xiong, 1997). These proteins are believed to contribute to the alignment and stabilization of the thick
filaments.

Myomesin (MW 185 kDa) is the major protein in the M-line. It is responsible for the binding of titin and myosin and for main-
taining the structure of the thick filaments.

Stromal Proteins

Stromal proteins constitute the connective tissue, which provides mechanical support and protection to the muscle in the form of
tendons, epimysium, perimysium and endomysium (Fig. 1) (Gault, 1992). Connective tissue is composed mainly of collagen
(90%) along with other fibrous proteins including elastin, laminin and fibronectin, and proteoglycans (Chagnot et al., 2012;
Voermans et al., 2008). Connective tissue contains different types of cells, including fibroblasts, macrophages, lymphoid cells,
mast cells and eosinophils. Collagen and elastin are bound to an amorphous ground substance formed by proteoglycans and
glycoproteins for the reinforcement of the connective tissue network.

Collagen

Collagen is the predominant stromal protein in skeletal muscles and is synthesized by fibroblasts (Bailey and Light, 1989; Duance
etal, 1977; Gault, 1992). It is classified into four major types based on its aggregation characteristics: striated and fibrous (Types I,
11, 111, V and XI); non-fibrous and network forming (Type IV); microfibrillar or filamentous (Type VI), and fibril-associated collagen
(Type VII) (Bailey, 1991).

Collagen consists of three polypeptide alpha chains with -Gly-X-Y- repeating units, where X is commonly proline and Y can be
any amino acid (except tryptophan), but is often hydroxyproline, that coil to create a triple helix structure, forming tropocollagen
(Astruc, 2014a; Bailey and Light, 1989; Gault, 1992; Strasburg et al., 2008). Tropocollagen molecules are polymerized into collagen
fibers via covalent intermolecular cross-links that offer substantial tensile strength to collagen fibers. As the collagen fibers age, the
divalent reducible cross-linkages interact to form mature trivalent, non-reducible, more heat-stable cross-links, which further
enhances their stability and mechanical strength.

Collagen has been linked to the toughness of muscle-based food, and its content and extent of cross-linking differ among
different animal species and breeds, age, muscle function, history of exercise and treatment with growth promoter (Strasburg
et al., 2008). Small aquatic animals like fish generally have a lesser amount and less cross-linking of collagen compared to larger
terrestrial animals that require higher weight-bearing strength. Some authors have reported an increase in meat toughness as the
animal aged due to an increase in collagen cross-linking and a decrease in collagen solubility (McCormick, 1999; Purslow,
2005; Taylor, 2004). It was also found that the tender meat cut, bovine Longissimus dorsi, contains only half to two-thirds of
the total collagen content and hydroxylysylpyridinoline cross-links of that found in the tougher cut, Biceps femoris. Various studies
have shown improved meat quality by partial solubilization of collagen in tough meat cuts such as Semitendinosus (Christensen
et al,, 2011a,b; Combes et al., 2004; Sullivan and Calkins, 2010).

Elastin

Elastin is a minor constituent of connective tissue that offers elasticity to the blood vessels and ligaments in the muscles (Debelle
and Alix, 1999). Elastin is an insoluble, hydrophobic, heat-stable and cross-linked protein fiber that behaves in a highly elastic
manner in the presence of water. Elastin content varies among different muscle types. In Semitendinosus muscle, epimysium
and perimysium are rich in coarse elastin fibers which are believed to be one of the contributors in meat toughness
(Rowe, 1986). In contrast, Longissimus dorsi has limited coarse elastin fibers present in the epimysium and even less in the
perimysium.
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Sarcoplasmic Proteins

The sarcoplasmic proteins occur in the sarcoplasm surrounding the myofibrils (Pearson and Young, 1989b). They are involved in
various metabolic functions such as protein metabolism, fatty acid oxidation, electron transportation, glycolysis, glycogenesis and
glycogenolysis (Pearson and Gillett, 2012; Smith, 2000; Strasburg et al., 2008). The sarcoplasmic proteins include the heme
pigments (myoglobin), the glycolytic enzymes (glyceraldehyde phosphate dehydrogenase), the mitochondrial oxidative enzymes
(such as succinate dehydrogenase, cytochrome), the lysosomal enzymes (notably cathepsin), the nucleoproteins and others. Among
them are the proteolytic enzymes that are involved in the post-mortem muscle tenderization process, and myoglobin that is respon-
sible for meat color. The amount of different sarcoplasmic proteins is largely dependent on the muscle fiber type, which in turn
depends on the animal species, breed, age, genetics, and muscle anatomical position and function (Strasburg et al., 2008).
Sarcoplasmic proteases are vital in protein catabolism and post-mortem muscle softening. Both calpains and cathepsins are respon-
sible for post-mortem proteolysis, with calpains and more specially calpain 1 or p-calpain considered to be playing a major role
(Ouali et al., 2006; Veiseth and Koohmaraie, 2005).

Calpains

The calpains are a family of calcium-activated, cysteine proteases that have maximum activity at neutral pH (Sentandreu et al.,
2002). Calpains degrade myofibrillar proteins during protein turnover for muscle growth (Goll et al., 2008; Huang and Forsberg,
1998). There are two types of calpains responsible for post-mortem proteolysis, which are ubiquitous: p-calpain and m-calpain
(Table 1) (Raynaud et al., 2005; Strasburg et al., 2008). The calcium ion concentrations for the activation of p-calpain and m-calpain
are in the range of micromolar and millimolar respectively (Camou et al., 2007). Calpains are found and act along the Z-disk.
Calpastatin is the natural inhibitor of p-calpain and m-calpain.

Cathepsins

Cathepsins are sarcoplasmic proteins that are released from the lysosomes in post-mortem muscle, which are active at an acidic pH
(Table 1) (Geesink and Veiseth, 2008). Among the family of cathepsins, cysteine cathepsin B, H and L and aspartic cathepsin D are
the most abundant in muscles. Cathepsins break down MHC, troponin T, troponin I, tropomyosin and collagen (Bechet et al.,
2005) and collagen (Goll et al., 1983). The proteolytic activity of cysteine cathepsins and cathepsin D can be inhibited by cystatins
(Geesink and Veiseth, 2008) and pepstatin (Bohley and Seglen, 1992) respectively.

Myoglobin

Myoglobin is a heme protein that acts as an oxygen carrier in muscle cells and is responsible for the color of both raw and cooked
meat. The amount of myoglobin varies between different muscle types. Oxidative muscle fibers type I & IIA have higher myoglobin
content than glycolytic muscle fibers type IIB and IIX (Hoekstra, 1969). Poultry has a paler appearance than beef due to a higher
content of fast glycolytic fibers and consequently a lower level of myoglobin.

Four forms of myoglobin exist in the muscle, depending on the state of the heme group: deoxymyoglobin (purplish red),
oxymyoglobin (cherry red), metmyoglobin (brown) and carboxymyoglobin (cherry red) (Fig. 6) (Suman and Joseph, 2013).
The color of the muscle depends on the ratio of these forms of myoglobin (Baldwin, 2012). Cooking of meat results in denaturation
of myoglobin and causes the oxidation of heme which induces a change in meat color.

Table 1 Characteristics of cathepsins and calpains associated with meat tenderness during ageing™”

Calpains Cathepsins
Nature Cysteine proteases; calcium-dependent Acid proteases
Occurrence Cytosol Lysosomes (in sarcoplasm)
Class/Isoform m-Calpains, p-calpains and calpain 3. Main cathepsins involved in muscle ageing are cathepsins
B,L,Hand D
pH for optimum activity Neutral 4-6.5 (varies with enzyme class)
Target proteins Proteins in the Z-disk and cytoskeleton (mainly titin and  Troponin T, collagen cross-links and
desmin). Some breakdown of nebulin, troponin and mucopolysaccharides of connective tissue. Actin and
tropomyosin. myosin at pH < 5

AWarriss (2010).
PKemp et al. (2010).



170 Muscle Proteins

Deoxymyoglobin (FeZ*) Carboxymyoglobin (Fe?*)

Oxymyoglobin (Fe?*) Metmyoglobin (Fe3*)

Figure 6 Interconversion of myoglobin redox forms in fresh meats. Modified from Suman, S.P., Joseph, P., 2013. Myoglobin chemistry and meat
color. Annu. Rev. Food Sci. Technol. 4, 79-99.

Other Sarcoplasmic Proteins

Most of the enzymes involved in the metabolic processes in muscles are sarcoplasmic proteins (Pearson and Young, 1989b;
Strasburg et al., 2008). For instance, the enzymes creatine kinase and adenylate kinase take part in the synthesis and dissociation
of high energy phosphate compounds such as ATP, ADP and AMP. Caspases, metalloproteases, thrombin and plasmin have been
reported to be involved in post-mortem proteolysis (Sentandreu et al., 2002). Other sarcoplasmic proteins such as hemoglobin play
an essential role in the exchange of oxygen and carbon dioxide (Pearson and Young, 1989b; Tahergorabi et al., 2011).

From Muscle to Meat
Postmortem Biochemical Changes

Meat comes from the transformation of skeletal muscle after slaughter. After bleeding, cells survive for a short time by regenerating
ATP (essential for maintaining ionic and potential membrane gradients) through anaerobic metabolic pathways. The synthesis of
ATP is mostly based on the degradation of phosphocreatine and anaerobic glycolysis. When phosphocreatine is depleted, the poor
performance of glycolysis does not maintain ATP at a constant value. Its cellular concentration gradually decreases. As the ATP level
decreases and glycogen is degraded, protons and lactate molecules accumulate in muscle cells resulting in decreased muscle pH
(Bendall, 1973; Greaser, 1986; Monin, 1988). When the ATP level falls by half the resting muscle content, the actin and myosin
molecules bind to form an actomyosin complex. The relative sliding of the filaments becomes impossible and the whole of the
myofibrillar apparatus is transformed into a rigid system called rigor. Subsequently, the muscle stiffness gradually fades, but not
the inextensibility. This ‘resolution’ of rigor results from the lysis of the proteins constituting the myofibrillar structure during
the so-called maturation period.

When the glycogen is depleted and/or when the enzyme co-factor AMP disappears, the pH stabilizes at a value called the ultimate
pH (usually close to 5.7). The acidification of the muscle reduces the net charge of myofibrillar proteins and is close to their isoelec-
tric point (around 5). The slightest repulsion of the proteins comprising the myofilaments leads to a tightening of the latter and
a lateral contraction of the myofibrils (Pearce et al., 2011), which expels part of the intramyofibrillar water into the sarcoplasm
that then migrates into the extracellular space. In addition to the decrease in pH, the osmotic pressure of the muscle evolves after
slaughter. Its value doubles during the onset of rigor mortis (from 270-300 mosmoles to 500-600 mosmoles) (Ouali, 1990a,
1990b, 1992). This increase is directly related to the decrease in pH (Ouali, 1992). The resulting increase in ionic strength, close
to 0.30, is sufficient to damage myofibrillar proteins and to promote the action of muscle proteases.

Fast Postmortem Metabolism Effects on Muscle Proteins and Meat Quality

Pronounced stress just prior to slaughter, coupled with the effects of stunning (especially electrical stunning), accelerates the muscle
metabolism that continues after the animal dies and leads to a rapid drop in pH while the muscle temperature is still high
(Charpentier and Goutefongea, 1963). The low pH/high temperature combination leads to the denaturation of the sarcoplasmic
proteins (Bendall and Wismerpedersen, 1962; Charpentier, 1969; Charpentier and Goutefongea, 1963; Fischer et al., 1979; Lawrie
et al.,, 1963; Scopes, 1964; Scopes and Lawrie, 1963) and the myofibrillar proteins, with myosin being the most sensitive (Bendall,
1973; Offer and Knight, 1988; Penny, 1967; Stabursvik et al., 1984). The denaturation of muscle proteins leads to reduction in their
water holding capacity. The myofilament lattice retracts, expelling water to the extracellular space (Bendall and Swatland, 1988;
Fialik, 1983; Guignot et al., 1993), increasing the ability of meat to reflect light (Macdougall, 1970, 1982). These meats are char-
acterized by strong exudations, a lighter color and a soft texture, hence their name PSE (Pale Soft Exudative) (Adzitey and Nurul,
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2011). This phenomenon was first observed in meat from pigs (Bendall and Wismerpedersen, 1962; Briskey, 1964; Hamm, 1960)
and then in meat from poultry (Barbut, 2009; Owens et al., 2000; Swatland, 2008) and more recently in meat from sheep (Kim
et al., 2014a,b; Warner et al., 2014) and cattle (Aalhus et al., 1998; Guignot et al., 1993; Warner et al., 2014).

Protein denaturation is also observed when the PSE trait is induced by maintaining a muscle at 37 °C for a few hours post
slaughter (Penny, 1967, 1977).

Postmortem Proteolysis

Proteolytic Systems

Conditions after slaughter and during carcass chilling favor degradation of intracellular muscle proteins by proteolytic systems.
Calpains seem to represent the major system involved in tenderizing meat (Goll et al., 2003, Koohmaraie, 1994, Koohmaraie
and Geesink, 2006, Raynaud et al., 2005, Taylor et al., 1995a). It has been concluded that post-mortem muscle tenderization is
due mainly to the action of p-calpain and to a lesser extent the action of m-calpain.

Cathepsins and proteasome seem less involved (Sentandreu et al., 2002; Koohmaraie and Geesink, 2006; Koohmaraie, 1994;
Taylor et al., 1995b). Other proteolytic systems such as caspases, metalloproteases, thrombin or plasmin could also be involved
in the postmortem degradation of muscle tissue (Sentandreu et al., 2002; Ouali et al., 2013).

It has been reported that low pH, elevated temperature and electrical stimulation can all accelerate the release of cathepsins from
lysosomes and eventually facilitate muscle tenderization.

Postmortem Muscle Protein Degradation

The consequences of postmortem proteolysis on the ultrastructure of muscle are well understood (Davey and Dickson, 1970; Davey
and Gilbert, 1969; Koohmaraie, 1994; Koohmaraie and Geesink, 2006; Ouali, 1990b; Taylor et al., 1995a). Surprisingly, myosin
and actin are little affected by post mortem proteolysis, and it is rather the degradation of cytoskeleton proteins that causes a -
modification of myofibril ultrastructure and tenderness of the meat. Overall, post mortem proteolysis leads to a transverse rupture
of the myofibrils at the connecting junction of the I-band to the Z-disks. This zone is essentially composed of actin, titin, and neb-
ulin. Their postmortem degradation is likely to be responsible for myofibril breakdown (Koohmaraie and Geesink, 2006, Robson
et al.,, 1997, Taylor et al., 1995a).

The cytoskeleton is also disorganized by the degradation of the desmin and the filamin, which bind the Z-disks of myofibrils to
each other and also to the sarcolemma from peripheral myofibrils (Huff Lonergan et al., 2010, Taylor et al., 1995b, Koohmaraie and
Geesink, 2006). The degradation of the constitutive proteins of the costamere (dystrophin-vinculin-talin-integrin) which constitutes
the anchor point of desmin on the sarcolemma (Taylor et al., 1995a; Koohmaraie and Geesink, 2006) is also suspected to change
the muscle fiber ultrastructure. The intermediate filaments which bind the myofibrils at the level of the M-lines are also partially
hydrolyzed.

Deterioration of these major cytoskeletal proteins causes misalignment of the myofibrils relative to each other, detachment of
the sarcolemma and rupture of the myofibrils along the Z-disks. Nevertheless, it appears that the degradation of desmin and titin are
the most important of the mechanisms underlying development of tenderness during meat maturation (Koohmaraie and Geesink,
2006). Troponin T, incorporated into the thin filaments, is also degraded during the meat maturation phase, and its disappearance
is related to the appearance of a 30 kDa peptide and the tenderness of the meat (Huff Lonergan et al., 2010). This protein is involved
in the mechanism of muscle contraction, but it is also suspected to stabilize interactions between myofilaments. Its degradation may
favor the disorganization of myofibrils.

Structural changes in intramuscular connective tissue become significant only after 10 days of maturation (Nishimura et al.,
1995). In general, maturation increases the solubility of collagen (Purslow, 2005), causing an improvement in the texture of
raw meat. However, the effects of postmortem changes in connective tissue on the texture of cooked meat are controversial
(Nishimura, 2010; Purslow, 2005).

Postmortem Protein Oxidation

An increase in myofibrillar protein oxidation is observed during ageing (Martinaud et al., 1997; Rowe et al., 2004a,b), that results in
carbonyl derivative formation (Levine et al., 1994; Martinaud et al., 1997) and protein disulfide cross-links (Martinaud et al., 1997;
Stadtman, 1990). In general, both of these changes reduce the functionality of proteins (Xiong and Decker, 1995). Calpains are
particularly susceptible to inactivation by oxidation (Lametsch et al., 2008). Therefore, oxidizing conditions in postmortem muscle
decrease the calpain activity and are likely to affect the tenderization of meat. Myoglobin also undergoes oxidation during the refrig-
eration of carcasses and meat, with significant effects on the color of the meat (Renerre, 2000).

Effects of Processing on Meat Proteins
Meat processing affects the physical and chemical properties of the product by the action of physical forces, heat or the addition of

salts, additives or processing aids (Lewis, 1992). For instance, meat tenderization through electrical stimulation, ultrasonic waves,
blade tenderization and pressure treatment have been reported to modify the muscle structure and protein profile (Hopkins, 2014).
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These processes decrease the overlapping of actin and myosin, cause physical damage to the sarcomere and connective tissues or
improve proteolysis rates through the activation of calpains by calcium ions released after membrane disruption.

Electrical Stimulation of Carcasses

Electrical stimulation of carcasses has no detectable influence on the degradation of desmin and troponin T (Ho et al., 1997), but
could slightly accelerate the degradation of the cytoskeletal proteins titin and nebulin in postmortem muscle (Ho et al., 1996).

Pulsed Electric Field

There has been recent interest in meat tenderization applications of PEF. PEF causes the electroporation of muscle cell membranes,
which potentially facilitates the meat ageing process by releasing the calcium ions from sarcoplasmic reticulum, which triggers the
calcium-activated proteases and/or speeds up pre-rigor glycolysis, and also by releasing the cathepsins from the lysosomes (Warner
etal., 2017). Compared to untreated muscles, PEF-treated cold- and hot-boned beef Longissimus lumborum muscles had increased
degradation of troponin T and desmin (Suwandy et al., 2015a, b).

Exogenous Enzyme Technology

Exogenous proteases have been applied in meat tenderization for many years (Payne, 2009; Sullivan and Calkins, 2010). Most
plant-based proteases can hydrolyze myofibrillar proteins efficiently (Bekhit et al., 2014; Kim and Taub, 1991). For the stromal
proteins, under heating conditions, both papain and ficin were found to be effective in hydrolyzing elastin and collagen whilst
bromelain degraded only collagen (more actively than papain and ficin) (El-Gharbawi and Whitaker, 1963; Miyada and Tappel,
1956; Payne, 2009). These enzymes have wide substrate specificity and can break down many of the peptide bonds present in
meat proteins (Bekhit et al., 2014; Huff-Lonergan, 2014). Excessive proteolytic action can cause over-tenderization, leading to
mushy meat texture (Ashie et al., 2002; McKeith et al., 1994; Weir et al., 1958).

Shockwave Hydrodynamic Processing

Hydrodynamic processing generates a shockwave up to 1 GPa which travels through water in fractions of a millisecond (Bolumar
et al., 2014; Hopkins, 2014). A shockwave process can be set up by subjecting the sealed meat in a water-filled container to
electrically-generated shockwaves (Hopkins, 2014). Shockwave treatment caused increased intramyofibrillar and endomysium
spaces between muscle fibers (Zuckerman and Solomon, 1998; Bolumar et al., 2014) myofibrillar fragmentation alongside the
Z-disk (Zuckerman and Solomon, 1998), destruction of collagen fibrils of the endomysium (Zuckerman et al., 2013) and degrada-
tion of C-protein, which is responsible for the integrity of the thick filaments (Spanier and Fahrenholz, 2005a). The physical disrup-
tion of muscles may lead to the release of endogenous proteases such as calpains and cathepsins, or their activators such as calcium
ions, thus enhancing the tenderization effect. This was seen in a study where troponin T of shockwave-treated samples was degraded
more than in an untreated control after ageing (Bowker et al., 2008a,b). Conversely, no enhancement in the activity of endogenous
proteolytic enzymes (cathepsins and peptidases) was detected after the shockwave process, suggesting that the tenderization effect is
mainly due to physical disruption. The effect of shockwave processing on the protein profile is debatable. It has been reported that
there was no distinct difference in the myofibrillar, sarcoplasmic and stromal protein profiles between control and shockwave-
treated samples (Bolumar et al., 2014; Schilling et al., 2002). However, it has also been reported that shockwave-treated muscle
had higher myofibrillar solubility (Bowker et al., 2008a,b; Spanier and Fahrenholz, 2005a, 2005b) and increased collagen
solubility.

High Pressure Processing

HPP is one of the technologies applied in the meat industry to improve shelf life, safety, and quality characteristics (texture and
color) of foods (Bajovic et al., 2012). HPP subjects the meat to high pressure, usually ranging from 100 MPa to 800 MPa, via
a surrounding liquid and is sometimes accompanied by heat treatment at 60 °C (Hopkins, 2014; Troy et al., 2016). HPP causes
the destruction of microorganism, leads to protein denaturation and inactivation of endogenous enzymes (Sikes and Warner,
2016; Torres and Velazquez, 2005).

HPP alters protein secondary, tertiary and quaternary structures in the muscles by disrupting their conformations and molecular
interactions (Campus, 2010; Sikes and Warner, 2016; Strasburg et al., 2008). For example, at pressures above 100 MPa protein
tertiary structure unfolds and protein aggregation occurs (Cheftel and Culioli, 1997). However, covalent bonds are mostly unaf-
fected. High pressure has been reported to denature myofibrillar proteins (Anderson and Parrish, 1989), cause depolymerization
of actin (Ikkai and Ooi, 1966), and release cathepsins into the cytoplasm by degrading muscle membranes (Homma et al.,
1994; Jung et al., 2000). For example, at pressures between 100 MPa and 300 MPa, myosin and actin were denatured (Angsupanich
and Ledward, 1998; Sikes et al., 2010). The effect of high pressure on muscle structure depends on the applied pressure, processing
temperature and time, and the muscle type (pre- or post-rigor) (Cheftel and Culioli, 1997). For instance, increases in
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intermyofibrillar spaces and myofibril shrinkage were observed in Atlantic salmon meat with increasing applied pressure (from 400
to 900 MPa) and time (Gudbjornsdottir et al., 2010).

The tenderness of pre-rigor meat can be improved by HPP (Sikes and Warner, 2016). Accelerated glycolysis of pre-rigor meat may
occur when high pressure is applied, resulting in shear force reduction of myofibrillar-based food (Elgasim and Kennick, 1982;
Hopkins, 2014; Kennick et al., 1980). The effect of high pressure on the texture of post-rigor meat depends on the processing
temperature (Sikes and Warner, 2016). In most studies, high pressure treatment at 30 °C or below did not have a tenderization
effect in post-rigor meat. The tenderness of post-rigor sheep muscle (Macfarlane et al., 1981; Macfarlane and Morton, 1978) and
chicken breast (Kruk et al., 2011; Zamri et al., 2006) remained unchanged after high pressure, low temperature processing. In
contrast, high pressure processing combined with heat treatment was effective in improving meat tenderness (Bouton et al.,
1977; Rusman et al., 2007; Sikes et al., 2010).

High pressure processing affects the color of meat (Cheftel and Culioli, 1997). At pressures higher than 400 MPa, the oxidation
of heme iron and denaturation of myoglobin in raw meat occur and cause an increase in lightness and decrease in the redness of
meat. This increase in lightness was also observed in bluefish Pomatomus saltatrix as the applied pressure increased from 100 to
300 MPa (Ashie and Simpson, 1996).

Effects of Cooking on Meat Proteins
Sous Vide Cooking

Sous vide is a culinary technique developed in fine dining restaurants, where food is sealed under vacuum and cooked at a controlled
temperature, usually in a water bath (Baldwin, 2012; Schellekens, 1996). Cooking in this way results in uniform and efficient heat
transfer from the water to the food, overcoming the drawback of uneven heating encountered in conventional cooking processes,
while retaining water, soluble components and volatiles in the food and avoiding oxidation. During the cooking process, heat dena-
tures proteins, leading to physical changes in the meat. The effect of cooking on muscle texture largely depends on the cooking time
and temperature as well as the heating rate.

The myofibrillar proteins (mostly myosin and actin) shrink during heating, causing the contraction and shrinkage of the muscle
fibers (Baldwin, 2012; Christensen et al., 2011a,b). When meat is subjected to heat from 40 °C to 60 °C, muscle fibers shrink trans-
versely which causes a widening of the gap between them (Palka and Daun, 1999; Tornberg, 2005). As the temperature further
increases, muscle fibers shrink longitudinally, and the water held between thick and thin filaments is expelled. The sarcoplasmic
proteins start to aggregate and gel when heated at 40 °C to 60 °C (Baldwin, 2012). At sous vide cooking temperatures, most of
the endogenous proteases remain active and contribute to enhancing the tenderness of the meat (Laakkonen et al., 1970a,b). At
55 °C, cathepsins B and L were found to be active during up to 24 hours of cooking, whereas both pi- and m-calpains were inactivated
within 10 minutes (Ertbjerg et al., 2012). Connective tissues, such as collagen, denature at around 60 °C (Baldwin, 2012). This leads
to the formation of water-soluble random-coiled gelatin, decreasing the adhesion between muscle fibers. Collagen in beef perimy-
sium was observed to melt when cooked at 50 to 60 °C, while elastin remained heat stable at 100 °C (Taylor, 2004). DSC analysis
showed that prolonged heating at 53 °C (for 19.5 hours) resulted in diminishing of myosin and collagen peaks of meat from bull
Semitendinosus muscle in the thermograph, suggesting potentially improved meat tenderness (Christensen et al., 2013).

The temperature of sous vide cooking should be set where it is high enough for collagen solubilization and microbiological
inactivation, yet has minimum myofibrillar shrinkage to achieve optimum tenderization action (Ruiz et al., 2013). When a tough
meat cut is cooked at a temperature between 55 °C and 60 °C for 24 hours, the tenderness is improved as the collagen is converted
to gelatin and the myofibrillar proteins are hydrolyzed by the endogenous proteolytic enzymes (Bouton and Harris, 1981; Tornberg,
2005). A decrease in shear force was observed with an increase in cooking temperature from 50 °C to 65 °C, but the shear force
increased when the temperature exceeded 65 °C and up to 80 °C (Baldwin, 2012). It has been suggested that the reduction in shear
force is due to the gel formed from the sarcoplasmic protein, which filled the channels between fiber bundles, resulting in a decrease
in elastic modulus that requires lesser tensile stress to fracture the meat (Tornberg, 2005).

Other Cooking

Cooking of meat other than sous vide does not have the same precise control of temperature and generally exposes at least part of
the meat to much higher temperatures than encountered in sous vide cooking, although other parts may be hardly heated at all (for
example in the center of a “blue” steak). Chefs and consumers often judge the “doneness” of meat by its color, and this is mostly due
to the degree of heme oxidation of myoglobin. During the cooking process, deoxymyoglobin, metmyoglobin and oxymyoglobin
undergo oxygenation, oxidation and reduction reactions, and the ratio between them determines the color of final product (Liu and
Chen, 2001). The color of the cooked meat also depends on the rate in achieving the designated core temperature and the duration
held at that temperature. Cooked meat tends to be redder when the rate of heating is faster and paler when it is held at specific
temperatures longer (Baldwin, 2012).
Important temperature effects are summarized in Table 2 (McGee, 2004).
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Table 2 Effects of heat on meat proteins and qualities

Temperature Proteolytic Myoglobin
0 Meat qualities enzymes Fibrillar proteins Collagen Protein-bound water status
40 Soft Active Beginning to unfold Begins to escape
Smooth
Translucent
50 Firming Very active Myosin begins to denature
Becoming opaque
55 More fibrous, Juicy Denature and Myosin coagulated
when cut lose activity
60 Shrinking Other proteins denature  Collagen sheaths shrink, Flows from cells under Begins to
Losing resilience squeeze cells collagen pressure denature
Losing juice (“medium”
Pink doneness)
70 Shrinking Begins to denature and  Flow ceases
Stiff dissolve
Little juice
Gray-brown
80 Actin denatures Cell

contents compacted

Adapted from McGee, H., 2004. On Food and Cooking — The Science and Lore of the Kitchen, second ed. Scribner, New York.

Nutritional Value and Digestion

Muscle-based food is an excellent source of protein nutrition. The compositions of lean tissue in muscle-based foods are consoli-
dated in Table 3 (Foegeding et al., 1996; Strasburg et al., 2008; Williams, 2007). About 17% to 23% of lean muscle is made up of
protein that contains all the dietary essential amino acids. Consuming meat together with plant-based foods, such as cereals and
legumes, can compensate for the lower levels of lysine (cereals), and sulfur amino acids (legumes) in the diet (Bodwell and Ander-
son, 1986). Protein from meat is highly digestible and bioavailable compared to plant protein (Cernd, 2011), except after severe
processing which can modify amino acid side chains (Soladoye et al., 2015). Muscle-based foods, especially red meats, are
a rich source of highly bioavailable iron, due to their myoglobin content.

Protein digestibility, which is largely dependent on the source and processing history of food, is considered to be an important
factor determining the amount of undigested dietary protein reaching the large intestine (Yao et al., 2016). It has been reported that
increasing cooking temperature and time can decrease meat protein digestibility (Astruc, 2014b; Li et al., 2017; Kaur et al., 2014).
High pressure-treated meat was found to be more digestible than the untreated control sample, both in vitro (Kaur et al., 2016) and
in vivo (Elgasim and Kennick, 1980). Long-time salting and drying rendered the meat protein to be less digestible by pepsin in the
stomach (Li et al., 2017).

Sustainability of Meat as a Source of Protein
Real Cost of Meat, Water and Carbon Footprints

There has been much comment on the environmental cost of producing meat. A commonly quoted “fact” is that it takes 10 kg of
plant protein to produce 1 kg of meat protein. This is a worst-case figure and largely incorrect because:

Table 3 Composition of lean muscle tissues

Proximate composition (%)

Species Water Protein Lipid Ash
Beef*° 70-73 20-23 3-8 1
Pork®® 68-70 19-20 9-11 14
Chicken®® 737 20-23 47 1
Lamb®P 73 20-22 5-6 1.6
Cod (lean fish)™® 81.2 17.6 0.3 1.2
Salmon (fatty fish)™° 64 20-22 13-15 13
Williams (2007).

BStrashurg et al. (2008).
°Foegeding et al. (1996).
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® [t assumes the animal is eating food that could otherwise have been used by humans

® [t ignores other contributions made by the animal - often a lifetime of milk or egg production or of providing motive power, as
well as the other products from the carcass - offal, hides and gelatin, for example

® Animals are often farmed on land that is too steep or inaccessible to use for cropping, thus any opportunity cost for land use is, in
the case of these animals, illusory

® [n developing countries (and increasingly in developed countries) animals are fed on waste food that is no longer fit for human
consumption.

Production of meat requires a lot of water. Meat animals are often farmed in regions where there is an excess of water available
through plentiful rainfall - where no opportunity cost for water exists. Water management will be an increasingly important consid-
eration for all kinds of farming. Farming for animal products, including meat, is appropriate under certain conditions.

The carbon footprint of meat production arises mostly because of production of methane by the animals during their lifetime.
Methanogenesis occurs mostly in the rumen from the metabolism of methanogenic bacteria in the rumen population. It is generally
undesirable, not only because it produces atmospheric methane, but because it results in lost energy and carbon that could other-
wise benefit the animal. Research is underway globally to address this issue and there is hope that in the future ruminants will be
able to be largely methanogen-free.

Importance of the Ruminant

Itis a simple fact that almost all food must originate from plant material, because photosynthesis is the ultimate source of almost all
organic material. The route by which this material can become food for humans depends on the palatability and digestibility of the
plant material. Ruminant animals, by virtue of their completely different digestive systems, can consume plant material such as
grasses and the leaves of bushes and trees and convert it into forms that can be valuable nutrition for humans (milk and meat).
Without the intervention of the animal, these food sources would be lost to us.

The Future of Meat

The future of meat and the prospects of meeting future demand for meat and other animal-based sources of protein have been
addressed by several groups, and potential solutions include more production through intensification and increasing grasslands
(at an environmental cost that may be unacceptable), recycling food waste to feed animals and using alternative sources of animal
fodder, such as insects. Laboratory-grown meat has also made an appearance, albeit only as a prototype, but may be expected to
have an influence in the future, as will plant-origin meat substitutes, but meat will continue to occupy an important place in the
planet’s food ecosystem.
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Glossary

Antioxidant A compounds that can inhibit oxidative processes.

Free radical A compound with an unpaired electron that can promote oxidative reaction.

Free radical scavenger A compound that can absorb a free radical to decrease the radical energy thus making it less likely to
cause oxidation.

Hydrogen atom transfer Antioxidant transfer hydrogen to the lipid radicals.

Metal chelator Compounds that can bind metals and decrease their reactivity.

Phenolic compounds A group of chemical compounds found primarily in plants that act as antioxidant and are beneficial to
health.

Overview

Atmospheric oxygen is a low energy biradical (i.e. contains 2 unpaired electrons) in its ground triplet state. However, alterations can
occur to produce highly reactive oxygen species (ROS) during metabolism of oxygen. This can cause oxidation of food constituents,
including lipids, pigments, vitamins and proteins leading to off-flavor formation, discoloration and loss of important nutrients.
Foods, which are derived from a variety of different biological tissues, contain a host of different antioxidant defense systems to
prevent the damaging effect of reactive oxygen species. However, during the processing of biological tissues into foods, the forma-
tion of oxidizing species can increase and antioxidant systems can be overwhelmed leading to uncontrolled oxidative reactions
resulting in loss of quality, decrease in shelf-life, and formation of potentially toxic oxidation products. In order to protect food
quality and safety, antioxidants are often added to processed foods. These antioxidants can be synthetically derived compounds
such as butylated hydroxytoluene (BHT) and ethylene diaminetetraacetic acid (EDTA). Concern over the use of synthetic food addi-
tives and customer’s movement toward clean-label have driven the food industry to find effective natural antioxidants additives that
are derived from biological sources.

In addition to the association of natural antioxidants with food quality, these compounds have also been associated with health
benefits. The association of the protective effect of fruits and vegetable in the diet against metabolic diseases has been established for
years. The consumption of an ample supply of fruits and vegetables provides a wide variety of phytochemicals that have been shown
to have health benefits and antioxidant activity. In the context, natural antioxidants to protect biological system or food quality
induced by free radicals, transition metals and singlet oxidation are reviewed.

Free Radical Scavenger

Radical scavenging capacity of natural antioxidant can be classified as two major mechanisms: hydrogen atom transfer (HAT) and
electron transfer (ET). Natural antioxidants possessing such capacity is named free radical scavenger (FRS). HAT means antioxidant
transfer hydrogen to the lipid radicals for suspending the propagation step of lipid oxidation such as the mechanism of phenolic
compounds (Eq. 1). Bond dissociation enthalpies (BDEs) are used to explain the principle of HAT. Lower BDEs of the antioxidant
O—H bond are easier to transfer hydrogen, thus have a faster hydrogen transfer reaction. ET-based antioxidant reaction is a redox
reaction with the transfer of electron (Eq. 2), such as carotenoids with *NO; and *CCl300, and catechin analogs with peroxyl radi-
cals (*OH). One electron reduction potentials (E°’) is a typical parameter for indicating the capability antioxidants for electron trans-
fer. The lower E°’, the easier the natural antioxidants to transfer electron. Generally, natural antioxidants always involve both HAT
and ET mechanisms.

AH, +L = LH+AH, ;' (1)

AH,+L =L~ +AH," or AH, +L =L* +AH, ™ (2)

Phenolic Antioxidants

Phenolics are compounds that have a hydroxyl group associated with an aromatic ring structure. There are numerous variations of
natural phenolics (see Fig. 1 for examples). Natural phenolics are found predominately in the plant kingdom. Vitamin E or
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Figure 1 Chemical structures of some examples of phenolic antioxidants.

a-tocopherol is a plant phenolic required in the diet of humans and other animals. Phenolic compounds primarily inhibit lipid
oxidation through HAT mechanism to scavenge free radicals and convert the resulting phenolic radicals into a low energy form
that does not further promote oxidation. Physical partitioning of phenolics will also influence their reactivity. Initially, antioxidant
efficiency is dependent on the ability of the free radical scavenger to donate a hydrogen to a high energy free radical. As the oxygen-
hydrogen bond dissociation energy (BED) of the free radical scavenger decreases, the transfer of the hydrogen to the free radical is
more energetically favorable and thus more rapid. The ability of a FRS to scavenge a free radical can sometimes be predicted from
one electron reduction potentials (E°). If a compound has a reduction potential lower than the reduction potential of a free radical
found in a food or biological tissue (e.g. fatty acid based peroxyl radical), it can donate hydrogen to that free radical unless the
reaction is kinetically unfeasible. For example, FRS including «-tocopherol (E° = 500 mV), urate (E°" = 590 mV), catechol (E*’
= 530 mV) and ascorbate (E°" = 282 mV) all have reduction potentials below peroxyl radicals (E°" = 1000 mV, a common free
radical in lipid oxidation reactions) and therefore can convert the peroxyl radical to a hydroperoxide through hydrogen donation.

The efficiency of an antioxidant FRS is also dependent on the energy of the resulting antioxidant radical. If a FRS produces a low
energy radical then the likelihood of the FRS radical to promote the oxidation of other molecules is lower and the oxidation reaction
rate decreases. Phenolics are effective FRS because phenolic free radicals have low energy due to delocalization of the free radical
throughout the phenolic ring structure. Standard reduction potentials can again be used to help illustrate this point. Radicals
on a-tocopherol (E°" = 500 mV) and catechol (E°" = 530 mV) have lower reduction potentials than polyunsaturated fatty acids
(E°” = 600 mV) meaning that their radicals do not possess high enough energy to effectively promote the oxidation of unsaturated
fatty acids. Effective phenolic antioxidants FRS also produce radicals that do not react rapidly with oxygen to form hydroperoxides



182 Natural Antioxidants in Foods

that could autoxidize, thus depleting the system of antioxidants. Instead, antioxidant radicals may undergo additional reactions that
remove radicals from the system such as reactions with other antioxidant radicals or lipids radicals to form nonradical species
through electron transfer (ET) mechanism. This means that each FRS is capable of inactivating at least of two free radicals, the first
being inactivated when the FRS interacts with the initial oxidizing radical and the second when the FRS radical interacts with another
radical via a termination reaction to form a nonradical product.

Phenolic compounds that act as antioxidants are wide spread in the plant kingdom. Plant phenolics can be classified as simple
phenolics, phenolic acids, hydroxycinnamic acid derivatives, and flavonoids. The consumption of natural plant phenolics have
been estimated to be up to 1 g per day. Overall, the presence of phenolics in the diet has been positively associated with the preven-
tion of diseases such as cancer and atherosclerosis. Plant foods high in phenolics include cereals, legumes and other seeds (e.g.
sesame, oats, soybeans and coffee); red, purple and blue colored fruits (e.g. grapes, strawberries and plums); and the leaves of herbs
and bushes (e.g. tea, rosemary and thyme). Many natural phenolics are capable of inhibiting oxidative reactions. However, since
phenolics have such a wide array of chemical structures, it is not surprising that antioxidant activities and health benefits vary
greatly. This section will focus on the best studied natural phenolics from plant.

Tocopherols and tocotrienols are a group of lipophilic monophenolic FRS (o, B, 8 and vy; see Fig. 1 for the structure of
a-tocopherol) originating in plants and eventually ending up in animal foods via the diet. Interactions between tocopherols and
fatty acid peroxyl radicals lead to the formation of fatty acid hydroperoxides and several resonance structures of tocopheroxyl radi-
cals, which can further interact with other compounds or with each other to form a variety of products. The types and amounts of
these products are dependent on oxidation rates, radical species, lipid state (e.g. bulk vs. membrane lipids) and tocopherol concen-
trations. Tocopherol is found in plant foods especially those high in oil. Soybean, corn, safflower, and cottonseed oil are good sour-
ces of a-tocopherol as are whole grains (in particular wheat germ) and tree nuts. All tocopherol isomers are absorbed by humans,
but a-tocopherol is preferentially transferred from the liver to lipoproteins which in turn transports a-tocopherol to tissues. For this
reason, ¢-tocopherol is the isomer most highly correlated with Vitamin E activity.

Tea is an important source of dietary antioxidants for humans since it is one of the most common beverages in the world. Pheno-
lics in tea are mainly catechin derivatives, including catechin (Fig. 1), epicatechin (EC), epicatechin gallate (ECG), gallocatechin
(GC), epigallocatechin gallate (EGCG) and epigallocatechin (EGC). Tea originates from leaves harvested from the bush, Camellia
sinensis. Processing of tea leaves involves either blanching to produce green tea or fermenting to produce oolong or black tea. Green
tea leaf extracts contain 38.8% phenolics on a dry weight basis with catechins contributing over 85% of the total phenolics. Conden-
sation of catechins can decrease their solubility; therefore, black tea extracts contain less phenolics (24.4%) of which 17% are cate-
chins and 70% are condensed polyphenols (thearubigens). Ingestion of dietary phenolics from tea has been associated with cancer
prevention.

Grapes and wines are also significant sources of dietary phenolic antioxidants. Grapes contain a wide variety of monomeric
phenolics including anthocyanins, flavan-3-ols, flavonols (quercetin and rutin), and cinnamates (S-glutathionylcaftaric acid). As
with many fruits, the majority of grape phenolics are found in the skin, seeds and stems. During extraction of juice, the pomace
is left in contact with the juice for varying times in order to produce products of varying color, with increasing contact time resulting
in increased phenolic extraction and thus darker color. Therefore, white grape juices and wines have lower phenolics contents
(119 mg gallic acid equivalents/L) than red wines (2057 mg gallic acid equivalents/L). As would be expected, red grape juice
and wines have greater antioxidant capacity due to their higher phenolic content. Both grape juice and wines have been suggested
to have positive health benefits, however, their phenolic compositions are not the same due to differences in juice preparation and
changes in phenolic composition which occurs during both fermentation and storage.

Isoflavones is the primary phenolics in soybeans. Included among the soybean isoflavones are daidzein (Fig. 1), genistein and
glycitein and their glycosolation forms. Unlike the phenolics in tea and grapes, soybean isoflavones are associated with proteins and
therefore are found in soy flour and not in soybean oil. The concentration of isoflavones in soybeans varies with the environmental
conditions under which the beans were grown. In addition, isoflavone concentrations in soy-based foods are altered during food
processing operations such as heating and fermentations. Besides whole soybeans, isoflavones are found in soy milk, tempeh, miso
and tofu at concentrations ranging from 294-1625 pg/g product. Genistein and daidzein are absorbed into human plasma from
products such as tofu and soy milk. Recent research suggested that it is equol (Fig. 1), the metabolized daidzein by human intestinal
microflora rather than daidzein itself to contribute to the beneficial effects of soy foods in preventing cardiovascular disorders.

Herbs and spices often contain high amount of phenolic compounds. For example, rosemary contains carnosic acid, carnosol
and rosmarinic acid. Crude rosemary extracts are a commercially important source of natural phenolic antioxidant additives in
foods meats, bulk oils, lipid emulsions and beverages.

Phenolipids

Phenolic compounds combined with lipids are called phenolipids or lipophenols acting as oil soluble free radical scavengers. Due
to its nature, it has improved solubility in oils compared to phenolics. The health benefits of phenolipids are anti-inflammatory,
antiallergic, antimicrobial, antiviral, and anticarcinogenic, which are much the same as common phenolics. That is because the
main functional groups are phenolics that still rely on the ability of donating electrons or hydrogen atoms. It means that their anti-
oxidant ability depends on the number and position of the phenolic hydroxyls, the presence of some phenolic ring substituents and
the electronic delocalization area.
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Although the chemical properties of the phenolipids are much the same as phenolics, the physical properties are different. The
lipid part confers special physical properties to the phenolipids, which make it not only react with polar compounds with phenolic
aglycone, but also can react with nonpolar compounds through hydrophobic parts.

The natural sources of phenolipids are mainly from marine organisms ranging from 0.1%-15%. They can be related to analogs
of n-3 PUFA phenolipids, since phenolics are linked to n-3 unsaturated carbon chain (C11—C21) with double bonds separated by
bis-allylic positions. Hemiketal spiralisone (Fig. 1) and chromone isolated from brown algae Zonaria spiralis, acylphloroglucinol
fatty acid esters from brown algae Z. tournefortii, and 5-alkenylresorcinol fatty acid esters from Cystophora torulosa have been reported
recently. As to the marine animals, the 5-alkenylresorcinols fatty acid esters can also be extracted from the sponge Haliclona sp. As
regard to the plants on the land, macamide, anacardic, 5-alkenylresorcinols and Z-p-coumaryl fatty acid esters can be extracted from
Peruvian plant Lepidium meyenii (Maca), Philodendron scadens subsp. Oxycardium, liverwort Omphalantus filiformis, and cv. Annurca
apple fruits, respectively. What's more, the phenolipids have been isolated from microorganism, such as 5-alkenylresorcinols fatty
acid esters from heterotrich ciliate Climacostomum virens.

Ascorbate

Ascorbic acid (vitamin C; Fig. 2) acts as a water-soluble free radical scavenger in both plant and animal tissues. Like phenolics, ascor-
bate (E°” = 282 mV) has a reduction potential below peroxyl radicals (E°" = 1000 mV) and thus can inactivate peroxyl radicals. In
addition, its reduction potential is lower than the a-tocopherol radical (E°" = 500 mV) meaning that ascorbate may have an addi-
tional role in the regeneration of oxidized a-tocopherol. Interactions between ascorbate and free radicals result in the formation of
numerous oxidation products. While ascorbate seems to primarily play an antioxidant role in living tissues, this is not always true in
food systems. Ascorbate is a strong reducing agent especially at low pH. When transition metals are reduced they become very active
prooxidants that can decompose hydrogen and lipid peroxides into free radicals. Ascorbate also causes the release of protein-bound
iron (e.g. ferritin), thus promoting oxidation. Therefore, ascorbate can potentially exhibit prooxidative activity in the presence of
free transition metals or iron-binding proteins. This does not typically occur in living tissues due to the tight control of free metals
by systems that prevent metal reduction and reactivity.

Ascorbate is found in numerous plant foods including green vegetables, citrus fruits, tomatoes, berries and potatoes. Ascorbate
can be lost in foods due to heat processing and prolonged storage. Transition metals and exposure to air will also cause the degra-
dation of ascorbic acid.

Thiols

Glutathione

Glutathione (Fig. 2) is a tripeptide (y-glutamyl-cysteinyl-glycine) where cysteine can be in either the reduced or oxidized gluta-
thione state. Reduced glutathione inhibits lipid oxidation directly by interacting with free radicals to form a relatively unstable sulf-
hydryl radical or by providing a source of electrons which allows glutathione peroxidase to enzymically decompose hydrogen and
lipid peroxides. Total glutathione concentrations in muscle foods range from 0.7-0.9 ng/kg. The bioavailability of glutathione in
rats has also been reported to be low. Lack of, or low absorption of glutathione may be due to the hydrolysis of the tripeptide by
gastrointestinal protease.

Lipoic Acid

Lipoic (thioctic) acid (Fig. 2) is a thiol cofactor for many plant and animal enzymes. In biological systems, the 2 thiol groups of
lipoic acid are found in both reduced (dihydrolipoic acid) and oxidized forms (lipoic acid). Both the oxidized and reduced forms
of the molecule are capable of acting as antioxidants through their ability to scavenge free radicals. Other than that, they can also
quench singlet oxygen, chelate iron and possibly regenerate other antioxidants such as ascorbate and tocopherols. Lipoic and dehy-
drolipoic acids can protect LDL, erythrocytes and cardiac muscle from oxidative damage.

While lipoic acid has been found in numerous biological tissues, reports on its concentrations in foods are scarce. Lipoic acid is
detectable in wheat germ (0.1 ppm) but not in wheat flour and it has been detected in bovine liver kidney and skeletal muscle. Oral
administration of lipoic acid (1.65 g/kg fed) to rats for 5 weeks resulted in elevated levels of the thiol in liver, kidney, heart and skin.
When lipoic acid was added to diets lacking in vitamin E, symptoms typical of tocopherol deficiency were not observed suggesting
that lipoic acid acts as an antioxidant in vivo. However, lipoic acid was not capable of recycling vitamin E in vivo as determine by the
fact that a-tocopherol concentrations are not elevated by dietary lipoic acid in vitamin E deficient rats.

Phospholipids

Phospholipids consist of two hydrophobic “tails,” which are fatty acid chains, and one hydrophilic “head,” which is phosphate
group. They connect with glycerol and the “head” is typically found at the sn-3 position. With the amphiphilic structure, phospho-
lipids can format bilayers on the cell membrane, which can be found in all living species. Lecithin, a commercially and widely avail-
able products, is a mixture of phospholipids. It mainly contains phosphatidylcholine (PC, Fig. 2), phosphatidylethanolamine (PE),
phosphatidylserine (PS), phosphatidylinositol (PI) and phospholipid-phosphatic acid (PA). In addition, lysophospholipids, whose
fatty acid chain has been substituted by hydroxy group from either sn-1 or sn-2 position, is also a kind of phospholipids.
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Figure 2 Chemical structures of miscellaneous natural antioxidants.

Phospholipids are reported as natural antioxidants extracted from both animals and plants. The main principle of antioxidant
ability can be classified as radical scavenging, synergistically working with other antioxidants, and also metal chelating. Phospho-
lipids such as PE have a primary amine group, a necessary substrate for Maillard reaction. Primary amine group conducts Maillard
reaction with carbonyl group from aldehydes or ketones, which are the secondary oxidation products of lipid oxidation. This is
the first antioxidant mechanism that phospholipids participate in Maillard reaction. Then, Maillard reaction products such as
browning pigments and melanoidin possess high free radical scavenging capability, which can inhibit lipid oxidation from
the initiation and propagation steps. In addition, phospholipids can work as synergist with other antioxidants with the mecha-
nism than alteration of location of other antioxidants and regeneration of antioxidant (e.g. tocopherol). In addition, regenera-
tion of other antioxidants also plays an important role for phospholipids functioning as an antioxidant. Metal chelating ability is
another antioxidant mechanism of phospholipids. In general, negative charged phosphate head group can react with metal
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cations to inhibit lipid oxidation. It was reported that phospholipids acted as metal chelator where 1 ppm ferrous iron was added
into bulk oil system.

Although phospholipids are proved to own antioxidant activity with various principles, reaction condition should be controlled
to prevent phospholipids become prooxidants. Unlike common antioxidants, polyunsaturated fatty acids are present in phospho-
lipids, which means the phospholipids itself can be oxidized. In addition, phospholipids, as an emulsifier, can increase interaction
between hydrophilic and lipophilic compounds by aggregating them on the interface. As a result, initiation and propagation steps
of lipid oxidation may be accelerated.

As phospholipids are an essential part of biological membranes, phospholipids can be extracted from all kinds of living plants or
animals. The major phospholipids originated from animals are eggs, meats, fishes and milk. Among them, chicken whole eggs
contain the highest proportion of phospholipids about 35 g/kg. PC is the main composition of animal phospholipids. Phospho-
lipids from marine animals owning higher omega-3 polyunsaturated fatty acids, have higher demand than warm-blooded animals
although they have same concentration of phospholipids. The major phospholipids originated from plants are soybean, corn germ,
rapeseed, peanut, and wheat starch. Soybean with the phospholipids content of around 20 g/kg is higher than other plant sources.

Singlet Oxygen Quencher
Carotenoids

Carotenoids are a chemically diverse group (>600 different compounds) of yellow to red colored polyenes consisting of 3-13
conjugates double bonds and in some cases 6 carbon hydroxylated ring structures at one or both ends of the molecule. 3-Carotene
is the most extensively studied carotenoid antioxidant (Fig. 2). The major antioxidant function of carotenoids in foods is its ability
to inactivate singlet oxygen. Singlet oxygen is an excited state of oxygen in which two electrons in the outer orbitals have opposite
spin directions. Initiation of lipid oxidation by singlet oxygen is due to its electrophillic nature that will allow it to add to the double
bonds of unsaturated fatty acids leading to the formation of lipid hydroperoxides. Carotenoids can inactivate singlet oxygen by both
chemical and physical quenching. Chemical quenching results in the direct addition of singlet oxygen to the carotenoid leading to
the formation of carotenoid breakdown products and loss of antioxidant activity. A more effective antioxidative mechanism of
carotenoids is physical quenching. The most common energy states of singlet oxygen are 22.4 and 37.5 kcal above ground state.
Carotenoids physically quench singlet oxygen by a transfer of energy from singlet oxygen to the carotenoid resulting in an excited
state of the carotenoid and ground state, triplet oxygen. Energy is then harmlessly transfer from the excited state of the carotenoid to
the surrounding medium by vibrational and rotational mechanisms. Nine or more conjugated double bonds are necessary for phys-
ical quenching with the presence of six carbon oxygenated ring structures at the end the molecule increasing the effectiveness of
singlet oxygen quenching.

In foods, light will activate chlorophyll, riboflavin and heme-containing proteins to high energy excited states. These
photoactivated molecules can promote oxidation by direct interactions with an oxidizable compounds to produce free radicals,
by transferring energy to triplet oxygen to form singlet oxygen or by transfer of an electron to triplet oxygen to form the
superoxide anion. Carotenoids inactivate photoactivated sensitizers by physically absorbing their energy to form the excited
state of the carotenoid that then returns to the ground state by transfer of energy into the surrounding solvent.

Metal Chelators
Organic Acids

Transition metals will promote oxidative reactions by hydrogen abstraction and by hydroperoxide decomposition reactions that
lead to the formation of reactive free radicals. Prooxidative metal reactivity is inhibited by chelators. Chelators that exhibit antiox-
idative properties inhibit metal-catalyzed reactions by one or more of the following mechanisms, i.e. prevention of metal redox
cycling; occupation of all metal coordination sites thus inhibiting transfer of electrons; formation of insoluble metal complexes;
stearic hindrance of interactions between metals and oxidable substrates (e.g. peroxides).

Natural organic acids are employed in the food industry as chelating agents, such as polycarboxylic acids (citric, malic, tartaric,
oxalic, and succinic), and phosphoric acids (adenosine triphosphate, and pyrophosphate). The prooxidative/antioxidative prop-
erties of a chelator can often be dependent on the amounts of functional groups such as —OH, —SH, —COOH, —PO3H,, C=0,
—NR;, —S— and —O—. The metal chelating capability of citric acid, which contains three carboxylic groups, is larger than that of
oxalic acid, which only contain two carboxylic groups. In addition, chelator activity is pH dependent with pH below the pK, of
the ionizable groups resulting in protonation and loss of metal binding activity. Chelator activity is also decreased in the presence
of high concentrations of other chelatable nonprooxidative metals (e.g. calcium) which will compete with the prooxidative
metals for binding sites. Organic acids are typically water-soluble but many also exhibit some solubility in lipids (e.g. citric
acid) thus allowing it to inactivate metals in the lipid phase. According to the solubility in different solvents, organic acids
can synergistically work with radical scavengers. For instance, tocopherol, rosemary extract and citric acids have a synergic effect
in sunflower oil.

Organic acid is widely distributed in all kinds of fruits and vegetables, especially citrus fruits, such as pineapples, lemons, oranges
and limes. Consequently, vinegars made from these fruits often contain organic acids (e.g. citric, malic, lactic, and tartaric acids).
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What's more, fermentation with microorganism is commercially available to produce organic acid, such as fermenting Aspergillus
niger to produce citric acid.

Peptides and Proteins

The reactivity of prooxidant metals in biological tissues are mainly controlled by proteins and peptides. Metal binding proteins in
foods include transferrin (blood plasma), phosvitin (egg yolk), lactoferrin (milk) and ferritin (animal tissues). Transferrin, phos-
vitin and lactoferrin are structurally similar proteins consisting of a single polypeptide chain with a molecular weight ranging
from 76,000-80,000 D. Transferrin and lactoferrin each bind 2 ferric ions while phosvitin has been reported to bind three. Ferritin
is a multisubunit protein (molecular weight of 450,000 D) with the capability of chelating up to 4500 ferric ions. Transferrin, phos-
vitin, lactoferrin and ferritin inhibit iron-catalyzed lipid oxidation by binding iron in its inactive ferric state and possibly by sterically
hindering metal/peroxide interactions.

Reducing agents (ascorbate, cysteine and superoxide anion) and low pH can cause the release of iron from many of the iron-
binding proteins resulting in an acceleration of oxidative reactions. Copper reactivity is controlled by binding to serum albumin,
ceruloplasmin and the skeletal muscle dipeptide (b-Alanine-His; b-Ala-His), carnosine. Caseinophosphopeptide, which have
a main functional domain SerP-SerP-SerP-Glu-Glu, was reported to have transition metal chelating capacity, such as calcium,
iron, copper, and zinc. The phosphoserine residues formatted a polar and anionic domain which can be responsible for chelating
cationic metal ions.

Phytic Acid

Phytic acid or myo-inositol hexaphophate is one of the primary metal-chelators in seeds where it can be found at concentrations
ranging from 0.8%-5.3% (Fig. 2). Phytic acid is not readily digested in the human gastrointestinal tract but can be digested by die-
tary plant phytases and by phytases originating from enteric microorganisms. Phytate is highly phosphorylated thus allowing it to
form strong chelates with iron with the resulting iron chelates having lower reactivity. The antioxidant properties of phytic acid are
thought to help minimize oxidation in legumes and cereal grains as well as in foods that may be susceptible to oxidation in the
digestive tract. Phytic acid has been reported as a preventative agent in iron-mediated colon cancer. While phytate may be beneficial
towards colon cancer, it should be noted that it can potentially have deleterious health effects because of its ability to dramatically
decrease the bioavailability of minerals including iron, zinc and calcium.

Polysaccharides

Polysaccharides and derivatives contain at least 20 monosaccharides connected with glycosidic linkages resulting in huge molecular
weight. Prevention of oxidative stress with polysaccharide both in vivo and vitro have been widely reported and metal chelating capa-
bility is the important mechanism accounting for antioxidant activity. In general, compounds contain at least two of the following
functional groups: —OH,—COOH, —SH, —PO3H,;, C=0,—S—, —NR; and —O— can show metal chelation activity. Consequently,
derivatives of polysaccharides such as uronic acid and sulphate substituted polysaccharides have the ability to chelating metals.
Polysaccharides fractionated from the leaves of Ilex latifolia Thunb containing high contents of sulfuric acid and uronic acid carried
stronger ferrous ion chelating ability.

Studies also reported that crude polysaccharides have potential free radical scavenging capability evaluated by DPPH free radical,
ABTS free radical, hydroxyl radical scavenging activity, and superoxide anion radical scavenging activity. It is possible that small
moieties of flavones, peptide, protein, and polyphenol conjugated on the polysaccharides exert the free radical scavenging capability
rather than polysaccharides themselves. In addition, there is an interesting phenomenon that sulphation of polysaccharides can
improve their radical scavenging ability although sulphation is not strict related with radical scavenging ability. Moreover, some
study indicated that antioxidant activity of polysaccharides might come from the ability to improve the activity of antioxidant
enzymes. For example, polysaccharides extracted from Astragalus membranaceus, pre-treated mice showed significantly increased
antioxidant enzymes including Superoxide dismutase (SOD) and glutathione peroxidase (GSH-Px).

Overall, the comprehensive antioxidant properties of polysaccharides are affected by chemical characteristics like molecular
weight, degree of substitution, type and ratio of monosaccharides, intermolecular associations of polysaccharides, glycosidic
branching, and substitution of functional groups. For instance, lower molecular weight polysaccharides may incorporate into
the cells more efficiently and chelating metals more effectively than high molecular weight polysaccharides.

Natural resource with rich polysaccharides are mainly from plant, fungus, and marine organism. Chinese herb medicine is
a conventional plant source for bioactive polysaccharides, such as Dendrobium plants, Angelica sinensis, A. membranaceus, Bupleurum
plants, Jujube fruit, and Aloe vera. Pectin, chitin, chitosan, guar and other more complicated polysaccharide extracted from medicine
plants have been reported to have high antioxidant activity. Fungal polysaccharides are famous as its antioxidant function, which
make it possible for food therapy. The source of novel bioactive compounds from marine organism has been concerned recently.
The cell walls of marine algae, red algae, brown algae, and green algae are rich in sulfated polysaccharides such as fucoidans, carra-
geenans, and ulvans. These natural polysaccharides from algae are reported to be made into medicines with the outstanding anti-
oxidant activity to prevent potential health risks like cardiovascular disease and cancer.
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Antioxidant Enzymes
Superoxide Dismutase

Superoxide anion is produced by the addition of an electron to molecular oxygen. Superoxide anion can promote oxidative reac-
tions by reduction of transition metals to their more prooxidative state; promotion of metal release from proteins; through the pH
dependent formation of its conjugated acid which can directly catalyze lipid oxidation; and through its spontaneous dismutation
into hydrogen peroxide (Eq. 3). Due to the ability of superoxide anion to participate in oxidative reactions, the biological tissues
from which foods originate will contain superoxide dismutase (SOD).

Two forms of SOD are found in eukaryotic cells, one in the cytosol and the other in the mitochondria. Cytosolic SOD contains
copper and zinc in the active site while mitochondrial SOD contains manganese. Both forms of SOD catalyze the conversion of
superoxide anion (O, ™) to hydrogen peroxide by the following reaction:

20, +2H+—>Oz + H,0, (3)

Catalase

Hydroperoxides are important oxidative substrates since they decompose via transition metals, irradiation and elevated tempera-
tures to form free radicals. Hydrogen peroxide exists in foods due to its direct addition (e.g. aseptic processing operations) and by its
formation in biological tissues by mechanisms including the dismutation of superoxide by SOD and the activity of peroxisomes.
Lipid hydroperoxides are naturally found in virtually all food lipids. Removal lipid and hydrogen peroxide from biological tissues is
critical to prevent oxidative damage. Therefore almost all foods originating from biological tissues contain enzymes that decompose
peroxides into compounds less susceptible to oxidation. Catalase is a heme-containing enzyme that decomposes hydrogen peroxide
by the following reaction (Eq. 4):

2H,0; — 2H,0 + O, (4)

Ascorbate Peroxidase

Hydrogen peroxide in higher plants and algae may also be decomposed by ascorbate peroxidase. Ascorbate peroxidase inactivates
hydrogen peroxide in the cytosol and chloroplasts by the following mechanism (Eq. 5):

2 ascorbate + H,O, — 2 monodehydroascorbate + 2H,0 (5)

Two ascorbate peroxidase isozymes have been described which differ in molecular weight (57,000 D vs. 34,000 D), substrate
specificity, pH optimum and stability.

Glutathione Peroxidase

Many foods also contain glutathione peroxidase. Glutathione peroxidase (GSH-Px) differs from catalase in that it decomposes both
lipid and hydrogen peroxides. GSH-Px is a selenium-containing enzyme which catalyzes hydrogen peroxide (Eq. 6) or lipidperox-
ides (Eq. 7) reduction using reduced glutathione (GSH):

H,0, +2 GSH — 2H,0 + GSSG (6)
or
LOOH + 2 GSH — LOH + H,0 + GSSG (7)

where glutathione disulfide (GSSG) is oxidized glutathione and LOH is a fatty acid alcohol. Two types of GSH-Px exist in biological
tissues of which one shows high specificity for phospholipid hydroperoxides.

Antioxidant enzyme activity in foods can be altered in raw materials and finished products. Antioxidant enzymes differ in
different genetic strains and at different stages of development in plant foods. Heat processing and food additives (e.g. salt and
acids) can inhibit or inactivate antioxidant enzyme activity. Dietary supplementation of selenium can be used to increase the gluta-
thione peroxidase activity of animal tissues. These factors suggests that technologies could be developed to increase natural levels of
antioxidant enzymes in raw materials and/or minimize their loss of activity during food processing operations.

Conclusions
The biological tissues from which foods originate contain multicomponent antioxidant systems that include free radical scavengers,

metal chelators, singlet oxygen quenchers and antioxidant enzymes. Our understanding of how these endogenous antioxidants
protect foods from oxidation is still in its infancy. In addition, how factors that can alter the activity of endogenous food
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antioxidants (e.g. heat processing, irradiation and genetic selection of foods high in antioxidants) is still poorly understood. Finally,
research is continuing to show that natural food antioxidants in the diet are very important in the modulation of disease. Thus
finding mechanisms to increase antioxidative activity of natural food antioxidants may be beneficial to both health and food
quality.
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Introduction

Sweet taste perception is one of the most ancient taste modalities and is associated to the detection of carbohydrate-rich compounds
in nutrients. Before the extraction of sucrose (or table sugar) in the 18th century, honey was the main source of sweetness. In the last
centuries, sugar beet and sugar cane production grew rapidly to become the major source of sugar. Nowadays the overconsumption
of sugar is considered a significant public health problem in industrial countries and has promoted the search for alternatives to
high-calorie sweeteners. Many artificial sweeteners have been developed by the food industry but consumer interest in natural
high potency sweeteners has grown spectacularly in recent years, fueled by concerns about sugar overconsumption and the use
of artificial additives in foods. Though many low-calorie sweeteners are known, only few of them are used by the food industry
(O'Brien Nabors, 2012). The search for novel intense sweeteners, possessing the same chemosensory profile as sucrose, remains
open and challenging. In addition to physicochemical properties (such as thermal stability or water solubility), production cost
and safety, one of the most important sensory properties of a sweetener is its sweetness potency. Sweetness potency can be measured
by relative sweetness, which is defined as the ratio of concentrations of substances eliciting equivalent sweetness intensity. Sucrose is
taken as the reference and its sweetness is traditionally set to 1. Numerous high-potency sweeteners are known but their noticeable
aftertaste (bitter, metallic or licorice taste sensation ...) is a major restraint for consumer acceptability. Another major criterion of
a “good” sweetener is its calorie content. For natural carbohydrate type of sweeteners, low calorie content is often associated with
low sweetness potency. In the quest for sucrose alternatives, it has been questioned whether ideal sweeteners exist. At the beginning
of the 2000s, the identification of the receptor responsible for the sweet taste perception (Nelson et al., 2001) is a major break-
through in the understanding of the sweet taste modality. It opened new horizons for the rational development of new sweet-
taste compounds. In this chapter, we briefly describe the structure and dynamics of the sweet taste receptor, which explain why
the chemical space of sweeteners is so extended. Natural sweeteners belonging to saccharides, polyols, terpene glycosides, sweet
proteins and other less common chemical families are presented. We also provide an overview of experimental strategies to discover
new sweet compounds.

Only One Sweet Taste Receptor Associated to a Large Chemical Space

All sweet tasting compounds are detected by a single taste receptor, the heterodimer TAS1R2-TAS1R3 (for Taste Receptor type
1 member 2 or 3), expressed on the surface of our taste buds (Nelson et al., 2001). The sweet taste receptor belongs to the
class C G protein-coupled receptors (GPCRs) that share a similar structure: a large extracellular domain containing the orthos-
teric binding site and a seven-helix transmembrane domain (Pin et al.,, 2003) (Fig. 1). The two domains are connected by
a cysteine rich domain structurally constrained by intramolecular disulfide bonds. Natural sweeteners such as sucrose interact
with the orthosteric binding pocket of the receptor (Xu et al., 2004). The consensus mechanism of the sweet receptor activa-
tion is that orthosteric ligand binding involves a closure and a rotation of the TAS1R2 and the TAS1R3 extracellular domains.
The chemical stimulus is then transmitted via the cysteine rich domain to the transmembrane domains where downstream
signaling effectors bind. The transmembrane domain holds an allosteric binding site and the cysteine rich domain may
bind sweet taste protein. Considering all the ligand binding sites of both the TAS1R2 and the TASIR3 subunits, the sweet
taste receptor can interact with sweet compounds through six different ways (DuBois, 2016) (Fig. 1). It gives a rational of
the large chemical space of sweet-tasting compounds despite the fact that the sweet taste modality is controlled by a single
taste receptor.

Chemical Space of Natural Sweeteners

Natural sweeteners include natural sugars, sugar alcohols, terpenoid glycosides as well as some amino acids and polyphenols. In
addition, a remarkable class of sweet agents will be reviewed: sweet tasting proteins originating from plants. Sweet taste compounds
cover a large chemical space with high structural diversity as illustrated in Fig. 2.

Natural Carbohydrates

Natural sugars, also called saccharides or carbohydrates, are polyhydroxylated aldehydes or ketones with the brute chemical formula

Cn(H20)m, where n and m may be different. They are named by the suffix “-ose”. There are notably two families: ketoses and aldoses,
containing from 3 to 7 carbon atoms for natural oses. The simplest ones are erythrulose (C4HgO4) and glyceraldehyde (C3HgOg) for
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Figure 1  Structure of the sweet taste receptor and binding sites of various natural and artificial sweet taste compounds (DuBois, 2016).
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Figure 2 Chemical structure of natural sweet taste agents.

each family, respectively. The carbon atom carrying the aldehyde functional group is at position 1 in the carbon skeleton and the
one defining the ketone functional group is at position 2. The orientation of the carbon atom at position n-1 defines D or L series. In
nature, D-sugars are preponderant. Fig. 3 shows the Fischer representation of linear-chain monosaccharides D-glucose and D-
fructose, belonging to the ketose and the aldose chemical family, respectively.
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Figure 3  Fischer projection of monosaccharides D-glucose and D-fructose (left), hemiacetal/hemiketal formation (center) and glycosidic bond in
sucrose (right).

The chemical structure becomes more and more complex as the number of carbon atoms increases since each carbon atom
(except for the terminal ones) is a chiral center. A linear-chain ose is in equilibrium with its cyclic form that is produced by a hemi-
acetal or a hemiketal reaction depending on whether the linear form is an aldose or a ketose. The cyclisation of monosaccharides
usually produces 5 or 6 atoms rings named furanoses or pyranoses. The orientation of the carbonyl functional group being below or
above the plane of the carbon atoms determines the anomers (cyclic isomers) denoted by the a- or B-prefix as shown in Fig. 3.

Polymers of monosaccharides can be produced via a dehydration reaction called a glycosidic linkage. The anomeric carbon atom
is the reactive center to form glycosidic bonds. Two subunits forms disaccharides. Oligosaccharides contains three to ten monomers
and polysaccharides, more than ten. Sucrose, known as table sugar, is a disaccharide also named a-D-glucopyranosyl-(1— 2)-
B-fructofuranoside and is formed by the condensation of the monosaccharides D-glucose and D-fructose (Fig. 3).

Except for fructose, the relative sweetness of saccharides is systematically lower than the sucrose reference (Chéron et al., 2017;
O'Brien Nabors, 2012; O'Donnel and Kearsley, 2012) (see Table 1). Fructose, the sweetest natural carbohydrate, occurs naturally in
fruits and vegetables. Among monosaccharides, glucose and fructose are the most commonly used sweeteners in industry. High
Fructose Corn Syrups (HFCS) are mainly composed of a variable ratio of fructose and glucose and are produced from corn starch
through a sophisticated and automated industrial process. Other sources of high fructose syrup exist but HFCS is the most common
commercial product. HFCS are used because of its flavor profile (quick perception of sweetness that does not linger) and its
texturing capacity (Buck, 2012). Whichever is the fructose:glucose ratio, the relative sweetness is higher than sucrose. Due to health
issues that have risen from high consumption of natural carbohydrates, there is a constant increase of low-caloric alternatives.

Sugar Alcohols

Sugar alcohols are another chemical family of natural sugar substitutes, with the general formula CHOH),H,, where n = 4-6. They
are widely used in the food industry for their sweetness and texturing properties (O'Donnel and Kearsley, 2012). They belong to the
polyol chemical family which are polyhydric alcohols produced by the hydrogenation of the corresponding reducing sugars. Among
the sugar alcohols accepted as food additives, glycerol, erythritol, xylitol, sorbitol and mannitol contain respectively three, four, five
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Table 1 Relative sweetness of saccharides compared to sucrose

Name Chemical family Relative sweetness
arabinose monosacharide 0.69
D-tagatose monosacharide 0.92
fructose monosacharide 1.43
fucose monosacharide 0.69
galactose monosacharide 0.65
glucose monosacharide 0.60
mannose monosacharide 0.52
psicose monosacharide 0.70
rhamnose monosacharide 0.32
ribose monosacharide 0.70
sorbose monosacharide 0.60
tagatose monosacharide 0.90
xylose monosacharide 0.52
isomaltulose disaccharide 0.47
lactose disaccharide 0.25
lactulose disaccharide 0.50
leucrose disaccharide 0.50
maltose disaccharide 0.39
sucrose disaccharide 1
trehalose disaccharide 0.43
xylobiose disaccharide 0.40
raffinose oligosaccharide 0.25
stachyose oligosaccharide 0.22

and six (for the two latter) hydroxyl functional groups and are derived from monosaccharides. Maltitol, isomalt and lactitol contain
nine hydroxyl functional groups and disaccharide derivatives.

They are used as food additives because of their lower caloric content than sugars despite their lower sweetness (Table 2). Their
sweetness profile is close to sucrose and they are generally used in combination with intense sweeteners to mask the unpleasant
aftertastes of the latter (Grembecka, 2015). Sugar alcohols produce a cooling sensation in the mouth because their dissolution is
an endothermic reaction. In addition to their interesting sensory properties, sugar alcohols are considered tooth-friendly because
they are not metabolized by oral bacteria (Grembecka, 2015). However, like other nutrients that are incompletely digested, they
may cause diarrhea, abdominal pain, and flatulence at high dosage level (Grembecka, 2015).

Other Natural Sweeteners

Knowledge of the existence of intense sweeteners in plants dates from the mid-nineteenth century (Kim and Kinghorn, 2002). A
non-exhaustive list of natural alternatives to saccharides and sugar alcohols is summarized in Table 3. However, most of them elicit
licorice, metallic or bitter taste that are incompatible for commercial use. Only few natural high potency sweeteners have regulatory
approval as sweetener. For instance, glycyrrhizin is not considered in the United States as a sweetener but as a flavoring agent and
flavor enhancer and is still not approved in Europe.

Two types of high-intensity sweeteners have a ‘generally recognized as safe’ (GRAS) status and are permitted for use in food in the
US: certain di- and tri-terpene glycosides obtained from the leaves of the plant Stevia rebaudiana and from extracts of Siraitia grosve-
norii fruit (also known as Luo Han Guo or monk fruit). Siraitia fruits are used as food, beverage and traditional medicine in China.

Table 2 Relative sweetness and glycemic index of sugar alcohols

Name Chemical family Relative sweetness Glycemic index
erythritol monosaccharide alcohol 0.63 1

xylitol monosaccharide alcohol 0.97 12

mannitol monosaccharide alcohol 0.50 2

sorbitol monosaccharide alcohol 0.58 4

isomalt disaccharide alcohol 0.54 2

lactitol disaccharide alcohol 0.35 3

maltitol disaccharide alcohol 0.87 35
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Table 3 Relative sweetness of various natural high potency sweeteners

Name Chemical family Relative sweetness®
perillaldehyde monoterpene 12
hernandulcin sesquiterpene 1345
baiyunoside diterpene 500
dulcoside A diterpene 50-120
rebaudioside A diterpene 250-450
rebaudioside B diterpene 300-350
rebaudioside C diterpene 50-120
rebaudioside D diterpene 250-400
rebaudioside E diterpene 150-300
rubusoside diterpene 114
steviolbioside diterpene 100-125
stevioside diterpene 300
abrusoside (A-E) triterpene 30-100
glycyrrhizin triterpene 90
mogroside IV triterpene 250-392
mogroside V triterpene 250-425
osladin triterpene 500
periandrin (I-1V) triterpene 85-100
polypodoside A triterpene 600
pterocaryoside A triterpene 50
pterocaryoside B triterpene 100
siamenoside | triterpene 563
telosmoside A triterpene 1000
anethole phenylpropanoid 13
cinnamaldehyde phenylpropanoid 50
phyllodulcin coumarin 400-800
selligueain A flavonoid 35
taxifolin 3-acetate flavonoid 80
monatin amino acid 1200-1400
tryptophan amino acid 35
brazzein protein 800
curculin protein 550
mabinlin protein 100
monellin protein 3000
pentadin protein 500
thaumatin protein 3000
neoculin protein b
miraculin protein b

2Some variation in sweetness values can be noticed and may arise from the protocol employed.
®Neoculin and miraculin are not sweet by themselves but they are taste modifying proteins.

In Asian and South American countries stevia is cultivated and its extracts are traditionally used to sweeten food. In Europe, only
steviol glycosides (E960) have been approved as food additive.

Stevia rebaudiana is a plant native to south America has been known to have sweet tasting leaves for centuries by indigenous
populations. It is a source of steviol glycosides that contain a common aglycone diterpene scaffold, steviol. Among the terpenoids
present in this plant, stevioside and rebaudioside elicit a sweet taste hundreds of times sweeter than sucrose (Table 3), which makes
them attractive sweeteners (Soejarto et al., 1982). Rebaudioside A generates a cleaner sweet taste similar to that of sucrose compared
to stevioside, which delivers a stronger bitter aftertaste.

Mogrosides are a family of triterpenoid glycosides extracted from a Chinese plant locally known as Lo Han Guo. The struc-
ture of the two major constituents, mogrosides IV and V, have been characterized in the 1970s (Lee, 1975) and have been
described as hundreds of times sweeter than sucrose (Table 3). The sweetness of mogrosides has a slow onset profile, typical
of natural high-potency sweeteners (Lindley, 2012). Their liquorice aftertaste coupled with a cooling sensation may limit
their use.

There exists another type of sweet agents of strong interest for the food industry: sweet tasting proteins. They are naturally
produced by tropical plants and are hundreds to thousands of times sweeter than sucrose (Lindley, 2012). To date, eight intensely
sweet-tasting proteins have been identified: thaumatin, monellin, brazzein, pentadin, mabinlin, neoculin and miraculin. Sweet
proteins are expected to be digested just as any other dietary protein is. They have been used as sweetener for centuries in their native
regions, which eases concerns about their toxicity.
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Thaumatins I and II are the major sweet proteins obtained from the fruits of the West African plant Thaumatococcus daniellii Benth
(also called katemfe). Thaumatin I (generally named thaumatin) is the only sweet protein that has been approved by both the FDA
and the European Commission to be used as sweetener in food. Thaumatin has a very different sensory profile to that of sucrose,
a very slow onset and a lingering sweet taste leaving a liquorice aftertaste (Lindley, 2012).

Brazzein is a small and heat-stable 54-amino-acid sweet protein isolated from a West African plant, Pentadiplandra brazzeana
Baillon. Its taste profile is defined as closer to sucrose than any other sweet proteins (Lindley, 2012). Brazzein is intensely sweet
with a slight licorice aftertaste and a cooling effect at high concentration levels. Because of its favorable taste profile and thermo-
stability, academic and industrial research efforts have been made to develop various brazzein production protocols, from recombi-
nant systems to fully synthetic solid-phase methods.

Expanding the Chemical Space of Natural Sweeteners

The research of new natural sweeteners faces two main issues: purification of the molecules from a complex matrix and elucidation
of their chemical structure. To achieve these goals, several methodologies have been developed using different analytical techniques.

A common approach to isolate sweeteners from natural extracts relies on targeted separation. Pharmacognosists usually perform
bio-guided purifications to isolate active compounds from plants using dereplication and high throughput screening. Similarly,
inductive strategies using sensory analysis have been developed to search for natural sweet-tasting compounds. A combination
of various separation techniques is often needed. After each step, fractions are tasted and the most active one is kept for further frac-
tionation. Crude plant extracts are partitioned sequentially in various solvents to give fractions containing molecules of different
polarity (Kinghorn and Soejarto, 2002). Further fractionation can be carried on by using physical or chemical techniques such
as multiple-step ultrafiltration and chromatography, respectively (Frank et al., 2006; Pickrahn et al., 2014). Recently, centrifugal
partition chromatography (CPC) has been hyphenated to taste analysis for the identification of sweet triterpenes from oak
wood (Marchal et al., 2011). Unlike solid phase chromatography, CPC presents no risk of irreversible adsorption and its load
capacity is high (up to 10 g for a rotor of 1 L). These properties are particularly interesting for the study of natural sweeteners.
However, CPC as low-pressure liquid chromatography offers a low chromatographic resolution and a final step using HPLC is often
required to isolate pure compounds. Compared to olfactory analysis, tasting is destructive to the samples, so higher quantities of
fractions are necessary for the sensory tests. Innovative sensory tools have been developed to replace classical tasting. The taste dilu-
tion analysis (TDA) coupled to half-tongue test dramatically decreases the required amount of fraction: serial dilutions of a sample
are prepared. These dilutions are successively presented to a taster by applying one aliquot on one side of the tongue and water on
the other as control. In this way, the taste dilution factor can be determined; it characterizes the taste-activity of the sample (Schar-
bert et al., 2004). Recent developments have also given rise to electronic tongues that offer new perspectives for guiding the puri-
fication of sweeteners (Zhang et al., 2012).

The identification of new sweeteners requires powerful spectroscopic methods commonly used for chemical elucidation of
natural products. While NMR remains the technique of choice, mass spectrometry can also provide reliable structural information.
In particular, the composition and the chemical class of an isolated molecule can be determined by high resolution mass spectrom-
etry as well as the number, the type, the position or the sequence of its functional groups (Marchal et al., 2015). Moreover, stereo-
chemistry strongly influences the taste properties of natural compounds and chiroptic techniques such as electronic or vibrational
circular dichroism are particularly useful to characterize their absolute configuration(Cretin et al., 2015).

When a high-potency sweetener is identified, the search for structural analogs with similar, or even more interesting, properties is
commonly conducted (Bassoli et al., 2011). Chemical synthesis can be a powerful tool in generating these analogs by making slight
modifications to the stereochemistry or substituents of the sweetener (Machinami et al., 2002). However, natural biosynthetic path-
ways may also cause changes of the same type and several isomers and derivatives of a natural compound are often observed in the
same plant. This biochemical diversity can be successfully explored to identify new sweet-tasting molecules (Marchal et al., 2015).

Conclusion

In recent years, there has been growing interest in the replacement of sugars by natural sweeteners and numerous sugar substitutes
have been developed and marketed. These include for instance bulk sweeteners (polyols), high fructose corn syrup and more
recently steviol glycosides. The billions of years of evolution have allowed nature to create an incredible structural diversity of
natural compounds suggesting that many regions of the sweet taste chemical space remain unexplored. The discovery of the sweet
taste receptor has provided new opportunities to study the chemical structure — sweet taste relationships. However, the modes of
ligand-receptor interactions are mostly unknown or poorly understood and the identification of new natural sweeteners still relies
on botanical and ethnobotanical knowledge combined with sensory and analytical experiments.
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Introduction

Nitrates (NO3 ™) are naturally occurring ions formed by the oxidation of nitrogen, and are an integral part of the nitrogen cycle in
the environment (Cigulevska, 2002). Apart from the natural occurrence of nitrates in vegetables and fruits, they are also used as food
additives for flavoring and preservation of meat and meat products (Song et al., 2015). Though the inclusion of nitrates has bene-
ficial effects in terms of improving the texture, color, flavor and the shelf-life of meat and poultry products, it is, essentially, a double-
edged sword as nitrates in food have been implicated in human toxicity and carcinogenicity due to their enzymatic conversion to
nitrites (NO, ™) in the body (Silva and Lidon, 2016). This article discusses the natural and artificial occurrence of nitrates in food,
the advantages and disadvantages associated with their presence in food, detection methods, as well as proposed alternatives.

Occurrence of Nitrates
Occurrence in Environment

In soil, nitrates are formed by the action of nitrifying bacteria, such as Nitrosomonas which oxidise ammonium ions to nitrites, which
are further oxidised to nitrates by bacteria such as Nitrobacter and Nitrococcus spp. (Rao and Puttanna, 2000). These nitrates are
absorbed by plants through the roots, and therefore, are natural constituents of plants (Keeton, 2017). A World Health Organiza-
tion (WHO) estimate states that the average daily human consumption of nitrates is 43-141 mg, and of this, vegetables account for
approximately 80% (World Health Organization, 2007; Lairon, 2011). Nitrates can be accumulated in high amounts by plant
tissues, and vegetables, such as beetroot, and radishes, and leafy vegetables, such as celery, spinach and lettuce have been shown
to accumulate more than 2500 mg of nitrates per 100 g, which is considered to be a very high value (Santamaria, 2006). Nitrate
accumulation by plants can be influenced by several biological factors (such as plant cultivar and variety), environmental factors
(such as light intensity, soil temperature, rainfall etc.), and processing methods (such as storage temperature) (Hmelak Gorenjak
and Cencic, 2013). However, the drastic rise in the use of nitrogen fertilizers for improving crop productivity in face of the increasing
global population is the primary reason for higher accumulation of nitrates by plants (lammarino et al., 2013). Excessive use of
nitrogen fertilizers can also cause an increase in the nitrate concentration of drinking water due to leaching into groundwater
(Odorog, 2016).

Nitrates as Food Additives

The earliest use of nitrates for food preservation was recorded in ancient India and China, as the use of “wall saltpeter” or Ca(NO3),
for the curing of meat, resulting in a distinctive red color and flavor (Binkerd and Kolari, 1975). It was only in the late 19th century
that scientists were able to explain the mechanism of reddening of the meat on treatment with nitrates (Fig. 1) (Hoagland, 1908;
Haldane, 1901).

It has been estimated that processed meats account for less than 5% of the total nitrate consumption (Milkowski, 2017). Cured
meats have a characteristic reddish to pink color which is attributed to the action of nitrates. First, nitrates are reduced to nitrites by
the enzyme nitrate reductase. Nitrites are then converted to compounds such as nitrous acid (HNO,) and nitric oxide (NO), which
is a prerequisite for curing. Subsequently, the NO binds to the Fe>" ion present in the porphyrin ring of the globular protein
myoglobin, thus forming an unstable compound, nitrosomyoglobin. This intermediate, in the presence of high temperature or
acidic pH gives a stable red pigment called nitroso-myochromogen (the nitrosoporphyrin ring), formed by the denaturation of
the protein component of nitrosomyoglobin (Honikel, 2008; Govari and Pexara, 2015).

Additionally, nitrates are also added for activity against food spoilage bacteria and pathogens. Nitrates by themselves do not
have any direct antimicrobial effect, however, they function as a precursor to nitrites, which are active against pathogens, such as
Clostridium botulinum (thus preventing botulism), and Staphylococcus aureus (Sindelar and Milkowski, 2012; Mahindru, 2008).

Due to the toxic effects of residual nitrite concentrations in processed meat, the use of nitrates was gradually reduced, and
currently, sodium nitrate (E 251) and potassium nitrate (E 252) which are classified as Class II preservatives according to the
Commission regulation (EC) No. 1129/2011, are most commonly used in curing of meat, and in preservation of fish and poultry
(Sebranek and Bacus, 2007; Anand and Sati, 2013). The permissible limits set by the Food and Drug Administration (FDA) for
nitrate concentration in foods have been summarized in Table 1.
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Figure 1 Mechanism of formation of red coloration of during curing.

Table 1 Permissible limits for nitrates in food

Additive Food Permitted limit References
Sodium nitrate (as preservative and color fixative) Smoked and cured seafood such as sablefish, <500 ppm (2017h)°
salmon and shad
Smoked and cured poultry and wild game <500 ppm (2017b)°
Potassium nitrate (as curing agent) Cod roe <200 ppm (2017a)*

2017a. Food Additives Permitted for Direct Addition to Food for Human Consumption (Sec. 172.160) [Online]. Available: https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/
cfCFR/CFRSearch.cfm?fr=172.160.
52017h. Food Additives Permitted for Direct Addition to Food for Human Consumption (Sec. 172.170) [Online]. Available: https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/
cfCFR/CFRSearch.cfm?fr=172.170.

Effects of Nitrates on Humans

For over a century, several concerns have been raised over the potential of nitrates and nitrites to form carcinogens, leading to strict
regulations for their use as food additives. However recent studies have hinted that the dietary supplementation of nitrates may
actually have a protective effect with respect to cardiovascular health, however little is understood of the actual mechanism for
this effect (Fig. 2).

Detrimental Effects of Nitrates

While nitrates do not have a direct effect on health, their conversion to nitrites in some physiological conditions in the body has
been linked to toxicity and carcinogenesis in humans (Cigulevska, 2002). Chan et al. reported that 5%-7% of the nitrates ingested
by humans through food is converted to nitrites by nitrate reducing bacteria present in the saliva in the oral cavity (Chan, 2011). The
metabolism of nitrate to nitrite in the digestive system in high amounts (ranging from 0.4 mg kg™ ' to >200 mg kg~ ' body weight)
can cause methemoglobinemia, or the blue baby syndrome. In this disorder, the nitrite formed oxidizes the Fe?" in hemoglobin to
Fe>", thus converting hemoglobin to methemoglobin, and consequently, reduces the oxygen carrying capacity of the blood. Symp-
toms of methemoglobinemia include tiredness, vomiting, diarrhea, and eventually suffocation and death (Chamandoost et al.,
2016).

The indirect carcinogenic effect of nitrates has been attributed to conversion of nitrites to nitrous acid and nitrogen oxides (in
acidic conditions such as the stomach), which can further react with secondary amines to form secondary nitrosamines (Butler,
2015; Stojnev et al., 2014). Nitrosamines, in the presence of high temperature or low pH, are converted to di-azonium ions which
can react with DNA and cause gene mutations, and ultimately cancer (Chamandoost et al., 2016; Song et al., 2015). Apart from this,
a high nitrate concentration in drinking water was implicated in the enlargement of the thyroid gland, as well as the prevalence of
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Figure 2 Mechanism of transformation of nitrates in humans.
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Diabetes Mellitus typel in children aged 1-18 years (Parvizishad et al., 2017). Studies have also linked high levels of dietary nitrates
to increased number of deaths from Parkinson’s disease and Alzheimer’s disease (Anand and Sati, 2013).

Although the exposure to nitrates and nitrites have been linked to the increased incidence of gastrointestinal, nasopharyngeal
and brains tumors, a conflicting report by the US EPA (Environmental Protection Agency) raised serious doubts regarding the asso-
ciation of these compounds with the development of cancers in children and adults (Gassara et al., 2016).

Beneficial Effects of Nitrates

While several studies have proposed the link between dietary nitrates and their subsequent metabolites and adverse effects in
humans, there is also emerging research on their health benefits (Lundberg et al., 2009). Several clinical trials have been conducted
to evaluate the positive effect of dietary nitrates on cardiovascular health. Nitrate metabolites, such as nitrosothiols and nitroalkenes
have been shown to have cryoprotective, hypotensive, antiplatelet effects (Hord, 2011). The DASH (Dietary Approach to Stop
Hypertension) plan is based on the hypothesis that increased consumption of “nitrate-rich” vegetables, such as beetroots, spinach
etc. is effective for the nonpharmacological management of high blood pressure by promoting vasodilation (d'El-Rei et al., 2016).
S-nitrothiols formed by nitrosation of thiol groups are known to be a part of signalling pathways involved in physiological func-
tions including vasodilation and blood pressure regulation (Habermeyer et al., 2015). Webb et al. (2008) reported a reduction in
blood pressure following consumption of beetroot juice, and attributed it to the nitrate load in beetroot. Larsen et al. (2007)
reported that a dietary supplementation of nitrate rich vegetables resulted in lower oxygen demand during submaximal work,
and a more efficient energy production. Similar results were also obtained by Bailey et al. (2009) on the supplementation of nitrate
in the form of beetroot juice. However, so far, the exact mechanism for these hypotheses has not been elucidated.

Detection of Nitrates

The WHO has set the permissible limits for dietary nitrates to be 300 mg kg™ ' body weight for adults, and 25 mg kg™~ ' body weight
for babies. Several studies have indicated the harmful effects of nitrates at high doses, therefore it is essential to identify and detect
the concentration of these compounds in food. Nitrates can be detected directly, or indirectly by reduction to nitrite. Several tech-
niques have been described for the analysis of nitrates in food, a few of which are summarized below, and in Table 2 (Azmi et al.,
2017).

Colorimetry

The International Organization for Standardization defined the official method for the detection of nitrates in 1975 (ISO
3091:1975), by which nitrates are estimated indirectly after reduction to nitrites by metallic cadmium (lammarino et al., 2017).
Nitrite quantification is done spectrophotometrically by the Griess-Romijn reaction, which is based on the conversion of aromatic
amines such as sulphanilamide to diazonium ions by nitrites. These ions then react with a coupler molecule (e.g., N-(1-naphthyl)
ethylenediamine) to form a red compound, which is detected at 540 nm (Ferreira and Silva, 2008). Zatar et al. (1999) developed
a method which utilises oxidation of a phosphomolybdenum blue complex by nitrite, causing a decrease in the intensity of the blue
color of which was read at 814 nm. The nitrite concentration is proportional to the decrease in absorbance of the phosphomolyb-
denum blue complex. To account for nitrite present in sample before the reduction of nitrate to nitrite, Merino (2009) used zinc
powder to reduce nitrate to nitrite, and nitrite concentration was determined both before and after reduction by the Griess-Romijn

Table 2 Overview of some nitrate detection techniques

Colorimetry Chromatography Electrochemical detection Biosensors
Nitrate detection Indirect Indirect Direct Direct
Mechanism of detection Spectrophotometer UV, electrochemical, Change in current or electric Specific interaction
flourimetric, mass potential between
spectroscopic analyte and biologically
derived material
Advantages ® Simple assay ® High sensitivity ® High sensitivity and selectivity ® Cost effective
® Rapid analysis ® Rapid detection ® Highly substrate selective
® Use of non-toxic reagents ® Portable due to small size
® Cost-effective
Disadvantages ® | ow sensitivity ® Non-portable ® Increased cost due to ® Low activity of nitrate
® Use of toxic reagents ® Expensive sensitive material used reductase
® Subject to interference * Difficult to store ® pH and temperature
from other species dependent sensitivity

® Time-consuming
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reaction, and the nitrate concentration was calculated as the difference between nitrite concentration before and after reduction.
Studies have also confirmed to use of Vanadium (III) and nitrate reductase enzyme for reduction of nitrate to nitrite (Miranda
et al., 2001).

Chromatography

Ion chromatography and High-Pressure Liquid Chromatography (HPLC) are the preferred techniques for nitrate detection. The
most common pre-treatment technique converts nitrate to NO, " ions, followed by nitration of 2,4-dimethylphenol. The indicator
species is 1,3,5-trimethoxybenzene (Tsikas et al., 1998). Chromatography techniques can be coupled to different detection systems
such as UV, electrochemical, flourometric, electron capture, and mass spectroscopic for the analysis of the eluent (Moorcroft et al.,
2001).

Electrochemical Detection

Electrochemical detection of nitrates can be voltammetric or potentiometric. Nitrates are reduced to nitrites by a Cu/Cd column or
by nitration of aromatic compounds, such as benzoic acid or salicylic acid. The derivative obtained is determined at a glassy carbon
electrode by voltammetric analysis. For potentiometric analysis, commercial ion-selective electrodes (ISEs), are used to transfer
charged particles from one phase to another, which creates a measurable potential difference (Moorcroft et al., 2001). The sensitivity
can be improved by using a nitrate selective membrane. Capillary electrophoresis is a rapid method of detection of anions, and it
requires smaller volumes of both the buffer and the sample for analysis. A polyethyleneimine-coated capillary is used for separation
of anions, and nitrate detection is done by UV detection at 214 nm (Moorcroft et al., 2001).

Biosensors

Biosensors consist of a bioreceptor, transducer and detector. The detector signal generated by binding of the analyte to the bio-
receptor generates a signal, which is converted by the detector into a measurable signal such as voltage or current (Sohail and Ade-
loju, 2016). Biosensors have been fast gaining attention due to their compact size which can reduce overall cost of biosensor use
(Azmi et al., 2017). Nitrate reductase is used in synthesis of biosensors as it can convert nitrate to nitrite. Can et al. (2012) studied
the efficacy of a carbon nanotube/Polypyrrole/nitrate reductase biofilm electrodes for nitrate detection with promising results.

Alternatives

Due to the proposed detrimental health effects of nitrates, studies are being carried out to look for alternatives to these nitrates. One
approach would be to eliminate nitrates in meat processing by “natural curing,” i.e., by using high-nitrate vegetable sources such as
celery powder with nitrate reducing bacteria (Sindelar and Milkowski, 2012). The addition of chemicals such as fumarate esters,
butylated hydroxyanisole, sulfur dioxide etc. could be effective, however, the long term effects of such chemicals cannot be predicted
(Gassara et al., 2016). Another technique could be the addition of products such as ascorbate and ascorbic acids, which can prevent
the formation of nitrosamines from nitrites, thus eliminating the carcinogenic potential of nitrates (Jiménez-Colmenero et al.,
2001). The use of coloring agents, such as erythrosine to give the characteristic color of cured meats, as well as a combination of
chemical antioxidants to obtain the flavor of cured meats could also be a possible alternative to nitrates (Pegg et al., 1997; Shahidi,
1989). An extensive review by Gassara et al. (2016) describes the potential of different spices as alternatives to nitrates due to their
antioxidant and antibacterial properties.

Future Perspectives

Despite recent years of research, there is still ambiguity regarding both, the positive and negative effects of nitrates. Therefore, exten-
sive clinical studies should be conducted to understand the pharmacokinetics and metabolism of nitrates in humans (Keeton,
2017). While the Acceptable Daily Intake (ADI) value of nitrates is 3.7 mg kg~ ' day~', Rebelo et al. (2015) suggest that due to their
potential to cause methemoglobinemia, determining the Acute Reference Dose (ARfD) value for nitrates may be more appropriate
to evaluate safety of exposure. The American Academy of Pediatrics suggests that methemoglobinemia in infants can be prevented
by excluding nitrate-rich vegetables such as carrots, squash, spinach etc. in their diet till the age of three months (Cunningham,
2013). Since a large portion of dietary nitrates comes from vegetables, the development of new cultivars that have reduced nitrate
accumulation and higher stress tolerance could be an interesting option (Cavaiuolo and Ferrante, 2014). Additionally, more eco-
friendly agricultural practices such as crop rotation, livestock management etc, can effectively reduce the amount of nitrogen fertil-
izers, without drastically affecting productivity (Socaciu and Stanila, 2007). Several studies have shown that organic vegetables have
a lower nitrate content than conventionally grown ones, and therefore some scientists suggest that the consumption of organic vege-
tables could reduce dietary exposure of nitrates (Garcia and Teixeira, 2017). Modifications of culinary practices such as cooking at
high temperatures could also reduce the toxic nitrosation products of nitrate metabolism (Celada et al., 2016). With respect to the
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use of nitrates in food preservation, further studies of alternate technologies such as UV radiation, ionizing radiation, high-pressure
processing etc., are being studied to improve their cost efficacy (Carocho et al., 2014).

CGonclusion

The use of nitrates for preservation of meat is an ancient practice. During the late 90s, the use of nitrates of curing reduced drastically,
however in recent times there has been some ambiguity regarding the proposed detrimental effects of nitrates in human health. On
the one hand, alternatives for addition of nitrates for meat curing are being looked into, and on the other hand, vegetables that are
rich in nitrates are being evaluated for their beneficial effect on cardiovascular health. As nitrates are naturally occurring ions, and
a part of our regular diet, closer understanding of the mechanism of nitrates in the human body is needed to educate the public
regarding the possible risks and benefits associated with nitrates.
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Glossary

Galactosylation The reaction in which a galactosyl donor is attached to a hydroxyl or other functional group of another
molecule (a glycosyl acceptor). Likewise, transgalactosylation is the transfer of a galactose residue from one glycoside to
another.

MALDI-TOF-MS Matrix Assisted Laser Desorption/Ionization Time-of-Flight Mass Spectrometry is used to analyze large
biopolymers such as proteins, carbohydrates and DNA through ionization with low fragmentation followed by mass
spectrometry.

Microbiota A microbial community; commonly used to refer to the microbial population itself located within a specific
habitat (e.g. the gut microbiota).

-omics The high-throughput research methods that are used to analyze the interactions of information objects in the complete
sets of molecules within biological systems (-omes), such as metagenomics, transcriptomics, proteomics and metabolomics.
Prebiotic Is a food ingredient that is not digestible by humans, and that promotes the growth of beneficial microorganisms in
the gastrointestinal tract.

Probiotics Are live microorganisms that, when administered in adequate amounts, confer a health benefit on the host.

Introduction

Non-digestible oligosaccharides possess many important physicochemical and physiological properties, e.g. they function as
prebiotics to improve gut microecology and immunomodulation and provide protection against pathogen adhesion. These
properties have greatly advanced their rapid industrial applications in the last few years.

Compared to polysaccharides, oligosaccharides have much lower molecular weight, therefore high water solubility. By definition
(TUBIUPAC nomenclature), oligosaccharides are saccharides with Degree of Polymerization (DP) value ranging from 3 to 10.
However, molecules of DP 11 to 19 are generally also recognized as oligosaccharides due to their similar properties. The types
of naturally occurring oligosaccharides and their sources have been well summarized in Table 1 according to a previous review
paper (Mussatto and Mancilha, 2007). The typical structural features of oligosaccharides are differentiated by monosaccharides
and linkages (Fig. 1). For example, fructooligosaccharides are D-fructose residues linked by B (2—1) bonds with a terminal
a-(1—2) linked D-glucose; xylooligosaccharides are constructed by B-XylP bonded by 1— 4 linkages, occasionally branched by
arabinose, xylose or 4-methyl-glucuronic acid sugar residues according to the source; the raffinose family is comprised of sucrose
bonded by one (raffinose) or two (stachyose) a-galactose residues through 1-6 linkages. However, the low abundance of the
naturally occurring polysaccharides cannot meet the high needs for their industrial applications. Most of the oligosaccharide
products on the market are commercially produced by either polysaccharide hydrolysis or enzymatic/chemical synthesis from
disaccharide substrates, e.g. xylooligosaccharides from hydrolysis of arabinoxylan polysaccharides (Fig. 2); fructooligosaccharides
from hydrolysis of inulin; galactooligosaccharides and some fructooligosaccharides produced by transgalactosylation (Fischer and
Kleinschmidt, 2018) and transfructosylation, respectively (Fig. 3). Soybean oligosaccharides and raffinose, however, are still
commercially produced by direct extraction.

Table 1 Sources of naturally occurring oligosaccharides

Naturally occurring oligosaccharides Example sources

Fructooligosaccharides Asparagus, sugar beet, garlic, chicory, onion, Jerusalem
artichoke, wheat, honey

Xylooligosaccharides Bamboo shoots, fruits, vegetable, milk, honey

Galactooligosaccharides Human milk

Raffinose oligosaccharides Seeds of legumes, lentils, peas, beans, chickpeas, mallow,
composite, and mustard

Cyclodextrins Water soluble glycans
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Figure 1 Demonstration of typical structures of different oligosaccharides. (A): xylooligosaccharides; (B): raffinose family; (C):
galactooligosaccharides; (D): cyclodextrin (CD); (E): fructooligosaccharides.

Structural Characterization

Structural characterization is a must for the labeling of commercial products as well as for establishing their structure and function
relationships. However, the commercially produced oligosaccharides differ in degree of polymerization, branching character and
concentrations for each oligosaccharide molecule, which increase the difficulties for their structural analyses. Most of the naturally
occurring oligosaccharides, and oligosaccharides generated from polysaccharide hydrolysis or enzymatic and chemical synthesis,
exist in mixtures. Therefore, isolation, purification and fractionation are always prerequisites prior to structural analysis. For
example, galactooligosaccharides produced by B-galactosidase hydrolase could be separated into various DP fractions using bio-
gel P-2 column, as previously reported (van Leeuwen et al., 2014; Guo et al., 2017). These fractions can be monitored either by
high performance size exclusion chromatography (HPSEC) coupled with an RI detector on a Rezex RSO-01 oligosaccharide Ag+
column (Fig. 4A and B), or by high performance anion exchange chromatography coupled with a PAD detector on a CarboPac
PA-1 column (Fig. 4C). The whole mixture can also be monitored by MALDI-TOF-MS (van Leeuwen et al., 2016). The building
blocks of the oligosaccharides and corresponding linkage patterns can be revealed by monosaccharide analysis combined with
methylation analysis. The detailed sequencing information as well as the configuration (a- or B-) of each sugar residue can be ob-
tained with the help of 1D & 2D NMR analyses. Using the above mentioned methods, over 40 different molecular structures were
successfully uncovered in commercially produced galactooligosaccharide mixtures, providing a structural coverage of over 99% of
the products (van Leeuwen et al., 2014).



204 Oligosaccharides: Structure, Function and Application

G =3
Delignified Hemicellulose rich

by-products, e.g. cereal bran
S

k4
(" Alkali Extraction, e.g. (10% KOH, |
25°C 10h )

» Cellulose

\ J

Xylanase hydrolysis, e.g.
(0.05 M acetate buffer pH=5.4)

{ Ethanol Precipitation ]

Liquid Solid

¥

{Xylooligosaccharides] { Other residues ]

Figure 2 Xylooligosaccharides enzymatically produced from hemicellulose rich agricultural by-products. Adapted from Bian et al. (2013).

BGalP-(1->4)-BGIcP (Lactose)
|+ Galactosidase

—» Glucose

BGalP

Lactose— l + Galactosidase

BGalP-(1->X)-BGalP-(1->4)-BGlcP

Lactose—
+ Galactosidase

Polymerization
Y — Glucose

(BGalP),, 1.1, cre.-(1>X)-BGalP-(1->4)-BGlcP
X=2,3,4,6
Figure 3 Demonstration of the main reactions occurring during lactose hydrolysis and GOS synthesis. Numerous other side reactions are also

possible to generate free galactose and other by-products. X=2,3,4,6 indicates that the glycosidic bond can occur at several carbon atom positions
on the galactose molecule, leading to many different oligosaccharides.

Commercial Products and Naturally Occurring Oligosaccharides

A number of non-digestible oligosaccharides have been used in the food industry as prebiotic supplement products or food ingre-
dients (Table 2). As food ingredients, the non-digestible oligosaccharides may be used in beverages, dairy foods, synbiotic products
(combining probiotics and prebiotics), bakery, chocolate products, sweeteners and meat products. Aside from their prebiotic or
health role, their other main technologically functional role would be as bulking agents or texturing agents to enhance total solids
without greatly increasing viscosity, as polysaccharides would.

It should be noted that although many galactooligosaccharides and fructooligosaccharides have been commercially produced
using enzymatic synthesis methods to mimic naturally occurring ones in milk, structurally they are quite different. For example,
human milk oligosaccharides are comprised of the five monosaccharides glucose, galactose, N-acetylglucosamine, fucose and sialic
acid, with N-acetylneuraminic acid. However commercially synthesized galactooligosaccharides and fructooligosaccharides added
to infant formula contain galactose and fructose oligomers, which do not naturally occur in human milk. In addition, the fructose
monomer itself is not found in human milk. Furthermore, synthesized galactooligosaccharides and fructooligosaccharides are
neither fucosylated nor sialylated as they are in human milk. These structural differences could cause some function deficiency
in the commercial products, such as antiadhesive antimicrobial effects. However, galactooligosaccharides and fructooligosacchar-
ides could still influence the microbiota composition of the infant’s feces and function as prebiotics (Bode, 2012).
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Figure 4 Oligosaccharides profile of VITAGOS™ (A) and fractions collected from biogel P-2 column (B), from HPSEC (separated by DP value) and

HPAEC analysis (C). Adapted from Guo et al. (2017).

Table 2 Non-digestible oligosaccharides in prebiotic supplement products

Company Product Non-digestible oligosaccharide References

VITALUS Vitagos GOS Guo et al. 2017

Suntory Ltd Xylo-oligo X0S Grizard and Barthomeuf 1999
The Vitamin Shoppe NutraFlora FOS FOS Douglas and Sanders 2008
GlaxoSmithkline, Philadelphia, PA FiberChoice Inulin Douglas and Sanders 2008
Calpis Food Industry Co. Soya-oligo SO0S Meyer et al., 2015




206 Oligosaccharides: Structure, Function and Application

Functional Properties of Oligosaccharides

Non-digestible oligosaccharides elude hydrolysis and absorption in the small intestine due to limited carbohydrate active enzymes
in human cells (Sarbini and Rastall, 2011). They are fermented by the anaerobic bacteria in the small and large intestines as energy
sources (Mussatto and Mancilha, 2007). In the human gut, most anaerobic bacteria are benign; however, certain species are
associated with acute and/or chronic disorders (Mussatto and Mancilha, 2007). Some non-digestible oligosaccharides have
prebiotic activity, meaning they are selectively fermented by a limited number of gut bacteria (including probiotics) such as
Bifidobacteria and Lactobacillus, and may promote human health by increasing populations of beneficial microbes and/or their
metabolic activity (Sarbini and Rastall, 2011; Mussatto and Mancilha, 2007; Riviere et al., 2016). For instance, the well-known
prebiotic oligosaccharides such as fructooligosaccharides (FOS), galactooligosaccharides (GOS), xylooligosaccharides (XOS),
isomaltooligosaccharides, soybean oligosaccharides and lactosucrose have been shown to increase Bifidobacteria and/or Lactobacilli
populations. This can improve human health due to increasing fecal dry weight and producing more vitamins of the B group and
nicotinic acid (Sarbini and Rastall, 2011; Mussatto and Mancilha, 2007; Riviere et al., 2016).

The gut microbes fermenting prebiotic oligosaccharides produce short chain fatty acids (SCFAs), such as acetate, propionate, and
butyrate (Mussatto and Mancilha, 2007; Riviere et al., 2016). For instance, in vivo studies report that arabinoxylan-oligosaccharide
(AXOS) consumption increases faecal butyrate concentrations (Riviere et al., 2016). The pH value in the colon decreases through
SCFA production, which can inhibit the growth of pathogenic bacteria, as well as increase mineral absorption by an osmotic effect
(Mussatto and Mancilha, 2007). Furthermore, SCFA also exerts anti-inflammatory action and are implicated in the regulation of
lipogenesis (Flint et al., 2015), contributing to other beneficial effects on human health. Butyrate is the preferred energy source
for epithelial cells, stimulating colonic epithelial cell growth and increase salt and water absorption, thus relieving constipation
(Mussatto and Mancilha, 2007; Riviere et al., 2016). Moreover, butyrate was also found associated with inhibiting proliferation
of colorectal cancer cells and changing cancerous cells to a normal cell type (Lim et al., 2005). Depending on the type of prebiotic
oligosaccharides and composition of the gut bacteria, the quantity and ratio of SCFA product could be changed (Mussatto and
Mancilha, 2007). For instance, Bifidobacteria produce acetate, lactate and formate, but no study reported that it could produce
butyrate (Sarbini and Rastall, 2011). Butyrate is mainly produced by Faecalibacterium prausnitzii and Eubacterium rectale, which
are two of the most dominant butyrate-producing bacterial species, belong to Clostridium clusters IV and XIVa, respectively (Riviere
et al, 2016).

Although non-digestible oligosaccharides have significant beneficial effects on human health, excessive consumption of
non-digestible oligosaccharides may cause flatulence through gas production, or osmotic diarrhea in some instances (Mussatto
and Mancilha, 2007). Furthermore, recent studies reported that consuming FODMAPs (Fermentable oligosaccharides,
disaccharides, monosaccharides and polyols) may exacerbate symptoms of bowel inflammation in certain individuals who either
malabsorb or are sensitive to FODMAPs (Rao et al., 2015).

Relationship Between Non-digestible Oligosaccharides and Human Gut Bacteria

Over the last decade, in vivo studies have shown that some non-digestible oligosaccharides change gut microbiota composition at
the species level (Scott et al., 2013; Flint et al., 2015). There are many structural factors, such as monomer saccharide composition
and glycosidic linkages, that affect the selective utilization of non-digestible oligosaccharides by gut bacteria at the strain level
(Sarbini and Rastall, 2011; Hamaker and Tuncil, 2014). This is primarily because the gut bacteria have different oligosaccharide
digestive abilities, preferences and metabolite processes (Hamaker and Tuncil, 2014; Sarbini and Rastall, 2011). For instance,
the a-linkage of glucosyl-glucose has higher selectivity than that of galactosyl-galactose, but for B-linkages, the selectivity is opposite
(Sarbini and Rastall, 2011). The B-1,3 and B-1,6 linkages of galactose have higher selectivity than B-1,4 linkages of galactose for
Bifidobacteria (Sarbini and Rastall, 2011). Furthermore, molecular weight or degree of polymerization (DP) of non-digestible
oligosaccharides can also influence selective fermentation (Sarbini and Rastall, 2011). Oligosaccharides of low molecular mass
or DP are more selectively fermented than high molecular mass or DP by Bifidobacteria and Lactobacilli. This is because the
oligosaccharides with low molecular mass (low DP) have more non-reducing ends that are preferentially attacked, for example
by the exo-glycanase produced by Bifidobacterium spp (Sarbini and Rastall, 2011). However, low molecular mass or DP of
non-digestible oligosaccharides may cause rapid consumption before reaching the distal regions of the colon, and thus leading
to loss of its selective function (Sarbini and Rastall, 2011). For instance, a DP of 3 of isomalto-oligosaccharides has a higher selective
stimulation than a DP of 2 for human fecal Bifidobacteria (Sarbini and Rastall, 2011).

As gut bacterial species differ in oligosaccharide degradation mechanisms and preferences, they may cooperate with each other
when they utilize oligosaccharides (Riviere et al., 2016; Scott et al., 2013). Recently, simple batch modeling, such as mono-culture
and co-culture in vitro studies, were widely used for tracking the communities of specific gut bacteria and their metabolites when
degrading oligosaccharides (Flint et al., 2015). For instance, in a co-culture study, Bacteroides longum LMG 11047 was able to
consume released fructose and oligo-fructose from inulin, while another strain, Bacteroides thetaiotaomicron LMG 11262, had
high digestive ability of both oligo-fructose and inulin. When the two strains were co-cultured in a medium with inulin as the
sole carbon source, the B. longum LMG 11047 was outcompeted by B. thetaiotaomicron LMG 11262, which became the predominant
strain (Sarbini and Rastall, 2011). Although we have less understanding about how they competed with each other, we know that
Bifidobacteria have about 5% of their genome coding genes involved in carbohydrate internalization and prefer the transport of short
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chain oligosaccharides into the cell (Riviére et al., 2016). The internal or cell-bound degradation is more efficient than extracellular
degradation in a highly competitive gut ecosystem (Riviere et al., 2016; Sarbini and Rastall, 2011). However, a strain of Bifidobacteria
was reported that could cross feed with other gut bacteria by carbohydrate breakdown (Sarbini and Rastall, 2011; Riviere et al.,
2016). Anaerostipes caccae DSM 14662 and B. longum BB536 were co-cultured in the presence of oligo-fructose. The release of
free fructose into the extracellular environment by B. longum BB536 fed A. caccae DSM 14662, a strain without digestive ability
of oligo-fructose (Sarbini and Rastall, 2011). These observations indicate that interactions between Bifidobacteria and other gut
bacteria are strain-dependent (Flint et al., 2015). Many studies also reported that metabolite production could be the substrate
for the cross-feeding mechanism as well (Flint et al., 2015). For instance, lactate is associated with certain gut disorders, which is
produced by Bifidobacteria as one fermentation product (Sarbini and Rastall, 2011). However, lactate can be utilized by Megasphaera
elsdenii and converted into propionate, or converted into butyrate by E. hallii (Sarbini and Rastall, 2011; Flint et al., 2015). Acetate is
converted into butyrate via the butyryl CoA: acetate CoA transferase route by butyrate-producing bacteria, such as F. prausnitzii and
E. rectale (Scott et al., 2013). Furthermore, these two species grow better in the presence of acetate (Riviere et al., 2016). However, the
result of in vitro co-culture studies do not fully reflect in vivo complexity of the gut microbiome (Sarbini and Rastall, 2011).

There is presently a need for better understanding of the potential effect of the prebiotic oligosaccharides on human health.
Accordingly, molecular microbiological techniques, metagenomics, transcriptomics, proteomics and metabolomics studies are
very useful for yielding more detailed information on the interaction between the specific structure of substrate and metabolism
of the gut bacteria at the strain level (Sarbini and Rastall, 2011; Scott et al., 2013). Combining in vivo and in vitro results together
will accelerate our understanding about the relationship between probiotics and prebiotics (Scott et al., 2013; Sarbini and Rastall,
2011).
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Source and Structure

Pectin is a major component of primary cell walls in all flowering plant genera except for the grasses of the Poales (Jarvis et al., 1988;
Chan et al., 2017). Consequently, all fruits and vegetables consumed by humans contain pectin (Baker, 1997; Van Buggenhout
et al., 2009; Taylor, 2012). Pectin synthesis within a plant cell occurs in the Golgi apparatus and the Trans-Golgi Network and is
then trafficked to the plasma membrane within secretory vesicles (Driouich et al., 2012; Anderson, 2016; van de Meene et al.,
2017). It has been hypothesized that at least 67 different glycosyl, methyl and acetyl transferases are required for pectin biosynthesis
(Mohnen, 2008). Pectin’s biological functions are numerous and mirror many of its technological applications. Pectin functions in
plant cells include cell-cell adhesion, structural support, hydration control, positioning of leaf and floral primordia and as signal-
ling molecules in plant biochemical pathways (Mohnen, 2008; Peaucelle et al., 2008; Atmodjo et al., 2013).

Pectin is composed of up to 20 different sugar moieties (Vincken et al., 2003; Paniagua et al., 2017). Galacturonic acid (GalA) is
the dominant component comprising 50%-85% the pectic sugars (Yapo, 2009, Yuliarti et al., 2015; Miiller-Maatsch et al., 2016).
Arabinose, galactose and rhamnose are the other major pectic sugars. Structurally pectin is a hetero, block-copolymer. Although
three dimensional models of pectin structural domains have been described (Pérez et al., 2000) an accurate three dimensional
model of its global in-vivo structure has been elusive. Pectin has been shown to interact with cellulose, arabinogalactan proteins
and xyloglucan to form a single interconnected network (Wang et al.,, 2016; Phyo et al., 2017). Small angle X-ray scattering
(Albaetal.,, 2017) has also been used to look at the influence of pH on pectin’s in-vivo structure where it was found that only strongly
acidic environments affected structure. Contact between pectin and cellulose has been demonstrated in intact cell walls using solid
state NMR (Dick-Perez et al., 2012). The majority of our understanding of pectin structure and functionality has been garnered from
pectin that has been extracted from plant tissues. Global structural characterization has been approached with the use of atomic
force microscopy (AFM) (Fishman et al,, 2015; Koziot et al., 2017; Paniagua et al., 2017), which has allowed pectin structures
to be described as rods, segmented rods, kinked rods, branched chains, spheres and aggregates (Posé et al., 2012; Cybulska
et al,, 2015; Fishman et al., 2015).

Within these AFM visualized pectin structures are two commonly described dominant regions or block polymers. They are the
homogalacturonan (HG) region and the rhamnogalacturonan I (RG I) region (Fig. 1). A structurally minor, but functionally impor-
tant region is known as rhamnogalacturonan II (RG II) (Mohnen, 2008; Atmodjo et al., 2013; Shi et al., 2017). The HG region is
a linear homopolymer of @-1,4 linked D-GalA. Reports on the degree of polymerization (number of contiguous GalA subunits) for
HG regions generally range between 80-120 GalAs (Tanhatan-Nasseri et al., 2011). The GalA subunits within the HG may be meth-
ylesterified at the C6 carboxyl group. The pectin being deposited in new cell walls is highly methylesterified but may be subse-
quently modified by the enzyme pectin methylesterase (PME) (Mohnen, 2008). Consequently the proportion of these subunits
that are methylesterified, commonly known as the degree of methylesterification or esterification (DM or DE), varies within a pop-
ulation of pectin molecules. This leads to variability in the distribution of charge within the HG regions RG I is a branched co-
polymer with a backbone of repeating [ — 2)-a-L-thamnosep-(1 — 4)-a-D-galacturonic acidp-(1— |, (Voragen et al., 2009). Both
neutral arabinan and (arabino-) galactans may be attached to O-4 of the rhamnose residues (Albersheim et al., 1996; Prade
etal, 1999; Ridley et al., 2001). Some of these neutral side chains have been shown to occur in previously unknown configurations
(Wefers and Bunzel, 2016). Other minor neutral sugars may also occur (Mohnen, 2008).
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Figure 1 Schematic representation of pectin rhamnogalacturonan | and homogalacturonan regions.
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Functionality

The HG region is widely recognized as the dominant functional region of pectin (Willats et al., 2006, Cameron et al., 2015, Kim
et al.,, 2017) although the RG I and RG II regions also contribute (Sousa et al., 2015; Shi et al., 2017). Pectin functionality is largely
dependent on its molecular weight, degree of methylesterification and the spatial distribution of charge within the HG region
(Willats et al., 2001; Rolin, 2002). For some functionalities, such as water holding capacity, the distribution of the charge is
more important than the DM (Willats et al., 2001). . Considerable effort has been undertaken to map the distribution of charged
(non-methylesterified GalAs) (Grasdalen et al., 1996, Daas et al., 1999, Neiss et al., 1999, Limberg et al., 2000, Ralet and Thibault,
2002, Kim et al., 2017) and neutral (methylesterified GalAs) domains within the HG region (Ralet et al., 2012; Remoroza et al.,
2014; Cameron et al., 2015). The charged domains are required for crosslinking two or more pectin molecules via divalent cations
(Powell et al., 1982; Luzio and Cameron, 2008) which is mandatory for gelation in the absence of sugar and low pH. Results typi-
cally show that the average number of charged blocks required per molecule must be greater than two and that some fraction of
molecules in a given population must be trifunctional or more (contain three blocks or more) for a gel to form (Flory, 1941; Luzio
and Cameron, 2008). These types of pectin (calcium sensitive pectin), commonly have a low DM (less than 50%). But in some
instances, such as when pectin is used to stabilize acid dairy drinks, high DM pectins (greater than 50%) can also be made calcium
sensitive (Rolin, 1994; Luzio et al., 2002; Tromp et al., 2004). Gelation of high DM, non-calcium sensitive pectins is a result of
hydrogen bonding, dipolar and van der Waals interactions, and hydrophobic associations (Oakenfull and Scott, 1984; Evageliou
et al., 2000). For this type of gelation it is the neutral, methylesterified domains of pectin HGs that are crucial.

Calcium sensitivity can be introduced into high DM, non-calcium sensitive pectins through the use of PME (Duvetter et al.,
2006b; Cameron et al., 2011; Ngouémazong et al., 2012) and by cold temperature alkali demethylesterification. Plant and some
bacterial PMEs that possess an alkaline isoelectric point are generally most active at neutral to alkaline pHs, whereas fungal
PMEs generally have acidic isoelectric points and are most active at lower pHs. At least one plant PME is commercially available
in a crude extract from papaya (Vasu et al., 2012). While fungal PMEs have a pseudo-random mode of action (Duvetter et al.,
2006a) all plant PMEs have thus far shown the ability to hydrolyze GalA methyl esters with a processive, or blockwise, mode of
action and the average sizes of the contiguous demethylesterified GalA blocks produced vary dependent on the enzyme and reaction
conditions, such as pH, used (Cameron et al., 2008, 2011; Kim et al., 2013, 2014, 2017). Characterizing the inherent charge distri-
bution, or that resulting from treatments to demethylesterify pectin, has been approached with several techniques including NMR
(Grasdalen et al., 1996; Catoire etal., 1998; Kim et al., 2005), capillary electrophoresis (Williams et al., 2003) and enzyme-mediated
structural characterizations (Daas et al., 1999; Cameron et al., 2008; Ralet et al., 2012; Kim et al., 2013).

The enzymatic methods developed by Cameron et al. (2008, 2011) estimate the average size of the charged blocks and their
average number per molecule using a limited digestion with endo polygalacturonase (EPG). EPG excises the charged blocks
from the parent molecules. Subsequently high performance anion exchange chromatography (HPAEC) coupled to an evaporative
light scattering detector (ELSD) is used to visualize and quantify the charged oligomers excised by EPG (Cameron and Grohmann,
2005). An alternative enzymatic method developed by Daas et al. (Daas et al., 1999) relies on exhaustive EPG digestion. Products
from this reaction are GalA monomers, dimers, trimers and undigested methylester protected domains of the HG. Since GalA
monomer, dimer and trimer are commercially available their quantities can be estimated from standard curves produced by either
a pulsed amperometric detector or an ELSD coupled to HPAEC (Daas et al., 1999; Cameron and Grohmann, 2005; Kim et al.,
2013). The method calculates a parameter defined as Degree of Blockiness (DB) which estimates the amount of demethylesterified
GalAs that are located in charged blocks large enough to be susceptible to EPG activity. Guillotin et al. (2005) introduced the param-
eter of Absolute DB (DB,p,) which extends the method of Daas et al. (1999) to estimate the percentage of total GalAs that are in
charged blocks large enough to be susceptible to EPG activity. Both of these methods, exhaustive and limited EPG digestion focus on
charged blocks within the HG region. Other enzymatic methods have been developed to characterize the more neutral, methyl pro-
tected domains within the HG region. Ralet et al. (Ralet et al., 2012) coupled a pectin lyase digestion with an exhaustive EPG diges-
tion to describe two new parameters related to HG charge distribution. They were DBMe and DB,psMe. Coupling both of these
methods Ralet et al. (2012) were able to clearly differentiate between HGs that had been demethylesterified by chemical (random
mode of action), fungal PME (pseudo-random mode of action) or a plant PME. Cameron et al. (Cameron et al., 2015) presented
a method to characterize the methyl-protected domains of the HG region that are not susceptible to EPG attack due to the methyl
ester of GalA. Cameron et al. (2015) defined methyl-protected HG domains as those that did not have four contiguous demethy-
lesterified GalAs since EPG is presumed to require a minimum of four contiguous non-methylesterified GalA for cleavage (Chen and
Mort, 1996). This method incorporated a cold (4 °C) alkaline demethylesterification following an exhaustive EPG digestion. The
initial EPG digestion produced GalA monomers, dimers and trimers while the charged oligomers resulting from alkaline treatment
of the methyl-protected domains were larger. These larger, charged oligomers were then separated and quantified using HPAEC
coupled to an ELSD. Cameron et al. (2015) used the parameters of By (average number of methyl-protected domains per mole-
cule) and BSpg; (the average size of a methyl-protected domain) to describe these domains. Significant correlations between param-
eters used to describe methyl-protected domains and DM, DB,y and rheological properties were observed. Combining both
exhaustive and limited EPG digests these analyses show that, based on Pearson’s correlation coefficients, the average size of
non-methylesterified blocks and the average number of methyl-protected domains per molecule may be the most useful for predict-
ing pectin functionality.

The goal of being able to engineer, or tailor, the functionality of the HG regions in a population of pectin molecules has been
a motivating factor behind much of this research. Kim et al. (2017, 2018) hypothesized that it is possible to control the size of
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demethylesterified blocks within pectin HG regions with the use of different isoforms of processive pectin methylesterases or
a combination of a pseudo-random fungal pectin methylesterase coupled to a processive plant pectin methylesterase (Kim et al.,
2017). Values for all four charge distribution parameters (BS, BN, DB and DB,,s) could be varied by manipulating the extent of
an initial demethylesterification by a pseudo-random fungal PME, the total activity units of the processive plant PME and the reac-
tion pH (Kim et al., 2018). When only processive plant PMEs were used for demethylesterification (Kim et al., 2017), and the
charged block distributions produced by three different PME isoforms were compared, differences in the distribution pattern could
be only be discerned using the results from a limited EPG digest (BS and BN) not from an exhaustive EPG digest (DB and DByps).

Pectin and Food Quality

Engineering the functionally important properties of pectin (i.e., molecular weight, total charge and distribution of charge) when
used as an ingredient for food formulation or its in-situ modification in processed food has a long history. Pectin manufacturers
routinely modify production conditions, blend different batches to obtain desired functionality and standardize pectins with addi-
tives to accommodate a customer’s requirements (May, 1990, Rolin, 2002). When used as an ingredient for food formulation pectin
is commonly classified as a high DM pectin (HM, DM > 50%) or low DM pectin (LM, DM < 50%) (Chan et al., 2017). If needed the
DM can be reduced by an acid or enzyme treatment (Rolin, 2002). In general high sugar amounts are required for gelling with HM
pectin (Yoo et al., 2003) while Ca®" is used to gel LM pectins (Yang et al., 2017). Calcium sensitivity is dependent on the HG regions
having multiple charged, demethylesterified blocks ranging somewhere between 8-20 GalA residues per block (Luzio and
Cameron, 2008). A calcium sensitive pectin is one in which two or more HG regions on different molecules can be coordinated
to a middle layer of calcium ions (Grant et al., 1973; Kohn, 1975; Braccini and Perez, 2001). HM pectin is generally not calcium
sensitive but calcium sensitivity can be introduced with a processive plant PME with a minimal (5%) reduction in DM (IHotchkiss
et al.,, 2002). This calcium sensitive HM pectin is a critical component in acid dairy drinks where it serves to maintain protein
suspension via ionic interaction with the positively charged protein surface via the negatively charged blocks of demethylesterified
GalA in the HG regions (Glahn and Rolin, 1996; Tromp et al., 2004). The charged blocks within the HG region are not the only
structural feature contributing to the stabilization of acid dairy drinks. Non-calcium sensitive pectin can also stabilize acid dairy
drinks though not as well as calcium sensitive pectin (Laurent and Boulenguer, 2003). Calcium sensitive pectin also has use in
potential applications where softer gels are preferred because they retain more water than LM gels and require less sugar (Joye
and Luzio, 2000; Willats et al., 2001).

The in-situ modification of pectin in processed food products enables engineering food quality (Christiaens et al., 2015). Unit
operations used by food processors such as thermal, high pressure and homogenization treatments alter pectin structure and the
organoleptic qualities of the processed product. Texture is a major quality-associated property affected by changes in pectin struc-
ture. High temperature processing is the most common method to preserve food and make it microbiologically safe. An unwanted
side effect of thermal processing is B-elimination reactions that lead to pectin depolymerization and solubilization. This action is
the primary causes of texture degradation in many processed foods (Sila et al., 2006a; De Roeck et al., 2009). High pressure pasteur-
ization is becoming a more common method for making foods microbiologically safe (Huang et al., 2017) with an additional
benefit of having a reduced effect on texture. When high pressure pasteurization is coupled with high temperatures (>90 °C) it
is believed that B-elimination is reduced due to increased demethylesterification of pectin (De Roeck et al., 2009) since the B-elim-
ination reaction requires an adjacent methyl ester. The increased demethylesterification is believed to be due to increased activity of
endogenous pectin methylesterase (Sila et al., 2006b). Additionally, the demethylesterified HG regions are now available for cross
linking with Ca®* ions which has a positive effect on texture preservation. Ca®* soaking or infusion is often coupled to high temper-
ature and high pressure treatments to improve firmness but Smout et al. (2005) concluded that factors in addition to demethyles-
terification, such as cell damage, are needed to account for the improved firmness.

Food formulation also uses vegetables and fruits that have been processed to disaggregate them into sauces, purees or suspen-
sions (Blattetal., 2011; Christiaens et al., 2015). Unit operations used to produce these disaggregated products can have a significant
effect on their performance as an additive (Lopez-Sanchez et al., 2011). Thermal treatment may activate both pectin methylesterase
and endo polygalacturonase (an enzyme that depolymerizes non-methylesterified HG regions leading to a reduction in molecular
weight). This is especially important in tomato processing for juice, sauce, puree and paste (Anthon et al., 2008). A low temperature
pre-treatment also affected the consistency and separation of pulp and serum in carrot and broccoli due to a decrease DM and an
increase in Ca®" cross linking (Christiaens et al., 2011a, b).

The most recent innovation focused on pectin in food formulation is the work by Vancauwenberghe et al. (2017, 2018) in which
pectin is incorporated into food inks (pumpable liquid or mashed foods that can be solidified) for 3D food printing. While the
initial study (Vancauwenberghe et al., 2017) required a post printing incubation in a Ca®* bath to insure cross linking the second
study (Vancauwenberghe et al., 2018) used a coaxial extrusion method in which both the pectin food ink and the Ca®* solution
were simultaneously extruded from the print head so no post extrusion Ca?* incubation was required.

Pectin also influences quality of fresh fruit and processed juices. Investigations into the role of pectin in fruit softening have been
ongoing for many years. Most recently it was reported that pectate lyase, an enzyme that depolymerizes non-methylesterified HG
regions has a major role in tomato softening (Wang et al., 2018). Pectin methylesterase also is responsible for cloud loss in citrus
juices and other cloudy juices (Cameron et al., 1998; Baker and Cameron, 1999). Galant et al. (2014) was able to demonstrate that
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a very small decrease (74.7% to 68.3%) in DM in orange juice pectin was sufficient to initiate juice cloud destabilization, leading to
juice clarification.

The targeted modification of pectin to provide precision functionalities as an ingredient or in fresh and processed fruits and vege-
tables is an area of growing interest. Continued studies on how to engineer pectin structure to produce defined functionality will
provide an expanded toolkit for food chemists and food technologists to help feed a hungry world.
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Structure and Occurrence

Phospholipids (PL) are a group of polar lipids that consist of two fatty acids, a glycerol unit and a phosphate group which is
esterified to an organic molecule (X) such as choline, ethanolamine, inositol, etc. The structure of a PL molecule is shown in
Fig. 1. The phosphate group together with the X molecule is called the head group of PL. The common PL classes found in
nature include phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylinositol (PI), phosphatidic acid (PA),
phosphatidylserine (PS), and phosphatidylglycerol (PG).

PL are major components of cell membranes, and exist in all living organisms. The contents of PL in various sources are different.
In foods, the content of PL range from 11 mg/100 g to 5433 mg/100 g. Good sources of PL include eggs, meats, fish, shellfish, cereal
grains and oilseeds (Weihrauch and Son, 1983). The PL composition is different depending on its origin. For example, although
PL from both animals and plants contain phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS)
phosphatidylinositol (PI) and phosphatidic acid (PA), the content of PS in PL from animals is much higher than that in PL
from plants (Guo et al., 2005). PG which is rarely found in plants and animals, is a major PL class in microorganism. Fatty acid
composition of PL is dependent on the sources as well. PL from oilseeds contain fatty acids including palmitic acid (C16:0), stearic
acid (C18:0), oleic acid (C18:1), linoleic acid (C18:2) and linolenic acid (C18:3); while PL from egg yolk does not contain C18:3,
instead, arachidonic acid (C20:4), eicosapentaenoic acid (C20:5) and docosahexaenoic acid (C22:6) are present (Wang, 2007).

Physiochemical Properties
pH-Dependency of PL

Although various PL have a similar structure, there are differences in their properties due to the different head groups. For example,
PC is positively charged at pH < 4, while at pH > 4, PC exists as a zwitterion, which is a neutral compound carrying electrical charge
of opposite signs. Due to steric reasons, the negative phosphate group does not form an intramolecular salt with the positive
quaternary amine group. Since the positive trimethylamino group remains isolated at all pH values, PC is hydrophilic at all pH
values. As with PC, PE carries positive charge at pH < 4. PE turns into a zwitterion at 4 < pH < 10, and exists as an anion at
pH > 10. Unlike PC, PE as a zwitterion can form an intramolecular salt due to the small ethanolamine group. As a result, zwitterion
PE is weakly hydrophilic. PI carries no charge at pH < 4, and is negatively charged at pH > 4. PIis highly hydrophilic at all pH values
due to the five free hydroxyl groups on the inositol moiety. PA carries no charge at pH < 4; at 4 < pH < 8, PA carries one negative
charge; and at pH > 8 it carries two negative charges (Dijkstra, n.d).

X Phospholipid
Il Mg N Phosphatidylcholine
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Figure 1  Structure of phospholipid. Adopted from Li et al. (2015) with permission.
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Phase Behavior

When dispersed in water, PL molecules aggregate to form two major structures: lamellar and hexagonal Hy; phases (Fig. 2), which
are interconvertible. The type of structures adopted depends on temperature, the saturation of the fatty acid chain, the nature of the
head group, pH, water content, presence of divalent cations, etc. The increase in temperature usually induces the transition of the
lamellar phase to the hexagonal phase, and the lamellar to hexagonal transition temperature varies with different PL classes. In
general, PL with fully saturated fatty acid chains form lamellar phase at temperature range of 0-100 °C, regardless of pH and cations
concentration. Unlike the other unsaturated PL classes that adopt the lamellar phase under physiological conditions (temperature,
pH, salt concentration), the unsaturated PE adopts the hexagonal Hy; phase under these conditions. Increase in the unsaturation of
PE lowers the lamellar to hexagonal transition temperature. Increasing pH leads to the conversion of the hexagonal phase to the
lamellar phase for unsaturated PE, which is uncharged at neutral pH. PS and PA carry negative charge at neutral pH, decreasing
pH results in the transition from lamellar to hexagonal phase. In the presence of Ca", PA adopts the hexagonal phase at neutral
pH. For PC, lowering the water content induces hexagonal phase formation. As the membrane lipids, the phase preferences of
different PL classes are of great importance to membrane functions (Cullis et al., 1990).

Emulsifying Properties

PL are amphiphilic molecules containing both hydrophilic (the head group) and hydrophobic (acyl chains) moieties: they are
natural emulsifiers with HLB values ~ 8. Since pH affects the association of the polar head groups of PL, the properties and
stabilities of PL-stabilized emulsions are sensitive to pH change. At neutral pH, PC and PE exist as zwitterions. The stability of
emulsions stabilized with these two PL are maintained mainly by hydration repulsion; while the stability of emulsions stabilized
with PA and PI, which are anionic, are maintained by electrostatic repulsion, and are sensitive to changes in ionic strength and pH.
PC has a tendency to favor the formation of oil-in-water (o/w) emulsions, while PE and PI facilitate the formation of water-in-oil
(w/o) emulsions (McClements, 2005). PE and PA are sensitive to calcium, which could cause the loss of their function as
surfactants. PL from egg yolk (contains mainly PC and PE) can form emulsions with great heat stability, and is usually used in
the production of intravenously injectable emulsions. Interaction with proteins can improve the emulsifying properties of PL
(Van Nieuwenhuyzen and Tomas, 2008).

Oxidative and Antioxidative Properties

PL with unsaturated fatty acid chains are susceptible to oxidation. The nitrogen-containing moieties, ethanolamine and choline in
PE and PC, respectively, can affect the oxidative stability of the corresponding PL (Corliss and Dugan, 1970). It is reported that PL
can act as prooxidant, possibly by causing the decomposition of hydroperoxides which results in the formation of new radicals.
However, PL has been demonstrated to exhibit antioxidant activities in various systems including vegetable oils (Doert et al.,
2012; Hildebrand et al., 1984), marine oils (Olcott and Van Veen, 1963; Segawa et al., 1994), lard (Koga and Terao, 1994) and
aqueous emulsion system (Cardenia et al., 2011.). There are four different mechanisms proposed to explain the antioxidant activity
of PL:

1. Synergism between PL and other antioxidants. PL used alone in oil model show little primary antioxidant activities, however,
PC, PE and PS work effectively as synergists to phenolic antioxidants such as tocopherol, vitamin C and ethoxyquin. There is no
synergism observed between other antioxidants and PG/PI (King et al., 1992). The amino groups in PE and PS is believed to be
involved in the regeneration of tocopherol from tocopheroxyl radicals, exerting the synergistic effect (Doert et al., 2012). PC and
PE are reported to improve the radical-scavenging activity of tocopherol by making it more accessible to the radicals (Koga and
Terao, 1995).

2. Binding of pro-oxidant metals. Acidic PL such as PA, PS and PG have been reported to show effective binding ability for the
transition iron ion, which is a prooxidant for lipid oxidation. However, only PS exerts antioxidant activity (Dacaranhe and Terao,
2001).

3. Formation of Maillard-type products between PL and oxidation products

Head group

Fatty acid chains g?;“!”;!”?!! ! &

Lamellar phase Hexagonal H;; phase

Figure 2 Phase diagrams of phospholipid. Modified from Li et al. (2015) with permission.
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The amino group of nitrogen-containing PL, PE specifically, may react with oxidation products of unsaturated fatty acids
(aldehydes) to form Maillard-reaction products, which have been reported to show antioxidant activity (King et al., 1992).
4. As non-radical peroxide decomposer

It is reported that PC can perform as free radical scavenger, and react with peroxy radicals to produce trimethylammonium oxides;
while PE can decompose lipid hydroperoxides in a non-radical way to yield imines (Pokorny, 2002).

Enzyamtic Hydrolysis of PL

PL can be hydrolyzed by five different phospholipases: phospholipase A;, A;, B, C and D. The acting sites of these phospholipases
are shown in Fig. 3. Phospholipase A; and A, specifically hydrolyze 1- and 2- acyl ester bonds of PL, respectively. The products of
these enzymes are FFA and 1- or 2- LPL. Phospholipase B can hydrolyze both 1- and 2- acyl ester bonds, yielding FFA and
water-soluble glycerophosphodiesters (Merkel et al., 1999). Phospholipase C cleaves the phosphorus-oxygen bond between
glycerol and phosphate, producing diacylglyceride and a phosphorylated head group. Phospholipase D hydrolyzes the
phosphorus-oxygen bond between phosphate and the head group, and the products are phosphatidic acid and a free head group
(Wang, 2001).

Production of Phospholipid

Currently, PL is produced commercially in the form of lecithin, which is a mixture of different PL, glycolipids, triglycerides, and
other minor components. Lecithin is a by-product of the degumming step in vegetable oil refining. Crude vegetable oils usually
contain a certain amount (<3%) of PL, which need to be removed to ensure the quality of the final edible oil products. Degumming
is the step designed to remove PL from the oil, where about 2.5% of water is added to the heated oil and mixed vigorously for about
30 min, the hydrated PL is then separated as gum from the oil by centrifugation. Other compounds such as glycolipids, free fatty
acids, triglycerides and so on are also incorporated in the gum together with PL. The gum which contains about 50% of water is then
dried to a water content of < 1%, resulting in a liquid-form of lecithin product. A liquid lecithin usually contains about 37% of
neutral oil (triglycerides, free fatty acid, sterols, etc.), 45% of PL, glycolipids and carbohydrates. Washing the liquid lecithin with
acetone would remove the neutral oil, yielding a de-oiled lecithin containing mainly PL (~74%), glycolipids (~17%) and carbo-
hydrates (~5.5%), which are acetone insolubles (AI). Lecithin can be produced from various plant sources. At present, Soy bean is
the main source for lecithin production. In food industry, lecithin is commonly used as emulsifier due to the emulsification prop-
erties of PL (Van Nieuwenhuyzen and Tomas, 2008).

Several methods are currently used to change the composition or chemical structure of PL in lecithin, in order to improve its
emulsifying properties. Fractionation of lecithin with ethanol would yield ethanol soluble fraction enriched in PC and ethanol
insoluble fraction enriched in PI. When compared to the parent lecithin, the PC-enriched fraction is a better emulsifier for oil-
in-water emulsions, and Pl-enriched is better for water-in-oil emulsions. Treating lecithin with peroxide or organic acid can result
in the hydroxylation of the unsaturated fatty acids of PL, which can improve the hydrophilicity and emulsifying properties of leci-
thin. Treating lecithin with acetic anhydride would lead to the acetylation of the amino group in PE, producing acetyl-PE which can
enhance the oil-in-water emulsifying properties of lecithin. Enzymatic treatment of lecithin with phospholipase A; or A; is a method

PLB

Figure 3 Acting sites of phospholipases.
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used to hydrolyze PL into lyso-PL (compounds with only one acyl chain compared to PL), which possess better emulsifying prop-
erties than PL (Van Nieuwenhuyzen and Tomads, 2008).

Extraction and Analysis

The Folch extraction method is commonly used to extract PL from plant or animal or microorganism samples. In this method, chlo-
roform/methanol 2:1 (v/v) is used as the solvent to extract all the lipids from samples including triacylglycerol, free fatty acid, PL,
glycolipid, etc. PL is then separated from other neutral lipids by column chromatography or solid phase extract (SPE) before further
analysis. For the past few decades, qualitative analysis of PL has been carried out through thin layer chromatography (TLC), which is
only semi-quantitative. Nowadays, qualitative and quantitative analyses of PL are commonly performed by high performance
liquid chromatography (HPLC) with various detectors. Silica columns are the most used stationary phase, but other columns
are also used such as diol, cyano, amino, etc. Gradient elution of columns is usually applied with different mobile phases, which
are mixtures of various solvents including chloroform, methanol, water, hexane, propanol, and so on. Several detectors can be used
for HPLC analysis of PL. UV detector and evaporative light scattering detector (ELSD) are the two most commonly used ones.
Although fluorescence detector are highly sensitive for PL, a derivatization of PL into fluorophore compound is required for the
analysis, thus it is rarely used. Charge aerosol detector (CAD), which has greater sensitivity and better precision than ELSD, is a rela-
tively new detector for PL analysis (Kielbowicz et al., 2013). *'P-NMR is considered to be the ideal method for PL analysis. About 15
phospholipid classes (including lyso-phospholipid) can be separated and quantified by this method, while the HPLC method re-
ported now can only separate less than 10 PL classes. However, the extremely expensive instrument required and the low sensitivity
make it less popular than the HPLC method (Van Nieuwenhuyzen and Tomads, 2008).

References

Cardenia, V., Waraho, T., Rodriguez-Estrada, M.T., et al., 2011. Antioxidant and prooxidant activity behavior of PL in stripped soybean oil-in-water emulsions. J. Am. il Chem. Soc.
88 (9), 1409-1416.

Corliss, G.A., Dugan, L.R., 1970. Phospholipid oxidation in emulsions. Lipids 5 (10), 846—853.

Cullis, P.R., Tilcock, C.P., Hope, M.J., 1990. Lipid Polymorphism. Retrieved from: http://www.liposomes.ca/publications/152%20Cullis%20et%20al%201990.pdf.

Dacaranhe, C.D., Terao, J., 2001. A unique antioxidant activity of phosphatidylserine on iron-induced lipid peroxidation of phospholipid bilayers. Lipids 36 (10), 1105-1110.

Dijkstra, A.J., (n.d). Edible Oil Processing: Introduction to Degumming. Retrieved from: http://lipidlibrary.aocs.org/OilsFats/content.cim?ltemNumber=40325.

Doert, M., Jaworska, K., Moersel, J.T., et al., 2012. Synergistic effect of lecithins for tocopherols: lecithin-based regeneration of a-tocopherol. Eur. Food Res. Technol. 235 (5),
915-928.

Guo, Z., Vikbjerg, A.F., Xu, X., 2005. Enzymatic modification of PL for functional applications and human nutrition. Biotechnol. Adv. 23 (3), 203-259.

Hildebrand, D.H., Terao, J., Kito, M., 1984. J. Am. Oil Chem. Soc. 61, 552.

Kiethowicz, G., Micek, P., Wawrzenczyk, C., 2013. A new liquid chromatography method with charge aerosol detector (CAD) for the determination of phospholipid classes.
Application to milk PL. Talanta 105 (105), 28-33.

King, M.F., Boyd, L.C., Sheldon, B.W., 1992. Antioxidant properties of individual PL in a salmon oil model system. J. Am. Qil Chem. Soc. 69 (6), 545-551.

Koga, T., Terao, J., 1995. PL increase radical scavenging activity of vitamin E in a bulk oil model system. J. Agric. Food Chem. 43 (6), 1450-1454.

Koga, T., Terao, J., 1994. Antioxidant activity of a novel phosphatidyl derivative of vitamin E in lard and its model system. J. Agric. Food Chem. 42, 1291-1294.

Li, J., Wang, X., Zhang, T., et al., 2015. A review on phospholipids and their main applications in drug delivery systems. Asian J. Pharm. Sci. 10 (2), 81-98.

McClements, D.J., 2005. Food Emulsions: Principles, Practice and Techniques, second ed. CRC Press, Boca Raton, Florida.

Merkel, O., Fido, M., Mayr, J.A., Priiger, H., Raab, F., Zandonella, G., Kohlwein, S.D., Paltauf, F., 1999. Characterization and function in vivo of two novel phospholipases
B/lysophospholipases from Saccharomyces cerevisiae. J. Biol. Chem. 274, 28121-28127.

Olcott, H.S., Van Veen, J., 1963. Role of individual PL as antioxidants. J. Food Sci. 28, 313-315.

Pokorny, P., 2002. PL. In: Sikorski, Z.E., Kolakowska, A. (Eds.), Chemical and Functional Properties of Food Lipids. CRC Press, Boca Raton.

Segawa, T., Hara, S., Totani, Y., 1994. 1994, Antioxidative behavior of PL for polyunsaturated fatty acids of fish oil. Il. Yukagaku (Jpn.) 43, 515-519.

Van Nieuwenhuyzen, W., Tomas, M.C., 2008. Update on vegetable lecithin and phospholipid technologies. Eur. J. Lipid Sci. Technol. 110, 472—-486.

Wang, X., 2001. Plant phospholipases. Annu. Rev. Plant Biol. 52, 211-231.

Wang, G., 2007. Functionality of Egg Yolk Lecithin and Protein and Functionality Enhancement of Protein by Controlled Enzymatic Hydrolysis. lowa State University (Thesis).

Weihrauch, J.L., Son, Y.S., 1983. The phospholipid content of foods. J. Am. Oil Chem. Soc. 60, 1971-1978.


http://www.liposomes.ca/publications/152%20Cullis%20et%20al%201990.pdf
http://lipidlibrary.aocs.org/OilsFats/content.cfm?ItemNumber=40325
http://lipidlibrary.aocs.org/OilsFats/content.cfm?ItemNumber=40325

Phosphates

Gary A Dykes®, Ranil Coorey”, Joshua T Ravensdale?, and Amreeta Sarjit’, 2 School of Public Health, Curtin University, Bentley,
WA, Australia; and ° School of Molecular and Life Sciences, Curtin University, Bentley, WA, Australia

© 2019 Elsevier Inc. All rights reserved.
Introduction

Phosphates are derivatives of phosphoric acid (H3PO,4) with positively charged ions of elements, such as sodium, to form salts
(inorganic phosphates), or with organic groups, such as phenyl, to form esters (organic phosphates). Phosphates irrespective of
whether they are inorganic phosphates or constituents of phosphoproteins and membrane phospholipids, are found in most living
organisms. Phosphates are an essential dietary requirement for humans. Organic phosphates from meat, grains, dairy products, and
nuts, and inorganic phosphates (Pi) from food additives are readily absorbed in the small intestine, processed in the liver, stored in
cells and bone, and reabsorbed in the kidneys (Takeda et al., 2004). Phosphate has many physiological, biochemical and cell signal-
ling roles in the body. Phosphates are also used as additives to a range of food products where they serve as to aid processing,
enhance organoleptic properties or improve safety and shelf-life. An appropriate balance between the use of phosphates as additives
and possible ill effects associated with excessive consumption needs to be struck.

Applications of Phosphates in Food

Phosphates are present in a range of foods typically including protein rich products such as meat, poultry, seafood and dairy prod-
ucts. Phosphates are used as additives to food to serve as preservatives on meats, as stabilizers and as melting salts for the processing
of cheese products. These food grade phosphates aid in maintaining the structure and hydration of the meat products by enhancing
the water holding capacity of muscle and assisting in the oxidative stability of the meat by chelating pro-oxidative metal ions
(Lampila, 2013). In dairy products, phosphates are used as a protein dispersant in spray dried milk products. Potassium or sodium
salts of phosphates are also used as emulsifiers in food such as processed meat and cheese. Processed food products tend to have
a higher phosphate content than that naturally present on food. For instance, processed meat and poultry products were reported to
have twice the amount of phosphate as compared to natural products (Sherman and Mehta, 2009). Levels of phosphates permitted
for use in foods must be “generally be regarded as safe” by the Food and Drug Administration (FDA) (del Rio et al., 2007; Ellerbroek
et al, 1996).

Poultry and Meat Products

Food grade phosphates are commonly used in the meat and poultry industry in the form of polyphosphates or pyrophosphates
where they cause the sequestration of metal ions and dissociation of the acto-myosin complex (Fonseca et al., 2011). Application
of phosphates on meat may increase the pH of meat, as the pH of most food grade phosphates ranges from 6.3 to 12.5, which will
increase the ionic strength and water holding capacity of meat (Lampila, 2013; Vasavada et al., 2006). For this reason they are used
as an aid in decreasing cooking loss, controlling pathogen growth, reducing drip loss and purge in chilled storage and improving
textural properties (Lindsay, 2008; Lampila, 2013). They also prevent the discoloration of poultry and meat products. In addition,
polyphosphates have been found to delay the rancidity of some products due to the sequestration of iron and copper (Coul-
tate, 2009). Polyphosphate levels between 0.1% and 0.3% do not appear to pose a risk to health since they are broken down
into pyrophosphates which is converted into orthophosphates in most meat products. The presence of phosphates in meat may
result in high concentrations of salts, causing protein denaturation under frozen storage.

Sodium tripolyphosphate (STPP) (NasP3P;p) is commonly used in poultry and meat processing. This compound is used in
blends with sodium hexametaphosphate [(NaPO3)n, n = 10-15] to improve the tolerance of calcium ions in brines for the curing
of meat products. In brines, calcium may be complexed with hexametaphosphate which is soluble and prevents calcium phosphate
precipitation. Previous studies have found that the combination of sodium phosphate and sodium chloride decreases the require-
ment of salt from 3% to 3.5% to 1.4% to 1.8% (Lindsay, 2008). A combination of these compounds solubilizes the myosin with the
hydrophobic tail surrounding the fat and the hydrophilic end binds to the water molecule. These two compounds enhance the
succulence of the cooked products and maintains the water holding capacity of the product (Lampila, 2013).

The strong antioxidant effect of phosphates against oxidation of lipids in cooked meat products occurs through the binding of
metal ions that act as a catalyst for oxidation. Previous studies have reported that encapsulated phosphates enhances the stability
and functionality of antioxidant activity and was able to inhibit lipid oxidation in ready-to-eat meat products as well as extend their
shelf life (Kilic et al., 2014; Sickler et al., 2013). Sodium pyrophosphate (SPP) and STPP with and without encapsulation were re-
ported to inhibit lipid oxidation in raw and cooked ground chicken and beef (Kilic et al., 2014). Excessive levels of phosphates use
will incur higher costs and may affect the organoleptic qualities of the meat due to the amount of hydrogenated oil used in the
encapsulation of the phosphate in addition to the high phosphate levels used.
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Dairy Products

Phosphates are added to dairy products, such as milk and cheese, for protein dispersion, acidification, gelation, supplementation of
nutrients, chelating calcium and aiding in emulsification (Kapoor and Metzger, 2008). Tetrasodium phosphate is used in chocolate
milk to maintain higher viscosity levels for the dispersion of cocoa powder (Lampila, 2013). Acidification by phosphoric acid is
used to produce buttermilk. In addition, disodium phosphate is used in milk prior to drying to provide hydration and assist in
protein dispersion. The use of trisodium phosphate in evaporated milk ensures that the butterfat is not separated from the aqueous
phase (Lindsay, 2008).

There is a provision by the Codex Standards for the addition of low levels of polyphosphates in milk powders (Codex
Alimentarius Commission, 2011), although milk powders do not usually contain polyphosphates. The use of polyphosphates
such as sodium hexametaphosphate and sodium tripolyphosphate delays gelation via protein denaturation. Ultra-high temperature
(UHT) processed milk is well known to gel upon storage. However, sodium hexametaphosphate was reported to enhance the shelf
life of UHT milk products by delaying the onset of gelation due to observed proteolysis during the storage by milk proteases such as
plasmin and exogenous enzymes from bacterial contamination (Anema, 2015). Another factor for the delay in gelation was the
onset of gelation occurred without visible changes to proteins present in the milk (Datta and Deeth, 2001). Alkaline phosphatase
is also used to determine if adequate pasteurization has been conducted in the dairy industry (Kilic et al., 2014).

As cheese aging involves proteolysis, it weakens the cheese emulsion. Heat treatment of cheese may separate the emulsion into
coagulated protein and butter oil. The role of phosphates will be beneficial as it alters the proteins to form melting salts. During the
process of cheese production, dicalcium phosphate and sodium caseinate is formed from disodium phosphate and calcium
caseinate. Sodium caseinate generates a layer surrounding the fat droplet to form the desired characteristics of cheese (Lampila,
2013). In addition, sodium aluminium phosphate (SALP) is used as an emulsifier to process cheese and its associated products.
The mode of action of SALP is it alters the protein in order to produce a smooth layer surrounding the fat droplets to prevent
the separation of fat from the cheese product. SALP will assist in forming a soft texture and aid in easier melting characteristics
of the cheese products (Yokel et al., 2008).

Control of Pathogens Using Inorganic Phosphates

Among the inorganic phosphates, trisodium phosphate (TSP) is a well-recognised antimicrobial used in poultry processing facili-
ties. Trisodium phosphate is formed by neutralizing phosphoric acid with sodium hydroxide as follows: Na,HPO4 + NaOH —
Na3PO, + H,O. Low reactivity of Na™ and PO,>~ ions which are produced due to the dissociation of TSP when mixed with water
causes extremely low by-product formation. This inorganic phosphate is an alkaline sanitizer and is used between pH 10-12. Gram
negative bacteria such as Campylobacter and Salmonella are more susceptible to alkaline sanitizers including TSP at this pH range than
Gram positive bacteria due to the presence of the thin peptidoglycan layer (Capita et al., 2002; Dickson et al., 1994). TSP is known
for its surfactant properties which aid in preventing Campylobacter and Salmonella attachment to poultry. In addition TSP has the
ability to remove some fat from the meat which indirectly aids in the removal of bacteria attached to the fat on the meat (Sarjit
and Dykes, 2015). It is also able to remove the protective lipid layer on the meat enabling it to reach the entrapped pathogens
thereby reducing the prevalence of these pathogens on meat (Capita et al., 2002).

TSP is regarded as safe for use on poultry at concentrations between 8% and 12% without hampering the organoleptic
qualities of meat. At these concentrations, TSP has the ability to disrupt Salmonella spp. cell membranes due to the high pH
resulting in the detachment of Salmonella cells from poultry and its associated surfaces through sequestration of metal ions (Sam-
pathkumar et al., 2003). Effectiveness of TSP on both Campylobacter spp. and Salmonella spp. on poultry has been studied as indi-
cated in Table 1. The occurrence of carryover of residues in the immersion chillers may alter the pH of TSP in water reducing its effect
in reducing the numbers of pathogens in the chillers. To overcome this, air chilling may be used instead of immersion chilling (Bun-
cic and Sofos, 2012).

Regulations That Control the Use of Phosphates

At an international level, the World Health Organisms (WHO) and the Food and Agriculture Organisation (FAO) play leading roles
in regulation of food additives. As both these organisations (WHO and FAO) have an interest in food regulation, they have set up
different joint institutions that provide scientific information to United Nation member countries.

One of which is the Joint FAO/WHO Expert Committee on Food Additives (JECFA). This organisation lists over 100 different
chemical forms of phosphate that can be used in food for different purposes, some of these applications include as flavouring
agents. Phosphates can also be considered a food contaminant as some of its metal can contaminate food. Phosphates also
make up the chemical structures of some mycotoxins and can be included in naturally occurring toxicants. They also make up
the chemical structures of some veterinary drugs which can find its way into the food chain. The presence of toxicants, naturally
occurring or otherwise and veterinary drugs are controlled by the maximum residual level regulations. Maximum residual level



220 Phosphates

Table 1 Reduction of pathogens on poultry treated with trisodium phosphate

Exposure time

Sample Pathogen Concentration and temperature Reduction (log units References
Chicken C. jejuni 12% 1min dip at ambient 3.6 + 0.60 Koolman et al. (2014)
drumsticks temperature
Chicken legs S. Enteritidis 12% 15 mindipat20 +1°C 291 +£1.94 Alonso-Hernando et al.
(2013)
Chicken meat Campylobacter ~ 12% 10 min at 4 °C ~1.81 to less than the limit Sarjit and Dykes (2015)
Spp. of detection (<2.02)
Salmonella spp. ~2.46 1o less than the limit
of detection (<2.02)
Duck meat Campylobacter 8, 10, 12% 10 min at 4 °C Less than the limit of detection Sarjit and Dykes (2015)
Spp. (<2.02)
Salmonella spp.
Chicken legs S. Enteritidis 12% 15 min at 20 °C ~2.0 del Rio et al. (2007)

regulations controls the highest concentration of these chemicals that can be found in a food product that is meant for human
consumption. If the concentrations are above this level then they cannot be legally sold as food.

The second WHO/FAO joint organisation is the Codex Alimentarius Commission, commonly known as the Codex. This orga-
nisation promotes the establishment of food regulatory frameworks within member countries that are compatible with Codex so as
to promote international trade. Codex standard 192 (CODEX STAN 192-1995) is the General Standard for Food Additives which
lists all of the food additives and their different chemical forms that can be used in human food. The standard has been revised over
the years and the latest revision was in 2017. The Standard states that food additives can only be used when it has an advantage, such
as preserving the product or maintaining its quality, and there is no known health risk to the consumer. Food additives cannot be
used to mislead the consumer, in other words additives can be used only if it serves a technological function. The amount of a food
additive added is controlled to the lowest quantity needed to achieve the required functional effect. The use of these additives are
based on the risk assessments and exposure assessments. The JECFA carries out the risk assessment of all these chemicals and this
information is provided to the Codex to be included in the evaluation process. The Codex standard (CODEX STAN 107-1981 Rev
2016) states that food additives need to be clearly labelled and must not lead to confusion or mislead the consumer. The Codex
standard (CODEX STAN 192-1995) further states that only the food additives listed in it are recognised as suitable for human
consumption and that these food additives must have an assigned acceptable daily intake and must be used considering these levels.
The Codex lists 30 different chemical compounds of phosphates that are approved for human consumption as shown in Table 2.
The FAO/WHO food standards not only lists the different chemical forms of phosphate that can be used but it also lists the different
food products the chemical forms can be used in and their maximum concentrations. A food manufacturer (if within a Codex signa-
tory country) is obliged to meet these requirements as a minimum level. Some countries or regions have their own maximum usage
levels that form part of their regulations within that country.

The United States of America

The Food and Drug Administration (FDA) of the US Department of Human Services is responsible for developing and adminis-
tering food law within the United States (US) at a Federal level. The Food Additive Status List provides all of the additives that
can be used in food and their different forms. This list needs to be read in conjunction with the different regulations. Some of
the phosphate based compounds are listed as Generally Recognised as Safe (GRAS) and can be used considering Good
Manufacturing Practises (GMP), which means there may be no regulation that controls its maximum usage levels but it can be
used only at levels to achieve the required function. The FDA issues regulations that can be binding obligations and be enforced
by law. Title 21 of the Code of Federal Regulations deals with food, Chapter I Subchapter B part 170 of the Federal law deals
with Food Additives. Part 172 - Food Additives Permitted for Direct Addition to Food for Human Consumption gives the forms
of phosphate that can be used in food for different purposes and the maximum levels that can be used at. For example, monoso-
dium orthophosphate can be used to esterify starch where the residual phosphate in the food does not exceed 0.4% calculated as
phosphorus. Part 173 - Secondary Direct Food Additives Permitted in Food for Human Consumption provides the concentrations
of different forms of phosphate that can be used in material that may come in to contact with food, for example the concentration of
phosphate esters that can be used in lye-peeling solutions, which must not exceed 0.2%.

Australia

Food law in Australia at a Federal level is governed by the Food Standards Australia New Zealand (FSANZ). Each Australian state and
territory has adopted the FSANZ standards as law within their jurisdictions and is enforced by a state government department and
the local city councils. FSANZ recognizes that food additives play an important part in ensuring safety and quality required by
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Table 2 Codex list of 30 different phosphate bhase
compounds that are approved for human
consumption

Additive name

Ammonium dihydrogen phosphate
Ammonium polyphosphate

Bone phosphate

Calcium dihydrogen diphosphate
Calcium dihydrogen phosphate
Calcium hydrogen phosphate
Calcium polyphosphate
Diammonium hydrogen phosphate
Dicalcium diphosphate
Dipotassium hydrogen phosphate
Disodium diphosphate

Disodium hydrogen phosphate
Magnesium dihydrogen diphosphate
Magnesium dihydrogen phosphate
Magnesium hydrogen phosphate
Pentapotassium triphosphate
Pentasodium triphosphate
Phosphoric acid

Potassium dihydrogen phosphate
Potassium polyphosphate

Sodium calcium polyphosphate
Sodium dihydrogen phosphate
Sodium polyphosphate
Tetrapotassium diphosphate
Tetrasodium diphosphate
Tricalcium phosphate
Trimagnesium phosphate
Tripotassium phosphate
Trisodium diphosphate

Trisodium phosphate

consumers. The Australian food standards, Standard 1.3.1 Food Additives and the Schedules published together with a list of all the
different food additives can be found on the Federal Legislation Website. These schedules includes the different chemical forms of
phosphate that can be used in food, the purposes that they can be used of and the maximum permitted levels.

The Australian food law, Standard 1.3.1 states that a food additive is a substance added to food for one or more technological or
functional purposes as listed in Schedule 14. Schedule 14 lists the different technological functions that a food additive can perform,
including their definitions. Schedule 15 and 16 list the substances that can be used as food additives, the food they can be used in
and the maximum allowable levels. In these documents different phosphate compounds that can be added to different products at
different maximum concentrations are listed. Schedule 7 lists the different classes of food additives which are to be included in the
ingredient lists on food product labels. In Australia food additives must be listed on product labels by their class name followed by
the name of the food additive or by its number.

European Union

The European Commission’s regulation EC 1333/2008 sets out the regulations on food additives that govern the rules within the
different countries in the European Union. The aim of the regulation is to stadardise the use of food additives within the different
countries of the Union. It provides the different food additives that can be used in food and the maximum concentrations they can
be used at, the functions that these can be used for and the labelling requirements. The safety of food additives are evaluated and
approved for use within the Union by the Scientific Committee on Food (SCF) and/or the European Food Safety Authority (EFSA).
Only additives that are approved by these two organisations can be used in food within the EU and that too only for the purpose(s)
it was considered safe. Under Regulation No 1333/2008 Annex II the European Commission has a database of all food additives
that are approved for use within the EU. It is designed as a tool to inform stakeholders of the approved food additives, their purposes
of use and the maximum levels of usage. In this database there are 17 different phosphate containing phosphate based compounds
listed. It also includes the functions for which they can be applied for and the maximum levels they can be included in food.
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http://www.fao.org/gsfaonline/additives/details.html?id=40
http://www.fao.org/gsfaonline/additives/details.html?id=42
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http://www.fao.org/gsfaonline/additives/details.html?id=28
http://www.fao.org/gsfaonline/additives/details.html?id=29
http://www.fao.org/gsfaonline/additives/details.html?id=39
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Health Impacts Due to Phosphates in the Diet

As a biomolecule, the tetrahedral molecular geometry of phosphate allows it to form bonds with four other molecules and create
complex molecular compounds such as nucleic acids, proteins, ATP and phospholipids (Azevedo and Saiardi, 2017). The impor-
tance of phosphate in the human body is evident by the fact that 80%-90% of filtered plasma phosphate is actively reabsorbed in
the renal tubules in a healthy individual (Prasad and Bhadauria, 2013). However, the amount of phosphate additives in the average
North American’s diet has more than doubled since 1990, with an estimated half the population of the USA consuming in excess of
the recommend ADI of phosphates (Ritz et al., 2012; Uribarri and Calvo, 2013). Elevated blood serum levels of phosphate has been
linked to a wide range of cardiovascular diseases (Ritz et al., 2012). The link between elevated phosphate levels in the body and
these diseases in at risk patients is a relatively new concept, and there are still many gaps in our understanding as to how they
are associated (Selamet et al., 2015). However, it does appear from the evidence currently available that certain foods have a signif-
icant impact on homeostatic levels of phosphates which in-turn could be associated with an increased risk of mortality in patients
unable to regulate phosphate levels (Moore et al., 2015).

The Roles of Phosphates in the Body and Hypophosphatemia

The availability of phosphate on Earth when the first living organisms emerged was scarce. It is theorised that early metabolic path-
ways could have relied on biomolecules composed of ions such as iron and sulphur or carbon-based thioesters (Goldford et al.,
2017). If these pathways existed in primitive cells, they have likely been replaced by molecules composed of phosphates suggesting
that these phospho-molecules provided a selective metabolic advantage to the cells. Nucleotide molecules are composed of a 5-
carbon ring, a nitrogenous base and phosphate groups. In DNA and RNA the phosphate groups bind the hydroxyl group on the
3’ carbon and allow for the formation of genetic sequences. In energy-donating nucleotide molecules such as ATP and GTP, the
electrostatic repulsive forces between phosphate groups can be released following phosphate hydrolysis and used to power energy
dependent processes in the cell (Cooper, 2000).

The main structural component of the cellular membrane are phospholipids; carbon chains with a phosphate group on the
extremity of one end of the molecule (Alberts et al., 2002). Phosphate is a polar anion and is therefore attracted to water, whereas
the fatty acid tails of the phospholipids are hydrophobic. This configuration causes the phospholipid molecule to orientate itself
with the phosphate heads facing the extra- or intracellular environment, whereas the fatty-acid tails aggregate with the fatty acid
tails of other phospholipids, forming a membrane bilayer. This configuration allows the membrane to be selectively permeable,
meaning it can allow for the passive diffusion of certain molecules into and out of the cell (Alberts et al., 2002).

Bone is comprised of an organic matrix of collagen fibres and an inorganic layer of the calcium phosphate salt, hydroxyapatite
(Shaker and Deftos, 2000). Collagen fibres reduce the brittleness of bone so that it has a small degree of flexibility under tensile
stress, whereas the hydroxyapatite gives bone structural rigidity. Bone growth is dependent on the maturation, death and subse-
quent mineralisation of chondrocytes. In addition to the structural roles of calcium and phosphate ions in bone, calcium also regu-
lates the maturation and organisation of chondrocytes whereas phosphate induces apoptosis, resulting in mineralisation. Low
calcium and phosphate levels in bone tissue results in the build-up of un-mineralized osteoid tissue characteristic of rickets (Penido
and Alon, 2012). In addition to the metabolic and structural roles phosphates play in the body, phosphoric acid and dihydrogen
phosphate are also used by the body to maintain the pH of blood within homeostatic ranges (Anderson, 2013).

Phosphate is primarily stored in the bones and teeth of the human body with the rest present as buffering ions or bound to
proteins in the blood, or stored as biomolecules in cells. The three major hormones responsible for regulation of phosphate levels
in the blood are calcitriol, parathyroid hormone (PTH), and fibroblast growth factor 23 (FGF-23). Broadly speaking, PTH and FGF-
23 decrease phosphate levels in blood plasma by reducing the expression of the sodium/phosphate co-transport proteins (NaPill)
in the proximal convoluted tube of the nephron. FGF-23 also indirectly decreases absorption of phosphate in the gut by decreasing
the expression of other sodium/phosphate co-transporter proteins. Conversely calcitriol, increases absorption of phosphate in the
intestines and inhibits the release of PTH, indirectly increasing phosphate reabsorption in the renal tubules (Penido and Alon,
2012).

Hypophosphatemia is a drop in plasma phosphate levels below 2.5 mg/dL. This can be caused by a variety of different factors
such as malnutrition, alcoholism, vitamin D deficiency or resistance to vitamin D, physical trauma, renal disorders, increased serum
insulin concentrations, or hereditary factors (Pappoe and Singh, 2010). Hypophosphatemia is associated with general organ
dysfunction, impaired bone growth, and structural abnormalities in blood cells (Alberts et al., 2002; Mozingo and Mason,
2007). Patients suffering acute hypophosphatemia have weakened skeletal, smooth and cardiac muscle contractions, which can
lead to cardiomyopathy and respiratory problems (Pappoe and Singh, 2010). This is likely due to a drop in intracellular reserves
of energy donating phospho-molecules such as ATP which are essential for muscle contractions. In rare cases, low serum levels of
phosphate and ATP also increases the rate of haemolysis (Melvin and Watts, 2002).

Chronic Renal Disease can Induce Hyperphosphatemia

Hyperphosphatemia is abnormally elevated serum concentrations of phosphate (>1.46 mmol/L) generally associated with nega-
tive health outcomes if experienced for a prolonged period of time (Shaman and Kowalski, 2016). It is most commonly associated
with impaired kidney function but can also be the result of increased dietary phosphate intake, tumor lysis syndrome, and
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hyperparathyroidism (Nguyen and Wang, 2012). There is mounting evidence that increased phosphate levels increases the risk of
cardiovascular diseases such as atherosclerosis, although there are conflicting arguments over whether this is directly related to
hyperphosphatemia (Lau et al., 2010; Nguyen and Wang, 2012).

In healthy patients, roughly 950 mg of phosphorus is absorbed from the gut into the blood stream every day. Being a water
soluble ion, phosphorus readily passes through the filtration membranes of the kidney and the majority is actively reabsorbed
in the proximal convoluted tubule. In patients with chronic kidney disease the glomerular filtration rate steadily decreases leading
to a build-up of serum phosphate levels. PTH and FGF-23 levels are elevated to reduce the phosphate re-absorption NaPi-II mole-
cules in the renal tubules. However, the water soluble phosphate molecules can still passively diffuse from the filtrate into the renal
vascular network. Additionally, as the glomerular filtration rate decreases these compensatory mechanisms are insufficient to
normalise serum phosphate levels (Shaman and Kowalski, 2016). Interestingly, although PTH decreases the amount of phosphate
transporters in the kidneys, it also increases osteoclast activity which leads to bone resorption and elevated calcium and phosphate
levels in the blood (Hruska et al., 2008; Shaman and Kowalski, 2016).

Hyperphosphatemia Association With Cardiovascular Disease

Vascular smooth muscle cells (VSMC) are responsible for the vasomotor properties of the endothelium of blood vessels. However,
the contractile phenotype of these cells can be switched to a bone cell-like calcifying state via altered expression of calcification pro-
motor and inhibitor molecules. This switch causes the VSMC to secrete bone matrix proteins, and can induce apoptosis which
creates nucleation sites for hydroxyapatite crystals to form (Askar, 2015). The resulting calcification of blood vessels stiffens the
walls of the vessels, creates occlusions, and increases blood pressure.

Increased Pi serum levels are associated with increased incidence of vascular calcification (Adeney et al., 2009; Lau et al., 2010).
Although the exact mechanisms are still unclear, studies have shown that exposure to concentrations of phosphate similar to serum
concentrations of patients with hyperphosphatemia increased the expression and phosphorylation of certain proteins and signal-
ling molecules in VSMC (Lau et al., 2010). For example, exposure to increased phosphate levels increased the expression of the
Runx2 and Cbfal transcription factors which induces the secretion in bone matrix constituents in VSMC (Speer et al., 2010).
Increased phosphate levels increases phosphorylation rates of the Bcl2 and ERK1/2 proteins. Although their mechanisms are distinct
from each other, phosphorylation of these proteins increases apoptosis of the cells (Lau et al., 2010; Speer et al., 2010). The remains
of apoptotic cells provides an “anchoring” site for hydroxyapatite crystals to form, increasing calcification of the surrounding tissue
(Lau et al,, 2010).

References

Adeney, K.L., Siscovick, D.S., Ix, J.H., Seliger, S.L., Shilpak, M.G., et al., 2009. Association of serum phosphate with vascular and valvular calcification in moderate CKD. J. Am.
Soc. Nephrol. 20, 381-387.

Alberts, B., Johnson, A., Lewis, J., Raff, M., Roberts, K., et al., 2002. Molecular Biology of the Cell, fourth ed. Garland Science, New York.

Alonso-Hernando, A., Guevara-Franco, J.A., Alonso-Calleja, C., Capita, R., 2013. Effect of the temperature of dipping solution on the antimicrobial effectiveness of various chemical
decontaminants against pathogenic and spoilage bacteria on poultry. J. Food Prot. 76, 833-842.

Anderson, J.J.B., 2013. Phosphorus: physiology, dietary sources, and requirements. In: Caballero, B. (Ed.), Encyclopedia of Human Nutrition, third ed. Academic Press, Waltham,
pp. 28-32.

Anema, S.G., 2015. The effect of hexametaphosphate addition during milk powder manufacture on the properties of reconstituted skim milk. Int. Dairy J. 50, 58—65.

Askar, A.M., 2015. Hyperphosphatemia. The hidden killer in chronic kidney disease. Saudi Med. J. 36, 13—19.

Azevedo, C., Saiardi, A., 2017. Eukaryotic phosphate homeostasis: the inositol pyrophosphate perspective. Trends Biochem. Sci. 42, 219-231.

Buncic, S., Sofos, J., 2012. Interventions to control Salmonella contamination during poultry, cattle and pig slaughter. Food Res. Int. 45, 641-655.

Capita, R., Alonso-Calleja, C., Garcia-Fernandez, M.C., Moreno, B., 2002. Review: trisodium phosphate treatment for decontamination of poultry. Food Sci. Technol. Int. 8, 11-24.

Codex Alimentarius Commission, 2011. Milk and Milk Products, second ed. Codex Alimentarius.

Cooper, G.M., 2000. The Cell: A Molecular Approach, second ed. ASM Press, Washington, DC.

Coultate, T.P., 2009. Food the Chemistry of its Components. Royal Society of Chemistry, United Kingdom.

Datta, N., Deeth, H.C., 2001. Age gelation of UHT milk e a review. Food Bioprod. Process 79, 197-210.

del Rio, E., Panio-Moran, M., Prieto, M., Alonso-Calleja, C., Capita, R., 2007. Effect of various chemical decontamination treatments on natural microflora and sensory charac-
teristics of poultry. Int. J. Food Microbiol. 115, 268—280.

Dickson, J.S., Nettles Cutter, C.G., Siragusa, G.R., 1994. Antimicrobial effects of trisodium phosphate against bacteria attached to beef tissue. J. Food Prot. 57, 952—-955.

Ellerbroek, L., Okolocha, E.M., Weise, E., 1996. Lactic acid and trisodium phosphate for decontamination of poultry meat. In: Hinton, M.H., Rowlings, C. (Eds.), Factors Affecting the
Microbial Quality of Meat. Microbial Methods for the Meat Industry, Concerted Action CT94-1456, vol. 4. University of Bristol Press, Bristol, pp. 187—195.

Fonseca, B., Kuri, V., Zumalacarregui, J.M., Fernandez-Diez, A., Salv4, B.K., et al., 2011, Effect of the use of a commercial phosphate mixture on selected quality characteristics of
2 Spanish-style dry-ripened sausages. J. Food Sci. 76, S300-S305.

Goldford, J.E., Hartman, H., Smith, T.F., Segre, D., 2017. Remnants of an ancient metabolism without phosphate. Cell 168, 1126-1134.

Hruska, K.A., Mathew, S., Lund, R., Qiu, P., Pratt, R., 2008. Hyperphosphatemia of chronic kidney disease. Kidney Int. 74, 148—157.

Kapoor, R., Metzger, L.E., 2008. Process cheese: scientific and technological aspects — a review. Compr. Rev. Food Sci. Food Saf. 7, 194-214.

Kilic, B., Simsek, A., Claus, J.R., Atilgan, E., 2014. Encapsulated phosphates reduce lipid peroxidation in both ground chicken and ground beef during raw and cooked meat storage
with some influence on color, pH, and cooking loss. Meat Sci. 97, 93—-103.

Koolman, L., Whyte, P., Meade, J., Lyng, J., Bolton, D., 2014. Use of chemical treatments Process cheese: scientific and technological aspects — a review applied alone and in
combination to reduce Campylobacter on raw poultry. Food Control 46, 299-303.

Lampila, L.E., 2013. Applications and functions of food-grade phosphates. Ann. N. Y. Acad. Sci. 1301, 37-44.



224 Phosphates

Lau, W.L., Festing, M.H., Giachelli, C.M., 2010. Phosphate and vascular calcification: emerging role of the sodium-dependent phosphate cotransporter PiT-1. Thrombosis Hae-
mostasis 104, 464-470.

Lindsay, R.C., 2008. Food additives. In: Damodaran, S., Parkin, K.L., Fennema, O.R. (Eds.), Fennema’s Food Chemistry, fourth ed. CRC Press Taylor and Francis Group, United
States of America, pp. 700-962.

Melvin, J.D., Watts, R.T., 2002. Severe hypophosphatemia: a rare cause of intravascular hemolysis. Am. J. Hematol. 69, 223-224.

Moore, L.W., Nolte, J.V., Gaber, A.O., Suki, W.N., 2015. Association of dietary phosphate and serum phosphorus concentration by levels of kidney function. Am. J. Clin. Nutr. 102,
444-453,

Mozingo, D.W., Mason Jr., A.D., 2007. Hypophosphatemia. In: Herndon, D. (Ed.), Total Burn Care, third ed. W.B. Saunders, Edinburgh, pp. 391-397 (Chapter 29).

Nguyen, T.V., Wang, A., 2012. Hyperphosphatemia: consequences and management strategies. J. Nurse Pract. 8, 56—60.

Pappoe, L.S., Singh, AK., 2010. Hypophosphatemia. In: Stuart, M., Greene, H. (Eds.), Decision Making in Medicine, third ed. Mosby, Philadelphia, pp. 392-393.

Penido, M.G., Alon, U.S., 2012. Phosphate homeostasis and its role in bone health. Pediatr. Nephrol. 27, 2039-2048.

Prasad, N., Bhadauria, D., 2013. Renal phosphate handling: Physiology. Indian J. Endocr. Metab. 17, 620-627.

Ritz, E., Hahn, K., Ketteler, M., Kuhimann, M.K., Mann, J., 2012. Phosphate additives in food—a health risk. Dtsch. Arztebl Int. 109, 49-55.

Sampathkumar, B., Khachatourians, G.G., Korber, D.R., 2003. High pH during trisodium phosphate treatment causes membrane damage and destruction of Sa/monella enterica
serovar Enteritidis. Appl. Environ. Microbiol. 69, 122—-129.

Sarjit, A., Dykes, G.A., 2015. Trisodium phosphate and sodium hypochlorite are more effective as antimicrobials against Campylobacter and Salmonella on duck as compared to
chicken meat. Int. J. Food Microbiol. 203, 63—69.

Selamet, U., Tighiouart, H., Sarnak, M.J., Beck, G., Levey, A.S., et al., 2015. Relationship of dietary phosphate intake with risk of end-stage renal disease and mortality in chronic
kidney disease stages 3-5: the modification of diet in renal disease study. Kidney Int. 89, 176-184.

Shaker, J.L., Deftos, L., 2000. Calcium and phosphate homeostasis. In: De Groot, L.J., Chrousos, G., Dungan, K., Grossman, A., Hershman, J.M., et al. (Eds.). Endotext, South
Dartmouth, MA.

Shaman, A.M., Kowalski, S.R., 2016. Hyperphosphatemia management in patients with chronic kidney disease. Saudi Pharm. J. 24, 494-505.

Sherman, R.A., Mehta, 0., 2009. Dietary phosphorus restriction in dialysis patients: potential impact of processed meat, poultry, and fish products as protein sources. Am. J. Kidney
Dis. 54, 18-23.

Sickler, M.L., Claus, J.R., Marriott, N.G., Eigel, W.N., Wang, H., 2013. Reduction in lipid oxidation by incorporation of encapsulated sodium tripolyphosphate in ground Turkey. Meat
Sci. 95, 376-380.

Speer, M.Y., Li, X., Hiremath, P.G., Giachelli, C.M., 2010. Runx2/Cbfal, but not loss of myocardin, is required for smooth muscle cell lineage reprogramming toward osteo-
chondrogenesis. J. Cell Biochem. 110, 935-947.

Takeda, E., Taketani, Y., Sawada, N., Sato, T., Yamamoto, H., 2004. The regulation and function of phosphate in the human. Biofactors 21, 345-355.

Uribarri, J., Calvo, M.S., 2013. Dietary phosphorus excess: a risk factor in chronic bone, kidney, and cardiovascular disease? Adv. Nutri. 4, 542-544.

Vasavada, M.N., Dwivedi, S., Cornforth, D., 2006. Evaluation of Garam Masala spices and phosphates as antioxidants in cooked ground beef. J. Food Sci. 71, 292-297.

Yokel, R.A., Hicks, C.L., Florence, R.L., 2008. Aluminum bioavailability from basic sodium aluminum phosphate, an approved food additive emulsifying agent, incorporated in
cheese. Food Chem. Toxicol. 46, 2261-2266.

Relevant Websites

Codex Alimentarius Commission (Codex) http://www.fao.org/fao-who-codexalimentarius/en/.

European Food Safety Authority (EFSA) http://www.efsa.europa.eu/.

European Commission database of all food additives https://webgate.ec.europa.eu/foods_system/main/?sector=FAD&auth=SANCAS.

Food and Agriculture Organization http://www.fao.org/about/en/.

FAO/WHO Food Standards Codex http://www.fao.org/gsfaonline/groups/details.html?id=18.

Food Additive Status List by Food and Drug Administration (FDA) https://www.fda.gov/food/ingredientspackaginglabeling/foodadditivesingredients/ucm091048.htm.

Food Standards Australia New Zealand (FSANZ) http://www.foodstandards.gov.au.

Joint FAO/WHO Expert Committee on Food Additives (JECFA FAQ) http://www.fao.org/food/food-safety-quality/scientific-advice/jecfa/en/.

Joint FAO/WHO Expert Committee on Food Additives (JECFA WHO) http://www.who.int/foodsafety/areas_work/chemical-risks/jecfa/en/.

The Australian food standards, Standard 1.3.1 Food Additives and the Schedules http://wwwlegislation.gov.au.

Title 21 of the Code of Federal Regulations deals with food, Chapter | Subchapter B part 170 of the Federal law deals with Food Additives https://www.accessdata.fda.gov/scripts/
cdrh/cfdocs/cfcfr/CFRSearch.cfm?CFRPart=170.

World Health Organization (WHO) http://www.who.int/.


http://www.fao.org/fao-who-codexalimentarius/en/
http://www.efsa.europa.eu/
https://webgate.ec.europa.eu/foods_system/main/?sector=FAD&amp;auth=SANCAS
https://webgate.ec.europa.eu/foods_system/main/?sector=FAD&amp;auth=SANCAS
https://webgate.ec.europa.eu/foods_system/main/?sector=FAD&amp;auth=SANCAS
http://www.fao.org/about/en/
http://www.fao.org/gsfaonline/groups/details.html?id=18
http://www.fao.org/gsfaonline/groups/details.html?id=18
https://www.fda.gov/food/ingredientspackaginglabeling/foodadditivesingredients/ucm091048.htm
http://www.foodstandards.gov.au
http://www.fao.org/food/food-safety-quality/scientific-advice/jecfa/en/
http://www.who.int/foodsafety/areas_work/chemical-risks/jecfa/en/
http://wwwlegislation.gov.au
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?CFRPart=170
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?CFRPart=170
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?CFRPart=170
http://www.who.int/

Phytosterols

Arjen Bot™", #Unilever R&D Vlaardingen, Vlaardingen, The Netherlands; and bWageningen University, Wageningen, The
Netherlands

© 2019 Elsevier Inc. All rights reserved.

Glossary

Blood cholesterol Cholesterol concentration in the blood, which is used as a marker for the risk of coronary heart disease.
Oleogel Gel of a lipid phase, typically involving liquid triglyceride oils and gelling agents different from saturated triglyceride
oils. Typically, oleogels can be considered a subclass of organogels, involving edible gelling agents and lipid phases.
Triglyceride Triacylglycerol, the main component of edible oils and fats.

X-ray diffraction Analytical technique to reveal long range translation order, typically in crystalline materials. The method uses
x-ray radiation to probe the structure of the material.

Sources of Plant Sterols

Steroids are triterpenes, organic compounds with a tetracyclic cyclopentala]phenanthrene structure (see Fig. 1) having two principal
biological functions: signaling molecules that activate steroid hormone receptors, and components of cell membranes that affect the
flexibility of the membranes in living cells. The present article concerns itself with sterols, a subclass of steroid alcohols.

Sterols of plant origin are usually referred to as phytosterols, and those of animal origin as zoosterols. These groups are not
mutual exclusive, however. The most important zoosterol, cholesterol, can also be found in plant sources, sometimes in relative
large quantities (for example in the nightshade and lily families). Further sterols are produced by yeasts and fungi, ergosterol being
a common representative. Plant sterols on the one hand and zoosterols and sterols from fungi on the other hand differ in the
common intermediate occurring in their biochemical synthesis. Plant sterol synthesis involves cycloartenol as an intermediate,
whereas zoosterols and sterols from fungi are synthesized through a route involving lanosterol.

Phytosterols are naturally occurring steroid alcohols having the steroid structure with a hydroxyl group at position 3 and a side
chain at position 17, usually containing one or more double bonds in the steroid skeleton. They can be obtained from many
sources, but commercial sources include seed oils like corn, soybean and rapeseed oil at typical levels of 0.1%-1%. They are
structurally closely related to stanols, which do not have any unsaturated bonds, and can be commercially obtained from
hydrogenated sterols from e.g. woodpulp. In fact, stanols are usually considered to be part of the phytosterol group. Typically, sitos-
terol is the most abundant plant sterol, although stigmasterol and campesterol can often be found in substantial quantities too —
depending on the particular source being used. Less common plant sterols include brassicasterol, avenasterol, and spinasterol (Aki-
hisa et al., 1991).

The various phytosterols can be considered as closely related variations of the cholestanol molecule, a molecule with only
saturated bonds in the triterpene ring system. Campestanol and sitostanol have an additional methyl or ethyl group respectively
attached to the carbon at position 24 compared to cholestanol. Cholesterol, campesterol and sitosterol have an additional double
bond between the carbons at position 5 and 6 compared to their stanol counterparts. Brassicasterol and stigmasterol have an
additional double bond between carbons 22 and 23 compared to campesterol and sitosterol. Finally, ergosterol has an extra double
bond between carbons 7 and 8 relative to brassicasterol (See Fig. 2). Obviously, we have restricted ourselves here to a limited
number of well-known sterols, as the full list of sterols is much longer, having ~200 entries (Akihisa et al., 1991).
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Figure 1  Steroid skeleton nomenclature.
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Figure 2 Structural relationships between selected sterols.

Chemical Analysis

The official methods for sterol analysis are based on gas chromatography with flame ionisation detection (GC-FID), with an
elaborate sequence of sample preparation steps: saponification to remove triglycerides from the sample, extraction of the
phytosterol-rich unsaponifiables fraction by liquid extraction followed by fractionation using thin layer chromatography (TLC)
or solid-phase extraction (SPE), derivatization to form phytosterol trimethylsilyl-ethers (TMS) or phytosterol acetates, before
applying the GC-FID analysis (International Organization for Standardization, 1999; American Oil Chemists’ Society, 2017;
Winkler-Moser, 2017). In recent years, more rapid alternative methods have been developed which require a less extensive sample
preparation method, often involving mass spectroscopic techniques (Alberici et al., 2016).

Crystallization Behaviour

Sterols typically form ~3.8 nm thick bilayers in their crystalline state (Craven, 1986; Argay et al., 1996; Kawachi et al., 2006; den
Adel et al., 2010). Depending on the temperature, three hydrated and anhydrous crystal forms are found. For sitosterol, dissolution
takes place above 110 °C, an anhydrous form is observed between 80-110 °C, a hemi-hydrate forms between 45-80 °C (1:2 M
ratio water/sitosterol), and finally a monohydrate (1:1 M ratio water/sitosterol) occurs for temperatures below 45 °C (Christiansen
et al., 2002).

In x-ray diffraction, all crystal forms share wide-angle x-ray scattering peaks at d = 2w/q; = 1.2 and 0.59 nm (here d is the
distance over which the crystal structure repeats itself, and q; is the wave vector that characterizes the length scale probed in the
scattering experiment). The various crystal forms can be distinguished by the small(er)-angle x-ray diffraction peaks at either
d = 1.76 and 0.880 and 0.523 nm (anhydrous), or 1.88 and 0.481 nm (hemi-hydrates), or 1.76 and 0.503 nm (monohydrates).
Hydration of the sterols can also be inferred from the existence of an infrared feature at ~3450 cm™*, which is best explained by
the existence of an intermolecular hydrogen bond (den Adel et al., 2010; Rogers et al., 2010).

The crystal structure of sitosterol in non-aqueous solvents confirm the presence of a bilayer structure and long-range order in
three dimensions, with diffraction peaks indicating d = 3.76 and 1.88 nm but not at 0.50 nm (powder and slurry in oil) and
d =3.59 and 1.79 nm and a weaker peak near 0.50 nm (slurry in water) (den Adel et al., 2010). This suggests that the sitosterol
exist as a mixture of anhydrous and hemi-hydrate crystals in powder and oil slurry, whereas the monohydrate form seems more
abundant in slurries in water.

The infrared spectra show only a very weak band associated with intermolecular hydrogen bonding, around ~3420-3440 cm™".
The absence of characteristic hemi-hydrate and anhydrate peaks in aqueous slurry and in emulsion suggests the presence of the
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mono-hydrate form, despite the surprising similarity of the infrared spectrum for the aqueous slurry and that of the powder (den
Adel et al., 2010).

Mixtures of sterols can form mixed crystals. Small structural differences affect the concentration ratio ranges over which mixed
crystal formation occurs. Mixed cholesterol + sitostanol crystals from only at a fixed 1:1 wt ratio, whereas cholesterol + sitosterol
mixed crystals form over a much wider range around the 1:1 composition (Melnikov et al., 2004). The most likely explanation is
that the ring system in the molecules, the sterane core, is more similar in cholesterol and sitosterol than in cholesterol and sitostanol
(see Fig. 1).

Physiological Effects of Plant Sterols

At modest concentrations, phytosterols (and stanols) are part of a normal human diet. Sterols have been added to various food
products at enhanced concentrations in order to reduce blood cholesterol by as much as 8.8% at a daily intake of 2.5 g or more
(Katan et al., 2003; Demonty et al., 2009). No evidence has been observed of over-consumption of phytosterols as a result of
the intake of these fortified products (Lea and Hepburn, 2006), and phytosterols were found to be safe for human consumption
- even at higher concentrations (Willems et al., 2013).

An increase in the intake of dietary cholesterol is compensated nearly perfectly in the body by balancing the cholesterol synthesis,
leading to relatively constant blood cholesterol levels. For dietary plant sterols, however, the cholesterol synthesis response is
weaker. The commonly accepted mechanism explains the effect by a combination of the competition between cholesterol and plant
sterols for incorporation in intestinal mixed micelles and the poor intestinal absorption of plant sterols. The reduced uptake of
cholesterol does not lead to a matching increase in cholesterol synthesis in the body, and leads to an overall decrease in blood
cholesterol levels and an effective increase in fecal excretion of cholesterol (Lecerf and de Lorgeril, 2011).

In addition, there are emerging indications that plant sterol intake may result too in a modest reduction of blood serum triglyc-
eride levels by about 6% for a ~2 g/day plant sterol intake (Demonty et al., 2013).

The large body of nutritional studies resulted in the approval of a number of health claims by major regulatory bodies, like the
European Food Safety Authority (EFSA) and the Food and Drug Administration (FDA):

® Furope: Plant sterols have been shown to lower/reduce blood cholesterol. Blood cholesterol lowering may reduce the risk of
coronary heart disease (EFSA, 2008).

@® USA: Foods containing at least 0.65 g per serving of plant sterol esters, eaten twice a day with meals for a daily total intake of at
least 1.3 g, as part of a diet low in saturated fat and cholesterol, may reduce the risk of heart disease. A serving of [name of the
food] supplies ____ grams of vegetable oil sterol esters (FDA, 2016).

® Canada: [serving size from Nutrition Facts table in metric and common household measures] of [naming the product| provides
X% of the daily amount of plant sterols shown to help reduce/lower cholesterol in adults (Health Canada, 2010)

Serving sizes are dependent on product format. Several related claims exist for stanols, and some additional supporting claims are
approved as well.

Derived Molecules: Sterol Esters and Bile Salts

Sterols can be esterified with other groups to form sterol esters. These occur naturally, like oryzanol, which is a well-known
component in rice bran oil and which has a saturated ring systems like the stanols but with additional methyl groups at the 4
and 14 positions and a missing one at the 19 position (cf. Fig. 1). They can also be produced via traditional oil processing
technology, like though interesterification of sitosterol with fatty acids obtained from liquid oils like rapeseed or canola (Bot
and Floter, 2011). Plant sterols are often added to functional foods in the form of sterol esters: this form is easier to handle because
they are much more soluble in edible oils. However, hydrolysis in the digestive tract ensures that plant sterols become available as
free sterols when required.

Bile salts (or bile acids) are steroid acids and act as powerful natural emulsifiers obtained from the cholesterol through enzymic
oxidation of cholesterol, and bile salt-like molecules derived from plant sterols will show comparable behaviour.

Mutual Interactions Between Plant Sterol and Derived Molecules

Mixtures of sterols and their derivatives show rich behaviour, often as a result of co-crystallization. The combination of cholesterol
with bile salts, for example, can form helical ribbons in aqueous phases (Konikoff et al., 1992).

Quite a few derivatives of cholesterol have been demonstrated to show fibrillar aggregation in non-triglyceride fluids (Bot and
Floter, 2011). The similarities between cholesterol and plant sterols in terms of aggregation behaviour justify the prediction that
analogues based on plant sterols will show the same behaviour.

Sitosterol, and most related plant sterols, self-assembles with oryzanol in triglyceride oil and several other organic solvents (Bot
and Agterof, 2006; Sawalha et al.,, 2012). The molecules cannot stack perfectly parallel, and form curved one-dimensional
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aggregates, also known as helical ribbons. These aggregates consisting of equimolar amounts of plant sterol and oryzanol appear as
tubules of ~10 nm diameter on longer length scales (Bot et al., 2012; Matheson et al., 2017). The tubules tend to aggregate laterally,
but sufficient cross-links are formed between bundles of tubules to establish a network at 3%-4% structurant. Macroscopically, such
networks cause the oil to form a transparent or slightly hazy block of gelled oil which are stable for many months.

The presence of water destabilizes the oleogel, however, because the plant sterols have a higher affinity to water than to the
oryzanol. The formation of sterol monohydrates can only be avoided if the water activity of the water phase is sufficiently low
(aw < 0.9) or delayed if the solubility of water in the organic phase is low enough. The latter cannot be achieved with triglyceride
oils (Sawalha et al., 2012).
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Overview

The global protein ingredient market was valued at $31.8 billion in 2016 and is expected to rise to $46.4 billion by 2022 with
a compound annual growth rate of 6.5% (Anonymous, 2017), with the greatest growth occurring in the plant protein ingredient
sector. In 2054, it is estimated that '/ of all global protein consumed will be of plant origin (Anonymous, 2017). Overarching
drivers leading to the market shift towards increased plant protein consumption include: a) population growth; b) increased
need for sustainable agronomic practices with reduced water usage; c) changing demographics and lifestyles (Henchion et al.,
2017); and d) emerging regulatory influencers, with countries, including China, the Netherlands, France and Denmark, moving
to change dietary guidelines to restrict meat consumption in favor of other protein alternatives (Hosafci, 2017). North America
represents the largest market for protein ingredient utilization and growth, followed by Europe and Asia Pacific. In these regions,
market trends are also shifting towards lower cost, more abundant, plant-based alternatives (although markets are still dominated
by animal-based proteins) due to rising costs of dairy-based ingredients, and growing dietary preferences based on religious, moral
or ethical beliefs. Other market drivers include the rising demand in the functional food, beverage and breakfast food sectors as
consumers move their purchasing power towards healthier ingredients/products. The leading emerging non-soy protein alternative
comes from pea, however other legumes (e.g., lentils, faba beans, chickpeas, lupin, peanut and edible beans), oilseeds (e.g., canola/
rapeseed, flax seed and hemp) and cereals (e.g., wheat, rice, sorghum, millet, barley, quinoa, amaranth and oats) are of substantial
interest as well. Utilization of proteins from agriculture by-products such as from oilseed meals left over after oil extraction or dried
distillers grain left over from ethanol fuel processing is also of importance in order to add value to their respective industries,
especially based on the sheer volume of feedstock available. In terms of product development, the majority of plant protein research
to date has focused on meat alternatives or meat/plant hybrids, sports nutrition bars, high protein non-dairy beverages and
breakfast cereals/snacks. However, protein innovations are also occurring across all market segments. Despite experiencing market
growth, the wide spread use of plant proteins has been hindered by their reduced solubility (and functionality) relative to
animal-based products, in some cases allergenicity (e.g., soy and canola napin), the presence of certain bioactive compounds
(e.g., vicine/convicine from faba bean), strong flavor compounds that can negatively affect consumer perception, and tendency
to cause flatulence.

Protein Fractionation

Processing of agriculture crops into flours (20%-30% protein), enriched flours (30%-50% protein), concentrates (50%-80%
proteins) and/or isolates (>90% protein) can be accomplished by physical means or dry/wet fractionation processes. Depending
on the raw material, dry processing may first involve seed cleaning, dehulling, sorting, and splitting followed by milling into a flour
(Wood and Malcolmson, 2011). Milled flours with different particle sizes can be used for various purposes, as they display different
functional attributes. Flours may or may not be defatted prior to use. Proteins, due to their size and density differences from starch,
can be concentrated by air classification which is a dry separation technique that suspends milled flour in a flow of air allowing for
the larger starch particles (known as the coarse fraction) to be collected from the bottom while the smaller protein particles (known
as the fine fraction) leave the classifier from the top (Schutyser et al., 2015). The resulting protein concentrates (fine fraction)
typically range in protein between 30%-60%. Protein concentrates (65%-80%) and/or isolates (>90% protein) produced by
wet fractionation processes can be prepared using flours, enriched flours, defatted oilseed meals or dry fractionated protein
concentrates. Alkaline extraction followed by isoelectric precipitation is the most widely used industrial wet extraction method.
During this process, flours/concentrates are dispersed in water and pH adjusted to pH 8.0-9.0 to solubilize the proteins. The
insoluble materials (e.g., insoluble fibre, carbohydrates and prolamin-type proteins) are removed via centrifugation, leaving a clar-
ified supernatant which is then pH adjusted to the protein’s isoelectric point (i.e., zero net charge) to precipitate the protein. The
precipitated protein is centrifuged, washed and neutralized then spray dried into a powder (Boye et al., 2010). Alternatively to
isoelectric precipitation, proteins can also be recovered from the supernatant using membrane separation technology. Other wet
fractionation techniques include salt extraction (Martinez-Maqueda et al., 2013), micellar extraction (Stone et al., 2015), and
alcohol washing (Cookman and Glatz, 2009). Depending on the mode of extraction, and the exact conditions used (e.g., flour slurry
concentration, pH, temperature, salt concentration, etc.) different protein compositions are achieved leading to different
functionality of the final powdered ingredient (Boye et al., 2010).
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Protein Functionality

Protein functionality is dependent on intrinsic factors relating to the protein (e.g., size, conformation, charge, hydrophobicity,
amino acid profile and level of folding, etc.) environmental factors (e.g., presence of salt, temperature, solution pH, presence of
other additives, etc) and processing factors (e.g., shearing, temperature, enzymatic modification, pressure, etc.). A brief description
of the following important functional properties is given below: solubility, water/oil holding, foaming, and emulsification. Protein
solubility is correlated with protein surface charge, where solubility tends to be greatest at pHs away from the isoelectric point where
protein charge and electrostatic repulsion is highest, and lowest at pHs close to the isoelectric point where repulsion is minimal and
aggregation is favored because of non-covalent attractive forces and hydrophobic interactions (Can Karaca et al., 2011). The pres-
ence of salts can improve solubility through the ‘salting in" effect or decrease solubility through the ‘salting out’ effect or by charge
screening to promote protein aggregation, based on the ionic strength of the solution (Martinez-Maqueda et al., 2013). Water
hydration (WHC) and oil holding (OHC) capacities of protein ingredients refers to the amount of water or oil that can be held
per g of protein (or protein ingredient) (Boye et al, 2010), and tends to be related to the amount of hydrophilic and
hydrophobic amino acids, respectively, on the protein surface (Tiwari and Singh, 2012). These properties are also related to particle
size, where smaller particles tend to bind more water (or oil) due to their greater surface area for wetting. The ability of a protein to
hold water or oil helps to prevent cook loss from occurring within a product during processing or storage, and improves tenderness
and moisture retention (Boye et al., 2010). Foams are described as air-in-water emulsions, where air represents inclusions in the
continuous water phase containing the protein. Foams are generated through the addition of mechanical energy in the form of
high shear from sparging, homogenization or whipping (Zayas, 1997). During this process, proteins migrate from the water phase
to the air-water interface where they then reorient to position the hydrophobic moieties towards the gas phase and hydrophilic
moieties towards the water phase to lower the interfacial tension (Boye et al., 2010). Proteins at the interface (also known as
the lamalle in foams) form a viscoelastic film around the air bubbles generating a physical barrier between the bubbles (Zayas,
1997). Foam stability is usually the greatest near the isoelectric point of the protein, where the lack of electrostatic repulsion leads
to a greater amount of protein-protein interactions and network formation in-between neighboring bubbles (Lam et al., 2017).
This network also helps inhibit draining of the continuous phase, which would ultimately lead to foam breakdown. Foams are
characterized by their foaming capacity, which refers to the volume of foam generated after mechanical shear for a given amount
of protein, whereas foam stability refers to the ability of the foam to retain its structure and resist separation over time (Boye et al.,
2010). An emulsion refers to a thermal dynamically unstable mixture of an oil and water phase, in which one phase becomes
dispersed within the continuous phase of the other in response to mechanical shear (e.g., homogenization or ultrasonication)
and in the presence of an emulsifier (e.g., protein) (Damodaran, 2005). During emulsion formation, proteins migrate in the water
phase to the oil-water interface, where like foams, proteins re-orient such that the hydrophobic moieties are positioned towards the
oil phase and the hydrophilic moieties are positioned towards the water phase. Protein-protein interactions then occur to form
a viscoelastic film that protects against droplet coalescence (Kiosseoglou and Paraskevopoulou, 2011). Emulsions are most stable
at pHs away from the protein isoelectric point due to significant electrostatic repulsion between droplets (McClements, 2004). The
presence of salts, depending on the increase in solution ionic strength, can destabilize emulsions by screening charges on the
protein’s surface allowing for closer interactions and droplet flocculation and coalescence (McClements, 2004 ). Emulsion capacity
measures the amount of oil that can be stabilized in an emulsion mixture per g of protein material, whereas emulsion activity index
measures the total surface area of the oil droplets being stabilized in the emulsion (Tiwari and Singh, 2012). The stability of an
emulsion over time is measured as emulsion stability index (Tiwari and Singh, 2012).

Nutritional Properties

Protein quality refers to the amount of essential amino acids within the protein itself, as well as their bioavailability or ability for the
protein to be uptaken into the metabolic process (Nosworthy et al., 2017a). Essential amino acids include histidine, isoleucine,
leucine, methionine, lysine, phenylalanine, threonine, tryptophan and valine. They also include arginine, cysteine and tyrosine
for immune compromised individuals and infants. Typically protein digestibility is measured using in vitro methods, such as the
pH-stat titration method involving one or more digestive enzymes or by in vivo methods, such as the Protein Efficiency Ratio,
Biological Value, Protein Digestibility Corrected Amino Acid Score (PDCAAS) or the Digestible Indispensable Amino Acid Score
(DIAAS) (Nosworthy et al., 2017a). Although more accurate than in vitro methods, in vivo methods involve the use of animals
(e.g., rats or pigs), are more expensive, labor-intensive and time-consuming. As such, in vitro methods tend to be favored. Currently,
the PDCAAS method is approved for use by the FAO/WHO as the international standard, however, the DIAAS method is being
considered for its replacement since it allows high-quality protein sources to be better differentiated (Nosworthy et al., 2017a).
Soaked/boiled red kidney beans, green lentils, yellow peas and Kabuli chickpeas have PDCAAS values of 0.55, 0.63, 0.64 and
0.52, respectively (Nosworthy et al., 2017b), whereas raw flours from barley, wheat, oats and maize have PDCAAS values of
0.49, 0.45, 0.71 and 0.41, respectively (Boye et al., 2012).

Despite their nutritional properties, plant materials also contain bioactive compounds that can adversely affect protein and
carbohydrate digestion as well as mineral absorption. For instance, phenolic compounds act to cross-link proteins to reduce their
digestibility, whereas the presence of enzyme inhibitors (trypsin, chymotrypsin and amylase inhibitors) can reduce the activity of
digestive enzymes for proteins and carbohydrates (Dahl et al., 2012). Phytates and oxalates can act as chelators to reduce mineral



Table 1 Process induced modification of select plant protein ingredients

Material Processing method Nutritional properties Physicochemical properties References
Pea protein isolate Extrusion - Extrudate expansion, bulk density; Beck et al., 2017
solubility; MW, 2° structure

Rye, winter wheat, quinoa, corn, Extrusion IVPD - Dahlin and Lorenz, 1993
millet, sorghum (high and low
tannin)

Canola meal Extrusion IVPD Protein extraction ratio; colour; pH; MW Zhang et al., 2017

Faba bean flour (air classified ~ Fermentation IVPD; vicine and convicine; TIA; Free amino acid profile analysis Coda et al., 2015
fractions) condensed tannins; phytic acid

Rapeseed and sesame seed
meals

Mung bean seeds

White, yellow and red maize
kernels

Pea protein isolate

Wheat gluten

Lentil protein concentrate

Fermentation
Pressure cooking
Microwave cooking
Germination
Fermentation
Micronization

Soaking/boiling
Micronization

Enzymatic hydrolysis

Enzymatic hydrolysis
(following acid deamidation)
High pressure

Vitamin By and Bo; fatty acid profile;
phytic acid; TIA; tannins

Total phenolics; tocopherols;
B-carotene; tryptophan; antioxidant
activity;
peroxidase activity

ACE-inhibitory activity; DPPH
scavenging activity;

ACE-inhibitory activity; antioxidant

Water/fat absorption capacity; solubility;
foam capacity and stability; emulsifying
activity and emulsion stability; viscosity

Water/oil absorption capacity; bulk density; pasting
properties; sedimentation value; swelling index

Protein fractionation and analysis; solubility; viscosity;
pasting properties

Amino acid composition; MW; emulsion formation;
bitterness evaluation

NSI; MW; free amino acid analysis;
sensory analysis (taste profile)

MW; solubility; proteomics analysis (identification of

Mahajan et al., 1999

Padmashree et al., 2016

Zilic et al., 2010

Humiski and Aluko, 2007

Liao et al., 2010

Garcia-Mora et al., 2015

treatment activity; in vitro gastrointestinal bioactive peptides)
digestion of hydrosylates
Peanut protein isolate High pressure Surface hydrophobicity; sulthydryl He et al., 2014

treatment group & disulfide bond content; MW, differential
scanning calorimetric characteristics; water-holding
capacity, oil-binding capacity;
heat-induced gelling properties

(Continued)
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Table 1 Process induced modification of select plant protein ingredients—cont'd

Material Processing method Nutritional properties

Physicochemical properties

References

Buckwheat Microwave cooking Phytic acid; tannins; saponins; TIA;

total flavonoids; IVPD
High pressure

treatment
Boiling
Pea, cowpea, white/red kidney  Soaking Tannins; phytic acid; TIA; oligosaccharide content; IVPD;
bean seeds Boiling protein efficiency
Roasting ratio;
Microwave cooking protein chemical score; essential amino
Autoclaving acid index
Fermentation

Micronization
Rice (long grain) (processed  Germination
into rice protein isolate)

Pea, soy, and rice protein Ultrasound treatment
isolates
Canola seed Irradiation IVPD; glucosinolates; phytic acid
(canola meal)
Soy protein isolate Pulsed electric fields treatment

Amino acid content; free fatty acid

analysis; microstructure

Surface hydrophobicity; MW; emulsifying activity,
emulsion stability; foam capacity and stability;
amino acid content

MW, protein size; intrinsic viscosity; pH; emulsion
properties (droplet size,
interfacial tension)

Water and fat absorption; foam capacity

Solubility; surface free sulfhydryls; hydrophobicity;
protein 2° structure

Deng et al., 2015

Khattab and Arntfield, 2009;
Khattab et al., 2009

Tortayeva et al., 2014

O’Sullivan et al., 2016

Anwar et al., 2015

Li et al., 2007

IVPD: in vitro protein digestibility; TIA: trypsin inhibitor activity; NSI: nitrogen solubility index; MW: molecular weight.
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absorption (Dahl et al., 2012), whereas lectins can cause diarrhea, vomiting, bloating and red blood cell agglutination (Roy et al.,
2010). The presence of oligosaccharides can be fermented by bacteria within the gastrointestinal tract leading to the production of
gas, abdominal pain and flatulence (Granito et al., 2005). And in the case of faba beans, the presence of vicine and convicine, which
are glycosides, can be associated with favism in certain individuals (McMillan et al., 2001). In canola/rapeseed, glucosinolates can
be converted to toxic metabolites (Campbell et al., 2016). Levels of bioactive compounds can be reduced via processing and
breeding programs. However further research into specific bioactive compounds, also reveals health promoting effects such as their
antioxidant activity, satiety (diet control), anticarcinogenic activity and cholesterol lowering effects (Giiclii-Ustiindag and Mazza,
2007; Chung et al., 1998).

Tailoring Plant Protein Structure, Functionality and Quality Through Processing

Processing, such as extrusion, roasting, boiling, fermentation, autoclaving (Khattab et al., 2009), microwave, infrared heating and so
on, can be used to improve protein digestibility and reduce or eliminate levels of bioactive compounds affecting digestion.
Processing causing changes to the protein’s quaternary and tertiary structures during partial denaturation to make them more
susceptible to digestive enzymes (Park et al., 2010). This also induces changes in the functional properties of the protein/material.
Various processes used to modify plant protein-based materials are given in Table 1. For instance, Coda et al. (2015) found that
fermentation of a protein-rich faba bean flour, produced by air classification, significantly decreased the concentration of vicine
and convince by >90% and decreased the trypsin inhibitory activity by 86%, however the in vitro protein digestibility remained
relatively unchanged. Not all conditions lead to a positive impact on protein quality and accordingly are process and material
dependent. O'Sullivan et al. (2016) reported that ultrasound treated pea protein isolate produced emulsions with decreased droplet
size and lowered the interfacial tension better than untreated pea protein isolate. This was attributed to the ultrasound treatment
decreasing the pea protein size and increasing protein surface hydrophobicity, whereas these changes were not seen for a rice protein
isolate and no change in the emulsion properties of the rice protein isolate was observed.

Summary

Plant based protein ingredients have been consistently in the top global food trends as it relates to demand, health, product inno-
vation, sustainability and food security. The nutritional and functional properties of these ingredients can be modified through
a wide variety of processing methods with the subsequent induced changes being material and process dependent. Although not
discussed in this review, other key areas of interest as it relates to plant protein ingredients are flavour reduction strategies, devel-
opment of bioactive peptides, utilization of protein-rich waste streams, and ingredient-application specificity.
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Overview

Salt is the name commonly used for sodium chloride (NaCl), which consists of 40% sodium and 60% chloride by weight. In the
body, sodium is essential for the maintenance of cellular membrane potential; its presence determines the volume of extracellular
fluid and thereby maintains blood volume and blood pressure, Fig. 1. Given its multiple functions in the body, an excessive
consumption of sodium can have negative health effects, within the most alarming ones being cardiovascular diseases and elevated
blood pressure (Doyle and Glass, 2010). In industrial countries, about 75%-80% of dietary salt is obtained through processed food
consumption, 5%-10% is naturally occurring in the foods that make up the diet and the remaining 10%-15% comes from salt
added during cooking or at the table (Dotsch et al., 2009). In contrast, in developing countries, salt used for seasoning plays
a much more important role; In China, for example, this accounts for 76% of total salt intake (He et al., 2012). An assessment
of processed foods in Australia revealed that sauces and spreads contain the most sodium (1280 mg/100 g) followed by processed
meats (850 mg/100 g), snacks (800 mg/100 g), fish products (510 mg/100 g) and bread and bakery products (470 mg/100 g);
however, a similar study performed in the UK detected lower sodium levels in bread and bakery products, followed by meats, sauces
and spreads. These differences indicate that the sodium content of processed food can varies greatly between different markets and
between countries (Kloss et al., 2015).

Roles of Salt in Different Food Categories
Texture

Salt play a major role in the development of physical properties of foods that are expected by costumers, one of these being the
texture of products (Desmond, 2006). For example, in meat, 1.5% to 2.5% (w/w) of salt can increase hydration and enhance
the binding of proteins to each other and to fat; the mechanisms is given by the proteins actin and myosin that by swelling in
the presence of salt, can bind more water and thereby increasing tenderness, decreasing fluid loss and allowing the formation of
heat-stable emulsions in processed meat products (Inguglia et al., 2017; Man, 2007). In dairy products, the use of salt in concen-
tration of 5% to 6% (w/w), together with pH and calcium level, has a large effect on the degree of hydration and aggregation of the
mammalian milk proteins rennin and casein; the mixture of salt and proteins called para-casein, precipitates with the calcium ion to
form of insoluble curd. Is this that determine the water-binding capacity of the casein matrix, its rheological and textural character-
istics and the changes that occur during cooking (Guinee, 2004). In pasteurized cheeses, emulsifying salts are added to aid in the
hydration of the para-casein, to help the emulsification of fats, and its stability. Content and composition of emulsifying salts vary in
different products, but a levels of about 1.5% are typically used (Guinee and O’kennedy, 2007). Yeast bread and some other baked
goods require the addition of salt to control the growth of yeast and to develop an extensible gluten network. Salt in particular helps
controlling the hydration of gliadin and glutenin proteins. The development of a robust gluten matrix in the dough is necessary to
trap small air bubbles, critical for the production of high-quality bread (Hutton, 2002). Optimal salt concentrations stabilize gluten
and prevent stickiness in dough. Too little salt however allows excessive growth of yeast, resulting in oversized bread with poor
texture (Vetter, 1981). Moreover, it has been shown that salt has a plasticizing effect during heating of cereal products which
improves the mobility of reactants and enhances Millard reactions, producing a darker colored product (Moreau et al., 2009).

Flavour

Sodium chloride is the saltiest sodium compound available; it affects the taste of specific foods by providing the flavor of saltiness,
by enhancing or masking other flavors, and by controlling the growth of specific microbes that produce flavorful compounds. For
example, during cheese ripening, salt significantly affects the growth of starter cultures and activities of lipolysis and proteolysis
enzymes that produce important characteristic flavor compounds (Guinee and O’kennedy, 2007). Growth and metabolic activities
of cheese starter cultures and yeast and sourdough starters for bread are also stimulated or depressed depending on sodium chloride
levels (Man, 2007). Moreover, depending on the nature of the food matrix, the use of different particle’s sizes may influence the
overall perceived saltiness. In general, smaller salt particles showed to have a faster dissolution rate in the saliva resulting in a higher
salt perception (Desmond, 2006). Experiments on fried potato crisps suggested that in a controlled chewing environment with
controlled mixing, smaller crystals of NaCl could give a faster delivery of sodium into the saliva, influencing the timing of the
maximum perceived saltiness (Rama et al., 2013).
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Salt/Sodium Chloride Meat products

Positives

®  90% of Na in the human diet comes from NaCl | 1. Increases binding of proteins and L

e Nais essential for membrane potential fats

e Maintains volume and blood pressure 2. Increases tenderness

3. Decreases fluid loss

Negatives

e High intake increase risk of cardiovascular

diseases

e 80% of dietary salt comes from processed foods Dairy products

1. Effects on hydration and
aggregation of rennin and casein

* proteins
Key functions of NaCl across different food 2. Affects the growth of starter
categories cultures

3. Regulates enzymes activity for
flavour release

Antimicrobial effect

e Controls growth of pathogens and spoilage Baked products
organisms by decreasing water activity

o Influences the growth of fermenting 1. Controls yeast growth
bacteria | | 2. Controls the hydration of gliadin

and glutenin proteins
3. Gluten stabilizer

Strategies to reduce & replace sodium chloride |

1. Salt replacers : used insteadof salt to get a 50%
reduction in sodium with a replacement ratio of 50:50.

. ) ) Limitati
2. Salt substitutes : free-flowing salt with good imitations

saltiness level and possibly minimum bitter off -flavor. e Consumer perception of new

They may replace 25-50% of sodium ingredients

e Sensory characteristics of the products

3. Salt enhancers : ingredients that can deliver a high e Impact on shelf life

savory flavor, able to mask up to a 40% sodium

reduction

Figure 1 Overview of salt functions and salt reduction in different food categories.

Microbial Safety

A major reason for the use of salt in food products has always been its function to reduce the water activity (a,,) in foods and thereby
acting as a critical hurdle to control growth of pathogens and spoilage organisms. Available water is a critical factor affecting micro-
bial growth. By definition low water activity foods (dry foods) are those with a, < 0.70, while fresh foods, soft cheeses, and low-salt
meat products have a high a,, (0.95-1), as do highly perishable foods such as fresh meat and fish (ayy > 0.99) (Blessington et al.,
2013; Christian, 2000). Given the abundance of water in these products, the absence of salt would quickly lead to the over growth of
bacterial pathogens and spoilage organisms, shortening the shelf life and stability of the products. Most shelf-stable products, pro-
cessed meats, and hard cheeses rely in fact on salt for safety and preservation. Moreover salt commonly plays a central role in food
fermentation. Fermentation is another accepted 