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1.1  Introduction

Natural polymers are materials of large molecular weight and natural origin 

such as plants, animals, or microorganisms. They have been known for centuries 

and have found widespread use in various industries, such as food, cosmetics, 

pharmaceuticals, textiles, plastics, and paper. They are of considerable impor-

tance because they are generally biodegradable and are generally recognized as 

safe (GRAS), which is a significant advantage, especially in recent times, when 

“pro‐nature” policies and goals to reduce “chemicals” and synthetic materials in 

our lives, including food, have become popular. This makes the interest in natu-

ral polymers unabated and still increasing. One successful way of using these 

materials is in encapsulation processes, including spray‐drying, emulsion tech-

niques, coacervation, and ionotropic gelation. The utility of polymers as encap-

sulants is determined by their specific properties. These can include film‐forming 

properties, emulsifying properties, high resistance to the environment of the 

gastrointestinal tract, biodegradability, low viscosity at high solids contents, low 

hygroscopicity, and availability and low cost (Özkan and Bilek, 2014).

Generally, among the natural polymers two main groups can be distin-

guished: polysaccharides and proteins. The next section presents the most popu-

lar polymers, commonly used as materials to form capsule matrix (Table 1.1 and 

Table 1.2). Despite the many well‐known encapsulants, there is still a need to 

look for novel polymers and new means to use the old ones in other ways to 

create ideal capsules with excellent resistance and mechanical properties and 

wide applicability; this topic is also presented in this chapter.
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16      New polymers for encapsulation of nutraceutical compounds

1.2  Well‐known and commonly used polymers

1.2.1  Carbohydrate polymers
Carbohydrate polymers are described as natural homo‐ and copolymers that 

consist of sugar residues and/or their derivatives. Characteristic linkages 

that bond specific monosaccharides together in this polymeric structure are the 

O‐glycosidic linkages. The interaction can occur between any of the hydroxyl 

groups of sugar monomers, resulting in polysaccharides presenting linear or 

branched‐chain construction. The character of a polymer’s structure determines 

its functional properties, such as solubility, gel‐forming, and surface properties. 

Table  1.1 gives an overview of the origin and physicochemical properties of 

selected carbohydrate polymers. Figure 1.1 shows the principal chemical struc-

ture of selected carbohydrate polymers.

1.2.2  Proteins
Proteins are large molecules composed of linear long chains of amino acids that 

are bonded by amide (or peptide) linkage. The compositions of protein polymers 

are various combinations of 20 amino acids that give an enormous variety of 

sequences. These polymers have a natural origin, but some of their properties, 

such as fibers and hydrogels, can be compared to those of synthetic materials. 

Table  1.2 gives an overview of the origin and physicochemical properties of 

selected protein‐based polymers used especially in the food industry.

1.3  Novel polymers

1.3.1  Zein
1.3.1.1  Origin and structure
Zein is a major storage protein obtained from natural, sustainable and renewable 

source of corn or maize seeds (Zea mays L.), accounting for 35% to 60% of total 

proteins present in corn (Luo and Wang, 2014; Patel et al., 2014). Commercial 

zein is currently separated from corn gluten meal, a coproduct of corn wet mill-

ing, and is a mixture of at least four types of proteins: α‐, β‐, γ‐, and δ‐zein, each 

with a different amino acid sequence, molecular weight, and solubility (Shukla 

et al., 2001; Zhu et al., 2007; Zhong et al., 2009).

1.3.1.2  Properties
Zein is one of the few hydrophobic water‐insoluble biopolymers that have been 

approved for oral use by the U.S. Food and Drug Administration (FDA). Zein is 

considered a prolamine due to its characteristic solubility. It is insoluble in water 

unless specifically defined conditions are applied, such as a certain concentration 

of alcohol, high concentrations of urea, extreme alkaline condition (pH >11), 

and/or anionic detergents. This unique solubility behavior of zein is attributed to 
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Figure 1.1  Principal chemical structure of selected carbohydrate polymers. a, sodium alginate; 

b, κ‐carrageenan; c, ι‐carrageenan; d, λ‐carrageenan; e, amylose starch; f, amylopectin starch; 

g, cellulose.
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18      New polymers for encapsulation of nutraceutical compounds

the high percentage of nonpolar amino acids, with more than 50% being non-

polar, including leucine, proline, alanine, phenylalanine, isoleucine, and valine 

(Luo and Wang, 2014; Lawton, 2002; Shukla and Cheriyan, 2001; Patel et al., 

2014). The protein structure allows zein to function as a polymeric amphiphile 

(as it contains nearly an equal amount of hydrophilic and lipophilic amino acid 

residues), which has been observed to facilitate the encapsulation and dispersion 

of oil‐based microspheres (Torres‐Giner et al., 2010; Wang et al., 2008).

Because zein is hydrophobic, this protein can be easily transformed into 

colloidal particles by simply changing the solubilizing capacity of the primary 

solvent through dilution with a nonsolvent, the process commonly known as 

the antisolvent precipitation method. This is achieved due to excellent misci-

bility of ethanol and water, where the water is not a good solvent for the 

dissolved material such as zein (Torres‐Giner et  al., 2010). Zein micro‐ and 

nanoparticles have been studied as promising delivery systems, especially for 

hydrophobic nutrients or drugs. Generally, the hydrophobic bioactives are dis-

solved together with zein in aqueous ethanol binary solvent and then mixed 

with an antisolvent, such as water, to coprecipitate bioactives with zein (Luo 

and Wang, 2014).

Zein has long been a subject of research for scientific interest, as well as 

industrial applications (as material used in production of coatings, fibers, and 

printing ink) (Hamakar, 1995; Lawton, 2002; Patel et al., 2014), and it has been 

employed as an edible coating for foods and pharmaceuticals because it shows 

low water‐uptake values, high thermal resistance, and good mechanical, oxygen, 

and aroma barrier properties (Shukla and Cheriyan, 2001; Patel et al., 2014). 

Zein can create a protective layer because of its extremely high surface area and 

trapping efficiency (Torres‐Giner et al., 2010). Zein is also known for its resist-

ance to digestive enzymes, resulting in a slower digestibility in the gastrointesti-

nal tract, which can be exploited for a controlled release of functional components 

loaded in zein colloidal particles (Patel et al., 2014).

Taken together, these properties make zein an attractive novel material that 

is used in a wide range of protecting applications of bioactive components such 

as polyphenols, vitamins, and omega‐3 fatty acids. Because zein used in the 

preparation of colloidal particles is edible (GRAS), encapsulation in zein colloidal 

particles exhibits potential in the design of novel functional foods or bioactive 

packaging strategies to enhance the long‐term stability of bioactive functional 

ingredients.

1.3.1.3  Application of zein in the encapsulation process
1.3.1.3.1  Zein–chitosan complex nanoparticles
A water‐soluble chitosan derivative, carboxymethyl chitosan (CM‐chitosan), is 

used to form coatings on the zein surface. CM‐chitosan forms a gel at an acidic 

pH and thus provides greater protection of zein protein against enzymatic 

degradation. A CM‐chitosan coating also confers thermal stability to zein 
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nanoparticles, so that the complex nanoparticles can provide excellent protec-

tion of labile nutraceuticals against thermal degradation and oligomerization 

(Luo and Wang, 2014).

The zein–chitosan complex nanoparticle is a specific design for encapsulation 

and delivery of nutrients or drugs and can be tailored in two ways for different 

applications. The first example of the zein–chitosan complex delivery system is 

in the design of chitosan nanoparticles as hydrophilic core and zein coating as 

hydrophobic shell. In this method, chitosan–tripolyphosphate (TPP) nanoparti-

cles are first fabricated through ionic gelation, and then zein (predissolved in 

70% ethanol aqueous solution) is added into nanoparticles, dispersing with 

gentle stirring. Because of the acidic condition (pH <5.5) of chitosan–TPP nano-

particles, zein forms films spontaneously upon removal of ethanol by nitrogen 

stream or rotary evaporation under reduced pressure. When compared with 

chitosan nanoparticles without a zein coating, the zein–chitosan complex nano-

particles provide significant improvement in functionalities, namely, higher 

encapsulation efficiency and slower sustained release of hydrophilic nutrients or 

drugs in the gastrointestinal tract, owing to the hydrophobic zein shell, which 

prevents dissolution of chitosan in the acidic condition of the stomach and helps 

the complex maintain its structure. The second example of a zein–chitosan com-

plex delivery system is encapsulating and delivering hydrophobic drugs and 

nutrients, where zein nanoparticles, along with hydrophobic bioactives such as 

fat‐soluble vitamins, are poured into chitosan solution to induce phase separa-

tion and form zein–chitosan complex nanoparticles (Luo and Wang, 2014).

Vitamin E (α‐tocopherol) is the main dietary fat‐soluble antioxidant and is 

widely considered to help reduce the risk of many chronic diseases, such as 

cardiovascular diseases (Herrera and Barbas, 2001; Tucker and Townsend, 2005; 

Luo et  al., 2011). This vitamin, like other lipophilic nutraceuticals, is poorly 

soluble in water and is biologically unstable when exposed to environmental 

factors, such as light, high temperature, and oxygen (Miquel et al., 2004; Sabliov 

et al., 2009; Luo et al., 2011).

Physicochemical analyses suggest that electrostatic interactions, hydrogen 

bonds, and hydrophobic interactions are the main forces in an α‐tocopherol–

zein–chitosan complex. Chitosan coating does not affect the encapsulation 

efficiency but greatly improves the controlled‐release properties of α‐tocopherol 

in release profile in the presence of enzymes. This result indicates that α‐

tocopherol–zein–chitosan complex can be developed as a novel nano‐scale 

delivery system of α‐tocopherol supplementation or treatment (Luo et al., 2011).

In the case of encapsulation of vitamin D
3
 into zein–chitosan complex 

nanoparticles prepared by phase separation, it was possible to achieve a con-

trolled‐release property and improve the stability of labile nutrients (Luo et al., 

2012). Vitamin D is one of the fat‐soluble vitamins and has two major physiolog-

ically active forms, vitamin D
2
 (ergocalciferol) and vitamin D

3
 (cholecalciferol). 

Dietary sources of vitamin D
3
 are very limited, and only fish are an abundant 
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20      New polymers for encapsulation of nutraceutical compounds

source. Vitamin D is an essential nutrient for human health, not only for calcium 

absorption and homeostasis regulation but also for the prevention of many 

chronic diseases, such as type 2 diabetes, hypertension, and cardiovascular 

disease (Picciano, 2010; Pittas et al., 2010; Luo et al., 2012). Vitamin D
3
 was first 

encapsulated into zein nanoparticles, and then chitosan was applied to coat zein 

nanoparticles and hardened by calcium ions. Photostability of vitamin D
3
 against 

ultraviolet (UV) light was significantly improved after encapsulation of hydro-

phobic nutrients in zein nanoparticles with chitosan coatings (Luo et al., 2012).

1.3.1.3.2  Zein–polyphenol composite colloidal particles
Polyphenols are known to strongly interact with proline‐rich proteins via non-

covalent interactions such as H‐bonding and hydrophobic interactions. Moreover, 

polyphenols have excellent solubility in lower alcohols, and thus they can be 

encapsulated in zein colloidal particles using the process of antisolvent precipita-

tion (Zhang et al., 2008; Zheng et al., 2005; Patel et al., 2012; Patel et al., 2014).

Quercetin is a natural flavonol known to possess a wide range of physiologi-

cal benefits in humans, including antioxidant, anticancer, and antiviral activities 

(Zheng et al., 2005). Use of this polyphenol for food and clinical applications is 

limited due to its low oral bioavailability, owing to its limited aqueous solubility 

and degradation in the physiological alkaline pH of the intestinal tract (Zhang 

et al., 2008).

Novel zein–quercetin composite colloidal particles were prepared by simulta-

neous precipitation of zein and quercetin by adding their hydroalcoholic solution 

to aqueous solution in the presence of sodium caseinate as an electrosteric stabi-

lizer. Electrosteric stabilization of zein colloidal particles using an oppositely 

charged protein (sodium caseinate) results in the surface interaction between 

positively charged zein particles and negatively charged caseinate and provides 

protection against aggregation in physiologically relevant conditions and due to 

the hydrophilic nature of sodium caseinate (Patel et al., 2014).

The precipitation of quercetin from an organic solvent generally results in 

the formation of needle‐like crystals. Incorporation of quercetin in zein matrix 

results in the formation of spherical particles, with complete disappearance of 

needle‐like particles at a zein‐to‐quercetin ratio of 25:1 wt/wt, suggesting effec-

tive encapsulation of quercetin. The entrapment of quercetin in zein colloidal 

particles led to its enhanced molecular stability to alkaline pH and UV irradiation. 

The positive effect of encapsulation was successfully demonstrated by comparing 

the antioxidant activity of quercetin in alkaline medium (Patel et al., 2012; Patel 

et al., 2014).

Curcumin is a natural polyphenol that exhibits a range of pharmacological 

activities including antioxidant, antiinflammatory, antiproliferative, and antian-

giogenic activity (Patel et al., 2010; Aggarwal and Sung, 2009). It is a very power-

ful antioxidant, but the formulation and delivery of curcumin in oral products is 

a very challenging task due to a combination of factors including low solubility 
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in aqueous medium, photodegradation, susceptibility to enzymatic degradation, 

and instability in alkaline intestinal conditions (Patel et al., 2014; Patel et  al., 

2010). Zein–curcumin composite colloidal particles were successfully prepared 

using an antisolvent precipitation method. Encapsulation of curcumin in zein 

colloidal particles was carried out by coprecipitating different ratios of zein to 

curcumin (50:1 to 5:1 wt/wt) in the presence of sodium caseinate as a stabilizer. 

Curcumin in colloidal particles showed enhanced water dispersibility. Zein 

colloidal particles led to enhanced stability of curcumin at all physiologically 

relevant pH levels and to UV irradiation (Patel et al., 2010; Patel et al., 2014).

Procyanidins are known to have antioxidant capacities and might reduce the 

risk of chronic diseases, such as cardiovascular diseases and cancers (Lou et al., 

2012), and cranberry procyanidins exhibit preventive effects against urinary 

tract infections. Cranberry procyanidins have been encapsulated in zein colloidal 

particles using a modified liquid–liquid dispersion method to enhance their 

stability as well as improve their bioavailability through controlled in vivo delivery 

(Lou et al., 2012; Patel et al., 2014).

1.3.1.3.3  Zein–protein nanoparticles and microparticles
Zein–β‐lactoglobulin nanoparticles

To design a colloidal delivery system to encapsulate the poorly water‐soluble bioac-

tive flavonoid tangeritin, a hydrophobic protein (zein) was used as a core for form-

ing protein nanoparticles based on antisolvent precipitation (Chen et al., 2014).

Tangeritin is a flavonoid found in citrus fruits and has beneficial effects that 

include anticarcinogenic activity and antiinflammatory effects (Li et al., 2009). 

However, the extensive application of this flavonoid is currently limited because 

of its low water solubility, which means it may be present in foods as crystals, 

making it difficult to incorporate into many aqueous‐based foods and beverages 

(Li et al., 2009; Patel et al., 2012; Chen et al., 2014).

Tangeritin‐loaded protein nanoparticles were produced by mixing an 

organic phase containing zein and tangeritin with an aqueous phase containing 

β‐lactoglobulin, then converting it into powder by freeze‐drying. When dispersed 

in water, this powder formed a colloidal suspension that was relatively stable to 

particle aggregation and sedimentation. To the authors’ knowledge (Chen et al., 

2014), this was the first time that zein nanoparticles had been used as a delivery 

system for tangeritin, which is an important nutraceutical. Thus, bioactive flavo-

noid tangeritin incorporated into small protein nanoparticles that consisted of a 

hydrophobic zein core and an amphiphilic β‐lactoglobulin shell could be used in 

various food products as a functional ingredient. These zein–protein nanoparticles 

behaved similarly to β‐lactoglobulin–coated fat droplets under different environ-

mental conditions: They were stable at low salt concentrations at pH values 

far from the isoelectric point, but they aggregated at higher salt levels and pH 

values near the isoelectric point. In addition, they were stable to aggregation at 

temperatures below the thermal denaturation temperature of β‐lactoglobulin, 
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but they aggregated at higher temperatures, particularly in the presence of salt 

(Chen et al., 2014).

Zein–soy protein microparticles

A novel technique, the cold gelation method, has been reported to produce 

zein–soy protein isolate (SPI) complex microparticles for delivery of hydrophilic 

nutraceuticals, such as riboflavin (vitamin B
2
) (Chen and Subirade, 2009). In 

this method, zein was dissolved at pH 11.0 in the absence of alcohol and then 

mixed with preheated SPI and calcium carbonate. The mixture was then emulsi-

fied in soybean oil to form a water‐in‐oil emulsion, followed by addition of acetic 

acid to lower the pH and induce the gelation of the zein–SPI matrix. Blending of 

SPI and zein provides a convenient method of adjusting the hydrophobicity and 

crystallinity of the protein matrix. Interestingly, in this process without any alco-

hol involvement, phase separation did not occur between zein and SPI, which 

suggested excellent compatibility and miscibility.

When compared with pure SPI microparticles that showed first‐order release 

kinetics of riboflavin, zein–SPI microparticles demonstrated a zero‐order release 

kinetics in simulated gastric and intestinal conditions. Microspheres with zein–

SPI blended at ratios of 5:5 and 7:3 displayed near‐zero‐order release kinetics, 

and less than 20% of the riboflavin was released from the microspheres after 

30 minutes in gastric fluid, which is the expected time for a food product to pass 

from the stomach into the intestine and suggests that most of the capacity could 

reach the intestine without being exposed to gastric conditions. The remaining 

riboflavin was analyzed after complete enzymatic degradation of the protein 

matrices and found to be 91% to 96% active, indicating that the nutrient was 

well preserved in the zein–SPI microspheres (Chen and Subirade, 2009).

Research results showed that zein–SPI microparticles were surprisingly better 

than pure zein or SPI microparticles in terms of slowing the release rate and 

increasing the absorption availability of riboflavin in the jejunum, the main site 

of absorption. Zein–SPI complex microparticles encapsulating riboflavin were 

further tested in a food product (yogurt). Suspending microparticles in yogurt 

significantly delayed nutrient release, which would increase the likelihood of 

gastric‐sensitive nutrients passing intact into the intestine for absorption. Thus, 

zein–SPI complex microparticles exhibited features for delivery of hydrophilic 

nutrients or drugs with significantly improved bioavailability. Moreover, because 

no organic solvent was involved in this cold gelation method, the zein–SPI 

microparticles were proposed as a system for delivering hydrophilic nutrients for 

food applications (Luo and Wang, 2014).

1.3.1.3.4  Zein–omega‐3 polyunsaturated fatty acids
Fish oil, flax oil, and, more recently, algae oil are the most commonly used 

sources of omega‐3 polyunsaturated fatty acids (omega‐3 PUFAs). Omega‐3 

PUFAs have been associated with a variety of health benefits, such as reducing 
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the risk of coronary heart disease, hypertension, arthritis, and immune response 

disorders (Quispe‐Condori et al., 2011; Rubio‐Rodríguez et al., 2010). However, 

one of the major drawbacks of oils rich in PUFAs is rapid oxidation of multiple 

unsaturated carbon–carbon double bonds of PUFAs, which involves the forma-

tion of toxic products such as peroxides or undesirable off‐flavor compounds 

(Quispe‐Condori et al., 2011).

For encapsulation of fish oil in solid zein particles, a liquid–liquid dispersion 

process was used that could provide a simple method to produce submicrometer‐

sized solid particles for incorporating lipophilic bioactive compounds as alterna-

tive delivery systems to emulsions (Zhong et al., 2009).

The liquid–liquid dispersion process involved the preparation of stock 

solutions by dissolving different amounts of zein and fish oil (zein‐to‐oil ratios of 

2:1, 4:1, 6:1, and 8:1) in 90% isopropanol; the stock solution was then sheared 

into deionized water. The decrease of overall isopropanol concentration resulted 

in the precipitation of oil‐loaded zein particles with diameters of 350 to 450 nm. 

After freeze‐drying, samples of the encapsulated fish oil in solid zein particles 

(with a zein‐to‐oil ratio of 4:1 or lower) showed good oxidative stability, as 

assessed by the development of lipid hydroperoxide values during storage. This 

result showed that solid zein nanoparticles may be incorporated into food prod-

ucts, such as beverages, snacks, and cereals, to supplement bioactive compounds 

beneficial to human health (Zhong et al., 2009).

Similarly, flax oil (which is rich in PUFAs and hence has low stability and high 

susceptibility to oxidation) was stabilized by encapsulation in zein microparticles 

prepared by spray‐drying and freeze‐drying (Quispe‐Condori et al., 2011).

1.3.2  Inulin
1.3.2.1  Origin and structure
Inulin is a natural polysaccharide belonging to the fructans group. It is a plant‐

derived compound occurring as storage carbohydrate in many members of the 

Asteraceae family including chicory, Jerusalem artichoke, and dahlia (Barclay 

et al., 2010; Beirao‐da‐Costa et al., 2013). This polysaccharide is also produced by 

bacteria (Streptococcus mutans; Wolff et al., 2000) and fungal species, mainly mem-

bers of the Aspergillus species (Kurakake et al., 2007). Chicory (Cichorium intybus 

L., var. sativum) is the main natural source of inulin, which is characterized by a 

substantial fraction of inulin compounds with a high degree of polymerization 

(Van Loo et al., 1995; Beirao‐da Costa et al., 2013).

Chemically, inulin is a polymer built of linear chains of fructosyl groups 

bonded by β‐2,1 glycosidic linkage, with the reducing end terminated by an 

α‐d‐1,2 glucopyranoside ring group. It is described as α‐d‐glucopyranosyl‐[α‐d‐

fructofuranosyl](n‐1)‐d‐fructofuranoside (Figure 1.2) (Dan et al., 2009; Kurakake 

et al., 2007; Barclay et al., 2010). In general, inulins derived from plants have 

chains containing from 2 to 100 or more units of fructose. Both origin (the 

species of plant) and the time of harvest affect inulin’s length of chains and 
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polydispersity (Ronkart et al., 2007; Barclay et al., 2010). The degree of polymeri-

zation of inulin produced by microorganisms varies between 10,000 and 100,000 

(Franck and De Leenheer, 2002; Barcley et al., 2010).

1.3.2.2  Properties
Multiple application possibilities of inulin are the result of its special physio-

chemical properties. Inulin is characterized by its biochemical neutrality and 

nontoxicity (Barclay et al., 2010). In addition, it is described as a substance with 

a bland neutral taste and without any off flavors or aftertaste. In general, normal 

inulin has a slightly sweet taste, about one tenth of the sweetness of sugar, but 

removing from inulin’s structure the fraction with polymerization degree below 

10 leads to total loss of this flavor (Franck, 2002). Noteworthy is that the presence 

of β‐2,1 glycosidic linkages cause this polymer to be indigestible by humans and 

higher animals. In the gastrointestinal tract, inulin is digested before it reaches 

the colon by the activity of inhabiting Bifidobacterium species (Lopez‐Molina 

et al., 2005), and hence it acts as dietary fiber and a prebiotic. Its health‐promoting 

effects include improvement of the immune system, increase in calcium and 

magnesium assimilation, and reduction of cholesterol and serum lipid levels 

(Coudray et al., 1997; Niness, 1999; Lopez‐Molina et al., 2005).

A significant advantage of inulin with respect to its application is its solubility 

and gelation. Solubility of this polysaccharide is inversely dependent on the chain 

length, and solubility decreases with increasing chain length. Generally, it is 

rather poorly water soluble, about 10% at room temperature, creating solutions 

with quite low viscosity (Franck, 2002). However, inulin with short chains is dis-

solved in aqueous solution in a concentration up to 80%, whereas longer chain 
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Figure 1.2  Chemical structure of inulin (Dan et al., 2009).
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fractions are much less dissolved and even precipitate in the crystalline forms 

(Kim et al., 2001; Franck and De Leenheer, 2002). Inulin gelation can be per-

formed by cooling a hot solubilized solution or by shearing suspensions of this 

polymer; the thermal method gives gels that are stronger and smoother and that 

have smaller particle size. The concentration of inulin to form gels in aqueous 

solutions, depending on the chain length, is greater than 13% for longer chains 

and 25% for shorter chains (Kim et al., 2001; Franck and De Leenheer, 2002; 

Barclay, 2010). This kind of gel consists of a three‐dimensional network of insolu-

ble submicrometer crystalline inulin particles in water. Physical gel stability is 

guaranteed by a high amount of water immobilized in this network (Franck, 

2002). Inulin interacts with other gelling agents, including alginate, gellan gum, 

κ‐ and ι‐carrageenans, gelatin, and maltodextrins, and despite its lack of emulsi-

fying properties, it can be used in encapsulation processes as a stabilizer of matrix 

(de Barros Fernandes et al., 2014b).

1.3.2.3  Application in the encapsulation process
Inulin is widely used, especially in the food and pharmaceuticals industry. 

Application of this polysaccharide in food technology is based on its gelation 

properties. The texture, mouth feel, and even glossy appearance of inulin gels is 

similar to that of fat, and hence it is mainly used as its replacement. Because of 

its sweet taste, inulin can also replace sugar. As a result, inulin can be used to 

produce a low‐calorie food (Stevens et al., 2001; Kim et al., 2001; Franck and De 

Leenheer, 2002; Robertfroid, 2005; Dan et al., 2009; Barclay et al., 2010). In the 

pharmacy, inulin functions mainly as a stabilizer and excipient (Fuchs, 1987; 

Dan et al., 2009; Barclay et al., 2010).

A group of scientists has focused on the inulin as an encapsulant agent. 

They studied the spray‐drying encapsulation process of essential oils from 

oregano and rosemary using inulin separately (Beirao‐da‐Costa et  al., 2012 

and 2013) or in complex with other gelling substances (de Barros Fernandes 

et al., 2014a and 2014b). Researchers noticed that obtained inulin microcap-

sules were regular, smooth, uninjured, and spherical, with size in the range of 

3 to 4.5 µm (Beirao‐da‐Costa et  al., 2013). Those capsules also were more 

stable in comparison with gelatin–sucrose microparticles (Beirao‐da‐Costa 

et al., 2012). Whey protein–inulin mixture in ratios of 1:1 and 3:1 created a 

good–quality wall matrix of microcapsules with immobilized rosemary essen-

tial oil (de Barros Fernandes et al., 2014a). Moreover, in studying the impact 

of the partial or total replacement of gum arabic by modified starch, malto-

dextrin, or inulin on properties of microcapsules with rosemary essential oil, 

it was noticed that the particles containing inulin were characterized by 

smoother surface. The addition of inulin also had a positive influence on the 

particles’ wettability and decreased the hygroscopicity under high relative 

humidity. However, the encapsulation process was less efficient (de Barros 

Fernandes et al., 2014b).
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1.3.3  Angum gum
1.3.3.1  Origin and structure
A native biopolymer, Angum gum, is a natural exudate of Amygdalus scoparia 

Spach, which is grown mainly in the southern and western rangelands of Iran. 

Local people use it as a functional ingredient for nutritional and medicinal 

purposes (Jafari et al., 2013).

1.3.3.2  Properties and application in the encapsulation process
Angum gum was used as a food flavor encapsulant in spray‐drying encapsula-

tion of d‐limonene. After gum extraction, gum dispersions with maltodextrin 

were prepared in water (in 1%–5% concentrations) and emulsified with 5% 

and 10% d‐limonene using high‐pressure homogenization. The emulsification 

properties of this novel biopolymer in comparison with a model Arabic gum 

(Arg) showed that the increase in the level of Arabic gum leads to a decrease in 

emulsion droplet size, whereas increasing Angum gum content results in bigger 

droplet sizes. Gums such as Angum gum have the advantage of being independ-

ent of pH and ionic strength of the emulsion, as compared with proteins, which 

lose their emulsifying abilities in different emulsion environment conditions 

(Jafari et al., 2013).

Extensive polymer interactions at the interface lead to the formation of an 

interfacial membrane, which may therefore provide better protection against 

droplet recoalescence, and this results in more‐stable emulsions of Angum gum 

than Arabic gum. Native and unrecognized biopolymers such as Angum gum 

can be a good alternative for various applications, such as emulsification and 

microencapsulation of food flavors and oils, due to their film‐ and wall matrix–

forming properties for covering the active ingredients and producing encapsu-

lated powders (Jafari et al., 2013).

1.3.4  Opuntia ficus‐indica
1.3.4.1  Origin and structure of mucilage
The cactus pear, Opuntia ficus‐indica (a member of the Cactaceae family, and 

colloquially known as prickly pear or nopal), is characterized by the produc-

tion of a hydrocolloid commonly known as mucilage (nopal mucilage), which 

forms molecular networks that are able to retain large amounts of water (Saag 

et al., 1975; McGarvie and Parolis, 1981; Medina‐Torres et al., 2000; Sepulveda 

et al., 2007). O ficus‐indica mucilage is a high‐molecular‐weight polysaccharide 

that behaves as a polyelectrolyte and contains a molecular structure of up 

to 30,000 different sugars. Chemical composition of O. ficus‐indica mucilage 

is  a complex mixture of polysaccharides, such as l‐arabinose, d‐galactose,  

d‐xylose, and l‐rhamnose, and d‐galacturonic acid, which represent up to 

10 g per 100 g of total sugars (McGarvie et al., 1981; Medina‐Torres et al., 2000; 

Saenz et al., 2004). In O. ficus‐indica, the water‐soluble polysaccharide fraction 

with thickening properties, represents less than 10% of the water‐soluble 
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material (Majdoub et  al., 2001). The mucilage structure is proposed as two 

distinctive water‐soluble fractions, where one is a pectin with gelling proper-

ties with Ca2+ and the other is a mucilage without gelling properties (Sepulveda 

et al., 2007).

1.3.4.2  Properties and application of mucilage in the 
encapsulation process
Nopal mucilage, due to its emulsifying properties and rheological behavior, is 

an interesting option for use as a carrier of active substances (Medina‐Torres 

et al., 2000). Its use as an edible coating has been reported in strawberry preser-

vation, where it achieved good results in increasing shelf life (Del‐Valle et al., 

2005) and improving optical properties and water‐vapor transport (Espino‐Díaz 

et al., 2010).

This mucilage has also been studied for its capacity for encapsulating bioac-

tive compounds by spray‐drying (Medina‐Torres et al., 2013; Saenz et al., 2009). 

An antioxidant compound (gallic acid) was encapsulated using aqueous 

extracts from O. ficus‐indica mucilage as wall material. The mucilage presented 

a macromolecular dispersion that became less agglomerated by the addition of 

gallic acid. The intermolecular mucilage–gallic acid interactions became favora-

ble and considerably reduced the size of the aggregate, which confirmed the 

encapsulation properties of nopal mucilage. The results showed that using 

spray‐drying to process nopal mucilage extract produced a stable powder with 

small particle size and, consequently, higher viscosity, while also exhibiting 

higher resistance to flow, mainly due to encapsulated structures (Medina‐

Torres et al., 2013).

The controlled release of microcapsules of mucilage with gallic acid was 

designed with respect to the conditions of the small intestine, which is where 

gallic acid is absorbed. The controlled release indicated that 65% of gallic acid 

was released in 2.47 days, and the microcapsules of mucilage gum showed high 

efficiency (>60%). The nopal mucilage represents a promising and effective 

encapsulating agent of bioactive additives for incorporation into functional foods 

(Medina‐Torres et al., 2013).

1.3.5  Shellac
1.3.5.1  Origin and structure
Shellac is a natural biodegradable polymer. It is a resin secreted by the female lac 

insect (Laccifer Lacca, also called Kerria lacca), which parasitizes some types of 

trees in India, Thailand, and China. Shellac is a heterogeneous compound of 

polar and nonpolar components consisting of polyhydroxy polycarboxylic esters, 

lactones, and anhydrides, with the main acid components being aleuritic and 

terpenic acids (Krause and Muller, 2001; Patel et al., 2013a). Its chemical struc-

ture is presented in Figure 1.3. Shellac is a nontoxic and harmless substance and 

GRAS (Okamoto and Ibanez, 1986; Chauhan et al., 2013).

0002802528.indd   27 10/4/2016   8:46:33 PM



28      New polymers for encapsulation of nutraceutical compounds

1.3.5.2  Properties
Shellac, as a polymer containing carboxylic groups, is practically insoluble in 

acidic and pH‐neutral aqueous media. Aqueous solutions can be prepared by 

using alkali salts (Leick et al., 2011). Despite those solubility problems, shellac 

has some attractive properties, including cohesiveness, thermoplasticity, and 

insulating and film‐forming ability. It is lipophilic and has a tendency to self‐

assemble into colloidal structures based on its solvent properties (Patel et  al., 

2013b). Moreover, this resin can interact with some hydrocolloids, including 

pectin, xanthan gum, and cellulose derivatives (Patel et al., 2011) based on non-

covalent interplays, which are attributed to hydroxy aliphatic fatty acid–aleuritic 

acid, the main component of shellac. Because of the large amounts of carboxylic 

and hydroxyl groups in the structure of shellac and a strong negative charge, 

aleuritic acid participates in hydrogen bonding and electrostatic interactions 

(Coelho et al., 2012; Patel et al., 2013a).

1.3.5.3  Application in the encapsulation process
All of these properties make shellac widely used in industry, especially in phar-

maceuticals as an enteric coating material and in the food industry as a glazing 

agent for confections and nutritional supplements (Boonsongrit et  al., 2006; 

Bouchemal, 2008; Leick et al., 2011). Shellac is applied as an encapsulating agent 

of active substances (Patent no. 5,164,210; Leick et al., 2011; Patel et al., 2013b).

Patent no. 5,164,210 (1991) discloses the encapsulation of high‐intensity 

sweetener ingredients applied in chewing gum by using as encapsulant mixture 

of shellac and zein. The encapsulant composition was prepared by dissolving 

components in ethyl alcohol, mixing them in an appropriate proportion, and 

then adding sweetener. Finally, the ethyl alcohol was removed from the sweet-

ener–encapsulant mixture by air‐drying in a fume hood for 16 hours at room 

temperature. Obtained capsules had a more positive effect on the shelf life of the 

chewing gum and sweetener than shellac or zein used separately.
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Figure 1.3  Chemical structure of shellac (Limmatvapirat, 2004).
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Other researchers have worked on novel all‐natural polymeric microcapsules 

composed of gelatin and shellac. They were obtained using a simple extrusion 

method without any cross‐linkers, which was based on the strong interactions 

between two oppositely charged polymers and the immediate precipitation of 

acid‐resistant shellac. The mixture of gelatin and shellac was dropped in an 

acidic medium, causing an instant solidification of liquid drops into solid 

microcapsules that retained their spherical shape on air‐drying. Some possible 

applications of these novel capsules have been successfully demonstrated for 

pharmaceuticals (loading and release of bioactives such as silibinin and epigal-

locatechin gallate), the food industry (encapsulation of colorants and flavors, 

e.g., curcumin and d‐limonene), and biotechnology (immobilization of enzymes) 

(Patel et al., 2013a).

Leick’s group (2010) studied thin‐walled, liquid‐filled composite capsules 

where matrix was based on calcium pectinate and shellac. Capsules were also 

prepared by extrusion. It was shown that the addition of shellac improved 

mechanical properties of the capsules, which were stronger and showed less 

deformation than pure pectin capsules. These results are promising for industrial 

applications in the future.
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