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Chapter 1
Polymers for Food Applications: News

Tomy J. Gutiérrez

Abstract Polymers usually are found every day in a myriad of applications, but 
special importance has the polymers for food applications. In particular, edible 
polymers are of great importance for human subsistence. Edible polymers from the 
nutritional point of view have been classified as carbohydrates, proteins, fiber and 
lipids, i.e. they are considered as macronutrients. The study of edible polymers still 
booming because of the great demand for healthier and more convenient foods, as 
well as the development of new food products with better sensory properties, which 
may have a prolonged shelf life. Many edible polymers being modified have allowed 
the development of functional or medical foods. Obtaining new products from 
modified edible polymers has also led to the manufacture of more stable foods, and 
even that can be administered to people with special dietary regimens such as celiac, 
phenylketonuric, diabetic, lactose intolerant, among others. The edible polymers 
have had a positive impact on different sectors of the food industry, from food 
packaging to the detection of toxic food substances. The edible polymers in essence 
lead to the production of edible films and membranes, foamed foods, snack, micro- 
and nanoencapsulated, hydrogels, prebiotics and oligomers, as well as food colloids 
and emulsions. More recently, edible polymers have also given way to the 
development of printed and electrospinned foods. This chapter aims to be preamble 
to the study and analysis of polymers for food applications that will be addressed in 
the course of this book, which has the contribution of important researchers with 
extensive experience, which in some cases are editors of major international journals 
in the field of food science and technology.

Keywords Carbohydrate polymers · Edible polymers · Food hydrocolloids · 
Polysaccharide · Proteins
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1.1  Present and Future in Perspective

The main foods elaborated by the food industry are based on edible polymers, 
which constitute the biomacromolecule structure of them (Gutiérrez et al. 2015a, 
2016a). These edible polymers interact and react with each other, thus achieving the 
development of micro- or nanostructured systems with better properties and 
insurance (Gutiérrez and Álvarez 2017; Gutiérrez 2018a). Many polymeric 
structures are found for food applications such as composite films and membranes, 
layer-by-layer films, intelligent and active films, foams, micro- and nanoencapsules, 
hydrogels, emulsions, electrospun, printing, hyperbranched structures (dendrimers), 
among others (Suárez and Gutiérrez 2017; Gutiérrez and Alvarez 2018; Gutiérrez 
2018b). The edible polymers can be classified into three categories: hydrocolloids 
(polysaccharides and proteins), lipids (fatty acids and waxes) and composites 
(hydrocolloids and lipids mixtures or combinations of components of the same 
group) (Álvarez et  al. 2017; Gutiérrez 2017a). It can be highlighted among the 
edible polymers most used: starch, cellulose and derivatives, alginate, chitosan, 
collagen, gelatin, casein, whey protein, among others (Gutiérrez et al. 2014, 2015a, 
b, c, d). Foods based on edible polymers today are developed not only with the aim 
of nourishing, but are also directed for example to prevent diseases, or improve the 
quality of life of people with metabolic diseases (Gutiérrez and Álvarez 2016; 
Gutiérrez 2017b, 2018c; Gutiérrez et al. 2018a). Although many efforts have been 
made in the study of edible polymers, the trend in this field should be directed to the 
study of toxicity, compostability, surface properties, and the nutritional and 
molecular aspects of these materials, since are points keys for their application 
(Bracone et al. 2016; Gutiérrez et al. 2016b, 2018b; Gutiérrez and González 2016, 
2017; Medina Jaramillo et al. 2016; Gutiérrez 2017c, 2018d). Likewise, studies of 
polymers for food applications must be designed on a large scale, since many 
investigations are evaluated on a laboratory scale but are not viable within the food 
industry for different technical and economic reasons (Gutiérrez and Alvarez 2017a, 
b, c, d, e; Gutiérrez et al. 2017). Finally, the polymers for food applications will 
continue to give firm footing not only for their consumption but also for the detection 
of toxic food substances through the development of biosensors, the manufacture of 
food packaging and the rise of food nanotechnology.
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Chapter 2
Edible Films

María R. Ansorena, Mariana Pereda, and Norma E. Marcovich

Abstract Self-supporting edible films are one of the emerging technologies used 
today to optimize food preservation. With an ever increasing demand of consumers 
for high quality food products in addition to environmental concerns regarding the 
adverse effect of plastic packaging, food industry drive to develop and implement 
new types of edible films. The use of edible films as food packaging can play an 
important role in the quality, safety, transportation, storage, and display of a wide 
range of fresh and processed foods. Edible films can provide replacement and/or 
fortification of natural layers preventing moisture losses, while selectively allowing 
for controlled exchange of important gases such as oxygen and carbon dioxide, 
therefore, extending shelf life by minimizing food quality deterioration. Moreover, 
edible films can act as carriers of food additives such as vitamins, antimicrobial and 
antioxidants agents, providing a highly localized functional effect and improving 
food organoleptic properties. In addition, edible films could add value to agricul-
tural and food industries by-products, since they are formed from various renewable 
eco-friendly and edible substances such as proteins, lipids or carbohydrates. Lipid- 
based films have good water barrier properties but form brittle films. On the other 
hand, protein and polysaccharide based films generally have good mechanical prop-
erties and thus they may withstand handling. However, they are not good barriers to 
water vapor. The use of blends comprising such compounds or their combination 
with lipids is thus a way of developing composite edible films matching the require-
ments for use as food packaging. Accordingly, this chapter discusses the latest 
advances on edible films aimed for food packaging.
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2.1  Introduction

Changes in the current lifestyles of modern consumers have led to an increase in the 
sales of ready-to-eat (RTE), minimally processed and preservative-free food prod-
ucts (Peelman et al. 2013; Raybaudi-Massilia et al. 2016; Nisar et al. 2017; Moghimi 
et al. 2017). Consumers are demanding microbiologically safe and fresh-like prod-
ucts that are healthy, shelf-stable, convenient, and produced using environmentally 
friendly technologies (Raybaudi-Massilia et  al. 2016). Nevertheless, natural and 
preservative-free food products are more susceptible to be attacked by spoilage and 
pathogenic microorganisms due to their manipulation. The growth of spoilage 
microorganisms and food-borne pathogens is one of the most important causes for 
food degradation (Viuda-Martos et al. 2011; Atarés and Chiralt 2016; Giteru et al. 
2017), since it can accelerate lipid and other oxidation processes, produce changes 
in the organoleptic properties of the foods (Saggiorato et al. 2012; Atarés and Chiralt 
2016) and losses of nutritional quality (Ganiari et al. 2017). Moreover, food-borne 
pathogens are directly responsible for certain illnesses in the human organism, or 
can be indirectly responsible due to the production of toxins (Saggiorato et al. 2012; 
Atarés and Chiralt 2016).

Packaging materials play an important role in containing foods and preserving 
the quality and safety of a food product throughout the supply chain until consump-
tion (Raybaudi-Massilia et al. 2016; López-Córdoba et al. 2017). The packaging 
material functions as a barrier to the migration of pollutants from the environment 
to the product (Raybaudi-Massilia et  al. 2016). It is however also urged to meet 
aesthetic and mechanical requirements for food applications (Manrich et al. 2017). 
For more than 50 years, the food industry has come to use a wide range of synthetic 
petroleum-based polymers that have provided convenience and ease of use in differ-
ent situations (Giteru et al. 2017). However, questions have been raised about their 
continued use: they are non-renewable and non-biodegradable and therefore they 
have become a serious environmental issue that concerns all the stakeholders of the 
food production chain (Raybaudi-Massilia et  al. 2016; Vijayendra and Shamala 
2014; Giteru et al. 2017; López-Córdoba et al. 2017). Therefore, innovative films 
derived from agro-food industry wastes and renewable low cost natural resources 
have received greater attention as effective and economical replacement for conven-
tional plastics (Valdés et al. 2014; Balti et al. 2017; Nisar et al. 2017; Alzate et al. 
2017). Some of these materials are edible, so they can be consumed together with 
the product or be in close contact with the food, while being eco-friendly and ensur-
ing that the package meets the primary objective of protecting the food (Raybaudi- 
Massilia et al. 2016).

Edible films are preformed, thin layers, made of edible materials, which once 
formed can be placed on or between food components (McHugh 2000; Yuan et al. 
2016). Besides being biodegradable and compostable, edible films are desirable 
because they also offer a lucrative outlet for surplus agricultural materials 
(Tomasula 2009). On the other hand, these films have similar functions as those of 
conventional packaging, including barriers against water vapor, gases, and flavor 
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 compounds and improving structural integrity and mechanical-handling properties 
of foods (Galus and Kadzińska 2015; Yuan et al. 2016). Smartly designed, they can 
also improve the quality, safety, shelf life, and functionality of food products, as 
well as increase food sensory attributes and convenience (Pascall and Lin 2013; 
Raybaudi-Massilia et al. 2016), while minimizing both spoilage and pathogenic 
microorganisms during storage, transportation, and handling (Arrieta et al. 2014; 
Raybaudi-Massilia et al. 2016; Gutierrez-Pacheco et al. 2016). Moreover, the edi-
ble films can be used to produce a soluble package for premixed food ingredients 
or additives and act as a separate layer of individual food portion (Harnkarnsujarit 
2017).

2.2  Materials Used for Edible Films

Edible films can be made from materials such as lipids, proteins, and polysaccha-
rides with the ability to form films (Gutierrez-Pacheco et al. 2016; Balti et al. 2017; 
Hashemi and Mousavi Khaneghah 2017; Ganiari et al. 2017; Dehghani et al. 2018). 
The polysaccharides used for making edible films include cellulose derivatives, chi-
tosan, starch, starch hydrolysates (dextrins), konjac flour, gums, pullulan, alginate, 
carrageenan, pectin and others that should be chemically treated to increase water 
solubility like cellulose and chitin (Park et  al. 2014; Desobry and Arab-Tehrany 
2014; Dehghani et al. 2018; Ganiari et al. 2017). Polysaccharides are widely avail-
able and usually cost effective (Dehghani et al. 2018). Due to the presence of a large 
number of hydroxyl and other polar groups in their structure, hydrogen bonds have 
a crucial function in film formation and final characteristics (Dehghani et al. 2018; 
Harnkarnsujarit 2017). The major mechanism of film formation in polysaccharide 
films is the breaking apart of polymer segments and reforming of the polymer chain 
into a film matrix or gel. This is usually achieved by evaporation of a solvent creat-
ing hydrophilic and hydrogen bonding and/or electrolytic and ionic cross-linking 
(Park et  al. 2014). Protein films originate from several sources including plant, 
meat, egg, and milk, for example, collagen, albumin, gelatin, casein, milk whey 
proteins, corn zein, ovalbumin, soy protein, peanut protein, pea protein, rice bran 
protein, cottonseed protein, keratin and wheat gluten (Harnkarnsujarit 2017; Kumari 
et  al. 2017; Park et  al. 2014; Desobry and Arab-Tehrany 2014; Ansorena et  al. 
2016). However, some considerations with respect to food intolerances, such as 
wheat gluten intolerance (celiac disease), or milk protein intolerance, allergies, or 
religious beliefs/banning, should be taken into account when protein-based films 
and coatings are used (Desobry and Arab-Tehrany 2014). The main mechanism of 
formation of protein films includes denaturation of the protein initiated by heat, 
solvents, or a change in pH, followed by association of peptide chains through new 
intermolecular interactions (Dehghani et al. 2018), being the protein-protein inter-
actions, with disulfide, hydrogen, and hydrophobic bonds, the main associative 
forces in the film network (Park et al. 2014). Proteins have good film-forming prop-
erties and good adherence to hydrophilic surfaces (Dehghani et al. 2018).

2 Edible Films
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Protein and polysaccharide-based films generally have good mechanical and 
sensory properties and are effective barriers to aroma compounds and gases such as 
oxygen and carbon dioxide, but due to their hydrophilic nature, they are not effec-
tive water vapor barriers (Desobry and Arab-Tehrany 2014; Otoni et al. 2016). Even 
so, protein or polysaccharide based films can be used as “sacrificing agents” that 
retard moisture loss from the food products by adding additional moisture on the 
surface that is lost first, as indicated by Kester and Fennema (1986). Contrastingly, 
lipid-based films have good water barrier properties due to their apolar nature, but 
possess undesirable sensory properties and form brittle or non-cohesive films 
(Desobry and Arab-Tehrany 2014; Otoni et al. 2016). Therefore, lipids are either 
used as coatings or incorporated into polysaccharides or proteins matrices to form 
composite films, giving a better water vapor barrier, due to their low polarity 
(Desobry and Arab-Tehrany 2014; Dehghani et al. 2018). Lipid incorporation into 
edible films and coatings can improve also cohesiveness and flexibility making 
better moisture barriers (Desobry and Arab-Tehrany 2014). Some of the lipids that 
have been used effectively in films or coating formulations are beeswax, mineral oil, 
vegetable oil, surfactants, acetylated monoglycerides, shellac, terpene, carnauba 
wax, and paraffin wax (Desobry and Arab-Tehrany 2014; Harnkarnsujarit 2017). 
Lipids offer limited oxygen barrier properties, due to the presence of microscopic 
pores and elevated solubility and diffusivity (Desobry and Arab-Tehrany 2014) and 
are mostly soft solids at room temperature (Harnkarnsujarit 2017). Distribution of 
chemical groups, the length of the aliphatic chains, and the presence and degree of 
unsaturation impact lipid polarity and thus, they could behave in different ways 
respect to moisture transfer. For example, waxes (esters of long-chain aliphatic 
acids with long-chain aliphatic alcohols) have very low content of polar groups and 
high content of long-chain fatty alcohols and alkanes and thus they are very resistant 
to water migration while the high polarity of the unsaturated fatty acids results in 
high moisture transfer (Dehghani et al. 2018).

Whichever material is used for films, it should form an unbroken film structure 
with good functional properties (Kumari et al. 2017), i.e. food packaging having 
poor mechanical properties may not withstand handling, whereas one with poor 
barrier properties may lead to food physical, chemical, and microbiological spoil-
age (Otoni et al. 2016). To achieve this generally protein and polysaccharide-based 
film formulations require the addition of a plasticizing agent above a minimum 
threshold to reduce film fragility, confer certain plastic properties (Kokoszka et al. 
2010; Martins et al. 2012; Sánchez-Ortega et al. 2014; Costa et al. 2015; Pérez et al. 
2016) and sometimes also to guarantee their processability (Martins et al. 2012). 
The plasticizer molecules modify the three-dimensional organization of the poly-
meric materials, leading to decreased intermolecular forces along the polymer 
chains, increased free volume and chain mobility, thus improving flexibility, exten-
sibility, and toughness of the film (Kokoszka et al. 2010; Pérez et al. 2016). However, 
plasticizers also decrease film cohesion and thus the mechanical resistance and bar-
rier properties of the films (Pérez et al. 2016). The most commonly used food-grade 
plasticizers are sorbitol, glycerol, mannitol, sugar and polyethylene glycol 
(Kokoszka et al. 2010; Pérez et al. 2016; Castro-Rosas et al. 2016). On the other 
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hand, it was demonstrated that lipids sometimes can also plasticize edible films 
(Pereda et  al. 2012; Rodrigues et  al. 2014; Kowalczyk et  al. 2016; Rocca-Smith 
et al. 2016; Otoni et al. 2016) possibly because the amphiphilic compounds (e.g. 
acetic acids of mono and di-glycerides, and glycerol monostereate) included in the 
lipid phase, could act as lubricants favoring sliding of molecular chains, leading 
therefore to a gentle and highly extensible polymer network, as pointed out by 
Rocca-Smith et al. (2016).

2.3  Composite Edible Films

As can be deduced from the previous section, one of the most used approach to 
tailor films’ properties and thus to develop edible films matching the desired func-
tional properties and requirements for use as food packaging, has been the obtaining 
of composite films based on the combination of different biopolymers, biopolymers 
and lipids, biopolymers and solid particles (i.e. nonsoluble substances such as fibers, 
hydrophobic proteins, organic, and/or inorganic nanoparticles (NPs)), and so on 
(Martins et al. 2012; Desobry and Arab-Tehrany 2014; Otoni et al. 2016; Balti et al. 
2017; Hashemi and Mousavi Khaneghah 2017; Ganiari et al. 2017). As expected, 
the main objective is to take advantage of the properties of each compound but also 
to benefit from the synergy between them when possible (Ganiari et al. 2017). In 
this sense, composite films are those whose structure is heterogeneous, that is, com-
posed of a continuous matrix with some added phases or composed of several layers 
(Buffo and Han 2005; Fortunati 2016; Ganiari et al. 2017). Usually, multilayered 
films have better mechanical and barrier efficiencies than emulsion-based films and 
coatings, but their manufacturing requires an additional step of spreading or lamina-
tion and drying for each layer that could lead to layer delamination (Otoni et al. 
2016). Moreover, in an industrial plan they do not seem very practical because of 
too many steps in their manufacture. On the contrary, solution or emulsion-based 
edible films could provide nearly the same properties, while only requiring one 
operation in their preparation (Fortunati 2016). However, when dealing with film- 
forming emulsions usually the incorporation of an emulsifier to avoid phase separa-
tion during drying is required (Otoni et  al. 2016), which adds complexity to the 
system. Furthermore, the mechanical and barrier properties of these films not only 
depend on the compounds used in the polymer matrix, but also on their compatibil-
ity (Ganiari et al. 2017). Nevertheless, there has been great scientific and commer-
cial progress made in this area (Balti et al. 2017; Hashemi and Mousavi Khaneghah 
2017) and thus, some recent examples of the obtained composite films are presented 
below. The following works were selected because their systems were able to 
exhibit synergistic contributions instead of a range of properties that go from those 
of one of the constituents to the other one, like the rule of mixtures could predict.

Kurt et al. (2017) optimized the concentrations of two polysaccharides, xanthan 
(XG) and locust bean gum (LBG), and glycerol as plasticizer in the film formulation 
using combined design (a statistical tool that consists of mixture design and response 
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surface methodology). The effect of all LBG/XG and glycerol concentrations used 
on the film’s mechanical and water vapor permeability (WVP) properties is illus-
trated in Fig. 2.1. According to the authors, these two polymers had excellent blend 
miscibility and exhibited synergic interactions between them that allowed to maxi-
mize almost all the functional properties of the resulting edible film at 89.6%, 10.4% 
and 20% of LBG, XG and glycerol, respectively. At this optimum point, the WVP, 
tensile strength (TS), elongation at break (E%) and elasticity modulus (EM) values 
of film resulted 0.22 g mm h−1 m2 kPa, 86.97 MPa, 33.34% and 177.25 MPa, respec-
tively. Manrich et al. (2017) obtained water-resistant edible films derived from the 
tomato peel-extracted biopolyester cutin upon its casting in the presence of pectin 
(a water soluble polysaccharide). The obtained films were able to mimic tomato 
peel in terms of mechanical strength and thermal stability. Nevertheless, uniform 
surface hydrophobicity and greater stiffness were observed for cutin/pectin films as 
compared to that naturally occurring ultrastructure. Moreover, cutin-based edible 
films resulted slightly affected by moisture and thus, they were recommended to be 
used as water-resistant plastic wraps for short-time applications.

Silva et al. (2016) manufactured blended glycerol-plasticized films using whey 
protein isolate (WPI), four different concentrations of locust bean gum (LBG) and 
two different thermal treatments. Authors found that interactions between WPI and 
LBG strongly influence film properties and it is thus possible to tune the properties 

Fig. 2.1 Effect of different gum combinations and glycerol concentration on the mechanical and 
water vapor permeability properties of the edible films (TS tensile strength; EB percentage of elon-
gation at break; EM elastic modulus; WVP water vapor permeability). From Kurt et al. (2017) with 
permission
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of WPI-based edible films to meet food packaging and edible coating needs adding 
different amounts of LBG and/or using different thermal treatments. The compos-
ites resulted more stable as longer was the thermal treatment due to the higher cross- 
linking effect and higher level of developed molecular interactions. This, 
consequently, resulted  in the obtaining of stronger and less soluble films with 
improved barrier properties to carbon dioxide, oxygen and light. For example, films 
made from solutions with 5% WPI + 0.1% LBG + 2% glycerol, heated at 75 °C for 
10 min presented the lowest oxygen permeability (more than 50% decrease as com-
pared with the film with no LBG, with the same thermal treatment).

Kowalczyk et al. (2016) studied the effect of adding different lipids on the physi-
cochemical and morphological properties of sorbitol-plasticized pea protein isolate 
(PPI) edible emulsion films. The chosen lipids were anhydrous milk fat (AMF), 
candelilla wax (CNW), lecithin (LEC) and oleic acid (OLA) and were incorporated 
into film-forming solutions at 0, 0.5, 1.0, 1.5, and 2.0%. Authors found that only 
AMF and CNW reduced WVP of the films, this last one in a dose dependent man-
ner, leading to a WVP 2.5 times lower than that of the control for the films incorpo-
rated with 2.0% CNW. On the other hand, the incorporation of lipids into PPI films 
caused an increase in oxygen permeability and decreased the mechanical strength. 
Nevertheless, all the produced films were effective UV barriers. Surface microstruc-
ture of the emulsion films was influenced by the lipid type and lipid volume frac-
tion, as shown in Fig.  2.2. Unlike the solid lipids, OLA did not reduce the film 
transparency and showed a plasticizing effect, making the films more extensible. 
Summarizing, this work showed that CNW was the most effective lipid for this 
system since it was able to improve the water vapor barrier properties and simulta-
neously provoked the lowest increase in the oxygen permeability and the lowest 
decrease in the mechanical strength of the films. Besides, CNW-added films had 
also higher transparency compared to the other films containing solid lipids (AMF, 
LEC).

Hosseini et al. (2015) successfully developed bio-nanocomposite films based on 
fish gelatin (FG) and spherical chitosan nanoparticles (CSNPs) with size range 
40–80 nm. The incorporation of CSNPs to FG films improved their water vapor bar-
rier, as well as TS and elastic modulus, which was associated to the evenly disper-
sion of the particles in the bio-polymeric matrix at lower loading levels (less than 
8%, w/w) added to the interaction between CSNPs and FG through hydrogen bond-
ing. Furthermore, addition of CSNPs contributed to the significant decrease of 
WVP, leading to a 50% reduction at 6% (w/w) filler. Composite films presented 
reduced values of transparency at 600  nm as compared to the control film (0% 
CSNPs) while they have excellent barrier properties against UV light. The results 
presented in this study show the feasibility of using bionanocomposite technology 
to improve the properties of biopolymer films based on fish gelatin. Antoniou et al. 
(2015) produced composite tara gum films with the inclusion of both, bulk chitosan 
or chitosan nanoparticles at various concentrations. The incorporation of bulk or 
chitosan nanoparticles resulted in improved mechanical (the TS of the control film 
films was 22.71 ± 2.98 MPa and increased, respectively to ~58 MPa or ~53 when 10 
or 15 wt% of CSNPs or bulk chitosan were added, without reducing notably the 
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Fig. 2.2 SEM micrographs (×1000 and ×10 000 magnification) of surfaces of the emulsion 
PPI- based films. From Kowalczyk et al. (2016) with permission
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EB.  The incorporation of nanoparticles resulted in a more efficient strategy for 
decreasing water solubility and WVP leading to reductions of 74.3% and 22.7%, 
respectively, which was attributed to the compact structure of the chitosan nanopar-
ticles that reduced the free volume of the polymer matrix more than bulk chitosan 
by obstructing the diffusion of water and thereby decreasing the moisture content of 
the films. However, tara gum films with bulk chitosan exhibited better antimicrobial 
activity, as shown in Table 2.1. Authors indicated that this behavior could be attrib-
uted to the size of the CSNPs that possible is not small enough to accumulate in the 
bacterial membrane; besides, when the CSNPs concentration increased, the particle 
size increased even further due to aggregation during the film formation. Moreover, 
since the formation of CSNPs is based on ionic gelation mechanisms the surface 
charge of CS was reduced thus making it less effective against Gram-negative 
bacteria (Escherichia coli).

Pereda et  al. (2014) prepared edible composite films by casting film-forming 
emulsions based on chitosan/glycerol/olive oil containing dispersed cellulose nano-
crystals (CNs). Due to cellulose–glycerol–chitosan interactions, these complex 
composite films appeared less opaque as the cellulose concentration increases (up 
to 7 wt% CN), which balanced the reduction of film transparency due to lipid addi-
tion. Moreover, both, nanocellulose and olive oil addition led to the reduction of the 
water vapor permeation and the total soluble matter of the films in a concentration- 
dependent manner, improving at the same time their tensile behavior. Results from 
dynamic mechanical tests revealed that all films present two main relaxations that 
could be ascribed to the glycerol- and chitosan-rich phases, respectively.

As an example of multilayers edible films Basiak et al. (2016) developed com-
posites aimed to reduce the hygroscopic character of biodegradable starch-based 
films. In this case rapeseed oil was incorporated by lamination, leading to samples 
composed by 3-layers (starch-oil-starch). According to the authors, the lipid lamina-
tion followed by starch solution casting step induced an emulsion type structure of 
dried films. Thus, composite films resulted more opalescent and glossier, presenting 
also lower TS than fatty free starch films. On the other hand, lipid incorporation 

Table 2.1 Antimicrobial activity of tara gum films containing bulk chitosan (CS) and chitosan 
nanoparticles (CSNPs) against food pathogenic bacteria of E. coli and Staphylococcus aureusa

Film type CS/CSNP content (% w/w)
Inhibitory zone (mm2)
E. coli S. aureus

TG 0 0.0 ± 0.0f 0.0 ± 0.0d

TG + CS 5 65.43 ± 10.36d 78.45 ± 10.13c

10 112.0 ± 16.06b 117.96 ± 11.08b

15 138.87 ± 12.35a 157.42 ± 10.95a

TG + CSNPs 5 41.53 ± 7.60e 85.30 ± 12.30c
10 87.32 ± 6.72c 111.71 ± 3.12b

15 85.80 ± 6.17c 93.41 ± 8.59c

From Antoniou et al. (2015), with permission
aValues are given as mean ± standard deviation. Different superscript letters in the same column 
indicate a statistically significant difference (P < 0.05)
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reduced the moisture absorption, particularly at higher RH, as well as the surface 
swelling index and the water vapor and oxygen permeability.

2.4  Active and Bioactive Edible Films

In addition, edible films could act as carriers not only of health-related compounds 
such as vitamins, minerals, nutraceuticals and other bioactive compounds such as 
colorants, flavor compounds or antibrowning agents but also of antimicrobial, anti-
oxidant, and antisoftening agents (Raybaudi-Massilia et al. 2016; Fortunati 2016; 
Mellinas et al. 2016; Gutiérrez 2017; Harnkarnsujarit 2017; Moghimi et al. 2017; 
López-Córdoba et  al. 2017). These substances can be naturally or synthetically 
derived, although consumers generally prefer those materials from natural sources 
(López-Córdoba et al. 2017; Moghimi et al. 2017). The antimicrobials extend prod-
uct shelf life and reduce the risk of pathogen growth on food surfaces leading to 
safer food consumption (Gutiérrez 2018). The incorporation of antimicrobials to the 
films directly in contact to food surface, where the microbial growth and contamina-
tion are mostly found, can replace the addition of preservatives into food products 
(Harnkarnsujarit 2017; Nisar et al. 2017). In this line Xiao et al. (2015) also indi-
cated that bioactive agents may not be applied directly to a food system due to pos-
sible evaporation losses, inactivation or rapid release into the food matrix. According 
to Nisar et al. (2017) the film approach can be more effective than applying antimi-
crobial substances directly to the food due to providing continuous migration of 
active substances into the food and thus remaining at high concentration for pro-
longed periods of time. Moreover, the inhibitory agents incorporated to a formula-
tion can be specifically targeted to post-processing contaminants on the food surface 
(Raybaudi-Massilia et al. 2016). Diffusion of antimicrobials through an edible film 
or coating is influenced by the composition and manufacturing procedure of the film 
and coating, factors related to the food (pH, water activity), hydrophilic/hydropho-
bic balance of the compound, and storage conditions. Furthermore, the diffusion 
rates of the active compound into the product can be partially controlled by the 
compounds found in the coating matrix (Raybaudi-Massilia et al. 2016). All these 
factors need to be taken into account in order to design effective edible coating sys-
tems (Álvarez et al. 2017). Some examples of active edible films developed in the 
recent years are summarized below.

López et al. (2017) developed edible films with high antioxidant capacity based 
on salmon gelatin incorporating boldine, which is the major alkaloid obtained from 
Boldo tree. The concentration of both components was optimized by applying a 
Box-Behnken experimental design with the goal of maximizing radical scavenging 
capacity of film forming suspensions. Results showed synergistic effect between 
gelatin and boldine for both the antioxidant capacity and antimicrobial activity of 
gelatin against E. coli and Listeria monocytogenes. Boldine was released from the 
films into food simulant following the Fickian model, at a faster rate as lower was 
the concentration of gelatine in the film forming solution, which suggests that it is 
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possible to design films to satisfy specific release criteria in order to have an active 
concentration of boldine in food with different shelf lives. The development of 
antioxidant- loaded edible films for preventing oxidation of lipid-containing foods 
has attracted also the attention of Zhang and Zhao (2017). These authors prepared 
edible active films based on zein–rutin composite nanoparticles (RNs) and corn 
starch. RNs (0, 0.5, 1, 2, 4, and 10%, w/w) were incorporated into the starch matrix, 
to act as a natural antioxidant. The RNs acted as a strong antioxidant in the corn 
starch films, as determined from three complementary radical-scavenging assays 
(ABTS, DPPH, and phosphomolybde-num), and thus the related values increased as 
the nanoparticle content increased. The active films also showed long-lasting anti-
oxidant activity, which is important for the controlled release of rutin, as illustrated 
in Fig. 2.3. Moreover, the incorporation of RNs into the starch matrix led to the 
formation of a net-like structure, which decreased slightly the WVP and water solu-
bility of nanocomposite films respect to the control film, while TS and EB increased 
from 1.19 to 2.42 MPa, and from 42.10 to 78.84%, respectively, with increasing RN 
loading. Thus, the incorporation of these complex nanoparticles into the edible 
films not only provided them with antioxidant properties but also improved their 
physical and mechanical properties.

Similar results, i.e. synergic effect of antioxidants on water barrier and mechani-
cal properties were found by Benbettaïeb et al. (2016) for tyrosol and ferulic acid 
encapsulated in chitosan–gelatin films, even when this system is more complex than 
the previous one (i.e. a blend of polymers instead of a single polymer matrix). 
Moreover, these authors proved that applying radiation to the films, the retention 
and diffusivity of the antioxidants can be modulated. Piñeros-Hernandez et  al. 

Fig. 2.3 Cumulative rutin release (%) as function of time in Milli-Q water. Samples studied were 
zein–rutin composite nanoparticle/corn starch films with zein–rutin composite nanoparticle con-
tents of 0.5, 1, 2, 4, and 10% w/w. From Zhang and Zhao (2017), with permission
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(2017) incorporated polyphenols-rich rosemary extracts (RE) within cassava starch 
films in order to produce active food packaging with antioxidant properties. As the 
polyphenols content increased, the films showed an increase in their antioxidant 
activity. Moreover, the films containing the higher extract concentration (13.6 mg of 
gallic acid equivalents per gram) showed better barrier properties against UV light. 
However, in this case the WVP of the films increased and the elongation decreased 
as the extract concentration increased, which was explained considering that the 
presence of RE inhibited the bonding between glycerol and starch molecules. These 
authors also carried out migration tests using water and ethanol (95%) as food simu-
lants for aqueous and fatty foods, respectively, finding that total polyphenols con-
tent loaded in the films migrated within the aqueous food simulant after 7 days of 
film exposition, while, only a negligible polyphenol amount was detected in the 
fatty food one.

Regarding antimicrobial active films, Arrieta et al. (2014) studied the effect of 
adding carvacrol into sodium caseinate (SC) and calcium caseinate (CC) matrices 
plasticized with two different glycerol concentrations (25 and 35 wt%). All films 
exhibited good performance in terms of optical properties, showing high transpar-
ency. Besides, the antimicrobial activity of SC and CC films containing carvacrol 
was clearly demonstrated against two indicator bacteria, E. coli (Gram negative) 
and S. aureus (Gram positive). Barrier properties to oxygen were excellent but dif-
fusion of dyes through films was dependent on the caseinate type (SC or CC), since 
CC resulted in less permeable composites due the ability to promote cross-linking.

On the other hand, in terms of active ingredients that can be incorporated into 
films and coatings, essential oils (EOs) have received much attention in the last 
years (Calo et al. 2015; Vergis et al. 2015; Galus and Kadzińska 2015; Yuan et al. 
2016; Gutierrez-Pacheco et al. 2016; Moghimi et al. 2017) due to their antimicro-
bial/antifungal activity and volatile nature, which facilitates the use of small con-
centrations that are safe for consumption (Sivakumar and Bautista-Banos 2014; 
Yuan et  al. 2016). As the direct addition of essential oils to food may adversely 
impact sensory perception of applied foods, added to the fact that the essential oils 
lose effectiveness over time, the incorporation of these compounds into the formula-
tion of edible films and coatings has been suggested as a better option (Yuan et al. 
2016; Gutierrez-Pacheco et al. 2016). In this sense, antimicrobial edible films and 
coatings may provide increased inhibitory effects against spoilage and pathogenic 
bacteria by maintaining effective concentrations of the active compounds on the 
food surfaces (Gutierrez-Pacheco et al. 2016). The following are examples of recent 
developments in this line. Hashemi and Mousavi Khaneghah (2017) developed basil 
seed gum (BSG) edible films containing oregano essential oil (OEO) (1–6%). They 
found that WVP significantly decreased by the incorporation of OEO while mois-
ture content, contact angle, transparency and swelling index of edible films 
increased. Films containing 2–6% OEO presented a significant antibacterial activity 
against E. coli, S. Typhimurium, P. aeruginosa, S. aureus and B. cereus. Moreover, 
the antioxidant activity (i.e. DPPH and ABTS radical scavenging activities and fer-
ric reducing ability) of BSG films were enhanced considerably with increasing 
OEO concentration, as exemplified in Fig.  2.4. According to these results, the 
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 fabricated edible films with BSG and OEO can be considered for further approach-
ing as an edible food packaging.

Moghimi et al. (2017), taking into account that EOs have low water solubility 
and could denature under light and heat condition, chose the nanoemulsion path for 
preparing antibacterial edible films based on hydroxypropyl methyl cellulose 
(HPMC) and Thymus daenensis (wild and cultivated) essential oil (TD EO). The 
authors showed the uniform incorporation of nanoemulsions into the edible film, but 
also that active edible films had less TS and Young’s modulus compared to the con-
trol film, which was attributed to the plasticizing effect of the essential oil. However, 
both films exhibited a potent but differentiated antibacterial and antifungal activity, 
which was attributed to the variations of TD EOs components (i.e. wild plant had 
53.28% thymol, while cultivated had 75.69%; the second main component of the 
cultivated T. daenensis was carvacrol (22.72%), whereas the wild plant had 25.26% 
of p-cymene (precursor of carvacrol)). Thus, films modified with EO extracted from 
the wild plant had more antibacterial activity against gram positive bacteria (includ-
ing S. aureus, S. epidermidis, B. subtilis, E. faecalis, E. faecium and Methicillin 
resistant S. aureus) than the films based on cultivated TD. However, the formulation 
based on cultivated TD was more efficient against Candida albicans and gram nega-
tive bacteria (including E. coli, S. typhi, S. dysenetriae, S. flexneri, A. baumannii and 
K. peneumoniae). Therefore, both nanoemulsion based HPMC films could be used 
based on the microorganisms of interest for each packaging material.

Giteru et al. (2017) combined the previous approaches by incorporating both, 
citral, an antimicrobial monoterpene aldehyde extracted from the plant Cymbopogon 
citratusis and quercetin, an antioxidant compound naturally occurring in plants, into 
kafirin-based films. They compared the behavior of kafirin films consisting of 2.5% 
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Fig. 2.4 DPPH radical scavenging activity of film at different essential oil concentration. Values 
represent means ± standard deviations. Each column with the same lowercase letters is not signifi-
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citral (CK), 2% quercetin (QK) or 1.25% citral +1% quercetin (CQK). It was found 
that incorporation of citral reduced the maximum stress and stiffness while impart-
ing more flexibility to the kafirin bioactive films. Compared to the control kafirin 
(PK) and quercetin-containing films, those containing citral showed significant anti-
microbial activity against the total viable count on chicken fillets stored at 2 ± 0.5 °C 
for 96 h, as shown in Fig. 2.5. The ability of bioactive kafirin films to inhibit oxida-
tion of lipids on chicken fillets, which was evaluated by the thiobarbituric acid reac-
tive substances assay, were lower for PK, CQK, and QK (0.18, 0.16 and 0.23 mg 
MDA/kg respectively), compared to unwrapped fillets and CK (0.41 and 0.59 mg 
MDA/kg respectively). These findings implied that quercetin and those polypheno-
lics likely co-extracted with kafirin possessed the ability to inhibit the development 
of lipid oxidative products. Regarding product appearance, authors found that 
wrapped fillets become more yellowish after the storage than unwrapped ones. This 
color transformation toward yellowness was attributed to the presence of citral and 
quercetin in the films since film swelling due to absorption of water by the hydroxyl 
groups in the film matrix could cause the release of originally encapsulated pig-
ments, as indicated by Shojaee-Aliabadi et al. (2014). Thus, authors pointed out that 
those pigment-rich additives may have an influence on the organoleptic property of 
food products and that as these changes occurred on raw meat, their persistence dur-
ing cooking still requires determination. Moreover, they emphasized that it is 

Fig. 2.5 Effect of kafirin films on the total viable count of chicken fillets stored at 2 ± 0.5 °C for 
96 h. (UF) unwrapped fillet, (PK) fillets wrapped with plain film, (CK) fillet wrapped with citral 
film, (CQK) fillets wrapped with citral-quercetin film, (QK) fillets wrapped with quercetin film. 
Error bars represent ± SD (n = 9). Different letters indicate significantly different (p < 0.05). From 
Giteru et al. (2017), with permission
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important to determine whether this pigmentation of raw meat would be perceived 
negatively by consumers with further investigations.

At this point it is important to introduce the concept of bioactive packaging. The 
concepts of active and bioactive packaging have been sometimes used indiscrimi-
nately, but there are differences (Espitia et al. 2016). Active food packaging systems 
are those previously exemplified, which go beyond the traditional passive role of 
food protection and include desirable interactions with the food, in a way that is 
relevant to extend food stability; bioactive food packaging systems, on the other 
hand, are those which may contribute to health benefits to the consumers (Espitia 
et al. 2016). Bioactive packaging materials would thus hold bioactive agents, which 
are eventually released into the food product (Lopez-Rubio et al. 2006). In the spe-
cific case of edible bioactive films and coatings, this release is not even required, 
since the film/coating itself is supposed to be eaten with the food (Espitia et  al. 
2016). Edible films enriched with probiotics (i.e. bacteria with beneficial effects on 
humans and animals) are the typical examples of these bioactive films. For probiot-
ics to play the intended role in human health, it is essential that both viability and 
the metabolic activity are maintained throughout food processing and supply chain, 
as well as within human gastrointestinal tract (Espitia et al. 2016). Several methods 
have been tested to increase the quality of probiotic cultures (Nguyen et al. 2016), 
however, microencapsulation is by far the most exploited approach (Espitia et al. 
2016; Nguyen et al. 2016). When combined, microencapsulation and bioactive edi-
ble packaging concepts denote a promising strategy for protecting and delivering 
probiotic species efficiently. In this line, Soukoulis et al. (2017) evaluated the inclu-
sion of whey protein isolate in different bio-polymers with established good film 
forming properties, for their ability to stabilize live probiotic organisms. Edible 
films based on low (LSA) and high (HSA) viscosity sodium alginate, low esterified 
amidated pectin (PEC), kappa-carrageenan/locust bean gum (k-CAR/LBG) and 
gelatine (GEL) in the presence or absence of whey protein concentrate (WPC) were 
then shown to be feasible carriers for the delivery of Lactobacillus rhamnosus 
GG. While losses of L. rhamnosus GG throughout the drying process ranged from 
0.87 to 3.06 log CFU/g for the systems without WPC, they were significantly 
reduced to 0 to 1.17 log CFU/g in the presence of WPC.  Films fabricated with 
k-CAR/LBG or HSA were most effective at maintaining maximal biological activ-
ity of the probiotic cells (0.167 and 0.218 log CFU day−1 in average) compared to 
films made of PEC, GEL and LSA (0.251, 0.252 and 0.268 log CFU day−1, respec-
tively), which was explained by the low glass transition temperature (Tg), and low 
WVP of the binary system. Supplementation of the film forming solutions with 
WPC resulted in an enhanced L. rhamnosus GG storage stability (0.279 and 0.183 
log average CFU day−1 for systems with and without the addition of WPC respec-
tively), being the bioprotective role of WPC associated with its ability to reduce the 
osmolytic cell injuries arising throughout the dehydration process and their excel-
lent cell adhesion properties. Furthermore, probiotic films based on HSA/WPC and 
k-CAR/LBG/WPC blends had both acceptable mechanical and barrier properties. 
Overall this work shows that the development of edible films as carriers for the 
delivery of probiotics is a plausible strategy. As pointed out by Soukoulis et  al. 
(2017), the maintenance of the biological activity of the probiotic cells is the gov-
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erning parameter for the selection of the substrate compositional aspects, however, 
other technological parameters such as the mechanical and barrier properties are 
essential to ensure adequate processability and shelf life. López de Lacey et  al. 
(2014) over passed the previous findings by developing a bioactive film based on 
agar and incorporating both, green tea extract (antimicrobial and antioxidant) and 
probiotic strains (Lactobacillus paracasei L26 and Bifidobacterium lactis B94), 
which was applied on hake fillets in order to investigate the effect during chilled 
storage. Hake was previously inoculated with Shewanella putrefaciens and 
Photobacterium phosphoreum (103–104 CFU/g) to simulate a spoilage process. It 
was found that green tea/probiotic film led to a reduction of the spoilage indicators, 
particularly of H2S-producing bacteria counts and total viable bacteria throughout 
the 15 days of storage period. However probiotics alone had a smaller effect over 
reducing these chemical spoilage indicators. Authors pointed out that the probiotic 
strains added to the film were able to pass to the fish, producing an increment of 
lactic acid bacterial counts, even in the presence of green tea extract. They con-
cluded that films with green tea and probiotic could extend shelf-life of hake at least 
for a week and, at the same time, it could be a way to incorporate beneficial probi-
otic bacteria to the fish.

2.5  Conclusions

Edibility, biodegradability, and increased food safety are the main benefits of edible 
films. Their environmental friendly aspects make them alternatives in packaging 
systems, without the ecological costs of synthetic non-biodegradable materials. 
Although edible films and coatings have not been enough developed to be able to 
replace conventional plastic packaging totally, new interesting approaches are being 
tested every day. Therefore, there is still a considerable requirement for the develop-
ment of new edible packaging materials to fulfill the increasing consumer demands 
for more natural foods which need to be packed and also to meet the environmental 
concerns and regulations. Future work in this area should ensure that the new bioac-
tive and biodegradable materials help improving mechanical handling of food and 
lessen the migration of gases, volatiles, vapors and lipids in synergy with conven-
tional packaging, but also that the incorporation of active substances into the film 
lead to the enhancement of the shelf-life of food products.
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Chapter 3
The Potential of Vegetal and Animal  
Proteins to Develop More Sustainable Food 
Packaging

Tania Garrido, Jone Uranga, Pedro Guerrero, and Koro de la Caba

Abstract Vegetal and animal proteins have been considered promising alternatives 
to develop new sustainable food packaging derived from bio-resources. Edible, easy 
to process, renewable and environmental friendly are just a few characteristics that 
turn proteins into excellent raw materials to develop edible or biodegradable films. 
Furthermore, the valorization of industrial wastes or by-products to develop more 
sustainable films could add value to these products. In this context, food processing 
industries generate wastes that cause economic and environmental problems; there-
fore, the valorization of these wastes to obtain proteins could facilitate the waste 
management as well as the development of value-added products. Despite these 
environmental benefits, vegetal and animal proteins have some drawbacks and dif-
ferent strategies are explored to overcome those limitations for their use as food 
packaging. Taking this into account, the aim of this chapter is to provide an over-
view of the currently developed films and coatings based on animal and vegetal 
proteins, including active packaging.

Keywords Active film · Animal protein · Food shelf life · Vegetal protein

3.1  Introduction

Food packaging technology is a research field that has shown a fast growing in 
recent years. In this context, a high amount of studies focused on the improvement 
of food safety and quality and the preservation and extension of the product shelf 
life are carried out (Pinheiro et  al. 2016; Sousa-Gallagher et  al. 2016; Ma et  al. 
2017). The largest part of the materials employed for food packaging finds their 
origin in the petrochemical industry, which causes serious environmental problems 
due to non-biodegradability and non-renewability; thus, research efforts are being 
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driven to develop alternative materials derived from bio-resources (Wang et  al. 
2017a). In that way, unlikeable circumstances, such as hazardous microorganisms 
(including bacteria and fungi), external physical forces, chemical compounds, sun-
light, permeable volatile compounds, oxygen and moisture, have to be controlled by 
the use of renewable and biodegradable packaging (Garavand et al. 2017).

Protein films and coatings could be an alternative to synthetic packaging since 
they can provide a range of barrier attributes that can benefit the packaged food, 
improving its aroma, taste, texture and stability. Thus, they play an important role in 
food preservation, as well as in food distribution and marketing (Falguera et  al. 
2011). Films can be defined as a performed thin layer, which can be placed sur-
rounding the food product, between food components or even sealed into edible 
pouches; whereas a coating is directly formed onto food surface by dipping, spray-
ing, brushing or panning (Junqueira-Gonçalves et  al. 2017; Otoni et  al. 2017). 
Proteins have been considered a promising alternative to develop food packaging 
films and coatings since they are edible, food compatible, renewable and able to 
increase the nutritional value of the coated product. Moreover, proteins are gener-
ally superior to polysaccharides in their ability to form three-dimensional macromo-
lecular networks, stabilized and strengthened by hydrogen bonds, hydrophobic 
interactions and disulphide bonds, which contribute to enhance mechanical and bar-
rier properties (Gupta and Nayak 2015). Apart of providing external protection for 
food, films and coatings can act as effective carriers of many types of compounds, 
including antimicrobial and antioxidant additives. The incorporation of antimicro-
bial agents into films can help to prevent or delay the growth of foodborne patho-
gens and thus, food spoilage (Aloui and Khwaldia 2016); while the incorporation of 
antioxidants can inhibit or retard the oxidation of food, thus, extending food shelf 
life and improving food safety and quality (Álvarez et al. 2017). Other additives can 
also be incorporated into films with the purpose of enhancing their functional prop-
erties, as well as the organoleptic properties of the packaged product. Some exam-
ples of these additives could be anti-browning agents, nutraceuticals, texture 
enhancers, flavor and color ingredients (Olivas et al. 2007; Gutiérrez 2017).

Regarding antioxidants, synthetic ones have been traditionally employed in 
packaging applications (Gutiérrez 2018). However, these additives are increasingly 
more challenged due to their potential risk resulting from their migration into food 
products as well as to the strict statutory controls currently existing in so many 
countries (Gómez-Estaca et al. 2014a; Álvarez et al. 2018). Fortunately, the use of 
natural antioxidants, such as tocopherol (Córdoba and Sobral 2017), plants extracts 
(Saberi et al. 2017) and essential oils (EOs) (Atarés and Chiralt 2016), among oth-
ers, is being studied. In fact, obtaining bioactive compounds from vegetal sources, 
especially from inexpensive waste products from food, forest or agricultural indus-
tries, is taking importance in order to add value to an unavoidable amount of waste 
that grows day-by-day (Gutiérrez et al. 2018). High amounts of wastes are released 
during industrial manufacturing of apple, blueberry, olive, raspberry, grape or even 
citrus fruits, among many others. Hence, valuable compounds from wastes, such as 
anthocyanins, phenolic acids and flavonoids, could be successfully recovered and 
employed to develop active and intelligent packaging (Socaci et  al. 2017). For 
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instance, Luchese et  al. (2018) employed blueberry pomace obtained from blue-
berry juice processing wastes, rich in phenolic compounds such as anthocyanins, to 
prepare films with the ability to change color when subjected to different pH values, 
which could be correlated with the pH changes in some food products. Prietto et al. 
(2017) and Ma and Wang (2016) also used this antioxidant extracted from other 
sources, such as black bean seeds, red cabbage leaves and grape skins. Olejar et al. 
(2017), studied the antioxidant activity of grape tannins extracted from an agro- 
waste stream from the wine industry and de Moraes Crizel et al. (2018) obtained 
flour and microparticles of olive pomace from olive oil manufacturing, which were 
considered suitable to provide antioxidant activity.

Concerning antimicrobials, the incorporation of natural antimicrobial agents into 
films has been also widely studied. EOs, chitosan, extracts of herbs, plants and spe-
cies have been employed to control the microbial growth into the packaged product 
(Etxabide et al. 2017; Irkin and Esmer 2015). Arfat et al. (2014) studied the antimi-
crobial impact of basil leaf EO and ZnO nanoparticles into fish protein isolate and 
fish skin gelatin blend. The addition of basil leaf EO, especially in combination with 
ZnO nanoparticles, exhibited strong antibacterial activity against the evaluated 
foodborne pathogenic and spoilage bacteria. Other authors have analyzed the effec-
tivity of the natural antimicrobial agents directly into food; Alparslan and Baygar 
(2017) studied the antimicrobial effect of chitosan combined with orange peel EO 
on the shelf life of deepwater pink shrimp, and Kakaei and Shahbazi (2016) ana-
lyzed the incorporation of ethanolic red grape seed extract and Ziziphora clinopodi-
oides EO on fish fillets.

In recent years, a variety of bioactive compounds has been successfully incorpo-
rated into protein-based films since they are suitable for controlled release of differ-
ent additives. Therefore, many research works have been conducted in order to 
develop films and coatings from various proteins sources, including collagen (Wang 
et al. 2017b), gelatin (Molinaro et al. 2015), soy (Galus et al. 2012), whey (Cecchini 
et al. 2017), zein (Pena-Serna et al. 2016), pea (Kowalczyk et al. 2016) or wheat 
gluten (Sharma et al. 2017), among others. Especially, soy protein and gelatin have 
received much attention since they are widely available at a relative low-cost, meet 
food grade standards and have interesting characteristics, such as film forming abil-
ity and biodegradability, to be employed in food packaging applications. Moreover, 
the use of soy protein and gelatin to develop films and coatings not only satisfies the 
needs of consumers, but also helps to add value to industrial by-products and waste 
materials from agricultural, meat, poultry and fish processing industries.

Taking the above into consideration, the aim of this chapter is to provide an over-
view of the current development of food packaging films and coatings based on 
animal and vegetal proteins, giving special emphasis to soy protein and gelatin- 
based films. Furthermore, the improvements carry out in protein-based packaging in 
terms of active materials are intended to be highlighted.
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3.2  Protein Structure and Properties

A proper study of protein structure, folding and interactions is essential to under-
stand their characteristic properties and functions. Proteins can be defined as bio-
logical macromolecules consisting of a linear chain of amino acids that fold into 
three-dimensional structures composed of different secondary structure elements 
(Yan et  al. 2014); thus, α-amino acids are the basic structural units of proteins. 
Natural proteins contain up to 20 different primary amino acids, which are linked 
together by amide bonds. These amino acids are composed of a α-carbon atom 
covalently attached to a hydrogen atom, an amino group, a carboxyl group and to a 
side chain group. This side chain group is characteristic from each amino acid and 
have a direct relationship in the solubility, net charge, chemical reactivity and 
hydrogen bonding potential of the protein (Damodaran 2007). Each amino acid pos-
sesses a range of chemical properties, which collectively endows each protein mol-
ecule with a unique set of physicochemical characteristics. Amino acids can be 
classified according to the chemical properties of their side chain, which provides 
specific characteristics to each amino acid. In particular, the polarity of the amino 
acid side chain, can determine the ability the amino acid has to interact with other 
entities. For instance, polar amino acids are able to interact with other polar amino 
acids and even with water molecules surrounding the protein, improving its solubil-
ity. Moreover, these interactions have an important role in the protein folding 
(Kessel and Ben-Tal 2010).

Proteins possess different amino acid compositions, depending on protein source 
or origin, which influences their interactions with other compounds and their func-
tional properties. As can be seen in Table 3.1, fish gelatins contain mostly glycine 
(31–37%), proline-hydroxiproline (14–20%) and alanine (10–12%); while bovine 
gelatin contains higher amounts of proline-hydroxiproline (22%) and alanine (12%). 
It is worth noting that hydroxyproline is a non-essential amino acid, present mainly 
in collagen but rarely in other proteins, which is produced by hydroxylation of pro-
line. For most gelatins derived from type I collagen, cysteine and tryptophan are 
absent, and the content of tyrosine residues is below 1% (Gómez-Guillén et  al. 
2009; Lassoued et al. 2014). Regarding vegetal proteins, they have a higher amount 
of cysteine, which helps to promote the formation of disulphide bonds (Garrido 
et  al. 2018). Soy protein contains mainly glutamic acid (20%) and aspartic acid 
(12%), as well as leucine (8%) and arginine (8%) (Kalman 2014). Zein is particu-
larly rich in glutamic acid (27%), leucine (21%), proline (10%) and alanine (10%) 
and this high proportion of nonpolar amino acid residues is responsible for the lim-
ited solubility of zein, mainly restricted to aqueous alcohols (Shukla and Cheryan 
2001). With regard to wheat gluten, glutamic acid (32%) and proline (14%) are the 
main amino acid residues (Rombouts et al. 2009).

Protein structure is stabilized through hydrogen bonding and hydrophobic and 
electrostatic interactions among the functional groups of amino acid residues in four 
protein levels (Verbeek and van den Berg 2010), as shown in Fig. 3.1. The primary 
structure refers to the sequence of amino acids linked by the α-carboxyl group of 
one amino acid to the α-amino group of another one through a peptide bond. The 
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chain size as well as the amino acid order define the physical, chemical, structural, 
biological and functional properties of the protein. The next level, the secondary 
structure, is conformed of regular arrangements of the backbone of the polypeptide 
chain. They can be found mainly in two secondary structures, α-helix and β-sheets, 
but also in unordered random coil structures. The folding of the secondary structure 
segments into a compact tridimensional form results in the tertiary structure. The 

Table 3.1 Amino acid concentration of some animal and vegetal proteins

Amino acids
Composition (%)
Fish gelatin Bovine gelatin Soy protein Zein Wheat gluten

Aspartic acida 5.2 4.4 11.6 4.6 2.8
Threonine 2.5 1.7 3.6 3.5 2.8
Serine 6.4 2.9 5.2 7.05 5.7
Glutamic acidb 7.8 7.5 19.8 26.9 31.9
Proline 15.6c 21.9c 5.6 10.5 14.1
Glycine 34.4 34.5 4.1 – 5.4
Alanine 9.6 11.6 4.1 10.5 3.5
Cysteine – – 1.2 0.8 2.2
Valine 1.8 2.1 4.7 4.0 5.4
Methionine 1.7 0.5 1.3 2.4 1.3
Isoleucine 1.1 1.1 4.8 5.0 4.1
Leucine 2.2 2.5 7.7 21.1 7.2
Tyrosine 0.3 0.1 3.7 5.3 2.8
Phenylalanine 1.6 1.2 5.2 7.3 4.4
Histidine 0.8 0.5 2.6 1.3 1.7
Lysine 2.9 2.6 6.0 – 1.4
Arginine 5.6 4.8 7.6 4.7 3.2
Tryptophan – – 1.3 – –

aValue for aspartic acid and asparagine
bValue for glutamic acid and glutamine
cValue for proline and hydroxyproline

Fig. 3.1 The four protein structures: primary, secondary, tertiary and quaternary structures
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formation of this structure assumes the optimization of hydrophobic, electrostatic 
and van der Walls interactions, and hydrogen bonds between the different available 
groups of the protein (Rodrigues et al. 2012). Finally, the disposition of more than 
one peptide chain constitutes the forth level of organization. The protein structure is 
especially important for film formation since it determines the ability of proteins to 
interact with themselves and other components.

Protein structure can be modified by physical (heating, shearing, hydrostatic 
pressure or irradiation), chemical (alkylation, acylation, acetylation or pH altera-
tion) and biochemical methods (enzymes), which result in a structural or conforma-
tional change of the native structure, without altering the amino acid sequence (Zink 
et al. 2016). These structure modifications could improve functional properties of 
the proteins in order to adapt them to a specific final application. These modifica-
tions induce the protein denaturation, promoting protein unfolding and the exposure 
of functional groups followed by new chain associations through intermolecular 
interactions (Cordeiro de Azeredo 2012; Schmid et  al. 2014). Depending on the 
protein source, the denaturation temperature can vary. As an example, thermal dena-
turation of fish collagen was found to be around 35 °C (Pati et al. 2010), whereas 
this is around 75 °C for soy protein isolate (Guerrero et al. 2010). Moreover, addi-
tives and processing conditions have also a direct influence on protein denaturation 
(de Graaf 2000; Gómez-Guillén et al. 2005). Solution pH value is a factor that con-
ditions protein structure and therefore, the functional properties of proteins. 
Intermolecular interactions, such as hydrogen bonds, hydrophobic interactions and 
disulphide bonds, are especially influenced by a pH shift. Proteins exhibit a net 
negative charge at a pH higher than their isoelectric point (IP) and a net positive 
charge at a pH lower than their IP. Thus, when pH is adjusted away from the IP, 
electrostatic repulsion between protein molecules occurs, increasing protein solu-
bility. In turn, at the IP, protein molecules have no net charge, which results in pro-
tein aggregation and precipitation (Wihodo and Moraru 2013).

In order to change protein-protein interactions, cross-linking have been explored 
as a viable method to improve the mechanical strength and barrier properties of 
protein films. In this context, chemicals like aldehydes are used to interact with the 
functional groups of proteins, such as the amino function in lysine and hydroxyly-
sine or the carboxyl group in aspartic and glutamic acids (Etxabide et al. 2015a). 
However, aldehydes can be toxic, so natural cross-linkers are preferred for protein 
modifications. Aragui and Moslehi (2014) cross-linked fish gelatin with caffeic 
acid, a natural phenolic compound, to improve barrier and physicochemical proper-
ties, and Samsalee and Sothornvit (2017) employed rutin, caffeic acid and genipin 
to cross-link porcine plasma protein. Enzymes, such as transglutaminase, are also 
used to cross-link proteins (Al-Saadi et al. 2014; Song and Zhao 2014). In addition 
to physical, chemical and biochemical modifications, the addition of plasticizers is 
often used to modify the brittle behavior of proteins, improving their processability 
and those properties required to employ proteins for the development of films and 
coatings. Possible food grade plasticizers are glycerol, mannitol, sorbitol and 
sucrose, but water also acts as an effective plasticizer (Ustunol 2009). The 
 effectiveness of a plasticizer depends on the size, shape and compatibility with the 
protein matrix. Rezaei and Motamedzadegan (2015) studied the effect of plasticizer 
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type in protein films; results showed that glycerol was a better plasticizer than sor-
bitol since it increased percentage elongation to the breaking point besides impart-
ing suitable tensile strength to the films.

Finally, regarding protein classification, these macromolecules can be classified 
depending on their shape as globular or fibrous proteins. The globular proteins fold 
into spherical or ellipsoidal-shaped structures, resulting from the enrolling on itself, 
holding mutually by an arrangement of hydrogen, ionic, hydrophobic and disul-
phide bonds; while the fibrous proteins are stem-like shaped, coupled in parallel 
constructions by hydrogen bonds to form fibers (Gupta and Nayak 2015). Vegetal 
proteins such as soy protein are an example of globular proteins. They are composed 
of a mixture of albumins and globulins, 90% of which are storage proteins with 
globular structure. According to the sedimentation rate, soy protein consists of four 
major fractions, 2S, 7S, 11S and 15S, being 7S (β-conglycinin) and 11S (glycinin) 
more than 80% of the total protein (Acosta-Dominguez et al. 2016). On the other 
hand, collagen can be an example of a fibrous structured protein. Collagen is com-
posed of three cross-linked α-chains intertwined in the so-called collagen triple- 
helix. Likewise, this structure is mainly stabilized by intra- and inter-chain hydrogen 
bonding that varies according to animal species, age, tissue and other factors (Alfaro 
et  al. 2015). Collagen fibers are hardly soluble, so they are treated by chemical 
denaturation to obtain gelatin. During this process, hydrogen and covalent bonds are 
cleaved, leading to a destabilization of the triple helix as a result of the helix-to coil 
transition and thus, the conversion into soluble gelatin. The structure of gelatin can 
change under the influence of some parameters, such as extraction temperature, pH, 
drying temperature and relative humidity (Duconseille et al. 2017). Overall, these 
structural differences reflect the specific characteristics and functionality of each 
protein. As shown in Table 3.1, fish gelatins show different amino acid profile than 
mammalian gelatins and, consequently, different thermal, rheological, viscoelastic 
and mechanical properties (Díaz-Calderón et  al. 2017). Although the functional 
properties may vary, all proteins have in common some properties that make them 
suitable for food packaging. Their mayor advantages can be attributed to the excel-
lent film forming ability, good transparency, excellent barrier properties against fat 
and oxygen, heat sealability, as well as odorless and tasteless characteristics (Song 
and Zheng 2014; Tongnuanchan et al. 2012, 2016). However, proteins possess great 
sensitivity to water and moderate mechanical properties and thus, the improvement 
of those properties is needed in order to develop new active packaging based on 
animal and vegetal proteins (Lin and Zhao 2007; Park et al. 2014).

3.3  Manufacture of Protein Films and Coatings

Different production techniques are used to manufacture protein films, mainly wet 
and dry processing. The wet process, also called solution casting, is the most widely 
used at laboratory scale owing to its simplicity (Kashiri et  al. 2017a; Liu et  al. 
2017a), but at larger scale films can be produced by extrusion or compression 
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molding (Ciannamea et  al. 2017). Therefore, the technology used in the plastic 
industry can be also used for the production of renewable and biodegradable films. 
A scheme of these manufacturing methods is shown in Fig. 3.2.

Traditionally, protein films and coatings are manufactured by solution casting. 
Although water is the main solvent employed, ethanol-water mixtures can be also 
used for some proteins such as zein. Heating, stirring and pH adjustment are the 
parameters under control in order to obtain homogenous films and coatings, since 
those processing conditions affect protein denaturation, promoting or hindering 
interactions. Once the film forming solution is prepared, it is poured onto petri 
dishes and allowed to dry to form the film (Liu et  al. 2016; Qazanfarzadeh and 
Kadivar 2016) or it is applied directly onto food surface by dipping or spraying 
(Zhong et al. 2014). In order to scale-up production of protein films, tape casting, 
also known as spread casting or knife-coating, has been used in plastic and paper 
industries. This technique consists in spreading the film forming solution on a tape 
and dry it by heat conduction, convection, infrared radiation or a combination of 
them. This technique requires more concentrated protein solutions than the tradi-
tional solution casting (Ortiz et al. 2017). Continuous processes can be carried out 
by this technique, although the measurement of rheological properties is needed in 
order to ensure appropriate flow conditions and minimize undesired sedimentation 
(de Moraes et al. 2013).

Regarding dry processes, when extrusion or compression are employed, proteins 
must be heated above their glass transition temperature to make them flow 
(Ghanbarzadeh and Oromiehi 2008). Additionally, pressure is also applied and plas-
ticizers are added to decrease glass transition temperature and promote the thermo-
plasticity of the protein (Hernandez-Izquierdo and Krochta 2008; Visakh and 
Nazarenko 2017). Plasticizers such as polyols are usually used, but also water can 
act as a plasticizer (Bertuzzi and Slavutsky 2016; Nur Hanani et  al. 2013). 
Concerning extrusion, this technique is a continuous, efficient, high-performance 
and low-cost process, advantageous for large-scale production (Gutiérrez and 
Alvarez 2018). Proteins are fed to the extruder where they are mixed with the incor-
porated additives (Koch et al. 2017). In the feeding zone, the mixture is slightly 
compressed, but compression increases in the kneading zone, where higher pres-
sures are applied. In the heating zone, the highest shear rates, temperatures and 
pressures are achieved and, finally, the product exits from the die and it is pulled 
away at constant velocity (Bertuzzi and Slavutsky 2016). Single-screw extruders or 
twin-screw extruders can be used to push forward and mix the components of the 
film forming formulations (Bouvier and Campanella 2014). Extrusion is a complex 
multi-input-output process in which some parameters must be mastered (Emin et al. 
2017), mainly extruder parameters (screw speed, barrel temperature, screw configu-
ration, die dimension) and process parameters (moisture content, specific mechani-
cal energy, residence time) (Guerrero et al. 2012). In the case of compression, the 
film forming components are mixed and a specific quantity of the mixture is placed 
inside the pre-heated press and pressure is applied to obtain the film (Tatara 2017; 
Türe et al. 2012). Protein films are successfully prepared in short times using this 
process.
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3.4  Food Packaging Based on Animal Proteins

3.4.1  Collagen and Gelatin

Collagen is the main biopolymer in living organisms and the main component of 
connective tissues in vertebrates (around 30% of total body protein content) since it 
constitutes the main building blocks of many structural tissues, such as skin, bones, 
ligaments and tendons (Zuber et al. 2015). Twenty-eight different types of collagen 
can be found in nature, but type I collagen is the most common one (Zhang et al. 
2018). This type of collagen is composed of three types of polypeptide chains 
arranged into a macromolecular fibrillar structure (Wang et  al. 2017c; Tan and 
Chang 2018). These microfibrillar networks present in collagen contribute to its 
high strength, insolubility in water and durable nature (Berkowitz and Houde 2014). 
In spite of this resistance and durability, collagen can disintegrate and biodegrade in 
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certain conditions and, thus, it has been thoroughly studied for packaging applica-
tions (Liao et al. 2017). Collagen has been successfully commercialized as sausage 
casing (Wang et al. 2016a). Some synthetic cross-linkers, such as glutaraldehyde 
and formaldehyde have been used to improve collagen properties (Hu et al. 2014); 
however, since food safety concerns have increased, the employment of natural 
cross-linkers to replace synthetic ones is gaining importance. Wang et al. (2015) 
investigated the influence of some physical cross-linking procedures, believed to be 
safe and effective. Specifically, ultraviolet irradiation (UV), dehydrothermal treat-
ment (DHT) and their combination (UV and DHT) were used to improve the prop-
erties of edible collagen casing. In that study, mechanical properties and thermal 
stability were enhanced without any significant impact on the film appearance. 
Other means of improving mechanical properties are also studied. Taking into 
account that upon gelatinization physicochemical interactions can be created 
between functional groups, Wang et  al. (2017d) intended to promote hydrogen 
bonds between hydroxyl groups in starch and carbonyl or amine groups in the poly-
peptide chains of collagen, incorporating raw starch granules as a reinforcing agent 
in collagen matrix. As a result, interactions between collagen and starch molecules 
were promoted, improving not only mechanical strength but also the water resis-
tance of the resultant composite films. In addition to films, collagen edible coatings 
have been widely applied onto various food products since these coatings can play 
an active role as protective barrier against oxidation and as carriers of active sub-
stances, such as antioxidants and antimicrobials (Hashim et al. 2015). In particular, 
lysozyme is a food grade antimicrobial enzyme, stable over a wide range of pH and 
temperature, which can be used with collagen. It has bacteriostatic, bacteriolytic 
and bactericidal activity and it is efficient in controlling the growth of a great num-
ber of food pathogens. It has been found that fresh salmon fillets coated with 
collagen- lysozyme maintain their quality longer during refrigerated storage 
(4 ± 1 °C) than non-coated fillets (Wang et al. 2017b).

Although collagen properties vary with the employed collagen source, the triple- 
helical structure and the insolubility of the native collagen are maintained, there-
fore, collagen can be hydrolyzed to obtain gelatin. Two types of gelatin are obtained 
depending on the pre-treatment procedure, commercially known as type A gelatin 
(acid pre-treatment conditions) and type B gelatin (alkaline pre-treatment condi-
tions) (See et al. 2015). Gelatins are biodegradable and biocompatible and show 
swelling and gelling capacity as well as thermal stability (Hashim et al. 2015; Patel 
et al. 2018). Porcine skin was the first raw material used for the manufacture of gela-
tin in the 1930s (Gómez-Guillén et  al. 2011). Nowadays, commercial gelatin is 
mainly produced from bovine and porcine skin and bones (Roy et al. 2017), although 
increased interest in other sources of gelatin, such as fish gelatin, has been shown 
(Table 3.2).

Wastes from fishery industries (fish head, viscera, skin, bones, scales) represent 
20-60% of the initial raw material (Rebah and Miled 2013), so the valorization of 
these wastes to obtain fish gelatin could facilitate waste management and lead to the 
development of novel and more sustainable packaging. In recent years, gelatin 
derived from diverse aquatic fish species has been employed to prepare active films 
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with antioxidant and/or antimicrobial properties. The incorporation of polyphenols 
extracted from henna (Jridi et al. 2018), tea (Feng et al. 2017), or olives (Bermúdez- 
Oria et al. 2017) into fish gelatins has been found to extend the shelf life of meat, 
fish and fruit, respectively. Also EOs have been used to produce active packaging; 
in particular, thyme EO (Lee et al. 2016), oregano EO (Hosseini et al. 2016), and 
peppermint and citronella EOs (Yanwong and Threepopnatkul 2015), which have 
shown antimicrobial properties against some food spoilage bacteria such as 
Staphylococcus aureus and Escherichia coli. Beside natural antimicrobial and anti-
oxidant additives, natural cross-linkers such as lactose (Etxabide et al. 2015b) and 
citric acid (Uranga et al. 2016) have been incorporated into fish gelatin film forming 
solutions to improve barrier properties and prevent food oxidation caused by light.

EOs have been also incorporated into bovine gelatin to inhibit the growth of 
microorganisms; specifically, oregano and lavender EOs have been found to be 
effective against food spoilage bacteria, especially gram-positive bacteria, being 
oregano the EO that exhibited the most effective antimicrobial and antioxidant 
effect (Martucci et al. 2015). The effect of other natural additives, such as brown 
seaweed extract, on bovine gelatin films has been also analyzed and results have 
shown that higher seaweed extract contents led to increased antioxidant activity 
(Kadam et al. 2015). Even waste from minimally processed carrots have been used 
to prepare bovine gelatin films that retard sunflower oil oxidation (Iahnke et  al. 
2015).

Table 3.2 Bovine, porcine and fish gelatin-based active films and coatings

Gelatin Active agent
Additive 

role Reference

Bovine 
gelatin

α-tocopherol, cinnamaldehyde and 
garlic EOs

AO Córdoba and Sobral (2017)

Carrot residue fiber AO Iahnke et al. (2015)
Brown seaweed extract AO Kadam et al. (2015)

Oregano and lavender EOs AMAO Martucci et al. (2015)
Porcine 
gelatin

Ascorbic acid AO Kowalczyk (2016)
Ethanol hop extract AO Kowalczyk and Biendl (2016)

Curcuma ethanol extract AO Bitencourt et al. (2014)
Fish gelatin Aqueous extracts of henna AMAO Jridi et al. (2018)

Olive phenols AM Bermúdez-Oria et al. (2017)
Aloe vera AO Chin et al. (2017)

Tea polyphenol AMAO Feng et al. (2017)
Esculine AO Liang et al. (2017)
Boldine AOAM López et al. (2017)

Coumarin AO Benbettaïeb et al. (2016)
Chitosan nanoparticles AM Hosseini et al. (2016)

Thyme EO AM Lee et al. (2016)
Peppermint and citronella EOs AM Yanwong and Threepopnatkul 

(2015)

AO antioxidant; AM antimicrobial

3 The Potential of Vegetal and Animal Proteins to Develop More Sustainable Food…



36

Some antioxidants, such as ascorbic acid (Kowalczyk 2016) or ethanolic hop 
extract (Kowalczyk and Biendl 2016) have been incorporated into porcine gelatin 
films and a controlled antioxidant release from gelatin film was observed. Also the 
ethanolic extract of curcuma has been added to porcine gelatin films (Bitencourt 
et al. 2014). Curcuma contains phenolic compounds responsible for its antioxidant 
and anti-inflammatory activities. The incorporation of this additive into porcine 
gelatin films resulted in interactions between the phenolic compounds and gelatin, 
improving the UV-vis light barrier properties of gelatin films, besides the improve-
ment of their antioxidant capacity.

3.4.2  Milk Proteins: Casein and Whey Protein

Milk and dairy products, especially milk proteins such as caseins and whey pro-
teins, contain numerous essential nutrients. Water makes up more than 80% of the 
total weight of milk, whereas protein composition varied with the source of milk 
(Massouras et al. 2017; Wang et al. 2016b). Casein is the main protein fraction of 
ruminant milk (Tsakalidou and Papadimitriou 2016), while whey protein consti-
tutes the 18% of total cow milk protein content (Ganju and Gogate 2017).

Casein is responsible for the white and opaque appearance of milk and it com-
prises four different components, known as αS1-, αS2-, β- and κ-casein (Sarode et al. 
2016; Zhang et al. 2017). It is present in the form of spherical complexes with an 
average radius of about 100 nm, called casein micelles, which contain nanoclusters 
of colloidal calcium phosphate (Balakrishnan et al. 2017). Casein-based films are 
attractive for food applications due to their high nutritional quality, excellent sen-
sory properties and potential to protect food products from their surrounding envi-
ronment (Ponce et al. 2016). Depending on the coagulation method, two different 
caseins can be obtained, known as rennet and acid caseins (Barbé et al. 2014). Acid 
casein can be solubilized by neutralization with a base as sodium, potassium or 
calcium hydroxide to get sodium, potassium or calcium caseinates (Early 2012). 
Rennet casein, acid casein and sodium caseinate films have been successfully man-
ufactured by extrusion and a considerable range of properties was obtained, from 
water-soluble sodium caseinate films to insoluble and hydrophobic acid casein films 
(Chevalier et al. 2018). However, caseinates are more employed than acid and ren-
net caseins for food packaging, since they do not have colloidal calcium phosphates 
and are highly water-soluble. Sodium caseinate coatings containing different EOs, 
such as ginger EO (Noori et al. 2018) and Zataria multiflora EO (Emam-Djomeh 
et al. 2016) have been used to extend food shelf life. Although sodium caseinate 
films present higher flexibility than calcium caseinate films, calcium caseinate show 
higher thermal stability (Arrieta et al. 2013). Also Belyamani et al. (2014) prepared 
sodium and calcium caseinate films and observed that calcium caseinate films 
exhibited better mechanical properties than sodium caseinate films.

Whey protein is one of the most important by-products of dairy industry obtained 
during cheese and casein production. In fact, significant quantities of this protein are 
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obtained in cheese production, 8–9 kg of whey are produced per each 1–2 kg of 
cheese (Corbatón-Báguena et al. 2015). Whey is a complex mixture of water- soluble 
globular proteins whose principal components are β-lactoglobulin, α-lactalbumin, 
serum albumin, lactoferrin, immunoglobulins, lactose and soluble mineral salts 
(Amaya-Farfan et al. 2016). Four major forms of whey protein are used: whey pro-
tein concentrate (WPC), whey protein isolate (WPI), whey protein hydrolysates 
(WPH) and native whey protein (NWP). In the field of food packaging, WPI (more 
than 90% protein content) and WPC (29–89% protein content) are mostly used (Li 
et al. 2018). WPI coatings have been applied onto peanuts (Riveros et al. 2013), 
pike-perch fillets (Shokri and Ehsani 2017) and cut apples, potatoes and carrots 
(Marquez et  al. 2017). All of them contributed to delay oxidation and microbial 
growth, extending food shelf life. WPI films with different active additives have also 
been prepared and characterized. Xie et al. (2017) analyzed the effect of WPI-based 
films in modified atmosphere packaged (MAP) and vacuum packaged tuna, high-
lighting the effectiveness of WPI films to enhance physical and microbiological 
attributes. In another study, Boyaci et al. (2016) designed a novel activate-at-home- 
type antimicrobial packaging, based on lysozyme, oleic acid and WPI, to increase 
the safety of the remained food left in the package after opening the original MAP 
or vacuum packaging. In this study, the possibility of employing antimicrobial films 
with pH controlled release properties was tested and it was found that the films 
showed antimicrobial activity on cold stored smoked salmon slices. Overall, 
researches on whey protein films have been focused on the use of WPI; neverthe-
less, several WPCs with protein contents from 35 to 80% have been carried out. 
Ribeiro-Santos et al. (2017) assessed the optimal blend of cinnamon, rosemary and 
basil EOs to enhance the antimicrobial and antioxidant activities of WPC active 
packaging. Result showed that the optimal blend of EOs consisted of two species of 
cinnamon (51% of Cinnamomum cassia and 34% of Cinnamomum zeylanicum) and 
rosemary (15%). In addition, an active WPC coating containing Origanum virens 
EO was applied on sausages during industrial production and food was regularly 
monitored for four months (Catarino et  al. 2017). This WPC coating effectively 
extended the sausages shelf life, delaying microbial spoilage and preventing lipid 
oxidation and color fading.

3.4.3  Other Animal Proteins

In addition to collagen, gelatin and milk proteins other animal proteins have been 
employed for food packaging. Among them, myofibrillar proteins, mainly com-
posed of myosin (∼200  kDa) and actin (∼45  kDa), are soluble in moderate salt 
solutions and form films with good mechanical properties (Gómez-Estaca et  al. 
2014b). In general, myofibrillar proteins are derived from the muscle protein 
extracted from the fishery industry wastes. Different fish species can be used for the 
muscle protein extraction, such as tilapia (Kaewprachu et al. 2017, 2018), jumbo 
squid, the largest and most abundant squid species found in the pelagic zone of the 
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eastern Pacific (Blanco-Pascual et al. 2013, 2014), and sliver carp, one of the main 
freshwater fish species in China (Nie et al. 2015); however, myofibrillar protein can 
be also extracted from other sources, such as chicken breast (Cercel et al. 2015).

Keratin, also a fibrous protein, is one of the most abundant proteins since it is the 
major constituent of fur, nails, wool, feathers, horns, and hooves (Holkar et  al. 
2018). Nevertheless, this protein is highly-structured due to disulphide linked poly-
peptides and, thus, few works are focused on turning this waste into films (Nassar 
et al. 2012; Song et al. 2014).

Finally, egg albumen is a mixture of eight globular proteins known as ovalbumin, 
ovotransferrin, ovomucoid, ovomucin, lysozyme, G2 globulin, G3 globulin and avi-
din. Lacroix and Vu (2014) reported that the utilization of egg albumen for clear and 
transparent films and coatings preparation is of particular nutritional interest due to 
its antioxidant effectiveness. As an example, gelatin-egg albumen films incorporat-
ing sepiolite and clove EO have shown antioxidant and antimicrobial activities 
(Giménez et al. 2012). It is also worth noting that some assessments related to the 
use of egg yolk as a film forming material have been recently published (Fuertes 
et al. 2017).

3.5  Food Packaging Based on Vegetal Proteins

3.5.1  Soy Protein

Soy protein is extracted from soybeans used to obtain soy oil. According to United 
States Department of Agriculture (USDA), the soybean production in 2016/2017 
was around 350 million tons worldwide (USDA 2017), which make this resource 
abundant, accessible and low-cost. During soy oil extraction, secondary products 
such as soy flour (SF), soy protein concentrate (SPC) and soy protein isolate (SPI) 
are obtained (Preece et al. 2017). These three products differ in the protein concen-
tration, SF has the less protein content, around 40–60% protein, combined with fats 
and carbohydrates; SPC contains around 60–70% protein, a polysaccharide fraction 
of around 8–15%, mainly composed of cellulose and pectic polysaccharides, and a 
minor content of fats (1%), fibers (1–3%) and ashes (3–5%); and SPI contains about 
90% protein (Ciannamea et al. 2014). Due to this high amount of protein, its renew-
ability, biodegradability and abundance, SPI has become a potential candidate in the 
polymer industry for food packaging applications (Garrido et al. 2014; Božič et al. 
2015). These bio-based materials must fulfill certain conditions to maintain food 
sensory quality and safety by serving selective barriers to moisture transfer, oxygen 
uptake, lipid oxidation and losses of volatile aromas and flavors, without forgetting 
the requirement of having an adequate mechanical behavior (González et al. 2015). 
For that reason, a high amount of research works has been published focused on 
meeting all these requirements.
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SPI films have inferior mechanical properties and lower resistance to moisture 
than synthetic plastics; thus, different methods have been studied in order to modify 
SPI with the aim of overcoming these drawbacks. Among these methods, blending 
with natural substances (Pan et al. 2014; Wang et al. 2014), chemical cross-linking 
(Xu et  al. 2015; Jiang et  al. 2017), employment of different processing methods 
(Garrido et  al. 2016) and enzyme treatment (Meinlschmidt et  al. 2015) can be 
highlighted.

The incorporation of additives, such as other proteins, polysaccharides, lipids or 
other natural substances, has been widely considered in order to take advantage of 
the properties of each compound and the synergy between them. In that way, the 
properties of SPI-based films and coatings can be enhanced and new functionalities 
can be provided. Bai et al. (2013) studied the incorporation of gelatin into SPI-based 
films. Results showed an increase of tensile strength, elongation at break and con-
tact angle and a decrease of water vapor transmission rate. The addition of polysac-
charides has also been considered. Sui et al. (2016) incorporated guar gum into SPI 
films and results indicated that guar gum induced increased network compactness, 
resulted from strong intermolecular interactions. Consequently, SPI-based films 
were more tensile-resistant, water-resistant and had better barrier properties to light. 
The addition of starch into SPI films has also been used. Starch nanocrystals 
improved the tensile strength and elastic modulus of SPI films, which became more 
rigid due to the interactions and the high cohesion between the two components; 
additionally, the solubility, swelling and water vapor permeability (WVP) decreased 
(González and Igarzabal 2015). Regarding mechanical properties, similar trend was 
observed when cassava starch (Chinma et al. 2012) or oxidized potato starch was 
incorporated into SPI films (Galus et al. 2013). On the other hand, taking advance 
of the good properties of lipids, Hopkins et al. (2015) combined SPI with flaxseed 
oil to perform films with lower moisture content and swelling but with higher 
strength.

The added compounds can also act as cross-linkers and contribute to the enhance-
ment of the film network. Xia et al. (2015) employed an epoxidized soybean oil, an 
environmentally friendly cross-linking agent derived from soybean, which effec-
tively improved tensile strength values in a 139.8% and the modulus in a 695.6% as 
compared to the untreated SPI-based films, whereas Friesen et  al. (2015) deter-
mined that the incorporation of rutin into SPI films decreased the WVP and increased 
the film strengthen.

It is also well known that the processing methods also affect the film properties. 
In this context, Liu et al. (2017b) prepared soy protein isolate/propylene glycol algi-
nate/lauric acid films by direct blending and by co-dried blending. The obtained 
results demonstrated that the films prepared by co-drying had better barrier and 
mechanical properties. Moreover, Garrido et al. (2018) carried out the assessment of 
hydrolyzed keratin/soy protein films processed by casting and compression molding 
by means of the analysis of physicochemical, thermal, mechanical, optical and sur-
face properties. Films processed by compression achieved better mechanical prop-
erties in terms of tensile strength, which increased with the incorporation of 
hydrolyzed keratin.
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On the other hand, the efficiency of soy protein films to work as carriers for anti-
oxidants, such as chestnut bur extract (Wang et al. 2016c), tannins (Wang and Wang 
2017) or catechin (Han et al. 2015), and antimicrobial agents, such as thymol (anti-
bacterial) and natamycin (antifungal) (González and Igarzabal 2013), has been 
proved by many authors. Natural extracts or bioactives, such as anthocyanin-rich 
red raspberry (Wang et al. 2012), mango kernel extract (Adilah et al. 2018) or lico-
rice residue extract (Han et  al. 2018), can also have influence on the functional 
properties of films, apart from improving the antioxidant or antimicrobial activity 
inherent of each additive. For instance, it was determined that the incorporation of 
mango kernel extract increased the tensile strength of SPI-based films and reduced 
the water solubility and elongation at break; whereas, licorice residue extract 
improved the mechanical, water, oxygen and light barrier properties when its con-
tent was lower than 70 g per kg of protein. Echeverría et al. (2016) carried out the 
addition of clove EO into SPI films reinforced with montmorillonite. Besides the 
important antioxidant and antimicrobial properties provided by the EO, a plasticiz-
ing effect was exerted. Furthermore, the nanoclay caused a further strengthening 
effect in films containing clove EO; whilst nanocomposite films containing 10 g 
montmorillonite/100 g SPI reached an increase of 105 and 200% in tensile strength 
and Young’s modulus, respectively, those that also contained clove reached higher 
variations (230 and 345%, respectively). Phenolic compounds, such as carvacrol, 
ferulic, caffeic and gallic acids, have been also successfully employed in SPI films. 
In general, the effect of phenolic acids incorporated into protein-based films is con-
trolled by two different features: their ability to form hydrogen bonds or other inter-
actions between the carboxyl groups and the amino groups of proteins, and their 
affinity towards water that results in high water absorption (Ganiari et al. 2017). 
Otoni et al. (2016) incorporated carvacrol and cinnamaldehyde and promoted an 
increase in the rigidity of films, while Insaward et al. (2015) studied the influence of 
ferulic, caffeic and gallic acids and their oxidized products. Results determined that 
gallic acid-containing films exhibited the highest tensile strength and elongation at 
break, and oxidized phenolic acids were shown to produce films with higher tensile 
strength and elongation at break than their unoxidized counterparts. Moreover, 
phenolic- containing films showed reduced WVP and water solubility and increased 
contact angles.

Some research studies have demonstrated that films and coatings based on soy 
protein have multiple benefits regarding the extension of food shelf life; in particu-
lar, reduction of oxidation and discoloration, retardation of rancidity processes, 
inhibition or reduction of the microbial contamination, prevention of moisture loss 
and diminution of the loss of flavor compounds, stand out as the most significant 
ones. Some studies that demonstrated the potential of SPI-based films and coatings 
for food products, such as meat, fish, fruits, vegetables and others, are outlined in 
Table 3.3.

Strategies to extend the quality of fruits and vegetables need to target several key 
challenges, such as minimizing dehydration, reducing or avoiding microbial growth 
and extending maturation and senescence periods. The incorporation of chitosan 
and stearic acid (Wu et al. 2017) and ferulic acid (Alves et al. 2017) into SPI films 
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extended the shelf life of apples and improved film properties, including gas perme-
ability and tensile strength. In another study, Arancibia et al. (2014) showed that the 
addition of 3% w/v citronella EO to SPI films blended with lignin had good 
 antifungal activity against pathogen microorganisms (Fusariun oxysporum) in 
bananas. Also the application of SPI coatings with citral and limonene preserved 
postharvest quality of lime and provided antifungal activity against Penicillium ita-
licum in inoculated limes (González-Estrada et al. 2017). Other additives, such as 
cysteine (Ghidelli et al. 2014, 2015), lauric acid and propylenglycol alginate (Zeng 
et al. 2013), incorporated into SPI coatings have shown to reduce enzymatic brown-
ing and improve the quality of artichokes, eggplant and jujubes. The prevention of 
other effects indicative of quality loss, such as shrinkage, oxidative off-flavors, 
microbial contamination and discoloration in meat, fish and poultry products is also 
of great importance. Echeverría et al. (2018) applied soy protein/montmorillonite/
clove EO films for the preservation of refrigerated of tuna fillets. It was observed 
that SPI- based films decreased Pseudomonas growth and lipid oxidation; further-
more, montmorillonite favored the release of clove EO, extending the tuna shelf life. 
Also SPI coatings have been found to be effective for meat preservation by delaying 
lipid oxidation and color deterioration and maintaining textural parameters in beef 
patties (Guerrero et al. 2015). Beef has also been coated employing SPI with thyme 
and oregano EOs. According to Yemiş and Candoğan (2017), these soy protein coat-
ings exhibited antimicrobial activity against E. coli O157:H7, Listeria monocyto-
genes and S. aureus. Moreover, Coşkun et al. (2014) confirmed that the addition of 
these two EOs controlled lipid oxidation in SPI-coated beef patties. Other bioac-
tives, such as cinnamaldehyde and eugenol (Zhang et  al. 2013) or nisin, sodium 
lactate and EDTA (Liu et al. 2017c) have also showed significant inhibitory effect 
on the growth of S. aureus, Pseudomonas and yeast, being cinnamaldehyde-con-
taining SPI films the most effective ones. The films containing 6% EOs showed the 

Table 3.3 SPI-based films or coatings for food packaging

Active agent
Additives 

role
Test in 
food Processing Reference

Clove EO AMAO Tuna Casting Echeverría et al (2018)
NisinSodium lactate 

EDTA
AM Pork Casting Liu et al. (2017c)

CinnamaldehydeEugenol AM Pork Casting Zhang et al. (2013)
Thyme EOOregano EO AM Beef Casting Yemiş and Candoğan 

(2017)
Thyme EOOregano EO AO Beef Casting Coşkun et al. (2014)

CitralLimonene AM Persian 
lime

Coating González-Estrada et al. 
(2017)

Ferulic acid AO Apple Casting Alves et al. (2017)
Citronella EO AM Banana Casting Arancibia et al. (2014)
Cinnamon oil AM Dry tofu Casting Liu et al. (2014)

Catechin AO Walnut Coating Kang et al. (2013)

AO antioxidant; AM antimicrobial
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preservation effect on pork. Besides that, films showed a significant antimicrobial 
effect on three food pathogens, E. coli, Salmonella and Bacillus cereus when nisin, 
sodium lactate and EDTA were incorporated into SPI films, extending pork shelf 
life up to 3–6 days.

3.5.2  Zein

Zein is a protein used for food packaging applications, since it exerts better barrier 
against transmission of water vapor and volatile compounds as compared to other 
types of protein films (Ozcalik and Tihminlioglu 2013). Moreover, zein has excel-
lent film forming ability since it is believed to involve development of hydrophobic, 
hydrogen and limited disulphide bonds between zein chains in the film matrix 
(Bourtoom 2008). This biopolymer can be defined as a water-insoluble hydrophobic 
storage protein found in corn. Based on solubility and sequence homology, it can be 
separated into α-zein (19 and 22 kDa), β-zein (14 kDa), γ-zein (16 and 27 kDa) and 
δ-zein (10 kDa). α-zein, which consists on highly homologous repeat units with a 
high content of α-helix (Zhang et al. 2015), composes around 70–85% of the total 
fraction of zein mass, while γ-zein is the second most abundant fraction 
(10–20%).

As happened with other proteins, the brittleness is the major disadvantage of 
zein. It is known that the incorporation of plasticizers helps to reduce the brittleness 
(Xu et al. 2012), but blending or mixing with other natural compounds can also be 
a solution due to the benefits that these components can provide to the film. Since 
zein and gliadin are both readily dissolved in aqueous ethanol and have a good film- 
forming property, Gu et  al. (2013) prepared films with these two proteins. The 
results showed that the addition of gliadin enhanced the strain at break of zein films 
as a result of the increase in the content of α-helix and β-turn structures and the 
decrease in the level of β-sheet structure. Cheng et al. (2015) prepared active zein 
films with chitosan and phenolic compounds (ferulic acid or gallic acid) and dicar-
boxylic acids (adipic acid or succinic acid). The antimicrobial properties against S. 
aureus and E. coli were determined and the antioxidant activity was confirmed by 
DPPH and ABTS free radical scavenging tests. Additionally, zein glycosylated with 
chitosan by transglutaminase has resulted effective in retarding lipid oxidation of 
ground pork, indicating that enzymatic glycosylation might be a new approach to 
modify the functional properties of zein (Wang et al. 2017e).

Other authors have also employed the cross-linking strategy to obtain zein films 
with enhanced properties. Succinic anhydride, eugenol and citric acid were 
employed by Khalil et al. (2015) as natural cross-linking agents. All cross-linked 
films showed remarkable antibacterial activities against B. cereus ATCC 49064 and 
Salmonella enterica ATCC 25566. However, these cross-linkers were also added to 
modify zein chemically in order to improve the functional properties of the films; 
thus, the addition of these compounds resulted in two- to three-fold increases in 
tensile strength values. On the other hand, Santos et al. (2017) assessed the addition 
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of tannic acid, especially in its oxidized form, to cross-link zein and concluded that 
higher tannic acid contents and pH values resulted in films with better physical 
properties.

In general, one of the advantages of working with zein comes from its hydropho-
bicity, which makes it compatible with natural antimicrobials (Yemenicioğlu 2016). 
Naturally occurring antimicrobial compounds are an alternative to synthetic preser-
vatives and their use is increasingly growing. In this context, many natural antimi-
crobial agents have been employed to develop zein films with antimicrobial effects. 
Z. multiflora Boiss. is a thyme-like plant belonging to the Lamiaceae family, being 
carvacrol and thymol its main antimicrobial components. The addition of these two 
EOs into zein films was studied by Kashiri et al. (2017a) and Moradi et al. (2016). 
These authors confirmed the good antimicrobial properties of Z. multiflora Boiss. 
against L. monocytogenes and E. coli, as well as the good antioxidant properties of 
these substances. Moreover, Kashiri et al. (2017b) demonstrated that the addition of 
Z. multiflora Boiss. EO caused an increase in the percent of elongation at break of 
the films. Alkan and Yemenicioǧlu (2016) not only evaluated the employment of 
carvacrol and thymol EOs into zein films, but also studied other EOs, such as euge-
nol and citral, some phenolic acids like gallic, vanillic and cinnamic acids, and 
phenolic extracts from clove, oregano, artichocke stem and walnut shells. The 
incorporation of these promising antimicrobial compounds into zein films show 
positive results against bacterial plant pathogens, such as Erwinia amylovora, 
Erwinia carotovora, Xanthomonas vesicatoria and Pseudomonas syringae. 
Moreover, these authors concluded that phenolic-containing zein coatings could 
provide an additional post-harvest benefit by delaying bacterial spoilage of coated 
fresh fruits and vegetables.

A limited number of studies have investigated the effectiveness of zein-based 
films in fresh products. Ünalan et al. (2013) determined the release profiles of lyso-
zyme and mixtures of lysozyme and phenolic compounds (catechin and gallic acid) 
from zein and zein-wax composite films to cold-stored fresh Kashar cheese. They 
concluded that all lysozyme-containing films prevented the increase of L. monocy-
togenes counts in the cheese stored at 4 °C for 8 weeks. However, only zein-wax 
films with sustained lysozyme-release rates caused a significant reduction in initial 
microbial load of inoculated cheese samples. The mixture of catechin and gallic 
acid improved the in vitro antimicrobial effect of films against L. monocytogenes, 
but showed no considerable antimicrobial effect in cheese. In another study (Chen 
et al. 2016), grass carp fish balls were coated by zein containing a polymeric chela-
tor based on hexadentate 3-hydroxypyridinones. The study demonstrated that this 
coating could effectively improve the sensory properties of fish balls and maintain 
their freshness due to the inhibition of microbial growth and the delay of protein 
decomposition and lipid oxidation during storage. Mehyar et al. (2014) coated Berhi 
date palm fruits, harvested at the khalal stage, with different edible materials, 
including zein protein. Results confirmed that zein coatings was one of the most 
effective coating in retarding fruit maturation by extending the khalal stage from 7 
to more than 14 days.
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3.5.3  Wheat Gluten

Wheat gluten is a storage protein obtained as a by-product of the isolation process 
of starch from wheat flour (Day 2011). This protein consists of a mixture of two 
main proteins, gliadins and glutenins, which differ in their solubility in aqueous 
alcohols and in their propensity to form intermolecular disulphide bonds (Zubeldía 
et al. 2015). Gliadins are monomers, while glutenins are composed of discrete poly-
peptide subunits linked together by interchain disulphide bonds to form high molec-
ular weight polymers. Therefore, gluten proteins cover a broad range of molecular 
masses up to several million daltons. The amount of disulphide bonds as well as the 
hydrogen bonds present in wheat gluten play an important role in the structure and 
properties of this protein (Pommet et al. 2005). Zein and wheat gluten share many 
similarities, including the solubility in aqueous alcohols, the high amount of pro-
line, low-cost and availability (Dahesh et al. 2016). Moreover, since these two pro-
teins are insoluble in water, they produce insoluble coatings. However, wheat gluten 
as compared to zein, exhibits remarkable viscoelastic properties which promote 
largely the film forming ability. As other proteins, wheat gluten films have limited 
resistance to water vapor and weak mechanical properties, but the chief advantage 
of using gluten as a raw material is its low oxygen permeability rates (Tanada- 
Palmu et al. 2000; Mojumdar et al. 2011).

Regarding film forming techniques, many authors have used thermo-mechanical 
processing to manufacture wheat gluten films (Ansorena et al. 2016; Thammahiwes 
et  al. 2017). Exposing wheat gluten to high temperatures results in important 
changes in the type and degree of covalent cross-linking within the molecular net-
work, which leads to brittle wheat gluten films in the absence of plasticizers (Jansens 
et al. 2013). Thus, incorporation of plasticizers in wheat gluten film forming solu-
tions is required to promote film flexibility, being glycerol the most used plasticizer 
(Duval et al. 2015; Sharma et al. 2017). As in the case of the previously mentioned 
proteins, blending or mixing with other biopolymers can be also a way to enhance 
wheat gluten film properties. In this regard, the influence of adding some polysac-
charides, such as locust bean gum, methyl cellulose, carboxymethyl cellulose 
(Zárate-Ramírez et al. 2014), starch (Basiak et al. 2015, 2017) and chitosan (Chen 
et al. 2014), has been analyzed.

During the last few years, a number of studies have aimed to evaluate the effec-
tiveness of wheat gluten films against food-contaminating fungi and microbes in 
order to provide evidence of their applicability in different food products. E. coli, 
Salmonella Typhimurium, S. aureus, B. cereus and L. monocytogenes are common 
pathogens that can damage the foodstuffs; thus, Barazi and Osman (2017) evaluated 
the antimicrobial activity of gluten films with different concentrations of Origanum 
vulgare EO against these pathogens. Other antimicrobial agents, such as clove, red 
thyme, carvacrol, cinnamaldehyde and white thyme also showed antimicrobial 
effectiveness against Aspergillus niger, Candida albicans, E. coli and S. aureus 
(Gómez-Heincke et al. 2016). Also the incorporation of formic acid and oregano EO 
into wheat gluten films has demonstrated antimicrobial activity against A. niger, 
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Candida kefyr, B. cereus and E. coli. (Martínez et al. 2013). Pomegranate peel and 
curry leaf extracts have also been employed in the development of wheat gluten- 
based films in order to extend the life of cherry tomatoes and mangoes (Kumari 
et  al. 2017). It was observed that pomegranate peel extract showed significantly 
higher antibacterial activity than curry leaves powder against tested pathogens, S. 
aureus and Micrococcus luteus. The antimicrobial performance of wheat gluten 
films was tested on meat products (Massani et al. 2014). Wheat gluten-containing 
Lactobacillus curvatus CRL705 was employed to assess the release properties in 
contact with substances commonly used as food simulants (sunflower oil and water). 
According to the results, it should be expected that in the timescale of vacuum- 
packaged cooked sausages (approximately 30–40 days), the film could provide an 
efficient antimicrobial effect on these products.

Although the research interest has been focused on manufacturing active films 
for packaging applications, intelligent packaging development is growing gradually 
(Ghaani et al. 2016; Gutiérrez et al. 2016a, b). According to Biji et al. (2015), an 
intelligent packaging material can be defined as a material that monitor the condi-
tion of packaged food or the environment surrounding food to give information 
regarding the quality of the packaged food during transportation and storage. 
Therefore, monitoring carbon dioxide as well as controlling the variation of relative 
humidity in food packages could be interesting so as to give a better control on the 
evolution of food metabolism and to meet the consumers demand for high quality 
food products. With regard to wheat gluten, this is considered a polarizable material 
having dielectric properties (Sharma et al. 2010); thus, this protein could be suitable 
to manufacture intelligent packaging. In fact, Bibi et al. (2017) mentioned that the 
electric and dielectric properties of wheat gluten are known to be sensitive to carbon 
dioxide. For that reason, gluten-based films could be used for monitoring packaging 
headspace in intelligent packaging systems. In that context, the authors were able to 
determine the potential use of wheat gluten as a carbon dioxide sensor, showing 
interesting results particularly at high relative humidity values (90% RH). Moreover, 
Bibi et al. (2016) investigated wheat gluten protein to monitor relative humidity, 
confirming the good sensitivity of wheat gluten at high relative humidity values, 
ideal for foreseen applications related to the control of packed food products.

3.5.4  Other Vegetal Proteins

Although soy protein, zein and wheat gluten are widely studied and employed pro-
teins, other vegetal proteins have also been considered to develop active films and 
coatings. Sunflower protein films with clove EO were used for the preservation of 
refrigerated sardine patties, retarding lipid oxidation and delaying the growth of 
total mesophiles (Salgado et al. 2013). The viability of canola for food packaging 
applications has also been studied. Canola is mostly obtained as a by-product from 
the oil industry, but it is underutilized in the marketplace since it is sold traditionally 
for its use as livestock feed. The protein content within the meal can be up to 50% 
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(on a dry weight basis) and has a well-balanced amino acid profile and thus, it has 
been used for the preparation of films plasticized with glycerol (Chang and 
Nickerson 2015), sorbitol or polyethylenglycol (Chang and Nickerson 2014). Other 
vegetal proteins such as bitter vetch seeds, which contain up to 25% of protein, are 
also an inexpensive source of protein and could thus be an affordable raw material 
to produce films for food applications; however, bitter vetch protein films do not 
satisfy mechanical requirements (Arabestani et  al. 2013). Hence, different addi-
tives, such as oxidized ferulic acid (Arabestani et al. 2016a) or pomegranate juice 
(Arabestani et al. 2016b) have been incorporated into film forming formulations to 
enhance properties, obtaining markedly higher tensile strength and elongation at 
break values. Recently, edible oil production from hazelnuts has become increas-
ingly important since hazelnut oil has similar fatty acid profile to olive oil, so due to 
its nutritive value and high protein content, the hazelnut meal obtained from oil 
extraction is gaining success. Aydemir et al. (2014) demonstrated that hazelnut pro-
tein isolate shows antioxidant, anticancerogenic and antihypertensive activity, but 
poor emulsifying, gelling and water absorption capacities. However, hazelnut pro-
teins form transparent, light to brown colored and flexible films. Also sesame pro-
tein is obtained as a by-product of oil extraction. Sesame meal contains 35–40% 
protein and can be used for film formation. Sharma and Singh (2016) employed 
sesame protein isolate, extracted from defatted sesame meal, to prepare films. 
Although further research should be done to improve the mechanical and optical 
properties of those films, this protein can be used for food packaging of fruits and 
vegetables since it provides barrier to moisture.

3.6  Conclusions and Future Trends

Films and coatings based on animal and vegetal proteins are promising systems to 
be used for food packaging applications. However, the proper understanding of the 
role of each component of the packaging is a key issue in order to develop films and 
coatings with the suitable functional properties to control the mechanism of food 
deterioration in order to improve food quality and extend food shelf life, fulfilling 
all the specifications required for those materials in contact with food. Several stud-
ies have been focused on optimizing the composition, functional properties and 
processing methods of protein-based films and coatings in order to develop eco-
nomically and environmentally sustainable materials able to compete against syn-
thetic plastics and reduce their use as food packaging. Therefore, the employment 
of protein along with bioactive compounds, which can be extracted wastes or by- 
products from agriculture, meat, poultry and fish processing industries, could con-
tribute to the cost-effective production of this environmentally friendly packaging, 
as well as to the promotion of new desirable functionalities. There is a growing 
number of research works that apply protein films and coatings onto fresh food, 
demonstrating that these proteins are able to improve the quality, safety, functional-
ity and shelf life of food products, consequently, new market opportunities are 
opened for the commercial implementation of this protein-based food packaging.
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Chapter 4
Properties of Micro- and Nano-Reinforced 
Biopolymers for Food Applications

Sofía Collazo-Bigliardi, Rodrigo Ortega-Toro, and Amparo Chiralt

Abstract Food packaging implies a significant consumption of different materials, 
of which plastics are the second most widely used. So, the development of biopoly-
mers for food packaging applications is critically important. Although several 
biopolymers are available for different applications, they have some drawbacks and 
their functional properties need to be adapted for food packaging requirements. 
The incorporation of micro- and nano-fillers into the biopolymer matrix has proven 
to be an alternative means of improving their mechanical and barrier properties. In 
composites, the polymer forms the continuous matrix while the dispersed filler 
phase helps to positively modify the functional characteristics of the material. 
Different kinds of fillers have been used which modify the material characteristics 
as a function of their content and filler-matrix interactions. The particle size and 
shape, the amount and distribution and the chemical nature of the fillers are key fac-
tors in the final properties of the composite. In general, thermomechanical processes 
with high shearing forces and temperatures for the required time are needed to guar-
antee the convenient dispersion of the filler within the polymer matrix. In this chap-
ter, the different kinds of fillers used in biopolymer composites have been 
summarized. The relevant surface properties and the changes induced by fillers on 
the mechanical, barrier and thermal properties of micro- and nano-composites have 
been discussed, with emphasis on food packaging applications. The processing 
techniques, formulation and final structure of materials have also been reviewed, as 
well as the influence of the fillers on the biodegradation behaviour of composites.
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· Thermomechanical process
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Abbreviations

AFM Atomic Force Microscopy
Ag-NPs Ag nanoparticles
ATBC Acetyltributyl citrate
BCNW Bacterial cellulose nanowhiskers
ChNC Chitin nanocrystals
CMC Carboxymethyl cellulose
CNC Cellulose nanocrystals
CNF Cellulose nanofibrils
DSC Differential Scanning Calorimetry
FESEM Field emission scanning electron microscopy
FTIR Fourier-transform infrared spectroscopy
GTA Glycerol triacetate
HPMC (Hidroxypropil)metil cellulose
MC Methylcellulose
MCC Microcrystalline cellulose
Mnt Montmorillonite
NCC Nano-crystalline cellulose
PBS Poly(butylene succinate)
PBTA Poly(butylene adipate co-terephthalate)
PCL Polycaprolactone
PEG Polyethylen glycol
PHA Polyhydroxyalcanoates
PHB Polyhydroxybutyrate
PHBV Polyhydroxyl-3-butyrate-co23-valerate
PHBV12  Polyhydroxybutyrate with 12 mol% of valerate and containing 10 wt% 

of the plasticizer citric ester
PLA Poly(lactic) acid
PLLA Poly(l-lactide)
PVA Poly(vinyl alcohol)
SEM Scanning Electron Microscopy
TPCS Thermoplastic corn starch
TPS Thermoplastic starch
WSNC Waxy starch nanocrystals

4.1  Introduction

Of all the materials available for food packaging, plastics have increased exponen-
tially over the past two decades, with an annual growth of approximately 5%. It is 
estimated that worldwide annual plastic production exceeds 300 million tonnes, and 
was about 59 million tonnes in Europe in 2014. In fact, nowadays, plastics represent 
almost 40% of the European packaging market (Muller et al. 2017a). Of the plastic 
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materials, petroleum-based plastics, such as polyethylene (PE), polypropylene (PP), 
polyamide (PA), are widely used as packaging materials due to their ready avail-
ability at relatively low cost, good mechanical and barrier properties, thermo- 
processing ability and chemical characteristics, which make them suitable for food 
packaging. However, despite their good properties, their use and accumulation 
imply serious environmental problems and a dependence on fossil fuels. Around 
63% of the current plastic waste comes from packaging applications, and it is esti-
mated that less than 14% is recyclable. Taking this scenario into account, and bear-
ing in mind the growing environmental awareness, research has focused on the 
development of alternative bio-packaging materials, derived from renewable 
sources, which are biodegradable or compostable.

Biopolymers can be used for food packaging applications or food coating pur-
poses, reducing the environmental impact and oil-dependence (Rivero et al. 2017; 
Emadian et al. 2017). They can be divided into three main categories, on the basis of 
their origin and biodegradable nature. Together with the conventional, non- 
biodegradable, oil-based plastics, there are biobased-non-degradable bioplastics (e.g. 
polyethylene terephthalate: PET), biobased-biodegradable bioplastics (e.g. polylactic 
acid: PLA, starch and other polysaccharides, or proteins) or fossil-based biodegrad-
able bioplastics (e.g. polycaprolactone: PCL, polyvinyl alcohol: PVA, or polybutyl-
ene succinate: PBS). So, biopolymers are biodegradable, biobased or both and can be 
classified as those directly obtained from biomass (polysaccharides and proteins), 
synthetic biopolymers from biomass or petrochemicals (e.g. PLA, PCL) or those 
obtained by microbial fermentation (polyhydroxyalcanoates: PHA and bacterial cel-
lulose) (Nair et al. 2017). The former are directly extracted from biological and natu-
ral resources and they are hydrophilic and somewhat crystalline in nature, making an 
excellent gas barrier. Biodegradable polyesters (synthetic or biosynthesized) are more 
hydrophobic and constitute better barriers to water vapour. In general, the functional 
properties of biopolymer-based materials in terms of their mechanical and barrier 
properties need to be adapted to food requirements by using different strategies, such 
as physical or chemical modifications (crosslinking), blending with other compo-
nents, fillers, plasticizers or compatibilizers (Ortega- Toro et al. 2017).

The industrial uses of biopolymers have been restricted because of their usually 
poor mechanical, barrier or thermal properties, and high price. The incorporation of 
micro- and nano-reinforcing agents into the matrix for the purposes of obtaining 
composites has been seen to improve their functional properties and so their 
competitiveness in the plastics market. Composites are made up of a continuous 
 polymer matrix in which the filler particles are dispersed, thus contributing to a 
modification of the functional characteristics of the material (Azeredo 2009). Fillers 
differing in size, shape, amount, distribution and chemical nature have been used. 
Lignocellulosic or cellulosic materials obtained from agro-waste have been widely 
studied as organic micro-fillers (Gutiérrez and Alvarez 2017). Fibres from cotton 
(Ludueña et al. 2012), garlic straw (Kallel et al. 2016), rice husk (Johar et al. 2012), 
wheat straw (Berthet et al. 2015) or coffee silverskin (Sung et al. 2017), have been 
used as reinforcing agents in different biopolymer films. Micro-particles signifi-
cantly improved the elastic modulus of composites while providing great thermal 
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resistance to the matrices due to the presence of hydroxyl groups interacting with 
the biopolymer network (Ludueña et al. 2012; Berthet et al. 2015). Different organic 
nano-fillers can be obtained, mainly from cellulose (cellulose nanocrystals or nano-
fibres), chitin/chitosan nanocrystals from crustacean waste (Gutiérrez 2017) or 
starch nanoparticles. These nano-reinforcing agents improve the tensile strength 
and elastic modulus when they have a proper distribution, chemical affinity with the 
polymer and high aspect ratio. The crystalline structure of nanofillers enhances the 
tortuosity factor for the mass transport of gas molecules into the biopolymer matrix, 
contributing to the formation of a hydrogen-bonded network (Ng et  al. 2015; 
Azeredo 2009; Azeredo et al. 2017). On the other hand, inorganic particles are rel-
evant as filling agents in food packaging materials due to the enhancement of the 
mechanical and barrier properties (MgO, silicon carbide or nano-clays) Some of 
them also exhibited antimicrobial activity, such as Ag, TiO2 and ZnO nanoparticles 
(Gutiérrez et al. 2017; Azeredo 2009).

It is remarkable that biodegradation behaviour is a crucial factor in the develop-
ment of composites. The biodegradation process takes place in aerobic conditions 
by the action of a microorganism, which identifies the polymer as a source of energy 
to produce organic residues from the packaging material. The incorporation of 
nano-fillers can affect the biodegradability of composites (Gutiérrez 2018). In this 
sense, cellulose nanocrystals (CNC) promoted the material’s water intake due to 
their hydrophilic nature, contributing to an acceleration of the biodegradation pro-
cess (Ludueña et al. 2012; Luzi et al. 2016). Some inorganic nano-fillers could also 
affect the disintegration processes, such as what occurs with Ag nanoparticles 
(Ramos et al. 2014; Cano et al. 2016), or nano-clays, whose hydroxyl groups react 
with the chains of the polymer matrices (montmorillonite and fluorohectorite, 
Fukushima et al. 2013).

This chapter reviews the potential use of reinforcing agents of differing natures 
and sizes in biopolymer materials that are potentially useful for food packaging, 
analysing their effect on the mechanical and barrier properties and on the thermal 
resistance of the material. The surface properties and biodegradation behaviour 
were also analysed in different kinds of composites.

4.2  Bioplastics for Food Packaging

Over the last decade, several bioplastics, bio-based, biodegradable, or both, have 
been available as a suitable alternative to conventional plastics for food packaging 
applications (Fabra et al. 2014; Ortega-Toro et al. 2017). At least 90% of natural or 
synthetic biodegradable polymers decompose in less than 180 days (ASTM 2003). 
Figure 4.1 shows the main polymers of potential use in food packaging. Of the natu-
ral polymers, different polysaccharides and proteins and microbially-produced bio-
polymers have been extensively studied for food packaging applications. Starch is a 
promising polymer, suitable for processing by means of different techniques, such as 
the casting method (Moreno et  al. 2017), compression moulding (Muller et  al. 
2017b), extrusion (Gutiérrez and Alvarez 2018) or injection moulding (López et al. 
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2015). Starch is naturally highly abundant, low cost and renewable. Cellulose, con-
stituted by glucose units via β-1,4-glycosidic bonds, is the most naturally abundant 
carbohydrate (Xiao et al. 2014). This polymer is usually used as micro-filler or nano-
filler (Shankar and Rhim 2016) in the composite formulation. These could be pro-
cessed by compression moulding and injection moulding (Graupner et al. 2016) to 
obtain semi-rigid packaging (trays). On the other hand, agar is a fibrous polysaccha-
ride obtained from marine algae, such as Gelidium sp. and Gracilaria sp., consisting 
of a mixture of agarose and agaropectin, which is slightly branched and sulphated. 
This is thermoplastic polysaccharide, biodegradable and biocompatible, which 
exhibits great mechanical strength with moderate water resistance (Giménez et al. 
2013). Chitosan, the second most naturally abundant polysaccharide, has non- toxic, 
biodegradable, and antimicrobial characteristics, which are of great interest for 
packaging purposes (Leceta et al. 2013). Chitin, the precursor of chitosan, is a linear 
polymer of mainly β-(1 → 4)-2-acetamido-2-deoxy-d-glucopyranose units and low 
amounts of β-(1 → 4)-2-amino-2-deoxy-d-glucopyranose residues (Van den Broek 
et al. 2015). Others relevant natural polymers are proteins, such as gelatin or colla-
gen, gluten proteins and dairy proteins. Gelatin is an animal protein obtained by the 
hydrolysis of the fibrous insoluble collagen from skins and bones of different ani-
mals. It is well known for its film-forming properties. It is abundantly available, low 
cost, and easily biodegradable and biocompatible (Kanmani and Rhim 2014). On the 
other hand, wheat gluten (constituted by gliadins and glutenin proteins) is an inex-
pensive protein from the milling process, which allows the production of membranes 
that are semipermeable to water vapour, oxygen and carbon dioxide molecules. This 
polymer can be applied as a food coating or edible film on different foods (Rocca-
Smith et al. 2016), or processed by compression moulding (Zubeldía et al. 2015) and 
extrusion (Rombouts et  al. 2013) for the purposes of developing flexible or 

� PCL
� PVA
� PBS

PCL

� PLA

PLA

� PHA
� PHB
� PHBV

PHB

� Gelatin
� Gluten
� Caseinate
� Collagen

Biodegradable 
Polymers

Bio-based 
monomers

Natural 
materials

Synthethic 
materials

Petrochemical 
products

Microbial 
productionProteinPolysaccharides

� Starch
� Cellulose
� Agar
� Chitosan

Amylose

Amylopectin

Fig. 4.1 Main biopolymers with potential application in food packaging. Some molecular 
structures are included
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semi-rigid packaging. Caseinates have been proposed as raw materials for food 
packaging development, since this protein exhibited good film- forming ability with 
good mechanical properties (Fabra et al. 2012; Arrieta et al. 2014a; Jiménez et al. 
2013). The use of caseinates could be considered an alternative means of obtaining 
a high degree of protection from oxygen in modified atmosphere packaging (Arrieta 
et  al. 2014a). Biopolymers obtained from several microorganisms, such as poly-
hydroxyalkanoates -PHA-, poly-hydroxybutyrate -PHB-, or poly- hydroxybutyrate-
co-hydroxyvalerate -PHBV-, are a family of biodegradable thermoplastic polymers. 
The polymer is produced in the microbial cells through a fermentation process and 
then collected by solvents, like chloroform. More than 100 PHA are identified, of 
which PHB is the most common (Peelman et al. 2013). PHB is a biopolymer pro-
duced from renewable sources and fermentation by certain micro-organisms, like 
Halomonas hydrothermalis and Burkholderia sp. and Chelatococcus daeguensis, 
inter alia (Bera et al. 2015). In addition to being biodegradable, PHB exhibits some 
properties similar to some synthetic polymers, especially polypropylene (PP) 
(Heitmann et  al. 2016). PHBV is a copolymer of 3-hydroxybutanoic acid and 
3-hydroxypentanoic acid produced directly by microorganisms. This polymer is less 
brittle and more stretchable than PHB (Requena et al. 2017).

Other biodegradable polymers are obtained by synthesis from biobased mono-
mers (e.g. PLA) and non-biobased monomers (e.g. PCL, PVA or PBS). PLA is the 
most common synthetic polymer obtained from biobased monomers. The synthetic 
routes to obtain PLA are through the ring-opening polymerisation of the esters of 
the acid and the direct condensation of the free acid (Cheng et al. 2009). PLA is of 
great potential to the packaging industry because of its mechanical, barrier and opti-
cal properties. It can be processed using readily available production technologies, 
and exhibits good thermal behaviour and water vapour barrier properties, although 
it is brittle and only a moderate gas barrier (Bonilla et al. 2013).

In the category of biodegradable synthetic petroleum-based polymers, PCL, 
PVA and PBS are the most representative. PCL is a linear, semicrystalline hydro-
phobic polyester, highly flexible, tough and thermally stable (Correa et al. 2017). 
In  contrast, PVA is a synthetic, water soluble polymer which forms translucent films 
with good tensile strength, elongation at break and barrier properties (Dominguez- 
Martinez et al. 2017). PVA has been used in polymeric blends, with glycerol as a 
proper plasticiser because of its chemical affinity. PBS is another biodegradable 
thermoplastic polymer which has desirable melt processability and good mechani-
cal properties, which are closely comparable to those of widely-used polyethylene 
(PE) or polypropylene (PP) (Mizuno et al. 2015).

4.3  Micro and Nano-Reinforcing Agents

An alternative means of improving the properties of biopolymers for food packag-
ing applications, and reducing some of their drawbacks, is by the incorporation of 
micro- or nano-fillers to the matrix for the purposes of obtaining micro- and 
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nano- composites. Composites have immiscible phases constituted by the poly-
mer continuous network in which the filler particles are dispersed, thus generat-
ing new structures with different properties to those of the original polymer 
matrix. The filler can positively modify the functional characteristics of the 
material, depending on the filler polymer network interactions. Different kinds 
of fillers have been used, which modify the material characteristics as a function 
of the filler-matrix interactions. The size, shape, amount, distribution and chemi-
cal nature of the fillers are crucial factors in the final properties of the 
composite.

Many studies reported the use of different kinds of fillers. As is shown in 
Table 4.1, cellulose has been frequently used as a reinforcing agent in different 
forms, such as cellulosic fibres (Martino et  al. 2015; Moustafa et  al. 2016; 
Ludueña et  al. 2012), bacterial cellulose (Fabra et  al. 2016), nano-cellulosic 
fibres (Abdul Khalil et  al. 2016) or cellulose nanocrystals (El-Hadi 2017; 
Fortunati et al. 2013a; Follain et al. 2013). In the polymer matrices, the incorpo-
ration of cellulosic fillers directly affects the mechanical and barrier properties 
depending on the particle size (micro or nano), which is a significant factor. As 
has been observed by various authors, particle size has differing effects on the 
mechanical properties. Cho et al. (2006) studied the effect of the particle size on 
the mechanical properties of polymeric composites with spherical micro 
(0.5 mm) and nano (15 nm) particles. They observed that, at nano-scale, Young’s 
modulus and tensile strength increased as the particle size decreased. As regards 
the barrier properties, it is expected that nano scale and a homogeneous distribu-
tion increases the tortuosity factor for the migration of molecules through the 
composite, decreasing the permeability of both water vapour and gases. On the 
other hand, the amount of filler included significantly affects the composite 
properties. At high concentrations, the polymer matrix could lose cohesiveness 
and continuity which could lead to a loss in functional properties (mechanical 
and barrier). In this sense, Maqsood et al. (2016) studied the reinforcing capac-
ity of enzyme-hydrolysed longer jute micro-crystals in polylactic acid matrices. 
The elastic modulus and tensile strength increased by 40% and 28% respectively, 
once the filler loading rose to 5% with respect to neat PLA. However, a filler load-
ing of 10% led to a decrease of 32% in the elastic modulus and 33% in tensile 
strength with respect to materials containing 5% of fillers. Other organic fillers 
are chitin nanocrystals (Herrera et al. 2016) from crustacean waste that improve 
the mechanical properties and transparency of neat PLA. Also, starch nanocrys-
tals are frequently added to several biopolymers, improving the mechanical and 
barrier properties and decreasing the biodegradation time (Mukurubira et  al. 
2017; Le Corre and Angellier-Coussy 2014).

Some inorganic particles have been extensively studied as fillers in food 
packaging materials. Some of these, such as MgO, (Sanuja et al. 2014); silicon 
carbide, (Dash and Swain 2013) and nano-clays (Cavallaro et al. 2013; Majeed 
et al. 2013; Abdollahi et al. 2013), enhanced the mechanical and barrier proper-
ties of the films. Additionally, other ones can provide antimicrobial activity to 
the material, as occurs with Ag nanoparticles (Carbone et al. 2016; Gutiérrez 
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et al. 2017), TiO2 nanoparticles (He et al. 2015; Gutiérrez et al. 2017) and ZnO 
nanoparticles (Gutiérrez et al. 2017).

4.4  The Effect of Reinforcing Agents on the Functional 
Properties of Biopolymers

In the following sections, the effect that micro- and nano-fillers have on the tensile 
behaviour, barrier properties, thermal resistance and biodegradability of biopolymer 
matrices is discussed, taking the processing method into account.

4.4.1  Processing Methods

In general, thermomechanical processes (melt compounding, extrusion and com-
pression moulding) with high shearing forces, temperature and adequate time are 
necessary to guarantee the convenient dispersion of the filler in the polymer matrix. 
However, the casting of polymer-filler dispersions is an alternative method to obtain 
nano-composites, due to the high aggregation tendency of nanoparticles, which are 
better maintained in liquid dispersions. Table  4.2 shows some recent studies on 
composite materials, including micro- or nano- fillers of differing characteristics, 
using different processing methods.

Berthet et  al. (2015) studied the properties of PHBV composites containing 
wheat straw micro-fibres (10, 20 and 30 wt%). Compounding was carried out with 
a lab-scale twin-screw extruder, using a temperature profile from the polymer feed-
ing to the die of 180–160  °C.  Composite films were obtained by compression 
moulding at 170  °C.  The mechanical and barrier properties of composites were 
poorer than those of neat PHVB, although the authors point that the obtained mate-
rials could be applied as packaging for respiring fresh products. Melt compounding 
using a Plastograph mixer (16 cm3) for 4 min at 160 °C was also applied to obtain 
PHBV composites with micro-particles of keratin at 0.5, 1, 3, 5, 10, 25 and 50 wt%. 
The composites exhibited improved mechanical and water vapour and oxygen bar-
rier properties with only 1 wt% of micro-filler (Pardo-Ibáñez et al. 2014). Moustafa 
et al. (2016) studied the use of roasted coffee grounds as micro-reinforcing agent to 
produce high-quality biodegradable Polybutylene adipate co-terephthalate (PBAT) 
composites for food packaging applications. The composites were extruded at 160–
165 °C with a screw speed of 100 rpm for 5 min mixing. The films were obtained 
by a special die attached to the mixing chamber. The authors observed an increase 
in the hydrophobicity and thermal stability compared to the control films without 
fillers. A compatibiliser was not necessary to obtain a filler-polymer matrix with 
suitable interfacial adhesion, especially at low filler content (<30%), which was 
attributed to the good grindability of roasted coffee, which improved compatibility 
and filler dispersion during processing.
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Table 4.2 Recent studies on composite materials including micro- or nano- fillers of different 
nature, applying different processing methods

Composite 
material Filler content

Processing 
method Effect of filler

Possible 
application Reference

Polymer/micro-filler

PHBV/
wheat 
straw fibres

10, 20 and 
30 wt% filler 
with different 
preparation 
process

Extrusion and 
compression 
moulding

– Increased the 
water vapour 
transmission
– Decrease 
ultimate tensile 
strength

– Food 
packaging 
materials to 
respiring fresh 
products

Berthet 
et al. 
(2015)

PHBV/
keratin

0.5, 1, 3, 5, 10, 
25 and 50 wt% 
filler

Melt 
compounding

– Reduction WVP 
and OP
– Improve 
mechanical 
properties

– Packaging Pardo- 
Ibáñez 
et al. 
(2014)

PBAT/
roasted 
coffee 
ground

10, 20 and 
30 wt% filler 
with roating 
process at 250 
and 270 °C

Extrusion – Increase 
hydrophobicity
– Increase thermal 
stability
– Compatibiliser is 
not necessary

– Food 
packaging

Moustafa 
et al. 
(2016)

Polymer/nano-filler

PCL-MC/
NCC

2 wt% NCC Casting and 
compression 
moulding

– Increased the 
tightly of the matrix
– Increased 
stability of active 
components
– Increased the 
rough and density of 
the matrix

– Vegetable 
packages

Boumail 
et al. 
(2013)

PLA/CNC 
from MCC 
and 
Ag-NPs

1 and 5 wt% 
CNC with/
without 
surfactant and 
1 wt% Ag 
nanoparticles

Casting – Increase barrier 
effect
– Antimicrobial 
effect

– Food active 
packaging

Fortunati 
et al. 
(2013b)

Agar/
Ag-NPs

20, 40 and 
80 mg Ag-NPs

Casting – Increase thermal 
stability
– Barrier properties 
to water vapour 
increase slightly
– Mechanical 
strength and stiffness 
decreased slightly
– Antimicrobial 
activity against 
Listeria 
monocytogenes and 
Escherichia coli 
O157:H7

– Food 
packaging

Rhim 
et al. 
(2014)

(continued)
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Table 4.2 (continued)

Composite 
material Filler content

Processing 
method Effect of filler

Possible 
application Reference

Alginate/
nano-clays 
Mnt and 
CNC from 
MCC

1, 3 and 5 wt% 
fillers

Casting – Decrease water 
solubility
– Increase surface 
hydrophobicity with 
CNC and decrease of 
this parameter with 
nanoclays addition
– Reduction in 
WVP
– Tensile properties 
improved

– Food 
packaging

Abdollahi 
et al. 
(2013)

Chitosan/
MgO

0.1 g MgO/g 
chitosan

Casting – Improve 
mechanical 
properties
– Increase opacity
– Decrease 
swelling, 
permeability and 
solubility
– Antimicrobial 
properties

– Food active 
packaging

Sanuja 
et al. 
(2014)

Starch/
Silicon 
carbide

1, 2, 5, 8, 
10 wt% filler

Casting – Increase thermal 
stability
– Reduce OP

– Adhesive 
application
– Covering 
and protecting 
applications
– Food 
packaging

Dash and 
Swain 
(2013)

Pectin- 
PEG/
Halloysite 
nanotubes

5, 10, 15, 20, 
30 and 50 wt% 
filler

Casting – Decrease 
wettability
– Improve 
mechanical 
properties

– Coatings 
for food 
conservation

Cavallaro 
et al. 
(2013)

As concerns the incorporation of nano-fillers in composites, casting is the most 
commonly used method due to the better dispersion (more limited aggregation) of 
nano-particles in a liquid medium. Casting is suitable for the obtaining of coatings, 
mulch films and flexible films. In some cases, this technique has been used as a 
preliminary test to study the filler effect before thermomechanical processing with 
actual industrial applications. Boumail et al. (2013) characterized trilayer antimi-
crobial films based on methylcellulose and PCL composites with 2% of cellulose 
nanocrystals (CNC). These were prepared under stirring before sonication at room 
temperature for 30 min and the subsequent casting of the PCL-CNC dispersion. The 
trilayer films were obtained by compression moulding at 120 °C. An increase in the 
matrix toughness and greater stability of active components was found by the filler 
addition. Fortunati et al. (2013b) incorporated the CNCs and Ag-NPs PLA films 
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obtained by casting, leading to improved barrier properties and antimicrobial activ-
ity in the composites. Ag-NPs (20, 40 and 80 mg Ag-NPs) have also been included 
in other polymers, such as agar matrices; although a significant increase in the ther-
mal stability of the material was obtained, with improved water vapour barrier prop-
erties and antimicrobial activity against Listeria monocytogenes and Escherichia 
coli O157:H7, the mechanical strength and stiffness of the composites slightly 
decreased with respect to filler-free polymers (Rhim et al. 2014). Chitosan compos-
ites with MgO nano-filler, obtained by casting, also exhibited antimicrobial proper-
ties. In addition, the metallic oxide improved the mechanical properties and reduced 
the water swelling capacity and solubility and water vapour permeability of the 
films, which became less transparent.

Other nanocomposites with organic (CNC) or inorganic nano-clays:Mnt) 
obtained by casting, using an alginate matrix, exhibited improved functional prop-
erties with respect to the net polymer matrix (Abdollahi et al. 2013). The addition of 
both nano-fillers improved the tensile properties of the material and promoted a 
decrease in water solubility and water vapour permeability, whereas the surface 
hydrophobicity increased with the use of CNC but decreased with nano-clays. In the 
same way, nanoparticles of silicon carbide increased the thermal stability and 
reduced the oxygen permeability in starch composites (Dash and Swain 2013). This 
material could be used as adhesive and coating in food applications. Halloysite 
nanotubes promoted a decrease in film wettability and improved the mechanical 
properties in composites of pectin and polyethylene glycol blends (Cavallaro et al. 
2013).

4.4.2  The Effect on Tensile Properties

In this section, the changes in the tensile properties of some biopolymers caused by 
incorporating nano- and micro-fillers of differing characteristics are analysed, as 
summarized in Table 4.3. The main mechanical properties characterized in plastic 
packaging materials are elastic modulus (EM) and the tensile strength (TS) and 
elongation (ε) at break, which provide information about the rigidity and resistance 
to deformation and break of the material, respectively.

The changes in the polymer’s functional properties caused by filler addition are 
strongly associated with surface properties and polymer-filler interfacial interac-
tions. In this sense, the effects caused by fillers on the mechanical properties of 
polymer are not always positive. The main reason is the interruption of the polymer 
matrix continuity, but this effect could be diminished if the polymer and fillers have 
chemical affinity or an interfacial agent is added into the composite formulation. As 
previously mentioned, Berthet et al. (2015) found a deterioration in the tensile prop-
erties of neat PHBV when wheat straw fibres were added to the matrix. Strain and 
stress at break decreased by 61% and 63%, respectively, with 30 wt% filler in the 
composite. However, Young’s modulus increased by 13% with 20  wt% filler. 
Moustafa et al. (2016) found different trends in the tensile strength with the varia-
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Table 4.3 Changes in tensile properties of some biopolymers by incorporating micro- or nano- 
fillers of different nature

Composite 
material Filler content

Plasticizer/
equilibrium 
RH

Thickness 
(μm)

TS 
(MPa)

EM 
(MPa) ε (%) Reference

Polymer/micro-filler

PHBV/wheat 
straw fibres

10, 20 and 
30 wt% filler 
with different 
preparation 
process

– – 2.2–
3.13

14.4–
39.2

0.89–
2.3a

Berthet 
et al. 
(2015)

PBAT/
roasted 
coffee 
ground

10,20 and 
30 wt% filler 
with roasting 
process at 250 
and 270°°C

/50% 300–400 6.8–
18.2

– 98–
1545a

Moustafa 
et al. 
(2016)

PHBV /
keratin

0.5, 1, 3, 5, 10, 
25 and 50 wt% 
filler

– 100 – 540–
600

2.9–
5.5a

Pardo- 
Ibáñez 
et al. 
(2014)

Polymer/nano-filler

PCL-MC/
NCC

7.7 wt% NCC Glycerol/ 225–280 20.3a–
24.0

175.2–
218.3a

– Boumail 
et al. 
(2013)

PLA/CNC 
and ChNC

1 wt % 
nanocrystals

Triethyl citrate 100 15.8a–
24.2

300a–
1200

16–
309

Herrera 
et al. 
(2016)

Corn 
starch- 
gelatin/CNC 
from 
eucalyptus 
wood pulp

0.44, 1.5, 2.56; 
3% CNC and 
20% plasticizer

Glycerol/50% 50–140 11–49 – 1.24–
38

Alves 
et al. 
(2015)

Alginate/
nano-clays 
Mnt and 
CNC from 
MCC

1, 3 and 5 wt% 
fillers

Glycerol/53% – CNC: 
18a–
23

150a–
270

9–12a Abdollahi 
et al. 
(2013)

Mnt: 
17–19

150a–
210

8–12a

Pectin-PEG/
Halloysite 
nanotubes

5, 10, 15, 20, 
30 and 50 wt% 
filler

/53% 60 25–26 2.6a–
4.1

0.9–
1.5a

Cavallaro 
et al. 
(2013)

Chitosan/
MgO

0.1 g MgO/g 
chitosan

– 220–470 30a–
60

– 7.5a–
15

Sanuja 
et al. 
(2014)

Agar/
Ag-NPs

20, 40 and 
80 mg Ag-NPs

Glycerol/50% 62.2–65.8 45.2–
49.6a

1290–
1460

19.0–
23.6a

Rhim et al. 
(2014)

TS tensile strength; EM young’s modulus; ε elongation at break
Data show the range in the values of each property reported for the different formulations
aIdentifies the value for the control sample (without filler), when it is in the edge of the range
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tion in filler content, using differently roasted coffee ground (CG) in PBAT matri-
ces. As compared with neat PHBV, the best tensile behaviour was obtained with 
10% of filler roasted at the highest temperature (270 °C), while the worst behaviour 
was observed for 30% of non-roasted CG powder. As the authors mentioned in their 
study, roasted CG showed a better affinity with PBAT compared to untreated CG 
when obtaining green composites without the need for a compatibiliser. This is 
important because the greater chemical affinity among the components led to stron-
ger structures and better tensile properties of the composites. The values of the 
strain at break were lower than in the net polymer films for every composite. 
 Pardo- Ibáñez et al. (2014) also found a decrease in the elongation at break of PHBV 
composites in line with differing quantities of keratin microparticles, but the elastic 
modulus at low loading was significantly improved. The content of filler greatly 
affected the tensile behaviour of composites and, in general, low filler contents 
improved both tensile strength and elastic modulus.

As regards nano-fillers, different studies have shown the improvement in tensile 
strength and elastic modulus when nanoparticles are incorporated into the polymer 
matrices. This effect is enhanced by a good particle distribution, a chemical affinity 
between filler and polymer and a high aspect ratio of the particles and filler-polymer 
contact area (more interactions). However, the processing conditions and the filler- 
polymer ratio must be taken into account to optimize the composite properties. 
Excessively high filler content results in the polymer matrix interruption and forma-
tion of micro- nano-cracks. Herrera et al. (2016) studied the effect of the incorpora-
tion of CNCs and chitosan nano-crystals (ChNC) into PLA films obtained by 
extrusion and compression moulding using fast and slow cooling rates. The tensile 
properties of composites were affected by both the chemical nature of the filler and 
processing conditions. Strength at break was improved by CNC incorporation, both 
at fast and slow cooling rates, but ChNC only improved the film strength when pro-
cessing at a slow cooling rate. Young’s modulus increased and elongation at break 
decreased after the addition of both nanoparticles at both processing cooling rates. 
Alves et al. (2015) studied the effect of CNC and gelatin on corn starch plasticised 
films. Nanocrystals were added at 0.44, 1.5, 2.56 and 3% with respect to the 
polymers. They found a significant increase in the film resistance when the CNC 
ratio rose, with a slight fall in the elongation values. Similar results were obtained 
in nanocomposites based on pectin/polyethylene glycol blends containing halloy-
site nanotubes (Cavallaro et al. 2013). The incorporation of nanotubes led to signifi-
cantly more rigid films, but reduced the elongation capacity of the material.

Metallic oxide nanoparticles have been used as a suitable option to improve the 
mechanical properties of biopolymers. Sanuja et al. (2014) reported a significant 
increase in both the tensile strength and elongation at break of chitosan composites 
with 10% magnesium oxide, obtained by casting. Abdollahi et al. (2013) compared 
fillers of differing chemical characteristics (Mnt and CNC) added to alginate matri-
ces at 1, 3 and 5%. The tensile strength values exhibited a constant growth as the 
CNC content increased but this parameter decreased when the content of Mnt was 
higher than 1%. Young’s modulus also behaved differently, depending on the filler. 
The composite stiffness was higher as the CNC content increased from 0 to 5%, but 
decreased when the Mnt content rose from 3 to 5%. However, the elongation values 
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exhibited the same trend for both kinds of nanocomposites; decreasing when both 
CNC and Mnt contents increased.

4.4.3  The Effect on Barrier Properties

Some biodegradable materials need to improve the gas and water vapour permeabil-
ity because it is a fundamental property in packaging (Ng et al. 2015). The incorpo-
ration of micro- and nano-fillers, of organic or inorganic nature, to biodegradable 
polymer matrices can modify the barrier properties (oxygen permeability: OP and 
water vapour permeability: WVP). The barrier properties of polymers containing 
fillers depend on their chemical nature, the particle size and shape of the particles, 
as well as other factors such as polarity, hydrogen bonding capacity and polydisper-
sity (González et  al. 2015; Pardo-Ibáñez et  al. 2014). Table  4.4 summarizes the 
different effects several fillers were observed to have on the barrier properties of 
some biopolymer matrices. In every case, the addition of fillers can improve the 
oxygen permeability and the values of the control samples (without filler) were in 
the range of the corresponding composites or at the high end, especially when CNC 
fillers were used. Fabra et al. (2016) studied the incorporation of bacterial cellulose 
nanowhiskers (BCNW) into thermoplastic corn starch matrices (TPCS) and a 95% 
decrease in OP was obtained with 15% of filler with respect to the TPCS sample. 
The reinforced TPCS was assembled in multilayer PHB films to obtain more hydro-
phobic matrices and to improve the film performance. The best functional proper-
ties of multilayers were obtained with 15% BCNW-TPCS composite inner layer 
and PHB outer layers. Luzi et al. (2016) observed a reduction of 47% in OP with the 
incorporation of 3 wt% CNC from Carmagnola carded hemp fibres and a commer-
cial surfactant into a PLA-PBS matrix. The addition of a surfactant could contribute 
to a better dispersion of the CNCs and PBS. They observed that the CNCs were well 
dispersed in the polymer matrices, through the Atomic Force Microscopy (AFM) 
analysis of surface roughness.

As regards values, analyses of WVP in composites provide similar tendencies to 
those OP values. In most cases, WVP was reduced after the incorporation of fillers, 
especially nano-size ones. Table 4.4 shows the different effect of micro- and nano- 
fillers on this barrier property for several biopolymer matrices. Raw lignocellulosic 
fibres (Berthet et  al. 2015) or cellulose fibres obtained after chemical treatments 
(Ludueña et al. 2012) only slightly decreased, or did not affect, the WVP of some 
composites due to their hydrophilic nature. However, Pardo-Ibáñez et  al. (2014) 
observed a 59% reduction in WPV of the PHVB matrices with 1 wt% of keratin 
micro-filler, while no significant differences were obtained with a filler load higher 
than 5  wt%. They detected a homogenous particle distribution in the matrix at 
1 wt% filler, where the micro-particles are not aggregated, causing an increase in the 
tortuosity factor for the diffusion of gas molecules, which reduced the permeability 
values. On the other hand, the incorporation of nano-filler into different polymer 
matrices, especially CNCs, improved the WVP values. The crystalline structure of 
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nanocrystals makes it difficult for certain molecules (O2, CO2, H2O) to diffuse into 
the biopolymer matrix because of the formation of a hydrogen-bonded network 
(Brinchi et al. 2013; Ng et al. 2015), which favours the development of a percolation 
network, as reported by Miranda et al. (2015); the incorporation of 1 wt% of CNC 
from gravata fibres into thermoplastic corn starch matrices, provoked a 30% 
decrease in WVP. The addition of 2.5 wt% of CNC from sugarcane bagasse into 
matrices made up of corn starch and CMC decreased WVP by 50% due to the 
impermeable crystalline structure of CNC and a good dispersion of CNCs, creating 
a highly tortuous path for water vapour transfer (El Miri et al. 2015).

The use of inorganic fillers had similar effects on barrier properties to those of 
organic nano-fillers. The improvement in the barrier properties is due to the 
increased tortuosity factor for the gas molecule mass transport in the matrix and the 
impermeable nature of fillers, as reported by Abdollahi et al. (2013) in alginate films 
with 5% of Mnt nano-clays, where WVP decreased by about 20%. Studying agar 
films reinforced with Ag-NPs, Rhim et al. (2014) observed that the dispersed phase 
of Ag-NPs in the polymer impeded the mobility of its chains, inducing an improve-
ment in WVP of the composites.

4.4.4  The Effect on Thermal Properties

The effects of micro- and nano-fillers of differing characteristics on the thermal 
properties of some biopolymers have been studied by several authors. Table  4.5 
shows the main calorimetric parameters obtained from Differential Scanning 
Calorimetry (DSC) and the thermal stability of different materials obtained by 
Thermogravimetric Analysis (TGA) for different biopolymers and composites. 
Information about glass transition temperature (Tg), crystallisation temperature (Tc), 
melting temperature (Tm), melting enthalpy (∆Hm), onset temperature (Tonset) and 
peak temperature (Tpeak) of thermodegradation are given in the Table 4.5.

In general, the addition of micro- or nano-fillers can modify the Tg and crystal-
lization/melting properties (Tc, Tm, ∆Hm) of polymer in line with the established 
interactions between particles and polymer chains. As expected, the addition of 
plasticizers to the filler-biopolymer blends decreases both the Tg and melting point 
(Tm). In this sense, Martino et al. (2015) analysed the effect of different plasticisers, 
such as ATBC (acetyltributyl citrate), GTA (glycerol triacetate) and PEG (polyeth-
ylen glycol) in PHVB films with 20 wt% of wheat straw fibres. Blends with ATBC 
showed the strongest Tg reduction due to its non-polar nature and great affinity with 
the polymer. Similar effects were observed in both polymer and composites. Cano 
et al. (2015) observed a ~5 °C reduction in Tg of pea starch-PVA (1:1) matrices after 
the addition of 3 wt% of CNC from MCC. This was related to the partial inhibition 
of the PVA crystallisation and to the lower mean molecular weight of the amor-
phous PVA fraction.

As regards the thermal degradation of materials, the addition of fillers generally 
improves the thermal stability of composites for both micro or nano fillers. The 
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network of the matrices becomes more resistant to heat based on the inherently high 
heat resistance of organic and inorganic fillers. Lignocellulosic fillers, such as wheat 
straw fibres (Berthet et al. 2015; Martino et al. 2015), kenaf fibres (Moriana et al. 
2011), garlic straw (Kallel et al. 2016), rice husk (Johar et al. 2012), sisal fibres 
(Santos et al. 2015), pineapple leaf fibres (Shih et al. 2014), soy hull (Flauzino Neto 
et  al. 2013), rice straw (Boonterm et  al. 2015), coconut husk fibres (Rosa et  al. 
2010) or banana peel waste (Hossain et  al. 2016) decompose in the temperature 
range of 150–500 °C: specifically, hemicellulose decomposes mainly from 150 to 
350 °C, cellulose at between 275 and 350 °C and lignin undergoes gradual decom-
position in the range of 250–500 °C. This high/wide range of decomposition tem-
peratures promotes the greater thermal resistance of composites. Moriana et  al. 
(2011), found a Tpeak increase of 6% when natural micro-fibres (cotton, kenaf and 
hemp fibres) were incorporated into starch-based composites. The greatest increase 
was obtained with kenaf fibres, probably due to the better compatibility between 
this filler and the starch matrix. This was associated with the higher content of hemi-
cellulose, which promotes the hydrogen bonding between the fibres and the matrix, 
improving the interfacial adhesion and thermal stability. However, with other bio-
polymer matrices, the addition of micro-fibres did not affect the thermal stability as 
described by Berthet et al. (2015) for PHBV-wheat straw micro-fibres blends. The 
presence of lignocellulosic micro-fibres could contribute to a reduction in the mean 
polymer molecular weight of the blend, reducing the overall thermal stability, as 
was also observed by Ludueña et al. (2012) in PCL-cotton micro-fibre films.

The particle size reduction from micro- to nano-scale of fibres (e.g. by means of 
alkali and bleaching treatments of lignocellulosic material and acid hydrolysis to 
obtain pure cellulose nanocrystals (Brinchi et al. 2013; Jonoobi et al. 2015; Zhou 
et al. 2016), implies a high yield in thermal resistance, as well as in the previously 
mentioned barrier and mechanical properties. The incorporation of CNCs into bio-
polymer composites improved their thermal stability due to the crystalline structure 
and compact chains present in the nanocrystals, which are not easily dissociated by 
heating, increasing the thermal stability (Ng et al. 2015). Arrieta et al. (2014a, b and 
2015) reported greater thermal stability in PLA-PHB blends reinforced with 1 or 
5 wt% of CNC, from commercial MCC, obtained by electrospinning or extrusion 
processes. Similar behaviour was observed by Cano et  al. (2015) in PVA-starch 
matrices with 1, 3 and 5 wt% of the same reinforcing agent.

As concerns the influence of inorganic nano-fillers on the thermal properties of 
composites, they also enhanced the thermal stability of biopolymer matrices. Rhim 
et al. (2014) studied the use of Ag nanoparticles in glycerol plasticised agar matrices 
obtained by casting. The thermogravimetric analysis exhibited a high residual mass 
of the composite films due to the inclusion of the more thermically stable metallic 
nanoparticles. Cavallaro et al. (2013) obtained pectin-PEG blends with nano-clays, 
specifically hallosyte nanotubes, at 5, 10, 15, 20, 30 and 50 wt% by casting. The 
thermal degradation analyses reflected the fact that nano-composites had a high 
degree of thermal resistance in comparison with the control sample, which was 
attributed to the fact that the nano-clay lumen can encapsulate the pectin degrada-
tion products delaying the process. Moreover, the good dispersion of the nano-filler 
inside the polymer matrix improved the thermal stabilization of the biopolymer.
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4.5  The Surface Properties of Micro- and Nano-Reinforced 
Polymers for Food Applications

In this section, recent studies into the effect of the addition of micro- and nano- 
fillers of differing characteristics on the surface properties of some biopolymers are 
analysed, and summarised in Table 4.6. The main changes in biopolymer functional 
properties caused by the addition of a filler are strongly associated with surface 
properties and the interfacial interactions between biopolymer and filler. Several 
methods have been used to characterise the morphology and the surface composi-
tion/structure of biomaterials, such as contact angle, electron spectroscopy for 
chemical analysis (ESCA) or X-ray photoelectron spectroscopy (XPS), secondary 
ion mass spectrometry (SIMS), scanning electron microscopy (SEM), atomic force 
microscopy (AFM) (Gutiérrez et al. 2018). The surface properties of the composites 
can directly impact on the macroscopic observation of the material gloss, which can 
have notable influence on their practical applications. In this section, recent studies 
into the effect of different fillers on the surface hydrophobicity (contact angle), top-
ographic analysis (AFM) or sample gloss are discussed and summarised in Table 4.6.

The contact angle (θ) of a liquid in contact with a solid material mainly depends 
on the balance between the adhesive liquid-solid forces and the cohesive forces of 
the liquid (Gutiérrez et al. 2018). Aqueous or organic solvents can be used on a 
determined material in order to characterise the relative affinity of the material for 
polar or non-polar systems, thus obtaining information about its respective wettabil-
ity properties according to the hydrophobic-hydrophilic nature of the surface. The θ 
values vary according to the type of biopolymer and nature of the filler (organic/
inorganic). The inorganic fillers, such as nano-clays, could negatively affect the 
surface hydrophobicity of matrices due to their great water affinity, as reported by 
Abdollahi et al. (2013) for matrices of alginate-Mnt nano-clays at 1, 3 and 5 wt%. 
The film’s surface was more hydrophilic than the control sample mainly due to the 
hydrophilic nature of the Mnt also present at surface level. However, the same 
authors observed an 87.5% increase in hydrophobicity when they used CNC from 
commercial MCC in the same matrices. Films with 5 wt% CNC exhibited the high-
est degree of hydrophobicity, which was associated with the high ratio of CNCs at 
surface level and their crystalline nature, with lower water affinity than the alginate 
matrix. Similar results are reported by Slavutsky and Bertuzzi (2014) for thermo-
plastic starch (TPS) matrices reinforced with CNCs from sugarcane bagasse. The 
water contact angle increased (rise in the surface hydrophobicity) when CNCs were 
incorporated into TPS, while strong interactions and the formation of hydrogen 
bonds between the starch chains and CNCs are expected. These strong internal 
bonds could also reduce the surface interactions between water molecules and the 
material. Cao et  al. (2008) obtained nanocomposites with TPS and CNCs from 
hemp fibres and they also observed an increase in the water contact angle or surface 
hydrophobicity of the matrices. On the contrary, the incorporation of CNCs into 
hydrophobic polymer matrices, such as PBS, enhanced the water wettability of the 
films (decrease in contact angle). This could be expected from the surface presence 
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Table 4.6 Effect of fillers on surface properties of different composite films

Composite 
material Formulation

Processing 
method Surface analysis

Effect on 
polymer matrix Reference

Polymer/micro-filler

PHBV/wheat 
straw fibres 
(WSF)

20 wt% 
fibres
10 wt% 
plasticizer 
(ATBC, GTA 
or PEG)

Extrusion 
and 
compression 
moulding

– Surface 
hydrophobicity 
(contact angle 
reference liquids: 
distilled water, 
diiodomethane 
ethylene glycol 
and glycerol)

Contact angle 
values of the 
plasticized 
composite with 
WSFs were 
lower than that 
of the PHBV 
matrix

Martino 
et al. 
(2015)

Polymer/nano-filler

Alginate/
nano-clays Mnt 
and CNC from 
MCC

1, 3 and 
5 wt% fillers

Casting – Surface 
hydrophobicity 
(contact angle)

Composites 
with Mnt had 
more 
hydrophilic 
surface
Composites 
with CNC had 
more 
hydrophobic 
surface due to 
their highly 
crystalline 
nature

Abdollahi 
et al. 
(2013)

Pea starch- 
PVA/CNC 
from MCC

1, 3 and 
5 wt% CNC

Casting – Gloss The 
incorporation of 
filler do not 
affect gloss in 
composites

Cano 
et al. 
(2015)

TPS/CNC from 
sugarcane 
bagasse

Appropriate 
amount of 
CNC 
suspension 
and glycerol 
as plasticizer

Casting – Surface 
hydrophobicity 
(contact angle)

Contact angle 
increased with 
CNC addition
Strong 
interactions 
between starch 
chains and 
CNC, which 
reduced the 
water affinity of 
the film surface

Slavutsky 
and 
Bertuzzi 
(2014)

(continued)
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of the cellulose hydroxyl groups, which favour water affinity at the surface (Fortunati 
et al. 2017).

From the AFM analyses, the presence of nanoparticles on the composite surface 
and their aggregation/isolation state can be assessed, while their effect on the sur-
face roughness can be verified. Arrieta et al. (2014b) studied the surface properties 
of PLA-PHB matrices containing CNCs from MCC. The AFM analysis showed the 
presence of some agglomerated and individualised CNCs in matrices. The aggrega-
tion of nanoparticles was reduced by the use of surfactants, which allowed for a 
better polymer chain interaction with the cellulose nanostructure. Nevertheless, an 
opposite effect was deduced by Fortunati et al. (2016) from the AFM images for 
CNCs in wheat gluten matrices, probably due to the different kinds of interactions 
between cellulose and the amphiphilic protein chains. The tendency of nanocrystals 

Table 4.6 (continued)

Composite 
material Formulation

Processing 
method Surface analysis

Effect on 
polymer matrix Reference

Wheat gluten/
CNC and CNF 
from sunflower 
stalks

1 and 3 wt% 
CNC or CNF

Casting – Gloss
– AFM 
topographic 
analysis

Good 
distribution of 
CNC into the 
matrix and 
some regions 
with aggregated 
CNF
CNC promoted 
gloss a function 
of filler content
CNF decreased 
gloss as a 
function of filler 
content

Fortunati 
et al. 
(2016)

Poly(butylene/
triethylene 
succinate)/
CNC from 
MCC

1 and 5 wt% 
CNC, with 
surfactant

Extrusion 
and 
compression 
moulding

– Gloss
– Surface 
hydrophobicity 
(contact angle)

Decreased the 
gloss value as 
the amount of 
CNC increased
Higher contact 
angle values for 
1% filler

Fortunati 
et al. 
(2017)

PLA-PHB/
CNC from 
MCC

1 wt% and 
5 wt% CNC
15 wt% 
plasticizer

Extrusion 
and 
compression 
moulding

– Topographic 
analysis by AFM

Presence of 
aggregated and 
individualized 
CNC
The surfactant 
allowed for the 
polymer chain 
penetration 
between the 
cellulose 
structures

Arrieta 
et al. 
(2014b)
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to aggregate has been widely found in numerous studies (Brinchi et al. 2013; Ng 
et al. 2015; Zhou et al. 2016) due to the spontaneous tendency to reduce the interfa-
cial free energy of the system, accumulated at the contact surface area. The aggre-
gated nanocrystals can be successfully dispersed and homogenised by strong 
mechanical shearing effects into a homogeneous suspension (Ng et al. 2015) or with 
the incorporation of surfactants to achieve a good dispersion in the matrices (Hu 
et al. 2015; Kaboorani and Riedl 2015); all of this is dependent on the nature of the 
polymer and filler and the processing conditions.

The influence of fillers on the material gloss is related with the surface topogra-
phy achieved in the composite. Materials with aggregated fillers exhibit greater sur-
face roughness so that they are less bright than other homogeneous material with a 
smoother surface. Fortunati et al. (2016) studied the homogeneity of CNC and cel-
lulose nano-fibril (CNF) dispersion in wheat gluten composites and observed 
changes in the material gloss as a function of the filler. In the case of bionanocom-
posites that are reinforced with CNC, the values of gloss increase as a function of 
the filler percentage while the opposite behavior was observed in the CNF-reinforced 
materials. This could be related with the presence of CNF aggregates on the com-
posite surface, evidenced by optical microscopy, whereas in CNC nanocomposites, 
nanoparticles were homogeneously distributed in the matrix. Cano et  al. (2015) 
observed that the addition of CNCs to pea starch-PVA matrices did not affect the 
gloss values, as compared with the control samples, which was attributed to the 
good CNC dispersion in the biopolymer blends, with strong adhesion forces between 
the filler and the matrix.

4.6  The Effect of Reinforcing Agents on the Material 
Biodegradability

The disintegration and biodegradation behavior of the materials is analyzed through 
their composting under controlled aerobic processes, designed to produce organic 
residues from the biodegradable parts of the material, by the action of microorgan-
isms. In this sense, ISO standards establish methodologies, where specific disposal 
pathways, specific time frames and criteria are indicated in order to unify a proper 
composting analysis (Cano et al. 2016). The biodegradation behavior is a crucial 
factor for the purposes of developing environmentally-friendly packaging materials. 
Biodegradable polymers are able to decompose in the medium by the enzymatic 
action of microorganisms in a defined period (Nair et al. 2017). In the disintegration 
and biodegradation processes produced by the action of microorganisms (bacteria, 
fungi and algae), these identify the polymer as a source of energy to produce organic 
residues from the biodegradable materials. These chemically react under the micro-
bial enzymatic action and the polymer chains are fragmented (Cano et  al. 2016; 
Nair et al. 2017).

Table 4.7 shows the effect of some reinforcing agents on the composite disinte-
gration or biodegradation|, using different composting conditions. The degradation 
rate of the materials varies according to the type of polymer and reinforcing agent. 

S. Collazo-Bigliardi et al.



89

Ta
bl

e 
4.

7 
E

ff
ec

t o
f 

re
in

fo
rc

in
g 

ag
en

ts
 o

n 
th

e 
m

at
er

ia
l b

io
de

gr
ad

ab
ili

ty

C
om

po
si

te
 

m
at

er
ia

l
Fo

rm
ul

at
io

n
Pr

oc
es

si
ng

 
m

et
ho

d
B

io
de

gr
ad

at
io

n 
te

st
C

on
tr

ol
 m

et
ho

d

E
ff

ec
t o

f 
fil

le
r 

on
 

bi
od

eg
ra

da
tio

n 
of

 
po

ly
m

er
 m

at
ri

x
R

ef
er

en
ce

Po
ly

m
er

/m
ic

ro
-fi

ll
er

PC
L

/c
el

lu
lo

se
 

fib
re

s 
fr

om
 c

ot
to

n
5 

an
d 

15
 w

t%
 

fil
le

r
B

ra
be

nd
er

 
Pl

as
to

gr
ap

h 
bl

en
di

ng
 a

nd
 

co
m

pr
es

si
on

 
m

ou
ld

in
g

– 
Sa

m
pl

es
: 

10
 m

m
 ×

 2
0 

m
m

 ×
 0

.3
–0

.5
 m

m
– 

C
om

po
st

 m
at

er
ia

l: 
na

tu
ra

l 
m

ic
ro

flo
ra

 p
re

se
nt

 in
 s

oi
l (

Pi
no

ch
a 

ty
pe

)
– 

In
cu

ba
tio

n:
 2

0 
°C

, 4
0%

 H
R

 
un

de
r 

ae
ro

bi
c 

co
nd

iti
on

s
– 

T
im

e 
te

st
ed

: 6
 m

on
th

s

– 
A

ve
ra

ge
 

w
ei

gh
t l

os
s 

(%
W

L
)

T
he

 h
ig

h 
hy

dr
op

hi
lic

ity
 o

f 
th

e 
na

tu
ra

l fi
br

es
 p

ro
m

ot
ed

 
th

e 
w

at
er

 in
ta

ke
 a

nd
 

pr
ov

id
es

 a
 r

ou
gh

er
 

su
pp

or
t f

or
 m

ic
ro

bi
al

 
gr

ow
th

L
ud

ue
ña

 e
t a

l. 
(2

01
2)

Po
ly

m
er

/n
an

o-
fil

le
r

PC
L

/C
N

C
 f

ro
m

 
co

tto
n

5 
an

d 
15

 w
t%

 
fil

le
r

B
ra

be
nd

er
 

Pl
as

to
gr

ap
h 

m
ix

er
 

an
d 

co
m

pr
es

si
on

 
m

ou
ld

in
g

– 
Sa

m
pl

es
: 

10
 m

m
 ×

 2
0 

m
m

 ×
 0

.3
–0

.5
 m

m
– 

C
om

po
st

 m
at

er
ia

l: 
na

tu
ra

l 
m

ic
ro

flo
ra

 p
re

se
nt

 in
 s

oi
l (

Pi
no

ch
a 

ty
pe

)
– 

In
cu

ba
tio

n:
 2

0 
°C

, 4
0%

 H
R

 
un

de
r 

ae
ro

bi
c 

co
nd

iti
on

s
– 

T
im

e 
te

st
ed

: 6
 m

on
th

s

– 
A

ve
ra

ge
 

w
ei

gh
t l

os
s 

(%
W

L
)

T
he

 c
ry

st
al

lin
e 

st
ru

ct
ur

e 
of

 C
N

C
 

pr
om

ot
ed

 th
e 

w
at

er
 

in
ta

ke

L
ud

ue
ña

 e
t a

l. 
(2

01
2)

PL
A

-P
H

B
/C

N
C

 
fr

om
 M

C
C

1 
an

d 
5 

w
t%

 
C

N
C

15
 w

t%
 A

T
B

C
 

as
 p

la
st

ic
iz

er

E
le

ct
ro

sp
in

ni
ng

– 
Sa

m
pl

e:
 1

5 
m

m
 ×

 1
5 

m
m

– 
C

om
po

st
 m

at
er

ia
ls

: 1
0%

 
co

m
po

st
, 3

0%
 r

ab
bi

t f
oo

d,
 1

0%
 

st
ar

ch
, 5

%
 s

ug
ar

, 1
%

 u
re

a,
 4

%
 

co
rn

 o
il,

 4
0%

 s
aw

du
st

 a
nd

 5
0 

w
t%

 
of

 w
at

er
 c

on
te

nt
– 

In
cu

ba
tio

n:
 5

8 
°C

, u
nd

er
 

ae
ro

bi
c 

co
nd

iti
on

s
– 

T
im

e 
te

st
ed

: 2
8 

da
ys

– 
Ph

ot
og

ra
ph

s 
of

 
ph

ys
ic

al
 c

ha
ng

es
– 

SE
M

 a
na

ly
si

s

T
he

 p
re

se
nc

e 
of

 
na

no
-fi

lle
r 

sp
ee

de
d 

up
 

th
e 

di
si

nt
eg

ra
tio

n 
pr

oc
es

s
M

at
ri

ce
s 

be
ca

m
e 

br
ea

ka
bl

e 
af

te
r 

10
 d

ay
s 

of
 c

om
po

st
in

g

A
rr

ie
ta

 e
t a

l. 
(2

01
5) (c

on
tin

ue
d)

4 Properties of Micro- and Nano-Reinforced Biopolymers for Food Applications



90

C
om

po
si

te
 

m
at

er
ia

l
Fo

rm
ul

at
io

n
Pr

oc
es

si
ng

 
m

et
ho

d
B

io
de

gr
ad

at
io

n 
te

st
C

on
tr

ol
 m

et
ho

d

E
ff

ec
t o

f 
fil

le
r 

on
 

bi
od

eg
ra

da
tio

n 
of

 
po

ly
m

er
 m

at
ri

x
R

ef
er

en
ce

PL
A

/P
V

A
c/

C
N

C
 

fr
om

 W
ha

tm
an

n 
pa

pe
r

3 
w

t%
 C

N
C

 
an

d 
10

 w
t%

 
G

ly
ci

dy
l 

m
et

ha
cr

yl
at

e 
re

se
ct

 to
 P

V
A

c

E
xt

ru
si

on
– 

Sa
m

pl
es

: –
– 

C
om

po
st

 m
at

er
ia

l: 
sa

w
du

st
, 

ra
bb

it 
fo

od
, s

ta
rc

h,
 s

ug
ar

, o
il 

an
d 

ur
ea

– 
In

cu
ba

tio
n:

 5
8 

°C
, 5

0%
 

hu
m

id
ity

 u
nd

er
 a

er
ob

ic
 c

on
di

tio
ns

– 
T

im
e 

te
st

ed
: 6

0 
da

ys

– 
D

is
in

te
gr

at
io

n 
va

lu
e

V
ar

ia
tio

n 
in

 te
rm

s 
of

 
m

as
s 

lo
ss

 w
as

 li
m

ite
d 

be
ca

us
e 

th
e 

w
at

er
 

at
ta

ck
 s

ta
rt

s 
on

 th
e 

m
or

e 
su

sc
ep

tib
le

 
co

m
po

ne
nt

 w
ith

 
hy

dr
ox

yl
 g

ro
up

s 
av

ai
la

bl
e 

on
 th

e 
su

rf
ac

e

H
aq

ue
 e

t a
l. 

(2
01

7)

PL
A

/C
N

C
 f

ro
m

 
P

ho
rm

iu
m

 te
na

x 
le

av
es

1 
an

d 
3 

w
t%

 
C

N
C

 w
ith

 o
r 

w
ith

ou
t 2

0 
w

t%
 

lim
on

en
e 

as
 

pl
as

tic
iz

er

E
xt

ru
si

on
 a

nd
 

co
m

pr
es

si
on

 
m

ou
ld

in
g

– 
Sa

m
pl

es
: 

15
 m

m
 ×

 1
5 

m
m

 ×
 0

.0
5 

m
m

– 
C

om
po

st
 m

at
er

ia
l: 

co
m

po
st

 
in

oc
ul

um
, s

aw
du

st
, r

ab
bi

t f
oo

d,
 

st
ar

ch
, s

ug
ar

, o
il,

 u
re

a 
an

d 
50

 w
t%

 
w

at
er

 o
f 

co
nt

en
t

– 
In

cu
ba

tio
n:

 5
8 

°C
, u

nd
er

 
ae

ro
bi

c 
co

nd
iti

on
s

– 
T

im
e 

te
st

ed
: 1

4 
da

ys

– 
Ph

ot
og

ra
ph

s 
of

 
ph

ys
ic

al
 c

ha
ng

es
– 

FE
SE

M
– 

FT
IR

– 
D

is
in

te
gr

at
io

n 
va

lu
e

T
he

 C
N

C
s 

in
cr

ea
se

d 
th

e 
cr

ys
ta

lli
ni

ty
 a

nd
 

in
hi

bi
te

d 
w

at
er

 
di

ff
us

io
n 

in
to

 th
e 

m
at

er
ia

l, 
ca

us
in

g 
a 

lo
w

er
 d

is
in

te
gr

at
io

n 
ra

te

Fo
rt

un
at

i e
t a

l. 
(2

01
4)

PL
A

-P
B

S/
C

N
C

 
fr

om
 C

ar
m

ag
no

la
 

ca
rd

ed
 h

em
p 

fib
re

s

1 
an

d 
3 

w
t%

 
C

N
C

 w
ith

/
w

ith
ou

t 
su

rf
ac

ta
nt

C
as

tin
g

– 
Sa

m
pl

es
: 

15
 m

m
 ×

 1
5 

m
m

 ×
 0

.0
3 

m
m

– 
C

om
po

st
 m

at
er

ia
l: 

sa
w

du
st

, 
ra

bb
it 

fo
od

, c
om

po
st

 in
oc

ul
um

, 
st

ar
ch

, s
ug

ar
, o

il 
an

d 
ur

ea
– 

In
cu

ba
tio

n:
 5

8 
°C

, 5
0%

H
R

 
un

de
r 

ae
ro

bi
c 

co
nd

iti
on

s
– 

T
im

e 
te

st
ed

: 9
0 

da
ys

– 
Ph

ot
og

ra
ph

s 
of

 
ph

ys
ic

al
 c

ha
ng

es
– 

D
eg

re
e 

of
 

di
si

nt
eg

ra
tio

n 
(D

)

C
N

C
s 

be
ne

fit
ed

 
di

si
nt

eg
ra

tio
n 

pr
oc

es
s 

du
e 

to
 th

ei
r 

hy
dr

op
hi

lic
 

na
tu

re
H

yd
ro

ph
ili

c 
su

rf
ac

ta
nt

 
im

pr
ov

ed
 th

e 
C

N
C

 
di

sp
er

si
on

 in
 th

e 
m

at
ri

ce
s 

an
d 

th
e 

D
 

pa
ra

m
et

er

L
uz

i e
t a

l. 
(2

01
6)

Ta
bl

e 
4.

7 
(c

on
tin

ue
d)

S. Collazo-Bigliardi et al.



91

C
om

po
si

te
 

m
at

er
ia

l
Fo

rm
ul

at
io

n
Pr

oc
es

si
ng

 
m

et
ho

d
B

io
de

gr
ad

at
io

n 
te

st
C

on
tr

ol
 m

et
ho

d

E
ff

ec
t o

f 
fil

le
r 

on
 

bi
od

eg
ra

da
tio

n 
of

 
po

ly
m

er
 m

at
ri

x
R

ef
er

en
ce

PL
A

/A
g-

N
Ps

1 
w

t%
 C

N
C

 
an

d 
2 

ra
tio

 o
f 

an
tio

xi
da

nt

E
xt

ru
si

on
 a

nd
 

co
m

pr
es

si
on

 
m

ou
ld

in
g

– 
Sa

m
pl

es
: 1

5 
×

 5
 ×

 2
 m

m
3

– 
C

om
po

st
 m

at
er

ia
l: 

sa
w

du
st

, 
ra

bb
it 

fo
od

, s
ta

rc
h,

 o
il 

an
d 

ur
ea

-I
nc

ub
at

io
n:

 5
8 

°C
, u

nd
er

 
ae

ro
bi

c 
co

nd
iti

on
s

– 
T

im
e 

te
st

ed
: 3

5 
da

ys

– 
D

SC
– 

FT
IR

– 
FE

SE
M

– 
D

is
in

te
gr

at
io

n 
te

st

A
g-

N
Ps

 a
nd

 th
ym

ol
 

(p
la

st
ic

iz
er

) 
ac

ce
le

ra
te

d 
th

e 
PL

A
 

hy
dr

ol
ys

is
 p

ro
ce

ss
A

g 
at

om
s 

co
ul

d 
ca

ta
ly

se
 th

e 
di

si
nt

eg
ra

tio
n 

pr
oc

es
s

R
am

os
 e

t a
l. 

(2
01

4)

St
ar

ch
-P

V
A

/
A

g-
N

Ps
0.

6,
 6

, 1
6 

an
d 

32
%

 r
es

pe
ct

 to
 

st
ar

ch
 r

at
io

C
as

tin
g

– 
C

om
po

st
 m

at
er

ia
l: 

or
ga

ni
c 

fr
ac

tio
n 

of
 s

ol
id

 m
un

ic
ip

al
 w

as
te

 
an

d 
ve

rm
ic

ul
ite

– 
In

cu
ba

tio
n:

 5
8 

°C
, u

nd
er

 
ae

ro
bi

c 
co

nd
iti

on
s

– 
T

im
e 

te
st

ed
: 4

5 
da

ys

– 
C

O
2 p

ro
du

ce
d

– 
D

is
in

te
gr

at
io

n 
te

st

A
g-

N
Ps

 e
nh

an
ce

d 
fil

m
 

di
si

nt
eg

ra
tio

n 
du

e 
to

 
th

e 
in

co
rp

or
at

io
n 

of
 

st
ru

ct
ur

al
 

di
sc

on
tin

ui
tie

s 
in

 th
e 

co
m

po
si

te
 n

et
w

or
k

L
ow

 A
g-

N
Ps

 
co

nc
en

tr
at

io
ns

 a
re

 
re

co
m

m
en

de
d 

to
 a

vo
id

 
al

te
ra

tio
ns

 in
 th

e 
bi

o-
de

gr
ad

at
io

n 
pr

oc
es

s

C
an

o 
et

 a
l. 

(2
01

6)

PL
A

/
M

on
tm

or
ill

on
ite

 
an

d 
Fl

uo
ro

- 
he

ct
or

ite
 

na
no

-c
la

ys

5 
an

d 
10

 w
t%

 
fil

le
r

E
xt

ru
si

on
 a

nd
 

co
m

pr
es

si
on

 
m

ou
ld

in
g

– 
Sa

m
pl

es
: 7

5 
m

m
 ×

 0
.5

 m
m

– 
C

om
po

st
 m

at
er

ia
l: 

pr
un

in
g 

re
si

du
es

– 
In

cu
ba

tio
n:

 4
0 

°C
, 5

0 
70

%
 R

H
 

un
de

r 
ae

ro
bi

cs
 c

on
di

tio
ns

– 
T

im
e 

te
st

ed
: 3

5 
da

ys

– 
Ph

ot
og

ra
ph

s 
of

 
ph

ys
ic

al
 c

ha
ng

es
– 

D
SC

– 
Te

ns
ile

 
pr

op
er

tie
s

T
he

 h
yd

ro
xy

l g
ro

up
s 

of
 s

ili
ca

te
 la

ye
rs

 a
nd

/o
r 

of
 th

ei
r 

or
ga

ni
c 

m
od

ifi
er

s 
pr

om
ot

ed
 

bi
od

eg
ra

da
tio

n 
of

 th
e 

PL
A

 m
at

ri
x

Fu
ku

sh
im

a 
et

 a
l. 

(2
01

3)

(c
on

tin
ue

d)

4 Properties of Micro- and Nano-Reinforced Biopolymers for Food Applications



92

C
om

po
si

te
 

m
at

er
ia

l
Fo

rm
ul

at
io

n
Pr

oc
es

si
ng

 
m

et
ho

d
B

io
de

gr
ad

at
io

n 
te

st
C

on
tr

ol
 m

et
ho

d

E
ff

ec
t o

f 
fil

le
r 

on
 

bi
od

eg
ra

da
tio

n 
of

 
po

ly
m

er
 m

at
ri

x
R

ef
er

en
ce

M
et

hy
l c

el
lu

lo
se

/
M

on
tm

or
ill

on
ite

1,
 2

, 3
, 5

 a
nd

 
10

 w
t%

 fi
lle

r
C

as
tin

g
– 

Sa
m

pl
es

: 5
 g

 o
f 

fr
ag

m
en

te
d 

sa
m

pl
es

– 
C

om
po

st
 m

at
er

ia
l: 

70
%

 
to

ps
oi

l a
nd

 3
0%

 c
om

po
st

ed
 

m
an

ur
e.

 8
0–

10
0%

 m
oi

st
ur

e 
co

nt
en

t
– 

In
cu

ba
tio

ns
: 2

5 
°C

 in
 d

ar
k 

ca
bi

ne
t

– 
T

im
e 

te
st

ed
: 4

2 
da

ys

– 
C

O
2 p

ro
du

ce
d

T
he

 fi
lle

r 
im

pr
ov

ed
 th

e 
co

m
po

si
te

 b
ar

ri
er

 
pr

op
er

tie
s,

 r
es

tr
ic

tin
g 

th
e 

se
gm

en
ta

l 
m

ov
em

en
t a

t t
he

 
in

te
rf

ac
e

T
he

 s
ili

ca
te

 la
ye

rs
 o

n 
th

e 
fil

m
 s

ur
fa

ce
 c

ou
ld

 
hi

de
 p

ar
t o

f 
th

e 
po

ly
m

er
 c

ha
in

s,
 

m
ak

in
g 

bi
od

eg
ra

da
tio

n 
m

or
e 

di
ffi

cu
lt

R
im

du
si

t e
t a

l. 
(2

00
8)

A
lg

in
at

e/
C

hi
tin

 
w

hi
sk

er
s

0.
1 

an
d 

2 
w

t%
 

fil
le

r
E

xt
ru

si
on

– 
M

ed
iu

m
: T

ri
s-

H
C

l b
uf

fe
r 

so
lu

tio
n 

(p
H

 =
7.

4)
 o

r 
bu

ff
er

 
so

lu
tio

n 
co

nt
ai

ni
ng

 0
.4

 m
g/

m
L

 o
f 

ly
so

zy
m

e 
(p

H
 =

 7
.4

)
– 

In
cu

ba
tio

n:
 S

ha
ki

ng
 in

cu
ba

to
r 

at
 3

7 
°C

– 
T

im
e 

te
st

ed
: 5

 d
ay

s

– 
SE

M
– 

M
ec

ha
ni

ca
l 

in
te

gr
ity

B
io

de
gr

ad
at

io
n 

pr
oc

es
s 

w
as

 im
pr

ov
ed

 b
y 

ly
so

zy
m

e
Su

rf
ac

e 
of

 th
e 

sa
m

pl
es

 
w

as
 s

m
oo

th
er

 a
nd

 
w

ei
gh

t l
os

s 
w

as
 h

ig
he

r

W
at

th
an

ap
ha

ni
t 

et
 a

l. 
(2

00
8)

Po
ly

(b
ut

yl
en

e/
tr

ie
th

yl
en

e 
su

cc
in

at
e)

/C
N

C
 

fr
om

 M
C

C

1 
an

d 
5 

w
t%

 
C

N
C

, w
ith

 
su

rf
ac

ta
nt

E
xt

ru
si

on
 a

nd
 

co
m

pr
es

si
on

 
m

ou
ld

in
g

– 
Sa

m
pl

es
: 2

0 
×

 3
0 

m
m

 a
nd

 
~3

5 
m

g 
of

 w
ei

gh
t

– 
C

om
po

st
 m

at
er

ia
l: 

22
.0

8%
 

or
ga

ni
c 

ca
rb

on
, 1

3.
44

%
 h

um
ic

 
an

d 
fu

lv
ic

 c
ar

bo
n

– 
In

cu
ba

tio
n:

 5
8 

°C
– 

T
im

e 
te

st
ed

: 3
0 

da
ys

– 
R

es
id

ua
l m

as
s

– 
V

is
ua

l 
ob

se
rv

at
io

ns
– 

SE
M

T
he

 s
ur

fa
ce

 
hy

dr
op

hi
lic

ity
 

in
cr

ea
se

d 
w

he
n 

th
e 

C
N

C
 c

on
te

nt
 r

os
e.

 
T

hi
s 

pr
ov

ok
ed

 h
ig

he
r 

re
si

st
an

ce
 to

 w
at

er
 

up
ta

ke
 a

nd
 d

if
fu

si
on

, 
de

la
yi

ng
 d

is
in

te
gr

at
io

n 
pr

oc
es

s

Fo
rt

un
at

i e
t a

l. 
(2

01
7)

Ta
bl

e 
4.

7 
(c

on
tin

ue
d)

S. Collazo-Bigliardi et al.



93

Ludueña et  al. (2012) analysed the biodegradation behavior of PCL composites 
containing cotton fibres and CNC from cotton fibres at 20  °C and 40% relative 
humidity (RH), using compost material with the natural microflora present in soil 
(Pinocha type). The analysis was carried out throughout 6 months by controlling the 
average weight loss of the samples. They observed that the biodegradability of the 
reinforced material was enhanced with the addition of both kinds of fillers, which 
was attributed to the high hydrophilicity of the natural fibres, which promoted 
water transport and provided a rougher support for microbial growth. PCL is 
semicrystalline polyester and the reduction in the degree of crystallinity benefits 
the biodegradation process, since the amorphous regions are more quickly attacked 
by microorganisms. Similar conclusions were reported by Luzi et al. (2016), for 
PLA- PBS composites reinforced with CNC from Carmagnola carded hemp fibres 
submitted to composting in sawdust, rabbit food, compost inoculum, starch, sugar, 
oil and urea, at 58 °C and 50% HR throughout 90 days. The authors evaluated the 
degree of disintegration (D) and the physical changes and observed that the pres-
ence of CNC in the matrices benefited the biodegradation process. Likewise, the use 
of a hydrophilic surfactant improved the dispersion of cellulosic nano-fillers in the 
matrices and the D parameter. The biodegradation| in blends with PBS was retarded 
due to the more hydrophobic and semicrystalline nature of PBS. However, Fortunati 
et al. (2014) observed CNC from Phormium tenax leaves had the opposite effect on 
PLA composites. The presence of CNCs increased the crystallinity of the compos-
ites, limiting the water transport through the PLA matrices. When limonene was 
incorporated as plasticiser in the PLA composites, an increase in the biodegradation 
rate was observed due to an improvement in the chain mobility, which favoured the 
polymer erosion. Nevertheless, each sample was 90% disintegrated after 14 days of 
composting, which is within the limit defined by the ISO 20200. In PBS composites 
containing CNC from MCC, similar behavior was observed, but the hydrophobic 
nature of PBS and the degree of crystallinity slowed down the biodegradation pro-
cess (Fortunati et al. 2017).

The addition of inorganic nano-fillers provoked similar effects to those brought 
about by organic fillers in the biodegradation process of composites. Ramos et al. 
(2014) studied the effect of Ag nanoparticles on the disintegrability of PLA com-
posites at 58 °C, using a compost media made from sawdust, rabbit food, starch, oil 
and urea, throughout 35 days. They assumed that Ag atoms could catalyse the dis-
integration process and the synergies between the Ag-NPs and thymol could accel-
erate the hydrolysis process. The presence of homogeneously dispersed thymol in 
the PLA matrix could promote the polymer chain mobility and thus, diffuse the 
water molecules through the PLA structure. Cano et al. (2016) also observed an 
increase in the film disintegration rate when different ratios of Ag-NPs were incor-
porated in starch-PVA composites. Nevertheless, the generation of CO2 as the result 
of total carbon conversion was notably reduced when the Ag ratio increased, prob-
ably due to its antimicrobial effect on the microorganisms responsible for the bio-
degradation process. Fukushima et  al. (2013) also observed an increase in the 
disintegration rate of PLA composites with Mnt and fluorohectorite nano-clays at 5 
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and 10 wt%. The biodegradation of PLA| matrices was enhanced by the catalytic 
effect of the hydroxyl groups of silicate layers.

It is remarkable that many factors can affect the degradation rate of composites. 
The environmental conditions have a significant impact on microbial growth and 
parameters, such as humidity, temperature, pH, salinity, oxygen pressure, and 
microbial nutrients, have a great influence on the microbial degradation of poly-
mers. The biodegradation process also depends on the chemical and physical char-
acteristics of the biopolymer. Nair et al. (2017) report that the enzymatic degradation 
implies the binding of the enzyme to the bioplastic surface, followed by hydrolytic 
split; biopolymers are degraded into low-molecular-weight oligomers, dimers, 
monomers and finally mineralised to CO2 and H2O. For instance, the biodegradation 
of PLA| starts with the hydrolysis of the polymer chains promoted by the water dif-
fusion in the matrices. When the molecular weight reaches about 10,000–
20,000  g  mol−1, microorganisms, such as fungi and bacteria, can metabolise the 
macromolecules, converting them into carbon dioxide, water and humus (Luzi et al. 
2016; Fortunati et al. 2014; Fukushima et al. 2013). Several microorganisms are 
able to decompose biomaterials, such as Tritirachium album, Amycolatopsis strain 
41, Amycolatopsis sp. strain 3118, Kibdelosporangium aridum for PLA, Penicillium 
sp. strain 26–1 (ATCC 36507), Aspergillus sp. strain ST-01, Clostridium sp. for 
PCL or Pseudomonas sp., Bacillus sp., Streptomyces sp., Aspergillus sp. for PHB 
(Nair et al. 2017).

4.7  Final Remarks

The incorporation of reinforcing agents of different natures (organic or inorganic) 
and size (micro or nano-sized) represents a good strategy for the purposes of 
improving the functional properties of biopolymers. In general, improved barrier 
and mechanical properties can be achieved when compatible micro or nano particles 
are adequately dispersed in the polymer matrix. Nano-particles are generally more 
effective, but their natural tendency towards aggregation makes the dispersion pro-
cess difficult, requiring carefully designed dispersion techniques. To a great extent, 
the surface interactions of the filler with the polymer matrix define the effectiveness 
of the reinforcement and the promotion of barrier properties. Therefore, if materials 
with optimal functionality are to be obtained, it is of relevance to make an adequate 
selection of both the filler for a determined polymer matrix and the processing con-
ditions necessary to ensure high dispersion levels of the particles. Composite biode-
gradability is generally enhanced by the presence of the filler dispersed particles. 
However, the total conversion of carbon to CO2 through the action of microorgan-
isms could be limited when the filler exhibits antimicrobial action.
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Chapter 5
Recent Trends on Nano-biocomposite 
Polymers for Food Packaging

Germán Ayala Valencia and Paulo José do Amaral Sobral

Abstract In recent years, much attention has been focused on research to replace 
petroleum-based polymers by biodegradable materials. Specify, polymer from natu-
ral sources have been considered as the most promising materials for this purpose. 
However, materials manufacture from natural polymers (e.g. polymeric films) gen-
erally present poor mechanical and high water sensibility. A recent alternative to 
improve the physical properties of natural polymeric films is a reinforcement with 
nanoparticles, producing nano-biocomposite polymers. The present chapter reviews 
the state-of-the-art with regard to the use of polymers obtained from biomass and 
their reinforced with nanoparticles, aiming food packaging applications. This chap-
ter, especially include information about: (1) the use of casein, collagen/gelatin, chi-
tin/chitosan, gluten, soya, starch, whey and zein as macromolecules to manufacture 
polymeric films, (2) the use of carbon nanotubes, chitin whiskers, metal nanoparti-
cles, nanocellulose, nanoclays and starch nanocrystals to reinforced polymeric films, 
(3) the main physicochemical properties of nano-biocomposite polymers. The use of 
casting, tape casting, thermoforming and extrusion to manufacturing polymeric 
films; as well as the recent applications of nano-biocomposite polymers as food 
packaging and active/intelligent food packaging materials. Others topics such as 
nanoparticle migration, future prospects and limitations in nano- biocomposite poly-
mers will be included in this chapter.
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5.1  Introduction

Petroleum-based polymers have been the most used materials for manufacture films1 
in food packaging industry due to their good mechanical, optical and gas barrier 
properties (Embuscado and Huber 2009). However, petroleum-based polymers are:

• Nonbiodegradable materials and may cause environmental and ecological prob-
lems due to the accumulation of waste polymers in living and non-living systems 
(Vieira et al. 2011; Benjakul et al. 2016).

• Produced from non-renewable resources, therefore, they are exhaustible raw 
materials that are subject to great price fluctuations (Gómez-Estaca et al. 2016).

New strategies are oriented to regarding the manufacture of packaging films 
using renewable polymers that could lead to crucial reductions of environmental 
and economic problems (Li et al. 2015a).

Polymers from natural sources or biopolymers can be classified in three catego-
ries, such as: polymers from biomass, polymers synthetized by means of microbial 
routes and polymers chemically synthesized using monomers from agro-resources 
(Vieira et al. 2011). Due to the abundant, renewable and inexpensive biomass char-
acteristics (Ali and Ahmed 2016), most studies have been addressed to manufacture 
food packaging materials using polymers from biomass (Li et al. 2015a; Abreu et al. 
2015; Montero et al. 2017; Belyamani et al. 2014; Colak et al. 2016; Balakrishnan 
et al. 2017; Huang et al. 2016; Oechsle et al. 2016; Etxabide et al. 2016; Matet et al. 
2015; Mendes et al. 2016; Garrido et al. 2016; Wang and Padua 2003; Valencia et al. 
2016). Polymers from biomass can be classified in two groups: polysaccharides and 
proteins, both isolated from animal or plant sources (Fig. 5.1) (Vieira et al. 2011).

Biopolymer-based films usually present some good functional or physical prop-
erties but are very sensitive to environmental conditions, as relative humidity, and 
are affected by several factors such as pH, heat treatment, addition of plasticizers, 
ion concentration, biopolymer concentration and its molecular conformation 
(Nisperos- Carriedo 1994; Arvanitoyannis 2002; Gutiérrez and Alvarez 2017a). An 
alternative to enhance the biopolymer-based films properties is their reinforcement 
with nanoparticles, producing a material often called as nano-biocomposite poly-
mers or only nanocomposites (Lagaron et al. 2005). Thus, the nano-biocomposite 
polymer films are thin materials formed by a biopolymer matrix reinforced with a 
dispersed nanoscale filler (Gutiérrez et al. 2016).

The present chapter aims to reviews the recent trends about the use of polymers 
produced from biomass and used to manufacture nano-biocomposite polymer films; 
the main techniques used to manufacture nano-biocomposite polymer films (casting, 
tape casting, thermoforming and extrusion); the use of nanoparticles to manufacture 
nano-biocomposite and active nano-biocomposite polymer films; the nanoparticle 

1 Films are continuous polymeric materials with thickness less than 0.3  mm (Embuscado and 
Huber 2009).
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migration from nano-biocomposite polymer films to food products; and the pros-
pects of nano-biocomposite polymer films in food industry.

5.2  Main Polymers Isolated from Biomass

In this section, the main biopolymers produced from biomass and used to manufac-
ture nano-biocomposite polymer films will be presented. These biopolymers are:

5.2.1  Chitin/Chitosan

Chitin is a N-acetylglucosamine mainly found in cell walls of fungi and exoskeleton 
of arthropods such as shrimps shell, carapace of crabs, epidermis and trachea of 
insects (Ali and Ahmed 2016; Kumar 2000; Usman et al. 2016; Merzendorfer and 
Zimoch 2003; Gutiérrez 2017). The chemical structure of chitin consists of 
2-acetamido-2-deoxy-β-D-glucose through a β (1 →  4) linkage and its molecular 
weight (MW) varies between 1.030 and 2.500 kDa (Kumar 2000). Depending of the 
degree of hydration, size of unit cell, and number of chitin chains per unit cell, chitin 
can has a α, β, or γ crystalline structure. This polymer is broadly used in pharmaceu-
tic and chemical industries (Ali and Ahmed 2016; Merzendorfer and Zimoch 2003).

Chitosan is a linear and partially acetylated (1–4)-2-amino-2-deoxy-β-d-glucan 
obtained by de-acetylation of chitin (Ali and Ahmed 2016). The MW of chitosan 
can varies between 100 and 500 kDa (Kumar 2000). Chitosan is a biodegradable 
polymer, non-toxic, biocompatible and displays antimicrobial properties against 

Biomass

Polysaccharides

Animals

Chitin/chitosan

Plants

Chitin/chitosan, 
cellulose, starch

Proteins

Animals

Casein, 
collagen/gelatin, 

whey

Plants

Gluten, soybean, 
zein

Fig. 5.1 Examples of polymers produced from biomass (adapted from Vieira et al. (2011))
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several microorganisms. Chitosan exhibits good filmogenic properties, allowing the 
manufacture of films with low barrier to oxygen and water vapor (Martínez- 
Camacho et al. 2013; Bonilla et al. 2014). More detailed characteristics and/or prop-
erties of chitin and chitosan can be found in the specialized literature (Ali and 
Ahmed 2016; Kumar 2000; Usman et al. 2016; Merzendorfer and Zimoch 2003).

5.2.2  Cellulose/Cellulose Derivatives

Cellulose is considered the polysaccharide most abundant in biomass (Gutiérrez 
and Alvarez 2017b). This is a crystalline biopolymer produced from plants, princi-
pally from cotton and wood, with molecular weight (MW) between 460 and 520 kDa 
(Ali and Ahmed 2016; Kathirgamanathan et al. 2017). Cellulose is composed of 
d-glucopyranose units linked by β(1 → 4)-glycosidic bonds (Ali and Ahmed 2016; 
Park et al. 2010). Hydrogen groups in cellulose can conform several intra- and inter- 
molecular hydrogen bonds, resulting in different crystalline structures (I, II, III and 
IV) (Park et al. 2010).

Cellulose is a biopolymer insoluble in water due to its molecular and supramo-
lecular structure (Mischnick and Momcilovic 2010). Modifications of cellulose are 
performed under controlled conditions aiming to destroy the crystalline structure of 
cellulose, hence, d-glucopyranose units should become equally accessible. In 
sequence, solvents are added to modify the swelling properties, followed by the 
addition of an alkyl halide or by an oxirane, obtaining cellulose derivatives 
(Mischnick and Momcilovic 2010; Doelker and Geneva 1993).

Cellulose derivatives have a MW less than 150 kDa, they may be water soluble 
and are used in a large number of pharmaceutical, cosmetic and food industrial appli-
cations (Kulicke et  al. 2005; Kalyuzhnaya et  al. 2015). The cellulose derivatives 
most used to manufacture biopolymer films are the methylcellulose (MC), carboxi-
methylcellulose (CMC), hydroxypropylcellulose (HPC), hydroxypropylmethylcel-
lulose (HMC) (Mischnick and Momcilovic 2010; Kulicke et al. 2005; Kalyuzhnaya 
et  al. 2015). Cellulose derivatives have a good film-forming performance and its 
films are transparent and have a high mechanical strength and low barrier to oxygen 
and water vapor (Kalyuzhnaya et al. 2015; Deng et al. 2016; Yang et al. 2011). More 
detailed characteristics and/or properties of cellulose and cellulose derivatives can be 
found in several works (Kathirgamanathan et al. 2017; Park et al. 2010; Mischnick 
and Momcilovic 2010; Doelker and Geneva 1993; Kulicke et al. 2005; Kalyuzhnaya 
et al. 2015; Deng et al. 2016; Yang et al. 2011).

5.2.3  Starch

Starch is a polysaccharide conformed of amylose and amylopectin, in which amylose 
is the predominantly linear (1 → 4)-linked α-glucan, while, amylopectin has a linear 
(1 → 4)-linked α-glucan with many ramifications by means α-(1 → 6) branch points 
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(Álvarez et al. 2017; Gutiérrez et al. 2017a). The MW of amylose and amylopectin 
varies between 150 and 400 kDa; and between 10,000 and 15,000 kDa, respectively 
(Cornell 2004; Pérez et al. 2009). Amylose and amylopectin conform starch granules 
with different shapes such as spheres, ellipsoids, polygons, platelets, irregular tubules 
and sizes between 0.1 to at least 200 μm, depending on the botanical source (Cornell 
2004; Pérez et al. 2009). Starch granules are partially crystalline with A, B or C crys-
talline structure (Gutiérrez et al. 2015; Gutiérrez and Álvarez 2016; Gutiérrez 2018). 
These granules are mainly found in roots, tubers and seeds and to a lesser extent in 
stems, leaves, fruits and pollen (Pérez et al. 2009). The amount of the amylose in 
starch granules oscillates between 15 and 40% (Tester et al. 2004). Starch has the 
ability to form a continuous matrix, allowing the manufacture of films where the 
mechanical, barrier and film formation properties are improved with the increasing in 
amylose content (Azevedo et al. 2017; Valencia et al. 2018). The main functional and 
physical properties of starch has been reviewed by many authors (Ali and Ahmed 
2016; Cornell 2004; Pérez et al. 2009; Tester et al. 2004).

5.2.4  Casein and Whey

Casein and whey are milk proteins. Milk proteins constitute approximately 3.2% of 
bovine milk (Guo and Wang 2016). Casein constitute approximately 75% of the 
total proteins in milk, which precipitates at pH 4.6. The protein remaining in milk 
serum (~25%) are called whey protein (Guo and Wang 2016; Morgan et al. 2005).

In its native state in milk, casein is mostly a random coil with a high proline con-
tent, highly phosphorylated for calcium binding, existing in the form of a “micelle” 
structure with a MW of ~105 kDa, and comprising four different casein subunits (α-, 
β- and κ-casein) and calcium phosphate (Guo and Wang 2016; Morgan et al. 2005). 
The proportion of α-, β- and κ-casein varies among species. The MW of α-, β- and 
κ-casein are approximately 23, 25, 24 and 19 kDa, respectively (Gómez-Estaca et al. 
2016; Morgan et al. 2005; Wang et al. 2013; Bonnaillie et al. 2014).

Whey proteins are ordered secondary structures, which is described as a “cup” or 
“calyx” shaped three-dimensional structure and with a low proline content, is non- 
phosphorylated, and has small soluble proteins (Guo and Wang 2016). The 
β-lactoglobulin (MW ≈ 18 kDa) is the dominant protein in whey, which accounts 
for about 50% of total whey proteins (Guo and Wang 2016). Other proteins such as 
α-lactalbumin (MW ≈ 14 kDa) and bovine serum albumin (MW ≈ 66 kDa) also are 
found in whey protein (Gómez-Estaca et al. 2016; Schmid et al. 2012).

Casein and whey have good film-forming performance and their films have a 
good barrier to oxygen and they can form flavourless, flexible and transparent films 
(Bonnaillie et al. 2014; Schmid et al. 2012; Wagh et al. 2014). More detailed char-
acteristics and/or properties of casein and whey proteins can be found in the special-
ized literature (Guo and Wang 2016; Morgan et al. 2005; Wang et al. 2013; Bonnaillie 
et al. 2014; Schmid et al. 2012).
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5.2.5  Collagen/Gelatin

Collagen is comprised of homotrimers and heterotrimers that are formed by three 
polypeptide chains called α-chains (collagen triple helix), each one, with a MW 
between 345 and 360 kDa (Vieira et al. 2011; Gómez-Estaca et al. 2016; Mouw 
et al. 2014). To date, some 28 different types of collagen have been identified, clas-
sified as type I, II, II… XXVIII (Schrieber and Gareis 2007; Shoulders and Raines 
2009). Type I collagen is formed by two α-1 chains and one α-2 chain, this protein 
exhibits primary, secondary, tertiary and quaternary structure and it has several 
industrial applications (Mouw et al. 2014; Schrieber and Gareis 2007).

Collagen is the primary fibrous protein present in the extracellular matrix of 
animals and is a major component of tendon, cartilage, bone and skin. Principally, 
this protein is produced from mammalian (bovine, goat, porcine and ovine) and 
non-mammalian (amphibian and fish) animals (Fauzi et  al. 2016; Stylianou and 
Yova 2013). This protein is not water soluble, however, after a number of separa-
tions and hydrolysis, the collagen becomes a hydrocolloid, exhibiting filmogenic 
properties (Wolf et al. 2009).

Collagen can be hydrolyzed under thermal treatments, in acidic or alkaline con-
ditions, obtaining type A or B gelatin, respectively (Schrieber and Gareis 2007). 
Depending of hydrolysis type, the isoelectric point (IEP) and MW of gelatins are 
altered. Hence, the IEP for type A and B gelatins are ranged between 8 and 9, and 
between 4.8 and 5.5, respectively (Schrieber and Gareis 2007), while MW of type 
A and B gelatins are 30–300 kDa, and ~100 kDa, respectively (Djabourov et al. 
2013). The hydrolysis type of collagen results in gelatin with different amino acid 
composition, altering the viscosity and gelling properties of gelatin (Schrieber and 
Gareis 2007). Gelatin has an excellent filmogenic properties which allows the pro-
duction of films with excellent optical properties (Valencia et al. 2016).

Collagen and gelatin films are good barrier to oxygen, carbon dioxide and oils 
(Chen et al. 2013). The functional and physical properties of collagen and gelatin 
have been reviewed by many authors (Mouw et  al. 2014; Schrieber and Gareis 
2007; Shoulders and Raines 2009; Djabourov et al. 2013).

5.2.6  Gluten

Gluten is a protein fraction from several cereal seeds such as wheat, rye, barley, oats 
or their crossbred varieties and derivatives (Rzychon et al. 2017). Gluten proteins 
can be divided in gliadins and glutenins, being that both fractions have high gluta-
mine and proline contents. Gliadins are mainly monomeric proteins with a MW 
between 28 and 55 kDa and can be classified according to their different primary 
structures into the α/β-, γ- and ω-type. Glutenins are comprised of aggregated pro-
teins linked by interchain disulphide bonds with MW varying between 500 and 
more than 10,000 kDa (Wieser 2007). Glutenin subunits can be obtained reducing 
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disulphide bonds in glutenins. The resulting glutenin subunits are soluble in aque-
ous alcohols, similar to gliadins. Depending of primary structure, glutenins subunits 
can be classified in high-molecular-weight (HMW) and low-molecular-weight 
(LMW), with MW between 67 and 88 kDa; and between 32 and 35 kDa, respec-
tively (Wieser 2007; Tilley et al. 2001).

Several researches have studied the gluten film-forming performance, particu-
larly, its viscoelastic properties, ability to cross-link upon heating, low water solubil-
ity, low cost and availability as a co-product of the wheat starch industry (Tilley et al. 
2001; Ansorena et al. 2016; Tanada-palmu and Grosso 2003). Gluten films are good 
barrier to oxygen, carbon dioxide and oils (Chen et al. 2013). Most information about 
the functional and physical properties of gluten can be found in the specialized litera-
ture (Wieser 2007; Tilley et al. 2001; Gras et al. 2001; Shewry et al. 2002).

5.2.7  Soybean/Soybean Derivatives and Zein

Soybean proteins are composed of a mixture of globular proteins such as albumins 
(10–50%) and globulins (50–90%) (Qi et  al. 2011), with MW between 140 and 
170 kDa; and between 340 and 375 kDa, respectively (Nehete et al. 2013). Globulin 
is the dominant storage protein in soybean (50–90%), this protein is composed of 
two major components: glycinin (11S) and β-conglycinin (7S). The 11S:7S propor-
tion depend of the botanical origin, varying from 1:3 to 3:1 (Qi et al. 2011; Singh 
et al. 2015). Two proteins derivatives can be obtained from soybean protein: soy 
protein concentrate (SPC) and soy protein isolate (SPI). The difference between 
SPC and SPI is based on the protein content, hence SPC is defined as an protein 
product with a protein content ≥65%, whereas SPI is a product with a protein con-
tent ≥90%, both on dry weight basis (Wang et al. 2004). SPC and SPI are prepared 
in different process involving insolubilization of the protein to remove soluble sug-
ars, whereas, SPI preparation involves solubilization of the protein to remove the 
insoluble fiber and then precipitation to remove soluble sugars (Wang et al. 2004; 
Tsumura 2009).

On another side, zein is a protein (prolamine) from maize with MW between 14 
and 27  kDa (Wang and Padua 2003; Argos et  al. 1982; Thompson and Larkins 
1989). This protein displays significant hydrophobic properties due to the amino 
acid composition, having a large amount of strong or somewhat hydrophobic resi-
dues such as glutamine, proline, leucine and alanine (Matsushima et  al. 1997). 
According to the solubility properties, zeins can be classified as α, β, γ and δ. Hence, 
α-zeins (MW between 19 and 22 kDa) can be extracted by aqueous alcohol alone, 
whereas β (MW ~ 14 kDa), γ (MW between 16 and 27 kDa) and δ-zeins (MW ~ 
10 kDa) are solubilized by the addition of a reducing agent to aqueous alcohol. The 
β, γ and δ-zeins exhibit little charge heterogeneity and are probably single polypep-
tides (Thompson and Larkins 1989).

Films based on soybean/soybean derivatives proteins and zein have excellent 
water-resistance, as well as good mechanical and optical properties (Chen et  al. 
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2013; Li et al. 2016). Most information about the functional and physical properties 
of soybean/soybean derivatives proteins (Qi et al. 2011; Singh et al. 2015; Wang 
et al. 2004; Tsumura 2009; Li et al. 2016), as well for zein (Wang and Padua 2003; 
Argos et al. 1982; Thompson and Larkins 1989; Matsushima et al. 1997) can be 
found in the specialized literature.

5.3  Main Techniques Used to Manufacture Nano- 
biocomposite Polymer Films

In general, films manufactured with biopolymers from biomass are sensitive to 
water vapor, thus limiting their food industrial applications (Valencia et al. 2016; 
Azevedo et al. 2017; Chen et al. 2013; Ansorena et al. 2016). Then, in the next sec-
tions we will discuss some new strategies to improve physicochemical properties 
(e.g. water vapor barrier, mechanical, optical and thermal properties) in films based 
on biopolymers from biomass. There are two common technologies to manufacture 
biopolymer films and nano-biocomposite polymer films: wet and dry processes.

5.3.1  Wet Process

In the wet process, solvents are used for the dispersion of biopolymer to obtain a 
film-forming solution (FFS). Then the desired additives, such as plasticizers, to 
allow the production of flexible films; cross-linkers, to produce films with modified 
biopolymers; antimicrobials/antioxidants, to produce active films; or, nanoparticles, 
when we are interested in to produce nano-biocomposite polymer films, are added 
to FFS.  Finally, FFS is dried to remove the solvent and form a continuous film 
(Benjakul et al. 2016).

Wet process comprises casting and tape-casting techniques. In casting, FFS is 
poured onto the support, and then, the film thickness is a function of the weight of 
dry matter poured onto the support (Valencia et al. 2016, 2018). Casting is the most 
used technique to manufacture biopolymer films at laboratory-scale. This technique 
has been used for manufacture biopolymer films based on chitosan (Bonilla et al. 
2014; Ma et  al. 2016), cellulose (Yang et  al. 2011), starch (Abreu et  al. 2015; 
Valencia et al. 2018), casein (Bonnaillie et al. 2014; Wagh et al. 2014), whey (Wagh 
et  al. 2014), collagen (Wolf et  al. 2009), gelatin (Valencia et  al. 2016), gluten 
(Fakhouri et al. 2018), soybean (Ma et al. 2016) and zein (Matthews et al. 2011), 
among others.

Tape-casting, or spread casting or knife-coating, is a well-known technique to 
manufacture paper, plastic and ceramics (Richard and Twiname 2000). In this tech-
nique, FFS is placed in a reservoir with a blade, whose height can be adjusted with 
micrometric screws (Fig. 5.2). The FFS is cast as a film on a tape or support, due to 
the movement of the doctor blade, in batch process; or the movement of the carrier 
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tape, in continuous process (De Moraes et al. 2013). FFS is dried on the tape, result-
ing in a reduction of its thickness, hence, the film thickness is a function of the 
weight of dry matter poured onto the tape, which can be controlled knowing the dry 
matter of FFS and the height of the blade (Flaker et al. 2015). Principally, tape- 
casting has been used to manufacture biopolymer films based on starch (De Moraes 
et al. 2013, 2015) and gelatin (Flaker et al. 2015). The disadvantage of tape-casting 
technique is that FFS must have a shear-thinning behavior with viscosity values that 
allow the flow of FFS to high- or low-shear stresses (De Moraes et al. 2013).

In the wet process (casting and tape-casting), the selection of solvents is one of 
the most important factors. Normally, solvents are water and mixtures of water/
ethanol or water/acetic acid (Benjakul et al. 2016; Bonilla et al. 2014). The type of 
solvent, its pH and temperature can affect the biopolymer network during its disper-
sion. For example, chitosan, collagen and some proteins are dispersed in acid condi-
tions (Bonilla et  al. 2014; Wolf et  al. 2009; Li et  al. 2012); whereas, starch and 
gelatin can be dispersed using only hot water (Valencia et al. 2016, 2018).

By means of wet process, it is possible to manufacture biopolymer films with 
better barrier properties (e.g., oxygen, water, light), however, other physical 
 properties such as mechanical properties, thermal sealebility and printability are not 
necessarily improved (Gómez-Estaca et al. 2016).

5.3.2  Dry Process

In the dry process or thermal process, solvents are not necessary needed, thus, from 
economic and environmental viewpoints, this process is interesting to manufacture 
biopolymer films in an industrial-scale (Bouvier and Campanella 2014). In dry pro-
cess, heat is applied to increase the temperature above the glass transition (Tg) and/
or the melting (Tm) temperatures of biopolymer and then promoting the material 
flow (Benjakul et al. 2016; Gómez-Estaca et al. 2016). Normally, biopolymer film 
formation can be carried out using thermoforming and extrusion (Bouvier and 
Campanella 2014; Gutiérrez and Alvarez 2017c, d).

Micrometric
screws

Reservoir

Shear force
Spreading
direction Adjustable

height

Support

Fig. 5.2 A schematic illustration of the tape-casting process (adapted from De Moraes et  al. 
(2013))
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Thermoforming is a high-temperature process where the biopolymer is forced to 
form a specific shape in a mold. Normally, this process is done under high pressure 
and high temperature, promoting important changes in the molecular network of 
biopolymer due to the thermal transitions and even by the formation of covalent and 
cross-linking bonds (Ansorena et  al. 2016; Bouvier and Campanella 2014). The 
principal disadvantage of thermoforming is that materials are manufactured in batch 
process (Ansorena et al. 2016; Bouvier and Campanella 2014).

The principal variables to manufacture biopolymer films by thermoforming are 
temperature and pressure molding, as well process time, depending of the biopoly-
mer to be manufactured (Table 5.1). Sothornvit et al. (2007) observed that to pro-
duce compression-molded whey protein films is necessary a minimum temperature 
of 104 °C. However, a temperature higher than 140 °C lead to the polymer degrada-
tion. In this same research, these authors observed that continuous polymeric mate-
rial were obtained using pressures between 0.8 and 2.2 MPa.

In the last years, most researchers have studied the extrusion because materials 
can be manufactured in a continuous process (Bouvier and Campanella 2014). 
Extrusion is widely used in polymer industry to manufacture plastic packaging and 
recently used to manufacture biopolymer films (Hanani et al. 2013).

Extrusion is a thermomechanical process based on combination of multiple unit 
operations such as the transport, mixing, shearing, plasticizing, melting, polymer-
ization, and fragmentation (Emin and Schuchmann 2017). Extrusion uses one or 
two co-rotating twin screws fitted in a barrel in order to gradually increase the pres-
sure and push forward and mix the ingredients required to manufacture the product 
through a die section where expansion may take place (Fig. 5.3) (Hanani et al. 2013; 
Emin and Schuchmann 2017). Actually, extruders allow extensive variation in ther-
mal and mechanical energy inputs, control of the residence time and efficient of 
mixing ingredients (Bouvier and Campanella 2014). The principal disadvantage of 
extrusion is that several parameters control the process, hence slight variations in 
processing conditions can have a considerable effect on physicochemical properties 
of biopolymer films (Bouvier and Campanella 2014).

The principal variables to manufacture biopolymer films and nano-biocomposite 
polymer films by extrusion are screw speed, temperature profile in screw section 
(e.g. temperature 1/temperature 2, etc) and temperature in die section (temperature 
at the end of extruder) (Table 5.2).

Extrusion can cause chemical reactions or reorganization of the chain structure 
in biopolymers, allowing to improve some physicochemical properties in biopoly-
mer films (Garrido et  al. 2016; Hanani et  al. 2012). Hanani et  al. (Hanani et  al. 
2012) developed films based on gelatins from beef, pork and fish sources using 
twin-screw extrusion (Table 5.2). These authors observed that as the screw speed 
increased up to 300 rpm, the tensile strength (TS) of films based on gelatin from 
beef and pork increased, however, at 400 rpm, the TS values of both films decreased. 
Also, as the screw speed of the extruder was increased, from 100 to 300 rpm, an 
increase in elongation at break (EB) for fish gelatin films was observed. These 
authors observed that higher screw speed provoked the gelatin melting by friction 
and lead to most homogeneous films due to the better compound mixture. Also, 
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higher screw speed increased extruder shear rate and decreased the viscosity of 
gelatin solutions. These authors concluded that the mechanical properties of films 
based on fish gelatin decreasing when the processing temperature increased from 90 
to 120 °C, due to thermomechanical process that disrupt the structures of the protein 
from fish gelatin. Water vapor permeability (WVP) values in gelatin films decreased 
with the increasing in extrusion screw speeds due to the decreasing in the molecular 
size of gelatin. Finally, the water solubility in gelatin films increased with the extru-
sion screw speeds and with the processing temperature due to the modifications in 
secondary and tertiary structures of proteins into films.

Hanani et  al. (2014) studied the effect of the processing temperature on the 
mechanical and water vapor barrier properties of extruded gelatin films (Table 5.2) 
and observed that temperature had a significant effect on the mechanical and WVP 
properties in composite films. Hence, TS values for gelatin films increased, from 1.4 
to 5.4 MPa, as temperature increased until 120 °C. This could be attributed to the 
melting protein at higher temperature, which also contributed to tighter compact 
protein networks. Also, EB was not altered with temperature in screw section 
(EB = 2.1%). WVP values decreased from 9.3x10−10 to 4.6x10−10 g·m/m2·s·Pa, as 

Table 5.1 Principal thermoforming variables used to manufacture biopolymer films and nano- 
biocomposite polymer films

Biopolymer

Thermoforming variables
Film thickness 
(mm) Reference

Temperature 
(°C)

Time 
(min)

Pressure 
(kPa)

Cellulose 
derivatives

100 8 6863 0.08 Shih et al. (2009)
160 2 3000 0.3 Ortega-toro et al. 

(2014)
Starch 110 to 170 29 to 69 Not informed Guimarães et al. 

(2010)
110 3 7400 0.3 Hietala et al. (2013)
140 6 14,706 0.1 López et al. (2015)
160 2 and 6 5000 and 

15,000
0.2 to 0.3 Ortega-Toro et al. 

(2015)
180 15 10,000 0.7 Gutiérrez and 

Alvarez (2017)
Whey 150 5 20,000 Not informed Sharma and 

Luzinov (2013)
Gelatin 80 2 64 1.0 Krishna et al. 

(2012)
Casein 70 to 140 7 50,000 0.5 Colak et al. (2016)
Gluten 80 10 1 Not informed Zubeldía et al. 

(2015)
100 10 1 Not informed Ansorena et al. 

(2016)
Soybean 
derivatives

150 2 12,000 0.7 Guerrero et al. 
(2011)

150 2 13,000 0.4 Garrido et al. (2016)
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temperature increased, from 90 °C until 120 °C, in screw section. Similar results 
were observed by Krishna et al. (2012), working with extruded gelatin films, which 
also observed that the Tg values in extruded gelatin films increased with increase in 
extrusion temperature, from 110 °C (Tg = 11.6 °C) to 120 °C (Tg = 26.3 °C). This 
behavior was due to the decreasing in films moisture content with the increasing of 
processing temperature (Krishna et al. 2012).

Andreuccetti et al. (2012) compared the casting and extrusion process to manu-
facture gelatin films. These authors observed that extruded films showed much bet-
ter elongation at break and lower WVP that those manufactured by casting. Similar 
results were observed by Guerrero et al. (2010) and Yan et al. (2012), both, compar-
ing the casting and extrusion process to manufacture soybean and corn starch films, 
respectively.

However, others researchers have been observed that extrusion process not 
necessarily improve the physicochemical properties of biopolymer films when 
compared with the same films manufactured by means of wet process. These 
behavior could be due to the biopolymer degradation during extrusion process 
(Krishna et al. 2012; Yan et al. 2012; Andreuccetti et al. 2012; Park et al. 2008).

matrix

water

(e.g. polysaccharides, proteins)

screw section

M

die section

Polymeric film

die section

 short expansion die

long cooling die

b

a

Fig. 5.3 (a) A schematic illustration of twin screw extrusion with the principal sections (adapted 
from Emin and Schuchmann (2017)). (b) A photography of a polymeric extruded film (adapted 
from Camacho et al. (2013))
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5.4  Main Nanoparticles Used to Manufacture Nano–
biocomposite Polymer Films

The use of nanoparticles is a recent alternative to improve the physicochemical 
properties of biopolymer films (Valencia et al. 2016; Flaker et al. 2015; Perotti et al. 
2014), and even to manufacture active packaging2 (Krepker et  al. 2017). 
 Nanoparticles are characterized by having at least one dimension in nanometric 
scale, i.e. between 1 and 100 nm (Aouada et al. 2011). Hence, when the particle size 
is equivalent to the dimension of a molecule, the atomic and molecular interactions 
can have a significant influence on the macroscopic properties of liquid and solid 
systems (Valencia et al. 2015). It is important that nanoparticles are well- dispersed 
in the biopolymer network to enhance the contact area between nanoparticle and 
biopolymer chain and then improve the physicochemical properties of nano-bio-
composite polymer films (Valencia et al. 2016; Flaker et al. 2015; Yamakawa et al. 
2017; Ghelejlu et al. 2016).

The principal nanoparticles used in studies about nano-biocomposite polymer 
films are:

5.4.1  Carbon Nanotubes

Carbon nanotubes (CNTs) are sheets of graphite that has been rolled into a tube, 
forming cylinders in nanometric scale (Belin and Epron 2005). There are two types 
of CNTs: single-walled carbon nanotubes (SWCNTs) and multi-walled carbon 
nanotubes (MWCNTs) (Zhanjun et al. 2011). SWCNTs have a well- defined atomic 
structure, with high length to diameter ratio, having a diameter between 0.8 and 
1.2 nm and length between 100 and 1000 nm. MWCNTs are elongated cylindrical 
nanoparticles made of sp2 carbon, having a diameter between 3 and 30  nm and 
length of several cm long, thus their aspect ratio can vary between 10 and ten mil-
lion. CNTs have electronic properties and can be either metallic or semiconducting 
depending on their geometry (Belin and Epron 2005).

CNTs have been broadly used in electrical applications due to its high electrical 
conductivity (Yamakawa et al. 2017). Most recently, CNTs have been used as rein-
forcement load for biopolymer films due to its high mechanical properties (elastic 
modulus, EM = 0.91 TPa and tensile strength, TS = 0.15 TPa) and thermal stability 
(Ortiz-Zarama et al. 2014). Zhanjun et al. (2011) manufactured nano-biocomposite 
polymer films based on corn starch containing until 3% of CNTs (based on the mass 
of biopolymer) and observed that the weight loss of nano-biocomposite polymer 
films, analyzed by thermogravimetric analysis (TGA), decreased with CNTs con-

2 Active packaging: active packaging are materials that contain deliberately incorporated compo-
nents intended to release (controlled) or absorb substances into or from the packaged food or from 
the environment surrounding the food (Krepker et al. 2017).
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centration, in the temperature between 260 and 315  °C.  However, the CNTs 
decreased the compatibility between corn starch with other compounds such as 
polyols (e.g. glycerol) used to plasticizer the biopolymer.

Famá et al. (2011) developed nano-biocomposite polymer films based on tapioca 
starch containing until 0.055% of MWCNTs (based on the mass of biopolymer) and 
observed that nano-biocomposite polymer films exhibited highly improved tensile 
and impact properties, with increments of approximately 70% in stiffness, 35% in 
ultimate tensile strength and 50% in tensile toughness, keeping deformations higher 
than 80% without break. Similar results were observed by Jose et al. (2015) and 
Ortiz-Zarama et al. (2014), working on nano-biocomposite polymer films based on 
corn starch or bovine gelatin, both containing until 2% of CNTs (based on the mass 
of biopolymer), respectively.

However, the high price and toxicity concerns are the principals disadvantages of 
CNTs, thus limiting its applications in nano-biocomposite polymer films for food 
industry (Famá et al. 2011).

5.4.2  Chitosan Nanoparticle

Chitosan nanoparticles (CNPs) have spherical shape with diameters less than 
100 nm (Hosseini et al. 2015), with are produced from chitosan by means of several 
methods such as emulsion crosslinking, reverse micelles, precipitation, ionotropic 
gelation, among others (Gomathi et al. 2017). CNPs are broadly used for various 
applications due to their biodegradability, high permeability through biological 
membranes, non-toxicity to human, cost effectiveness and broad antifungal activi-
ties (Dananjaya et al. 2017; Ma et al. 2017a).

In the nano-biocomposite polymer film domain using CNPs. Hosseini et  al. 
(2015) developed nano-biocomposite polymer films based on fish gelatin contain-
ing until 8% of CNPs (based on the mass of biopolymer) and observed that the 
addition of CNPs caused remarkable increase in TS and EM in nano-biocomposite 
polymer films when compared with control films (gelatin films without CNPs). 
Also, the addition of CNPs decreased in approximately 50% the WVP and the trans-
parency at 600 nm of values of nano-biocomposite polymer films when compared 
with control films (without CNPs). The improvement of mechanical and barrier 
(WVP) properties of nano-biocomposite polymer films with the CNPs concentra-
tion was due to the decreasing in the free volume between gelatin chains caused by 
an increase in intermolecular attractive forces, making the gelatin network highly 
dense and thus less permeable. CNPs were not dissolved into biopolymer matrix, 
hence, nano-biocomposite polymer films were most opaque with CNPs, reflecting 
the UV light.

Barreras et al. (2016) observed that CNPs enhanced the antibacterial activity of 
nano-biocomposite polymer films based on collagen, suggesting that CNPs could 
be used to develop active packaging with food applications (Krepker et al. 2017).
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5.4.3  Metal Nanoparticles

The most common nanoparticles from noble metals are silver and gold. Silver 
(AgNPs) and gold (AuNPs) nanoparticles are synthetized by chemical reactions 
from silver nitrate and chloroauric acid, respectively. Normally, AgNPs and AuNPs 
have a spherical form with diameters less than 100 nm (Valencia et al. 2013, 2014a; 
Cheviron et al. 2014; Ji et al. 2016).

AgNPs are known to have inhibitory and antimicrobial properties and low toxic-
ity, receiving special attention in food packaging industry. These nanoparticles have 
an absorbent effect, being applied in food packaging to absorb moisture and fluids 
exuded from foods such as meat and fish (Abreu et al. 2015). AgNPs are broadly 
used to develop active food packaging (Carbone et al. 2016).

Regarding nano-biocomposite polymer film loaded with AgNPs, Abreu et  al. 
(2015) developed nano-biocomposite polymer films based on corn starch contain-
ing until 1.7% of AgNPs (based on the mass of biopolymer) and observed that this 
material had antimicrobial activity against Staphylococcus aureus, Escherichia coli 
and Candida albicans without significant differences between AgNPs concentra-
tions in nano-biocomposite polymer films. Similar results were observed in nano- 
biocomposite polymer films based on chitosan (Gabriel et al. 2017), starch (Valencia 
et  al. 2013; Cheviron et  al. 2014; Ji et  al. 2016; Ortega et  al. 2017) and gelatin 
(Kanmani and Rhim 2014) loaded with AgNPs.

Ortega et al. (2017) developed also nano-biocomposite polymer films based on 
corn starch containing until 0.02% of AgNPs (based on the mass of biopolymer) and 
observed that the nano-biocomposite polymer films extended the shelf-life of fresh 
cheese samples for 21 days due to the antimicrobial activity of AgNPs.

Moreover, AgNPs can cause an increasing in opacity and thermal stability, as 
well as decreasing in mechanical properties and WVP in nano-biocomposite poly-
mer films (Ji et al. 2016; Ortega et al. 2017; Kanmani and Rhim 2014).

Regarding gold nanoparticles (AuNPs), Abdel-Raouf et al. (2017) and Mohamed 
et  al. (2017) recently observed that this nanoparticle had antibacterial activity 
against Gram-positive and Gram-negative bacteria. In addition, Bumbudsanpharoke 
and Ko (2018) observed also antioxidant properties in nano-biocomposite polymer 
films charged with AuNPs and explained this behavior by the electron configuration 
of AuNP, allowing accept or donate an electron to quench radicals. However, AuNPs 
are less investigate in food packaging research due to its high price. Most research 
about AuNPs are focused on the development of drug delivery systems (Pooja et al. 
2015) and biosensors (Valencia et al. 2014b).

5.4.4  Cellulose Nanowhiskers or Nanocrystals

Cellulose nanowhiskers (CNWs) or cellulose nanocrystals (CNCs) can be obtained 
by strong acid hydrolysis of cellulose fibres from cotton, hemp, flax, microcrystal-
line cellulose and bacterial cellulose, using sulfuric acid under controlled 

5 Recent Trends on Nano-biocomposite Polymers for Food Packaging



118

conditions, such as temperature, agitation and time, producing highly crystalline 
rod-like nanostructures (Alves et al. 2015; Cano et al. 2015). Thus, CNWs are from 
renewable, sustainable and abundant resources. CNWs have a needle shaped with 
the length between 10 and 400 nm and the diameter between 3 and 30 nm, depend-
ing on the chemical reaction (Wang et al. 2017; Soni et al. 2016).

Cano et  al. (2015) developed nano-biocomposite polymer films based on pea 
starch containing until 5% of CNWs (based on the mass of biopolymer) and 
observed that the incorporation of CNWs lead to phase separation between CNWs 
and starch. These authors also observed that CNWs did not improved water vapor 
barrier in nano-biocomposite polymer films.

Noshirvani et al. (2018) developed nano-biocomposite polymer films based on 
potato starch containing until 20% of CNWs (based on the mass of biopolymer) and 
observed that nano-biocomposite polymer films showed a decreasing in solubility, 
water absorption, WVP and EB values with CNW concentration, and that contact 
angle, TS, Tg and Tm values increased with CNW concentration. The physicochemi-
cal modifications in nano-biocomposite polymer films with CNWs was due to the 
three-dimensional networks of intermolecular hydrogen-bonding interactions 
between CNW and potato starch matrix. CNW has also a crystalline nature with 
high aspect ratio, altering the films crystallinity and then their physical properties 
(Noshirvani et al. 2018). Similar results have been obtained in nano-biocomposite 
polymer films based on chitosan containing CNWs (Soni et al. 2016; Mujtaba et al. 
2017; Ma et al. 2017b; Llanos and Tadini 2018).

In the same sense, Soni et al. (2016) observed that CNWs improved the thermal 
stability in nano-biocomposite polymer films based on chitosan due to the presence 
of the crystalline structure and great compactness between both chitosan and CNWs. 
Ma et al. (2017b) observed that CNWs improved barrier properties against UV light 
in nano-biocomposite polymer films based on chitosan as a consequence that CNWs 
hinder light transmission in the near ultraviolet range (between 300 and 400 nm). 
These results may be due to the interaction between the CNWs and chitosan matrix. 
Mujtaba et al. (2017) observed that CNWs improved the antimicrobial properties in 
nano-biocomposite polymer films based on chitosan against Escherichia coli ATCC 
35218, Pseudomonas aeruginosa ATCC 27853, Enterococcus faecalis ATCC 29212, 
Staphylococcus aureus ATCC 25923 and Listeria monocytogenes ATCC 7644.

5.4.5  Nanoclays

Nanoclays are nanoparticles of layered mineral silicates, that can be classified as 
natural and synthetic nanoclays (Bracone et al. 2016; Gutiérrez et al. 2017b). The 
most common natural and synthetic nanoclays used to manufacture nano- 
biocomposite polymer films are montmorillonite (Mnt) and laponite (Lap), respec-
tively (Valencia et al. 2016, 2018; Flaker et al. 2015; Llanos and Tadini 2018). Mnt 
and Lap have a disk-shape with a thickness of approximately 10 nm for Mnt and 
1 nm for Lap, and a diameter of approximately 1000 nm for Mnt and 25 nm for Lap 
(Cummins 2007; Cadene et al. 2005).
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Chung et al. (2010) developed nano-biocomposite polymer films based on corn 
starch containing until 7% of Mnt or Lap (based on the mass of biopolymer) and 
observed that nanoclays improved EM and TS in nano-biocomposite polymer films. 
Nanoclays can improve others physical properties such as thermal stability (Perotti 
et al. 2014; Aouada et al. 2011; Gutiérrez and Alvarez 2018), water vapor barrier 
and water solubility (Flaker et al. 2015; Barreras et al. 2016; Tang and Alavi 2012) 
in nano-biocomposite polymer films. Optical properties of nano-biocomposite 
polymer films were not altered by nanoclays as a consequence of well dispersed 
nanoclays (exfoliated) into biopolymer matrix (Valencia et al. 2016, 2018).

About the antibacterial activity, Hong and Rhim (2008) observed that natural 
Mnt (Cloisite Na+) did not show any antibacterial activity. However, modified Mnt 
(Cloisite 20A and Cloisite 30B) displayed antimicrobial effect against Gram- 
positive and Gram-negative bacteria. Liu et al. (2014) observed that films based on 
synthetic polymer containing modified Mnt (I.34TCN) displayed antimicrobial 
activity against Gram-positive bacteria (i.e., Listeria monocytogenes and 
Staphylococcus aureus). Nanoclays can also have antioxidant effect. Echeverría 
et al. (2018) observed that the presence of Mnt in polyethylene films was able to 
decrease microbial growth and also the lipid autoxidation of tuna fillets during the 
storage period studied (17 days of storage at 2 °C). Li et al. (2015a) developed nano-
biocomposite polymer films based on gelatin containing until 20% of Lap (based on 
the mass of biopolymer) and observed that Lap avoided lipid oxidation and protein 
decomposition of meat during storage due to the barrier capability of Lap. In this 
way, nanoclays are important candidates to manufacture active food packaging, 
however, the main disadvantage is that nanoclays are not from renewable sources, 
neither biodegradables (Abdollahi et al. 2013).

5.4.6  Starch Nanocrystals

Starch nanocrystals (SNC) can be obtained from native starch by strong acid hydro-
lysis, using HCl or H2SO4, under controlled conditions such as temperature, agitation 
and time. SNC has crystalline platelets with a length between 20 and 40 nm, a width 
between 15 and 30 nm, and a thickness between 5 and 7 nm (Gong et al. 2016). The 
main advantage is that SCN are from renewable sources and are biodegradables 
(González and Igarzabal 2015).

SNC has been used to improve the physicochemical properties of nano- 
biocomposite polymer films. Li et al. (2015b) developed nano-biocomposite poly-
mer films based on pea starch containing until 9% of SNC (based on the mass of 
biopolymer) and observed that SCN improved some physicochemical properties in 
nano-biocomposite polymer films such as mechanical properties, water vapor bar-
rier and thermal stability. González & Igarzabal (2015) also developed nano- 
biocomposite polymer films based on soybean protein isolate containing until 40% 
of SNC (based on the mass of biopolymer). These authors observed that the opacity, 
degree of crystallinity and mechanical properties in nano-biocomposite polymer 
films increased with SNC. The moisture content, total soluble matter and swelling 
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in water showed also a marked effect on SNC additions. As the amount of SNC 
increased, the nano-biocomposite polymer films exhibited less affinity for water. 
These authors observed that nano-biocomposite polymer films containing SNC 
sequester cholesterol when brought into contact with cholesterol-rich food such as 
milk. Hence, SNC can also be used to develop active food packaging.

5.5  Nanoparticle Migration

As previously described, nanoparticles can improve several physicochemical prop-
erties and provide active properties in biopolymer films. However, the use of 
nanoparticles to manufacture nano-biocomposite polymer films for food packaging 
applications is a recent technology and can have several risks associated with the 
potential ingestion of nanoparticles migrated from films to drinks and foods 
(Carbone et al. 2016). To date, the toxicity, genotoxicity and carcinogenicity effect 
of nanoparticles in humans is not clear (Dimitrijevic et al. 2015).

The European Union (EU) and Switzerland are the only world region where 
nano-specific provisions have been incorporated in legislation. In other regions, 
nanomaterials are regulated more implicitly by mainly building on guidance for 
industry (Amenta et  al. 2015). European Food Safety Authority (EFSA) did not 
approve the use of nanomaterials in food packaging (Carbone et al. 2016; Amenta 
et al. 2015).

Actually, nanoparticle migration into drinks and foods is studied based on overall 
migration limit (OML) proposed by European directives on food packaging norma-
tive (Commission Regulation No. 10/2011) (European Food Contact Materials 
Legislation 2002). For that, the OML in plastic materials due be less than 60 mg (of 
substances)/kg (of foodstuff or food simulant) for all substances. However, this nor-
mative is not specify for nanoparticles migration.

There are a limited number of studies about nanoparticle migration from nano- 
biocomposite polymer films. In some studies, the AgNPs and Mnt migration into 
foods have been studied. Abreu et  al. (2015) studied the AgNPs migration from 
nano-biocomposite polymer films based on corn starch to food simulants and 
observed that the OML was less (42.9 mg/kg) than that OML proposed by European 
directives on food packaging normative. Similar results were observed by Metak 
et al. (2015) who studied the AgNPs migration from polyethylene packaging to dif-
ferent food simulants and real foods samples. These authors concluded that polymer 
films containing nanoparticles appears to be safe for food packaging since insignifi-
cant levels of AgNPs were released.

Echeverría et al. (2018) studied the Mnt migration from polyethylene films to 
tuna fillets during the storage period studied (17 days of storage at 2 °C) and did not 
observe significant migration of Mnt compounds (Mg, Al, Si) to tuna fillets, proving 
that polymer films containing Mnt can be used as food packaging.

However, it is necessary to study the nanoparticle migration in extreme condi-
tions of temperature, pH and time, as well as in most liquid and solid foods. Several 
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nanoparticles have been proposed as possible nanomaterials to manufacture nano- 
biocomposite polymer films for future food packaging applications (e.g. carbon 
nanotubes, chitosan nanoparticles, cellulose nanowhiskers, starch nanocrystals and 
some nanoclays such as laponite and modified Mnt), however, any study about the 
nanoparticle migration into food systems were reported to date. Finally, it is neces-
sary to quantify the OML permissible of each nanoparticle into foods. For that, is 
necessary to understand the nanoparticle accumulation in biosystems and its toxic-
ity, genotoxicity and carcinogenicity effects (Carbone et al. 2016).

5.6  Prospects in Nano-biocomposite Polymer Films

Aiming the improvement of physicochemical properties in nano-biocomposite 
polymer films, some authors have charged more than one nanoparticle in the same 
biopolymer matrix. Thus, Abreu et al. (2015) and Kanmani and Rhim (2014) devel-
oped nano-biocomposite polymer films based on starch or gelatin, both loaded with 
Mnt and AgNPs. In these research, AgNPs provided antimicrobial properties, 
whereas Mnt improved some mechanical and water barrier properties in the 
 nano- biocomposite polymer films. Hence, these authors developed active nano- 
biocomposite polymer films with better physicochemical properties when compared 
with control films (without nanoparticles).

Other mixtures of nanoparticles such as CNTs and CNWs (Yamakawa et  al. 
2017), CNPs and AgNPs (Dananjaya et al. 2017) and SNC and Mnt (Orsuwan and 
Sothornvit 2017) have been charged in nano-biocomposite polymer films with bet-
ter physicochemical and antimicrobial properties. Nevertheless, according to 
Yamakaka et  al. (2017), these nanomaterials should have a similar diameter and 
similar aspect ratio to improve the nanoparticle compatibility into biopolymer 
matrix.

Another approach to improve physicochemical properties of nano-biocomposite 
polymer films is to blending biopolymers or biopolymers/synthetic polymer in pres-
ence of nanoparticles (Ortega-Toro et  al. 2015; Jose et  al. 2015; Alves et  al. 2015; 
Noshirvani et al. 2018; Tang and Alavi 2012; Taghizadeh and Favis 2013). However, the 
phase separation between nanoparticle and biopolymer/polymer matrixes is a problem 
frequently observed (Li et al. 2015a; Valencia et al. 2018; Flaker et al. 2015; Cano et al. 
2015; Tang and Alavi 2012). A recent alternative to improve compatibility between 
biopolymer/polymer and nanoparticles is the use of reactive extrusion (Gutiérrez and 
Alvarez 2017; Quintana et al. 2016; Dhar et al. 2016). Reactive extrusion is a process 
where chemical reactions are controlled during extrusion process (Bouvier and 
Campanella 2014). To blending biopolymer by reactive extrusion it is necessary that 
biopolymers or biopolymer/synthetic polymer have similar melting temperatures 
(Quintana et al. 2016).
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5.7  Conclusions

Based on the economic and environmental viewpoints, biopolymer films are prob-
ably the future materials to be used in food industry. In nature, there are several 
biopolymers able to be used in manufacture process of biopolymer films. However, 
it is necessary to understand as biopolymer films can become materials with impor-
tant characteristics to food industry. The use of news manufacture process and/or 
nanomaterials can improve the mechanical, thermal, optical and barrier (to water, 
oxygen and UV/light) properties of biopolymer films. Particularly, the use of 
nanoparticles can introduce new properties such as antimicrobial and antioxidant 
activity as well as sequester effects in biopolymer films, opening a windows of news 
applications as active packaging films for food industry. However, the toxicity, 
genotoxicity and carcinogenicity effects of nanoparticles are not clear to date. 
Hence, it is necessary most studies about the nanoparticle migration into drinks and 
foods as well as its risks associated with the potential ingestion, before the nanopar-
ticle application in industrial food packaging.
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Chapter 6
Surface Properties of Biodegradable  
Polymers for Food Packaging

Z. A. Nur Hanani

Abstract Biodegradable polymers derived from biomass such as polysaccharides 
(starches, chitosan, and gums) and proteins (gelatin, soy, and zein) have been 
explored tremendously as potential food packaging materials. Their unique charac-
teristics, for example, edible, abundance, renewable and low-cost allow these mate-
rials to be utilized in many forms such as films and coatings. However, biodegradable 
polymers exhibit high water vapour permeability and solubility. Functional proper-
ties of biodegradable polymers can be enhanced by blending with other polymers, 
lipids, surfactants, emulsifiers or other additives. Combining some polymers and 
additives will change the microstructure, mechanical, barrier and surface properties 
of films. Therefore, surface properties can influence the final applications of films 
and coatings. Interestingly, surface properties of polymers can be tailored using 
some treatment. Lack of discussion on surface properties of biodegradable films is 
noticeable. This chapter presents the surface properties of biodegradable films and 
coatings from various sources and their characterizations. Some surface treatments 
on films aiming to improve their characteristics and effect of the surface on active 
packaging are also discussed.

Keywords Surface treatment

6.1  Biodegradable Polymers for Food Applications

Nowadays, food processing involves some other treatments to prolong the shelf life 
of foods in the package such as freezing, irradiation, high pressure and ozone treat-
ment. Also, the modern lifestyle and convenient options on the usage of ready to eat 
(RTE) meals require some further steps before consuming the foods such as micro-
wave and oven and this indirectly may change the film surface properties and affect 
foods specifically.

Z. A. Nur Hanani (*) 
Department of Food Technology, Faculty of Food Science and Technology, Universiti Putra 
Malaysia, Serdang, Selangor, Malaysia
e-mail: hanani@upm.edu.my

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-94625-2_6&domain=pdf
mailto:hanani@upm.edu.my


132

Synthetic polymers such as polypropylene (PP), low-density polyethylene 
(LDPE), high-density polyethylene (HDPE), polyethylene terephthalate (PET) and 
nylon have been widely used in food packaging to protect food products from physi-
cal and mechanical damages and microbiological spoilage. This scenario is due to 
their good performance properties such as stable, water resistance and strong. 
However, these materials are being utilized as food packages for short term usage 
despite their properties and durability that remained for a longer period. Furthermore, 
the recycling of these materials is impractical due to food contamination. Thus, due 
to environmental awareness, biodegradable materials are seen as alternatives to 
replace synthetic plastics which are non-biodegrade; causing some negative issues 
to nature. Biodegradable polymers are claimed as green materials, renewable and 
environmental-friendly causing this area to be tremendously exploited today.

6.2  Biodegradable Polymers

Biodegradable polymers are gaining more popularity due to the eco-friendly effect 
they offered, renewable, abundance and cheap. These polymers will break down and 
produce natural by-products such as gases (CO2 and N2), water, biomass and inor-
ganic salts. Biodegradable polymers are classified into few categories depending on 
the sources obtained; natural biopolymers and synthetic biopolymers. Natural poly-
mers are produced from agro-based materials such as polysaccharides (starch, cel-
lulose derivatives, chitosan, alginate, etc.) and proteins (soy, corn, wheat, gelatin, 
keratins, etc.) whereas synthetic biopolymers are obtained from synthetic or natural 
monomers and microorganism. Biodegradable polymers can also be in combination 
with synthetic biodegradable polyesters (Gutiérrez and Alvarez 2017a).

Natural polymers derived from polysaccharides- and protein-based are unique 
since they are also edible (can be consumed together with the food) and can provide 
additional nutrients; giving an advantage to applying with food products (Álvarez 
et al. 2017). Hence, this type of polymers can be developed as films or/ and coat-
ings. The films produced also perform good gas barrier, good mechanical proper-
ties, transparent and good carriers for active compounds such as antimicrobials, 
antioxidants, etc.. The main issue related to this group of polymers is the high per-
meability towards moisture or water (Gutiérrez and Alvarez 2017b). Great efforts 
are still in progress to improve the water barrier so that these materials have wider 
applications and can be utilised for several food types. One of the alternatives is 
adding hydrophobic compounds like lipids or fats to produce composites or blend 
films. However, incorporation of lipids to the solutions will alter the properties of 
films produced. Also, surface properties of the single polymer are different com-
pared to the blends polymers (Sionkowska and Płanecka 2013).

Currently, there are high interest on developing biodegradable films, manly 
focused on improving mechanical and barrier properties of the materials for further 
applications. Only few studies focused on the improvement of surface properties of 
biodegradable films to enhance the characteristics of films or other surface such as 
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paper. Surface properties are also important because they will influence the struc-
ture of films (Gutiérrez et al. 2018). However, surface properties of biodegradable 
polymers can be modified depending on the final applications either as coatings or 
films since both applications may have different purpose. Biodegradable polymers 
can also be used in the surface treatment of cellulose-based materials, either by 
coating or by extrusion/lamination (Andersson 2008).

6.3  Surface Properties of Biodegradable Polymers

Biodegradable films can be tailored based on the combination and composition of 
materials used which consequently, will affect the mechanical properties, water 
transmission rate, optical properties and also surface properties of films. Like other 
polymers, surface properties of food packaging polymers include wettability, seal-
ability, printability, dye uptake, resistance to glazing and adhesion to food surfaces 
or other polymers (Sengupta and Han 2014). These are some of the important ele-
ments to food packaging manufacturers for maintaining the shelf life of products 
while ensuring good quality appearance. Furthermore, surface roughness, polarity, 
wettability and modification of the surface will also determine the biocompatibility 
of polymeric materials (Sionkowska and Płanecka 2013).

6.3.1  Wettability

Wetting is the ability of a liquid to interact with the solid surface or another fluid 
either maintains the interaction or penetrates the surface. Wettability is the degree of 
wetting due to the interaction between the fluid and solid phases. It determines the 
properties of polymers’ surface in allowing liquid seep through and plays a crucial 
role in liquid coating and printing. Wettability can be determined using contact 
angle measurement whereby small contact angles (≤90°) indicate high wettability 
where as large contact angles (≥90°) indicate low wettability.

6.3.2  Sealability

Sealing involved melting of the polymer by supplying heat, followed by linking of 
the surfaces under pressure. Sealability determines film’s ability to turn as its own 
bond-forming agent without requiring extra hot melt adhesive. Some materials may 
need less energy to be sealed, depending on the degree of materials crystallinity. 
Thus, temperature, time and pressure should be identified so that sufficient energy 
is supplied to ensure good sealability. A polymer that displays low-temperature 
sealability and maintains seal integrity over a broad seal temperature, dwell time 
and seal pressure can increase packaging line speeds, improve efficiencies and 
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reduce seal failures (Butler and Morris 2012). However, the presence of fillers, addi-
tives or waxes may cause weaker seal due to the migration of these additives to the 
surface (Andersson 2008; Bracone et  al. 2016; Gutiérrez et  al. 2017). The–OH 
groups are also capable of forming hydrogen bonds and thereby provide good adhe-
sion between different surfaces (Andersson 2008). Defects or weak spots during 
and after sealing may produce pathways for transportation of gases or liquids either 
in or out of the package (Andersson 2008).

6.3.3  Printability

Printability of polymer is the ability of the polymer to be printed without displace-
ment of the ink. Surface properties such as smoothness, levelness, ink absorbency, 
gloss, etc. influence this property. Printability test can be done by using tape which 
will be used for lifting ink off the printed samples according to a pre-established 
number of peels (López-García et al. 2013). The tape is lifted off with consistent force 
at an angle 90° before the samples are recorded using UV-VIS spectrophotometer.

6.4  Surface Properties of Polysaccharides-Based Films

Polysaccharides have a wide range of structures, depending on the types such as 
starch, cellulose derivatives, chitosan, and alginate. Polysaccharides-based films 
possess high gas barrier due to their well-ordered hydrogen-bonded network shape 
(Hassan et al. 2017). However, these materials are very hydrophilic causing in high 
water vapour permeability. This drawback limits the usage of polysaccharides films 
for high moisture or semi-solid food products. To optimum the applications, they 
can be applied as thick films or coatings on the surface of food to absorb water, giv-
ing temporary protections to foods from moisture loss (Cazón et  al. 2017). 
Polysaccharides films and coatings are colourless, however can change the film’s 
colour depending on the additives or active compounds added. Mechanical prop-
erty, i.e. tensile strength values of some polysaccharides based films are comparable 
to those values obtained in high density polyethylene (HDPE) films (Cazón et al. 
2017). Highly structured polysaccharide attributes to the homogeneity of films and 
smoothness of the film’s surface (Caro et al. 2016).

6.4.1  Starch

Starch is an agricultural biopolymer that composed of anhydroglucose. It is abun-
dant, low price and unique. This is because starch granules vary in shape, size, 
structure and chemical composition depending on the botanical source (Molavi 
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et al. 2015). The starch granules comprise two main polysaccharides; amylose and 
amylopectin, apart from other components such as proteins and lipids. Amylose 
which responsible for film-forming properties is a linear chain polymer of a-1,4 
anhydroglucose units with a molecular size ranging from 20 to 800 kg/mol (Cazón 
et al. 2017). Meanwhile, amylopectin is a highly branched polymer of short a-1,4 
chains linked by a-1,6 glycosidic branching points occurring every 25–30 glucose 
units and with a very high molecular weight (5000–30,000 kg/mol) (Cazón et al. 
2017; Jiménez et al. 2012). Starch films are generally tasteless, odorless and trans-
parent. However, at higher concentration, films produced tend to become whitish. 
Starch films that compose higher crystalline structure are less sensitive to moisture 
and the environmental relative humidity (Cazón et  al. 2017; Molavi et  al. 2015; 
Jonhed et al. 2008; Mali et al. 2004). Regarding surface properties, starch applica-
tion increases both the roughness and the hydrophilicity of the coated surface 
(Andersson 2008). Films contain higher amylose content exhibits greater surface 
roughness (Gutiérrez and González 2016). Films with different starches have shown 
that glutinous rice starch and normal rice starch-based films possessed higher con-
tact angle values than cassava starch due to higher lipid content (Phan et al. 2005). 
Study on the surface properties of starchy films with blackberry pulp revealed that 
the pulp increased the contact angle and lower surface roughness (Gutiérrez 2017a).

6.4.2  Chitosan

Chitosan is a natural polymer derived by deacetylation of chitin, the second most 
abundant natural polymer after cellulose (Gutiérrez 2017b). Chitosan has various 
applications because of its functional properties such as antibacterial activity, non- 
toxicity, ease of modification and biodegradability (Muxika et al. 2017). Furthermore, 
chitosan films are transparent and flexible and have semicrystalline structure. 
Chitosan addition in cassava films helps to increase the contact angle, which means 
improving the surface hydrophobicity of films. This is due to the hydrophobic acetyl 
groups present in chitosan chain, suggesting that chitosan is more hydrophobic than 
starch (Kampeerapappun et al. 2007). Kurek et al. (2014) also observed that larger 
contact angles on the chitosan surface were found compared to whey protein (sup-
port surface) of bilayer films. However, an addition of plasticizer on the chitosan 
films lessens water contact angle due to the water binding capacity (hygroscopicity) 
of plasticizers. As chitosan has highly structured polysaccharides; films produced 
are smooth and flat with no cracks and pores (Caro et al. 2016). However, hybrid 
chitosan films may have surface irregularities. Higher ferulic incorporation in the 
chitosan films had caused phase separation (from AFM analysis) and might be 
responsible for the reduction in tensile strength (Mathew and Abraham 2008). 
However, the authors indicated that the cross section images of SEM showed films 
were more compact due to the networking introduced by the acid than those control 
films (chitosan-starch blend) which were having discontinuous zones.
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6.4.3  Pectin

Pectin is a plant cell wall polysaccharide rich in d-galacturonic acid and mostly 
obtained from citrus fruits or fruit processing industry waste. Films from pectin pos-
sess good hardness and adhesiveness. However, they can become rigid and brittle. 
The SEM images of the surface and cross-sectional of pectin films added with clove 
bud essential oil (CEO) showed that oil produced a dense sheet-like structure, 
whereas the cross-sectional images had the sheets stacked in compact layers dem-
onstrating that CEO added uniformly in the film matrix (Nisar et  al. 2018). The 
authors had found out that at a low level of oil (0.5%), smoother surfaces without 
any phase separation was observed. However, higher oil (1 and 1.5%) had caused 
the surface to become rough and looser texture. According to Nisar et al. (2018), the 
different surface morphology of films could be due to the structural changes of 
components of micro-emulsions during the drying process. The effect of pectin sur-
face density on the high methoxyl pectin-based films was also investigated 
(Giancone et al. (2011). It was revealed that the surface density did not affect the 
film structure, yet, it increased the WVP.

6.4.4  Galactomannans

Galactomannans are heterogeneous polysaccharides composed of linear chains of 
β-(1–4)-d-mannan backbone with a single d-galactose branch linked α-(1–6) 
(Cerqueira and Bourbon 2011). There are three major gallactomannans used for 
food industry which are guar gum, tara gum and locust bean gum, mainly vary 
because of the different ratio of mannose and galactose. Almost similar with other 
common biodegradable films, galactomannans films are essentially hydrophilic. 
Irregular surface of galactomannans films caused the films to have higher WVP due 
to the presence of voids (Albuquerque et al. 2017). Furthermore, the addition of 
bioactive compound contributed to rougher surface and increased in the 
hydrophobicity.

6.4.5  Fiber

Fiber refers to edible parts of carbohydrates that cannot be digested. Natural fiber is 
cheap, has low specific weight, recyclable and competitive mechanical properties 
(Gutiérrez and Alvarez 2017c). However, fiber has poor adhesion with the matrix 
with the creation of voids at the interface and non-uniform dispersion (John and 
Thomas 2008). Modifying surface of fiber had enhanced the fiber-matrix interaction 
by improving the mechanical properties (Geogiopoulos et al. 2016).
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6.5  Surface Properties of Protein-Based Films

Proteins are linear polymers constructed by monomer unit called amino acids 
through a covalent peptide bond. There are 20 types of amino acids in protein which 
having different chemical properties and roles (hydrophobic, polar or charged). 
Proteins can be classified into two types; plant proteins and animal proteins. Soy 
protein, corn protein and wheat protein are among the plant proteins whereas casein, 
collagen, gelatin and keratin are the types of extensively used animal proteins. 
Lactate dehydrogenase, chymotrypsin, and fumarase are the main bacterial pro-
teins. Compared to polysaccharides and lipids, films obtained from proteins exhibit 
valuable characteristics for the production of food packaging as these films have 
good film-forming ability, mechanical properties and transparency. In fact, protein- 
based films have excellent oxygen and carbon dioxide barrier properties than 
polysaccharides- based films.

6.5.1  Soy Protein Isolate

Soy protein isolate is obtained from soy protein, a by-product from soy oil produc-
tion. Hydrolyzed keratin produced from chicken feather had been used into soy 
protein films (Garrido et al. 2018). The findings discovered that an additional of 
keratin decreased the gloss significantly and enhanced the hydrophobicity. Surface 
hydrophobicity of protein films such as soy protein isolate, whey protein concen-
trate, gelatin, peanut protein isolate and sodium caseinate were also improved with 
the treatment of the enzyme crosslinking (transglutaminase) (Tang and Jiang 2007).

6.5.2  Gelatin

Gelatin is an insoluble protein gained by hydrolysis of collagen, a fundamental 
structure of animal bodies (Nur Hanani 2016). Gelatin from fish, pork and bovine 
have been studied greatly. The surface properties of bilayer and blend films based 
on bovine gelatin showed that all films have hydrophobic surface, based on the con-
tact angle (Abdelhedi et al. 2018). Chemical reaction occured between gelatin and 
lactose also influenced the structure of gelatin films with tetrahydrocurcumin, caus-
ing the films to become less glossy and rougher surfaces (Etxabide et  al. 2017). 
Deng et  al. (2018) have discovered that the gelatin/zein nanofibrous film had a 
hydrophobic surface with 118.0°, whereas casted gelatin/zein film had a hydrophilic 
surface (53.5°). Addition of chitin in gelatin film also had decreased the hydrophi-
licity of film with film containing the highest oil had contact angle higher than 90° 
(Sahraee et al. 2017).
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6.5.3  Zein

Zein is a hydrophobic and thermoplastic material derived from corn. Its high hydro-
phobicity is attributed by its high content of nonpolar amino acids. The incorpora-
tion of sugar plasticizers in zein films reduced the contact angle with higher 
hygroscopicity of plasticizer contributed to the higher hydrophilic due to the higher 
water binding capacity (Ghanbarzadeh et al. 2007).

6.6  Lipids and Other Additives

Due to the limitation on water barrier properties of starch- and protein-based films, 
different components mainly lipids (waxes, oils and fats) and other additives (sur-
factants, emulsifiers, etc.) are being added to produce composite films. Lipids 
exhibit excellent barriers against moisture migration. Extensive studies are ongoing 
considering these lipids help to enhance the water barrier of biodegradable films. 
Polysaccharides- and proteins-based films incorporated with lipids generally have 
higher mechanical properties. Nonetheless, the composite films may have higher 
moisture permeability than that of pure lipids (Hassan et  al. 2017; Bravin et  al. 
2004). Higher amount of lipids used can increase gloss and decrease transparency. 
Meanwhile, the production of lipid based films and coating are believed to be highly 
effective to block the delivery of moisture due to their low polarity (Hassan et al. 
2017; 104). Their hydrophobicity also causes the films to become brittle and thicker.

In general, plasticizers contribute to the decrease of contact angle of hydrocol-
loid films due to hydrophilicity of these materials. Higher concentration of glycerol 
decreases the contact angle due to the increases in the surface tension (Caro et al. 
2016). In contrast, additional of plasticizers such as glycerol, sorbitol and polyeth-
ylene (glycol) in sage seed gum films had caused higher contact angle than the 
control films (Razavi et al. 2015). Meanwhile, calcium chloride has been used as a 
firming agent in mesquite gum films. The surface morphology of the films was 
influenced by the agent concentration, whereby the film surface became gradually 
rough at higher concentration (Bosquez-Molina et al. 2010).

6.7  Surface Characteristics

There are some techniques to characterize the surface properties of biodegradable 
polymers such as contact angle measurement, atomic force microscopy (AFM) and 
scanning electron microscopy (SEM). This section is not going to discuss details on 
each instrument. However, brief information is delivered to relate with the surface 
properties of biodegradable polymers.
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6.7.1  Contact Angle

Contact angle is the wetting angle between the surface of the liquid and the outline 
of the contact surface. The analysis determines the surface hydrophobicity of poly-
mers. Small contact angles (≤90°) occur due to spreading of the drop (molecular 
attraction). Meanwhile, greater angles (≥90°) occur due to the liquid becomes bead 
or shrink away from the solid surface. Lower contact angle indicates the films have 
high polarity and better bonding of adhesive. This process is a crucial index to deter-
mine the wettability of the solid phase by the liquid and establish the formation of a 
good bonding interface. The increase of the contact angle with water in biodegrad-
able polymers could be due to a strong hydrogen bond inter-molecular by below of 
the surface of the film, i.e. the more polar sites (Lewis sites) would be affected, thus 
generating a decrease in the surface polarity of biopolymer-based films (Gutiérrez 
et al. 2016a, b; Karbowiak et al. 2006). Storage also can increase the contact angle 
due to the loss of moisture content and plasticizer (Suyatma et al. 2005). On the 
other hand, dynamic contact can reflect the degree of difficulty of coating the solid 
phase with the liquid in the real wetting process (Zhang et al. 2017).

Surface free energy is another parameter to discuss about the surface properties. 
Surface free energy (interfacial free energy) is work required to increase the size of 
the solid surface (work per unit area). In contrast, the term ‘surface tension’ is used 
for a liquid phase. Surface tension can be measured using some techniques depend-
ing on the nature of the liquid, the condition during the measurement and the stabil-
ity of the surface. However, the contact angle is normally used to measure the 
surface free energy indirectly. According to Young’s equation, the surface free 
energy can be determined using equation below:

 s s s qs sl l= + ·cos  (6.1)

where:
σs = surface free energy
σsl = interfacial tension
σl = surface tension of the liquid
θ = contact angle
In conventional plastics, polymer with high surface energy can be used as the 

first surface of few layers structures and requires an adhesive layer to bond to the 
other different layer (Butler and Morris 2012).

6.7.2  Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM) offers a 3D profile on a nanoscale, by measuring 
forces between a sharp probe (with radius less than 10 nm) and surface at very short 
distance (0.2–10 nm probe-sample preparation) (De Oliviera et al. 2012). The probe 
is supported on a flexible cantilever and the AFM tip softly touches the surface and 
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records the small force between the probe and the surface (De Oliviera et al. 2012). 
The images obtained give some information about the surface roughness of films 
such as roughness average (Ra) and root mean square roughness (Rq). Ra, is the 
arithmetic mean of the absolute values of the height of the surface profile (De 
Oliviera et al. 2012). It is used widely because of easy to obtain. Rq is similar to 
roughness average, except it is the mean squared absolute values of surface rough-
ness profile. The information delivered by AFM is beneficial to determine structural 
changes of the film matrix. Despite of providing high resolution at the nanoscale, 
this analysis is restricted due to time-consuming measurement. Smoother surface of 
films can also be related to the increased of the transparency as revealed by Gutiérrez 
et al. (Gutiérrez et al. 2016a, b).

6.7.3  Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) is used to determine the surface structure of 
polymers. The knowledge of the morphology is an important parameter to determine 
structural changes in the films and to predict their porosity, permeability, flexibility 
and resistance (Giosafatto et al. 2014; de Paula Herrmann et al. 2004). Smooth sur-
face indicates good compatibility between compounds and the plasticizers. For cross 
section analysis, film with compact structure indicates the networking is developed. 
However, film with some porosity allows the distribution of active compound to a 
greater depth which in turn caused the films to release the compounds in slower rate.

6.7.4  X–Ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS) can also be used to analyse the surface 
chemistry of biodegradable polymers. It is employed to obtain quantitative insight 
into the elemental composition of the surface that does not extend beyond certain 
depth (López-García et al. 2013). In this analysis, X-rays irradiates onto the surface 
of polymers in vacuum environment. The energy from the photoelectrons radiated 
from the surface is measured. XPS can be applied for various type of materials 
(conducting and non-conducting samples) by providing about the surface layer or 
structures.

6.7.5  Gloss Analysis

Gloss, transparency, clarity, haze, and colour are some optical properties of films. 
Gloss analysis is a simple method, yet its usage is not widely emphasized. Gloss 
analysis can directly relate to the surface roughness, with lower values indicate the 
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surface is rougher (Garrido et  al. 2018; Ward and Nussinovitch 2017). Different 
techniques of films manufacturing produce different surface properties. Films pro-
duced by compression moulding exhibited higher gloss values than those prepared 
by casting contributing to the smoother surface, as supported by SEM (Garrido et al. 
2018). Also, gloss values may decrease due to the immiscibility of the polymers.

6.8  Surface Treatment

As different polymers possess various surface characteristics, therefore, it is impor-
tant to have another step to alter the surface of biodegradable polymers and improve 
the functionality for fulfil their application. There are some techniques used to mod-
ify the surface properties such as utraviolet (UV)-light irradiation, incorporation of 
nano-materials, plasma surface treatment and lamination process.

6.8.1  Ultraviolet (UV)-Light

Ultraviolet (UV) radiation has been used to modify films surface properties. In the 
case of protein films, the radiation is absorbed by double bonds and aromatic rings 
of some amino acids, producing free radicals and causes intermolecular covalent 
bonding (Díaz et al. 2017; Rhim et al. 1999). UV treatment on film-forming solu-
tion has contributed to significant effect on the mechanical properties, colour and 
stability of whey protein films (Díaz et al. 2016). UV treated whey protein films also 
improved their puncture properties than the control (Díaz et al. 2017). UV radiation 
is normally applied on materials based on natural polymers for sterilisation process, 
whereby blended polymers may change differently than single components 
(Sionkowska and Płanecka 2013). Tarek et  al. (2015) have studied the effect of 
UV-light treatment on the surface properties of plastic films for beef by determining 
the surface-free energy. They have found that UV-C light treatment had decreased 
the polymer surface roughness; however, it did not affect the surface free energy of 
films. UV-irradiation may cause the reduction of surface roughness of chitosan 
films and chitosan with silk fibroin (Sionkowska and Płanecka 2013). Surface modi-
fication using UV irradiation reduced the surface hydrophilicity and enhanced the 
water resistance and tensile strength of blended starch films (Zhou et al. 2009).

6.8.2  Nano Sized Materials

Packaging materials utilizing nanotechnology is also being explored and become 
one of the emerging areas today. Nanomaterials have high surface area and charge 
density. Clays, silica, nanocellulose, organic and inorganic fillers, etc. are some 
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nanomaterials that are used to improve the mechanical and barrier properties of 
films. Nanofillers possess good interfacial interactions on polymer branches since 
they have large specific surface area and high surface energy (Nafchi et al. 2012; 
Kovačević et al. 2008). Chitosan nanoparticles have been added in tara gum edible 
films revealing that no significant difference of surface structure between films with 
bulk chitosan and chitosan nanoparticles (Antoniou et  al. 2015). However, from 
cross-sectional profiles, the appearance of these two films were different whereby, 
nanoparticles caused the surface became rougher. Increasing the roughness had 
caused the contact angle of the surface also higher. In general, addition of nanopar-
ticles had improved the hydrophobicity of film’s surface by lowering the water 
vapour permeability and solubility. This result is in agreement with Abreu et  al. 
(2015) whereby the incorporation of silver nanoparticles increased the contact angle 
significantly. Nanorod-rich zinc oxide also increased the contact angle, showing the 
tendency of films to absorb water decreased (Nafchi et al. 2012). The introduction 
of calcium montmorillonite into carboxymethyl starch films had increased the con-
tact angle due to the clay platelets presented on the film surface (Wilpiszewska et al. 
2015). In contrast, Shankar et al. (2016) claimed that adding silver nanoparticles in 
pectin films had caused a decrease in contact angle due to increase in roughness.

6.8.3  Plasma Surface Treatment

Plasma, the fourth state of matter is an ionised gaseous substance which if in contact 
with the material surface, will modify its surface properties due to the additional 
energy transferred from the plasma. This mechanism enables the surface to have a 
treatment or an alteration process to fulfil further applications such as printing, 
painting or laminating. It improves the adhesion properties, wettability and surface 
chemistry of polymers. During the treatment of polymers, energetic particles and 
photons generated in the plasma interact strongly with the polymer surface. 
Consequently, treated surface may have additional functional groups that increase 
the surface free energy of the polymer, enhance the printability and improve hydro-
phobicity through surface-chemical changes (Liston et al. 1994). This technique is 
an effective tool, which is convenient, quick technology, environmentally friendly 
and only requires low-cost processing devices (López-García et al. 2013). The poly-
mer layers activated by cold plasma have controlled surface wetting properties, 
varying from superhydrophilic to superhydrophobic (Dowling and Stallard 2015). 
The air plasma applied on the whey protein gels had a greater effect on the surface 
wettability than roughness, due to polar groups deposited on the surface (Terpiłowski 
et al. 2017). However, a study on the effect of plasma treatment on chitosan films 
indicated that there were more water molecules surrounding the plasma treated 
sample (greater hydrophilic) and gave rougher surface compared to unmodified 
(Chang and Chain 2013).
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6.8.4  Others

Other surface modification techniques such as silylation, acetylation, esterification 
and polymer grafting are also being used to improve nanocellulose composites 
(Zhang et al. 2018). However, most surface modification of nanocellulose use the 
hazardous solvents which are not preferable. Lamination of biodegradable poly-
mers with lipids can cause to lower of WVP. Biodegradable materials can also be 
used in the surface treatment of cellulose-based substrates, either by coating or 
lamination (Andersson 2008).

6.9  Surface Properties in Active Packaging

Biodegradable polymers can act as good carriers for active compounds such as anti-
microbial and antioxidant agents producing a system called active packaging. 
Active packaging helps to alter the package system in a positive approach as it 
contributes to extending the shelf life of food by inhibiting the microbial growth and 
delaying the lipid oxidation of some food products. Active packaging materials may 
have active compounds on the surface of the packaging inside the package, contrib-
uting to surface modifications of polymers.

In general, there are some research on active packaging indirectly investigated 
the surface properties of films. However, lack of emphasis occurred because most of 
the studies are keen to observe the efficiency of the active compounds in performing 
their role particularly for food systems. Caro et  al. (2016) had developed active 
packaging films based on chitosan using thermal inkjet printing and found out that 
the efficiency of thymol as active agents is depending on few factors such as the 
number of oriented layers, the contact angle, the amount of glycerol used and the 
film type. The efficiency of thymol improved proportionally with the contact angles. 
However, increasing the concentration of glycerol had lowered the contact angle 
due to the increase in the surface tension. Meanwhile, adding active compounds in 
galactomannans films also improved the hydrophobicity of films despite no effect of 
the concentration used (Albuquerque et al. 2017).

6.10  Future Trends

Analyses on the surface properties of biodegradable polymers are essential due to 
their significant effects on the physical and mechanical properties. However, 
research on this aspect is still narrow. Some treatments to improve the surface prop-
erties can be discovered further to establish the area and can be a platform and 
database for future applications.
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Chapter 7
Transport Phenomena in Edible Films

Delia Rita Tapia-Blácido, Bianca Chieregato Maniglia, 
and Milena Martelli Tosi

Abstract Edible films and coatings help to control transfer of water vapor, oxygen, 
CO2, and active compounds between the food product and the environment provid-
ing additional protection during storage of fresh and processed food. Mass transfer 
phenomena are involved in these processes because edible films can act as func-
tional interfaces between the food product and the environment. Edible films and 
coatings can also modify the heat transfer mechanism that takes place during food 
drying and frying, as well. In addition, they can function as controlled release pack-
aging or active packaging—such packaging can be effectively impregnated with 
antimicrobial or antioxidant compounds, to deliver them over a stipulated period. 
Release and delivery of active compounds by these materials depend on the type of 
biopolymer that composes the film matrix and on the environmental conditions 
during storage. In a particular study, a turmeric dye extraction residue previously 
submitted to mechanical and chemical treatments was employed as coating in 
bananas. The treated turmeric residue coating effectively extended the coated 
banana shelf life by 4 days as compared to uncoated bananas.

Keywords Coating · Diffusion · Turmeric

7.1  Introduction

Edible protective films or coatings have been generally defined as thin layers of 
materials that provide a barrier to mass transfer (moisture, oxygen, and solute move-
ment) in the food itself or between the food and its environment (Gutiérrez and 
Álvarez 2017). In this sense, applying edible films and coatings to food products 
can prevent moisture loss, aroma loss, solute transport, water absorption, and oxy-
gen penetration (Cazón et al. 2017). Whereas films consist of stand-alone sheets of 
material, coatings form directly on the product (Guilbert 1986; Shellhammer and 
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Krochta 1997). Edible coatings also help to reduce excessive oil uptake by fried 
foodstuff and water migration to and from such foodstuff. In this case, coatings 
operate by forming thin films that require drying before frying; these coatings can 
also operate through their gelation properties during heating (Kulp 2011). Two 
transport mechanisms underlie the frying process: mass and heat (Garcia and 
Zaritzky 2017).

Nowadays, using edible films as “active packaging” is one of the most challeng-
ing research areas. Active packaging comprises a package system that deliberately 
incorporates components and releases substances into or absorbs substances from 
the packaged food or the environment surrounding the food. Active packaging aims 
to extend the food product shelf life and to keep or to improve the packaged food 
conditions while maintaining their mechanical integrity and handling characteris-
tics (Bracone et  al. 2016; Ganiari et  al. 2017). Antioxidant/antimicrobial agent 
incorporation into edible films or coatings reduces the need to introduce larger 
quantities of such additives into the food bulk (Van Long et al. 2016). Thus, active 
materials can act as a source of antioxidants/antimicrobials that are released into the 
food at controlled rates (Gutiérrez 2018). Consequently, a predetermined active 
compound concentration is maintained in the food, which compensates for continu-
ous additive consumption during food storage (Ganiari et al. 2017; LaCoste et al. 
2005; Mastromatteo et al. 2010).

Although research into active edible films has been extensive release mecha-
nisms are still poorly understood. Mass transfer mathematical modeling is neces-
sary to achieve deeper understanding of this process and to optimize active systems 
by considering not only the polymer matrix kinetic and thermodynamic parameters 
but also its structural and interfacial characteristics (Mastromatteo et  al. 2010; 
Voilley et al. 2011). Pure diffusion, polymer matrix swelling, and polymer erosion 
and degradation are mechanisms that lead polymeric devices to release compounds 
(Faisant et al. 2002; Jain 2000; Pinheiro et al. 2013; Polakovic et al. 1999).

In this chapter, we depict the fundamental mechanisms underlying the transfer of 
mass, oxygen, and active compounds in edible films. We also describe recent 
advances in the development of delivery devices. Finally, we present some results 
regarding active films produced from turmeric dye residue and their use in post- 
harvest banana preservation.

7.2  Fundamentals of Transport Phenomena in Polymeric 
Films: Heat and Mass

If we consider a biodegradable film, which represents a simple geometry for a thin 
layer, the main transport phenomena concern mass exchange by diffusion and 
energy exchange by conduction (Fig. 7.1), with the concentration of a certain com-
ponent (C) on sides 1 and 2 of the layer being C1 > C2 or the temperature (T) on 
sides 1 and 2 of the layer being T1 > T2. Equation (7.1) shows that the magnitude of 
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transport phenomenon rates (χ) is directly proportional (constant K) to a driving 
force and to a concentration or temperature difference (Δω).

 c w= ×K D  (7.1)

Heat flow density or heat flux (q) is proportional to the negative temperature 
gradient and is the unidimensional form of Fourier’s law of heat conduction (Eq. 7.2) 
(Ibarz and Barbosa-Cánovas 2002):

 
q k

dT

dx
= -

 
(7.2)

In this case, only the increase in temperature as a function of the distance x is taken 
into account because the temperature differences in the other axes (dT/dy), (dT/dz) 
are not as significant as compared to the temperature difference in the x axis. This 
proportionality constant k is called thermal conductivity of the solid and is 
normally expressed in W/(m K) or kcal/(h m °C). The medium is assumed to be 
isotropic, i.e. k has the same value in all the directions of the material, which is 
only true for lower ΔT.

Thermal diffusivity, defined according to Eq. (7.3), can also be used:

 

a
r

=
×
k

ĈP  

(7.3)

where
ρ = density of the material;
ĈP =specific heat of the material.
Therefore, Fourier’s law expression for one direction is (Eq. 7.4):

L

C1

C2

or T1

or T2

x

Fig. 7.1 Schematic representation of mass transfer at the interface (boundary layers). Permeation 
of a component through thin layers (interfaces) or difference between temperatures on the two 
sides of the layer. C1 and C2 are the concentration of a component in compartments 1 and 2, sepa-
rated by the film, and T1 and T2 are the respective temperatures (adapted from Voilley et al. 2011)
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for an isotropic material; ρ and ĈP  are constants (Ibarz and Barbosa-Cánovas 2002).
Studying mass diffusion is more complicated than studying heat transfer because 

diffusion involves movement of a species within a mixture by natural or forced 
means. Fick’s law of diffusion refers to a substance moving through a binary 
mixture of components A and B due to a concentration gradient (Eq. 7.5) (Ibarz and 
Barbosa-Cánovas 2002). Fickian diffusion involves a substantially stochastic phe-
nomenon (related to Brownian motion) that is analogous to heat transfer, where 
thermal conductivities are defined as proportionality factors between heat flux and 
temperature gradient (Fourier’s law of heat conduction).

 J C D XA AB A
* = - × ×Ñ  (7.5)

where
JA

*  = diffusion molar flux (mol/m s);
C = molar concentration (mol/m3);
DAB = effective diffusion coefficient (m2/s);
ÑXA  = concentration gradient;
X = species i molar fraction divided by the mixture total molar density: Xi = Ci/C.
The negative sign expresses that diffusion takes place from higher to lower con-

centration zones.
If total molar density is constant, and if there is no chemical reaction or if the 

number of moles does not change, Eq. (7.5) can be transformed into Eq. (7.6):

 J D CA AB A
* = - ×Ñ  (7.6)

In a binary mixture, diffusivity of A to B,DAB, is equal to diffusivity of B to A, DBA, 
and ordinary diffusion is defined as the proportionality factor between mass flux and 
concentration gradient. The sum of diffusions in a binary mixture is zero 
J JA B

* *+ =( )0  because one component diffuses in one direction, while the other 
component diffuses in the opposite direction.

When the solid has some porosity, DAB corresponds to an effective diffusion coef-
ficient (Def) (Cremasco 1998). This coefficient depends on variables that influence 
diffusion, such as temperature and pressure, and on the porous matrix properties 
(porosity—ε, sphericity—ϕ, and tortuosity—τ), according to Eq. 7.7:

 
D Def AB= ×

e
t  

(7.7)

Other types of diffusion exist depending on the property that confers movement to 
the mixture component. If movement is due to a pressure gradient, it is called 
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pressure diffusion; if movement is due to a thermal gradient, it is called thermal dif-
fusion (Ibarz and Barbosa-Cánovas 2002).

Hydrophilic polymer matrixes can undergo gradual hydration when they are 
immersed in liquid media. Polymer chain relaxation causes volume expansion or 
swelling and affects the mechanism through which active agents are transported 
within the polymer matrix (Pinheiro et al. 2013). The active agent diffusion coeffi-
cient in the swollen part of the matrix increases, so the active agent diffuses out. 
Mastromatteo et al. (2010) mentioned that mass transport mechanism in these sys-
tems is generally classified into three different types: ideal Fickian diffusion, anom-
alous behavior, and Case II transport. If the geometry is planar, the quantity of 
active agent, Mt., released at time t is given by (Crank 1955; Peppas 1984):

 

M

M
k tt
a

n

¥

=
 

(7.8)

where
M∞ = initial polymer loading with the active agent;
ka and n = system parameters that depend on both the nature of the polymer- 

penetrant- active agent interactions and on the release device geometry.
The parameter n can take a range of values that indicate the type of transport: 

n  =  0.5 means that the active agent is released by simple Fickian diffusion; 
0.5 < n < 1.0 means that the diffusion process is a combination of Fickian and non- 
Fickian diffusion and is known as “anomalous diffusion“; n = 1.0 corresponds to 
diffusion described as “Case II diffusion“. In this case, the rate of solvent uptake by 
the polymer is largely determined by the polymer chain swelling and relaxation 
rates; and n > 1.0 corresponds to the region known as “Super Case II transport“.

Several authors consider that diffusion of active compounds released from a 
hydrophilic polymeric matrix occurs by Fickian diffusion and the relaxation phe-
nomenon, so they have used a linear superimposition of both mechanisms to obtain 
a mathematical model (Flores et al. 2007; Mastromatteo et al. 2010; Pinheiro et al. 
2013). The linear superimposition approach assumes that molecule transport 
observed within the polymer can be described as the sum of molecules transported 
due to Brownian motion and of molecules transported due to polymer relaxation 
(Berens and Hopfenberg 1978; Pinheiro et al. 2013):

 
M M Mt t F t R= +, ,  

(7.9)

where
Mt,F and Mt,R  =  Fickian and relaxation process contributions at time t, 

respectively.
In the specific case of diffusion through a planar sheet with constant boundary 

conditions, the solution of Fick’s second law is (Langer and Peppas 1983; 
Mastromatteo et al. 2010):
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where
MF

eq = amount of compound with low molecular mass released at equilibrium as 
a consequence of stochastic phenomena;

D = diffusion coefficient through the swollen polymer matrix;
l = film thickness.
Relaxation is related to stress dissipation induced by permeant entry. The relax-

ation process can be seen as a distribution of relaxation times and can be quantita-
tively described through a first-order kinetics equation:
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where
MR

eq.  = amount of compound with low molecular weight released at equilibrium 
as a consequence of polymer relaxation;

τ = relaxation time associated with polymer relaxation.
Buonocore et al. (2003) and (2003b) developed a mathematical model that can 

predict the kinetics of compound release from crosslinked polyvinylalcohol (PVOH) 
into aqueous solution. Their model considers water molecule diffusion into the 
polymeric film and incorporated antimicrobial agent counter diffusion from the film 
to the aqueous solution. In particular, active agent release from a swelling polymer 
can be regarded as “anomalous diffusion” with moving boundary conditions. A 
study has been conducted by developing two models: one that describes water 
uptake kinetics and another that describes enzyme release, as shown in Eqs. (7.12) 
and (7.13), respectively (Crank 1955):
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where
DF

W  = water diffusion coefficient;

DF
L  = active agent diffusion coefficient;

CW = local water concentration;
CL = active agent concentration;
ρ = polymer matrix density;
S(t) = volume V(t) surface;
n
��

 = vector normal to the surface;

D. R. Tapia-Blácido et al.



155

x = axial coordinate.
Instead of considering elements with a fixed volume (Eulerian approach), the 

authors assumed that the volume of the elements changed during hydration 
(Lagrangian approach). They fitted the first model to the water sorption data and 
used the obtained parameters to fit the release data in the second model. These mod-
els consider that the water diffusion coefficient depends on the degree of cross- 
linking. Mass balance for the permeant and the active substance are numerically 
solved by means of the Finite Elements Method (Mastromatteo et al. 2010).

Frying is another important process that involves two simultaneous transport 
mechanisms—heat and mass transport. The product must be heated for proper 
cooking to be achieved; meanwhile, oil is transported into the food. High tempera-
tures dehydrate the product by evaporating water, which is replaced with oil (Pinthus 
et al. 1993; Saguy et al. 1998). Because foodstuffs absorb part of the oil they are 
fried in, edible coatings can be used to decrease oil absorption.

Methylcellulose, hydroxypropyl cellulose, hydroxypropyl methyl cellulose, and 
starch are the most studied biopolymers (Mallikarjunan et  al. 1997; Albert and 
Mittal 2002; Garcia et al. 2002; Martelli et al. 2008; Gutiérrez and Alvarez 2017a; 
Suárez and Gutiérrez 2017). Some modification of the surface structure formed dur-
ing frying reduces moisture loss and oil uptake (Gutiérrez 2017a). Martelli et al. 

Fig. 7.2 Micrographs of the transversal section of chicken nuggets with gelatin coating (10% of 
gelatin and 25% of glycerol) between the meat and the crust in the following conditions: (a) before 
frying (in natura), (b) after pre-frying (30s at 180 °C), and (c) after frying (3 min at 180 °C) in 
hydrogenated vegetable oil

Fig. 7.3 Micrographs of the transversal section of chicken nuggets with gelatin coating (10%of 
gelatin and 55%of glycerol) between the meat and the crust in the following conditions: (a) before 
frying (in natura), (b) after pre-frying (30s at 200 °C), and (c) after frying (3 min at 200 °C) in 
hydrogenated vegetable oil
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(2005) studied oil absorption during chicken nugget deep-frying. Figures 7.2 and 
7.3 illustrate the optical micrographs of the transversal section of the samples. The 
nuggets had been coated with gelatin film solution (10% of gelatin) containing 25% 
(Fig. 7.2) or 55% glycerol (Fig. 7.3) in the following conditions: (A) before frying 
(in natura), (B) after pre-frying (30s at 200  °C), and (C) after frying (3  min at 
200 °C) in fat.

In condition A, the arrow in Figs. 7.2a and 7.3a indicates the gelatin coating. 
After pre-frying (Figs. 7.2b and 7.3b) and frying (Figs. 7.2c and 7.3c), the coating 
is no longer visible in the micrographs. Although the coating may have lost its integ-
rity during frying, it helps to preserve the samples against dehydration and to 
decrease oil uptake after pre-frying. It is worth noting that oil uptake is higher after 
pre-frying. Besides that, nuggets containing the coating are the softest, which is 
desirable from a technological viewpoint.

7.3  Water Vapor and Gas Transport Mechanism in Edible 
Films

Knowledge of barrier properties in edible films has become increasingly important 
in recent years, especially because this property is related to food quality (Gutiérrez 
et al. 2015a; Álvarez et al. 2018). Studying these properties is a large and growing 
segment of commercial manufacturing: this sector seeks extended food shelf life 
through moisture, oxygen, carbon dioxide, lipid, flavor, and aroma control, which 
depends on interaction between food components and the surrounding atmosphere 
(Jongjareonrak et al. 2006). Food quality may decrease due to (i) oxidation of aroma 
components by interaction with oxygen or (ii) loss of specific aroma compounds to 
the packaging material or to the environment (Miller and Krochta 1997).

Selecting the best packaging material is crucial for the food market. Food pack-
aging materials need to be versatile enough to with stand handling process forces 
while maintaining their physical and chemical integrity, and they must display 
suitable barrier properties to several gases (e.g., O2, N2, and CO2) (Gutiérrez et al. 
2017). Knowledge of the solubility/diffusion/permeation of these molecules 
through the polymeric film gives insight into the barrier properties of a given poly-
meric material. Furthermore, the packed food intrinsic composition (e.g. pH, fat 
content, and aroma compound) may influence the packaging material sorption 
characteristics, whereas environmental factors like temperature and, for some 
polymers, relative humidity may affect b ’from one side to the other side of the 
edible film, and permeant desorption from arrier characteristics (Johansson and 
Leufven 1995).

In general, gas molecule transport through an edible film comprises three main 
steps (Fig. 7.4): permeant adsorption onto the edible film surface, permeant diffu-
sion from one side to the other side of the edible film, and permeant desorption 
from the edible film (Skurtys et al. 2011).
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The diffusion mechanism of simple gases follows Fick’s First law:

 
J D

dC

dX
D

C C

l
= - =

-( )1 2

 
(7.14)

where
l = edible film thickness;
D = diffusion coefficient;
C = concentration.
D reflects the rate at which the permeant diffuses through the polymeric film, and 

the negative signal indicates that migration occurs toward lower concentration.
Moreover, according to Henry’s law of solubility, gas concentration can be 

expressed as:

 C SP=  (7.15)

where
S = gas solubility coefficient in the membrane;
P = gas pressure.
The combination of Fick’s First law of diffusion with Henry’s law of solubility is 

used to express the permeant steady-state permeability through a nonporous barrier 
without significant imperfections.

 
J DS

p p

l
=

-( )1 2

 
(7.16)

The product of the diffusion coefficient and the solubility coefficient is equal to the 
permeability coefficient, Π = DS, which characterizes the edible film intrinsic perme-
ability. If we rearrange Eq. (7.16), the permeability coefficient can be expressed as:

 

P = =
-( )
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J l

p p1 2  

(7.17)

Fig. 7.4 Gas molecule transport in edible films
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Diffusion takes place in one direction only, through the film and not along or across 
it; coefficients D and S do not depend on permeant concentration. Molecular diffu-
sion in polymers usually follows a Fickian behavior. When the system takes long to 
reach the steady state (like glassy polymer) or when coefficients D and S correlate 
with interaction between the permeant and the polymer, such as interaction between 
water or solvent vapor and a hydrophilic film, and their diffusion therein, the system 
follows a non-Fickian behavior. Because film and food are in contact, studying the 
film barrier characteristics under realistic conditions is essential as these character-
istics may alter the polymeric film performance.

Polymer type also impacts film barrier properties. For example, gas molecules 
cannot permeate through polymer crystallites because they are insoluble in this 
material. Therefore, gas permeation into semi-crystalline polymers is restricted to 
amorphous regions (Kofinas et al. 1994) because crystalline zones have small vol-
ume available for gas penetration and the path between the crystallites is tortuous. 
Reduction in permeability is proportional to the crystalline phase volume fraction 
(Gutiérrez and Álvarez 2017).

7.3.1  Water Vapor Permeability (WVP)

Water vapor permeability (WVP) in thin, nonporous, non-swelling, highly hydro-
phobic films can be determined by combining Fick’s First Law of diffusion 
(Eq. 7.14) with Henry’s Law of solubility (Eq. 7.15) as shown in Eq. (7.18).

 
WVP DS

J x

A M
= =.

.

. .Dp  
(7.18)

where
WVP = water vapor permeability [mol/(m.s.Pa)];
D = permeant diffusivity corresponding to the rate at which the concentration 

gradient is dissipated (m2/s);
S = solubility coefficient defined as the maximum migrating molecule mass that 

dissolves in a unit volume of the material at equilibrium [(mol/m3.Pa)];
p = permeant partial pressure in adjacent air [Pa];
A = barrier surface [m2];
M = water molar weight [g/mol].
On the other hand, in the case of moisture permeation through hydrophilic, com-

posite, and moderately hydrophobic films, coefficients D and S vary due to plastici-
zation/swelling after moisture absorption. These films present nonlinear water 
sorption isotherms and water content-dependent diffusivities, and RH conditions 
during testing greatly influence WVP (Mchugh et al. 1993). Hydrophilic materials 
such as proteins and polysaccharides present high aw range and much higher mois-
ture sorption isotherms than hydrophobic materials (Gutiérrez et al. 2015, 2015b). 
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Water sorption in these materials is usually non-ideal and leads to plasticization 
and/or clustering phenomena, to result in complex type II or sigmoidal isotherms 
(Despond et al. 2005; Bourlieu et al. 2009). According to Bourlieu et al. (2009), 
hydrophilic films cannot be classified on the basis of moisture sorption isotherms 
due to (i) influence of formulation (macromolecule polymerization degree, presence 
of lateral groups, addition of plasticizer, and addition of non-lipid components), (ii) 
impact of film-forming conditions (pH, thermal treatment, or any cross-linking 
treatment), and (iii) shift in the relative positions of moisture sorption isotherms 
over the full aw range.

On the basis of the Flory equation, Buonocore et al. (2005) proposed a model 
that describes WVP dependence on water activity with good accuracy for aw ranging 
from 0.3 to 0.8 at 20 °C (Eq. 7.19). This model integrates nonlinear water sorption 
in hydrophilic polymer-based films (alginate, casein, chitosan, and zein) and mois-
ture concentration dependence on effective water diffusivity. Variations in moisture 
effective diffusivity are an exponential function of the polymer moisture content:
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where
WVP(aw1,aw2) = water vapor permeability coefficient for a water activity difference 

between the upstream and downstream side of the film equal to aw1 and 
aw2respectively;

p0 = water vapor pressure;
D = water diffusion at zero moisture concentration;
α = constant that accounts for the water ability to plasticize the polymeric matrix;
Cw = polymer moisture content.
The positive slope relationship between a hydrophilic film WVP and thickness 

has been reported. Some materials present an exponential relationship (McHugh 
et al. 1993). The way thickness affects WVP has been explained on the basis of 
structural aspects: (i) film thickness influences film structure and its homogeneity; 
(ii) air gap between the solution and the film leads to equilibrium moisture relation-
ships at the film/air interface, but these relationships differ from the test cup solution 
equilibrium conditions. Increased thickness lowers the effect of such limit layers. 
Generally accepted explanations are related to nonlinear moisture sorption in the 
film; (iii) increased thickness results in higher quantity of hydrophilic component, 
which may interact with water molecules and cause swelling and apparent thickness 
effect (McHugh et al. 1993; Bourlieu et al. 2009).

Hydrophilic film swelling is an especially important characteristic regarding film 
thickness during moisture transport. Roca et  al. (2008) used a Fickian model to 
analyze moisture sorption in hydrophobic (acetylated monoglyceride), hydrophilic 
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(wheat gluten), and solid dispersion (dark chocolate) barrier matrixes. The authors 
aimed to compare moisture Deff values by using either a numerical solution (taking 
material deformation after sorption into account) or an analytical solution; verifying 
that the deformation hypothesis did not affect the Deff value in the case of the lipid 
matrix, but it strongly impacted Deff for the hydrophilic and solid dispersion 
matrixes. Assuming that the solid matrix does not swell, the analytical solution to 
Fick’s second law underestimates product thickness when water activity increases. 
Magnetic Resonance Imaging (MRI) aids diffusion coefficient calculation by means 
of a unidirectional Fickian model applied to a rectangular polymer sample. This 
model considers an exponential Deff dependence on moisture concentration in the 
film (Eq. 7.20):

 D D eeff
A C Cw w= ( )

0
0. /

 (7.20)

where
Cw = moisture concentration at a point;
Cw0 = moisture concentration at the surface;
D0 and A = constants.
Polymer swelling, defined as the increase in sample thickness relative to the 

sample initial thickness, can be accurately fitted by using the following equation:

 
S S emax

kt= -( )-1
 

(7.21)

where
S = swelling at time t;
Smax = maximum swelling as time approaches ∞;
k = swelling rate.
Temperature also impacts the film moisture barrier property—higher tempera-

tures increase molecular mobility and diffusivity, inducing accelerated water move-
ment through barrier matrixes. Provided the coating structure remains unaltered, the 
dependence of the diffusion, sorption, and permeability coefficients on temperature 
can be expressed by the Arrhenius Law (Rogers 1985):
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S S RTo s= -( )exp /DH

 
(7.24)

where
Ea,p and Ea,D = permeation and diffusion process activation energy(kJ/mol);
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∆Hs = heat of sorption (kJ/mol);
R = perfect gas constant (8.314 J/mol/K);
T = temperature (K);
D*, Po, So = pre-exponential factors for the three processes.
If the moisture diffusion coefficient and the solubility are constant over the inves-

tigated water activity range, the permeability energy of activation can be obtained 
from the relation:

 
E Ea p a D s, ,= + DH

 
(7.25)

Water vapor diffusion is always a thermally activated process with positive Ea,D. 
However, Ea,P can be negative or positive for both hydrophilic and hydrophobic 
films. Ea,P depends on the mechanism that predominates in moisture transport 
through films and on the result of the sum of ∆Hs and Ea,D.

7.3.2  Oxygen Permeability

Oxygen permeability is the second most commonly studied transport property of 
edible polymeric films. Edible film oxygen permeability depends on many factors, 
such as temperature and relative humidity. High temperature promotes exponential 
gas transfer across the film (Mate and Krochta 1996). Higher relative humidity 
increases interaction between water molecules and the polymer, making the film 
more plasticized (Hong and Krochta 2006). These conditions favor mobility and 
extensive mass transfer across the film. For this reason, the edible film antioxidant 
ability should always be tested under controlled relative humidity conditions.

The apparatus that is generally used to determine oxygen permeability in films is 
based on a colorimetric sensor, like Oxtran (Mocon, Modern Controls Inc., 
Minneapolis, MN, U.S.A), or on manometric methods, including the Lyssy L100 
series (Lyssy, Zurich, Switzerland) for dry and noncorrosive permanent gases, both 
certified by the ASTM F1927 standard (ASTM 2014). However, these apparatus 
and techniques do not allow gas permeability measurements for different relative 
humidity values, which is necessary during food product simulation. Nevertheless, 
Oxtran is the most suitable apparatus available to determine gas permeability 
through edible films.

Analysis with the OXTRAN equipment is used to measure the amount of oxygen 
that passes through a unit of area parallel to the packaging material surface during a 
given period. This equipment consists of two test cells, which hold the samples 
(Fig. 7.5). During the process, oxygen gas is released between the two cells, while 
the entrainment gas, which is composed of a mixture of nitrogen (major component) 
and hydrogen, passes outside the cells. As oxygen permeates the film, it mixes with 
the drag and passes through a colorimetric sensor that measures the electric current 
resulting from the cathodic and anodic reactions. This current is proportional to the 
amount of oxygen (reactions represented in Fig. 7.5).
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The equipment is connected to a microcomputer operating with software that 
provides all the results. Each reading yields a permeability oxygen rate (TPO2). The 
experiment ends when the TPO2 values stabilize; that is, when the TPO2 ×  time 
curve is constant. Oxygen permeability (PO2) is the highest value obtained through-
out the analysis and can be calculated by Eq. (7.26):

 
PO

TPO

P2
2=

D  
(7.26)

where
TPO2 = oxygen permeability rate;
ΔP = difference between oxygen partial pressure between the two sides of the 

film, which corresponds to the atmospheric pressure (101.3 kPa) when the samples 
are subjected to pure oxygen gas (100%) on one side of the film and to entrainment 
gas containing 98% nitrogen and 2% hydrogen on the other side of the film.

The oxygen permeability coefficient (P′O2) is calculated by multiplying oxygen 
permeability (PO2) by sample thickness.

7.3.3  Aroma Permeability

Aroma transport through edible films can result in flavor loss, scalping, and/or con-
tamination, to culminate in unacceptable product quality. Therefore, aroma barrier 
is an important parameter when selecting polymeric films. However, there is limited 
information on the aroma barrier property of many polymeric materials mainly 
because several aroma compounds exist, and interaction between aroma compounds 
and polymers can be very complex. Additionally, permeation measurement methods 
and equipment to detect aroma compounds are more complicated than methods and 

Fig. 7.5 System used to 
measure oxygen 
permeability in films
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equipment available for gas detection (oxygen, carbon dioxide, and water vapor) 
(Leelaphiwat et al. 2017).

Debeaufort et al. (1998) described a dynamic method to measure aroma vapor 
fluxes through edible films (Fig. 7.6). The permeation cell consists of two chambers 
divided by the studied film. The two chambers are continuously swept with a nitro-
gen flow. Aroma concentrations in the vapor phase on the upper side of the cell are 
obtained by mixing two flows: one containing the volatile compound, and the other 
containing dry nitrogen. Flows containing vapors are obtained by bubbling dry 
nitrogen through pure compounds. The volatile compounds passing across the film 
are swept by the carrier gas (N2) and carried to an automatic injection valve through 
a transfer line that is heated to prevent adsorption. A carrier gas is automatically 
injected in the gas chromatograph at regular intervals.

Leelaphiwat et  al. (2017) used gas chromatography techniques to determine 
eucalyptol and estragol permeability in low-density polyethylene (LDPE), polypro-
pylene (PP), nylon (Nylon), polyethylene terephthalate (PET), metalized polyethyl-
ene terephthalate (MPET), and poly(lactic acid) (PLA) films at 15 and 25 °C.

7.4  Edible Film Barrier Properties and Attempts to Improve 
this Property

7.4.1  Edible Film Barrier Properties

Edible films and coatings consist of hydrocolloids (such as polysaccharides or pro-
teins) or hydrophobic compounds (e.g., lipids or waxes) (Álvarez et al. 2017). Films 
made from polysaccharides are expected to be good oxygen and carbon dioxide 
barriers due to their tightly packed and ordered hydrogen-bonded network structure. 
Nevertheless, the relatively lower water resistance and poorer vapor barrier of poly-
saccharide films, which are a consequence of their hydrophilic nature, limit their 
use in food packaging (Yang and Paulson 2000). In addition, polysaccharide films 
only present good gas barrier properties if they are not plasticized with water or 
other plasticizers. Gas permeability increases significantly with rising  water/

Fig. 7.6 System used to determine aroma permeability in films
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Table 7.1 Barrier properties of films produced from different raw materials

Edible films

Water vapor 
permeability 
(×10−10 g.m−1.s−1.
Pa−1)

Oxygen 
permeability 
coefficient (cm3 
μm.m−2..d−1.kPa−1) References

Starch Oat 0.042 – Galdeano et al. 
(2009)

Babassu 3.52–5.52 – Maniglia et al. 
(2017)

Achira 3.2 – Andrade- Mahecha 
et al. (2012a)

Amaranth 2.7 – Tapia-Blácido 
(2006)

Quinoa 0.6 – Araújo-Farro et al. 
(2010)

Rice 0.5 – Dias et al. (2010)
Banana 2.0 – Pelissari et al. 

(2013)
Corn 0.9 – Luchese et al. 

(2017)
Cassava 1.17 –
Wheat – 57% RH = >0.12 to 

1.23
Gaudin et al. 
(2000)

Sweet potato 2.02 50% RH = >3.52 Shen et al. (2010)
Chitosan Glycerol – 0% RH 

= >0.01–0.04
Butler et al. (1996)

Sorbitol – 0% RH 
= >0.04–0.08

Celullose Microfibrillated 
cellulose

– 50% RH = >3.52 to 
5.03

Syverud and 
Stenius (2009)

Carboxymethylated 
microfibrillated 
cellulose

– 0% RH = >0.0006
50% RH = >0.85

Aulin et al. (2010)

Protein Fish 1.45 – Romani et al. 
(2017)

Collagen – 0% RH = >1.20 Mchugh and 
Krochta (1994a, b, 
c)

0.21 – He et al. (2011)
Sesame 0.09–0.16 – Sharma and Singh 

(2016)
Whey protein – Glycerol: 50% RH 

= >40 to 330
Sothornvit and 
Krochta (2000)

– Sorbitol: 30% RH 
= >1.03

Mchugh and 
Krochta (1994a, b, 
c)

Soy 12.2 – Martelli-Tosi et al. 
(2017)

(continued)
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plasticizer content in the films as observed by Dole et al. (2004) and Gontard et al. 
(1996). This restricts their fields of application, namely in food packaging.

Table 7.1 lists the water vapor and gas barrier properties of some edible films 
made from polysaccharides (starch, chitosan, and cellulose). Starch is an abundant, 
inexpensive polysaccharide obtained from cereals, legumes, and tubers. It consists 
of two macromolecules: amylose, which is essentially linear, and amylopectin, 
which is highly branched. The proportion of these polymers in starch depends on 
the starch source, and this proportion provides the film with particular properties 
(Han et al. 2006). Starch films are hydrophilic, so their properties change when rela-
tive humidity fluctuates; for example, the starch film barrier properties decrease 
with increasing relative humidity (Bai et al. 2002). Therefore, starch is not the best 
option when it comes to working with minimally processed high-water activity 
commodities.

Chitosan is a derivative of chitin, which is obtained from marine invertebrates. 
After cellulose, chitosan is the second most abundant polysaccharide resource on 
Earth (Tuil et al. 2000). Chitosan films have lower oxygen and carbon dioxide per-
meability than polyethylene films (Hosokawa et  al. 1990; Butler et  al. 1996). 

Table 7.1 (continued)

Edible films

Water vapor 
permeability 
(×10−10 g.m−1.s−1.
Pa−1)

Oxygen 
permeability 
coefficient (cm3 
μm.m−2..d−1.kPa−1) References

Flour Turmeric Glycerol: 0.823 – Maniglia et al. 
(2015)

Sorbitol: 0.461 – Maniglia et al. 
(2014)

Babassu 9.30 – Maniglia et al. 
(2017)

Achira 5.3 – Andrade- Mahecha 
et al. (2012a)

Amaranth 0.7 – Tapia-Blácido 
(2006)

Quinoa 0.6 – Araújo-Farro et al. 
(2010)

Rice 1.1 – Dias et al. (2010)
Banana 2.1 – Pelissari et al. 

(2013)
– 50% RH = >23 Sothornvit and 

Pitak (2007)
Synthetic 
plastics

Cellophane 0.84 57% RH = >159.48 Embuscado and 
Huber (2009)LDPE (low density 

polyethylene)
0.009 50% RH = >1870

HDPE (high density 
polyethylene)

0.002 50% RH = >427
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Table 7.1 shows the oxygen permeability of chitosan films with different plasticiz-
ers (sorbitol and glycerol).

Cellulose is an inexpensive abundant natural polymer with crystalline structure. 
It is insoluble in water, which makes its use as coating difficult. However, some 
commercially produced cellulose derivatives like carboxymethyl cellulose (CMC), 
methylcellulose (MC), hydroxypropyl cellulose (HPC), and hydroxypropyl methyl-
cellulose (HPMC) can overcome limitations associated with native cellulose. Films 
based on cellulose derivatives tend to have moderate oxygen and poor water vapor 
barrier properties because of their inherent hydrophilic nature.

Proteins can form edible films because their side chains can establish intermo-
lecular crosslinks (Álvarez et al. 2017). Film properties will depend on the nature of 
these linkages. In general, protein films are better barriers than polysaccharides and 
are considered to have good gas barrier properties. Nevertheless, their water barrier 
property is generally poor (Gennadios et al. 1994) because it depends on the envi-
ronment RH and/or on the food water activity. This may be related to the protein 
film with a more polar nature and linear (non-ring) structure, which culminates in 
higher cohesive energy density and smaller free volume (Miller and Krochta 1997).

Myosin is the most abundant protein in myofibrils (60–70% of muscle protein), 
and it accounts for the myofibril functional properties, including gelation (Bourtoom 
et al. 2006; Xiong 1997). However, fish protein films have poor water vapor barrier 
performance, which could jeopardize food quality and safety, thus improving these 
materials is an important matter (Romani et al. 2017).

Gluten films have good oxygen and carbon dioxide barrier properties, but they 
exhibit relatively high WVP (Gennadios and Weller 1990). Whey protein produces 
a translucent and flexible film with excellent oxygen and aroma barrier properties at 
low RH (McHugh and Krochta 1994a, b, c; Miller and Krochta 1997). Soy protein 
isolate films also presented high WVP as compared to other protein sources.

Nowadays, collagen is one of the most widely investigated proteins—it not only 
represents the main structural protein accounting for approximately one-third of all 
vertebrate body proteins (Lee and Mooney 2001), but also has commercial and 
industrial significance, as exemplified by its traditional use in the leather industry 
and its current biomedical applications.

Flour is another source of compounds to produce films. Flour materials have a 
complex structure that contains starch, protein, fibers, and lipids (Gutiérrez et al. 
2016a, b; Gutiérrez and Alvarez 2017b, c). Interest in these materials lies on the 
favorable and natural thermodynamic compatibility of its biopolymers, which pre-
vents phase separation (Grinberg and Tolstoguzov 1997) and is in contrast to what 
often occurs when biopolymers are mixed during film processing (Arvanitoyannis 
and Kassaveti 2009). Flour film properties depend on the interaction established by 
the mixture of biopolymers (starch, protein, and fibers) and lipid, on the distribution 
of these interactions within the film matrix, on the balance between hydrophilic and 
hydrophobic interactions, and on the concentration of each component within the 
film (Andrade-Mahecha et al. 2012; Tapia-Blácido et al. 2007). Table 7.1 depicts the 
barrier properties of some films based on flour (turmeric, babassu, achira, amaranth, 
quinoa, rice, and banana).
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Comparison between edible and synthetic films (cellophane, low density poly-
ethylene - LDPE, and high polyethylene - HDPE) reveals that the latter films have 
higher oxygen permeability. On the other hand, some edible films and cellophane 
have similar WVP. LDPE and HDPE films display the lowest WVP.

7.4.2  Research into Improved Edible Film Barrier Properties

Several strategies have been tested to improve the edible film barrier properties of 
bio-based materials for sustainable food packaging applications (Table 7.2). One of 
these strategies is to use additives; e.g., to include inorganic impermeable particles 
like mica flakes, to decrease CO2, O2, and water vapor permeability by 73%, 27%, 
and 40%, respectively (Alves et al. 2010). Another strategy is to include essential 
oils (EOs) like lemon EO (2%), which can reduce film WVP by 16.08% as com-
pared to the control (Song et al. 2018). Plasticizer type also influences barrier prop-
erties. Al-Hassan and Norziah (2012) noted that starch-gelatin blends plasticized 
with sorbitol have higher WVP (~ 50%) as compared to the same blends plasticized 
with glycerol. Fibers are another type of additive. Ma et al. (2017) added cellulose 
nanocrystals obtained from sweet potato to cassava starch film, to diminish WVP by 
50%.

Another way to enhance barrier properties is to control the film-forming process 
conditions. For example, Angellier-Coussy et al. (2011) prepared wheat gluten films 
and evaluated process temperature. Increasing the temperature from 80 to 120 °C 
reduced the gluten film WVP by 28%. Hernández-Izquierdo and Krochta (2008) 
produced films from whey protein isolated by compressing molding (336 g mm/d 
kPa m2), to obtain more water-permeable films than films prepared by solution cast-
ing (120 g mm/d kPa m2).

Finally, chemical modifications such as crosslinking are another way to improve 
barrier properties. Balaguer et al. (2013) produced wheat gluten film crosslinked 
with cinnamaldehyde, to achieve 64%, 75%, and 79% reduction in water vapor, 
oxygen, and carbon dioxide permeability, respectively.

7.5  Release Mechanism of Active Compounds

Traditionally, packaging materials are selected so that they interact minimally with 
the food they contain and can therefore be considered as inert barriers. However, in 
the last decades, several packaging systems that interact with the food product in a 
desirable way, the so-called active packaging, have been developed. Active packag-
ing is defined as a system where product, packaging, and free space interact, to 
result in improved product quality and safety (Suppakul et al. 2003; Vermeiren et al. 
2002). This packaging can modify the environment inside the food package, thereby 
altering the state of the packaged food system and its headspace. Food quality is 
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improved as judged from shelf life extension, sensory quality enhancement, and 
microbial safety protecting food from external conditions (Debeaufort et al. 2000; 
Quintavalla and Vicini 2002; Suppakul et al. 2003;Cha and Chinnan 2004; Ozdemir 
and Floros 2004).

In active packaging technologies, the final coated film should fulfill three main 
requirements (Gómez-Estaca et al. 2014): (i) the active coating should adhere well 
to the film substrate and should be suitable for direct contact with the food; (ii) the 
active agent release should be adjusted so as to produce efficient antioxidant activ-
ity; and (iii) the final active coated structure should fulfill the food product func-
tional packaging requirements, which are basically the same as the functional 
packaging requirements of conventional passive packaging.

Active packaging with antimicrobial and antioxidant action has been the most 
often applied because lipid oxidation and microbial growth are the main factors 
underlying food degradation and hence food sensorial and nutritional quality loss 

Table 7.2 Strategies to improve edible film barrier properties

Films Strategies Results References

Additives Kappa- 
carrageenan/
pectin blends

Mica flakes Films with mica flakes have 
significantly lower CO2 
(73%), O2 (27%), and water 
vapor (40%) permeability

Alves et al. 
(2010)

Corn starch/
wheat gluten 
blends

Lemon essential oil Compared to the control, 
the film with 2% lemon 
essential oil has 16.08% 
lower WVP

Song et al. 
(2018)

Starch-gelatin 
blends

Plasticizer type Sorbitol furnishes more 
water vapor-permeable 
films than glycerol (~ 50%)

Al-Hassan and 
Norziah 
(2012)

Cassava starch 
films

Without cellulose 
nanocrystals

WVP: 2 g mm/m2.d.kPa Ma et al. 
(2017)

0.4 g cellulose 
crystals of sweet 
potato/100 ml 
solution

WVP: 1.1 g mm/m2.d.kPa

Process 
conditions

Wheat gluten Processing 
temperature

Increasing temperature 
from80 °C to 120 °C 
caused reduction of the 
water vapor (28%) 
permeability

Angellier- 
Coussy et al. 
(2011)

Whey protein 
isolate

Compression 
molding

336 g mm/d kPa m2 Hernández- 
Izquierdo and 
Krochta 
(2008)

Solution-casting 120 g mm/d kPa m2

Chemical 
treatment

Wheat gluten Crosslinking with 
cinnamaldehyde

5% cinnamaldehyde 
reduces water vapor, 
oxygen, and carbon dioxide 
permeability by 64%, 75%, 
and 79%, respectively

Balaguer et al. 
(2013)
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(Gómez-Estaca et al. 2010; Pereira Jr et al. 2015). Active compound migration to 
food is slow, which allows for incorporation of a lower content of preservatives into 
the food product.

Mass transfer; i.e., diffusion, governs the release of active compounds within the 
food and the film or coating used as packaging (Han and Scanlon 2014). Through 
diffusion, bioactive compounds included in the polymer matrix can be transferred to 
the product or headspace, where they exert a protective action (antioxidants, antimi-
crobials, etc.) (Fig. 7.7).

When the active material acts as an antioxidant/antimicrobial-releasing system, 
active agent release is controlled by combined mass transport processes involving 
the active agent partition equilibrium at the interphases and kinetic processes in the 
food, headspace, coating, and substrate phases (López-Carballo et  al. 2012). 
Gómez-Estaca et al. (2014) explained that active substances are partitioned in all 
phases constituting the food/package/environment system as observed in Fig. 7.8.

In the case of non-volatile active agents and at equilibrium, concentration ratios 
at the interphases are given by the partition coefficients describing equilibrium 
between the film substrate (FS) and the film coating (FC), and between the FC and 
the food product (F):

 
K
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(7.27)

To obtain high active agent release into the food, the coating matrix should have low 
KFC/F. The package must be designed with a substrate material that has low affinity 
for the active agent, so that KFC/FS is high. This should prevent the substrate from 
retaining the active agent. In the case of volatile active agents, the package 

Fig. 7.7 Mass transfer process by active compound migration to the food and the barrier protec-
tion formed by the presence of the active compound
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headspace (HS) also participates in the mass transport process, and the active agent 
concentration in the HS is related to its concentration in the food (F) and coating 
(FC), obtained by the corresponding partition coefficients
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(7.28)

or by the solubility coefficients as described by Henry’s law, which expresses the 
amount of agent in the HS as partial pressure (pHS):

Low solubility coefficients should provide high active agent concentration in the 
vapor phase, whereas low SFC/HS and high SF/HS coefficients ensure high active com-
pound concentration on the food surface.
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Active agent diffusion in the coating is commonly the slowest process, which means 
that DFC (edible film or coating diffusion coefficient) controls active agent mass 
transport. The above-mentioned partition and solubility coefficients characterize the 
extent of the mass transport process and denote the final active agent concentration 
throughout the various phases that constitute the food packaging system, assuming 
that equilibrium is achieved. However, the pace at which the system advances 
towards equilibrium depends on the active agent diffusion kinetics in the various 
system phases. According to Fick’s laws, substance (J) flow in a phase is propor-
tional to the established concentration gradient (δc/δx):

Fig. 7.8 Diagram of the mass transport parameters (partition K, solubility S, and diffusion coef-
ficients D) involved in the various parts of a food stored in a bag consisting of a coated substrate: 
substrate (FS), edible film or coating (FC), food (F), and headspace (HS)
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Active packaging could also modify the product (dyes, peptides, vitamins, etc.) 
organoleptic and nutritional characteristics. Diffusion of these components—ini-
tially present in the film or coating—should not pose toxicity risks or alter the prop-
erties of the resulting polymeric materials (Salgado et al. 2015).

Salgado et al. (2015) pointed out that the active compound transfer rate depends 
on the polymeric material chemical nature and crosslinking degree, on the active 
compound concentration, on the active compound affinity for the polymer matrix 
and food, and on environmental conditions such as relative humidity, temperature, 
and contact time. Therefore, knowing how these variables affect active packaging 
effectiveness is essential.

Although edible films and coatings are promising systems for use as active ingre-
dient carriers, application of these materials as food packaging must be evaluated. 
Knowledge of food deterioration mechanisms, of package mode of action, and of 
their relations is crucial. Studies in real, pragmatic, everyday systems are important 
to prove that the developed package is truly effective. Sometimes, the in vitro prop-
erties of a material are not evident in food systems, which is often due to difficult 
active compound release or active compound inactivation during processing (Silva- 
Weiss et al. 2013).

The concentration of a given active compound added to biopolymer films should 
be analyzed because high concentrations of this active agent could generate undesir-
able odors, turbidity, and/or compound precipitation in the films and even affect 
their structure, which could consequently impact their functionality (Wambura et al. 
2011). According to Cosgrove (2008), the active compound dose needs to be rela-
tively low; in general, the filmstrip can include 30% of active ingredient. The nature 
of the interaction between biopolymers and additives for preservation depends on 
the nature, chemical characteristics, concentration, and transport mechanism of the 
compounds and on the pH of both the biopolymer and additives as well as on the 
structural parameters of the active compounds (stereochemistry, conformational 
flexibility, and molecular weight).

7.5.1  Films with Antimicrobial Activity

Antimicrobial packaging is one of the most promising active packaging systems. 
Because antimicrobial packaging contains antimicrobial agents, it can effectively 
kill pathogenic microorganisms or at least inhibit food product spoilage by micro-
organisms that contaminate food (Salleh et al. 2007; Dutta et al. 2009). This type of 
packaging prevents microbial growth on the food surface by direct contact of the 
packaging material with said surface. Controlled bacteriocin release from packag-
ing film toward the food surface is advantageous over food dipping into bacteriocins 
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or food spraying with bacteriocins: in the latter situations, antimicrobial activity 
may be lost or reduced due to bacteriocin inactivation by food components or to 
considerable bacteriocin dilution below active concentration after they migrate into 
the food product(Malhotra et al. 2015). Application of antimicrobial packaging sys-
tems is currently limited by lack of suitable antimicrobials, scarcity of new polymer 
materials, regulatory concerns, and need for appropriate testing methods (Jin and 
Zhang 2008).

Although antimicrobial mechanisms are still not fully understood, active com-
pounds are thought to exert their effect during the lag phase (Valero and Salmeron 
2003; Valero and Ginger 2006), which last several hours for bacteria. Materials have 
different antimicrobial activities probably due to distinct antimicrobial compound 
diffusion through the polymer matrix. The diffusion coefficient of organic species 
in polymers is mainly a function of the organic species molecular weight and poly-
mer type (Reynier et  al. 2002). Because the molecular weight range covered by 
active compounds is not very large, their diffusion coefficients are quite similar. 
Consequently, effective diffusion depends mainly on polymer type and specifically 
on polymeric material polarity (Hernandez-Muñoz et al. 2002).

Finding an efficient method to deliver antimicrobials within food packaging 
materials is necessary. The Food and Drug Administration (FDA) regulates direct 
addition of antimicrobials to food formulation and food wrapping films and speci-
fies safety levels for antimicrobial substances in food. Instant addition of antimicro-
bials to food packaging film formulations often results in instant inhibition of 
undesired microorganisms (Table 7.3). However, the surviving population will con-
tinue to grow as soon as the added antimicrobial is depleted. Antimicrobials are 
primarily depleted due to complex interactions with the food matrix and to their 
natural degradation along time, which decreases shelf life (Kester and Fennema 
1986; Ouattara et al. 2000; Chi-Zhang et al. 2004).

Chitosan is a natural food preservative, but its antimicrobial mechanism has not 
been elucidated yet (Gutiérrez 2017b). Positively charged chitosan molecules are 
believed to interact with negatively charged microbial cell membranes, to modify 
microbial cell permeability and consequent leakage of cell constituents (No et al. 
2007). Chitosan films or coatings have been satisfactorily used on fruits and vegeta-
bles; antimicrobial activity against Bacillus cereus, Brochothrix thermosphact, 
Lactobacillus curvatus, Lactobacillus sakey, Listeria monocytogenes, Pediococcus 
acidilactici, Photobacterium phosphoreum, Pseudomona fluorescens, Candida 
lambica, Cryptococcus humiculus, and Botrytis cinerea has been detected 
(Devlieghere et al. 2004; Romanazzi et al. 2002).

Benzoates, proprionates, sorbates, parabens, acidifying agents (e.g., acetic and 
lactic acids), curing agents (e.g., sodium chloride and sodium nitrite), bacteriocins, 
and natural preservatives (e.g., natural oils, lysozyme, and liquid smoke) are some 
of the preservatives and antimicrobials that are more commonly used in edible films 
and coatings (Cagri et al. 2004). Antifungal compounds, organic acids, potassium 
sorbate, and the bacteriocin nisin reduce foodborne microorganism levels more 
effectively when they are immobilized on or incorporated into edible gels (i.e., 
starch, carrageenan, waxes, cellulose ethers, or alginate) and applied to meat sur-
faces as compared to these agents alone (Cutter and Sumner 2002; Ustunol 2009).
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Table 7.3 Active films with antimicrobial activity

Biopolymers
Antimicrobial 
compounds Effect of active compounds References

Gelatin and chitosan Clove, fennel cypress, 
lavender, thyme, 
herb-of-the-cross, pine, 
and rosemary essential 
oils

Clove essential oil showed the 
highest inhibitory effect, 
followed by rosemary and 
lavender essential oils
Clove-containing films 
inhibited the microorganisms 
Pseudomonas fluorescens, 
Shewanella putrefaciens, 
Photobacterium 
phosphoreum, Listeria 
innocua, Escherichia coli, and 
Lactobacillus acidophilus

Gómez- 
Estaca et al. 
(2010)

Soy protein 1, 2, 3, 4, and 5% 
oregano (OR) or thyme 
(TH) essential oils

E. coli and S. aureus were 
significantly inhibited by 
antimicrobial films. L. 
plantarum and P. aeruginosa 
were the most resistant 
bacteria
Essential oil in soy protein 
films reduced coliform and 
Pseudomonas spp. counts in 
beef patties

Emiroğlu 
et al. (2010)

Carragen Satureja hortensis 
essential oil (SEO)

Films containing SEO 
inhibited selected bacteria 
(Staphylococcus aureus ATCC 
25923, Bacillus cereus PTCC 
1154, Escherichia coli ATCC 
25922, Pseudomonas 
aeruginosa ATCC 27853, and 
Salmonella typhimurium 
ATCC 14028)

Shojaee- 
Aliabadi 
et al. (2013)

Chitosan Thymus moroderi and 
Thymus piperella 
essential oils

In chitosan films, Thymus 
piperella essential oil was 
more effective against 
Serratia marcenscens and 
Listeria innocua than Thymus 
moroderi essential oil

Ruiz- 
Navajas 
et al. (2013)

Sweetpotato starch 
(SPSF)

Origanum essential oil 
(OG)

Antimicrobial activity of 
SPSF films containing OG 
increased with increasing OG 
concentration. SPSF/OG films 
exhibited greater inhibitory 
effects against gram-negative 
bacteria such as S. enteritidis 
and E. coli O157:H7 than 
against the gram-positive L. 
monocytogenes

Ehivet et al. 
(2011)

(continued)
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Table 7.3 (continued)

Biopolymers
Antimicrobial 
compounds Effect of active compounds References

Cassava starch Cinnamon essential oil Effective antimicrobial 
activity against the fungi P. 
commune and E. amstelodami

Souza et al. 
(2013)

Chitosan Microemulsions formed 
from Corn-bio-fiber 
gum (C-BFG) as 
emulsifier additive with 
allyl isothiocyanate 
(AIT) and lauric 
arginate ester (LAE) as 
antimicrobials

Micro emulsions create micro 
pores (100 to 300 nm) and 
micro channels that hold 
antimicrobials effectively and 
facilitate antimicrobial release 
from the center to the surface 
of films or coatings, thus 
enhancing their antimicrobial 
efficacy. Films with 1% AIT 
reduced Listeria innocua 
populations in ready-to-eat 
meat and strawberries. Films 
with 1% LAE reduced 
Escherichia coli and 
Salmonella spp. populations 
in strawberries

Guo et al. 
(2008)

Carboxymethylcellulose Potassium sorbate Pistachios were coated with 
this edible antimicrobial film 
containing 1, 0.5, or 0.25 g of 
sorbate/100 mL of film 
solution. Potassium sorbate 
inhibited Aspergillus flavus 
and Aspergillus Parasiticus 
growth

Sayanjali 
et al. (2011)

Corn starch Silver nanoparticles 
(ag-NPs)

Films presented antimicrobial 
activity against 
Staphylococcus aureus, 
Escherichia coli, and Candida 
albicans without significant 
differences between ag-NPs 
concentrations. Migration of 
components from 
nanostructured starch films, 
assessed by food contact tests, 
was minor and under the legal 
limits

Abreu et al. 
(2015)

Chitosan Propionic acid Propionic acid incorporation 
into chitosan films inhibited 
Candida spp and Penicillium 
spp growth and extended food 
shelf life by maintaining 
microbial growth in the 
latency period

Rivero et al. 
(2013)
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The most common test used to determine film antimicrobial activity is based on 
inhibition zone evaluation in the disc diffusion method (Barry and Meyer 1979). 
This method consists in using Petri dishes containing the medium with inoculated 
microorganisms. Circular film pieces with diameter of approximately 1.5 cm are 
placed on the surface of previously inoculated culture medium. The Petri dishes are 
stored at 32–37 °C inside a circulation oven overnight to allow bacteria to grow. 
Inhibition zones are directly measured on the dishes on the basis of the clear zone 
average diameter.

7.5.2  Films with Antioxidant Activity

Oxygen underlies many degradation processes in foods such as lipid oxidation, 
microorganism growth, enzymatic browning, and vitamin loss (Ayranci and Tunc 
2003). Fat oxidation results in altered flavor and color and nutrient loss (Hong and 
Krochta 2006). Oxidative processes cause degradation of meat proteins, pigments, 
and lipids, which reduces the food product shelf life (Liu et al. 2010). Although 
some oxygen availability is necessary for living tissue respiration, this process 
accelerates consumption of sugars and other compounds, thus increasing ethylene 
production and eliciting senescence in fruits and vegetables (Oms-Oliu et al. 2008; 
Rojas-Graü et al. 2007).

The antioxidant effect of stand-alone edible films is strongly linked to their oxy-
gen permeability (OP), which can be directly measured by the oxygen permeation 
tests shown in item 3.2. Application of antioxidant and anti-browning agents, such 
as ascorbic and citric acids, can delay deleterious oxygen effects on food.

Nowadays, researchers have tended to include strongly flavored antioxidants (e.g. 
essential oils, N-acetylcysteine, and glutathione) in edible films and coatings to 
reduce strong aroma. Table  7.4 summarizes some films added with antioxidant 
agents like protocatechuic acid, hydroxybenzoic acids, epigallocatechin gallate 
nanocapsules, mango kernel extracts, polysorbate-thymol micelles, free lycopene 
and lycopene nanocapsules, rosemary extracts, husk powder, montmorillonite, murta 
leaves extract, and clove essential oil. Recent studies have also dealt with renewable 
sources that already contain active compounds associated with macromolecules and 
which can be used as active packaging for food. This natural system of renewable 
sources makes phase separation between the bioactive substance and the polymer 
matrix like babassu, turmeric, and red rice more difficult  (Muñoz- Bonilla and 
Fernández-García 2012). The addition of vitamin E has been also evaluated in whey 
protein isolate edible coatings (Lee et al. 2002). Duan et al. (2010) observed that 
chitosan–fish oil coating increased total lipid and omega-3 fatty acid contents in fish 
by about threefold, reduced TBARS (thiobarbituric reactive substances) values in 
both fresh and frozen samples, and decreased drip loss of frozen samples by 14.1–
27.6%. The chitosan antioxidant property is attributed to its ability to chelate free 
iron released by myoglobin degradation during meat storage (Kamil et al. 2002).

7 Transport Phenomena in Edible Films
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Table 7.4 Edible films with antioxidant activity

Biopolymer Active compound Effect of active compounds References

Chitosan Protocatechuic acid 
(PA)

Chitosan/PA composite films 
presented more total phenolic 
content and antioxidant activity 
than chitosan films.

Liu et al. 
(2017a)

Chitosan Hydroxybenzoic acids: 
Gallic acid (GLA), 
gentisic acid (GTA), 
protocatechuic acid 
(PA), syringic acid 
(SA), and vanillic acid 
(VA)

Antioxidant activity assays 
showed that chitosan films with 
hydroxybenzoic acid had 
higher DPPH scavenging 
activity than films consisting of 
chitosan only. Gallic acid 
provided higher antioxidant 
activity.

Liu et al. 
(2017b)

Chitosan/zein Epigallocatechin 
gallate nanocapsules 
(EGCG)

Film DPPH scavenging activity 
increased as the nanocapsule 
suspension concentration 
increased.

Liang et al. 
(2017)

Soy protein isolate (SPI) 
and fish gelatin (FG)

Mango kernel extracts 
(MKE) from 1 to 5%

Antioxidant activity increased 
at high MKE concentration in 
both films, with more impact in 
the case of SPI films. DPPH 
analysis of SPI films revealed 
that these films had the greatest 
antioxidant activity (89%) upon 
inclusion of 5% MKE extract.

Adilah 
et al. (2018)

Potato starch Polysorbate-thymol 
micelle

Starch/polysorbate/thymol 
exhibited ABTS and DPPH 
radical scavenging activity, 
which was lower than 
polysorbate/thymol. Thymol 
micelle incorporation into 
starch significantly decreased 
thymol antioxidant capacity. 
This reduced antioxidant 
activity might be attributed to 
thymol encapsulation in the 
starch chain as confirmed by 
atomic microscope analysis.

Davoodi 
et al. (2017)

Cassava starch Free lycopene and 
lycopene nanocapsules

Lycopene nanocapsules 
provided greater protection to 
sunflower oil stored under 
accelerated oxidation 
conditions, which attested to 
their potential application as 
antioxidant packaging to 
prevent high-fat food oxidation.

Assis et al. 
(2017)

(continued)
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Table 7.4 (continued)

Biopolymer Active compound Effect of active compounds References

Babassu flour and starch – Films produced from babassu 
flour or starch showed 
antioxidant activity as 
evaluated by the DPPH 
method.

Maniglia 
et al. (2017)

Turmeric flour – Films produced from turmeric 
flour showed antioxidant 
activity as evaluated by the 
DPPH method

Maniglia 
et al. (2015)

Cassava starch Rosemary extracts Rosemary extracts provided 
cassava starch films with 
antioxidant activity (DPPH 
method). Polyphenols migrated 
from edible films to food 
simulants after 7 days of film 
exposure.

Piñeros- 
Hernandez 
et al. (2017)

Brazilian pine seed 
(Araucaria angustifolia) 
flour

Husk powder The highest antioxidant activity 
(as measured by the DPPH 
method) of Brazilian pine seed 
husk powder films was due to 
the presence of high amounts 
of flavonoids, mainly quercetin 
and apigenin, and tanins, 
mainly catechin and 
epicatechin, in A. angustifolia 
husk

Daudt et al. 
(2017)

Red rice flour and starch – Red rice flour and starch 
displayed antioxidant activity 
due to the presence of 
antioxidant compounds such as 
phenolic compounds and 
procyanidins in red rice. These 
compounds should exert a 
protective action against lipid 
oxidation in sunflower oil.

Vargas et al. 
(2017)

Carboxymethylcellulose 
(CMC)

Montmorillonite(MMT) 
activated with murta 
(Ugni molinae Turcz) 
leaf extract

The antioxidant capacity 
(ABTS method) of films added 
with murta extract increased 
over 18-fold as compared to the 
CMC control film due to the 
presence of gallic acid, 
myricetin, and quercetin in the 
murta extract. MMT addition to 
the CMC–murta extract 
formulations significantly 
increased the antioxidant 
activity.

Gutiérrez 
et al. (2012)

(continued)
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7.6  Case Study: Application of Turmeric Coating Produced 
from Turmeric Dye Residue for Post-harvest Banana 
Preservation

Coatings produced from renewable sources increase food product durability, pre-
serve foodstuff texture and nutritional value, decrease water loss or gain, and allow 
greater flexibility during fruit and vegetable handling and trade along post-harvest 
storage (Vargas et al. 2008; Baldwin et al. 2011).

Curcuma longa L. is a plant native to India. It is cultivated throughout the tropi-
cal world for medical uses and flour production. Recently, Maniglia et al. (2014, 
2015) evaluated the residue from the pigment extracted from turmeric rhizomes as 
raw material for biodegradable film processing, which will be referred to as tur-
meric residue. This residue contains starch, proteins, fibers, and lipids and has a 
residual content of curcuminoids, such as curcumin, demethoxycurcumin, and bis-
demethoxycurcumin. These phenolic compounds have antioxidant (Maniglia et al. 
2014, 2015), anti-inflammatory (Menon and Sudheer 2007), antimicrobial (Arutselvi 
et al. 2012), and anticarcinogenic activities(Jiang et al. 2012). Curcumin is consid-
ered to be the main bioactive compound in this residue (Paramasivam et al. 2009). 
The great advantage of preparing coatings with turmeric residue is its intrinsic anti-
oxidant activity, which dismisses the need to incorporate additional active sub-
stances in the polymer matrix.

In this part of the Chapter, we will show results concerning bananas coated with 
treated turmeric residue. This research was developed in the Chemistry Department 
of the University of São Paulo (USP) campus located in the city of Ribeirão Preto.

We failed to obtain films from turmeric residue (Maniglia et al. 2014, 2015): its 
closely packed structure retained starch granules and prevented water access for 
film formation. For this reason, we submitted the turmeric residue to mechanical 
and chemical treatments. Mechanical treatment reduced the turmeric residue parti-
cle diameter, to increase the superficial area of this material for future chemical 
treatment. Particle size reduction increased surface area by significantly raising the 
number of surface atoms as compared to the total particle volume, thus altering 
chemical reactivity (Martinez and Alves 2013). Mechanical treatment was per-
formed by ball milling at 5 Hz for 24 h. To evaluate the mechanical treatment effect, 
we determined the D80 diameter (the maximum diameter of 80% of the particles). 

Table 7.4 (continued)

Biopolymer Active compound Effect of active compounds References

Carboxymethylcellulose 
(CMC)

Clove essential oil 
(CEO)

CMC films had lower 
antioxidant activity (0.32%) 
than CMC/CEO films. Addition 
of 3% CEO yielded films with 
high antioxidant activity 
(71.76%).

Dashipour 
et al. (2014)
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The mechanically treated turmeric residue (TRM) had lower D80 diameter 
(0.265 ± 0.007) than the initial material (0.685 ± 0.007).

We carried out chemical treatment to break the fibers in the turmeric residue, to 
solubilize the protein, to remove ashes and lipids, and to release starch without 
damaging the granules. Chemical treatment comprised two stages: alkaline treat-
ment and bleaching. For the alkaline treatment, the ground sample (20 g) was dis-
persed in 2.5% sodium hydroxide solution (400 mL) with subsequent shaking at 
ambient temperature for 4 h in a shaker (SL222, Solab, Brazil). Subsequently, the 
suspension was centrifuged in Quimis centrifuge (Q222RM, Brazil) at 1500 rpm 
and 10 °C for 10 min. The material was washed and centrifuged under the same 
conditions, until pH 7 was achieved, and dispersed in a solution containing 3.3% 
sodium chlorite and 0.7% acetic acid (350 mL). This procedure was performed in a 
jacketed beaker at room temperature for 4 h; a magnetic stirrer was used. The sus-
pension was centrifuged in Quimis centrifuge (Q222RM, Brazil) at 1500 rpm and 
10 °C for 10 min. The material was washed and centrifuged under the same condi-
tions, until pH 7 was reached. The chemically treated turmeric residue (TRC) was 
dried in an oven at 40 °C (Q314M, CHEMIS).

Table 7.5 shows that the turmeric residue, the mechanically treated turmeric resi-
due (TRM), and the chemically treated turmeric residue (TRC) consisted mainly of 
starch and contained significant fiber content, low humidity, and small fractions of 
proteins and lipids. Mechanical treatment only significantly affected the moisture and 
ash contents. Chemical treatment reduced the lipid, protein, ash, hemicellulose, and 
lignin contents. The cellulose content was higher in TRM and TRC probably because 
cellulose resisted to chemical hydrolysis because it contained fewer amorphous 
regions susceptible to attack by chemical reagents (Behera et al. 2014). The starch 
content was also higher in TRM and TRC, but the amylose content was lower in the 
treated residues (turmeric residue: 53.18% and treated turmeric residues: 37.17%).

Because turmeric residue is advantageous not only for its high starch content, but 
also for the presence of curcuminoids, we determined the antioxidant activity and 
the contents of curcuminoids and total phenolic compounds in the treated turmeric 
residues (Table 7.6). The treated residues still presented antioxidant activity and 
significant content of curcuminoids. TRC could be an interesting food coating, so 
we applied it to coat bananas as an attempt to extend the fruit (Musa acuminata) 
shelf life. The coating solution was prepared by following the same methodology 
used to obtain turmeric films (Maniglia et al. 2014). The turmeric coating formula-
tion consisted of 6 g of TRC/100 g of solution and of 25 g of glycerol/100 g of TRC 
and was applied to the fruit by immersion. The bananas were dipped into the tur-
meric coating formulation for 1 min, and the excess gel was allowed to drain away. 
The samples were then hung inside an oven with forced circulation (MA Q314M, 
Quimis, Brazil) and stored at 25 °C and 65% RH for 12 days. The way the turmeric 
coating affected banana weight loss, firmness, pH, titratable acidity, contents of 
soluble solids and reducing sugars, and peel color was evaluated along 12 days of 
storage. Analyses were performed on days 0, 2, 4, 6, 8, 10, and 12 after the turmeric 
coating was applied. To analyze soluble solids, pH, titratable acidity, and reducing 
sugars, bananas were peeled, and pulps were removed and centrifuged at 10,000 rpm 
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and 10 °C for 15 min (MA Q222RM, Quimis, Brazil). The supernatant was ana-
lyzed. Weight loss was determined as the average of individual sample weights 
measured with a digital balance (Sartorius BL210S, New Jersey, USA). Results are 
expressed as the percentage loss of initial weight (day 0). pH was measured in 6 g 
of centrifuged solution diluted in 50 mL of water. Reading was performed in a pH 
meter (MA522, Marconi, Brazil) with automatic correction values, as a function of 
temperature. Titratable acidity was expressed as mg of malic acid per 100 g of sam-
ple because malic acid is the prevalent organic acid in banana fruit (Cano et  al. 
1997). Banana pulp firmness was determined with a texture analyzer TA TX Plus 
(TA Instrument, England). Soluble solids were directly measured with a digital 
refractometer (HI 96801, Hanna, Brazil); results are expressed as degree Brix 
(°Brix). Reducing sugars were determined by the DNS (3,5-dinitrosalicylate) 
method according to Miller (1959). Skin color was visually scored by adopting the 
standard banana color chart, which ranged from 1 to 8, where 1 = green; 2 = green 
with yellow stains; 3 = more green than yellow; 4 = more yellow than green; 5 = yel-
low with green tinge; 6 = completely yellow; 7 = yellow slightly mottled brown; and 
8 = yellow samples with big brown areas(Alves 1999).

Figure 7.9 shows the firmness and weight loss evolution of uncoated and coated 
bananas cv. ‘Maçã’ stored at 25 °C for 12 days. Weight loss variation was similar 
for uncoated and coated bananas. It was possible to adjust the data to a simple linear 
regression model “y = a + bx”. The coefficients of determination (R2) were higher 
than 0.9, which confirmed the excellent fit and indicated that mass loss followed the 
same mechanism in both samples. However, uncoated bananas had higher weight 
loss than coated bananas along storage for 12 days, approximately 28% and 23% of 
the initial mass, respectively.

Both samples showed intensive firmness decay from day 2. In general, the 
turmeric coating delayed softening only slightly. At the end of the storage period, 
coated bananas showed higher firmness (1.20 N) than uncoated samples (0.98 N), 
which represented an overall decrease of 91% and 93%, respectively.
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Fig. 7.9 Weight loss and firmness evolution for uncoated and coated bananas stored at 25 °C for 
12 days. Each data point is the mean of three replicate samples
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Figure 7.10 depicts the pH and titratable acidity of uncoated and coated bananas 
cv. ‘Maçã’ stored at 25 °C for 12 days.

The pH value varied slightly along storage: from 5.7 (day 0) to 5.5 (day 12) and 
from 5.7 (day 0) to 5.4 (day 12) for uncoated and coated bananas, respectively. 
Higher decay occurred on day 6 for both uncoated and coated bananas (pH ~4.6), 
which indicated that this was the fruit climacteric peak. Figure  7.10 also shows 
variations in pulp titratable acidities. The turmeric coating effectively reduced acid-
ity along all the studied period as compared to uncoated bananas. The percentage of 
titratable acidity increased simultaneously for both uncoated and coated samples up 
to day 6, with maximum values of 0.64 and 0.59%, respectively. After this period, 
titratable acidity decreased for both samples (0.45% for uncoated and 0.37% for 
coated samples).

Figure 7.11 reveals that both uncoated and coated samples had significantly 
higher content of soluble solids after day 2. Values stabilized at 24.9% and 23.4% 
for uncoated and coated bananas, respectively. The peak value of soluble solids was 
on 6 day. On the other hand, coated bananas presented lower content of reducing 
sugars than uncoated samples along all the storage. This difference was more evi-
dent from day 6. At the end of the storage period, the contents of reducing sugars 
were 29.3 and 21.5 g/L for uncoated and coated bananas, respectively. These con-
tents suggested that the turmeric coating delayed maturation—the presence of 
reducing sugars indicated that starch hydrolysis and inversion of sucrose into glu-
cose plus fructose occurred, which is directly related to fruit ripening (Kays 1997).

Figure 7.12 illustrates the color and the visual aspect of uncoated and coated 
bananas during storage determined by visual inspection. Banana skin color varies 
according to the degree of maturation. During ripening, chlorophyll is degraded, to 
expose carotenoids, which are the main pigments accounting for the yellow color of 
banana skin (Prill et  al. 2012). Banana peel also contains phenolic compounds, 
which can be oxidized by polyphenoloxidase, to produce quinine. This raises the 
levels of macromolecules, to intensify brown pigmentation (Siriphanich 2006). 
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Fig. 7.10 pH and titratable acidity of uncoated and coated bananas stored at 25 °C for 12 days. 
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Figure  7.12 shows a significant difference in the colors of uncoated and coated 
fruits along storage. Distinctions were noted on day 2 for both samples. In the final 
storage period (days 8 and 12), uncoated fruits exhibited brown areas, which con-
trasted with the coated banana color. Development of darker shades and loss of 
yellow tones could indicate banana over-ripeness and quality loss (Yap et al. 2017). 
Coated bananas maintained their color up to day 10, whilst uncoated bananas had 
shelf life of around 6 days in the storage conditions adopted herein. The turmeric 
coating delayed banana peel color deterioration because it increased CO2 concen-
tration and decreased O2 concentration, thereby reducing metabolic rates and induc-
ing slow chlorophyll degradation in the peel. Hence, the turmeric coating created a 
modified atmosphere around the fruit, to reduce fruit respiration by restricting O2 
access to the tissue and consequently diminishing the enzymatic browning rate 

Fig. 7.12 Visual aspect and skin color of uncoated and coated banana peels stored at 25 °C for 
12 days
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Fig. 7.11 Contents of soluble solids and reducing sugars in coated and uncoated bananas stored at 
25 °C for 12 days. Each data point is the mean of three replicate samples
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(Jiang and Li 2001). In addition, curcuminoids and phenolic compounds in the tur-
meric coating acted as enzymatic inhibitors because they contained aromatic acids 
such as carboxylic, benzoic, and cinnamic acids, which are competitive inhibitors 
of polyphenoloxidase due to their structural similarity with phenolic substrates.

7.7  Conclusions

Edible films and coatings can are effective barriers for gases, water vapor, and/or 
aromatic substances, and can act as an active packaging for foodstuff preventing the 
oxidative and microbial degradation, which consequently extends food product 
shelf life. Knowledge of transport phenomena within a specific edible film or coat-
ing is important when choosing the best packaging for each food type. For this, the 
physicochemical and structural characteristics of polymer matrixes must be consid-
ered in order to use mathematical modeling that accounts for the mass transfer pro-
cesses that take place in this system. This modeling is necessary for deeper 
understanding and optimization of edible packaging. Studies in real food cases, 
pragmatic, everyday systems are essential and should be performed to prove whether 
a developed package is truly effective. In this chapter was demonstrated that the 
turmeric residue coating effectively extended the coated banana (Musa acuminata) 
shelf life by 4 days as compared to uncoated bananas. This coating can be consid-
ered as an active packaging due to its antioxidant activity.
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Chapter 8
Antimicrobial Films and Coatings 
Incorporated with Food Preservatives 
of Microbial Origin

Alex López-Córdoba

Abstract Food quality and safety constitute main issues for the food industry. 
However, in spite of several efforts that have been carried out, food preservation is 
still challenging. Synthetic substances have been widely applied in the food indus-
try as preservatives, however some of them have been associated with harmful 
effects to human health. This fact has prompted the quest of new methods for food 
preservation using natural and safer agents. Biopreservatives such as lactic acid 
bacteria and their bacteriocins have been widely recognized as potent natural com-
pounds able to inhibit or prevent the growth of spoilage and pathogenic microorgan-
isms in food systems. Therefore, the incorporation of these biopreservatives into 
polymeric films and coatings constitutes a promising strategy to develop new anti-
microbial packaging materials to ensure food safety and extend the food shelf-life. 
This chapter presents the main developments regarding active packaging intended 
for food biopreservation. Different strategies for the incorporation of biopreserva-
tives into food packaging materials are analyzed. Finally, the challenges against the 
large-scale production and successful commercialization of these materials contain-
ing biopreservatives are also addressed.

Keywords Antimicrobial food packaging · Bacteriocin · Biopreservation · Lactic 
acid bacteria

8.1  Introduction

Global initiatives on food loss and waste reduction have gained growing attention in 
the last years. According to Food and Agriculture Organization of the United 
Nations (FAO), roughly one third of the food produced in the world for human con-
sumption every year (i.e., approximately 1.3  billion tonnes) gets lost or wasted 
(FAO 2011). Food losses and waste amounts to roughly US$ 680 billion in industri-
alized countries and US$ 310  billion in developing countries (FAO 2011). In 
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addition, food losses represent a waste of resources used in production such as land, 
water, energy and inputs. Producing food that will not be consumed leads to unnec-
essary CO2 emissions in addition to loss of economic value of the food produced.

Active packaging’s constitute an actual choice for reducing food waste along the 
value chain (FAO 2014). Food packaging can be termed active when it performs a 
certain desirable role other than providing an inert barrier to external conditions 
(Anu Bhushani and Anandharamakrishnan 2014). Active packaging systems could 
include antioxidants, antimicrobial agents or oxygen scavengers (Chang-Bravo 
et al. 2014; López-Córdoba et al. 2017; Piñeros-Hernandez et al. 2017; Gutiérrez 
2017, 2018). Other than these, moisture absorbing, flavor or odor absorbing active 
packaging systems are also being developed for food applications (Anu Bhushani 
and Anandharamakrishnan 2014). In particular, the fabrication of antimicrobial 
packaging’s has received increasing importance in the past years because they offer 
slow and continuous migration of antimicrobial agents from packaging material to 
food surfaces, increasing their shelf-life (Blanco Massani et al. 2014a, b; Garcia 
et al. 2012; Woraprayote et al. 2018). Packaging’s containing antimicrobial agents 
from natural sources are preferred, instead synthetic additives, since the latest alter-
natives have been associated with harmful effects on human health (Gutiérrez and 
Álvarez 2016, 2018a). In this context, lactic acid bacteria (LAB) have been pro-
posed as natural preservatives to inhibit or prevent the growth of spoilage and patho-
genic microorganisms in food systems and, consequently, to enhance their safety 
and prolong their shelf life (Aloui and Khwaldia 2016). LAB have ability to pro-
duce various types of antimicrobial compounds, the most important being bacterio-
cins. Bacteriocins and bacteriocin-producing cultures have the potential to increase 
the shelf-life of foods and contribute towards decreasing the incidence of food- 
borne diseases.

This chapter provides an overview of the current applications of lactic acid bac-
teria and their bacteriocins in food packaging (film and coatings) and highlight use-
ful applications for these materials to extend shelf life of different food products 
such as meat, fish, dairy fruit, vegetables or other food products.

8.2  Lactic Acid Bacteria and Their Bacteriocins as Food 
Biopreservatives

Lactic acid bacteria (LAB) comprise a group of Gram-positive bacteria, non- 
sporulating, cocci or rods, and catalase-negative organisms with high tolerance for 
low pH (Calo-Mata et al. 2008). LAB are characterized by the production of lactic 
acid as the major end product during the fermentation of carbohydrates, lowering 
the pH of the food and also directly inhibiting the growth of many 
microorganisms.

LAB are categorized into homofermentative and heterofermentative microorgan-
isms, based on the products of the fermented carbohydrates. Homofermentative 
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LAB degrade hexoses to lactate, whereas heterofermentative LAB degrade hexoses 
to lactate and additional products such as acetate, ethanol, CO2, formate, or succi-
nate (Calo-Mata et al. 2008). LAB are widely used as starter cultures in the food 
industry for the production of fermented foods, including dairy (e.g. yogurt and 
cheese), meat (e.g. sausages), fish, cereals (e.g. bread and beverages such as beer), 
fruit (malolactic fermentation processes in wine production), and vegetables (e.g. 
sauerkraut, kimchi and silage) (Chelule et  al. 2010). Most LAB are considered 
GRAS (generally recognized as safe) by the US Food and Drug Administration. As 
probiotics, LAB are increasingly being used owing to their contribution to the 
healthy microflora of human mucosal surfaces (Mokoena and Paul 2017; Porto et al. 
2017).

The LAB group is currently classified in the phylum Firmicutes, class Bacilli, 
and order Lactobacillales, Families Aerococcaceae, Carnobacteriaceae, 
Enterococcaceae, Lactobacillaceae, Leuconostocaceae, and Streptococcaceae. 
LAB are classified based on cellular morphology, mode of glucose fermentation, 
range of growth temperature, and sugar utilization patterns. LAB genera include 
Lactobacillus, Lactococcus, Leuconostoc, Pediococcus, Streptococcus, Aerococcus, 
Alloiococcus, Carnobacterium, Dolosigranulum, Enterococcus, Oenococcus, 
Tetragenococcus, Vagococcus and Weissella (Mokoena and Paul 2017). Among 
LAB, Lactobacillus is the genus including a high number of GRAS species and 
many strains are among the most important bacteria in food microbiology and 
human nutrition, due to their contribution to fermented food production or their use 
as probiotics (Salvetti et al. 2012).

Biopreservation refers to the use of natural or controlled microbiota or its anti-
bacterial metabolites to extend the shelf life and enhance the safety of foods (Hugas 
1998; Stiles 1996). This strategy can help to reduce the addition of synthetic preser-
vatives as well as the intensity of heat treatments, resulting in foods which are more 
naturally preserved and richer in organoleptic and nutritional properties (Gálvez 
et al. 2007; García et al. 2010).

LAB have widely recognized as biopreservatives because can protect foods from 
microbial spoilage by the lowering their pH, by competitive growth against spoilage 
and pathogenic bacteria and by the production of antagonistic metabolic products 
such as organic acids (e.g., lactic acid), diacetyl, fatty acids, CO2, peroxide, and 
bacteriocins (Calo-Mata et al. 2008).

Bacteriocins are ribosomally-synthesized peptides or proteins with antimicrobial 
activity, produced by many Gram-positive and Gram-negative microorganisms 
(Abbasiliasi et al. 2017; Woraprayote et al. 2016). However, bacteriocins produced 
by Gram-positive microorganisms such as LAB are more frequently used in the 
food industry (Cotter et al. 2005; Gálvez et al. 2007; García et al. 2010).

The bacteriocins produced by LAB offer several desirable properties that make 
them suitable for food preservation: (i) are generally recognized as safe substances 
(GRAS), (ii) are not active and nontoxic on eukaryotic cells, (iii) become inacti-
vated by digestive proteases, having little influence on the gut microbiota, (iv) are 
usually pH and heat-tolerant, (v) they have a relatively broad antimicrobial spec-
trum, against many food-borne pathogenic and spoilage bacteria, (vi) they show a 
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bactericidal mode of action, usually acting on the bacterial cytoplasmic membrane: 
no cross resistance with antibiotics, and (vii) their genetic determinants are usually 
plasmid-encoded, facilitating genetic manipulation (Cotter et al. 2005; Gálvez et al. 
2007; Woraprayote et al. 2016).

Bacteriocins are classified according to their chemical structure, molecular mass, 
enzymatic susceptibility, genetics, mechanism of microbial destruction, thermosta-
bility, producing strains, antimicrobial activities and the presence of post- 
translational modified amino acid residues (Kaškonienė et al. 2017; Mokoena and 
Paul 2017). Therefore, one only classification is not currently available and some 
authors distinguish two, three or four classes with subclasses/subcategories (Cotter 
et al. 2005; Kaškonienė et al. 2017; Mokoena and Paul 2017; Woraprayote et al. 
2016). Between them, the classification proposed by Cotter et al. (2005) seems bet-
ter for LAB bacteriocins at this moment. Accordingly, LAB bacteriocins can be 
classified into two major classes: class I lantibiotics (lanthionine-containing antibi-
otics) and class II which can further be grouped into four subclasses: IIa, IIb, IIc, 
and IId, respectively (Table 8.1). Bacteriocins from class I and IIa (pediocin-like 
bacteriocins) are among the best biochemically and genetically characterized anti-
microbial peptides and the most likely to be used in food applications due to their 
target specificity. Among hundreds of bacteriocins, nisin is the most popular and 
extensively investigated bacteriocin, probably because it is approved for use as 
additive (code E234) in food products and is now available commercially 
(Woraprayote et al. 2016). Nisin is produced by many strains of Lactococcus lactis, 
a species widely used for cheese manufacture. It has a broad antimicrobial spectrum 
against a wide range of Gram-positive genera, including Staphylococci, Streptococci, 

Table 8.1 Classification of bacteriocins from lactic acid bacteria

Class Properties Producer strains Examples

I Small peptides (<5 kDa) that possess the 
eponymous lanthionine or 
β-methyllanthionine residues

Lactobacillus 
lactis; 
Streptococcus 
mutans

Nisin, mersacidin, 
lacticin 481; lacticin 
3147; cytolysin

IIa Small (<10 kDa) heat-stable peptides, which 
do not undergo extensive posttranslational 
modification

Lactobacillus 
sakei; enterococcus 
faecium

Pediocin PA1, 
leucocin A

IIb Consist of two different individual peptide 
molecules that require equal peptide ratio of 
each peptide to exert its optimal 
antimicrobial activity

Lactobacillus 
plantarum; 
Lactococcus lactis

Lactacin F, 
lactococcin G

IIc Circular LAB bacteriocins consist of 
N-to-C-terminally linked antimicrobial 
peptides, produced by gram-positive bacteria 
of the phylum Firmicutes

Enterococcus 
faecalis; 
enterococcus 
faecium

Enteriocin AS48, 
reuterin 6

IId Include the remaining well-characterized 
bacteriocins, combined as miscellaneous, 
which are now including nonpediocin like 
single linear peptides

Lactococcus lactis Lactococcin A, 
divergecin A

Adapted from Cotter et al. (2005) and Woraprayote et al. (2016)
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Listeria spp., Bacilli, and Enterococci, with a minimal inhibitory concentration in 
the nanomolar range (Woraprayote et al. 2016). To date, eight types of natural nisin 
were discovered: nisins A, Z, F and Q produced by Lactococci and nisins U, U2, P 
and H by some Streptococcus strains (Kaškonienė et al. 2017; O’Connor et al. 2015; 
Woraprayote et al. 2016).

Nisin acts on target bacteria by two major steps: (1) passage through the cell 
wall; (2) interaction with lipid II (e.g. binding to lipid II, pore formation on cell 
membrane), which is essential for the biosynthesis on the cell wall. Nisin’s mecha-
nism of action (see Fig. 8.1) involves first binding of the N-terminus to the lipid II 
complex and forming a pyrophosphate cage that inhibits cell wall synthesis. The C 
terminal is then responsible for pore-formation. A three amino acid hinge region 
exists between the N and C domains and allows conformational changes to occur 
upon contacting a microbe (Han et al. 2017).

Pediocins are another widely studied biopreservatives which are produced by 
Pediococcus spp. These class IIa bacteriocins are recognized because present a 
broad spectrum of antimicrobial activity against Gram-positive bacteria, with high-
lights efficient bactericidal effects against pathogenic bacteria, such as Listeria 
monocytogenes (Porto et al. 2017; Ríos Colombo et al. 2017; Rodríguez et al. 2002). 
It has been demonstrated that class IIa bacteriocins act on the cytoplasmic mem-
brane of Gram-positive cells dissipating the transmembrane electrical potential, 
which results in an intracellular ATP depletion. These peptides induce the exit of 
ions, amino acids and other essential molecules by forming hydrophilic pores in the 
target (Ríos Colombo et al. 2017).

Among the pediocins isolated from different strains, only pediocin PA1 (P. aci-
dilactici PAC 1.0) and pediocin AcH (P. acidilactici LB42–923) have been well 
characterized. Despite that pediocins have been widely studied, they have no official 
approved use in foods (Woraprayote et al. 2016).

In addition to nisin and pediocin, many other LAB bacteriocins have character-
istics that make them ideal candidates for the preservation of food products includ-
ing Lactococcin G, lactacin F, lactocin 705, enteriocin AS-48, lacticin Q and others. 

Fig. 8.1 Nisin molecular structure showing key regions responsible for its antimicrobial activity: 
binding region to the cell, hinge region to create cage and inhibit cell wall synthesis, and insertion 
region into the pore. Reprinted with permission from Han et al. (2017)
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More detailed information about LAB bacteriocins can be found in the recently 
published works by Garsa et al. (2014), Kaškonienė et al. (2017) and Mokoena and 
Paul (2017).

8.3  Incorporation of Lactic Acid Bacteria and Their 
Bacteriocins into Films and Coatings

Lactic acid bacteria and their bacteriocins have been applied in food products using 
mainly two different strategies: (i) direct inoculation of bacteriocin producting LAB 
culture into food products (in situ production) and (ii) direct application of purified 
or semi-purified bacteriocin as a food additive (ex situ production) (Castro et al. 
2017). Ex situ preparations are obtained by growing the producer strain at industrial 
scale and then concentration and purification processes are needed to obtain a pure 
form of the bacteriocin. Both in situ and ex situ strategies have been reported to have 
limitations associated with interactions of biopreservatives with other food compo-
nents (e.g., lipids and proteins) and to the loss of activity due to enzymatic degrada-
tion (Aloui and Khwaldia 2016). In order to overcome these disadvantages, 
biopreservatives-containing films and coatings has been evaluated obtaining feasi-
ble results. This strategy allows to combine the preservative function of antimicrobi-
als with the protective function of packaging. For this purpose, a wide range of 
non-edible polypropylene- and polyethylene-based packaging materials and several 
biodegradable protein- and polysaccharide-based edible films have been used 
(Garcia et al. 2012; Muriel-Galet et al. 2015; Woraprayote et al. 2018).

Antimicrobial packaging offers slow and continuous migration of antimicrobial 
agent from packaging material to food surfaces which enables antimicrobial agents 
to maintain at high concentration over a long period. Antimicrobial coatings can be 
obtained by incorporation of the antimicrobials into an edible polymer blend that is 
then applied by dipping, brushing or spraying onto the food (Guo et  al. 2014). 
Compared to direct application, edible coatings containing LAB and/or their bacte-
riocins may impart a highly localized functional effect without affecting the food 
organoleptic properties (Campos and others 2011). Moreover, edible coatings may 
act as a semipermeable barrier providing an additional protection for foods against 
moisture loss, solute migration, gas exchange, respiration, and oxidative reactions 
(Aloui and Khwaldia 2016).

Biopreservatives containing polymer films have been also used as antimicrobial 
packaging. Several film-forming methods have been evaluated, including casting 
and heat-pressing. It has been found that bacteriocin activity of cast film (solvent 
compounding) retained three times greater than that of heat-pressed films (Dawson 
et al. 2003).

In this context, several studies have investigated the application of films and 
coatings incorporating LAB and their bacteriocins as antimicrobial packagings to 
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extend the shelf life of different food systems, including meat, fish, dairy fruit, veg-
etables or other food products.

8.4  Antimicrobial Films and Coatings for Meat and Meat 
Products

Meat and meat products are consumed extensively throughout the world because 
they are an important source of nutrients including fats, proteins, vitamin B12, zinc 
and iron. However, these products are perishable and susceptible to microbial con-
tamination, leading to an increased health risk to consumers as well as to the eco-
nomic loss in the meat industry (Woraprayote et  al. 2016). Microorganisms 
commonly involved in spoilage of meat and meat products include Pseudomonas 
(P. fragi, P. uorescens, P. putida and P. lundensis), Shewanella putrefaciens, 
Photobacterium phosphereum, Brochothrix thermosphacta, cold-tolerant 
Enterobacteriaceae (e.g., Hafnia alvei, Serratia liquefaciens and Enterobacter 
agglomerans), Acinetobacter spp., Alcaligenes spp., Moraxella spp., Flavobacterium 
spp., Staphylococcus spp., Micrococcus spp., coryneforms, fecal streptococci, lactic 
acid bacteria (LAB), among others (Sofos 2014). In addition, meat and meat prod-
ucts are also susceptible to contamination by pathogenic microorganisms such as 
Salmonella spp., thermophilic Campylobacter jejuni, enterohemorrhagic 
Escherichia coli O157:H7, Clostridium perfringens, anaerobic Clostridium botuli-
num, Listeria monocytogenes, Staphylococcus aureus, Bacillus cereus, and Yesinia 
enterocolitica. Among the meat-borne pathogens, Listeria monocytogenes consider 
one of the main causes of food borne illness and has been associated with cooked, 
ready-to-eat (RTE) meat and poultry product (Buchanan et  al. 2017; Guo et  al. 
2014).

The application of LAB and their bacteriocins in meat and meat products has 
received a considerable attention in the last years. As above mentioned, several 
LAB produce microbial antagonists, such as bacteriocins, which are active against 
pathogens microorganism, including Listeria monocytogenes. The most-studied 
bacteriocins in meat and meat products are nisin, enterocin AS-48, enterocins A and 
B, sakacin, leucocin A and especially pediocin PA-l/AcH. These biopreservatives 
have been used alone or in combination with other hurdle treatments such as modi-
fied atmosphere packaging, high hydrostatic pressure (HHP), heat and chemical 
food preservatives (Castro et  al. 2017; Cleveland et  al. 2001; Delves-Broughton 
et al. 1996; Paul Ross et al. 2002).

The incorporation of LAB and/or their bacteriocins in food packaging’s have 
been proposed as a useful strategy to prevent their degradation and achieved their 
controlled release towards the food products. Woraprayote et al. (Woraprayote et al. 
2013) developed a poly(lactic acid) (PLA)/sawdust particle biocomposite film with 
anti-listeria activity by incorporation of pediocin PA-1/AcH. The addition of saw-
dust particle promoted the embedding of pediocin into the hydrophobic PLA film. 
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The films significantly reduced the listerial population by about 1.5–2 log cycles 
from 1 to 14 days. This effect was enhanced when a film pre-conditioned by dry- 
heat treatment was carried out. Blanco Massani et al. (2014a, b) developed antimi-
crobial wheat gluten film containing Lactobacillus curvatus CRL705 bacteriocins 
(lactocin 705 and lactocin AL705). In order to determine the antimicrobial mini-
mum inhibitory concentration, different bacteriocin crude extract concentrations 
were added to the film-forming solution (0.01%, 0.1% and 1% v/v) and the obtained 
films were assayed for antimicrobial activity by the agar well diffusion method 
(Fig. 8.2). Lactobacillus plantarum CRL691 and Listeria innocua 7 were used as 
indicators of lactocin 705 and lactocin AL705, respectively. It was found that wheat 
gluten films containing a bacteriocin crude extract concentration above 0.1% were 
active against both L. innocua 7 and L. plantarum CRL691 bacteria (Fig. 8.2).

In other work, Blanco Massaniet al. (2014a, b) assayed the antimicrobial effec-
tiveness of gluten film using Wieners inoculated with Lactobacillus plantarum 
CRL691 and Listeria innocua 7 (104 CFU/g) stored at 5 °C during 45 days. The 
wieners were separately inoculated under sterile conditions by immersion (30 s) in 
a solution containing L. innocua 7 (104  CFU/g) and L. plantarum CRL691 
(104 CFU/g). After drying, three Wieners (42 g) were placed into each active and 
control packagings previously prepared. In parallel, control (without bacteriocins) 
uninoculated Wieners packages were included. Typical growth of both inoculated 
microorganisms was observed in control packages which reached 106–107 CFU/g at 
the end of storage period. In the active packages, L.innocua 7 was effectively inhib-
ited (2.5 log cycles reduction at day 45), while L. plantarum CRL691 was only 
slightly inhibited (0.5 log cycles) up to the second week of storage, then counts 
around 106–107 CFU/g were reached. More recently, Correa et al. 2017 worked on 
the development of polyhydroxybutyrate/polycaprolactone (PHB/PCL) nisin acti-
vated films with and without the addition of organo-clays (Cloisite1 30 B and 10A). 

Fig. 8.2 Lactocin 705 (a) and AL705 (b) antimicrobial activity on wheat gluten films doped with 
bacteriocin crude extract (0.01%, 0.1% and 1%) against L. plantarum CRL691 and L. innocua 7. 
Control film had no antimicrobials in its formulation. Reprinted with permission from Blanco 
Massani et al. (2014a, b).
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Organo-clays were able to act as a filler, increasing the thermal stability and the 
barrier and mechanical properties of the nanocomposites. PHB/PCL nisin activated 
films were effective against L. plantarum CRL691 (used as processed meat spoilage 
bacterium model) inoculated on sliced ham. Lag phase was extended from 7.03 to 
22.39 days due to the nisin effect in the active packages, avoiding LAB counts to 
reach more than 6 log units, thus extending the ham shelf life up to 28 days at 5 °C.

Several authors have suggested promising ways to enhance antimicrobial effec-
tiveness of bacteriocin in meat products by the combination with another hurdle 
technology. For example, Guo et al. 2014 suggesting edible antimicrobial coating 
solutions incorporating chitosan, lauric arginate ester and nisin to reduce foodborne 
pathogen contamination on ready-to-eat (RTE) meats. Two different approaches 
were evaluated: RTE deli meat samples were directly coated with the solutions, or 
treated with a solution-coated polylactic acid (PLA) films. The antimicrobial effi-
cacy of the coatings and films against Listeria innocua inoculated onto the surface 
of RTE meat samples was investigated. It was found that the addition of nisin to 
chitosan coating solutions significantly reduced more Listeria than the chitosan 
coating solutions without nisin. However, chitosan coatings with nisin exhibited 
less anti-listerial activity than lauric arginate ester and the combination of nisin with 
this agent did not contribute to a synergistic or additional anti-listerial effect (Guo 
et al. 2014).

Huq et al. (2015) evaluated the synergistic effect of gamma (γ)-irradiation and 
microencapsulated antimicrobials (nisin and oregano and cinnamon essential oils), 
alone or in combination, against Listeria monocytogenes on ready-to-eat (RTE) 
ham. Microencapsulation of essential oils and nisin showed a synergistic anti- 
listerial effect with γ-irradiation on RTE meat products. These combinations led to 
a lag phase of bacterial growth and provoked a reduction in the bacterial growth rate 
of 32%, compared to microencapsulated combined antimicrobials without 
irradiation.

8.5  Antimicrobial Films and Coatings for Fish and Fish 
Products

Fishery products have a high economic importance and they are one of the most 
important protein sources in human nutrition. However, these products are perish-
able and, if left unpreserved, spoil rapidly (Calo-Mata et al. 2008). Main spoilage 
causes of fishery products include enzymatic, microbial and chemical action.

Films and coatings incorporating LAB and/or their bacteriocins have been used 
to extend the shelf life and to maintain the quality of fresh and processed fish. 
Recently, Woraprayote et al. (2018) developed an antimicrobial biodegradable food 
packaging for control of pathogens in pangasius fish fillets. Bacteriocin 7293, a new 
found antimicrobial peptide produced by W. hellenica BCC 7293, was chosen as a 
biopreservative because its broad antimicrobial spectrum against both  Gram- positive 
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and Gram-negative bacteria (Woraprayote et al. 2015). The antimicrobial effective-
ness of the produced PLA/sawdust particle films impregnated with Bac7293 on raw 
pangasius fish fillet was evaluated and it was found that these films effectively 
inhibited both Gram-positive (Listeria monocytogenes and Staphylococcus aureus) 
and Gram-negative bacteria (Pseudomonas aeruginosa, Aeromonas hydrophila, 
Escherichia coli and Salmonella Typhimurium) which have been considered as a 
reason for the rejection of pangasius fish fillets in worldwide markets.

Table 8.2 Application of bacteriocin and bacteriogenic strains in dairy products

Bacteriocin
Bacteriocin- 
producing culture Application Pathogen Product

Lacticin 3147 Lc. lactis DPC 
3147

Spray-dried powder L. 
monocytogenes

Cottage cheese

Pediocin P. acidilactici 
PAC1.0

Dry powder L. 
monocytogenes

Cottage cheese 
and yogurt

Piscicolin 
126

C. piscicola JG 126 Concentrated 
supernatant

L. 
monocytogenes

Camembert 
cheese

Enterocin 
CRL35

E. faecium CRL 35 Concentrated 
supernatant

L. 
monocytogenes

Goat milk cheese

Nisin Lc. lactis CNRZ 
150

Starter culture L. 
monocytogenes

Camembert 
cheese

Nisin Lc. lactis TAB 50 Starter culture L. 
monocytogenes

Semihard cheese

Lacticin 481 Lc. lactis TAB 24 Starter culture L. 
monocytogenes

Semihard cheese

Lacticin 3147 Lc. lactis DPC 
4275

Starter culture L. 
monocytogenes

Cottage cheese

Enterocin 
AS-48

E. faecalis TAB 28 Starter culture L. 
monocytogenes

Semihard cheese

Enterocin 
AS-48

E. faecalis INIA 4 Starter or adjunct 
culture

L. 
monocytogenes

Manchego cheese

Pediocin Lc. lactis MM 217 Starter culture L. 
monocytogenes

Cheddar cheese

Pediocin Lb. plantarum 
WHW 92

Surface sprayed cell 
suspension

L. 
monocytogenes

Munster cheese

Pediocin Lc. lactis CL1 Adjunct culture L. 
monocytogenes

Semihard cheese

Pediocin Lc. lactis CL1 Adjunct culture S. aureus Semihard cheese
Nisin Lc. lactis ESI 515 Adjunct culture S. aureus Semihard cheese

Reprinted from Arqués et al. (2015)
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8.6  Antimicrobial Films and Coatings for Dairy Products

Milk and dairy products have been an important part of the human diet for some 
8000 years and are part of the official nutritional recommendations in many coun-
tries worldwide. However, it is well known, that these products provide a potential 
growth medium for the development of spoilage and pathogen microorganisms such 
as Listeria monocytogenes, Salmonella spp., Staphylococcus aureus, and patho-
genic Escherichia coli. Several bacteriocin and bactioricin-producing strain have 
been used in dairy foods (Table 8.2). Moreover, different strategies of incorporation 
of biopreservatives into dairy foods have been considered in order to prevent the 
loss of antimicrobial activity of these agents.

LAB and their bacteriocins have been included in polymers for the production of 
active packaging for dairy foods. Recently, Marques et  al. (2017) evaluated the 
effectiveness of a biodegradable film, with antimicrobial metabolites produced by 
Lactobacillus curvatus P99 incorporated, targeting the control of Listeria monocy-
togenes in sliced “Prato” cheese. Lactobacillus curvatus is part of the microbiota of 
many fermented products and stands out for its bacteriocinogenic activity, due to the 
production of different antimicrobial metabolites, especially bacteriocins, known as 
curvacins and sakacins and characterized by their antilisterial activity (de Souza 
Barbosa et  al. 2015). Starch films incorporating cell-free supernatant containing 
bacteriocins from Lactobacillus curvatus P99 were prepared by casting. Films with 
added minimum bactericidal concentration (62.5 μL/mL) showed activity against 
different indicator microorganisms and were able to control L. monocytogenes Scott 
A when used in sliced “Prato” cheese. During 10 days of storage at 4 °C, the target 
microorganism count remained below the limit of detection (2.7 Log CFU/g).

Ollé Resa et al. (2016) proposed an innovative approach to prevent the contami-
nation of an Argentinian Port Salut cheese with mixed cultures (bacteria, molds and 
yeast). Nisin was used as an antibacterial agent while natamycin was employed to 
prevent yeasts and moulds contamination. Both active compounds were incorpo-
rated together within tapioca starch edible films and the effectiveness of the active 
films was evaluated, at 7 ± 1 °C, in relation to the improvement of the microbiologi-
cal stability of Argentinian Port Salut cheese. The films inhibited the growth of 
yeasts and moulds and controlled the growth of psychrotrophic bacteria originally 
present in the Port Salut cheese stored at refrigeration temperature. It also inhibited 
the development of a mixed culture (Saccharomyces cerevisiae and Listeria innocua) 
present in the cheese due to a superficial contamination, along a storage of 8 days at 
7 ± 1 C.
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8.7  Antimicrobial Films and Coatings for Fruits 
and Vegetables

The promotion of greater consumption of fruits and vegetables constitutes a world-
wide challenge. This is due to that the low fruit and vegetable intake is estimated to 
cause some 5.2 million deaths each year, and was among the top 10 risk factors 
contributing to mortality (FAO 2017). Fruits and vegetables can be consumed either 
fresh or processed. Production and consumption of minimally processed foods, 
such as fresh-cut fruits and vegetables, is gaining popularity due to consumer pref-
erences towards healthier foods. However, challenge for fresh-cut industry is to 
maintain fresh like characteristics of fresh-cut produce for a prolonged storage time. 
Fresh-cut products have much larger cut surface and consequently much shorter 
shelf-life. Loss of quality parameters such as color, firmness, juiciness, flavor and 
excessive moisture loss results in limited shelf-life and increased chances of rejec-
tion of the produce by the consumers (Yousuf et al. 2018).

Different approaches have been used to preserve the quality of fresh-cut fruits 
and vegetables (Barbosa et al. 2017; Yousuf et al. 2018). Between them, the applica-
tion of antimicrobial packaging’s containing plant extracts, antimicrobial polymers 
(e.g. chitosan), enzymes (e.g. lysozyme) and other agents has been proposed as a 
useful strategy to extend the shelf life of these products (Álvarez et  al. 2018; 
Gutiérrez et al. 2018b). However, despite that LAB and their bacteriocins have been 
extensively studied to preserve foods of animal origin, little information is available 
for their use in vegetable products, especially in minimally processed ready-to-eat 
fruits (Barbosa et al. 2017). Some studies deal with the application of bacteriocins 
to extend the shelf life of pineapple pulps, apple juice and minimally processed 
fruits and vegetables (e.g., sliced apples and lamb’s lettuce) have been reported 
(Leite et al. 2016; Pei et al. 2017; Siroli et al. 2015). Antimicrobial packagings con-
taining LAB and/or their bacteriocins also have been developed. Narsaiah et  al. 
(2015) developed pediocin-containing calcium alginate coating for preservation of 
minimally processed papaya fruit. Fruit quality parameters such as firmness, weight 
loss, color, head space gas composition, acidity, total soluble solids and microbial 
load were evaluated for 21  days of refrigerated storage. It was found that the 
pediocin- containing alginate coating prolonged the shelf-life of minimally pro-
cessed papaya by maintaining physicochemical properties and microbial safety 
along 21 days of refrigerated storage.

Barbosa et al. (2013) studied the effects of nisin-incorporated films on the micro-
biological and physicochemical quality of minimally processed mangoes. Films 
were produced using a blend of cellulose acetate and nisin by the casting method 
and the antimicrobial activity of the films was tested against S. aureus ATCC 8095, 
B. cereus ATCC 4504, A. acidoterrestris DSMZ 2498 and L. monocytogenes ATCC 
7644 using the diffusion method. In addition, the antimicrobial activity of the films 
on S. aureus or L. monocytogenes inoculated mango slices was evaluated. 
Antimicrobial tests using the diffusion method showed that the antimicrobial film 
inhibited S. aureus, L. monocytogenes, B. cereus and A. acidoterrestris strains in 
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vitro. Moreover, cellulose films incorporated with nisin were efficient in eliminating 
S. aureus and L. monocytogenes contamination from minimally processed mango 
slices (Fig. 8.3), without interfering in the organoleptic characteristics of mangoes.

8.8  Conclusion

Lactic acid bacteria and their bacteriocins constitute an actual choice to decrease the 
use of synthetic additives in foods and also the application of thermal treatments, 
allowing to obtain more healthier foods. Despite that, these biopreservatives can be 
direct incorporated in foods, some disadvantages have reported regarding its loss of 
antimicrobial activity due to the interaction with food components and to its enzy-
matic degradation.

The incorporation of LAB and/or their bacteriocins in polymeric packaging 
(films or coatings) constitute a useful strategy to overcome these difficulties, 
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improving the effectiveness of the biopreservatives. Moreover, these delivery sys-
tems allow to increase the shelf-life of foods and contribute towards decreasing the 
incidence of food-borne diseases, as it has been substantiated by the diversity of 
researches described in the current chapter.

The application of bacteriocinogenic LAB strains or their bacteriocins combined 
with other hurdle methods such as chemical compounds or physical processes can 
make use of synergies to increase microbial inactivation, without altering nutri-
tional value and organoleptic properties of food.

Prior to successful commercialization of any of the effective films and coatings 
containing biopreservatives described in this study, large scale-production assays, 
shelf-life studies and, quality and sensory analyses will be needed. Moreover, close 
linkages between the scientific community and the industrial sector are highly 
required.
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Chapter 9
Postharvest Application  
of Biopolymer-Based Edible Coatings 
to Improve the Quality of Fresh  
Horticultural Produce

Bahareh Saberi and John B. Golding

Abstract Fresh fruit and vegetables are essential part of the human diet and with 
increasing growth in the world population and globalization of the supply chain, 
there is high consumer demand for fresh high quality fruit and vegetables with sat-
isfactory shelf-life. Fruit and vegetables are living perishable commodities and 
maintaining their eating quality requires delaying and slowing the loss of quality 
and microbial spoilage in the supply chain. To actively manage produce quality, it is 
essential to understand the physiology and pathology associated with the storage 
and handling of fresh fruit and vegetables, for example changes in internal gas and 
volatiles composition within the produce affect the respiration and senescence rates 
of stored produce and hence final eating quality. Biopolymers including polysac-
charides, proteins and lipids used alone or in combination, have been widely studied 
as edible coatings for fresh produce due to their widespread availability, ability to 
control gaseous exchange and to delay senescence, as well as their capability as a 
medium to carry various additives which can assist with the maintenance of produce 
quality. This chapter describes and discusses on selected biopolymer based edible 
coatings and their various applications on fresh fruit and vegetables to extend their 
shelf life and to improve final eating and nutritional quality through the supply 
chain.
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9.1  Introduction

Moisture loss from horticultural produce is mainly due to the gradient of water pres-
sure (vapor pressure deficit) between the less saturated ambient atmosphere and the 
fruit and can be one of the major losses in quality and quantity of fresh fruit and 
vegetables. Moisture loss after harvest has detrimental impact on the quality of fruit 
and vegetables and results in commercial losses as the price of produce depends on 
its weight (Tesfay and Magwaza 2017). The preliminary signs of moisture loss from 
fresh fruit are shriveling of the peel/skin and can affect fruit shine (glossiness), firm-
ness and apparent ‘freshness’ (Tesfay and Magwaza 2017). The extension of fruit 
shelf life and eating quality is optimized by reducing and managing water loss, 
ripening and senescence, and development of decay (Vanoli et al. 2015). Many post-
harvest techniques such as maintaining the optimum storage temperatures and 
atmosphere during storage and other postharvest treatments including some 
approved chemical treatments are commonly applied in many horticulture supply 
chains.

However due to increasing consumer demands for improved health and fruit 
quality, along with the industry desire to use ecologically friendly coatings for fresh 
horticultural products, a substantial increase in awareness has been grown among 
researchers and technologists to develop natural, edible, biodegradable and food 
safe coatings for fruit and vegetables. Edible coatings have been used for a long 
time as a method with pronounced capability to increase safety of fresh produces by 
reducing the effect of external environmental factors and increasing the shelf life 
(Carneiro-da-Cunha et  al. 2009; Cerqueira et  al. 2011; Álvarez et  al. 2017). 
Application of a thin layer of edible coatings to the surface of the fresh produce cre-
ates a semi-permeable barrier to respiratory gases and water vapor between the 
surrounding atmosphere and the fruit and also develops a modified atmosphere 
around the product, decelerating respiration, senescence, and enzymatic processes 
(Vanoli et al. 2015). Edible coatings need to be water-resistant, stable, and semi- 
permeable to water vapor during storage. Moreover, they should not excessively 
reduce oxygen (O2) or accumulate carbon dioxide (CO2), and should not cause off- 
flavors or reduce glossiness, aroma, texture, taste and appearance in order to effi-
ciently preserve food quality. Edible coatings also must have low viscosity, be 
transparent and cost-effective (Dhall 2013; Mahajan et al. 2014). It has been shown 
that the incorporation of functional components including antibrowning, antimicro-
bial agents, nutraceuticals, volatile precursors, and colors can also improve the 
characteristics of the coatings (Olivas and Barbosa-Cánovas 2005; Gutiérrez 2017a). 
Besides the microbial stability, appearance, and texture of coated products can be 
improved by addition of other constituents, such as preservatives, antioxidants, and 
firming agents (Bai and Plotto 2012; Cerqueira et  al. 2009; Gutiérrez 2018). 
Nevertheless, it is crucial to select appropriate components in order to enhance the 
effectiveness and stability of edible coatings. An extensive range of different com-
ponents involving polysaccharides, proteins, lipids or resins, alone or more 
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 commonly in combination have been used to produce edible coatings (Flores-López 
et al. 2016).

Natural biopolymers have excellent potential to improve the safety, quality and 
functionality of fresh and fresh-cut fruit and vegetables. While many researches 
have been conducted and reviewed on application of edible coatings for fresh and 
fresh-cut products, this chapter summarizes and highlights the application of bio-
polymer based edible coatings on fresh horticultural produce for the past 5 years.

9.2  Polysaccharide–Based Coatings

The application of polysaccharides edible coatings to fresh and fresh-cut fruit and 
vegetables has been of increasing interest over the last few years due to the wide 
availability, low cost, and nontoxicity of polysaccharides, where they can be applied 
as film-forming solution to improve and control the texture, flavor, and shelf-life of 
produce (Williams and Phillips 2000). Water-soluble polysaccharides are long- 
chain polymers that give a thickening or viscosity-building effect by dissolving or 
dispersing in water (Nussinovitch 1997). These compounds are commercially avail-
able for use in food and non-food industries such as adhesive, mouth feeling, stabi-
lizing, thickening and gelling agents, crystallization inhibiting, and encapsulating 
agents (Whistler and Daniel 1990; Izydorczyk et al. 2005; Gutiérrez and Álvarez 
2017). They can also act as emulsifier because their stabilizing function on emul-
sions originates from an increase in viscosity of the aqueous phase of the edible 
coating (Nussinovitch 1997), therefore the kinetic motion of the oil droplets is 
decreased, leading to a lower rate of flocculation and coalescence in the coating 
(Nisperos-Carriedo 1994). Polysaccharides consist of many monosaccharide resi-
dues that are linked one to the other by O-glycosidic linkages. The physical attri-
butes of polysaccharides including solubility, flow behavior, gelling potential, and/
or surface and interfacial characteristics are dictated by their great diversity of struc-
tural features deriving from variations in the monosaccharide composition, linkage 
types and patterns, chain shapes, and degree of polymerization (Izydorczyk et al. 
2005).

Polysaccharide based coatings usually have less moisture barriers in comparison 
with those of commercial ones. They also have reasonably low oxygen permeability 
but have selective permeability to O2 and CO2 (Lacroix and Le Tien 2005). 
Consequently, polysaccharide based coatings have been applied to, either fresh or 
minimally processed fruit and vegetables to protect from dehydration, decrease 
their respiration rate by producing modified atmosphere conditions inside the prod-
uct, provide a moderate barrier to moisture, improve mechanical handling charac-
teristics, and to deliver additives along with contributing to the preservation and 
even the creation of volatile compounds (Olivas and Barbosa-Cánovas 2005). 
Polysaccharide coatings can act as a sacrificial moisture barrier to the atmosphere 
by reducing moisture loss of the coated produce (Kester and Fennema 1986). The 
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major advantage of application of polysaccharides is, acting a gas barrier rather than 
postponing water loss due to their hydrophilic nature (Lin and Zhao 2007).

Polysaccharides based edible coatings made of starch and non-starch polysac-
charides (hydrocolloids or gums), which can be made from a variety of sources 
including cellulose derivatives (carboxymethylcellulose (CMC), methylcellulose 
(MC), hydroxypropyl cellulose (HPC), hydroxypropyl methyl cellulose (HPMC), 
microcrystalline cellulose), seaweed extracts (agar, alginates, carrageenans), vari-
ous plant and microbial gums (arabic, ghatti, tragacanth, guar, locust bean, xanthan, 
gellan, pullulan), connective tissue extracts of crustaceans (chitosan) (Gutiérrez 
2017b), and some mucilage compounds (Lacroix and Le Tien 2005), which have 
been extensively investigated by means of prolonging the shelf life of fresh and 
minimally processed fruit and vegetables.

9.2.1  Starch–Based Coatings

Starch is widely found in nature and has been extensively used as an alternative for 
producing edible coatings as it is abundant, inexpensive, biodegradable and edible 
(Gutiérrez et al. 2015; Cazón et al. 2017). Starch granules constitute two main poly-
saccharides: amylose and amylopectin. Amylose is a linear chain polymer of α-1,4 
anhydroglucose units with a molecular size varying from 20 to 800  kg/mol and 
constitutes about 20–25% of the granular starches (Cazón et al. 2017). Amylopectin 
is a branched polymer of short α-1,4 chains connected by α-1,6 glycosidic branch-
ing points which occurs every 25–30 glucose units and normally has a very high 
molecular weight (5000–30,000 kg/mol) (Peressini et al. 2003; Jiménez et al. 2012). 
The changes of structure and molecular weight between amylose and amylopectin 
result in various molecular properties, which can be utilized to develop coatings 
(Cazón et al. 2017). The starch based coatings characterized by forming hydrogen 
bonds between hydroxyl groups during drying of a gelatinized dispersion (Jiménez 
et al. 2012). Starch-based coatings are often very fragile and have poor mechanical 
characteristics due to amorphous regions shaped by amylose causing extensive 
intermolecular forces which consequently impart brittleness of starch coatings 
(Peressini et al. 2003). It is therefore essential to add a plasticizer or combine starch 
with other compounds or chemically modify the starch to manage this problem 
(Bertuzzi et al. 2007; Xiong et al. 2008).

A key benefit with the use of these coatings on fresh fruit and vegetables is to 
lessen the fruit’s natural high respiration and senescence rate, however it is critical 
that the coating allows some gas exchange for the fruit to continue to respire. Starch 
coatings have good oxygen barrier properties due to the high-ordered hydrogen- 
bonded configuration in which the amylose and amylopectin establish crystalline 
and non-crystalline districts in irregular layers (Lin and Zhao 2007). Starch based 
coatings can reduce the fruit deterioration rate by reduction of respiratory metabo-
lism and retardation of some enzymatic reactions related to ripening, and  accordingly 
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preserve the appearance, texture and nutritional composition of coated fruit (Franco 
et al. 2017; Álvarez et al. 2018).

Nawab et  al. (2017) showed that coatings made of mango kernel starch were 
effective at maintaining overall postharvest quality of tomato during storage at 
25  °C and 60% RH for 20  days. The strawberry fruit coated with oxidized and 
acetylated cassava starch had lower weight loss, better texture, lighter and brighter 
appearance, lower soluble solids and higher total acidity compared with native cas-
sava starch coated fruit, indicating that the modifications in the starch coating pos-
sibly improved its function in retarding some enzymatic reactions related to ripening 
(Franco et al. 2017).

Starch based coatings have also been used as a medium for carrying additives for 
preservation fresh and minimally processed (fresh-cut) fruit and vegetables. Ojeda 
et al. (2014) found that cassava starch coatings with ascorbic acid reduced brown-
ing, changes in hue and the activity of the polyphenol oxidase, phenylalanine 
ammonia lyase and polyphenol oxidase in minimally processed sweet potato. Whilst 
Pająk et al. (2017) showed that potato starch with white and green tea extracts pre-
vented weight loss, darkening, and reduction in antioxidant activity and total pheno-
lic content in apple slices during storage at 5 °C and 84% RH for 6 days.

9.2.2  Non–Starch Polysaccharide–Based Coatings

The application of non-starch polysaccharides edible coatings on fresh and fresh- 
cut fruit and vegetables, has been significant interest in recent years due to their low 
cost and nontoxicity (Williams and Phillips 2000).

Water-soluble non-starch polysaccharides are heterogeneous groups of long 
chain polymers categorized by their capability of developing viscous dispersions 
and/or gels when dispersed in water (Saha and Bhattacharya 2010). These com-
pounds are commercially used in the food industry as agents for improving mouth 
feel, stability, thickening and gelling inhibiting crystalization, and encapsulating 
agents (Stephen et al. 2006; Izydorczyk et al. 2005). Non-starch polysaccharides 
can also act as emulsifiers due to their stabilizing functions, which increase the vis-
cosity of the aqueous phase of the edible coating (Nussinovitch 1997). This reduces 
the kinetic motion of the oil droplets, leading to a low rate of flocculation and 
coalescence in the coating (Nisperos-Carriedo 1994).

Typically, non-starch polysaccharide coatings have poor moisture barriers, but 
low oxygen permeability with selective permeability to O2 and CO2 (Lacroix and Le 
Tien 2005). Consequently, non-starch polysaccharide based coatings have been 
examined on fresh and minimally processed fresh fruit and vegetables, to reduce 
water loss, decrease the respiration rates by modifying the atmospheric conditions 
inside the product, improve mechanical handling characteristics, deliver additives, 
and to maintain and improve volatile profiles (Olivas and Barbosa-Cánovas 2005). 
Table 9.1 summarizes several studies on application of various non-starch polysac-
charides edible coatings and gums in extending shelf life of fruit and vegetables.
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Table 9.1 Several recent studies on application of non-starch polysaccharide-based coatings on 
fresh and fresh-cut fruit and vegetables

Coatings Additional compounds
Fruit/
vegetable Results References

Cellulose Honeydew 
winter melon

Coating reduced internal 
O2 levels, leading to a 
considerable increase in 
ethane, acetaldehyde, 
ethanol, and ethyl acetate 
amounts. The cellulose 
coating caused anaerobic 
respiration in fruit

Vanoli et al. 
(2015)

CMC Garlic essential oil Strawberry Coatings had a positive 
effect on the WL, DR, 
TSS, TA, and AAC, and 
on maintaining higher 
concentrations of TPC 
and anthocyanins of 
strawberries

Dong and 
Wang (2017)

Moringa leaf extract Avocado The combination of CMC 
(1%) and 2% moringa 
reduced WL, electrical 
conductivity, and RR and 
had higher values for F 
and phytochemical 
characteristics

Tesfay and 
Magwaza 
(2017)

Nano-ZnO Fresh cut 
pomegranate 
aril

Coatings reduced total 
yeast + mold during 
12 days of storage while 
total mesophilic bacteria 
were decreased during 
6 days of storage. 
Coatings decreased WL, 
suppressed TSS and TPC 
changes and also the 
greatest juice percent was 
in coated arils. Total 
anthocyanin, AAC, and 
antioxidant capacity were 
higher in coated arils

Saba and 
Amini (2017)

Extract of Impatiens 
balsamina L. stems

Tangerine 
and navel 
orange

Coatings had an 
inhibitory influence on 
mold growth, decreased 
DR and WL, maintained 
commercial quality and 
enhanced the activities of 
antioxidant and 
defense-related enzymes

Zeng et al. 
(2013) and 
Chen et al. 
(2017)

(continued)

B. Saberi and J. B. Golding



217

Table 9.1 (continued)

Coatings Additional compounds
Fruit/
vegetable Results References

CMC Calcium chloride and 
ascorbic acid

Fresh-cut 
apple

Coatings suppressed 
browning, retained F, 
AAC and antioxidant 
capacity and decreased 
PPO and POX activity, 
TSS, TA and pH changes 
of the slices

Saba and 
Sogvar 
(2016)

HPMC Oregano and bergamot 
essential oils

Plum Coatings decreased RR, 
EP, WL, TMC, C change, 
and fruit softening

Choi et al. 
(2016)

MC Strawberry Coating did not affect 
TA, anthocyanin and 
antioxidant activity of 
coated strawberry 
compared to the control 
one

Nadim et al. 
(2015)

Pectin Ascorbic acid, citric 
acid and sodium 
chlorite

Fresh-cut 
apple

Coatings reduced 
microbial spoilage while 
did not significantly 
influence sensory and 
nutritional qualities. The 
anti-browning agents 
further enhanced this 
ability

Guerreiro 
et al. (2017)

Orange peel essential 
oil

Fresh-cut 
orange

Coatings reduced the 
quality loss and improved 
the sensory scores during 
storage. The 
nanoemulsion pectin- 
based coatings containing 
1% essential oil were the 
most effective in bacterial 
and fungal inactivation

Radi et al. 
(2017)

Blueberry Coating increased the F 
and the blue hue color 
and decreased the growth 
kinetics of yeasts and 
mesophilic aerobic 
bacteria

Mannozzi 
et al. (2017)

(continued)
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Table 9.1 (continued)

Coatings Additional compounds
Fruit/
vegetable Results References

Pectin Citral and eugenol Raspberry Coatings were not 
cytotoxic and did not 
considerably change the 
general physicochemical 
and nutritional 
characteristics of 
raspberries. Their impact 
was mainly on decreasing 
food spoilage 
microorganisms and 
accordingly extending 
shelf-life

Guerreiro 
et al. (2016)

Oregano essential oil 
(OEO)

Tomato Coatings with OEO 
exhibited antifungal 
influence on inoculated 
tomatoes, and increased 
TPC and antioxidant 
activity. The sensorial 
acceptability of the 
coated tomatoes was well 
accepted by panelists

Rodriguez- 
Garcia et al. 
(2016)

Alginate Lemon essential oil or 
orange essential oil

Red 
raspberry

The less red color 
verified in coated samples 
was coincident with the 
lower concentration of 
anthocyanins as well as 
the lower capacity for 
scavenging ABTS free 
radicals or quenching 
singlet oxygen. The 
coatings with the 
essential oil of orange 
were very efficient for 
controlling yeast and 
mold growth after 
15 days of storage

Gomes et al. 
(2017)

Olive oil Ber fruit Coatings decreased DR, 
WL, TSS and total sugars 
and increased the level of 
antioxidants. The delayed 
activity of PG, PL and 
PME was noticed in 
coated fruit representing 
the reduced softening and 
ripening process

Rao et al. 
(2016)

(continued)
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Table 9.1 (continued)

Coatings Additional compounds
Fruit/
vegetable Results References

Alginate Tea polyphenols Chinese 
winter jujube

Coatings decreased red 
indices, TCC, RR, 
electrolyte leakage and 
malonaldehyde content 
and maintained the AAC, 
TPC and the activities of 
antioxidant enzymes 
while had no significant 
effect on F

Zhang et al. 
(2016)

Ficus hirta fruit extract Nanfeng 
mandarin

The DR, WL, RR and 
MDA content were much 
lower in the coated 
samples. The coating 
treatment enhanced the 
activities of antioxidant 
and defense-related 
enzymes such as SOD, 
CAT, POD, CHI, GLU 
and PAL and the 
accumulation of phenolic 
compounds

Chen et al. 
(2016)

Bacteriocin Minimally 
processed 
papaya

The alginate coating 
performed as a barrier to 
WVT and gas exchange, 
which delayed changes in 
TSS values, F, WL and 
ripening in coated 
samples. Coating 
preserved minimally 
processed papaya for 
3 weeks without reducing 
physico-chemical 
qualities or microbial 
safety

Narsaiah 
et al. (2015)

Grapefruit seed extract 
(GSE) or grapefruit 
essential oil (GEO)

Table grape Coatings reduced WL, 
maintained F during 
storage, preserved the 
antioxidant activity of 
treated grapes and 
decreased DR in 
inoculated fruit

Aloui et al. 
(2014)

(continued)
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Table 9.1 (continued)

Coatings Additional compounds
Fruit/
vegetable Results References

Xanthan β-Carotene 
nanocapsules

Fresh-cut 
melon

The minor changes 
observed in the whiteness 
index and 
F. Incorporating of 
β-carotene nanocapsules 
into xanthan gum 
increased fruit shelf life

Zambrano- 
Zaragoza 
et al. (2017)

α-Tocopherol 
nanocapsules

Fresh-cut 
apple

Firmness changes were 
reduced and the quality 
of fresh-cut apples was 
maintained by coating

Zambrano- 
Zaragoza 
et al. (2014a)

Candeuba® wax 
nanoparticles

Guava Coated fruit showed the 
lowest range of WL. High 
contents of nanoparticles 
caused physiological 
damage and also delayed 
the fruit maturation

Zambrano- 
Zaragoza 
et al. (2013)

Cinnamic acid Fresh-cut 
pear

Coating caused 
significant retardation of 
the oxidative browning, 
decline of AAC, 
degradation of TPC and 
reduction in antioxidant 
capacity

Sharma and 
Rao (2015)

Pullulan Caraway essential oil Fresh baby 
carrot

Coatings were active 
against all tested 
microorganisms and 
maintained better visual 
acceptability in 
comparison with control

Gniewosz 
et al. (2013)

Sweet basil extract Apple Coating showed low 
antibacterial activity 
against mesophilic 
bacteria and good 
antifungal protection 
against Rhizopus arrhizus 
on apple surfaces
They also contributed to 
a reduction in WL and 
lower changes in the C 
and TSS of apples. 
Coated fruit presented 
better overall preference 
parameters

Synowiec 
et al. (2014)

(continued)
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Table 9.1 (continued)

Coatings Additional compounds
Fruit/
vegetable Results References

Pullulan Sodium benzoate and 
potassium sorbate

Strawberry Coating decreased WL, 
fruit softening and 
microbial growth and 
delayed changes of C and 
TSS content. In contrast, 
pH and TA were not 
affected. Sensory quality 
(color, flavor, texture, and 
acceptance) improved 
and DR decreased in 
coated strawberries

Treviño- 
Garza et al. 
(2015)

n-Octenyl succinic 
anhydride

Sapota 
(Manilkara 
zapota)

Coating reduced flesh F 
loss and WL and delayed 
the ripening and 
senescence

Shah et al. 
(2016a)

Jujube Coating treatment 
inhibited fruit softening, 
increase in redness index 
scores, WL rates, and 
reduced the loss of AA 
and freshness. Defensive 
enzymes and antioxidant 
activity and antioxidant 
compounds increased in 
coating-treated fruit

Kou et al. 
(2017)

Gum Arabic Oregano and rosemary 
essential oils

Plum Coatings delayed the 
occurrence of soft rot and 
decreased the rotted 
plums at the end of 
storage. Coated fruit 
exhibited greater F, 
decreased WL and lower 
decrease of sugars and 
phenolics at the end of 
storage

Andrade et al. 
(2017)

Ginger oil and ginger 
extract

Papaya Coating delayed the 
ripening and showed 
antifungal activity. 
Quality of papaya fruit in 
terms of F, C, TSS and 
TA was maintained

Ali et al. 
(2016)

(continued)
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Table 9.1 (continued)

Coatings Additional compounds
Fruit/
vegetable Results References

Gum Arabic Calcium chloride Mango Coating reduced chilling 
injury, MDA content and 
electrolyte leakage. This 
treatment increased 
antioxidant activity and 
effectively inhibited the 
loss of TPC and AA. The 
treated fruit maintained 
cell membrane integrity

Khaliq et al. 
(2016)

Tomato Coatings delayed the 
ripening process by 
slowing down RR and EP 
and also maintained total 
antioxidant capacity, 
lycopene content, TPC 
and total carotenoids 
during storage

Ali et al. 
(2013)

Chitosan Cymbopogon citratus 
(Dc. Ex Nees) 
(lemongrass) essential 
oil

Tomato Coating decreased the 
severity of Rhizopus soft 
rot and more strongly 
delayed the infection 
when the fruit were 
artificially contaminated 
after coating application. 
The application of the 
coating preserved the 
general quality of tomato 
fruit

Athayde et al. 
(2016)

Natamycin, nisin, 
pomegranate and grape 
seed extract

Strawberry Coating reduced the 
O2consumption of the 
fruit and showed better 
effects on delaying 
changes of pH, TSS, 
water activity and 
TMC. The incorporation 
of different antimicrobial 
agents into chitosan 
matrix did not reveal any 
significant effect on C of 
strawberry

Duran et al. 
(2016)

(continued)
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Table 9.1 (continued)

Coatings Additional compounds
Fruit/
vegetable Results References

Chitosan Red kiwifruit 
berries

Coating did not affect the 
changes in weight during 
the first 12 days of 
storage. No significant 
differences in terms of F 
were determined at the 
end of storage. Coated 
berries showed higher 
amounts of biologically 
active substances and 
TSS

Kaya et al. 
(2016)

Lemongrass oil Grape berry Coating with nano- 
droplet of oil showed 
higher initial inhibition of 
Salmonella typhimurium; 
greater growth inhibition 
of microorganisms and 
higher retention of C, 
TSS, antioxidant activity 
and better SE during 
storage

Oh et al. 
(2017)

Salvia fruticosa Mill. 
extract

Table grapes The efficacy of the 
coating against grey mold 
was statistically equal to 
the synthetic fungicide 
thiabendazole. Coating 
decreased the rate of fruit 
WL during cold storage, 
while preserved TSS and 
TA. Coatings did not 
affect quality attributes 
and the bioactive 
compounds in table 
grapes

Kanetis et al. 
(2017)

Thyme essential oil 
nanoparticles

Avocado The coating reduced the 
incidence of C. 
gloeosporioides on 
avocado. Coating did not 
affect the quality of 
avocado; moreover, fruit 
F was better maintained 
than untreated fruit

Correa- 
Pacheco et al. 
(2017)

(continued)
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Table 9.1 (continued)

Coatings Additional compounds
Fruit/
vegetable Results References

Chitosan Mango Chitosan delayed the 
climacteric peak, WL and 
F. Further, few changes in 
TSS, TA, pH of the pulp 
as well as in sugar 
content and decreased 
starch degradation were 
observed

Silva et al. 
(2017)

Pomegranate Coating effectively 
reduced rot incidence of 
Botrytis sp

Munhuweyi 
et al. (2017)

Carrageenan Bacteriocin Apple cubes Reduced viable Listeria 
counts compared to the 
untreated apple cubes

Aguayo et al. 
(2016)

Papaya Increased firmness and 
delayed ripening and C 
changes

Hamzah et al. 
(2013)

Tragacanth 
gum

Satureja khuzistanica 
essential oil

Button 
mushroom 
(Agaricus 
bisporus)

Increased F, reduced 
TMC and browning 
index. Higher levels of 
TPC and AAC were 
observed in coated 
samples. SE 
demonstrated the 
capability of coating for 
preserving the quality of 
mushroom during the 
storage

Nasiri et al. 
(2017)

Locust bean 
gum

Biocontrol agent Mandarin Coating provided 
excellent control of 
postharvest decays 
caused by P. digitatum 
and P. italicum on 
mandarins

Parafati et al. 
(2016)

Tara gum Ascorbic acid, citric 
acid and CaCl2

Minimally 
processed 
peach

Reduced WL, C 
alteration and growth of 
molds and yeasts and 
maintained F

Pizato et al. 
(2013)

Guar gum Silver nanoparticle Kinnow Coating preserved the 
fruit aroma and sensory 
quality

Shah et al. 
(2016b)
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Table 9.1 (continued)

Coatings Additional compounds
Fruit/
vegetable Results References

Gellan Sunflower oil, ascorbic 
acid, citric acid and 
CaCl2

Fresh-cut 
pineapple

Coating reduced RR and 
WL and maintained the F 
and C. Coating did not 
change pH, TA and TSS 
and did not show any 
antimicrobial effect

Azarakhsh 
et al. (2014)

Calcium 
gluconolactate

Ready-to-eat 
mango

Coating improved mango 
bars sensory 
characteristics 
(appearance and F) and 
stability in terms of 
syneresis, C and volatiles 
content during storage

Danalache 
et al. (2016)

Potassium sorbate, 
calcium chloride, 
1-methylcyclopropene 
(1-MCP)

Pre-cut 
jackfruit

Coating decreased the 
ripening rate; WL, and 
RR and preserved F, C, 
TSS, TA as well as pH 
until 12 d of storage. 
Microbial growth was 
hindered until the12th d 
of storage in coated fruit

Vargas-Torres 
et al. (2017)

Lignin Lime Maintained WL and C 
change. This coating 
formula also exhibited 
higher antifungal 
activities

Jonglertjunya 
et al. (2014)

Basil-seed 
gum

Origanum vulgare 
subsp. viride essential 
oil

Fresh cut 
apricot

Coatings reduced the 
TMC and significantly 
enhanced TPC and 
antioxidant activity of 
coated samples at the end 
of cold storage

Hashemi 
et al. (2017)

Flaxseed 
gum

Lemongrass essential 
oil

Ready-to-eat 
pomegranate 
arils

Coatings were effective 
in reducing TMC and 
reduced WL, ripening 
index, and changes in 
TSS, pH, TA and C

Yousuf and 
Srivastava 
(2017)

Almond 
gum

Sweet cherry Fruit coated with almond 
gum showed a significant 
decrease in RR as well as 
EP. Moreover, coatings 
were able to delay 
changes in weight, F, TA, 
TSS and C development

Mahfoudhi 
and Hamdi 
(2015)

(continued)
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Table 9.1 (continued)

Coatings Additional compounds
Fruit/
vegetable Results References

Persian gum Mandarin Coatings reduced the 
weight loss. Persian gum 
caused glossiness in 
coated fruit; however, 
they were less effective 
than the commercial wax 
coating

Khorram 
et al. (2017a)

Orange Coating increased fruit 
gloss and was effective at 
improving postharvest 
quality of fruit during 
storage. Coating was not 
stable and showed visible 
cracks during storage

Khorram 
et al. (2017b)

Nopal 
mucilage

Nanoemulsion of 
α-tocopherol

Fresh-cut 
apple

PME activity in the 
coated apples was lower 
helping maintain the F of 
the coated fruit. At 
21 days of storage, PPO 
activity decreased by 
65% in the coated apples 
with nanoemulsion, as 
reflected in the lower 
browning indexes

Zambrano- 
Zaragoza 
et al. (2014b)

Opuntia 
cladodes 
mucilage

Fig Coating improved the 
quality of fig during 
storage by maintaining 
fruit fresh weight, visual 
score values, F and total 
carotenoid content. 
Coated fruit showed a 
significantly lower 
development of 
Enterobacteriaceae than 
control ones

Allegra et al. 
(2017)

TWEEN® 20 Kiwifruit 
slices

Coated samples showed a 
significant higher F and a 
lower WL until 5 d of 
shelf life. The treatment 
with Tween 20 did not 
affect the flavor of the 
kiwifruit slices, while 
increased microbial 
growth at the end of the 
monitoring period

Allegra et al. 
(2016)
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Table 9.1 (continued)

Coatings Additional compounds
Fruit/
vegetable Results References

Aloe vera Strawberry Coating reduced rot 
incidence, RR, WL, and 
DR and preserved F, 
AAC, and other quality 
parameters. Furthermore, 
aloe vera gel delayed the 
changes in external C and 
retained all other 
postharvest quality

Nasrin et al. 
(2017)

Tomato Coating reduced fruit EP, 
ripening index (TSS/TA) 
and maintained the 
overall quality of the 
tomato fruit. Lycopene 
and β-carotene content 
were reduced while AAC, 
TPC and antioxidative 
status were increased. 
Fruit F, TA, WL, RR and 
fruit C did not differ 
among treatments

Chrysargyris 
et al. (2016)

Kiwifruit 
slice

Aloe vera coating 
maintained the F of the 
fruit, prevented the AA 
losses and yellowing due 
to ripening and reduced 
microbial proliferation. 
The sensory panel 
preferred the kiwifruit 
slices treated with Aloe 
vera compared to the 
other coatings

Benítez et al. 
(2015)

Calcium chloride, 
ascorbic acid, and 
vanillin

Fresh-cut 
papaya

Coating preserved TPC 
and AA and reduced 
microbial load and 
relatively low PPO and 
POX activity during 
storage

Kuwar et al. 
(2015)

Raspberry Coated samples 
maintained higher levels 
of antioxidant capacity, 
TPC, total anthocyanin 
and antioxidant enzymes 
during storage periods

Hassanpour 
(2015)

(continued)
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9.3  Protein–Based Coatings

Coatings may also be developed from both animal and plant protein sources 
(Cerqueira et al. 2016). Proteins are macromolecules with amino acid sequences 
and molecular conformation structures. The unique conformational structure, elec-
trostatic charges, and amphiphilic nature are the most exclusive characteristics of 
proteins compared with other coating-forming materials (Hun and Cennadios 2005). 
The presence of different charged, polar and non-polar amino acids in the protein 
provides multiple sites for chemical interaction to improve and tailor the protein 
functional properties. Proteins are not entirely hydrophobic and encompass a range 
of hydrophilic amino acid residues restricting their moisture-barrier characteristics 
(Shit and Shah 2014). However protein coatings have a good oxygen barrier and be 
used to create an efficient semi-permeable barrier to respiratory gases resulting in 
development of a modified atmosphere (MA) within the fresh produce, in which O2 
is not freely replaced, nor can the CO2 produced freely escape (Baldwin and Baker 
2002). The MA within the produce reduces respiration and ethylene production 
rate, delays ripening and senescence, and ultimately extends the produce shelf life. 
Proteins which have been used in coatings include zein, soy protein, wheat gluten, 
whey protein, casein, gelatin, and collagen (Hun and Cennadios 2005). Protein 
based coating films serving as a vehicle to incorporate various active agents have 
been investigated on different fresh produce.

Table 9.1 (continued)

Coatings Additional compounds
Fruit/
vegetable Results References

Aloe vera Rosehip oil Peach, plum, 
nectarine and 
sweet cherry

Coating reduced RR in 
all fruit, and EP in the 
climacteric ones 
(peaches, plums and 
nectarine). In addition, all 
the parameters related 
with fruit ripening and 
quality, such as WL, 
softening, C change and 
ripening index, were also 
delayed in treated 
compared with control 
fruit

Paladines 
et al. (2014)

AAC ascorbic acid content, C color, CAT catalase, CHI chitinase, DR decay rate, EP ethylene 
production, F firmness, GLU β-1,3-glucanase, MDA maleicdialdehyde. PAL phenylalanine ammo-
nia lyase, PG polygalacturonase, PL pectate lyase, PME pectin methyl esterase, POX peroxidase, 
PPO polyphenol oxidase, RR respiration rate, SE sensory evaluation, SOD superoxide dismutase, 
TCC total chlorophylls content, TFC total flavonoid content, TMC total microbial count, TPC total 
phenolic content, WL weight loss, WVT water vapor transmission
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Soy protein isolate (SPI)-coatings incorporated with the essential component cit-
ral and limonene at 10% reduced weight loss of Persian lime (Citrus latifolia 
Tanaka) after 9 days storage at 13 °C and 95% RH, demonstrating their  effectiveness 
in producing a physical barrier to moisture loss and hence postponing dehydration 
and fruit shriveling (González-Estrada et al. 2017). It was deduced that storage of 
coated fruits at 25 °C and 75% RH caused a darkening of the rind and/or desiccation 
of the fruit due to creation of a modified atmosphere around the coated product, 
which influenced the respiration rate, during this process that comprises the produc-
tion of CO2, water and heat through oxidation carbohydrates, negative changes in 
color of the fruit occurred (Galus and Kadzińska 2015). At the end of storage, coat-
ings started to remove easily from surface of the limes demonstrating that the bio-
degradation of the coatings such as hydrolysis of polymer chain due to the acidity 
of fruit or respiration and gas exchanges was dependent on the storage conditions 
(González-Estrada et al. 2017).

The cereal protein gluten has been also examined as a fruit coating where gluten- 
based coatings incorporating pomegranate peel and curry leaf extracts did not cause 
any undesirable color changes in cherry tomatoes and mangoes, but they consider-
ably enhanced the glossiness of the fruit (Kumari et al. 2017). However the use of 
gluten protein as a coating ingredient maybe limited with widespread gluten intoler-
ance in the community.

Baraiya et al. (2015) evaluated the efficiency of zein-based coatings including 
cysteine (0.2%), ascorbic acid (0.2%), and jamun leaves extract (JLE) (0.2%) on 
shelf life and quality of fresh jamun fruit at 10 °C for 2 weeks storage. The results 
demonstrated that coated fruit had lower weight loss and decay incidence, low accu-
mulation of sugars, and reduced softening and ripening compared to that of uncoated 
fruit. The levels of antioxidants were found to higher in zein coated fruit which also 
had higher antioxidant activity. Furthermore the coated fruit had higher firmness 
and textural qualities with lower activities of polygalacturonase (PG) and pectate 
lyase (PL). Yun et al. (2015) also showed that zein-based coatings with the addition 
of cinnamon essential oils decreased the population of Salmonella enterica serovar 
Typhimurium in cherry tomato during 7 days of storage at 10 °C. These coatings 
decreased the loss of firmness and weight and preserved or improved the quality of 
fruit (Yun et al. 2015).

Butt et al. (2015) reported that coating with a mixture of 2% sodium caseinate 
fortified with 40 ppm ZnO was the most effective coating in maintaining the quality 
characteristics of fresh apricots at 4–6 °C and 85% RH for 6 weeks.

Gelatin coatings with low content of lactic acid (below 0.2%) have been shown 
to delay ripening in plums after 12 days of storage at 20 °C (Peter et al. 2017). Yang 
et al. (2017) also studied the potential of application of gelatin extracted from dried 
Alaska pollock with addition of pine needle extract on quality maintenance of grape 
berries. They showed that this coating reduced the populations of total aerobic bac-
teria and yeast and molds and retarded weight loss and changes in anthocyanin 
content of the grape berries after 20 days of storage.
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9.4  Lipid–Based Coatings

Edible lipids including neutral lipids (esters of glycerol and fatty acids), fatty acids, 
waxes (esters of long-chain monohydric alcohols and fatty acids), and resins (a 
group of acidic substances that are usually secreted by special plant cells into long 
resin ducts or canals in response to injury or infection in many trees and shrubs) are 
traditional coating materials for fresh produce, which provide a good moisture bar-
rier and improve surface appearance (Hagenmaier and Baker 1994, 1995; Morillon 
et al. 2002). Lipids can be added as formulations of edible coatings as a single layer 
of lipid dispersed in a hydrocolloid network or in a secondary layer (a lipid layer 
over a hydrocolloid layer) (Olivas and Barbosa-Cánovas 2009). Emulsion-based 
coatings in which the lipid is dispersed in the biopolymer matrix are prepared dur-
ing only one film-forming casting and one drying process (Galus and Kadzińska 
2015). Their characteristics are dependent on preparation methods, type and num-
ber of components (hydrocolloid and lipid) and their compatibility, as well as the 
microstructural heterogeneity (Fabra et al. 2011). These emulsion-based coatings 
are more water permeable than bilayer coatings due to the lack of the homogeneous 
distribution of lipids in coating matrix, but they have desirable mechanical strength 
and are relatively easy to manufacture and apply, while multilayer coatings require 
a complex set of procedures depending on the number of coatings (Galus and 
Kadzińska 2015). However, it should be noted that the small size of lipid particles 
and their homogeneous distribution reduce emulsion instability and water vapor 
permeability (Pérez-Gago and Krochta 2001).

The compatibility of using lipid-based coatings with other coating-forming 
agents with high gas-barrier and water vapor properties is a major advantage as 
compared to the use of polysaccharides- and protein-based coatings (Greener and 
Fennema 1989), since lipids exhibit a very low tendency for water absorption, coat-
ings comprising of lipids generally have good moisture barrier characteristics. 
However, the differential properties of the lipid component such as its physical 
state, degree of saturation and chain length of fatty acids all affect the physical and 
mechanical properties of lipid-based coatings (Olivas and Barbosa-Cánovas 2009). 
Saturated long-chain fatty acids have a more densely packed structure and less 
mobility than unsaturated short-chain fatty acids, and therefore have been shown to 
have the best water vapor barrier properties (Morillon et al. 2002). Lipids which are 
in the liquid at the desired storage temperature, will have lower water vapor barrier 
properties than lipids which are solid under same conditions, since the solubility of 
water vapor in lipids is principally higher in coatings having less ordered molecular 
organization (Galus and Kadzińska 2015). The gas barrier characteristics of lipids 
are also strongly determined by their chemical composition. Hydrophobic com-
pounds are generally more permeable to gases owing to their greater chemical affin-
ity and solubility (Miller and Krochta 1997), causing an increase in oxygen 
permeability of the coating (Navarro-Tarazaga et al. 2011; Jiménez et al. 2013). The 
shorter the hydrocarbon chain length of the fatty acids, the weaker the attraction 
forces between molecules, which consequently increases the CO2 transmission rate 
of these coatings (Ayranci and Tunc 2001).
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The candelilla wax-based edible coating with fermented extract of tarbush (as 
natural antioxidants source) and carnauba-shellac wax containing lemon essential 
oil, significantly improved the quality and shelf life of apples stored at room tem-
perature and cold storage (De León-Zapata et al. 2015; Jo et al. 2014). Ochoa-Reyes 
et al. (2013) also described that an edible coating of candelilla wax with extract of 
tarbush inhibited weight and firmness loss, and preserved the appearance of green 
bell peppers.

An increase in the quality and shelf life was also observed for strawberry coated 
with candelilla wax-biocontrol bacteria (B. subtilis) (Oregel-Zamudio et al. 2017), 
pomegranate coated with carnauba wax-putrescine (Barman et al. 2014) and plum 
with carnauba wax-lemongrass oil coatings (Kim et al. 2013). Rice bran wax coat-
ing has been reported as an efficient alternative for preservation cherry tomato at 
0 °C for 20 days (Zhang et al. 2017).

The activity of the antioxidant enzymes has also been shown to increase in the 
flesh of Ponkan (Citrus reticulate Blanco) fruit coated with wax incorporated with 
cinnamaldehyde (Duan et al. 2017). Lipid-based coatings are thought to protect the 
cell membrane structure and the fruit tissue by hindering the buildup of reactive oxy-
gen species, leading to less oxidative stress and destruction to fruit (Duan et al. 2017).

9.5  Biocomposite Coatings

Coatings based on polysaccharides commonly exhibit efficient O2 and CO2 barriers, 
but have poor mechanical strength and high moisture sensitivity (Al-Hassan and 
Norziah 2012). To overcome these problems, their physical and functional proper-
ties can be modified by combining with other biopolymers, hydrophobic constitu-
ents, and antimicrobial/antioxidant compounds (Saberi et al. 2017; Álvarez et al. 
2018). The blending of biopolymers has been demonstrated to improve the mechan-
ical characteristics of the resultant coating (Veiga-Santos et al. 2005) depending on 
the compatibility/incompatibility of binary polymeric blends, their molecular 
weight, chemical structures, conformations, and hydration behaviors (Phan The 
et al. 2009; Gutiérrez and Alvarez 2017).

Forato et  al. (2015) applied a composite edible coating made of cashew gum 
(CG) and carboxymethylcellulose (CMC) on fresh and fresh-cut red guavas. The 
results showed that the uncoated samples had the fastest degradation rate (around 
2.5% of their mass daily), while the coating formulations performed appropriately 
as a conservative agent, decreasing the mass loss to approximately 2% a day for 
both intact and sliced fruit. Textural softening in coated guavas in both intact and in 
sliced forms was delayed as a consequence of reduction of the level of ethylene and 
enzymatic activity, as well as respiratory activity. Magnetic Resonance Imaging 
(MRI) confirmed that the addition of CMC presented a relevant role in forming 
coatings which decreased the free water content in coated fruit resulting from the 
hydrolysis of starch into sugar plus water and preserved the appearance by reducing 
color change as the maturation proceeded.
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Lai et al. (2013) concluded that tapioca starch/decolorized hsian-tsao leaf gum 
(dHG) composite coating was suitable for prolonging the shelf life of fresh-cut car-
rots. The application of tapioca starch/dHG coating containing ascorbic acid and 
calcium chloride was also suggested for fresh-cut apples, as it could protect quali-
ties in terms of color and firmness, and extended the shelf life up to 5–7 days by 
conferring preferable microbial quality (Pan et al. 2013). The application of bio-
composite edible coating based on sodium alginate and pectin reduced the loss of 
firmness and microbial growth on blueberries (Mannozzi et al. 2017).

Proteins have the capability to develop extensive intermolecular hydrogen bonds 
with other biopolymers owing to the existence of a large number of polar (-OH and 
-NH) groups in their structure; electrostatic and hydrophobic bonds due to their 
random coil nature. Moreover, the moisture barrier, mechanical strength, O2 and 
CO2 barrier properties of protein based coatings can be improved by incorporating 
polysaccharide materials in their matrix (Siew et al. 1999).

Murmu and Mishra (2017) noted that an edible coating containing Arabic gum 
and sodium caseinate had a significant influence on changing the O2, CO2, and water 
vapor transmission rate of the coated guava in comparison with the uncoated con-
trol. Coating formulation with low concentration of Arabic gum (5 g/100 mL) was 
too thin to decelerate rate of respiration, ripening, senescence, and mold growth, 
while those with high concentration (12 g/100 mL) produced too thick coating lead-
ing to high rate of O2 consumption, CO2 evolution, mass loss, lower softening and 
overall acceptability of guava following 7 days of storage at 28 °C. It is thus crucial 
to optimize the solid content in the coating formulation so that coating may not have 
an unnecessary constraint of gas exchange through the skin, causing anaerobic and 
further development of off-flavors (Vargas et al. 2008).

Improved appearance and lower weight loss in Red Crimson grapes treated with 
starch-gelatin coating was observed after 21 days storage under refrigerated condi-
tions. Sensory evaluation also presented that the coatings did not influence accept-
ability scores (Fakhouri et  al. 2015). A composite chitosan–gelatin coating was 
applied to peppers and its effectiveness on fruit quality and storability was analyzed 
(Poverenov et al. 2014b). It was concluded that the composite coating decreased 
microbial decay, noticeably improved fruit texture and extended the possible cold 
storage period up to 21 days and fruit shelf-life up to 14 days, without changing the 
respiration or nutritional content of the fruit.

Fresh cut apples, potatoes and carrots were coated by a composite whey protein- 
pectin coating by addition of transglutaminase (Marquez et al. 2017). Coating not 
only prohibited microbial growth in all samples analyzed, but also preserved the 
phenolic content and carotenoid in carrots. Finally, an obvious reduction of hardness 
and chewiness loss was noticed after 10 days of storage in all the coated samples.

Lipid materials are also commonly examined in combination with polysaccha-
ride- or protein-based coating materials to make composite coatings. Because 
 lipid- based coatings alone can produce a greasy surface with adverse organoleptic 
characteristics such as a waxy taste and lipid rancidity of the coated produce (Olivas 
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and Barbosa-Cánovas 2009). In addition, some waxes can result in a lower gas 
exchange of O2 and CO2 between atmosphere which causes the internal O2 level 
reaching too low to provide aerobic respiration (Alleyne and Hagenmaier 2000). 
The subsequent anaerobic respiration results in the formation of ethanol, acetalde-
hyde which are responsive for many of the off-flavors in fruit (Dhall 2013; Porat 
et al. 2005). Furthermore, some lipid materials such as shellac, are unstable when 
exposed to variations of temperature, where a white waxy layer usually forms when 
transferring fruit from cold storage to the market (Lin and Zhao 2007). This is 
known as ‘chalking’ and is not acceptable in many markets.

Moreover, high water activity (aw > 0.94) and high biochemical activity because 
of mechanical damages during peeling or slicing are two main features of minimally 
processed fruit and vegetables (Galus and Kadzińska 2015). The high solubility of 
hydrocolloid coatings at high water activity restricts their application due to disin-
tegration and loss of their properties. Lipid based coatings can be a good substitute 
owing to their stability. Nonetheless, they can adversely affect the sensory charac-
teristics of produce, for example, resulting in a waxy sensation. That confirms the 
need for more studies which aim to produce composite edible coatings preserving 
fruit and vegetables effectively and at the same time having no undesirable effect on 
product properties.

The application of lipid based coatings (carnauba wax emulsion coating formu-
lated with poly ethylene glycol and sodium alginate) have been shown to reduce the 
loss of firmness, moisture, weight, lightness, TPC and antioxidants activity in egg-
plants packaged in 35 μ polypropylene pouches during ambient storage (Singh et al. 
2016).

Pérez-Gallardo et al. (2015) investigated the effect of a starch-beeswax disper-
sion comprising 2% (w/v) modified tapioca starch added with either 0.5 or 1.0% 
(w/v) beeswax for spray coating on freshly harvested blackberries (Rubus spp.) dur-
ing 16 days storage at 4  °C and 88% RH. The micrographs of fruit presented a 
smooth and continuous surface without cracks or pores and more surface area was 
protected by a thicker coating as the beeswax concentration enhanced. Both coat-
ings caused a considerable increase in volatiles such as 1-octanol, and ethanol and 
aldehydes after 9 days, which have been associated with fermentative metabolism. 
The authors explained that this behavior was related to an enhanced ripening pro-
cess generated by coatings, resulting in higher production of ethylene and CO2 and 
accumulation of some volatiles in the intracellular tissue (Amarante and Banks 
2010). Coating application reduced the anthocyanins and total phenols in blackber-
ries due to the stress prompted by coatings and increased ethylene production, as 
well as accumulation of CO2 destructing internal tissues and inducing oxidation of 
phenolic compounds by enzymatic reactions, including polyphenoloxidase and per-
oxidase (Duan et al. 2011).

It has been reported that incorporation of oleic acid and palm oil into MC-based 
coating improved shelf life of green chili (Pusa jwala) and Sapota (Manilkara 
zapota L. var. Kalipatti), respectively (Chaple et  al. 2017; Vishwasrao and 
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Ananthanarayan 2017). The efficiency of edible composite coatings based on 
HPMC, beeswax, and various food preservatives with antifungal activities on pres-
ervation of cherry tomatoes during cold storage was also observed (Fagundes et al. 
2013, 2014, 2015).

The use of quinoa protein-chitosan-sunflower oil coating presented a substantial 
lower amount of mold and yeast growth in coated strawberries and blueberries dur-
ing storage (Abugoch et al. 2016; Valenzuela et al. 2015). Kowalczyk et al. (2017) 
demonstrated that the coating composed of CMC, candelilla wax (CnW) and potas-
sium sorbate (KS) caused anaerobic respiration and the signs of superficial scald in 
pears after 9 days storage at 22 ± 1 °C, 50 ± 5% RH. It was explained that superficial 
scald was probably due to accumulation of CO2 (up to a critical level) in the internal 
atmosphere of coated fruit (Lurie and Watkins 2012). High CO2 level may trigger 
the creation of reactive oxygen species (Larrigaudière et al. 2004), which are greatly 
active and may extensively induce lipid peroxidation, leading to the more develop-
ment of free radicals. However, the coating treatment retained green color of pears 
owing to decreasing chlorophyllase activity and creation of the modified atmo-
sphere within the fruit tissues. (Guevara et  al. 2001). It was also observed that 
uncoated fruit had common symptoms of contamination including softening, 
browning, or necrosis on the 2nd or the 3rd/4rd day of storage.

9.6  Layer–By–Layer Coatings

The layer-by-layer (LBL) electrostatic deposition technique as an approach to 
improve the functional and mechanical properties of coatings has extensive range of 
applications (Arnon et al. 2015). Breaks in the fruit skin and wax layers increase the 
movement of water from the fruit, initiating mass flow and quality reduction (Liu 
et  al. 2017). Therefore, the LBL technique is a useful and simple approach to 
develop thin coating that prevents these surface breaks (Wang et  al. 2011). LBL 
technique is based on the different deposition of oppositely charged polyelectro-
lytes (Arnon et al. 2015), which can be originated by many weak interactions, such 
as electrostatic interactions, hydrogen-bonds, coordination bonds, charge transfer 
interactions, and guest-host interactions (Jia and Li 2015). A LBL approach based 
on a combination of two polysaccharides, CMC as an internal layer and chitosan as 
an external layer, was applied on ‘Rishon’ and ‘Michal’ mandarins as shown in 
Fig. 9.1 (Arnon et al. 2015). It was found that the mandarins coated by LBL formu-
lation were firmer than the fruits coated by commercial wax. Regarding weight loss, 
bi-layered coating was more effective than was the single coating and less efficient 
than the commercial wax. The bi-layered coating slowed down the ripening prog-
ress, as was detected by restriction of mandarin color change. There was not signifi-
cant differences in CO2 concentration in the internal atmosphere of mandarins 
coated by LBL coating and the ones coated by commercial wax. Whereas, the 
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ethanol concentration in the juice of LBL-coated fruit was considerably higher than 
the ethanol concentration in the juice of commercial wax-coated fruit. A similar 
observation of higher levels of ethanol causing increased perception of off-flavors 
upon application of the LBL method (pea starch-guar gum as an internal layer and 
shellac as an external layer) was determined in ‘Valencia’ oranges (Saberi et  al. 
2018).

Reyes-Avalos et al. (2016) treated figs (Ficus carica) with an alginate-chitosan 
bilayer edible coating and stored fruit at 6 °C. They showed that the application of 
the bilayer coating resulted in lower CO2 production and weight loss and increased 
firmness and ethylene emission in figs. Moreover, coated figs had better retention of 
color as well as lower visual fungal infection than uncoated fruit during storage. A 
bilayer CMC-chitosan coating was also shown to inhibit weight loss, softening and 
slow surface browning of fresh-cut apples (Liu et al. 2017). A multilayer coating 
with the following elements: calcium chloride, chitosan with encapsulated trans- 
cinnamaldehyde, pectin, and calcium chloride, maintained the physicochemical and 
sensory quality of fresh-cut cantaloupe for 3–5 additional days than the uncoated 
control slices during storage at 4 °C (Martiñon et al. 2014).

The LBL formulations based on gelatin-chitosan for fresh cut melon, CMC- 
chitosan, alginate-chitosan for fresh cut mango, and cactus mucilage/pullulan/lin-
seed/aloe mucilage-chitosan on fresh cut pineapple demonstrated improved quality 
during storage (Poverenov et  al. 2014a; Arnon et  al. 2014; Souza et  al. 2015; 
Treviño-Garza et al. 2017). Sipahi et al. (2013) showed that the color, odor, and 
flavor attributes of fresh-cut watermelon coated with a multilayered antimicrobial 
coating containing sodium alginate, beta-cyclodextrin and microencapsulated tran-
scinnamaldehyde (natural antimicrobial agent), pectin, and calcium lactate was 
acceptable to consumers after 13 days storage, whereas the control sample showed 
signs of decay. Three layer beeswax-chitosan-beeswax coating considerably 
reduced the senescence rate and weight loss of strawberries and resulted in better 
overall quality of the strawberries (Velickova et  al. 2013), however the sensory 

Fig. 9.1 Schematic presentation of the electrostatic deposition method used to form LBL edible 
coatings of mandarin fruit. (Reprinted from Arnon et al. (2015), Food Chem 166, 465–472. With 
permission)
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evaluation showed that the three-layer coating had lower visual appearance and 
taste scores, and was less preferable by the consumer panel.

9.7  Combination of Biopolymer–Based Coatings with Other 
Physical Storage Technologies

Physical-based storage technologies (such as temperature, humidity, pressure and 
gas composition) are the primary techniques to maintain quality and shelf life of 
horticultural products (Krasaekoopt and Bhandari 2011). Cold storage, modified 
atmosphere packaging (MAP), and gamma irradiation are some physical-based 
methods to maintain quality and shelf-life of intact and fresh-cut fruit and vegeta-
bles (Ma et  al. 2017). Various studies presented in Table  9.2 have shown that 
biopolymer- based coatings can act in synergy with physical-based preservation 
techniques to improve the physicochemical, nutritional and microbiological quality 
of fruit and vegetables during storage.

9.8  Conclusion

The proper combination of product and coating is essential for the establishment of 
correct storage conditions to optimize fruit and vegetable quality after storage. The 
results presented in this chapter focused on the potential applications of biopolymer- 
based edible coating and packaging for fresh and minimally processed fruit and 
vegetables and showed the different effects of biopolymer-based edible coatings on 
the physiological and quality of fruit and vegetables. Biopolymers have been shown 
to maintain fruit and vegetable quality in the laboratory but commercial develop-
ment of application edible coatings on various fruit and vegetables is limited. 
Numerous factors including inadequate understanding and accessibility of suitable 
coating substances, poor moisture-barrier characteristics, weak surface adhesion of 
some coating components, possible allergenicity to coating materials, unpleasant 
sensory quality of some coating materials, and viability of scale-up to an industrial 
setting have been restricting the application of edible films and coatings for fruit and 
vegetables. New application in biopolymer research should highlight the production 
of tailor-made coatings, comprising the most compatible coating formulation ingre-
dients and active compounds for intact and minimally processed fruit and vegeta-
bles, in relation to particular industrial requirements. It is critical to work with 
industry to ensure that its application is practical and cost-effective. To support this, 
there is also a need to investigate contribution of coatings on biochemical and sec-
ondary metabolites to manage the association of the internal atmosphere induced by 
the coating with the rate of physiological ripening processes.
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Chapter 10
Edible Foams Stabilized by Food-Grade 
Polymers

Ashok R. Patel

Abstract Many food products which are consumed on a regular basis, can be 
categorized as complex colloidal systems that are created by close contact of 
dispersed and continuous phases. Foams are one such colloidal systems where dis-
persed air bubbles are incorporated and stabilized in a continuous phase. In principle, 
foams can be stabilized by use of either low molecular weight surfactants, amphi-
philic polymers or surface-active rigid or soft particles. In food products, foams 
have traditionally being stabilized by biopolymers such as proteins and certain poly-
saccharides but lately, there has been a tremendous interest in improving the foam-
ing functionality of biopolymers either through physical or chemical modifications 
and utilizing polymer-based colloidal particles for foam stabilization. The recent 
understanding and advances in this highly active area of foam stabilization are 
reviewed in this chapter with the help of illustrative examples.

Keywords Aggregates · Air-water interfaces · Biopolymers · Colloidal particles

10.1  Introduction

Foams form an integral part of many edible products ranging from frothy beer head 
to dehydrated foam of meringues. These air-filled systems are either stabilized by 
molecular layers (of macromolecules or low molecular weight surfactants, LMWS) 
adsorbed at the energy-rich interfaces or through physical entrapment of bubbles in 
solid matrices. In some specific cases, the interfaces are stabilized by colloidal par-
ticles such as casein micelles and fat crystals or partially aggregated emulsion drop-
lets. Regardless of their final state, all foams are prepared in liquid form (i.e. air 
bubbles dispersed in continuous liquid phase). The microstructure of bubbles dis-
persed in a continuous phase of these liquid foams varies from spherical (wet foam) 
to polyhedral (dry foam) depending on the volume fraction of gas phase. As shown 
in Fig. 10.1, microstructure of liquid foam evolves from spherical closely packed 
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fine bubbles to large polyhedral shapes through an intermediate stage where the fine 
spherical bubbles grow into polydispersed coarse units. This non-equilibrium tran-
sition is driven both by gravitational and colloidal instabilities. Under the influence 
of gravity the liquid drains, while the buoyancy of large gas bubbles pushes them 
up. The wide distribution in the bubble size is due to the bubble growth induced both 
by coalescence (caused by film rupture) and Ostwald ripening or disproportionation 
(caused by diffusion of gas molecules through the liquid phase from smaller to 
larger bubbles). Figure 10.1 also shows the distinction between wet and dry foam 
which is characterized by the gas volume fraction. Although there is no strict crite-
rion to distinguish wet from dry foam, it is generally accepted that a system having 
a gas volume fraction near 0.63 is a very wet foam, while gas fractions exceeding 
0.8 constitute dry foam (Bergeron and Walstra 2005). As seen in the figure, at the 
very bottom sitting on the drained liquid is a zone of very wet foam. The typical 
length of this zone is ξ = γ/ρgD, and the liquid fraction in this zone varies from 0.36 
to 0.18 (ρ is the surfactant solution density, γ is the surface tension, D is bubble 
diameter) (Saint-Jalmes 2006). Most of the aerated food products are wet foams 
with spherical bubbles that remain separated from each other. Gravitational instabil-
ity (creaming or drainage) is controlled in these systems by tuning the yielding 
properties of the continuous phase. This is usually achieved by either gelation of 
continuous phase with protein/polysaccharides in aqueous foams and structuring of 
continuous phase with fat particles in non-aqueous foams. However, the continuous 
phase viscosity only has a small influence in slowing down the colloidal instability 
(mainly coalescence), it is majorly controlled by the properties of foam-stabilizing 
components. In case of small molecular weight surfactants, an easy exchange of 
surfactant molecule can occur between the bulk and the interface due to the low 
desorption energy of soluble surfactant molecules. This leads to a low resistance of 
surfactant monolayer to compression making the foam less resistant to coalescence. 
When the surfactant monomers desorb from the interface, the surface coverage may 

Fig. 10.1 Schematic representation of a foam sample displaying different microstructures
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in some cases become too low to avoid the coalescence phenomenon (Fameau 
2018). In case of polymers (including proteins), the adsorption energies are much 
higher than those for surfactants which slows down the molecular exchange at the 
interface. In addition, the interfaces are relatively more viscoelastic than those made 
up of surfactants. Together this leads to a comparatively higher stability against 
coalescence. When particles are used for foam stabilisation the adsorption energy 
increases even further and can lead to even more elastic interfaces and in some 
cases, particles could also lead to a complete arrest of the ageing of foams (Stocco 
et al. 2011).

As far as food polymers are concerned, proteins are the most widely used foam-
ing agents, used either as such or in particulate form such as aggregates, micelles 
and colloidal complexes together with polysaccharides (Wierenga and Gruppen 
2010). In addition to proteins, food polymers such as cellulose derivatives have also 
been explored for foam stabilization in form of colloidal particles (Jin et al. 2012; 
Patel et al. 2012, 2013b).

10.2  Protein Stabilized Foams

Proteins are macromolecules consisting of a chain of amino acids (AAs) linked by 
peptide bonds. There are a total of 20 AAs which can be distinguished by their side 
groups that can be ionic, non-ionic or hydrophobic. The primary structure of a pro-
tein refers to the sequence of AAs in the polypeptide chain. The AA chain is folded 
into secondary structural elements, called e.g. α-helix, β-sheet or random coil. 
These structural elements are further ordered into a tertiary structure stabilized by 
covalent (e.g. S-S bridges) and/or non-covalent bonds. Proteins can be distinguished 
as globular, random coil and fibrillar proteins. Globular proteins such as 
β-lactoglobulin and bovine serum albumin have defined structural elements in a 
‘fixed’ arrangement, while flexible ‘random coil’ proteins consist predominantly of 
random coil elements without a fixed structure, e.g. β-casein. Fibrillar proteins (e.g. 
collagen or myosin) are typically insoluble in water in their ‘native’ state.

When protein is used in non-particulate form, the adsorption of protein at an air- 
water interface takes place in three main stages: (i) diffusion of the native protein 
molecules from the bulk phase to the interface and their subsequent adsorption; (ii) 
surface denaturation, i.e. uncoiling of the polypeptide chains at the interface (sur-
face denaturation); and (iii) aggregation of the surface denatured protein into a 
coagulum which is largely devoid of surface activity.

Although proteins lower the surface tension (due to the presence of hydrophilic 
and hydrophobic groups), the main factor determining the stability of a foam is the 
cohesion and elasticity of the protein monolayer film formed at the interface, this 
is controlled by the denatured but uncoagulated protein at the surface and more 
specifically by the rate at which the protein denatures at the interface and the rate 
at which it is removed by coagulation. It has been found that the rate of surface 
denaturation does not vary greatly from one protein to another, although it does 
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depend upon the pH of the solution (Neurath and Bull 1938), but their rates of 
coagulation differ markedly and is affected by the mechanical agitation to which the 
protein film is subjected and by the electrostatic forces between the polypeptide 
chains (Cumper 1953).

10.3  Foams Stabilized by Protein Aggregates

Proteins are liable to undergo conformational changes and form supramolecular 
structures depending on the micro environment (pH, ionic strength etc.) and the 
external factors such as temperature. Protein aggregates could be made by heat- 
treatment induced fibrillization, denaturation of proteins and gelation (Amagliani 
and Schmitt 2017). It can be speculated that the aggregates may have a negative 
influence on the foaming behaviour of proteins. First of all, they are large structures 
(few hundred nanometers to 10s of microns) so their diffusion to the air-water inter-
face is limited. Secondly, the nature of protein-protein interactions in aggregates 
may influence their cohesiveness and consequently their spreading behaviour at the 
interface (Rullier et al. 2008).

However, it has been shown in some cases that the presence of aggregates 
increases the foaming properties of proteins. The mechanism by which aggregates 
contribute to foam stabilization is not completely elucidated and different hypoth-
eses have been proposed: the protein aggregates can adsorb at the interface and 
increase the viscoelasticity of the interface, thus providing a better foam stabiliza-
tion or if aggregates do not adsorb to the interface, they remain in the aqueous phase 
and can become confined into foam films and lead to the formation of a gel-like 
network by undergoing a percolation process (Davis and Foegeding 2004). They 
can further prevent destabilization of foam by reducing the drainage by acting as 
cork in the Plateau borders (Saint-Jalmes et al. 2005).

In addition to aggregates, protein-based fluid gels have also be explored for foam 
stabilization (Lazidis et al. 2016). Fluid gels are formed when a separation process 
is applied to a gelling polymer undergoing its sol–gel transition. More precisely, 
fluid gels are formed when the (bio)polymers are introduced into a gelling environ-
ment (usually by cooling) while undergoing physical disruption (shear). Gelled par-
ticles are created which, depending on the shear field experienced, are gels on the 
microns rather than macro length scale. The resultant properties of these systems 
are, therefore, fluid or paste-like rather than those of typical gels (Norton et  al. 
1999). Whey protein isolate (WPI) fluid gels which were produced by thermally 
treating WPI under shear showed interesting foaming properties that were depen-
dent not only on the pH at which these structures were originally formed but also the 
pH at which they were aerated (Lazidis et al. 2016). The small aggregates formed at 
pH 5 (close to its iso-electric point) were able to fill effectively the spaces between 
the bubbles and reduce the rate of liquid drainage by the particles acting as corks 
anchored on the interface and by increasing the local viscosity of film around the 
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bubbles. While, fluid gels formed at pH 8 resulted in less viscoelastic films probably 
due to the larger size of the aggregates, which limited their ability to pack and lead-
ing to their exclusion from the spaces around the air bubbles (Lazidis et al. 2016).

It is also worth mentioning in this section, the stabilization of foams provided by 
unique class of proteins called hydrophobins. These are small proteins produced by 
filamentous fungi, they display a strong tendency to self-assemble at the air–water 
interface and form highly viscoelastic layers (Green et al. 2013). A striking struc-
tural feature of the hydrophobin molecule is that it is rigid like a small solid particle; 
it is also amphiphilic in nature, having a hydrophobic patch on one side of the mol-
ecule. An individual hydrophobin molecule might thus be represented like a nano- 
sized Janus particle (Walther and Muller 2008). Due to their irreversible adsorption 
at the interface, they are known to produce foams at concentration as low as 0.1%wt 
(Green et al. 2013).

10.4  Foams Stabilized by Protein–Surfactant Mixtures

Proteins and low molecular weight surfactants (LMWS) are commonly used as 
foaming agents in food products. They stabilize air-water interfaces by two different 
mechanisms, proteins by forming a visco-elastic network and LMWS by fast 
adsorption and desorption and Gibbs-Marangoni mechanism. It has been suggested 
that for effective stabilization of foam by proteins a high dilatational interfacial 
elasticity is required while for foam stabilization by LMWS, a rapid increase in 
equilibrium interfacial pressure is needed (Damodaran 2005; Acharya et al. 2005; 
Saint-Jalmes et al. 2005). Because of these opposing concepts, it is difficult to pre-
dict and understand the foam stabilization behaviour of protein-LMWS mixtures. In 
addition, the competitive adsorption and displacement of proteins by LMWS also 
needs to be taken into consideration (Maldonado-Valderrama and Patino 2010). It is 
hypothesized that due to the relatively low adsorption energies of LMWS, they can 
adsorb into the protein-adsorb layer, probably at first into the packing defects. As 
more molecules of LMWS adsorb into the defects, LMWS-rich domains are formed 
that makes the interface weaker and consequently decreases the stability of foam 
due to increased drainage and coalescence rates (Wilde et al. 2004). However, this 
concept is valid when LMWS are added to a system where proteins are already 
adsorbed at the interface. In case where aeration is carried out with an aqueous dis-
persion which contains a protein-LMWS mixture, a completely different scenario is 
anticipated (Rodrıguez Patino et al. 2003).

The foaming stabilizing behaviour of protein-LMWS mixtures strongly depends 
on the charge of protein and LMWS as well as the mixing ratios of the two compo-
nents. Depending on the conditions (pH, ionic strength, protein:LMWS ratio etc.), 
the mixtures may contain free proteins, free LMWS and/or protein-LMWS com-
plexes. The relative proportions of these states and the surface activity of complexes 
will determine their overall contribution to foam stability (Lech et al. 2014).
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10.5  Foams Stabilized by Protein-Polysaccharide Colloidal 
Complexes

When proteins and polysaccharides are mixed together in an aqueous environment, 
three different scenarios (Wijaya et al. 2017) are possible (Fig. 10.2): (i) complex-
ation, which depending on the strength of interactions, may lead to the formation of 
either soluble complexes or coacervation (associative phase separation) where a 
colloid rich phase (of protein-polysaccharide complexes) separates from the solvent 
phase; (ii) cosolubility; protein-polysaccharide combination is compatible with 
each other and the solution is stable; and (iii) segregative phase separation; due to 
the incompatibility among protein and polysaccharide two phases appear, one rich 
in polysaccharide and poor in protein and one rich in protein and poor in 
polysaccharide.

Polysaccharides are generally used to enhance the colloid (emulsions and foams) 
stabilizing properties of proteins in foods. Most often than not, they are used simply 
as viscosifying agents to increase the bulk viscosity which can slow down the gravi-
tational and colloidal instabilities in these biphasic systems. However, in some cases 
polysaccharide is specifically used to interact with the protein adsorbed at the inter-
face. A classical application of such protein-polysaccharide interaction in the food 
industry is the use of pectin to stabilize casein micelles in acidified milk drinks. The 
negatively charged pectin molecules adsorb to the positively charged casein micelles 
due to electrostatic interactions. As a consequence, the electrostatic and steric repul-
sion prevent the micelles from acid-induced aggregation (Syrbe et al. 1998).

Fig. 10.2 Protein-polysaccharide mixing behaviour: complexation, co-solubility and segregation. 
Reprinted from Wijaya et al. Functional colloids from proteins and polysaccharides for food appli-
cations. Trends Food Sci Technol 68:56–69. Copyright (2017), with permission from Elsevier
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As for foaming properties, protein-polysaccharide complexes can lead to posi-
tive effect such as increased overrun and yield stress by improving the elasticity of 
the foam film or by altering the gelation behaviour of protein at the air-water inter-
face (Wang et al. 2015). The mechanism of foam stabilization depends on the type 
of complex formed by protein-polysaccharide interaction, a soluble complex can 
increase the viscosity of the foam film and in the plateau region to limit the drainage 
and inhibit the bubble coalescence (Schmidt et  al. 2010; Sadahira et  al. 2016). 
Larger size insoluble complexes can help build an interfacial viscoelastic network 
at the air-water interface with reduced gas permeability, leading to greater stability 
concerning the disproportionation (Sadahira et al. 2014).

10.6  Foams Stabilized by Rigid Colloidal Particles

Rigid particles that have the required surface activity, wettability, shape and size can 
be utilized to create the so-called super stable foams lasting for months or even 
years. Stabilization of interfaces by rigid particles is also known as the Pickering 
stabilization mechanism and it has recently drawn a lot of scientific and industrial 
interest (Lam et  al. 2014). Much of the research into particle-stabilized biphasic 
dispersions has been focused on using inorganic particles which have limited rele-
vance for applications in foods. However, in the past few years, there has been a 
shift toward studying materials of biological origin for stabilization of biphasic dis-
persions with the goal of utilizing them for edible applications (Dickinson 2010; 
Lam et al. 2014). As far as Pickering stabilization of foams is concerned, most of the 
particles are either made from non-food grade materials or processes or their sur-
faces have been modified using non-edible materials or a process that involves a 
chemical modification (Du et al. 2003; Cervantes Martinez et al. 2008; Park et al. 
2009). Only few studies have been reported with food-grade materials such as shel-
lac, ethylcellulose (EC), calcium carbonate, cellulose nanocrystals, chitin nanocrys-
tals, hydrophobic cellulose and some natural origin components such as bacteria, 
spores, cells and viruses (Lam et al. 2014; Binks et al. 2005; Campbell et al. 2008, 
2009; Zhou et al. 2009; Hu et al. 2016; Wege et al. 2008; Tzoumaki et al. 2015; 
Yucel Falco et al. 2017).

Rigid particles from hydrophobic polymer such as EC can be prepared using a 
rather facile method based on controlled precipitation by altering the solvent qual-
ity. Such process is known by several names in the literature including liquid-liquid 
dispersion, anti-solvent precipitation, nano-precipitation, drowning-out etc. A stock 
solution of EC is first prepared in an organic solvent such as acetone, followed by 
dilution in a non-solvent such as water to trigger instant precipitation as a result of 
supersaturation. The resultant colloidal particles formed via nucleation and growth 
mechanism are in the nanoscale range (Fig. 10.3). The morphology of particles can 
be controlled from spherical to anisotropic shapes such as rods and fibre-like. 
Although EC is a neutral polymer, foam stabilizing properties of EC particles is 
found to be strongly influenced by pH (Jin et al. 2012). As suggested by Jin et al., at 
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low and high pH, the electrostatic repulsion among particles is reduced by lowering 
of surface potential and screening of surface charges respectively. This reduction in 
repulsion results in efficient loading of particles at the interfaces and consequently 
leads to enhanced stabilization of foam.

In addition as reported by Peng et al., such rigid particles prepared from other 
food polymers such as natural proteins (gliadin) also display good adsorption at the 
air-water interface (Fig.  10.4b) and leads to an improved foam ability and foam 
stability of the protein (Peng et al. 2017). These discrete adsorbed particles were 
further found to fuse into a continuous film over storage time.

In some cases, a combination of rigid particles and polymers have also been 
utilized to stabilize foams, e.g. cellulose nanocrystals + methylcellulose 
(CNC + MCE) and crystalline α-cellulose + EC (Fig. 10.5).

Nano materials derived from cellulose such as nanocrystals (CNC) and nanofi-
bers (CNF) have recently gained a lot of popularity as ‘green’ components with 
multiple functionalities. With respect to foam stabilization, CNC on their own does 
not show lowering of surface tension and hence are not capable of stabilizing air- 
water interfaces. In some cases, hydrophobic modification of CNF and CNC have 
been explored to make them more suitable for foam stabilization (Cervin et  al. 
2013, 2015). Hu et al. observed that when unmodified CNC was used together with 

Fig. 10.3 Schematic representation of anti-solvent precipitation process

Fig. 10.4 Images of interfacial (air-water interface) accumulation of spherical (a, b) and anisotro-
pic particles (c) created using anti-solvent precipitation. Figures a and c are adapted from (Jin et al. 
2012; Campbell et al. 2009) with permission of the Royal Society of Chemistry, Figure b is repro-
duced with permission from Peng et al. (2017). Copyright (2017) American Chemical Society
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a interfacial active component – MCE, the nanocrystal particles did not drain in the 
serum phase and were retained in the foam phase (Fig. 10.5a). The authors of the 
study speculated two possible mechanisms: (i) MCE bound CNC particles mechani-
cally stabilized the interface and inhibit MCE desorption and (ii) in the aqueous 
phase, the CNC-MCE mixture forms a weak gel that inhibit bubble coalescence and 
slow down the drainage (Hu et al. 2016).

In case of cellulose complexes, the crystalline α cellulose particles were made 
hydrophobic by precipitating EC on their surface through anti-solvent precipitation. 
These surface active particles were found to display a good foam stabilization prop-
erties (Fig. 10.5b). Further, by combining these particles with proteins, a synergistic 
enhancement in foam stabilization could be obtained by just using a 0.1%wt con-
centration of particles in combination with proteins such as sodium caseinate and 
whey protein isolate (Murray et al. 2011).

10.7  Foams Stabilized by Gelled Particles of Cellulose–
Polyphenol Complexes

Hydrophilic cellulose derivatives such as methylcellulose (MCE) and hydroxyl pro-
pyl methylcellulose (HPMC) display interesting associative behaviour in aqueous 
environment. They are also surface active and are known to stabilize oil-water and 
air-water interfaces (Patel et  al. 2013a, 2014). However, when used as foaming 
agents, although they show good foamability (high air incorporation), the stability 
of foam is quite limited. For instance, lower viscosity grades of HPMC can even 
give an overrun of over 300% but these foams have a very short life span (Patel et al. 
2013a). The foam stabilization property of cellulose derivatives is attributed to the 
gelled film formation of polymer at the air-water interface and therefore the higher 

Fig. 10.5 Microscopy images of aqueous foams stabilized by combination of particles and poly-
mers, (a) CNC + MCE and (b) α cellulose particles + EC (cellulose complexes). Reprinted with 
permission from Murray et al. (2011) and Hu et al. (2016). Copyright (2011 and 2016) American 
Chemical Society
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viscosity grade of these polymers provide a comparatively better stabilization as 
compared to lower viscosity grades due to the formation of the interfacial film of 
relatively higher stiffness (Patel et  al. 2013a). In one of our previously reported 
work we found that the functionality of cellulose derivatives (including foaming 
properties) could be significantly improved by complexing them with natural poly-
phenols. For our experiments we selected MCE with molecular weight of 
40,000 gmol−1 (viscosity grade 2%, 20 °C = 400 cP) and degree of substitution of 
1.8. Complexes of MCE and tannic acid, TA (one of the most researched natural 
polyphenol) were prepared at varying proportion of MCE: TA (10:1, 5:1, 2.5:1 and 
1:1 wt/wt) while keeping the concentration of MCE constant at 2%wt. The MCE-TA 
complexes were compared to un-complexed MCE in terms of foam properties 
(Fig. 10.6a) such as foam expansion (or overrun = [(Vt − V0)/V0] × 100), foam sta-
bility (= 100 × [F2/F1]), and foam liquid stability (= 100 − [100 × V60/V0]), where Vt 
and V0 are the total foam and liquid volumes respectively; F1 and F2 are gas volume 
at t = 0 and t = 60 min respectively and V60 is liquid volume at 60 min.

As seen from Fig. 10.6a, MCE was a weak foaming agent showing a good foam 
expansion but a quick drop in foam volume within 60 min along with a high drain-
age which is reflected in poor foam liquid stability. In contrast, complexes prepared 
at all MCE: TA ratios showed improvement in both foamability as well as foam 
stability. The enhanced foam stabilization could be attributed to a combination of 
multiple factors such as an increased bulk viscosity due to the gelation of MCE: TA 
complexes, enhancement in interfacial gelation, and adsorption of colloidal parti-
cles at the air–water interface. Further, the increased proportion of TA resulted in a 
decreased foam expansion, with MCE: TA 1: 1 wt/wt showing a drop of over 100%, 
the most efficient system was MCE: TA 10: 1 wt/wt and was thus selected for fur-
ther comparative studies. The average bubble size of foam was obtained by measur-
ing the mean circular equivalent (CE) diameter on an automated microscope 
(Fig. 10.6b). The average bubble sizes for foams prepared using MCE and MCE: TA 

Fig. 10.6 (a) Foaming parameters (foam expansion, foam stability and foam liquid stability) for 
foams prepared using MCE (2%wt) and MCE:TA complexes (at MCE:TA ratios of 10:1, 5:1, 2.5:1 
and 1:1 wt/wt); (b) Histograms showing the distribution of the mean CE diameter of bubbles in 
foams prepared from MCE and MCE:TA (10:1 wt/wt); (c, d) Microscopy images of diluted foams 
prepared from MCE and MCE:TA (10:1 wt/wt) respectively (scale bars = 100 μm). Reproduced 
from Patel et al. (2013b) with permission from The Royal Society of Chemistry
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complexes were 118 and 96 μm, respectively. For visual comparison the representa-
tive microscopy images of foams stabilized by MCE and MCE: TA complexes are 
also shown in Fig. 10.6c, d. The stability of foams was also followed by measuring 
the coarsening time using the backscattering and transmission of light. A compara-
tive graph of coarsening time, τ (from model d2(t)/d2(0)  =  1  +  t/τ) is shown in 
Fig.  10.7a. The average coarsening times calculated from the plots (27.8 and 
83.3  min for MCE and MCE: TA foams respectively) confirms the significant 
enhancement in the foam stabilizing property of MCE due to its interaction with 
TA. As the study was done on diluted foams, the increased stability can be at least 
partly attributed to the enhancement of the interfacial stiffness due to the surface 
gelation invoked by the MCE: TA complexes. The microscopy image of the MCE: 
TA foam is presented in Fig. 10.7b; as seen from the image, the increased interfacial 
stiffness could be attributed to the layer of MCE: TA complexes gelled at the air–
water interface.

10.8  Some Innovative Applications of Polymer Stabilized 
Food Foams

10.8.1  Polymer Foams as Templates for Edible Oil Structuring

As a research domain, edible oil structuring is still in its infancy but it has already 
received a great deal of interest from academic researchers and industrial scientists. 
The goal of oil structuring is to replace solid fats in food products with components 
that can immobilize and structure liquid oil to provide a fat-mimicking functional-
ity. Although this strategy has a huge potential, it is faced with a major drawback of 

Fig. 10.7 (a) Comparative coarsening data for foams prepared using MCE and MCE: TA (10:1 wt/
wt) complexes. MCE concentration in all cases was kept constant at 2 wt%; and (b) Microscopy 
image showing the air bubbles surrounded by a microscopic layer of MCE: TA complexes gelled 
at the air–water interface (scale bar = 20 μm). Reproduced from Patel et al. (2013b) with permis-
sion from The Royal Society of Chemistry
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identifying food-grade components which could be used in edible products. Among 
several components tried for oil structuring, polymers appear to be the most promis-
ing candidates. However, most food-approved polymers are inherently hydrophilic 
in nature and therefore cannot be dispersed easily in oil to achieve the necessary 
structure/network formation which is required for gelation. Hydrophilic polymers 
play an important role in providing structural framework to water-based gels and the 
functionality of polymers to form structural framework in aqueous solvent is attrib-
uted to their hydration into an extended conformation which result in stronger 
molecular interactions with the solvent. Therefore, in order to use hydrophilic poly-
mers for oil structuring, it is important to first prehydrate them in water phase and 
arrest these hydrated conformations in dehydrated form such that they can be used 
for physical entrapment of oils (Patel 2015). Working on this principle, conforma-
tional framework of some food polymers such as proteins and modified polysac-
charides have been created from their water dispersions by first promoting their 
adsorption to air–water interfaces followed by stripping-off the water to obtain 
dried microstructures. These microstructures can then be used for oil structuring to 
create oleogels (Patel et al. 2013a). The strength and rheological properties of these 
oleogels can be controlled by choosing the suitable viscosity grade and the by alter-
ing the concentration of polymer in the oleogels (Fig. 10.8).

Fig. 10.8 (a) Photographic representation of steps involved in formulating oleogels using aqueous 
foams of HPMC as templates and (b) A series of photographs displaying the quick oil absorption 
by porous dried foam. Sunflower oil with Nile red dye was used for clear representation and 
images were captured every 60 s. Reproduced with permission from Royal Society of Chemistry 
(Patel et al. 2013a)
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The approach of using polymer foam as templates for structure oil has also been 
explored for practical applications in real food systems such as peanut butter and 
sandwich cookie cream (Tanti et al. 2016a, b). The authors found that up to 75% of 
saturated fats could be replaced with polymer structured liquid oil without affecting 
the texture and stability of cookie creams (Tanti et al. 2016a). In case of peanut but-
ter (Fig. 10.9), freeze dried polymer foam of HPMC and MCE was used as a replace-
ment of fully hydrogenated oil stabilizer. It was observed that desirable oil stability 
and textural properties of commercial products could be achieved at just 1 and 2% 
level of addition of freeze dried foams (Tanti et al. 2016b).

10.8.2  Intensely Coloured Edible Foams Stabilized 
by Polymer-Polyphenol Complexes

Intensely coloured foams are of a large industrial interest as they have huge poten-
tial for applications in food products. However, it is difficult to impart intense colour 
to aqueous foams because foaming in the presence of water-soluble colorants typi-
cally results in weak colour intensity in the bubble phase as the majority of colorants 
are retained in the bulk solution or the serum phase. The colour intensity of the very 
thin foam films is insufficient to impart intense colour to the foam phase (Kim et al. 
2009).

Fig. 10.9 Comparative representation of peanut butter structured using un-altered and freeze dried 
porous polymer. Reprinted from Tanti et al. Oil stabilization of natural peanut butter using food 
grade polymers. Food Hydrocoll 61:399–408. Copyright (2016), with permission from Elsevier
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In one of our earlier published work (Patel et al. 2012), it was found that MCE-TA 
complexes (discussed in previous section) could stabilize foamulsions (foamed 
emulsions) at high oil volume fraction (φoil > 0.5). These foamulsions which were 
found to be stable against collapse for several days, showed a close packing of oil 
droplets around the air bubbles in the foam phase (Fig. 10.10a, b). This microstruc-
ture arrangement was further exploited to load oil-soluble pigments to generate 
intensely coloured foams (Fig. 10.10c) due to the preferential localization of the 
hydrophobic colorants in the foam phase and absence of any soluble colour in the 
serum phase. The foamulsions showed excellent stability without showing any sig-
nificant macroscopic collapse after 4 weeks of storage.

Fig. 10.10 (a) Optical microscope image of foamulsion showing the closely packed oil droplets 
around the air bubble (Scale bar = 100 μm); (b) 3D construction based on confocal microscopy 
images where air bubble (shown in blue) is surrounded by oil droplets (shown in green); (c, d) 
Photographs of foams (from left to right) containing no pigment, curcumin and β-carotene taken 
on day one and after 4 weeks of storage respectively. Reproduced with permission from Patel et al. 
(2012)

A. R. Patel



265

10.8.3  Air Filled Emulsions as Fat Replacers in Food Products

Fat reduction is a growing area of interest to food manufacturers as consumers are 
increasingly turning to low-fat, low-calorie versions of their favourite foods. The 
key challenge in formulating these product types is retaining the sensorial proper-
ties provided by fat globules/oil droplets in lipid containing food products. It has 
been proposed that a new generation of food products can be developed by design-
ing air bubbles that resemble oil droplets or fat globules which could be subse-
quently used to replace a part of lipid with air in the food products (Tchuenbou-Magaia 
et al. 2009). However, it is quite a challenge to produce an air based fat mimic with 
acceptable shelf-life for soft solid or liquid foods. Researchers from Birmingham 
were successful in fabricating air filled emulsions comprising of fat globule mimics 
constructed by coating air cells with hydrophobin proteins and subsequently used 
them in prototype triphasic air/oil/water emulsions (Tchuenbou-Magaia et al. 2009). 

Fig. 10.11 Phase contrast optical micrograph of A/W emulsion showing bubbles size (a) is a 
brightfield image of a 1 day old sample; (b) a phase contrast image of a 13 day old sample and (c) 
etched Cryo-SEM micrograph of a 5 day old sample. Reprinted from Tchuenbou-Magaia et al. 
Hydrophobins stabilised air-filled emulsions for the food industry, Food Hydrocoll 23(7):1877–
1885. Copyright (2009), with permission from Elsevier
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Air filled emulsion or air cells with hydrophobin coats were first prepared by ultra-
sonic irradiation of hydrophobin rich solution. Air cells ranging in the size from 1 
to 100 μm (with approximately 40% of air cells falling in the range of 1–2 μm) were 
first prepared (Fig. 10.11). Triphasic air/oil/water emulsions were then created by 
mixing the air filled emulsion with oil in water emulsion with different level of total 
included phase volumes. The tri-phasic emulsions allowed the fat content of the 
model food to be reduced by more than 50% and they were found to be stable in 
terms of both volume and air content for up to 45 days.

10.9  Conclusion

Proteins are the commonest polymers used for stabilization of foam in food formu-
lations. Some traditional food proteins such as milk, egg, plant and meat proteins 
have been extensively used in food formulations. Due to their inherent amphiphilic-
ity, proteins and certain polysaccharides (cellulose derivatives) are able to reduce 
the surface tension and adsorb at the air-water interface to form an immobile visco-
elastic film. However, these foams usually have a rather short life span due to the 
limited resistance provided by interfacial films which makes them susceptible to 
instabilities such as coalescence and disproportionation. This poor foaming func-
tionality of proteins and polysaccharides can be improved by physical modifications 
such as formation of aggregates or by chemical modification through formation of 
complexes with LMWS or other reactive molecules such as polyphenols. A more 
bold approach is to stabilize foams by rigid particles created from these polymers. 
The advantage of using rigid particles over soluble polymers is that fluid interfaces 
can be effectively stabilized against disproportionation and coalescence on a longer 
time scale. The disadvantage however, is that a lot of energy is required to create a 
foam. Furthermore, rigid particles are very specific with regard to the type of inter-
face to which they can adsorb. In contrast, soft gelled particles fabricated from poly-
mers, have been found to spontaneously adsorb to a variety of fluid interfaces and 
are effective at resisting colloidal instabilities. In some cases, rigid particles and 
proteins can also be used in combination where the proteins can influence and pro-
mote the accumulation of particles at the interface, giving rise to increased jamming 
of the particles at the interface.

In my opinion, long term objectives of research in this area should focus on: (i) 
improvement of the foaming functionality of food proteins (especially the lesser 
explored plant proteins); (ii) understanding the foaming behaviour of binary mix-
tures (protein-LMWS, protein-polysaccharides etc.); (iii) studying the influence of 
product matrix on foaming behaviour of polymer and complex mixtures of poly-
mers with other components; (iv) identifying new (industrially-feasible) methods to 
create rigid and soft particles from a range of food polymers and understanding their 
interfacial adsorption properties; and (v) exploring innovative applications of 
 polymer stabilized foams to solve long standing and emerging industrial challenges 
in food formulation.

A. R. Patel



267

References

Acharya DP et al (2005) Interfacial properties and foam stability effect of novel gemini-type sur-
factants in aqueous solutions. J Colloid Interface Sci 291(1):236–243 Available at: http://www.
sciencedirect.com/science/article/pii/S0021979705004996

Amagliani L, Schmitt C (2017) Globular plant protein aggregates for stabilization of food foams 
and emulsions. Trends Food Sci Technol 67(Supplement C):248–259 Available at http://www.
sciencedirect.com/science/article/pii/S0924224417302649

Bergeron V, Walstra P (2005) Foams. Fundamentals of interface and colloid science, 5(C), pp 1–38. 
Available at http://www.sciencedirect.com/science/article/pii/S187456790580011X. Accessed 
11 Oct 2017

Binks BP et al (2005) Naturally occurring spore particles at planar fluid interfaces and in emul-
sions. Langmuir 21(18):8161–8167. https://doi.org/10.1021/la0513858

Campbell AL et al (2008) Scalable fabrication of anisotropic micro-rods from food-grade materi-
als using an in shear flow dispersion-solvent attrition technique. J Mater Chem 18(34):4074–
4078. https://doi.org/10.1039/B807738J

Campbell AL, Stoyanov SD, Paunov VN (2009) Fabrication of functional anisotropic food-grade 
micro-rods with micro-particle inclusions with potential application for enhanced stability of 
food foams. Soft Matter 5(5):1019–1023. https://doi.org/10.1039/B812706A

Cervantes Martinez A et al (2008) On the origin of the remarkable stability of aqueous foams stabi-
lised by nanoparticles: link with microscopic surface properties. Soft Matter 4(7):1531–1535. 
https://doi.org/10.1039/B804177F

Cervin NT et al (2013) Lightweight and strong cellulose materials made from aqueous foams stabi-
lized by nanofibrillated cellulose. Biomacromolecules 14(2):503–511. https://doi.org/10.1021/
bm301755u

Cervin NT et  al (2015) Mechanisms behind the stabilizing action of cellulose nanofibrils in 
wet- stable cellulose foams. Biomacromolecules 16(3):822–831. https://doi.org/10.1021/
bm5017173

Cumper CWN (1953) The stabilization of foams by proteins. Trans Faraday Soc 49(0):1360–1369. 
https://doi.org/10.1039/TF9534901360

Damodaran S (2005) Protein stabilization of emulsions and foams. J Food Sci 70(3):R54–R66. 
https://doi.org/10.1111/j.1365-2621.2005.tb07150.x

Davis JP, Foegeding EA (2004) Foaming and interfacial properties of polymerized whey protein 
isolate. J Food Sci 69(5):C404–C410. https://doi.org/10.1111/j.1365-2621.2004.tb10706.x

Dickinson E (2010) Food emulsions and foams: stabilization by particles. Curr Opin 
Colloid Interface Sci 15(1):40–49 http://www.sciencedirect.com/science/article/pii/
S1359029409001010

Du Z et al (2003) Outstanding stability of particle-stabilized bubbles. Langmuir 19(8):3106–3108. 
https://doi.org/10.1021/la034042n

Fameau A-L (2018) Non-aqueous foams based on edible oils. In: Edible oil structuring: concepts, 
methods and applications. The Royal Society of Chemistry, London, pp 275–307. https://doi.
org/10.1039/9781788010184-00275

Green AJ et al (2013) Formation and stability of food foams and aerated emulsions: hydrophobins 
as novel functional ingredients. Curr Opin Colloid Interface Sci 18(4):292–301 http://www.
sciencedirect.com/science/article/pii/S1359029413000563

Hu Z et  al (2016) Stable aqueous foams from cellulose nanocrystals and methyl cellulose. 
Biomacromolecules 17(12):4095–4099. https://doi.org/10.1021/acs.biomac.6b01641

Jin H et al (2012) Super stable foams stabilized by colloidal ethyl cellulose particles. Soft Matter 
8(7):2194–2205. https://doi.org/10.1039/C1SM06518A

Kim S, Barraza H, Velev OD (2009) Intense and selective coloration of foams stabilized with 
functionalized particles. J Mater Chem 19(38):7043–7049. https://doi.org/10.1039/B908054F

10 Edible Foams Stabilized by Food-Grade Polymers

http://www.sciencedirect.com/science/article/pii/S0021979705004996
http://www.sciencedirect.com/science/article/pii/S0021979705004996
http://www.sciencedirect.com/science/article/pii/S0924224417302649
http://www.sciencedirect.com/science/article/pii/S0924224417302649
http://www.sciencedirect.com/science/article/pii/S187456790580011X
https://doi.org/10.1021/la0513858
https://doi.org/10.1039/B807738J
https://doi.org/10.1039/B812706A
https://doi.org/10.1039/B804177F
https://doi.org/10.1021/bm301755u
https://doi.org/10.1021/bm301755u
https://doi.org/10.1021/bm5017173
https://doi.org/10.1021/bm5017173
https://doi.org/10.1039/TF9534901360
https://doi.org/10.1111/j.1365-2621.2005.tb07150.x
https://doi.org/10.1111/j.1365-2621.2004.tb10706.x
http://www.sciencedirect.com/science/article/pii/S1359029409001010
http://www.sciencedirect.com/science/article/pii/S1359029409001010
https://doi.org/10.1021/la034042n
https://doi.org/10.1039/9781788010184-00275
https://doi.org/10.1039/9781788010184-00275
http://www.sciencedirect.com/science/article/pii/S1359029413000563
http://www.sciencedirect.com/science/article/pii/S1359029413000563
https://doi.org/10.1021/acs.biomac.6b01641
https://doi.org/10.1039/C1SM06518A
https://doi.org/10.1039/B908054F


268

Lam S, Velikov KP, Velev OD (2014) Pickering stabilization of foams and emulsions with particles 
of biological origin. Curr Opin Colloid Interface Sci 19(5):490–500 http://www.sciencedirect.
com/science/article/pii/S1359029414000806

Lazidis A et  al (2016) Whey protein fluid gels for the stabilisation of foams. Food 
Hydrocoll 53(Supplement C):209–217 http://www.sciencedirect.com/science/article/pii/
S0268005X15000831

Lech FJ et  al (2014) Identifying changes in chemical, interfacial and foam properties of 
β-lactoglobulin–sodium dodecyl sulphate mixtures. Colloids Surf A Physicochem 
Eng Asp 462(Supplement C):34–44 http://www.sciencedirect.com/science/article/pii/
S0927775714006931

Maldonado-Valderrama J, Patino JMR (2010) Interfacial rheology of protein–surfactant mixtures. 
Curr Opin Colloid Interface Sci 15(4):271–282 http://www.sciencedirect.com/science/article/
pii/S1359029409001150

Murray BS et al (2011) Preparation and characterization of the foam-stabilizing properties of cel-
lulose–ethyl cellulose complexes for use in foods. J Agric Food Chem 59(24):13277–13288. 
https://doi.org/10.1021/jf203501p

Neurath H, Bull HB (1938) The surface activity of proteins. Chem Rev 23(3):391–435 http://pubs.
acs.org/doi/abs/10.1021/cr60076a001

Norton IT, Jarvis DA, Foster TJ (1999) A molecular model for the formation and properties of 
fluid gels. Int J Biol Macromol 26(4):255–261 http://www.sciencedirect.com/science/article/
pii/S0141813099000914

Park JI et  al (2009) A microfluidic approach to chemically driven assembly of colloidal parti-
cles at gas–liquid interfaces. Angew Chem Int Ed 48(29):5300–5304. https://doi.org/10.1002/
anie.200805204

Patel AR (2015) In: Patel AR (ed) Polymer-based oleogels created using indirect methods. Springer 
International, Cham, pp 29–39. https://doi.org/10.1007/978-3-319-19138-6_3

Patel AR et al (2012) Stable and temperature-responsive surfactant-free foamulsions with high oil- 
volume fraction. ChemPhysChem 13(17):3777–3781. https://doi.org/10.1002/cphc.201200564

Patel AR, Schatteman D et al (2013a) A foam-templated approach for fabricating organogels using 
a water-soluble polymer. RSC Adv 3(45):22900–22903. https://doi.org/10.1039/C3RA44763D

Patel AR, Seijen ten-Hoorn J et al (2013b) Colloidal complexation of a macromolecule with a 
small molecular weight natural polyphenol: implications in modulating polymer functional-
ities. Soft Matter 9(5):1428–1436. https://doi.org/10.1039/C2SM27200H

Patel AR et al (2014) Edible oleogels based on water soluble food polymers: preparation, char-
acterization and potential application. Food Funct 5(11):2833–2841. https://doi.org/10.1039/
C4FO00624K

Peng D et al (2017) Adsorption and distribution of edible gliadin nanoparticles at the air/water 
interface. J Agric Food Chem 65(11):2454–2460. https://doi.org/10.1021/acs.jafc.6b05757

Rodrıguez Patino JM, Rodrıguez Niño MR, Sánchez CC (2003) Protein–emulsifier interactions at 
the air–water interface. Curr Opin Colloid Interface Sci 8(4):387–395 http://www.sciencedi-
rect.com/science/article/pii/S1359029403000955

Rullier B, Novales B, Axelos MAV (2008) Effect of protein aggregates on foaming properties of 
β-lactoglobulin. Colloids Surf A Physicochem Eng Asp 330(2):96–102 http://www.sciencedi-
rect.com/science/article/pii/S0927775708004925

Sadahira MS et al (2014) Influence of protein–pectin electrostatic interaction on the foam stabil-
ity mechanism. Carbohydr Polym 103(Supplement C):55–61 http://www.sciencedirect.com/
science/article/pii/S0144861713012101

Sadahira MS et al (2016) Effect of egg white protein-pectin electrostatic interactions in a high sugar 
content system on foaming and foam rheological properties. Food Hydrocoll 58(Supplement 
C):1–10 http://www.sciencedirect.com/science/article/pii/S0268005X16300376

Saint-Jalmes A (2006) Physical chemistry in foam drainage and coarsening. Soft Matter 2(10):836–
849. https://doi.org/10.1039/B606780H

A. R. Patel

http://www.sciencedirect.com/science/article/pii/S1359029414000806
http://www.sciencedirect.com/science/article/pii/S1359029414000806
http://www.sciencedirect.com/science/article/pii/S0268005X15000831
http://www.sciencedirect.com/science/article/pii/S0268005X15000831
http://www.sciencedirect.com/science/article/pii/S0927775714006931
http://www.sciencedirect.com/science/article/pii/S0927775714006931
http://www.sciencedirect.com/science/article/pii/S1359029409001150
http://www.sciencedirect.com/science/article/pii/S1359029409001150
https://doi.org/10.1021/jf203501p
http://www.sciencedirect.com/science/article/pii/S0141813099000914
http://www.sciencedirect.com/science/article/pii/S0141813099000914
https://doi.org/10.1002/anie.200805204
https://doi.org/10.1002/anie.200805204
https://doi.org/10.1007/978-3-319-19138-6_3
https://doi.org/10.1002/cphc.201200564
https://doi.org/10.1039/C3RA44763D
https://doi.org/10.1039/C2SM27200H
https://doi.org/10.1039/C4FO00624K
https://doi.org/10.1039/C4FO00624K
https://doi.org/10.1021/acs.jafc.6b05757
http://www.sciencedirect.com/science/article/pii/S1359029403000955
http://www.sciencedirect.com/science/article/pii/S1359029403000955
http://www.sciencedirect.com/science/article/pii/S0927775708004925
http://www.sciencedirect.com/science/article/pii/S0927775708004925
http://www.sciencedirect.com/science/article/pii/S0144861713012101
http://www.sciencedirect.com/science/article/pii/S0144861713012101
http://www.sciencedirect.com/science/article/pii/S0268005X16300376
https://doi.org/10.1039/B606780H


269

Saint-Jalmes A et al (2005) Differences between protein and surfactant foams: microscopic prop-
erties, stability and coarsening. Colloids Surf A Physicochem Eng Aspects 263(1):219–225 
http://www.sciencedirect.com/science/article/pii/S0927775705001226

Schmidt I et  al (2010) Foaming properties of protein/pectin electrostatic complexes and foam 
structure at nanoscale. J Colloid Interface Sci 345(2):316–324 http://www.sciencedirect.com/
science/article/pii/S0021979710000482

Stocco A et al (2011) Aqueous foams stabilized solely by particles. Soft Matter 7(4):1260–1267. 
https://doi.org/10.1039/C0SM01290D

Syrbe A, Bauer WJ, Klostermeyer H (1998) Polymer science concepts in dairy systems—an over-
view of milk protein and food hydrocolloid interaction. Int Dairy J 8(3):179–193 http://www.
sciencedirect.com/science/article/pii/S0958694698000417

Tanti R, Barbut S, Marangoni AG (2016a) Hydroxypropyl methylcellulose and methylcellulose 
structured oil as a replacement for shortening in sandwich cookie creams. Food Hydrocoll 
61:329–337 http://www.sciencedirect.com/science/article/pii/S0268005X16302387

Tanti R, Barbut S, Marangoni AG (2016b) Oil stabilization of natural peanut butter using food 
grade polymers. Food Hydrocoll 61(Supplement C):399–408 http://www.sciencedirect.com/
science/article/pii/S0268005X16302429

Tchuenbou-Magaia FL, Norton IT, Cox PW (2009) Hydrophobins stabilised air-filled emulsions 
for the food industry. Food Hydrocoll 23(7):1877–1885 http://www.sciencedirect.com/science/
article/pii/S0268005X09000605

Tzoumaki MV et  al (2015) Aqueous foams stabilized by chitin nanocrystals. Soft Matter 
11(31):6245–6253. https://doi.org/10.1039/C5SM00720H

Walther A, Muller AHE (2008) Janus particles. Soft Matter 4(4):663–668. https://doi.org/10.1039/
B718131K

Wang Z, Zhang S, Vardhanabhuti B (2015) Foaming properties of whey protein iso-
late and λ-carrageenan mixed systems. J  Food Sci 80(8):N1893–N1902. https://doi.
org/10.1111/1750-3841.12940

Wege HA et al (2008) Long-term stabilization of foams and emulsions with in-situ formed mic-
roparticles from hydrophobic cellulose. Langmuir 24(17):9245–9253. https://doi.org/10.1021/
la801634j

Wierenga PA, Gruppen H (2010) New views on foams from protein solutions. Curr Opin 
Colloid Interface Sci 15(5):365–373 http://www.sciencedirect.com/science/article/pii/
S1359029410000592

Wijaya W et al (2017) Functional colloids from proteins and polysaccharides for food applications. 
Trends Food Sci Technol 68(Supplement C):56–69 http://www.sciencedirect.com/science/
article/pii/S0924224417301577

Wilde P et  al (2004) Proteins and emulsifiers at liquid interfaces. Adv Colloid Interf Sci 
108–109(Supplement C):63–71 http://www.sciencedirect.com/science/article/pii/
S0001868603001386

Yucel Falco C et al (2017) Edible foam based on pickering effect of probiotic bacteria and milk 
proteins. Food Hydrocoll 70(Supplement C):211–218 http://www.sciencedirect.com/science/
article/pii/S0268005X17302278

Zhou W et  al (2009) How rigid rods self-assemble at curved surfaces. Angew Chem Int Ed 
48(2):378–381. https://doi.org/10.1002/anie.200804194

10 Edible Foams Stabilized by Food-Grade Polymers

http://www.sciencedirect.com/science/article/pii/S0927775705001226
http://www.sciencedirect.com/science/article/pii/S0021979710000482
http://www.sciencedirect.com/science/article/pii/S0021979710000482
https://doi.org/10.1039/C0SM01290D
http://www.sciencedirect.com/science/article/pii/S0958694698000417
http://www.sciencedirect.com/science/article/pii/S0958694698000417
http://www.sciencedirect.com/science/article/pii/S0268005X16302387
http://www.sciencedirect.com/science/article/pii/S0268005X16302429
http://www.sciencedirect.com/science/article/pii/S0268005X16302429
http://www.sciencedirect.com/science/article/pii/S0268005X09000605
http://www.sciencedirect.com/science/article/pii/S0268005X09000605
https://doi.org/10.1039/C5SM00720H
https://doi.org/10.1039/B718131K
https://doi.org/10.1039/B718131K
https://doi.org/10.1111/1750-3841.12940
https://doi.org/10.1111/1750-3841.12940
https://doi.org/10.1021/la801634j
https://doi.org/10.1021/la801634j
http://www.sciencedirect.com/science/article/pii/S1359029410000592
http://www.sciencedirect.com/science/article/pii/S1359029410000592
http://www.sciencedirect.com/science/article/pii/S0924224417301577
http://www.sciencedirect.com/science/article/pii/S0924224417301577
http://www.sciencedirect.com/science/article/pii/S0001868603001386
http://www.sciencedirect.com/science/article/pii/S0001868603001386
http://www.sciencedirect.com/science/article/pii/S0268005X17302278
http://www.sciencedirect.com/science/article/pii/S0268005X17302278
https://doi.org/10.1002/anie.200804194


271© Springer International Publishing AG, part of Springer Nature 2018 
T. J. Gutiérrez (ed.), Polymers for Food Applications, 
https://doi.org/10.1007/978-3-319-94625-2_11

Chapter 11
Foams for Food Applications

A. L. Ellis and A. Lazidis

Abstract Numerous food products contain bubbles within their structure which in 
most cases play an important role either by contributing to the texture of the product 
or its visual appearance or both. Bubbles, therefore define the texture of commercial 
products that are sold aerated like bread, wafers, ice cream, chocolate mousse and 
meringues but are also important elements of products that are foamed in the point 
of consumption such as cappuccinos, whipped cream, milk shakes and more. At the 
same time, an increasing interest in incorporating bubbles in foods as a way to 
reduce their energy density is emerging. Furthermore, foams are structures that can 
potentially deliver new experiences to consumers from aroma release to visually 
enhancing traditional products. Consequently, finding ways to further understand 
how to construct aqueous systems with enhanced foaming properties is of great 
interest. This chapter will first introduce the basic concepts of foams in terms of 
structure, production and stability, before exploring the different biopolymer sources 
and their uses in aqueous food foams in particular, their role in stabilisation, with 
relevant examples from the literature.

Keywords Aeration · Hydrocolloids · Particles · Pickering · Proteins

11.1  Introduction

The aeration of foods was first explored 6000 years ago when the Egyptians first 
started baking bread. Aeration is now utilised in a wide range of products and appli-
cations, from aerated chocolate to vegan meringue, as our increased understanding 
has helped to exploit the novelty and versatility of bubbles as food ingredients. The 
incorporation of air into food products not only reduces the cost and calorific con-
tent of products but provides a luxurious texture desirable to consumers. For exam-
ple, whipped cream and mousses acquire a creaminess, whilst the carbonation of 
soft drinks delivers the desired “fizziness” and solid products such as crisps, develop 
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a light and crisp texture. Introducing a gas phase into a food matrix not only affects 
texture but also appearance, colour and physical properties. In addition, air cells in 
liquid foam precursors can be used to manipulate the structural properties of prod-
ucts such as bread and meringue during the cooking process. As well as advances in 
foam formulation, processing methods have continued to be developed, for exam-
ple, microfluidic devices are being developed currently for the production of micro-
bubbles, which are thought to have exciting practical applications in the food 
industry as fat-replacers and texture modifiers (Rovers et al. 2016).

11.1.1  Foam Structure

Foams are two-phase systems that consist of gas cells dispersed throughout a con-
tinuous phase (Walstra 1989). This continuous phase can be either solid or liquid and 
the gas cells which constitute the dispersed phase are commonly called bubbles 
(Campbell and Mougeot 1999). The packing of gas bubbles in foams gives this state 
its distinctive mechanical and physical properties, which are notably different from 
that of both the liquid and the gas from which they are made (Suárez and Gutiérrez 
2017). For example, foams can behave as viscoplastic solids that can be shaped as 
desired, much like rosettes of whipped cream on the top of a cake (Cantat et al. 2013).

A newly formed foam is considered wet due to the large content of water present 
around the bubbles. While the foam matures and the liquid drains away, the film 
between the bubbles thins considerably and becomes drier leaving behind polyhe-
dral bubbles (Bergeron and Walstra 2005). The transition from a wet foam with 
spherical bubbles to a dry one with polyhedral bubbles (Fig. 11.1) is dependent on 
the ratio of liquid to gas, also known as the gas volume fraction (φg). Although there 
is no clear cut-off value that distinguishes the foam to be dry or wet, it is generally 
believed that a foam with a gas fraction around 0.63 (which is the limit for randomly 
packed spheres) is a very wet foam, while when the gas fraction exceeds 0.8 the 
foam is dry (Bergeron and Walstra 2005). For the majority of liquid foams present in 
foods most of the foaming functionality is exploited while being in the wet regime. 
Even foams that are found in solid form across the food industry (e.g. bread, ice 
cream and foam packaging) begin their life in the wet regime before they are solidi-
fied, usually by either cooling, heating or curing (Campbell and Mougeot 1999).

11.1.2  The Role of Surfactants

11.1.2.1  Surface Tension

Molecules within a fluid attract each other due to cohesion forces (hydrogen bonds, 
van der Waals, etc.). At an interface, these interactions result in a force with inward 
direction. Surface-active molecules are used to lower this surface tension and 
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provide greater stability. Surfactants can adsorb at an interface by positioning them-
selves partly in the hydrophilic phase (liquid) and partly in the hydrophobic phase 
(air) due to their amphiphilic nature. Their adsorption is in dynamic equilibrium 
where surfactant molecules are constantly replacing each other at the interface and 
is expressed by the Gibbs adsorption isotherm. SFT reduces proportionally to the 
concentration of the surfactants up to the critical micelle concentration (CMC). 
Above the CMC, the interface is covered with an adsorbed monolayer of surfactant 
molecules whilst micelles and free monomers reside in the bulk (Fig. 11.2) where 
all three phases are in equilibrium (Eastoe 2005).

Surfactants are used to extend the lifetime of bubbles in a liquid foam by reduc-
ing surface tension. Without surfactants, the SFT of pure water is 72 mN m-1 and 
bubbles collapse within a few milliseconds. In a solution that contains surfactants, 
the equilibrium SFT is not achieved instantly but is a relatively lengthy process tak-
ing milliseconds to days depending on the type of surfactant and its concentration. 
Surfactants fall into two main categories depending on their size; these are polymers 
and low molecular weight (LMW) surfactants.

Fig. 11.1 Photograph of 
bubbles in an aqueous 
foam. Lower down, the 
foam is wet and bubbles 
appear spherical while 
towards the top, the 
bubbles are drier and 
polyhedral in shape. 
Reproduced with 
permission from Larson 
(1999)
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11.1.2.2  Low Molecular Weight Surfactants

Low molecular weight (LMW) surfactants are soap-like substances where the 
hydrophobic (lipophilic) part is typically an aliphatic chain and the hydrophilic part 
can be more diverse (Fennema 1996). The majority of the amphiphilic substances 
are not highly soluble in either water or oil/air, but attract the least repulsive interac-
tions from these media when they reside partly in a hydrophilic environment (e.g. 
water) and partly in a hydrophobic one (e.g. air). The most commonly used LMW 
surfactants in foods are phospholipids (Lecithin), mono- and di-glycerides (glycerol 
monostearate); polysorbates (Tweens), sorbitan monostearate, sorbitan monooleate 
(Span 80), polyoxyethylene sorbitan monosterate (Tween 20) and sucrose esters 
(Bos and Vliet 2001).

LMW surfactants can be further categorised, depending on the charge of the 
head group, into non-ionic or ionic surfactants. When ionic LMW surfactants are 
used for foaming, the electrostatic repulsion between the two interfaces of the 
lamella increases the kinetic stability of the system. However, these systems are 
considerably unstable to environmental conditions such as pH and salt concentra-
tion. This can be a challenge in food foams where pH and salt concentrations can 
typically only be altered within a certain range. However, the use of LMW surfac-
tants compared to polymers has a few main advantages. Firstly, they have the ability 
to lower the interfacial tension more effectively than amphiphilic polymers, like 
proteins and hydrocolloids, due to their higher adsorption energies per m2. Secondly, 
as they are smaller in size, they can adsorb faster to the newly formed interface due 
to better mobility.

Air

c5

[mol/m2]

[mol/m3]

Water

c [mol/m3]

ΓFig. 11.2 Surfactant 
molecules on the interface 
and in the bulk at 
equilibrium conditions. 
When the surfactant 
concentration exceeds the 
CMC, surfactant molecules 
form micellar structures. 
Reproduced with 
permission from Cantat 
et al. (2013)
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11.1.2.3  Polymeric Surfactants

Polymeric surfactants are macromolecules which contain both hydrophilic and 
hydrophobic parts much alike LMW surfactants. Compared to the latter, they have 
a more complex structure and therefore significantly different behaviour when at an 
interface. This difference in behaviour is mostly due to changes in their structural 
conformation while adsorbing to an interface caused by the need to expose and 
spread their hydrophobic regions (Bos and Vliet 2001).

The most notable example of polymeric surfactants used in foods are proteins, 
which will be discussed extensively in Sect. 11.2. Other examples of amphiphilic 
polymeric surfactants used in food applications are polysaccharides like chitosan 
(Gutiérrez 2017), hydrophobically modified cellulose (Gutiérrez and Alvarez 2017), 
propylene glycol alginate, gum arabic, pectin and certain galactomanans (e.g. guar 
gum, fenugreek gum) (Dickinson 2003; Raffa et al. 2015) as later discussed in Sect. 
11. 3. While adsorbing to the a/w interface, unfolding of surface active polymers 
creates "trains", "loops" and "tails" in the continuous phase (Fennema 1996), which 
help to create a physical barrier at the interface. The unfolding of polymers on the 
interfaces also results in a change in conformation, which can affect the properties 
of the polymer. Some polymers go through such a structural change that they dena-
ture and loose some of their chemical and physical properties once desorbed (e.g. 
viscosity, -SH group reactivity and more) while others manage to retain their struc-
ture (Fennema 1996). Surface active polymers seem to be less sensitive to the pres-
ence of high electrolyte concentrations and heat when compared to LMW surfactants 
rendering them more versatile (Tadros et al. 2004). However, the performance of 
polymeric surfactants as interface stabilisers can be limited when compared to 
LMW surfactants due to their increased size, their poor solubility and insufficient 
amphiphilic character (Dickinson 2003).

11.1.3  Particle Stabilisation

Colloidal particles can have the ability to accumulate at the interface of two immis-
cible fluids in a similar manner to surfactants and can therefore be surface active 
(Binks 2002). This phenomenon was first studied by Ramsden (1903) and Pickering 
(1907) who noticed that colloidal particles could adsorb on water interfaces with oil 
or air and provide similar results to surfactants like saponin. The mechanism, espe-
cially when it is applied on solid particles adsorbing on the oil-water interface of 
emulsion droplets is commonly known as Pickering stabilisation (Dickinson 2010). 
The behaviour of particles in mixed aerated systems in the presence of surfactants 
depends on parameters such as their hydrophobicity and size. If the particles are 
reasonably hydrophilic, the foams produced can be further stabilised from the par-
ticles present in the aqueous phase within the foam lamella that accumulate in the 
Plateau borders significantly slowing down drainage (Binks 2002). If particles are 
too hydrophobic, they can protrude the a/w interface causing instability and 
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coalescence leading to foam instability via the bridging-dewetting mechanism. 
Finally, if particles have an intermediate hydrophobicity and they are partially wet-
ted, they can accumulate on the bubble surface providing a strong barrier preventing 
shrinkage and coalescence (Binks 2002). This mechanism is commonly known as 
Pickering stabilisation (Dickinson 2010).

The key parameter that determines the ability of solid particles to attach to an a/w 
interface is their wettability as defined by the three-phase contact angle θ (Fig. 11.3). 
When the contact angle of the particles is around 90°, the particles have the ten-
dency to reside on the interface and reduce the surface free energy (Binks 2002). 
The monolayers or particles that form on the interface curve in such a way that a 
larger area of the particle surface remains on the external side forming air in water 
when θ < 90° and water in air when θ >90° (Binks and Horozov 2005). The energy 
of desorption is heavily influenced by particle size, for example, very small particles 
(<0.5 nm) similar to the majority of surfactant molecules, can be easily detached 
and therefore do not make very effective stabilisers (Binks 2002).

Although adsorption of particles on interfaces in pure particle systems is much 
slower compared to surfactants (Binks 2002), they have been able to form close- 
packed layers at the gas-liquid interface which generates a strong barrier that can 
retard or even eliminate the destabilisation of foams (Dickinson 2010). For exam-
ple, it has been shown that particle-stabilised foams can endure disproportionation 
(the main source of foam instability, explained further in Sect. 11.1.5.2) for days or 
weeks compared to minutes or hours of the equivalent foams stabilised by LMW or 
polymers such as proteins (Kostakis et al. 2006).

Fig. 11.3 (Above) Position of small spherical particles at the planar fluid water interface, mea-
sured in aqueous phase <90°(left), =90°(middle) and >90°(right). (Below) Probable positioning of 
particles on curved interfaces. For θ<90°, particle stabilised aqueous foams may form (left) and for 
θ >90°, particle stabilised aerosols may form (right). Reproduced with permission from (Binks 
2002)
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11.1.4  Foam Formation

There are three main routes to producing a foam: agitation/whipping, gas sparging 
and in-situ gas generation. When comparing different aeration methods, the forma-
tion of bubbles by agitation is a faster process than supersaturation or injection 
(Bergeron and Walstra 2005) due to the higher energy input involved. Generally 
speaking, gas sparging can produce bubbles that are mono-disperse especially when 
the flow rates are low and the capillaries used are of similar sizes. Supersaturation 
can also produce fairly homogeneous bubbles while agitation usually provides a 
wide distribution of bubble sizes (Weaire and Hutzler 1999). An illustration of the 
representative bubbles created by the different methods can be seen in Fig. 11.4.

11.1.4.1  Mechanical Agitation

This method involves actively forcing liquid around an external gas that protrudes 
the surface of the liquid (e.g. whipping, shaking) (Campbell and Mougeot 1999). It 
usually relies on mechanical energy being applied to liquid and according to 

Blowing gas

Blending Shaking Nucleation of gas
(beer froth)

Blowing gas
(turbulent flow)

Sparging

Fig. 11.4 Representation of bubble size distributions for foams created by different foaming 
methods. Reproduced with permission from Weaire and Hutzler (1999)
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Bergeron and Walstra (2005) the following phenomena take place during this type 
of aeration:

 1. Bubbles form by the entrapment of gas.
 2. Surfactant molecules diffuse and adsorb to the newly formed interface.
 3. Bubbles break up and reduce in size.
 4. Bubbles start to coalesce due to poor coverage by surfactant until the system 

reaches a steady state where the surface of bubbles is covered with enough sur-
factant to become stable.

 5. The liquid that is entrapped within the lamella and the Plateau borders starts 
draining (even within the turbulent flow). This causes the separation of the drier 
foam at the top of the liquid but is a phenomenon that becomes more prominent 
after agitation stops.

All these phenomena take place several times during this aeration process and occur 
concurrently. In industrial and professional application of aeration via mixing the 
main processing parameters that can affect both the air uptake and the bubble size 
distribution are the type and geometry of the whisk, the mixing speed and the mix-
ing time (Campbell and Mougeot 1999).

11.1.4.2  Gas Sparging

Gas sparging includes processes where gas is being forced through the liquid 
(Campbell and Mougeot 1999). Often gas is injected through small capillaries 
inside the liquid and bubbles form and detach from the end of the capillary due to 
buoyancy. Sparging is extensively used in laboratory techniques for the study of 
foams where a gas is sparged in a liquid through a sintered glass (Waniska and 
Kinsella 1979). In this case the processing parameters are the size and the distance 
between the capillaries and the gas flow rate. If the capillaries are too close or if the 
gas flow rate is too high then the bubbles will coalesce immediately (Bergeron and 
Walstra 2005).

A similar method of producing foam is employed in modern coffee shops where 
milk is being frothed by injecting steam through a nozzle. This hot jet of steam 
drags air from the atmosphere into the mass of the milk due to the Bernoulli effect 
and aerates it (Jimenez-Junca et al. 2011). Apart from bubbling the milk, steam also 
increases the temperature which has a series of effects mostly on the protein 
conformation.

11.1.4.3  In Situ Generation

This mechanism involves the creation of bubbles inside the volume of the liquid 
either due to some type of reaction (chemical or biological), or due to a phase transi-
tion (Campbell and Mougeot 1999). At elevated pressure a gas can be dissolved 
within a liquid, upon release of this pressure the gas becomes supersaturated and 
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gas bubbles form. The gases used for this type of foam formation need to be easily 
soluble in water like CO2 and N2O.

A common example of the formation of bubbles through a chemical reaction in 
the food industry is the production of CO2 within the matrix of cake dough. Sodium 
bicarbonate (baking soda) reacts with cream of tartar (acid) when in contact with 
water, producing small bubbles (Pugh 2016). Another common example is the 
metabolism cycle of yeast in bread dough; CO2 is produced from the fermentation 
of sugars when starch is broken down, creating small bubbles throughout the dough 
(Campbell and Mougeot 1999).

11.1.5  Foam (In)Stability

Foams are thermodynamically unstable systems that generally have a lifetime of a 
number of hours (Pieter Walstra 2003a). There are three main mechanisms by which 
the structure of foam changes over time resulting in its overall collapse:

 1. The flow of liquid through the volume of the foam due to gravity known as foam 
drainage.

 2. Rupturing of the film between neighbouring bubbles leading to coalescence.
 3. Gas diffusion between adjacent bubbles which causes bubbles to become larger 

and is known as disproportionation or coarsening.

These mechanisms of instability are all occurring simultaneously and can therefore 
reinforce each other (Dickinson 2010). For example, coarsening results in larger 
bubbles and therefore larger films, which in turn accelerates drainage (Pieter Walstra 
2003a).

11.1.5.1  Drainage

Drainage can be defined as the flow of liquid through a volume of foam (Cantat 
et al. 2013). It is observed in a plethora of every-day examples such as the liquid 
draining out of a soap froth or from the head of a pint of beer. Liquid begins to drain 
from the top of the foam, flowing from the lamella to the Plateau borders, following 
the direction of gravitational force.

All general models and approaches to describing liquid drainage indicate that 
both density and viscosity are important factors in controlling the rate at which it 
takes place (Cantat et al. 2013). Whilst the density of liquid cannot be altered sig-
nificantly in most food applications, the viscosity can be significantly enhanced 
with the addition of biopolymers and/or suspended particles of polymeric or inor-
ganic origin. Furthermore, drainage is not only influenced by the viscosity of the 
bulk phase but also by the viscosity of the lamellar film (Kinsella 1981). It has pre-
viously been shown that in the presence of particles, drainage can be significantly 
contained without an increase of the bulk viscosity but instead affecting the 
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 permeability parameters of the foam (Britan et al. 2009). Moreover, the study of 
liquid drainage in the presence of nanoparticles has shown a traffic jamming mecha-
nism comparable to the formation of cork-like structures. These structures were 
formed by aggregates of particles in the Plateau borders that significantly affected 
drainage (Carn et al. 2009; Lazidis et al. 2017).

In addition, the type of surfactant can also considerably affect the rate of liquid 
drainage.

When liquid drains through the lamella, a shear stress is applied on the layer of 
surfactants that are adsorbed on the interfaces, which results in a surface tension 
gradient. If the system contains surface active molecules that are less mobile such 
as polymers, as the surfactant layer moves against the direction of drainage (from 
high to low surface tension regions) drainage can be significantly reduced. LMW 
surfactants that can adsorb fast to the newly formed regions do not affect the rate of 
drainage as significantly.

11.1.5.2  Coarsening

Coarsening of the bubble size distribution can occur via disproportionation, that is, 
the movement of gas from regions of high concentrations to low concentrations via 
diffusion. The higher concentration is provided by a higher local curvature and 
hence a higher Laplace pressure. Unless a foam is completely mono-disperse, it 
contains a variety of bubbles sizes and therefore regions of different pressure and 
solubility of gas (Garrett 1993). This gradient of solubility gives rise to the driving 
force for directional diffusion as described by Fick’s Law (Kilcast and Subramaniam 
2011) and as a result, smaller bubbles have the tendency to shrink, whilst larger 
bubbles grow in size. Coarsening first occurs at the top of foam where bubbles are 
exposed to the atmosphere and then continues within the volume of the foam 
(Fennema 1996).

Coarsening in foams depends heavily on the solubility of the gas that is dispersed 
within the liquid. In the case of aqueous foams, the solubility of different gases 
commonly used in the food industry can be viewed in Table 11.1. It is evident that 
the more soluble a gas is in the water, the faster it can diffuse through a bubble if the 
circumstances permit it (a pressure gradient is in place). For example, a bubble of 
nitrogen with a radius of 1 mm in water will disappear in approximately 3 min while 
the same size bubble of carbon dioxide will need only about 4 s (Fennema 1996). 

Table 11.1 Equilibrium solubility mole fraction of commonly used gases in food aeration at 
20 °C and atmospheric pressure (101.325 kPa), data from Gevantman (2013)

Gas Solubility

CO2 7.07 × 10−4

N2O 5.068 × 10−4

O2 2.501 × 10−5

N2 1.274 × 10−5
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This has been exploited in the production of Guinness, where the gas used for car-
bonation is primarily composed of nitrogen resulting in a longer lasting foam.

Apart from controlling the rate of gas diffusion by altering the type of gas that 
the foam is made of, the type of surfactant can also play an important role. The 
permeability of the film around the bubbles can be reduced, to an extent, by the 
adsorption polymeric surfactant molecules, which provide a thick adsorbed layer 
(Bergeron and Walstra 2005). Increasing the interfacial elasticity of the films can 
also reduce coarsening. Most LMW surfactants do not provide a sufficient increase 
in the interfacial elasticity modulus and can be readily displaced or dissolved in the 
bulk phase during the shrinkage of bubbles (Damodaran 2005). In contrast, poly-
meric surfactants and strongly adsorbed particles can create a strong film with a 
high surface dilatational modulus (E), which can resist bubble shrinkage and there-
fore coarsening. The fact that many proteins have a high energy of desorption, 
sometimes due to denaturation at the interface, causes a significant change in sur-
face tension while the bubble shrinks which translates to a high dilatational modu-
lus. In fact, coarsening due to gas diffusion can be theoretically stopped if E >γ/2 
(Garrett 1993).

11.1.5.3  Coalescence

The rupture of the film between two neighbouring bubbles leads to immediate 
coalescence of these bubbles into a larger one (Bergeron and Walstra 2005). 
Coalescence reduces the number of bubbles in a foam, which decreases the total 
surface area and therefore the interfacial Gibbs energy. This is the main driving 
force for film rupture since it is thermodynamically unfavourable to have such a 
high surface area (Álvarez et al. 2017).

The mechanism which leads to coalescence depends on the morphology of the 
film and the type of surfactants present on the surface of the bubbles. In thick films 
where colloidal interactions become less evident (Fennema 1996), the surface dila-
tational modulus is usually substantial enough to prevent film rupture (Bergeron and 
Walstra 2005). Coalescence typically only takes place if the surfactant concentra-
tion is low and the bubbles are unstable during creation when the films are rapidly 
stretched and deformed. When films are thin enough for colloidal interactions to be 
important (usually only observed at the top of the foam where water evaporation 
occurs), vdW attractions cause the films to come into contact resulting in bubble 
coalescence (Fennema 1996). When ionic surfactants are used, the repulsion pro-
vided between the two interfaces due to the electrostatic forces prevents this. Non- 
ionic surfactants on the other hand, usually provide stability against coalescence by 
steric repulsions between the interfaces (Bergeron and Walstra 2005).

Particles present in the bulk phase of foam systems can also have a detrimental 
effect on the longevity of the foam by causing film rupture (Fennema 1996). Firstly, 
if hydrophobic particles are present in the system (θ >90°), particles can potentially 
bridge the surfaces of two bubbles causing film rupture (Wilson 1981). Secondly, if 
hydrophobic particles, e.g. proteins, are present, they can spread at the a/w interface 
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causing film rupture. This is why the head of a beer collapses quicker when the 
consumer has lipstick on or the glass used is dirty (Weaire and Hutzler 1999).

Finally, while polymeric and LMW surfactants can respectively stabilise foams 
alone, when used in combination this can have a detrimental effect (Wilde et al. 
2004). The process is known as competitive destabilisation, where LMW surfac-
tants displace proteins from the a/w interface reducing the interfacial elasticity and 
deforming the film to the point that it ruptures (Fig. 11.5).

11.1.6  Effect of Biopolymers on Foam Stability

Biopolymer ingredients including structurally diverse proteins and polysaccharides 
are capable of behaving as stabilising agents in multi-phase food systems. Most 
commonly, biopolymers are structurally modified during extraction and purification 
through several stages of processing (mechanical, biochemical and  thermal). 
However, memory of their parent structure results in favouring towards specific 
types of aggregation or self-assembly (Dickinson 2017; Phillips and Williams 
2009). Proteins and polysaccharides therefore exist in a variety of aggregated states, 

Fig. 11.5 Schematic visualising the mechanism of competitive adsorption on the lamella that can 
lead to destabilisation. Reproduced with permission from Wilde et al. (2004)
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providing food technologists with a diverse range of available structures and proper-
ties for the stabilisation of foams (Dickinson 2017). In their simplest form, biopoly-
mers increase the viscosity of the aerated system providing stability during the 
foaming process e.g. gelatin stabilises marshmallows (Phillips and Williams 2009). 
Alternatively, biopolymers can stabilise foams in the form of particulate entities of 
nano- or micro-scale dimensions. This occurs through two main mechanisms, which 
are dependent on the surface activity of the biopolymer (Fig. 11.6). Firstly, when 
present in sufficiently high concentrations, particles can aggregate together in foam 
channels (Plateau borders), which provides a barrier to liquid drainage (Guillermic 
et al. 2009). Secondly, providing the particles are suitably hydrophobic, they can 
adsorb at the air-water interface, forming a protective layer against bubble coales-
cence and coarsening. In reality, protein stabilised foams will often experience a 
combination of these two mechanisms (Dickinson 2017). In contrast, polysaccha-
rides are inherently hydrophilic and therefore need modifying in order to act as 
Pickering stabilisers. In food systems, this can be manipulated chemically or using 
thermal treatment. For example, starch particles can be heat treated to increase their 
surface hydrophobicity (Seguchi 2001). In addition, interaction with proteins such 
as soy, egg or milk to form polysaccharide-protein complexes can also increase 
polysaccharide surface activity (Binks et  al. 2017; Ghosh and Bandyopadhyay 
2012).

Fig. 11.6 A scheme representing the two foam stabilisation mechanisms available to biopolymer 
particles and the pathways for protein and polysaccharides to reach them based on their surface 
activity
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11.2  Protein-Based Biopolymers

Proteins are natural biopolymers with low toxicity that are cheap and readily avail-
able (Wilde et al. 2004). Once adsorbed on an interface, they unfold and rearrange 
their secondary and tertiary structure exposing the hydrophobic regions to the 
hydrophobic phase (Fang and Dalgleish 1997). The inherent properties of proteins 
are dependent on the content and composition of amino acids, the molecular size, 
the shape, the conformation, net charge and charge distribution, the hydrophobic/
hydrophilic character of their surface and inter-protein interactions (Kinsella 1981). 
Moreover, their functional properties rely on extrinsic factors like pH, ionic strength 
and temperature, together with their interaction with other components present (Zhu 
and Damodaran 1994b).

Hydrophobicity, as mentioned before, plays an important role in the ability of 
proteins to stabilise interfaces, although a distinction should be made between the 
surface and the average hydrophobicity. Surface hydrophobicity relates to the extent 
of hydrophobic patches on the surface of the protein while average hydrophobicity 
refers to the amino acid residues in the whole structure of the protein (Hettiarachchy 
and Ziegler 1994). It has been demonstrated that the average hydrophobicity is more 
important when proteins are being utilised to stabilise foams, whilst the opposite is 
true for emulsions (Kato et al. 1983). This is due to the fact that at the high free 
energy of an a/w interface, the adsorbed proteins denature to a greater extent and so 
whilst the hydrophobic patches on their surface play an important role in the initial 
anchoring to the a/w interface, it is the unfolded protein that controls the behaviour 
on the interface (Damodaran 2005).

11.2.1  Comparison to LMW Surfactants

LMW surfactants are smaller and therefore more mobile than proteins, resulting in 
fast diffusion and subsequent adsorption to the newly formed interface. The 
adsorbed monolayers are in a dynamic equilibrium with the molecules that remain 
in the bulk (Pugh 2016). On the contrary, proteins adsorb on the interface while they 
unfold, aggregate and denature forming layers that resemble 3D structures similar 
to gels. These layers cannot completely block the passage of gas molecules but 
provide an additional steric barrier to foam instability. The main benefit of this 
added barrier is the resistance towards bubble shrinkage during disproportionation 
(Murray and Ettelaie 2004). Foam bubbles with an elastic interface or a purely elas-
tic continuous phase (solid foams) can be completely resistant to shrinkage once the 
Gibbs stability criterion is satisfied (Kloek et  al. 2001). The network formed by 
proteins at the interface is almost always viscoelastic and it is the viscous element 
which permits a reduced but constant shrinkage (Murray 2002). In regards to drain-
age, the highly viscoelastic layers that proteins form on the interface as opposed to 
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LMW surfactants, provide high surface shear viscosities which in turn result in rigid 
Plateau borders that hinder the flow of the liquid (Saint-Jalmes et al. 2005).

According to Murray (2007), the reasons that proteins are good foaming agents 
are:

 1. They strongly adsorb to the gas-water interface.
 2. They provide steric stabilisation and also electrostatic stabilisation when the 

environmental conditions (pH and salt concentration) allow it.
 3. Films with adsorbed proteins have a certain structural consistency due to the 

inter- actions between the adsorbed molecules which translates as high surface 
rheological moduli.

Furthermore, proteins are already present in many food systems and there are sev-
eral food grade protein sources that seem appealing to consumers and provide final 
products with clean labels. Commonly used proteins in foods such as whey, caseins, 
egg and meat proteins possess very good functional properties for several applica-
tions. It has been nevertheless pointed out that each of these proteins is actually a 
mixture of proteins and their desirable functionality might be due to the contribution 
of the individual components in different functions during the stabilisation of foams 
(Damodaran 2005). Moreover, protein mixtures that are regularly used for their 
foaming properties contain not only several species but also non-protein species 
(e.g. minerals). Generally, linear proteins are more mobile and flexible than proteins 
with more compact globular structure and can adsorb faster to the a/w interface 
(Zhang et al. 2004).

Proteins are effective foaming agents both in their native but also in particular 
form, which comprises of aggregates of the original polymers. The latter, can stabi-
lise foams via a Pickering mechanism with enhanced stability (Lazidis et al. 2015; 
Schmitt et al. 2011). These particles, contain interfacial properties of their individ-
ual building blocks as they can adsorb or anchor on the interface providing a steric 
effect and an interface with enhanced viscoelasticity. Moreover, they increase the 
viscosity of the bulk phase and constrain the flow of the liquid through the plateau 
borders significantly decreasing drainage (Lazidis et al. 2017). Nevertheless, native 
proteins themselves can also be seen as colloidal particles which adsorb on the 
interface and follow rules that describe colloidal systems instead of molecular ones 
such as net charge, surface hydrophobicity and particle size (Wierenga and Gruppen 
2010).

11.2.2  Factors Affecting the Foaming Properties of Proteins

11.2.2.1  pH

Electrostatic interactions play an important role in both the rate of adsorption and 
the interfacial rheology of films stabilised by proteins (Foegeding et  al. 2006). 
Several studies looking at a range of proteins have demonstrated that foaming 
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properties are optimal near the isoelectric point (pI) as surface pressure reaches a 
maximum (Davis et al. 2004; Zhu and Damodaran 1994a). These studies argue that 
at the pI, protein adsorption is faster due to the lack of electrostatic repulsions. 
Furthermore, the viscoelasticity of interfacial films from several proteins is higher 
near the pI. According to this, the culinary concept of adding acid (in the form of 
lemon juice or vinegar) to egg whites in order to improve its foaming properties, is 
justified by the shift of the pH closer to the pI. This is due to the absence of repul-
sions between the protein residues they can pack more densely and create a rigid 
film (Kinsella 1981). Moreover, the reduction in solubility close to the pI can 
increase stability of bubbles due to the enhanced steric mechanisms of the adsorbed 
species (P. Walstra and Roos 1993). On the contrary, a number of studies looking at 
vegetable proteins have shown the opposite, that when the pH of the system is close 
to the pI the lack of interactions and therefore the aggregation of the proteins at the 
a/w interface has a negative effect on the foaming properties (Rodríguez Niño et al. 
2005; Rodríguez Patino et al. 2008). Additionally, Fujioka and Matsumoto (1995) 
observed an increase of the viscoelastic properties of albumen foam when the pH 
was higher than the pI. This behaviour was attributed to the competing effects of the 
interfacial properties of the adsorbed protein layers and the electrostatic repulsion 
affecting the drainage.

11.2.2.2  Ionic Strength

Increase of ionic strength has been demonstrated to decrease both the foam stability 
and foaming capacity of milk proteins and more specifically whey. Addition of 
NaCl in whey proteins solutions, at pH below or above the pI resulted in a higher 
protein adsorption in terms of surface tension and a more viscoelastic film (Davis 
et al. 2004). This was attributed to the salt counter ions screening the charge of the 
proteins. This is linked to neutralisation of their charge which leads to protein 
aggregation and exposure of the protein interfacial film which in turn accelerates 
disproportionation (Damodaran 2005). However, in the presence of the whole range 
of milk proteins, addition of NaCl (up to 0.8 M) has shown to have a positive effect 
in the foaming properties of the proteins. This is proposed to be associated with the 
antagonistic effect of sodium with the calcium ions in the core of the casein micelles 
which leads to their dissociation. Moreover, as mentioned before, the dissociated 
caseins are more surface active and adsorb faster than their micelles (Zhang et al. 
2004).

Divalent cations (e.g. Ca2+ and Mg2+) have a great effect on the foaming proper-
ties of whey protein isolate (WPI) due to the slow aggregation of the proteins in the 
presence of low concentrations of these ions (Zhu and Damodaran 1994a). The 
mechanism of this aggregation relies on electrostatic bridging interactions that are 
promoted by the presence of these multivalent cations (Foegeding et  al. 2006). 
Since the aggregation is heavily time-dependant it usually takes place in situ on the 
a/w interface which facilitates in the production of a more viscoelastic film that 
slows down drainage (Damodaran 2005). Faster aggregation reduces foaming 
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 ability by decreasing the rate of adsorption of the protein to the a/w interface during 
aeration (Zhu and Damodaran 1994a).

Sagis et al. (2001) have reported that addition of copper ions in egg whites before 
aeration leads to further denaturation of the proteins on the a/w interface that in turn 
increases the interfacial elasticity and makes foam more resistant to drainage com-
pared to the control without the copper ions.

11.2.2.3  Temperature

Heat can induce conformational changes to proteins that lead to what is known as 
heat induced denaturation (Bals and Kulozik 2003). Several proteins such as soy 
globulins, κ-casein, ovalbumin, β-lg and BSA have their surface hydrophobicity 
increased during heat denaturation (Kato et al. 1983). In the same study, whilst the 
increase in surface hydrophobicity has shown a significant increase in the foaming 
ability and foam stability of κ-casein, ovalbumin and soy globulins, it did not show 
significant improvement in the foaming performance of β-lg and BSA. The increase 
in the foaming properties was accredited to the decrease in SFT and since proteins 
that were already very hydrophobic did not demonstrate a significant drop in SFT to 
justify an enhancement of their foaming properties. Nevertheless, other studies have 
indicated that heating globular proteins, like α-la and β-lg, induces their partial 
unfolding which can facilitate foam formation (Kinsella 1981).

It has been shown that whilst controlled heating can improve foaming properties 
of proteins, extensive heating has an adverse effect. Indeed, Zhu and Damodaran 
(1994b) have indicated that in the case of whey proteins heating does not necessar-
ily increase the surface hydrophobicity but has an impact on the overall hydropho-
bicity which becomes more important when proteins adsorb on the interface and 
unfold exposing additional hydrophobic groups. The structural changes in the pro-
teins present in whey do not only affect their hydrophobicity but also promote poly-
merisation of the species to gel like structures known as aggregates. These polymers 
are believed to form due to disulphide bonds amongst the monomers of β-lg and 
α-lac (Monahan et al. 1995). In turn, these changes affect the foaming proteins of 
the whey solutions and the extent of heating (both in time and temperature) has been 
shown to be an important parameter (Patel et al. 1990). Whilst moderate heat dena-
turation seems to improve the foaming ability and foam stability, extended heating 
in both temperature or time seems to have an adverse effect. This observation has 
been connected to the ratio of monomeric to polymeric proteins present in the sys-
tem after the heat treatment.

11.2.2.4  Protein Modification

The properties of proteins and therefore their behaviour and functionality can be 
altered with a series of modification methods that have been developed over the last 
years. The key factor when choosing the modification route of any food system is 
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retaining the formulation food grade and safe for consumption whilst adhering to 
the enforced legislation. Some of the modifications are more pervasive than others 
and some require the use of additional molecules either in the form of enzymes or 
carbohydrate chains. Modifications on proteins that aim to improve their functional 
properties and the foaming behaviour in particular, usually aim to either trigger the 
controlled aggregation in order to create particles that will increase the stability of 
foams or expose the hydrophobic patches of proteins and increase their interfacial 
activity. Ways to achieve the first are either enzymatic crosslinking or high-pressure 
processing (HPP). While the latter can be accomplished by either partially unfold-
ing proteins, cleaving peptide bonds or covalently binding carbohydrate chains on 
their surface with methods such as enzymatic hydrolysis, sonication, oxidation and 
glycosylation.

Aside from heating and pH regulation protein aggregation can be initiated by 
either enzymatic cross-linking or high-pressure processing with beneficial effect on 
foam stability. The foam stability of α-lactalbumin have been significantly improved 
by modification of the native protein by cross-linking using transglutaminase or 
peroxidase which allowed the fabrication of α-lac nanoparticles (Dhayal et  al. 
2015). HPP technology has also been successfully utilised in improving the foam-
ing capacity and stability of bovine lactoferrin and soy protein isolate by partially 
denaturing the proteins, exposing the hydrophobic groups and subsequently causing 
aggregation (He et al. 2016; Martínez et al. 2011).

Enhancement of foaming properties of proteins can arise from making the sec-
ondary and tertiary structure less complicated. This allows the exposure of func-
tional groups which increases the hydrophobicity, the reduction of the size which 
increases the molecular mobility and the rate of diffusion to the a/w interface and 
finally improves the solubility by increasing the available ionising groups (Panyam 
and Kilara 1996). Proteins with limited or low functionality, such as plant proteins, 
can be modified this way into very functional ingredients. The most common meth-
ods that can achieve this are enzymatic hydrolysis or sonication. Enzymatically 
hydrolysed wheat gluten for example, has shown superior ability to form and stabi-
lise foams (Wouters et  al. 2017). Similarly, hydrolysed bean protein isolate has 
shown higher foaming capacity and foam stability at a wider range of pH compared 
to the non-hydrolysed isolate (Betancur-Ancona et  al. 2009; Mune Mune 2015). 
The parameters that are important when hydrolysing proteins for upgrading their 
functionality, are the degree of hydrolysis (DH) which is directly affected by the 
treatment time, temperature, pH, ionic strength and enzyme chosen. Another treat-
ment that has drawn increasing attention the last years because it doesn’t involve the 
use of additional substances is sonication. During the treatment of biopolymer sus-
pensions with ultrasounds, physicochemical changes take place that relate to the 
cavitation, heating, dynamic agitation, shear stresses and turbulence (Knorr et al. 
2004). The application of ultrasounds on proteins seem to have an effect on the 
viscosity of their solutions, the gelling properties and the hydrophobicity which is 
mainly attributed to molecular modifications (Arzeni et al. 2012). Foaming capacity 
of soy protein isolate seem to have been enhanced by the application of ultrasounds 
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due to the reduction in particle size and increase of the molecular mobility (Morales 
et al. 2015). On systems with gluten and whey proteins sonication has a positive 
effect on both the foaming ability and foam stability which has been accredited to 
the partial denaturation of the proteins (Jambrak et al. 2008; Zhang et al. 2004).

Another modification method that has gained attention due to the utilisation of 
food grade biopolymers that provide potential “clean label” solutions is glycosyl-
ation, where usually a long chain carbohydrate is covalently bonded to the surface 
of the proteins through the Maillard reaction. During this reaction, conjugation of 
the carbonyl group of reducing sugar with an available unprotonated amino group, 
mainly the ε-amino group of lysine, takes placing with heat being the main trigger 
(Oliver et  al. 2006). Controlling the extend and the conditions (molar ratio, pH, 
humidity, temperature and time) of this reaction, allows the formation of 
carbohydrate- protein complexes with improved functional properties (de Oliveira 
et  al. 2016). A range of carbohydrates with various chain lengths and degree of 
branching such as maltodextrins, dextrans, galactose have been studied in conjuga-
tion with many animal and plant proteins. Maillard conjugates offer the possibility 
of an ideal steric foam stabiliser which combines the ability of proteins to strongly 
attach to the a/w interface with strong solubility to the aqueous phase of polysac-
charides. Indeed the effect of glycosylation on the foaming properties of lysozyme, 
β-lactoglobulin and bovine serum albumin has been profoundly improved (Corzo- 
Martínez et al. 2012; Corzo-Martínez et al. 2017; Dickinson and Izgi 1996; Medrano 
et  al. 2009). Similar results can be obtained by taking advantage of the inherent 
charge of proteins and electrostatically binding charged polysaccharides. Identifying 
charged polysaccharides is rather challenging but a good example is pectin which 
can result electrostatic complexes with whey proteins with promising foaming 
properties (Schmidt et al. 2010).

11.2.3  Animal Proteins

11.2.3.1  Milk/Dairy

Milk and the ingredients that derive from it are one of the most used foodstuffs in 
the food industry and home-based cooking. Dairy as a whole, is a staple food cate-
gory for many diets around the wold. Many of the dairy formulations include the 
formation of air bubbles that are important for the final application either for aes-
thetics or functional purposes. These bubbles are predominantly stabilised by the 
proteins present in milk. Understanding therefore the mechanisms associated with 
stabilising air bubbles with milk proteins has and always be a field of great 
interest.

There are two main categories of proteins in milk and the way that they are dis-
tinguished is based on their solubility at pH 4.6 at 20 °C (Fox and Kelly 2004). The 
proteins that precipitate at these conditions are the caseins and the ones that remain 
soluble are the serum or whey proteins.
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Whey

Whey proteins, is the milk fraction that is stable to pH and enzymatic precipitation 
and usually produced as a by-product from cheese manufacturing (Kilara and 
Vaghela 2004). Whey was and still is in many cases treated as a waste stream and 
does not get fully utilised although its nutritional value and the functional properties 
of its proteins is well known. Much attention has focused on investigating the full 
potential of whey proteins and looking into possible pathways of improving their 
functional proteins. Most of the work carried out in this study focuses on looking at 
ways to exploit the potential of whey proteins as an ingredient used for stabilising 
foams.

Whey is composed by a group protein fractions, β-lactoglobulin (β-lg), 
α-lactalbumin (α-la), bovine serum albumin (BSA), Immunoglobulins (IgG), lacto-
ferrin (LF), lactoperoxidase (LP), proteose-peptones and some enzymes. The con-
tribution of each fraction to the total whey can be found in Table 11.2. The largest 
fraction of whey (68%) is made of the two main proteins β-lg and α-la that deter-
mine most of the properties of whey.

β-Lactoglobulin

β-lactoglobulin (β-lg) consists the higher fraction (about 58%) of the whey proteins 
in bovine milk (Kilara and Vaghela 2004). It consists of 162 amino acids and has a 
molecular weight of 18.3 kDa in its monomeric form but it is usually present as a 
dimer in the pH range of 5.5 and 7.5 (Mulvihill and Donovan 1987). The dimers are 
spherical and have diameters of around 18 Å. Whilst at pH 3.1–5.1 and at low tem-
peratures it associates to an octamer (Kilara and Vaghela 2004). β-lg has two cyste-
ine and one cysteine residues per monomer. The thiol group is equally distributed 
between position 119 and 121. When that is present at residue 119, a disulphide 
bridge forms between residues 106 and 121, while when it is at residue 121 the 
same bridge forms between residues 106 and 121. Another disulphide bridge is 
invariably present between residues 66 and 160. The presence of these disulphides 
and the single sulfhydryl is important not only to the structure but also to the proper-
ties of this protein (Mulvihill and Donovan 1987). In terms of its foaming ability, it 

Table 11.2 Composition of 
whey proteins in bovine milk 
(data from de Wit (1998))

Whey protein fraction
Weight contribution 

(g/L of milk)

β-lg 3.2
α-lac 1.2
BSA 0.4
IgG 0.8
LF 0.2
LP 0.03
Enzymes 0.03
Proteose-peptones ≥1
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is considered one of the most surface active dairy proteins both in its native but also 
it is aggregated particle form, mostly due to its distinct tertiary and quaternary struc-
ture (Dombrowski et al. 2016b).

The dependence of the structure and the charge amongst the protein moieties on 
the pH affects significantly the foaming properties of its solutions. The octamers 
that form close to pH values of 3 have a positive effect in the stability of the foams 
formed. Whilst at pH values around 5 (close to the pI) the charge of the proteins is 
close to zero, the interfacial packing on the interface is high forming more rigid 
films. Nevertheless, at pH values higher than 7 the dimers present have significant 
charge to inhibit electrostatic interactions which cause the films around the bubbles 
to be thicker and the viscosity in the plateau borders to be higher which has a posi-
tive effect on foam stability as seen in Fig. 11.7 (Lazidis et al. 2015; Lech et al. 
2016).

α-Lactalbumin

α-lactalbumin (α-lac) is the second higher in content protein present in bovine whey 
(13% of the whey) (Kilara and Vaghela 2004). It consists of 123 amino acids, it is 
compact and spherical and has a molecular weight of 14.0 kDa. It is high in trypto-
phan and aspartate whilst the presence of single arginine and methionine residues, 
four disulphide bonds and the absence of phosphoryl and sulfhydryl groups are 
notable and affect its structure and properties (Mulvihill and Donovan 1987). Its 
ability to adsorb in ordered fashion forming α-helixes makes it an efficient foaming 
stabiliser (Cheung 2017).

Zhu and Damodaran (1994b) have found that increasing the ratio of native to 
denatured WPI up to 40:60 increased the stability of the produced foams. Further 
increase of the amount of denatured protein had a negative effect on foam stability. 
Foaming ability, on the other hand, was optimal at lower concentrations of dena-
tured WPI (60:40 native to denatured ratio). The same behaviour was also docu-
mented by Bals and Kulozik (2003) who observed that SFT of whey protein 
solutions decreased with increasing the degree of denaturation up to 34% while 
further increase caused an in- crease of the SFT. This indicates that native proteins 
contribute significantly to the foam generation because they are smaller and more 
flexible and can diffuse fast and adsorb at the surface during the creation of the 

Fig. 11.7 Foam stability 
in terms of half-life as a 
function of the pH at 
0.5 mg/mL β-lg. 
Reproduced with 
permission from Lech et al. 
(2016)
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foam. However, the denatured polymeric protein species have a significant contri-
bution to the stability of the foams by adsorbing on the surface at a later stage 
increasing the viscoelasticity of the films.

Caseins

Caseins consist the main protein fraction of milk with a share of approximately 80% 
of the total protein content and significantly the properties of milk. In their native 
state they are in a micellar form with a calcium phosphate linked network of nano-
clusters (Dalgleish and Corredig 2012). Caseinates are the water soluble form of 
casein, usually in the form of a sodium salt, they are linear in disordered coil 
arrangement and consist of a mixture of four individual fractions, αs1, αs2, β and κ 
caseins with β and αs1 being the most abundant fractions (Abascal and Gracia- 
Fadrique 2009). Those two fractions show a competitive adsorption on the interface 
with β being the most surface active (Fang and Dalgleish 1993). At concentrations 
over 0.01–0.1 wt%. caseinates self-associate into spherical molecules. In the sur-
face of caseinate suspensions at concentrations above the CMC, where the surface 
tension reaches the minimum of 40 mN m-1, amino acid segments are aligned on the 
interface but also extend to the suspension and form loops and trains.

Casein micelles separated from milk via ultrafiltration are close equivalent to the 
colloidal micelles natively present in milk. They can also be used in their dry form 
and dispersed in water to create casein micelle dispersions (CMD) which can also 
adsorb to the air/water interface and stabilise foams. Their size can be tailored and 
affects their foaming properties with larger micelles (400 nm) forming more stable 
foams than smaller ones (Chen et al. 2016). Another ways to affect the functionality 
of the casein micelles and increase their foam stability is by elevating the pH to 
alkaline regions (pH~9) which apart from increasing the electrostatic interactions 
between the micelles increases their size and the amount of monomers dissociated 
from the micelles causing the produced films to be more viscoelastic as seen in 
Fig. 11.8 (Dombrowski et al. 2016a).

BSA

Bovine serum albumin (BSA) is a protein from the bovine whey family and accounts 
for approximately 10% of the total whey fraction. It precipitates from milk along 
with the rest of the whey proteins and has an isoelectric point of 4.7. It is globular 
and large in size (66 kDa) and consists of 580 amino acid residues with 17 disul-
phide bonds and one sulfhydryl group at residue 34 (Kinsella and Whitehead 1989). 
Its secondary structure consists of ~54% α-helix and ~40% β-structure. Although it 
has the ability of stabilising the air/water interface, mostly by forming gel-like 
structures upon adsorption that consist of aggregates that develop due to the interac-
tion of the hydrophilic groups being exposed upon unfolding on the interface (Li 
et al. 2017). Foams prepared with 1% wt. BSA solutions at neutral pH show narrow 
bubble size distributions, which depend a lot on the foaming method used, and 
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exhibit low stability (Fig. 11.9). A way to improve the ability of BSA to create sta-
ble foams is by using mixed systems with other substances that perform synergisti-
cally. Such examples are mixed systems with low molecular weight surfactants such 
as Tween 20 (Zhang et al. 2013), electrostatic complexes with protamine (Glaser 
et al. 2007), aggregates with other proteins present in whey such as β-lg and α-lac 
(Gezimati et al. 1996; Havea et al. 2001) and acetylated BSA (Berthold et al. 2007).

Lactoferrin

Bovine lactoferrin is a cationic glycoprotein protein with a high isoelectric point at 
pH 8.9 and a molecular weight of 88 kDa. It has a special iron binding capability 
which makes it useful for iron fortification and also explains its biological function-
ality as antibacterial and anti-inflammatory agent (Ward et al. 2005). Its opposite 
charge with the rest of the milk proteins means that in milk lactoferrin is bound on 
the surface of the negatively charged casein micelles. Lactoferrin, at its native state 
denatures at temperatures as low as 70 °C making it prone to heat processing which 
is common to foods. The extent of this sensitivity to heat depends on the degree of 
iron saturation which is rather low at the native state (15–20%). The ability of lac-
toferrin to readily create electrostatic complexes with other proteins and negatively 
charged polysaccharides has been utilised in several research papers in order to 
increase its sensitivity to pH and temperature and create controlled sized aggregates 
with improved ability to stabilise a/w interfaces. Complexation of lactoferrin sodium 
caseinate has shown an improved ability to lower the surface tension of solutions 
further than the two constituents alone when in a lactoferrin:sodium caseinate ratio 
of 2:1 (Li and Zhao 2017). Apart from mixing it with other surface-active species, 

Fig. 11.8 Impact of pH on 
foam stability and drainage 
of micellar casein 
suspensions at 10 g/L 
concentration. Reproduced 
with permission from 
Dombrowski et al.  
(2016a, b)
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processing can improve its ability to adsorb on the a/w interface. On of this pro-
cesses is high pressure treatment which has shown improve the solubility and foam-
ing due to changes in the tertiary structure (He et al. 2016).

11.2.3.2 Egg Proteins

Egg proteins are considered the reference for proteins with enhanced foaming prop-
erties, which is explained by their wide spread application throughout the culinary 
world with products such as meringues, cakes and soufflés. A commonly known 
trick amongst chefs in order to obtain the best foam while beating egg whites is the 
use of copper bowls (This 2010). This is due to the ability of copper ions to promote 
disulphide bonds and enhance the ability of the proteins to form gel like structures 
on the air water interface. This affects the viscoelasticity of the films (Fig. 11.10) 
making them more robust and shielding them against coalescence and coarsening 
(Sagis et al. 2001). Egg white proteins like every natural protein system consist of 
different fractions the main of which are ovalbumin and lysozyme.

Fig. 11.9 Bubble size distribution of BSA foam at pH 7. (A) Foam structure at t = 0 min (imme-
diately following foam formation); (B) bubble size distribution at t = 0 min; (C) foam structure at 
t = 16 min; (D) bubble size distribution at t = 16 min. Reproduced with permission from Glaser 
et al. (2007)
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Ovalbumin

Egg albumin (ovalbumin), the protein predominantly present in egg whites, when 
used in foams seems to be forming particulate structures at the a/w interface even 
before the bubbles begin to shrink (Lechevalier et al. 2003). It has been demon-
strated that the interactions between the 5 major components of ovalbumin are 
responsible for forming aggregates, induced by the formation of disulphide bonds 
amongst the molecules, on the lamella (Damodaran 2005). This ability of forming a 
continuous network on the interface, can explain the enhanced capacity of egg 
whites to form stable foams and possibly justifies the choice of egg whites as a 
foaming agent in numerous culinary products (Murray and Ettelaie 2004). For a 
protein therefore, to form an ultra-stable form it needs to be able to coagulate on the 
interface and provide a rigid network (Martin et  al. 2002; Walstra 2003b). This 
behaviour of ovalbumin can explain the fact that egg white foams are shown to have 
higher yield stress (τ) than whey protein foams for the same air fractions and bubble 
size distributions (Pernell et al. 2002).

Lysozyme

Lysozyme, a protein also present both in egg white but also milk and secretions such 
as saliva, tear and mucus. It has lots of similarities with α-lac both in size (129 resi-
dues and 14.5 kDa) and hydropathy (Cheung 2017). Moreover, they both have four 
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disulphide bonds at similar locations and over one-third of their residues identical 
(Dickinson 2013). Nevertheless, despite their resemblance they behave significantly 
differently in terms of foaming ability with lysozyme being inferior, making this a 
good example of how minor changes in structure of proteins can affect their func-
tionality considerably. The lack of the α-helix secondary structure in lysozyme and 
its tendency to adsorb without a specific manner on interfaces makes it a less effi-
cient foam stabiliser. Unlike ovalbumin, when lysozyme adsorbs in the air/water 
interface it does not undergo any structural modification (Lechevalier et al. 2003).

11.2.4  Plant Based Proteins

The majority of the proteins within conventional human food is of animal origin. 
Whilst plant proteins are cheaper and easier to produce relatively to animal proteins 
their majority is used as feed for the production of functional animal proteins form 
milk, eggs and meat (Day 2013). Nevertheless, the production of animal proteins 
requires 100 times more water than producing the equal amount of plant protein. It 
has been calculated that on average, for every 1 kg of meat protein approximately 
6 kg of plant protein are needed as a result of animal metabolism (Pimentel and 
Pimentel 2003). This gives an idea of the toll that animal protein production has on 
land, water and energy use which heavily contribute to the loss of biodiversity, 
depletion of freshwater and climate change (Aiking 2011). Plant proteins originate 
mostly from the seeds and grains with the highest nitrogen content. The majority of 
the globulins present in plants are storage proteins that serve as nitrogen sources for 
the new embryos after germination (Tzitzikas et al. 2006). Plant proteins are admit-
tedly less utilised than animal ones. The main reasons for this is that they are nutri-
tionally inferior (on a single source basis), they pose difficulties in order to unravel 
similar functionality which is associated to their large molecular weight and poor 
solubility in water and it is costly to isolate and recover them (Day 2013). 
Nevertheless, extensive work from the research community has already revealed 
ways to expose and increase the functionality of plant-based proteins in terms of 
providing structure and also stabilising interfaces.

11.2.4.1 Soy Proteins

Soy bean proteins while having high functionality in their native state, after their 
denaturation during heat treatment as part of pasteurisation or drying processes 
loose this functionality in stabilising emulsion and foams (McSweeney 2008). The 
major fractions of soy proteins are the globular conglycinin (11S) and glycinin (7S). 
11S is a trimeric glycoprotein with a size of 141–170 kDa which contains three 
subunits: α, α’ and β which associate with each other by hydrophobic interactions. 
Glycinin is made of two identical hexamer rings each made of three pairs of acidic 
and basic disulphide-linked subunits which in turn are hydrophobically associated 
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to each other (Utsumi and Kinsella 1985). The quaternary structure of both 7S and 
11S is affected by environmental factors such as pH, ionic strength and temperature 
(Yu and Damodaran 1991). Optimum functionality occurs at pH <5 and ionic 
strength higher than 0.5 M (Pizones Ruíz-Henestrosa et  al. 2007). Upon heating 
those subunits dissociate and rearrange in various manners forming gels.

In terms of foaming properties, 11S appears to be able to make foams at lower 
concentrations than 7S.  Moreover, bubbles stabilised with 11S are more stable 
against drainage (Fig. 11.11) which suggests that the films formed are more viscos-
elastic compared to the ones made by 7S even if the bulk viscosity of solutions is 
higher for the ones of 7S (Yu and Damodaran 1991). Soy globulins whilst are able 
to form films with increased viscoelasticity, do not undergo a denaturation to the 
extent that they form gel structures on the air water interface such as other proteins 
(e.g. egg) (Sánchez et al. 2004).

11.2.4.2 Wheat Gluten

The insoluble protein fraction of wheat flour (80–85% of total protein content), 
known as gluten is the constituent that provides most of the functional properties of 
flour, an ingredient heavily used in the diet of several countries or cultures in a wide 
range of applications that includes breads, pasta, noodles and cakes (Veraverbeke 
and Delcour 2002). Gluten proteins contain comparable levels of two main frac-
tions, the monomeric gliadins (30–80 kDa) and the heterogeneous mixture of glute-
nin polymers (<80 kDa). Both fractions are rich in proline and glutamine but it is the 
cysteine residues that play the most important role in their functionality due to their 
involvement in the formation of disulphide bonds within the same peptide and 
between different ones. Wheat gluten proteins have a unique ability of forming a 
viscoelastic network upon hydration which is capable of trapping gas which is 
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either formed in situ during fermentation or incorporated by mixing. Upon heating, 
gluten proteins undergo a transition from a viscoelastic liquid to a solid and the 
initial foam structure becomes indefinitely stable giving the characteristic open 
foam structure to bread. The elastic properties of dough are attributed to the glutenin 
polymers while gliadins are believed to act as plasticiser that weaken the interac-
tions between the glutenin chains increasing the viscosity of the dough (Thewissen 
et  al. 2011). A suitable balance between viscosity and elasticity is necessary for 
efficient entrapment of CO2 and adequate bread making results. Low elasticity leads 
to low bread volume while overly increased elasticity hinders the expansion of the 
cells. Sufficient elasticity is needed in order for bubbles to be entrapped and later 
expanded upon baking. Gliadins are the most surface active and are therefore 
responsible for the initial stabilisation of the gas bubbles (Mita et al. 1978).

Gliadins are in turn classified into ω-, α- and γ-gliadins. The α- and γ- type, have 
short amino acid terminal domain and consist of few amino acid residues and a large 
central domain and carboxyl-terminal domain with 6 and 8 cysteine residues respec-
tively. The ω- type have a large central domain and short terminal ones with no 
cysteine residues. The existence of hydrophilic and hydrophobic parts in the α- and 
γ-gliadins makes them the most surface-active ones (Banc et al. 2007). Isolated glia-
dins from wheat flour through ethanol extraction show a spherical particulate shape 
varying from 100 nm to 1 μm (Fig. 11.12). The rheological properties of gluten 
proteins are also affected from the other components of flour (lipids, arabinoxylans 
and soluble proteins) and can be further modified by the addition of oxidants, reduc-
ing agents, proteases, lipid based surfactants or hemicellulases (Veraverbeke and 
Delcour 2002).

What also affects the ability of gluten proteins to stabilise gas bubbles is like in 
any other protein system, the environmental conditions such as the pH and ionic 
strength. With a pI at ~7.8, Gliadins, the proteins responsible of the initial stabilisa-
tion of gas bubbles in gluten matrixes, both the foaming ability (here as foam vol-
ume) and foam stability is higher at pH values around the pI and lower at the acidic 

Fig. 11.12 SEM image of 
gliadin particles. 
Reproduced with 
permission from Quester 
et al. (2014)
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and alkaline regions (Fig. 11.13). The presence of electrostatic interactions between 
the moieties reduces the ability to diffuse fast to the interface which affects their 
foaming ability. This, coupled with the abilities of the proteins to have a more com-
pact conformation when the net charge is zero and therefore pack more closely on 
the interface, makes the foams more stable when made at the neutral pH regions 
(Thewissen et al. 2011). Similarly adding a salt like NaCl, especially at pH where 
electrostatic interaction between the proteins are present (away from the pI), screens 
the available charges with the ions introduced masking them. As seen in Fig. 11.13, 
adding NaCl in gliadin solutions at pH 2 improves both foaming ability and foam 
stability in the ionic condition where there are only enough ions to mask the charges 
of the proteins. At pH close to the pI, the addition of salts has a negative effect on 
the foaming properties (Thewissen et al. 2011). The ability of wheat gluten proteins 
to stabilise and trap gas bubbles during the making of bread and other foods depends 
strongly not only on the gluten content (flour strength), but also in other factors such 
as the levels of the individual fractions (affected by genotype and cultivation condi-
tions), the environmental conditions and the presence of other substances with syn-
ergistic effects.

11.2.4.3 Legume Proteins

Legumes and their dried derivatives (known as pulses) are an integral part of the 
human diet. Pulse crops include peas, chickpeas, lentils, beans and lupins and are 
produced in many continents worldwide, with the majority being produced in North 
America (Canada) and areas within Asia and the Middle East (Roy et al. 2010). 
They are an excellent source of protein, carbohydrates and fibre and contain many 
essential vitamins and minerals. Pulse seeds accumulate large amounts of protein 
during their development in the form of storage proteins which provide a nitrogen 
source for the seed during the germination process. Chickpea, lentil and pea contain 
approximately 22%, 28.6% and 23.3% of protein respectively on dry basis (Sotelo 
and Adsule 1996). These concentrations can vary significantly depending on factors 
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such as plant species, variety, maturity and the growing conditions. From a nutri-
tional point of view, pulse storage proteins are relatively low in sulphur-containing 
amino acids such methionine, cysteine and tryptophan but have higher lysine con-
tent compared to cereals (Duranti 2006). The main storage proteins present in pulses 
are albumins, globulins and glutenins and they are classified according to their solu-
bility behaviour. The fraction soluble in salt-water solutions, globulins, make 
approximately the 70% of the total protein in pulses and one or two types are pres-
ent and classified according to the sedimentation coefficient in vicilin (7S) and legu-
min (11S). The water-soluble albumins, represent 10–20% of the total protein in 
pulses. The soluble in dilute acids and bases are finally the glutenins which com-
prise the 10–20% of total proteins present in legumes. Alongside the storage pro-
teins, there are some other protein species present such as various enzymes, 
inhibitors and lectins which are known as anti-nutritional compounds and the 
majority of which is within the water-soluble albumin fraction. These compounds 
are molecules which disrupt the digestion process of monogastric species and have 
been evolved within the seed in order to act as protective mechanism. They need to 
be removed or inactivated by soaking and/or hear processing before the consump-
tion of legumes (Carbonaro et al. 2000). Legume proteins are usually isolated from 
flours or dried pulses by alkaline extraction followed by isoelectric precipitation but 
also membrane extraction such as ultraciltration or air classification is possible 
(Kiosseoglou and Paraskevopoulou 2011). The method of extraction often affects 
the functionality of the isolates produced (Boye et al. 2010).

Pea Proteins

Amongst legumes, peas (Pisum sativum L.) are the ones with the most widespread 
use due to their availability around the world, their hull is easily removable and their 
fractionation is economically viable (Day 2013). The protein content of pea is 
22–23% on dry basis with globulins and albumin accounting for 55–65% and 
18–25% of the total protein content respectively. Pea globulins mostly consist of 
vicilin and convicilin (7S) and legumin (11S) fractions and have a pI at pH 4.5 
(Barać et al. 2015). Legumin in peas is similar in structure with the one in soy, it 
exists in a hexameric form with each monomer consisting of an acidic subunit 
(~40 kDa) and a basic subunit (~20 kDa) linked together by a disulphide bond. The 
7S proteins, viciln and convicilin, have a size of 47–50 kDa and ~70 kDa respec-
tively and can form trimers with a size of ~150 kDa and ~210 kDa respectively 
(Tzitzikas et al. 2006). Whilst legumins denature and aggregate upon heating (77 
°C) forming large non-reversible aggregates via disulphide bonding and hydropho-
bic interactions, vicilin forms reversible aggregates at lower temperatures (69 °C) 
based on non-covalent interactions due to the lack of cysteine residues within their 
structure. Vicilin has also shown higher surface hydrophobicity than legumin which 
maybe indicates its potential to adsorb on the a/w interface (Kimura et al. 2008). 
Pea proteins have shown a surface activity that allows the increase of the surface 
pressure of their solutions (Tsoukala et al. 2006).
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The foaming properties of the proteins in pea flours have been reported in a com-
parative study amongst other types of flours (wheat, lupin, fava beans, hemp and 
buckwheat) (Raikos et al. 2014). Pea flour seemed to have consistently good foam-
ing ability over the whole range of the pH studied (4–10) and a higher foam stability 
compared to the other flours (Fig. 11.14).

When looking at the foaming properties of pea protein isolates, studies have 
shown contradictory results when comparing the foaming properties of pea proteins 
against the ones from soy. Whilst some show that pea proteins have more flexible 
conformation at pH 3 and 7 and are more effective foam agents than soy proteins 
(Aluko et  al. 2009; Sosulski and McCurdy 1987), other studies showed less 
enhanced foaming ability from pea proteins compared to soy (Tömösközi et  al. 
2001). Finally another study showed that whereas soy proteins, at pH 3–8, have 
higher foaming capacity, pea proteins demonstrate higher foam stability (Barac 
et al. 2015). The ability of pea proteins to stabilise foams can allow the replacement 
of other protein sources with pea. An example of that is sponge cakes where the 
eggs have been replaced with pea protein isolate along with xanthan gum with 
resulting cakes with very similar physical properties in terms of crump pore size and 
specific gravity to egg containing cakes (Lin et al. 2017). The variety of peas seems 
to be significant factor that affects the protein fraction profile of the isolate used 
(Barac et al. 2010) although there are factors such as the method of extraction used 
that has more significant effect on the functional properties of the pea isolate end 
foaming specifically (Stone et al. 2015).

Lentil Proteins

Lentil is a leguminous plant (Lens culinaris) that was originally grown in the Middle 
East and is now mainly produced in India, Turkey and Canada. It is high in fibre, 
low in fat and cholesterol free. Lentils contain 20.6–31.4% of protein with a 
legumin- like protein being the major (~50%) globulin fraction which is comprised 
of a number of 6–19 polypeptides with a molecular weight of 18–43 kDa (Barbana 
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and Boye 2011). Legumins in lentils are similar to the ones in peas, present in hex-
amers with a Mw of 320–380 kDa that consist of six polypeptide pairs that interact 
non-covalently. Each pair, as in pea proteins is comprised of an acidic and a basic 
subunit that are linked via a single disulphide bond (Barbana and Boye 2011). Lentil 
proteins are often isolated via alkaline extraction that is followed by isoelectric 
precipitation which can take place at a range of pH values (7.2–11). The proteins 
obtained have significant functionality in terms of foaming, emulsifying and gelling 
(Bora 2002). Looking at the foaming properties of lentil proteins (Fig. 11.15) it can 
be noted that there is a dependence on the environmental pH mainly on the foaming 
capacity with proteins being able to incorporate more air when in solutions at acidic 
pH (3), far from the pI (4.5).

This was attributed to the higher solubility and charge at low pH which contrib-
utes to the ability of the proteins in lentils to be flexible and diffuse more rapidly on 
the a/w interface and orient their hydrophilic and hydrophobic segments accord-
ingly while creating films that are resistant and elastic due to the repulsion amongst 
the protein species (Jarpa-Parra et al. 2014). At pH 7, foams are dense and have 
strong networks at the interface due to a combination of the α-helix secondary struc-
ture, medium hydrodynamic molecular size and balance between solubility and 
hydrophobicity (Jarpa-Parra et al. 2015). Closer to the pI at pH 5, lentil proteins 
formed dense and thick films that were composed of randomly aggregated particles 
that occur due to the lack of charge. Finally, the stability of the lentil protein foams 
seemed not to be affected by the pH of protein suspensions which was higher 
 compared to other plant proteins such as pea (35–40%) and barley (40–70%) (Boye 
et al. 2010; Wang et al. 2010).
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Chickpea Proteins

Chickpea (Cicer arietinum L.), one of the first vegetables to be ever cultivated, is 
believed to have originated in the Middle East 7500 years ago, is now grown around 
the world in semi-arid regions of the Asia, Europe, Australia and North America 
making it second crop in growing area 15.3% of total legume area) and third in 
production (14.6% of total legume production) around the world (Frimpong et al. 
2009; Roy et al. 2010). Chickpea proteins, similarly to the other pulses, are classi-
fied in two major fractions, globulins and albumins. Globulins, being the main seed 
proteins, mainly contain legumin and vicilin and represent the 60–80% of the total 
proteins. The albumin fraction accounts for the 15–25% of the total proteins on the 
seed and plays an essential role since it includes most of the enzymatic and meta-
bolic proteins (Deep Singh et al. 2008).

The foaming properties of chickpea proteins have been studied and results have 
shown that close to the pI (pH 4.5) foaming capacity and foam stability is lower than 
when pH is higher of lower (Deep Singh et al. 2008; Tontul et al. 2017) (Fig. 11.16).

The poor foam stability at pH 4.5 improved significantly with the addition of 
NaCl and sucrose because of the introduction of electrostatic repulsion and increase 
in viscosity which significantly slows down drainage (Deep Singh et al. 2008). The 
presence of small amounts of fat that remains during the protein extraction process 
can have an adverse effect on the stability of the foams due to the anti-foaming 
mechanism of small quantities of liquid oils spreading on the a/w interface and 
displacing the proteins. Removal of the fat traces by defatting with a solvent can 
therefore significantly increase the stability of the foams stabilised by chickpea pro-
teins (Toews and Wang 2013).

The introduction of new eating trends driven by conscious eating habits, sustain-
ability and religious dietary restrictions has underlined the need of identifying 
 alternative plant materials that provide the same functionality of animal derived 
ones. This exploration is motivated not only by the effort to address a consumer 
need by the industry and the research community but also by groups of consumers 

Fig. 11.16 Foaming properties of protein concentrates from different chicpea cultivars of the 
Kabuli and Desi types at pH 7 (left) and pH 4.5 (right). Reproduced with permission from Deep 
Singh et al. (2008)
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that like to experiment with food and discover new uses for food materials. In a 
similar fashion, in the quest for finding vegan alternatives to egg white, members of 
groups on social media have started exchanging their recipes at first using the muci-
lage created when soaking linseeds with interesting results. This until the discovery 
that the cooking water of chickpeas, often found in cans containing the particular 
pulse, can be whipped to a foam that reportedly has the same visual and organolep-
tic properties to whipped egg whites and can be equally baked to a meringue. The 
ingredient gained lots of attention amongst nutrition aficionados on social media 
and was named “aquafaba” from the Latin words for water (aqua) and bean (faba) 
(Twine 2018). The ability of cooking water of various legumes to effectively stabi-
lise foams has been attributed to its composition in water soluble carbohydrates 
(sugars, soluble and insoluble fibre), small fractions of proteins and saponins that 
leach to the water from within the seeds. The foaming ability seems to be particu-
larly accredited to the amount of proteins presence, although saponins are hypoth-
esised to play a crucial role as well (Stantiall et al. 2018). Saponins, phytochemicals 
present in plants, are glycosides that contain a steroidal or triterpenoid aglycone and 
one or more sugar chains, structure that allows them to be surface active (Güçlü-
Üstündağ and Mazza 2007). Nevertheless, they are considered anti-nutrients and the 
content in raw chickpeas is around 0.9  mg/kg and during cooking the original 
amount is reduced in half (Alajaji and El-Adawy 2006).

Lupin Proteins

Lupins (Lupinus) are legumes that have been cultivated in ancient Greece and Egypt 
before 2000 BC as grains for human and animal consumption alike. Lupin contains 
about 34% of protein from which the 87% are globulins and 13% albumins (Van de 
Noort 2017). The main isolation method is isoelectric precipitation after an alkaline 
treatment but also ultrafiltration provides satisfactory yields. Studies suggest that 
during the isolation of the lupin proteins some protein-polysaccharide complexes 
form which enhance the foaming properties of these systems due to the steric repul-
sion effects amongst the adsorbed complexes which increase the viscoelasticity of 
the interface (Alamanou and Doxastakis 1997; Karapantsios et al. 2011). Similar to 
the other plant proteins, lupin proteins exhibit better foaming proteins at pH values 
away from the isoelectric point where the solubility is higher and the diffusion and 
the unfolding on a/w is facilitated.

11.2.4.4 Potato Proteins

Potato protein extracted from the by-products of potato starch manufacturing is an 
ingredient with increasing popularity. The created side stream, called potato fruit 
juice, contains 1.5% of nitrogenous compounds (Knorr et  al. 1977). The protein 
fractions present are the patatins (40% of total), protease inhibitors (50%) and other 
high Mw proteins (10%). Patatins are glycoproteins with a Mw of 39–43 kDa in a 
dimer conformation with different pIs at pH 4.45–5.17. Protease inhibitors (PI) 
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further consist of 7 subgroups with a wide range or Mw 4.3 to 20.6 kDa with pI 
values of pH 5.1–9.0 and they include oxidative enzymes like lipoxygenase, poly-
phenol oxidase and enzymes which are associated with starch synthesis. The amino 
acid sequence of patatin, with 366 amino acids, does not show specific clusters with 
either enhanced hydrophobicity or hydrophilicity and the positive and negative 
charges are randomly spread (Lomolino et al. 2015). Patatin contains 17 tyrosine 
and 2 tryptophan residues, the latter being in close proximity on the sequence at 
residues 256 and 260. It is also glycosylated at the 60 and 90 asparagine residues 
(Sonnewald et al. 1989). Patatin is believed to serve both as storage protein but also 
exhibits enzymatic activities which indicate its role in the plants defence mecha-
nism (Andrews et al. 1988).

Whilst native potato proteins obtained via isoelectric precipitation have shown 
foaming properties inferior to those of whey proteins when either isolated with 
more gentle methods such as ultrafiltration and anion-exchange chromatography or 
precipitation with solvents such as ethanol or ammonium sulphate, have exhibited 
foaming properties similar to or inferior of β-casein and β-lac as seen on Fig. 11.17 
(van Koningsveld et al. 2002). The patatin fraction has shown to stabilise foams for 
longer than the potato proteins in the 16–25 kDa range which include the protease 
inhibitors (Ralet and Guéguen 2001) which has been attributed to the ability of the 
patatins to adsorb faster to the a/w interface which is also indicated by their lower 
equilibrium surface tension and faster diffusion rates (Schmidt et al. 2018).
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gle). Reproduced with permission from van Koningsveld et al. (2002)
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11.2.4.5 Hydrophobins

They are surface-active proteins produced by filamentous fungi (Wessels 1996). 
They are small molecules with a molecular size of 7–9 kDa and have eight cysteine 
residues that produce four disulphide linkages in unique symmetry (Cox et  al. 
2007). They are classified as classes I and II based on the occurrence of hydrophilic 
and hydrophobic amino acid residues in their sequences (Linder 2009). Class I 
(HFBI) forms aggregates that are highly insoluble in aqueous solutions while the 
ones of Class II (HFBII) are easier to dissolve. Cox et al. (2007) studied thoroughly 
the ability of hydrophobins to create highly viscoelastic layers on the a/w interface. 
They reported surface elasticities for films stabilised by adsorbed hydrophobins, 
both HBFI and HBFII, far higher than any other know protein and described them 
as nature-designed “Janus” particles. It was concluded that the bubbles stabilised by 
these proteins were completely stable to disproportionation. The highly viscoelastic 
films that are able to form around the air bubbles makes them resistant to high shear 
processing allowing the production of three phase systems where air droplets coex-
ist with emulsion droplets giving way to partly replacing fat by air in emulsion- 
based formulations (Tchuenbou-Magaia et al. 2009).

11.3  Polysaccharide Based Bio-Polymers

Polysaccharides are polymeric carbohydrates most commonly obtained from plant 
sources. Their molecular structures are well defined as chains of monosaccharide 
units bound together by glyosidic linkages, although they generally occur in com-
plex mixtures. Polysaccharides are isolated from their plant material typically via 
hot water extraction followed by purification. Molecular size, shape and conforma-
tion influence their water solubility, viscosity and gelling behaviour along with 
external factors such as pH, ions, complexing agents and temperature (Stephen 
1995). The most abundant polysaccharide in nature is cellulose, followed by starch 
which is the main source of carbohydrate in our diets. The primary use of polysac-
charides in food foams is to increase the viscosity of the solution through thickening 
or gelling mechanisms, which helps to stabilise the foam structure. In particulate 
form, they can stabile foams through aggregation in the bulk phase which reduces 
liquid drainage or by adsorbing on the air-water interface when hydrophobically 
modified providing a protective barrier around the air cells.
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11.3.1  Botanical Polysaccharides

11.3.1.1  Cellulose

Cellulose, originating in plant cell walls, is the most abundant natural biopolymer. 
It is an attractive material for use in foods, due it’s low-expense, health benefits and 
biodegradability. Cellulose is found in cell walls as macroscopic fibres and microfi-
brillar aggregates (Tingaut et al. 2012). The long, flexible fibres contain both amor-
phous and crystalline regions. The amorphous regions can be removed via hydrolysis 
leaving charged rod-like particles of microcrystalline cellulose and, upon further 
hydrolysis, nanocrystalline cellulose particles (Dickinson 2017). Both fibres and 
crystalline particles hold the potential to stabilise foam systems (Lam et al. 2014). 
Much of the research into this area focuses on the modification of cellulose to enable 
Pickering stabilisation. The surface of cellulose particles need to be hydrophobi-
cally modified in order to adsorb at the air-water interface. Common derivatives 
include methylcellulose, ethylcellulose and hydroxypropyl methylcellulose. Cervin 
et al. (2013) reported the stabilisation of foams using nanofibrillated cellulose par-
ticles modified through adsorption of cationic octylamine. The particles had a high 
aspect ratio, which facilitated the formation of a gel-like network between bubbles, 
as well as a large viscoelastic modulus at the particle-saturated surface. This 
increased the efficiency of foam stabilisation compared to shorter cellulose nano-
crystals with the same charge density (Cervin et al. 2015).

Similarly, Wege et al. (2008) stabilised foams for long periods of time by in-situ 
formation of modified cellulose particles through solvent attrition. The cellulose 
derivative, hypromellose phthalate (HP), was dissolved in water-miscible solvents 
such as acetone and subsequently sheared in aqueous media to produce micron 
sized particles. These particles adsorbed onto the air-water interface during aeration 
resulting in highly stable foams. Dense shells were observed around the air cells, 
which kept the bubbles far apart preventing their interaction and therefore coales-
cence (Fig. 11.18). The particles efficiency at stabilising foams was controlled by 
HP concentration in the stock solution and the solvent chemistry. Jin et al. (2012) 
used the same method to produce ethyl cellulose particles capable of Pickering sta-
bilisation. Scanning electron microscopy confirmed the adsorption of particles at 

Fig. 11.18 Foams stabilised by cellulose derivative, hypromellulose phthalate, micron-sized par-
ticles. Reproduced with permission from Wege et al. (2008)
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the air-water interface when exposed to acidic conditions. Current research in this 
area is focusing on the potential use of cellulose nanocrystals in systems of appetite 
control and obesity treatments, due to their resistance to digestion enzymes and 
gastric acids (Madadlou et al. 2016).

11.3.1.2  Starch

Starch is produced by most green plants to store energy and is a very popular carbo-
hydrate in our diets. It occurs as semi-crystalline hydrophilic granules in many dif-
ferent shapes and sizes ranging from 0.5 to 100 μm (Dickinson 2017). Most of the 
recent research focuses on hydrophobically modifying starch particles for use as 
Pickering stabilisers, in particular quinoa starch particles, due to their relatively 
homogenous small size (approx. 2.5 μm). Starch particles can be modified chemi-
cally, through the addition of ocentyl succinic anhydride (OSA) or alternatively, 
using heat treatment. Dry-heating of starch alters the nature of the surface proteins 
resulting in a change in surface character from hydrophilic to hydrophobic (Seguchi 
2001). Asghari et al. (2016) compared the performance of OSA-modified starch to 
heat-treated particles for use in protein-starch mixed systems. A dependence on 
particle size and hydrophobicity was observed, where the most effective system was 
that of OSA-modified starch particles and egg white protein, which enhanced foam 
stability 12-fold.

A key role of starch in food foams is its function in bread making. Texture and 
sensory properties of bread are heavily influenced by the gas phase (Wilde 2012) 
and so it is essential to understand the formation and stability of the wet foam struc-
ture. Bubbles are created during the mixing stage and are dependent on the rheo-
logical properties of the dough (Wilde 2012). During proving, the gluten-starch 
matrix is very important in controlling the structure and stabilising air cells 
(described in Fig. 11.19); the starch-gluten matrix needs to increase the viscoelastic 
modulus of the mixture sufficiently to prevent drainage whilst at the same time, 
allow bubble movement. At the latter stage of proofing and the early stages of cook-
ing, bubbles are stabilised by thin liquid lamellae until the gluten and starch matrix 
gels, locking the structure in place (Gan et al. 1995). The bubbles then rupture con-
verting the foam to a stable, open sponge structure. The most recent challenge in 
bread making was the production of gluten-free bread. To make a successful gluten- 
free product, the gas-binding capacity and the stabilisation of the starch gel during 
baking needs to be controlled (Schober 2009). Several gluten-free starches as well 
as modified starches were found to alter these dough parameters sufficiently to pro-
duce a quality product (Houben et al. 2012). Hydrocolloids are also good alterna-
tives to gluten due to their high water-binding capacity (Houben et al. 2012).
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11.3.2  Animal Polysaccharides

11.3.2.1  Chitin

Chitin, a polysaccharide found in the shells of crustaceans and insects, is another 
effective material for the Pickering stabilisation of foams. The semi-crystalline 
material can be hydrolysed to form chitin nanocrystals, which can further provide 
stability through gel-like structuring (Dickinson 2017). Tzoumaki et al. (2015) used 
rod-like chitin nanocrystals to stabilise aqueous foams. Scanning electron micros-
copy (SEM) images revealed the presence of particles at the air-water interface and 
in the continuous phase, after drying. Packing of the nanocrystals at the air-water 
interface was optimised through increasing concentration and adjusting the pH 
close to chitin’s pKa, which minimised their electrostatic repulsion. A valuable 
derivative of chitin is chitosan; chitosan shows pH-dependent solubility in water 
due to the deprotonated chitin –NH3

+ groups (Ho et al. 2016). Chitosan hydrogels 
have also been used in foaming applications; solidified foam structures have been 
produced from the gelling of chitosan hydrogel precursors using no additional sur-
factants (Testouri et  al. 2010). The cationic nature of chitosan also increases its 
functionality through the ability to form electrostatic complexes with negatively 
charged hydrocolloids and proteins. This has been exploited in the Pickering stabili-
sation of emulsions (Nan et al. 2014; Shah et al. 2016; Wang et al. 2015). For exam-
ple, Wang et al. (2015) used chitosan/zein complex particles as a potential pathway 
for producing antioxidant emulsions. However, chitosan complexes have not been 
as widely reported in foam systems, especially in foods.

Fig. 11.19 Bubble evolution during the proof stage of bread making. (a) Post-mixing, the gas cells 
are supported by the gluten-starch matrix. (b) Mid-way through the proof, the gas cells are growing 
and beginning to make contact. (c) At the end of the proof, gluten-starch matrix is excluded from 
the space between some air cells, leaving thing liquid lamellae, which can cause coalescence. 
Reproduced with permission from Wilde (2012)
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11.3.3  Algal Polysaccharides

11.3.3.1  Agar

Agar is a polysaccharide originating from red seaweed which is not surface-active in 
its native form. It cannot easily be modified and so its main use in foam systems is 
through increasing the viscosity of the continuous phase when gelled. Recent work 
has investigated the use of agar fluid gels, which provide further advantages (Ellis 
et al. 2017). In combination with Tween 20, foams were stabilised by agar fluid gels 
at various concentrations. Tween 20 was used to establish short term stability and 
therefore creation of the foam through quick adsorption to the interface, which 
reduced the surface tension. Once the foam had been generated, the continuous 
phase quickly started to drain and a large number of agar particles remained in the 
foam channels and their nodes (Fig. 11.20a). This accumulation of particles increased 
their concentration at the Plateau borders which in turn caused a significant increase 
in the local micro-rheology. Drainage was therefore reduced, which had a large 
impact on the overall foam stability. In addition, the effect of particle size on this 
mechanism was studied. This revealed that drainage was considerably reduced when 
the continuous phase consisted of larger particles, due to more effective plugging of 
the channels (Fig. 11.20b). Whilst drainage of the continuous phase was occurring 
in these foams, the dispersed gas phase was coarsening (Saint-Jalmes 2006). 
Eventually, the size of the foam channels started to increase, resulting in the loss of 
confinement. The gravitational stress became larger than the yield stress and the 
foam collapsed (Guillermic et al. 2009). The yield stress of the fluid gel therefore 
gave a strong indication of foam half-life and could be manipulated through altering 
particle interaction and elasticity. The advantage of this particulate system over 
weak gels is the ability of particles to recover quickly upon shear as well as their 
potential to mimic fat droplets and therefore be used in reduced fat foam systems.

Fig. 11.20 (a) Optical microscopy of an aerated agar fluid gel revealing the confinement of par-
ticles to foam channels. (b) Liquid content measurements revealed the ability to considerably 
reduce foam drainage of aerated agar fluid gels by increasing the size of the particles. Reproduced 
with permission from Ellis et al. (2017)
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11.3.3.2  Alginate

Originating from brown seaweed, the polysaccharide alginate is primarily used as a 
stabiliser, thickener and gelling agent in food. Alginate undergoes gelation in the 
presence of multivalent ions such as Ca2+ resulting in heat-stable gels. In its native 
form, it primarily provides stabilisation in foams through increasing the viscosity of 
the continuous phase, for example, in ice-cream and whipped products. A derivate 
of alginate, propylene glycol alginate (PGA), is used as a popular foam stabiliser in 
the brewing industry. The presence of a stable and attractive head of foam is an 
important aspect of beer quality (Bamforth 1985). Bubbles are typically formed 
through the production of carbon dioxide during fermentation and are stabilised by 
proteins and other surface-active agents in the beer. However, lipids in the beer can 
displace these proteins at the interface resulting in instability, which causes the 
foam to collapse (Cooper et al. 2002). The electrostatic interaction of anionic algi-
nate and the adsorbed protein increases local viscosity by thickening the adsorbed 
layer on the bubble surface, which prevents this from occurring and therefore 
increases foam stability (Jackson et al. 1980).

Additionally, alginate foams have been prepared using novel foaming techniques 
for application in the food industry; Ahmad et al. (2012) prepared highly porous 
calcium alginate foams using a microfluidic T-junction system. Monodispersed 
microbubbles were generated where size could be controlled by altering bubbling 
conditions such as solution flow rate and viscosity. A uniform size of air cells is 
advantageous as the pressure gradient between bubbles and therefore disproportion-
ation will be significantly reduced, which will greatly improve overall foam stabil-
ity. Furthermore, microbubbles are an exciting new trend in the food industry as it 
has been widely speculated that they will have novel applications as fat-replacers 
and texture modifiers (Rovers et al. 2016).

11.3.3.3  Carrageenan

Carrageenan is an anionic sulphated polysaccharide, originating from the same sea-
weed family as agar. There are three types of carrageenan, iota (ι), lambda (λ) and 
kappa (κ), which differ in the proportion and location of ester sulphate groups pro-
viding a wide range of rheological properties (Phillips and Williams 2009). 
Carrageenan is commonly used as a foam stabiliser in foods such as ice-cream, 
whipped toppings and meringues (Panda 2010). κ-carrageenan fluid gels can also 
provide stabilisation in foams through the same mechanism described for agar 
(Sect. 11.3.3.1). Lazidis et al. (2017) investigated kappa carrageenan fluid gels in 
addition with whey protein (WPI). Whey protein provided short-term stability 
through adsorption at the bubble interface and after initial drainage of the bulk 
phase, kappa carrageenan particles accumulated in the space between the bubbles 
and their nodes. The concentration of κ-carrageenan was the most significant factor 
affecting the viscosity of the fluid gels (Fig. 11.21a), which in turn affected foam 
half-life. Upon increasing the viscosity of the fluid gel, the foam half-life rose 
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Fig. 11.21 (a) Flow curves of κ-carrageenan fluid gels containing WPI at different concentrations 
of both. (b) Foam half-lives of these aerated systems. Reproduced with permission from Lazidis 
et al. (2017)

A. L. Ellis and A. Lazidis



313

(Fig. 11.21b) suggesting that the mechanism of stability relies on the viscosity of 
the fluid gel as well as the presence of the particles in the foam channels, which have 
a greater effect on the flowing properties of the bulk phase. κ-carrageenan also has 
the potential to interact with positively charged entities, such as proteins, due to its 
high negative charge. This would provide further foam stability by increasing the 
thickness of the adsorbed viscoelastic layer at the air-water interface.

11.4  Protein-Polysaccharide Mixtures

Proteins and polysaccharides are rarely found without one another in most food 
systems. Their interaction is therefore essential to understand in order to control the 
properties of products and to utilise in new food formulations. Their complex struc-
tural arrangements due, in part, to aggregation and gelation behaviour alters the 
rheological properties of the product which may in turn affect texture and stability 
(Benichou et  al. 2002). It is also the reason that despite knowledge in this area 
increasing over the last few decades (Baeza et  al. 2005; Bos and Vliet 2001; 
Dickinson 2003; Ghosh and Bandyopadhyay 2012; Krägel et  al. 2008; Turgeon 
et al. 2007) there is still much more to understand and utilise. Due to their hydro-
philic nature, polysaccharides usually remain in the aqueous phase, whilst proteins 
being surface active are typically found at the air-water interface. Protein- 
hydrocolloid interactions therefore generally increase foam stability by affecting 
both the rheology of the bulk phase and the thickness of the adsorbed viscoelastic 
layer at the air-water interface.

The overall interaction between two biopolymers is a contribution of a number 
of different intermolecular forces between their various segments and side chains 
(Dickinson 1998). It can be net attractive or repulsive depending on these interac-
tions, which are controlled by solution conditions, such as pH. This has been illus-
trated in Fig. 11.22; a net repulsive interaction usually results in phase separation of 
the two biopolymers due to electrostatic repulsion or high steric exclusion, whilst an 
attractive interaction leads to either soluble complexes or insoluble precipitates. The 
formation and solubility of such complexes are affected by a number of factors, 
such as the charge and nature of the biopolymers, ionic strength, pH, the presence 
of external surfactants and temperature (Ghosh and Bandyopadhyay 2012). Their 
formation occurs primarily through non-covalent interactions such as hydrogen 
bonding, electrostatic, hydrophobic and steric interactions. Below the isoelectric 
point (pI) of a protein, -NH3 groups become protonated and positively charged. 
Above the pKa of a polysaccharide, -CO2H or –OSO3H groups (depending on the 
polysaccharide) become deprotonated contributing to an overall negative charge. 
Interactions between proteins and polysaccharides are largely reported as a function 
of the electrostatic interaction between these oppositely charged groups, where a 
stronger attraction is reported for sulphated polysaccharides (Dickinson 1998). 
Hydrogen bonding and hydrophobic interactions play an important secondary role 
in the formation of these complexes, which are heavily influenced by solution tem-
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perature (McClements 2006). The complexes formed can be both soluble and insol-
uble depending primarily on their concentration (McClements 2006); initial binding 
may cause charge neutralisation and therefore precipitation of the complexes but by 
increasing the concentration of one biopolymer, an overall charge should increase 
solubility.

11.4.1  Pectin-Protein Systems

Pectin is a polysaccharide present in citrus and apple fruits. It is widely used in the 
food industry for its gelling and stabilising properties, most commonly in jams and 
marmalades. As a result of its negative charge, pectin is often used to form electro-
static complexes with proteins. For example, Ganzevles et al. (2006) investigated 
foam stabilisation using β-lactoglobulin/pectin complexes. Soluble complexes of 
β-lactoglobulin/low methoxyl pectin were produced at pH 4.5 (below the pI of 
β-lactoglobulin and at the pKa of pectin), which adsorbed at the air-water interface. 
The behaviour of adsorbed layers were compared when prepared by either 

Fig. 11.22 Protein and polysaccharide solutions can interact either attractively resulting in soluble 
or insoluble complexes (left) or interact repulsively leading to either a one-phase or two-phase 
system (right). This can be controlled by altering the pH
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sequential adsorption of pectin to a previously formed protein layer or adsorption of 
the two biopolymers simultaneously. The surface shear modulus was measured and 
observed to be up to a factor of 6 higher when layers were formed sequentially 
compared to those produced via simultaneous (complex) adsorption. In addition, 
work by Kudryashova et al. (2007) investigated the role of egg white ovalbumin/
pectin complexes at the air-water interface. Complexes were produced in the pH 
range 4.5–7 with conformations dependent on the protein/pectin ratio. The com-
plexes adsorbed at the air-water interface at a slower rate than pure ovalbumin alone, 
but did not dissociate when there. The protein therefore remained in its aqueous 
microenvironment, which was not the case when adsorbed without pectin. This 
demonstrates the ability to better control surface activity of a biopolymer with use 
of a second.

11.4.2  Other Polysaccharide-Protein Systems

Dickinson and Izgi (1996) investigated the foaming properties of complexes of dex-
tran with three different proteins (bovine serum albumin (BSA), lysozyme and 
β-casein). The complexes were prepared by dry heating mixtures, which were sub-
sequently aerated by sparging with nitrogen. Complexation with lysozyme led to a 
substantial enhancement in foaming properties whereas complexation with BSA 
and β-casein did not. The effects of complexation were enhanced with increasing 
molecular weight of the polysaccharide.

More recently, Schmitt et  al. (2005) studied the use of β-lactoglobulin/acacia 
gum complexes to stabilise ice-cream. Complexes were formed at pH 4.2 and were 
observed to have a similar surface activity to that of the pure protein, however com-
plexes formed a much stronger viscoelastic interfacial film. As a result, gas perme-
ability of thin films stabilised by the complexes were considerably reduced 
(0.021 cm s-1) compared to pure protein (0.521 cm s-1), suggesting that foam stabil-
ity would consequently be higher. Schmitt and co-workers argued that this differ-
ence was due to the ability of complexes to re-organise at the interface after 
coalescence forming an interfacial microgel. These findings were utilised in ice- 
cream where it was observed that increased stability due to complexes was corre-
lated to perceived creaminess (Schmitt and Kolodziejczky 2009).

11.5  Conclusions and Future Research Challenges

The literature reviewed in this chapter has showcased the diverse and adaptable 
behaviour of biopolymers which makes them very effective functional ingredients 
for the generation and stabilisation of foams. Despite the difference in inherent 
surface-activity of proteins and polysaccharide-based biopolymers, both can be 
exploited by food engineers to generate and stabilise foams, whether this is by 
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providing Pickering stabilisation through adsorption at the a/w interface or through 
the formation of an aggregated particle network in the bulk phase or a combination 
of the two.

Proteins naturally have excellent foaming capabilities due to their inherent inter-
facial properties. Such properties and therefore the functionality of proteins can be 
altered by a variety of different modification methods. Modifications aim to improve 
foaming behaviour by either triggering controlled aggregation in order to create 
particles (enzymatic crosslinking or high-pressure processing (HPP)) or by expos-
ing the hydrophobic patches of proteins to increase their interfacial activity using 
methods such as enzymatic hydrolysis, sonication, oxidation and glycosylation. 
Polysaccharide-based biopolymers are typically modified to increase their hydro-
phobicity and therefore enable their ability to adsorb at the a/w interface. They can 
be modified chemically, using thermal treatment or through the formation of elec-
trostatic complexes with proteins.

An important consideration when modifying biopolymers is whether their prop-
erties are altered to the extent that ingredients are no longer food grade. Nevertheless, 
in some cases the use of model systems can help to increase knowledge, which can 
aid in the search for alternative ingredients. It is also important to consider that 
ingredients in real food systems are not pure chemical compounds, which means 
that the interfaces in foods are complex (Sagis and Scholten 2014). For example, a 
common issue with measuring interfacial properties of biopolymer particles is 
whether they are free from contaminates such as surface-active lipids. These parti-
cles will also compete with other ingredients in a real food system for occupation of 
the interfaces (Dickinson 2017). Of course, there is a need to investigate mixtures of 
biopolymer ingredients to understand their interactions and the mechanisms in real 
food products but there is also the need to continue studying well-defined purified 
ingredients, in order to provide fundamental understanding of their behaviour, 
which can help to explain what is happening in real food systems.

Further future challenges in this evolving area of research involve better under-
standing particle-laden a/w interfaces and in particular, the mechanisms which lead 
to their collapse (Dickinson 2017). It is known that long-term stability of foams can 
be provided by the formation of an interfacial layer at the a/w interface through 
adsorption of particles, which provides a barrier to the destabilising processes of 
bubble shrinkage and coalescence. Future progress aims to further understand the 
time-dependent behaviour of these layers. This can be studied by measuring both 
surface rheology and microstructure simultaneously (Barman and Christopher 
2014). Theoretical modelling of complex particle-based layers is also being 
 developed to compliment experimental advances (Knoche and Kierfeld 2015; Sagis 
and Scholten 2014). It is hoped that they can address the lack of understanding as to 
how particle properties and particle-particle interactions can affect the collapse of 
particle- laden interfaces.

As well as continuing research into the surface properties of both pure ingredi-
ents and mixtures of biopolymers as found in real food systems, the search for new 
functional ingredients as well as novel sources is always ongoing. For example, 
insects are a novel source of protein that are not yet being taken advantage of in 
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developed countries. It is reported that they have a protein content as high as 35–61% 
(Rumpold and Schlüter 2013), which is higher than that of beans and lentils. 
However, in order to exploit this source of protein consumer acceptance of eating 
insects needs to increase. Consumer trends continue to lead the direction of food 
research, for example the rise in veganism has led to increased research into alterna-
tive, non-dairy foaming ingredients.

There are numerous, exciting emerging areas of research, from applications in 
controlled release and digestion management to new methods of foam generation to 
create microbubbles, which will continue to see the research into biopolymer foams 
in the food industry thrive.
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Chapter 12
Biodegradable Foams in the Development 
of Food Packaging

Suzana Mali

Abstract The use of biodegradable and renewable-source polymers as substitutes 
for petroleum-based plastic packaging has been increasingly discussed by the aca-
demic community over the last few decades, particularly application in food pack-
aging. Between the conventional plastic materials that have been used for food 
packaging, expanded polystyrene (EPS) is not degradable and is difficult to recycle, 
creating environmental issues. The development of biodegradable materials is an 
alternative to replace EPS. This chapter discusses recent advances in the develop-
ment of biodegradable foams for food packaging, the main processes employed to 
produce foams with different cellular structures and properties, such as extrusion 
and baking, polymers that have been used to produce these foams, and their result-
ing water sorption capacity, morphological, mechanical and barrier properties.

Keywords Baking · Biodegradability · Extrusion

12.1  Introduction

The use of biodegradable materials for food packaging has attracted the attention of 
researchers all over the world, and several authors have reported on production of 
biodegradable foams for this purpose (Vercelheze et al. 2012; Matsuda et al. 2013; 
Debiagi et al. 2014, 2015; Mello and Mali 2014; Carvalho et al. 2017; Suárez and 
Gutiérrez 2017).

Biodegradable foams can be employed as substitutes for expanded polystyrene 
(EPS) products, which are largely used for food storage but represent an important 
disposal problem for companies and municipalities; EPS products are lightweight 
and bulky and are not a viable economic or environmentally responsible method due 
to expensive handling and transportation costs, leading to serious environmental 
problems (Nabar et al. 2005; Machado et al. 2017), especially in short-term applica-
tions (Kaseem et al. 2012).
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Among the biodegradable polymers employed for foam production, starch is a 
promising material and has been studied in combination with other polymers, addi-
tives and fillers to improve the properties of the final product. Polyvinyl alcohol 
(PVOH) and other biodegradable polyesters, such as poly (lactic acid) (PLA), have 
been employed to obtain biodegradable foams, mostly as part of starch blends.

Food packaging materials must meet the storage needs of the food product, pos-
sessing mechanical stability throughout the storage time and under the storage con-
ditions (relative humidity and temperature), preserving the physical and chemical 
characteristics inherent to the food, as well as maintaining its microbiological 
safety.

This chapter discusses recent advances in the development of biodegradable 
foams for food packaging, the processes employed for foam production, such as 
extrusion and baking, polymers that have been used to produce these foams, and 
their resulting water sorption capacity, morphological, mechanical and barrier 
properties.

12.2  Processes to Produce Biodegradable Foams

Biodegradable foams can be produced through several processes described in the 
literature, such as extrusion, baking (thermoforming), microwave, freeze-drying/
solvent exchange and supercritical fluid extrusion (Soykeabkaew et al. 2015); how-
ever, here, we focus on the use of extrusion and baking processes, which are the 
most promising for large scale use.

The formation of a foam structure involves nucleation, growth and stabilization 
of gas bubbles within a polymeric matrix (Bonin 2010). According to Hepburn and 
Alam (1991), foam structure can be divided into two classes: open-cell foams, in 
which the various cells are interconnected and closed-cell foams, in which cells are 
not connected to one another.

Foam properties vary extensively depending on processing conditions, polymer 
type and materials formulations. Density, cell size and shape, mechanical properties 
and water sensitivity are important properties that need to be monitored during 
development and use of these materials for food packaging.

Density is one of the most important characteristics of a foam and is defined as 
the ratio between mass and volume of a material. For foams obtained by extrusion, 
bulk density has been reported by several authors, and it is measured (calculated) by 
packing many small foam pieces together into a container with a known volume. 
This technique is useful for extruded materials because is very difficult to measure 
the volume of an individual piece. Several investigators have also reported measur-
ing the expansion ratio for extruded samples, which is defined as the ratio of the 
cross-sectional area of the extruded foam to that of the extruder die. Thus, the higher 
expansion ratio, the lower the density (Bhatnagar and Hanna 1995, 1996; Cha et al. 
2001; Nabar et al. 2005, 2006; Xu and Hanna 2005; Zhang and Sun 2007a, b; Bonin 
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2010; Mali et al. 2010a; Debiagi et al. 2011). According to Tatarka and Cunningham 
(1998), the bulk density of extruded starch foams ranges from 0.017 to 0.023 g/cm3.

For baked foams, several authors (Vercelheze et al. 2012; Kaisangsri et al. 2012, 
2014; Matsuda et al. 2013; Marengo et al. 2013; Mello and Mali 2014; Debiagi 
et al. 2015; Carvalho et al. 2017) reported measuring density employing a method 
described by Shogren et  al. (1998) in which density is calculated from foams 
dimensions by the ratio between weight and volume of each sample specimen. 
According to Glenn et  al. (2001), the density of baked starch foams is approxi-
mately 0.063 g/cm3.

The morphology of extruded and baked foams, including cell size and shape and 
obtaining open or closed cells structures, has been reported by several authors using 
scanning electron microscopy (Cinelli et al. 2006; Vercelheze et al. 2012; Matsuda 
et al. 2013; Marengo et al. 2013; Mello and Mali 2014; Zhang and Sun 2007a, b; 
Wang et al. 2017). Tatarka and Cunningham (1998) compared properties of EPS- 
based foams and starch-based foams manufactured by extrusion, concluding that all 
starch-based foams have higher open-cell content than EPS-based foams, a finding 
related to the poor melt strength of starches that results in rupture of the foam cell 
walls. These authors also reported that the foam density of starch-based products 
was much higher than for EPS-based foams, and the open cells created during 
expansion prevent the foam from continuing to expand thereafter.

With respect to mechanical properties, most studies have concentrated on differ-
ent approaches to increase resistance and decrease brittleness, an inherent charac-
teristic of foams based on starch and other biodegradable polymers.

12.2.1  Use of Extrusion to Produce Biodegradable Foams

Starch was the first material employed to obtain fully biodegradable foams by extru-
sion processing technology, which has been used since the late 1980s to develop 
starch-based plastic foams as alternative to EPS (Cha et al. 2001). Starches from 
different botanical sources have been used for the production of biodegradable 
packaging for multiple reasons, including their biodegradability, renewable source, 
low cost and wide availability (Kaseem et al. 2012).

Native starches are homopolysaccharides formed by units of glucose, mostly 
composed of linear amylose and highly branched amylopectin. Native starches are 
present in granules (2–100 μm) that vary in their amylose/amylopectin ratio, com-
position, size, shape, and functionality depending upon their botanical source. 
Native starches are semi-crystalline structures consisting of concentric alternating 
amorphous and semi-crystalline growth rings (120–400 nm) composed of blocklets 
(20–50 nm) formed by a cluster structure of alternating crystalline and amorphous 
lamellae (9–10  nm) containing amylopectin and amylose chains (0.1–1  nm) (Le 
Corre and Angellier-Coussy 2014).

Native starches cannot be processed for use as thermoplastic materials due to 
their strong intermolecular and intramolecular hydrogen bonds, meaning that 
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 producing a thermoplastic material from starch requires plasticizers, such as water 
or glycerol. To obtain a thermoplastic starch-based material, its semi-crystalline 
granular structure must be destroyed, giving rise to a homogeneous and essentially 
amorphous polymer matrix. Starch granules are destructurized in the presence of 
water and plasticizers, giving rise to a continuous phase in the form of a viscous 
melt that can be processed using the traditional plastic processing techniques, such 
as extrusion. This type of starch material is called thermoplastic starch (Aichholzer 
and Fritz 1998; Kaseem et al. 2012).

The phenomena that allow destruction of starch granule organization are gelati-
nization and melting. Gelatinization is the irreversible transformation of the granu-
lar starch into a viscoelastic paste, a process that occurs in the presence of excess 
water under the action of heat and shear, leading to destruction of the crystallinity 
and the molecular order of the granule through rupture of the hydrogen bonds main-
taining its integrity. On the other hand, when the starch is heated in the presence of 
small amounts of water, melting occurs, which requires much higher temperatures 
than for gelatinization, and requires presence of plasticizers (Mali et  al. 2010b). 
After gelatinization and melting, the starch molecules begin to re-associate through 
hydrogen bonds, favoring formation of a more ordered structure, which, under 
favorable conditions, can form a new crystalline structure; this set of changes is 
called retrogradation or recrystallization (Zobel 1964; Van Soest et al. 1996).

According to Shogren (1992), the melting temperature of native corn starch with 
low water content (11–30%) ranged from 190 to 200 °C, and gelatinization tem-
perature with moisture content >30% was approximately 70 °C. Fujita and Fujiyama 
(1993) reported that gelatinization temperatures of starches from different botanical 
sources range between 57 and 80 °C.

Biodegradable foams produced exclusively with thermoplastic starch are brittle, 
yielding materials with poor processability and moldability, which is a limiting fac-
tor for production. Starch foams are also water sensitive and disintegrate when 
exposed to moisture, thus limiting their use in humid environments (Bhatnagar and 
Hanna 1996; Soykeabkaew et al. 2015). Novel approaches have been reported in the 
literature to improve mechanical properties (brittleness), water resistance and other 
properties of starch-based foams, including chemical modification of starches, 
blending with additional biodegradable polymers, incorporation of natural fibers, 
and addition of fillers and nanofillers (Soykeabkaew et al. 2015).

Extrusion technology is a high-temperature, short-duration, continuous process 
with the advantages of high versatility and absence of effluents (Harper 1981). This 
technology combines temperature, pressure and shear rate, and it has been employed 
to produce several types of biodegradable materials since the 1970s.

In a typical extrusion process to obtain starch foams, starch is mixed with water, 
which acts as a blowing agent and plasticizer, as well as other plasticizers, polymers 
and additives. These mixtures contain approximately 12–30% moisture, and they 
are melted, employing temperatures approximately 120–180 °C and screw speeds 
from 70 to 400 rpm, allowing the blowing agent to diffuse within the melted poly-
meric matrix. When the melted polymer begins emerging from the extruder, it is 
subjected to rapid decompression, resulting in nucleation or bubble formation. 
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These bubbles expand, grow and stabilize as the blowing agent diffuses into them 
(Bhatnagar and Hanna 1995, 1996; Cha et  al. 2001; Willett and Shogren 2002; 
Nabar et  al. 2005, 2006; Xu and Hanna 2005; Bonin 2010; Mali et  al. 2010a; 
Debiagi et al. 2011; Bénézet et al. 2012).

According to Zhang and Sun (2007a), an increase in water content during extru-
sion of starch implies results in a decrease of its melting point, and also in a decrease 
in foam expansion because the low viscosity of melted polymeric matrix, which 
favors the water loss and the foam cell collapse.

When other polymers, such as PVOH or PLA were processed by extrusion, the 
extrusion conditions have to be sufficient to melt these polymers, and depending on 
variations in their structure their melting points can change. According to Wang 
et al. (2017), PLA melting temperature ranges from 150 to 220 °C, while the melt-
ing temperature of PVOH ranges from 180 to 240 °C (Tang and Alavi 2011), and 
also the use of plasticizers affects the melting temperatures of these polymers.

Extrusion conditions (melt pressure, temperature, and screw speed) and material 
compositions (polymer type, feed moisture, blowing and nucleating agents) can 
significantly affect the properties of extruded foams. Several investigators have 
reported the use of blowing agents, including water and other compounds, to obtain 
foam materials. Blowing agents directly affect the density of foams, and the use of 
nucleating agents has been reported by several authors (Boehmer and Hanlon 1993; 
Bhatnagar and Hanna 1993, 1995, 1996; Cha et al. 2001; Guan and Hanna 2004, 
2006; Nabar et al. 2005, 2006; Zhang and Sun 2007a, b).

Blowing agents can be divided into two main subgroups: physical and chemical. 
Physical blowing agents consist of compressed gasses, such as nitrogen, carbon 
dioxide and oxygen, that expand when pressure is released (Bonin 2010). Chemical 
blowing agents are solids or liquids at room temperature that, upon heating, release 
a gas. The main advantage of chemical agents over gaseous agents is that the former 
can be added to the solid plastic material prior to thermal processing, while gaseous 
agents must be injected into the already fluidized plastic material (Fisk 2002). Water 
has typically been used as a blowing agent, as well as a plasticizer, for extruded 
starch-based foams (Nabar et al. 2005, 2006; Zhang and Sun 2007a, b), with the 
advantages of being inexpensive and environmentally friendly. Other chemical sol-
vents have been reported to obtain starch foams, including methanol (Cha et  al. 
2001), ethanol (Guan and Hanna 2004, 2006), azidocarbonamide (Bhatnagar and 
Hanna 1996; Zimmermann et al. 2013), and a mixture of sodium bicarbonate and 
citric acid (Zimmermann et al. 2013).

Addition of nucleating agents aids in the formation of a larger number of smaller 
cells in foams by providing nucleation sites for water vapor, resulting in improved 
uniformity of extruded foam structures (Soykeabkaew et al. 2015). Magnesium sili-
cate (talc) is generally used in starch-based materials as a nucleating agent 
(Bhatnagar and Hanna 1996; Guan and Hanna 2004, 2006; Nabar et al. 2005, 2006; 
Zhang and Sun 2007a, b).
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12.2.2  Use of Baking to Produce Biodegradable Foams

Until the 1990s, the most efficient process for producing starch foams was extru-
sion; however, resulting extruded foams were brittle and difficult to mold into 
shaped products. Shogren et  al. (1998) and Glenn and Orts (2001) described a 
method for producing molded starch foams with a cellular structure based on bak-
ing, a similar process to that used in making waffles (Tiefenbacher 1993).

For the development of expanded foams by baking, specific conditions are 
required during processing, such as raising the temperature above that which would 
gelatinize the starch (or melt other biodegradable polymers), as well as boiling the 
water (Shogren et al. 1998). With baking, foam shape and thickness are controlled 
by choosing the geometry of the mold (Soykeabkaew et al. 2015).

The manufacturing process consists of preparing a suspension of starch, addi-
tives and water that will be mixed in a mechanical stirrer until a homogeneous mass 
is obtained. This mass will be added to a preheated mold and subjected to the baking 
process, standardizing the molding time, temperature and pressure (Schmidt and 
Laurindo 2010). Several conditions for preparation have been reported, and gener-
ally, when the temperature increases, the time decreases. Vercelheze et al. (2012) 
reported the production of baked starch foams employing 130 °C for 20 min, while 
Soykeabkaew et al. (2014) reported the preparation of starch foams by baking using 
220 °C for only 30 s.

In the baking process, gelatinization of the starch occurs during heating, and 
excess water is evaporated, causing mass expansion and filling of the mold. 
Solidification occurs with water evaporation, forming a molded material with a 
porous structure (Hofmann et al. 1998). Starch pastes must have certain rheological 
characteristics to prevent collapse as the water evaporates, which is controlled by 
the water content of starch pastes. Pastes with low water content are very viscous 
and result in less expandable and higher density foams. In addition, the presence of 
fibers and other solids in the formulation can be responsible for increasing viscosity 
of the mixture, which can decrease foaming ability (Shogren et al. 1998; Cinelli 
et al. 2006; Vercelheze et al. 2012).

Baked foams have a sandwich-type structure with dense outer skins that contain 
small cells on the surface of the foam. The interior of the foam has large cells with 
thin walls, a type of structure that has been reported by Cinelli et  al. (2006), 
Vercelheze et al. (2012), and Mello and Mali (2014).

Vercelheze et al. (2012) also reported another parameter of baking concerns the 
amount of batter used to fill the mold and form complete trays. According to 
Chiellini et al. (2009), the batter volume must be adjusted when starch is mixed with 
other components that do not promote the foaming process. Lawton et al. (1999) 
reported that large amounts of batter increase the quantity of released vapor, leading 
to broken trays. Some additives have been reported to prevent the starch foam stick-
ing to the mold, such as magnesium stearate; in addition, guar gum is added to 
prevent solid separation, and glycerol is added as a plasticizer (Shogren et al. 1998; 
Salgado et al. 2008; Vercelheze et al. 2012; Marengo et al. 2013; Matsuda et al. 
2013; Mello and Mali 2014; Carvalho et al. 2017).
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Different additives can affect the chemical and physical stability of starch foams. 
For example, the water resistance of these materials can be increased by coating 
them with other less hydrophilic polymers such as PVOH (Mali et al. 2016; Carvalho 
et  al. 2017), or by adding proteins and fibers in the formulations (Salgado et  al. 
2008). Fibers from agroindustrial residues (Marengo et al. 2013; Mello and Mali 
2014) or nanoclays (Vercelheze et al. 2012; Matsuda et al. 2013) can also be used to 
increase water resistance.

12.3  Foams Based on Starch, Starch Blends and Composites

In the 1990s, several studies reported the use of starch blends with synthetic poly-
mers, such as polystyrene, aimed at reducing use of petroleum-based plastic and 
disintegration of the material, while providing water resistance (Lacourse and 
Altieri 1991a, b; Chinnaswamy and Hanna 1996; Bhatnagar and Hanna 1993, 1995, 
1996; Cha et al. 2001).

US Patent 5,035,930 (Lacourse and Altieri 1991a) and US Patent 5,043,196 
(Lacourse and Altieri 1991b) disclosed the use of extrusion for the production of 
starch foams based on high amylose starch including the addition of synthetics, 
such as PVOH, polyvinyl acetate and polyurethane, to improve product properties. 
To impart hydrophobicity to the starch foams, Chinnaswamy and Hanna (1996) also 
reported the use of starch (70%) and polystyrene (30%) in their patents to obtain 
extruded foams.

Bhatnagar and Hanna (1993, 1995, 1996) studied production of starch foams by 
extrusion based on blends of polystyrene and starches from different sources. 
Despite these foams not being entirely biodegradable, authors reported that the use 
of 70% of starch in these blends did not affect their properties, and its water solubil-
ity indexes were much lower compared to the solubility of starch foams. Density of 
these materials ranged from 0.030 to 0.132 g/cm3, higher than commercial polysty-
rene foams (Bhatnagar and Hanna 1995).

Density is an important physical property of foams. Low density is ideal for 
these products because it reduces production costs. Several studies reported higher 
density values for starch-based foams obtained by extrusion or baking compared to 
polystyrene foams (Shogren et al. 1998; Cha et al. 2001; Salgado et al. 2008; Mali 
et al. 2010a; Debiagi and Mali 2012; Vercelheze et al. 2012; Marengo et al. 2013; 
Mello and Mali 2014; Debiagi et al. 2014, 2015).

Cha et al. (2001) reported the use of blends that were not completely biodegrad-
able containing wheat and corn starch (49%), synthetic polymers—polystyrene and 
poly (styrene/maleic anhydride) (33%), water (10.5%), blowing agents (7%) and 
nucleating agents (0.5%) to obtain starch-based foams by extrusion. Starch-foams 
were four to eight times denser than commercial polystyrene foam, likely due to its 
moisture content and volume being unaffected by relative humidity, while 
 starch- based foams properties were strongly affected by moisture content employed 
in the extrusion process and by relative humidity during storage.

12 Biodegradable Foams in the Development of Food Packaging



336

Beginning in the late 1990s, some researchers began to prioritize the use of bio-
degradable polymers in blends with starches from different botanical sources to 
obtain fully biodegradable foams. Altieri and Tessler (1999) patented biodegradable 
starch foams with improved water and/or humidity resistant properties obtained by 
extrusion from blends of starch and starch esters. Bastioli et al. (1994, 1998) pat-
ented biodegradable foams produced by extrusion from blends of starch and other 
biodegradable polymers, such as PVOH, poly (caprolactone) (PCL) and cellulose 
acetate.

Shogren et al. (1998) employed baking to produce biodegradable foams based on 
corn, wheat, potato and cassava starches and compared to polystyrene foams, their 
starch foams had higher densities, lower strengths and a hydrophilic character. This 
study also suggested that the use of coatings based on more hydrophobic biodegrad-
able polymers might be an alternative method to improve water sensitivity.

Willett and Shogren (2002) obtained extruded foams by blending native corn 
starch, high amylose corn starch, wheat starch, and potato starch with PVOH, cel-
lulose acetate, and biodegradable polyesters such as poly (lactic acid) (PLA), PCL, 
poly(hydroxyester ether) (PHEE), poly(ester amide) (PEA), poly(hydroxybutyrate-
co- valerate) (PHBV), and poly(butylene adipate-co-terephthalate) (PBAT) to 
improve hydrophobicity of starch foams. The density of foams produced with 20% 
polymers ranged from 0.019 to 0.042 g/cm3, lower than the density of pure corn 
starch foam (0.061 g/cm3), suggesting that the polymer particles might also act as a 
nucleating agent during extrusion of the blend foams.

Guan and Hanna (2004) reported that one possible alternative to increase the 
hydrophobicity of starch is to substitute some of the hydroxyl groups on the starch 
backbone with acetyl groups to prevent hydrogen bond formation with water. 
However, this approach results in higher costs, and thus, they used blends of both 
acetylated and native starches to obtain biodegradable foams by extrusion with 
lower water absorption indexes. Additionally, Xu and Hanna (2005) produced bio-
degradable foams by extruding starch acetate with poly (tetramethylene adipate-co- 
terephthalate) (EBC). Low EBC content favored miscibility of the two polymers, 
resulting in formation of a homogeneous morphology observed by scanning elec-
tron microscopy. These foams exhibited low densities; however, biodegradation 
rates of the foams decreased with the addition of EBC to starch acetate.

Nabar et al. (2006) studied production of starch foams with hydrophobic charac-
ter and were able to improve mechanical properties using other biodegradable poly-
mers, such as PCL, poly (butylene adipate-co-terephthalate) (PBAT), cellulose 
acetate, methylated pectin and PVOH, and cross-linkers such as glyoxal. 
Formulations with PVOH, polyesters such as PCL and PBAT, and glyoxal with 
PVOH resulted in materials with lower density values (<0.025 g/cm3) than control 
starch films (0.030 g/cm3). These authors reported that starch foams exposed to a 
relative humidity of 95% and a temperature of 38 °C lost approximately 50–55% 
radial and longitudinal dimensions; however, under the same conditions, starch 
foams with PCL or PBAT resulted in losses of only 12–20%. Nabar et al. (2005) 
also reported that the hygroscopic character of starch-based foams makes these 
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foams likely to gain weight when exposed to a humid environment. These observa-
tions were accompanied by losses in radial and longitudinal dimensions as well.

Utilizing the same strategy of biodegradable polyesters in mixtures with starch 
with the goal of obtaining superior foams, Zhang and Sun (2007a) produced starch- 
PLA foams. These foams were less hydrophilic than starch foams and exhibited 
both open and closed cellular structures observed by scanning electron microscopy. 
The findings suggested that the cell structure tends toward closed as the starch ratio 
of the matrix is reduced, whereas the cell wall was constituted primarily of PLA.

Stagner and Narayan (2011) produced biodegradable foams by extrusion of a 
biodegradable polyester, PBAT, and blends with malleated thermoplastic starch 
using a chemical blowing agent. In general, increasing levels of PBAT resulted in 
lower density and higher expansion ratios. Greater concentrations of PBAT in the 
samples decreased hydrophilicity, and when 5–7% chemical blowing agent is used, 
the samples exhibit cells throughout the foams matrices.

Another approach to improve the properties of starch foams is incorporation of 
cellulosic fibers, resulting in composite foams. Cellulosic fibers can be added to 
composites as reinforcing agents that improve mechanical properties by increasing 
resistance and flexibility. These fibers also increase degradability and lower the cost 
of production. Several fiber sources have been employed to reinforce starch foams, 
including fibers from cellulosic pulps (Salgado et al. 2008; Kaisangsri et al. 2012, 
2014), pure cellulose (Guan and Hanna 2006), or natural fibers (Soykeabkaew et al. 
2004). Fibers from lignocellulosic residues originating from agriculture or agroin-
dustry have even been utilized (Cinelli et al. 2006; Mali et al. 2010a; Debiagi et al. 
2011; Marengo et al. 2013; Mello and Mali 2014; Machado et al. 2017).

Soykeabkaew et  al. (2004) reported production of starch foams incorporated 
with jute or flax fibers. Mechanical properties improved with addition of 5–10% 
fibers, which was related to the strong interaction between fibers and the starch 
matrix. Jute fibers had a greater reinforcing effect than did flax fibers, and increases 
in fiber content and size increased foam density, which ranged from 0.322 to 
0.360 g/cm3 for composite foams compared to 0.214 g/cm3 for pure starch foams.

Cinelli et al. (2006) produced potato starch-based foam trays with a relatively 
high content of corn fibers (28.9 to 54.7%); however, the corn fiber did not act as a 
reinforcing agent for starch-based foams, resulting in a decrease of tensile strength 
and flexibility of trays with increased fiber content. The addition of PVOH to the 
starch-corn fiber matrix mitigates the reduction in mechanical properties, and the 
addition of corn fibers and PVOH together decreases water absorption of the foams.

Biodegradable foam trays based on cassava starch, sunflower proteins and cel-
lulose fibers have been produced employing a baking strategy reported by Salgado 
et al. (2008). These authors reported that cellulose fibers act as reinforcing agents, 
with fiber concentrations from 10 to 20%, improving the mechanical properties but 
increasing water absorption capacity of the material by at least 15%. A formulation 
containing 20% fiber and 10% protein isolate exhibited the best combination of 
properties, with a maximal resistance of 6.57 MPa and a 38% reduction in water 
absorption capacity, corresponding to a more compact, homogeneous and dense 
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microstructure. Density values of these foams ranged from 0.46 to 0.59 g/cm3, with 
the highest density values obtained for fiber content up to 15%.

Guan and Hanna (2006) prepared acetylated starch–cellulose foams by extru-
sion, and the thermal stability of the foams increased with increasing starch acetyla-
tion. Mali et al. (2010a) employed extrusion to obtain biodegradable foams made 
from cassava starch, sugarcane bagasse fibers, and PVOH. The addition of PVOH in 
high proportions (40%) increased the expansion index and resulted in lower hydro-
philicity of starch foams. Furthermore, addition of fibers at low levels (<20%) 
improved water resistance. The density values of composite foams ranged from 
0.20 to 0.33 g/cm3, and higher levels of fibers (40%) resulted in denser foams. The 
mechanical properties were affected by both relative humidity of storage and foam 
formulation. When the relative humidity increased, the foam strength decreased. At 
high relative humidity (90%), addition of fibers at high concentrations (40%) 
resulted in a reinforcing effect on starch foams, improving their strength.

Biodegradable composite foams produced by extrusion from a mixture of cas-
sava starch, glycerol (plasticizer) and two different types of lignocellulosic fibers 
(sugarcane bagasse or oat hulls) were affected by fiber addition, resulting in materi-
als with lower water solubility index when fiber content reached 10% in the poly-
meric matrix (Debiagi et al. 2010).

Schmidt and Laurindo (2010) reported the use of baking to obtain foam trays 
using cassava starch, dolomitic limestone and eucalypt cellulose fibers that could be 
used to pack foodstuffs. The increase in cellulose fibers resulted in a decrease in 
density and tensile strength of the foams. These results showed that tensile strength 
of starch foams with 5% cellulose (3.03  MPa) were higher or comparable to 
expanded polystyrene trays used to pack foods in supermarkets (1.49 MPa); how-
ever, elongation of the baked foams was approximately 20% lower than for those 
made with polystyrene.

Debiagi et  al. (2011) studied the effects of cassava starch, PVOH, sugarcane 
bagasse fibers and chitosan on properties of extruded foams. The addition of starch/
PVOH in high proportions decreased density and increased mechanical resistance 
of studied foams. Fiber addition decreased the density and improved mechanical 
properties of the foams. All formulations were resistant to moisture content increase 
up to 75% relative humidity of storage.

Bénézet et al. (2012) employed extrusion to produce foams from potato starch 
with addition of natural fibers, resulting in decreased density and water adsorption 
of starch foams. The mechanical properties of these foams were affected by both 
relative humidity of storage and foam formulation. When relative humidity 
increased, foam strength decreased. The formulation with the best combination of 
properties contained 10% hemp fiber and had a maximal resistance of 4.14 MPa, 
corresponding to a more compact and dense microstructure.

Biodegradable foam trays have also been produced by Kaisangsri et al. (2012), 
using cassava starch blended with kraft fibers and chitosan by baking. Foam pro-
duced from cassava starch with 30% kraft fiber and 4% chitosan exhibited mechani-
cal properties similar to polystyrene foam; however, the water absorption index and 
the water solubility index were greater for this foam than for polystyrene foam.
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Marengo et al. (2013) obtained starch foams using a baking process employing 
three different agroindustrial lignocellulosic residues (coconut fiber, soy bran and 
sugarcane bagasse) as reinforcing agents. Their results illustrated that foam proper-
ties were significantly affected by the type of residue employed. Starch-soy bran 
foams exhibited the highest density, due to the higher protein content in this residue. 
The addition of sugarcane bagasse resulted in less dense and resistant samples, and 
coconut fiber composites showed the highest tensile strength. The samples obtained 
from this work could be used as an alternative packaging material with low water 
content.

Mello and Mali (2014) reported that malt bagasse, a byproduct of the brewing 
industry, could be used as a reinforcing agent to produce foam trays based on cas-
sava starch by baking. The foams trays formulated with 5 and 10% malt bagasse 
resulted in the highest production yields (100%), showing a homogeneous distribu-
tion of the malt bagasse throughout the polymeric matrix. Variation in relative 
humidity from 33 to 58% did not affect the mechanical properties of these foams, 
but tensile strength decreased and elongation increased when the trays were stored 
at 90% relative humidity. The addition of 10% malt bagasse decreased the hygro-
scopicity of starch foams, and the addition of bagasse at concentrations up to 15% 
decreased initial water adsorption rates of the trays.

Kaisangsri et al. (2014) reported the improvement of the mechanical properties 
and water resistance of baked cassava starch foams due to the addition of bio-based 
materials such as proteins (gluten and zein), kraft fibers and palm oil, which could 
be used as an alternative to EPS foam trays for oily and less moist foods. These 
authors reported that increases in protein content increase the density of starch 
foams.

Machado et al. (2017) produced baked foams based on cassava starch with the 
addition of sesame cake, a byproduct of the oil industry. The addition of sesame 
cake improved mechanical properties and reduced density and water capacity 
absorption of starch foams; however, the authors conceded that more improvements 
are needed to increase flexibility and decrease moisture sensibility in these foams. 
Overall, these foams could be considered an alternative for packing dry foods and 
foods with low moisture content, reducing the use of EPS.

The addition of fillers at the nanoscale level, such as layered silicates (nanoclays) 
and nanocelluloses, have also been implemented to produce nanocomposite foams 
(Lee et al. 2008; Lee and Hanna 2008; Debiagi and Mali 2012; Vercelheze et al. 
2012; Matsuda et al. 2013; Silva et al. 2013). Lee et al. (2008) used cassava (tapi-
oca) starch, PLA and four different organic nanoclays (Cloisite® 10A, Cloisite® 
25A, Cloisite® 93A and Cloisite® 15A) to produce nanocomposite foams by melt- 
intercalation, which was observed by the shift of X-ray diffraction peaks to lower 
angles. The addition of different organoclays into the polymeric matrix of starch 
and PLA resulted in foams with higher cell density, smaller cell size and more uni-
formity. Lee and Hanna (2008) produced foams with the same polymeric matrix of 
starch and PLA and addition of another nanoclay (Cloisite® 30B) and concluded 
that the thermal stability of foams increased with addition of these nanofillers. 
Debiagi and Mali (2012) produced expanded nanocomposites based on cassava 
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starch, PVOH and sodium montmorillonite (Cloisite® Na) by extrusion obtaining an 
intercalated structure. The addition of nanoclays resulted in increased tensile 
strength and decreased water absorption of the foams.

Vercelheze et al. (2012) developed biodegradable trays from cassava starch, sug-
arcane fibers and sodium montmorillonite (Cloisite® Na) using a baking process, 
which allowed a good nanoclay dispersion, leading to the formation of an exfoliated 
structure. The authors obtained well-shaped trays with densities between 0.1941 
and 0.2966 g/cm3, and incorporation of fibers and nanoclays resulted in less dense 
and less rigid trays, representing an alternative for packaging of foods with low 
water content.

Matsuda et al. (2013) produced biodegradable trays of cassava starch and organi-
cally modified montmorillonite (Cloisite®10A and 30B) using a baking process, 
resulting in materials with density values ranging from 0.2809 to 0.3075 g/cm3. The 
addition of nanoclays to the starch matrix resulted in foams with lower water 
absorption capacities without dimensional changes during storage at all relative 
humidity conditions tested. The nanoclays acted as a reinforcement, increasing ten-
sile strength of the trays.

Silva et al. (2013) produced composite foams trays based on cassava starch rein-
forced with nanocellulose from bacterial cellulose using a baking process. Bacterial 
cellulose was incorporated into starch composite foams by two methods: direct 
incorporation of bacterial cellulose powder into the starch matrix during baking 
(method 1) or coating the tray surface with bacterial cellulose films (method 2) after 
they were produced. The addition of bacterial cellulose by method 1 resulted in 
improved foaming ability of starch, generating trays with lower density. In addition, 
water absorption capacity was reduced by the incorporation of bacterial cellulose, 
independent of the method of incorporation.

Considering the use of coatings to improve hydrophilicity of starch foams, Mali 
et al. (2016) described in a Brazilian patent the developing of cassava starch foam 
trays with an antimicrobial coating based on PVOH and oregano and clove essential 
oils. Carvalho et al. (2017) also produced biodegradable foam trays based on cas-
sava starch coated with PVOH with a higher degree of hydrolysis (98%), and they 
observed an approximately 50% decrease in water absorption capacity of the coated 
trays compared with the uncoated trays.

12.4  Foams Based on PVOH and Other Biodegradable 
Polymers

Polyvinyl alcohol (PVOH) is a synthetic, non-toxic, biodegradable, biocompatible 
promising polymer for the production of biodegradable packaging materials. PVOH 
is as strong as conventional plastics, showing high mechanical strength, adhesion, 
high tensile strength and compression, good flexibility, barrier to oxygen, flavors, 
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oils and solvents (Sudhamani et  al. 2003; Moraes et  al. 2008; Faria et  al. 2012; 
Wang et al. 2014).

Polyvinyl alcohol (PVA) is obtained by partial or complete hydrolysis of polyvi-
nyl acetate to remove acetate groups, and partially hydrolyzed grades contain resid-
ual acetate groups (Tang and Alavi 2011). Considering its degree of hydrolysis 
(DH), PVAs are classified as partially hydrolyzed (above 88%) or highly hydrolyzed 
(98–99%). Based on their degree of polymerization (DP), PVAs are further classi-
fied as very low viscosity (viscosity = 3–4 cP; DP = 150–300), low viscosity (vis-
cosity  =  5–6  cP; DP  =  350–650), medium viscosity (viscosity  =  22–30  cP; 
DP  =  1000–1500) and high viscosity (viscosity  =  45–72  cP; DP  =  1600–2200) 
(Maria et al. 2008; Goodship 2009; Tang and Alavi 2011).

Several studies have reported employing PVOH as an additive to improve prop-
erties of starch foams as discussed above, and some studies have used the produc-
tion of biodegradable foams based on PVOH.  Avella et  al. (2012) reported 
preparation of PVOH-based foams containing pulp cellulose fibers and microfibril-
lated cellulose. These foams were obtained with an eco-friendly preparation method 
able to generate a pore structure by trapping air in the polymer/filler aqueous disper-
sion during a high-speed mixing followed by lyophilization. The addition of small 
amounts of microfibrillated cellulose (1–5%) resulted in a decrease of average cell 
diameter and an increase in cell density, and the addition of pulp cellulose fibers 
affected cell shape and regularity of PVOH-based foams. Both pulp cellulose fibers 
and microfibrillated cellulose additions resulted in foams with lower water vapor 
absorption when compared to the PVOH foam.

Additionally, Liu et al. (2014) reported production of biodegradable composite 
foams based on PVOH supported by cellulose nanofibrils using a unidirectional 
freeze-drying technology. Incorporation of cellulose nanofibrils enhanced the ten-
sile strength, water resistance and dimensional stability of composite foams. 
Furthermore, these improvements were related to the rigid and semicrystalline 
nature of the nanofibrils, as well as its regular and compact pore structure.

PLA is an aliphatic, biodegradable polyester synthesized from lactic acid, which 
can be obtained from renewable sources such as corn, potatoes, sugar beets and 
sugarcane, and it is used to create foams for food packaging employing extrusion 
(Zimmermann et  al. 2013; Wang et  al. 2017). Processing conditions have to be 
adjusted to provide efficient melting and foaming of the polymer; however, its 
intrinsic brittleness, which is the result of a relatively short and semi-rigid molecular 
backbone, greatly limits its range of use in large-scale commercial applications 
(Wang et al. 2017).

Some studies have reported the use of PLA to obtain extruded biodegradable 
foams; however, the use of PLA for this purpose is limited by its low heat resistance, 
poor melt strength, slow crystallization kinetics and intrinsic brittleness (Xu et al. 
2014; Wang et al. 2017). Mihai et al. (2007) described production of low-density, 
open-cell foams from PLA and PLA and starch blends using CO2 as a blowing 
agent, and they observed a significant increase in crystallization rate of PLA foams 
extruded with the CO2, with these PLA foams exhibiting up to 15% crystallinity.
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PLA was further employed by Zimmermann et  al. (2013) to obtain extruded 
foams in the context of studying the effects of incorporating different blowing 
agents (endothermic and exothermic) on foams properties. The density of pure PLA 
foams was 1.26 g/cm3, and this value decreased with addition of endothermic blow-
ing agents (0.50  g/cm3) and exothermic blowing agents (0.44  g/cm3), exhibiting 
foams with smaller and more numerous cells than foams obtained from addition of 
endothermic blowing agents.

Wang et al. (2017) reported large-scale production of well-defined cell structures 
of PLA foams using a series of asymmetric biodegradable poly(l-lactide) (PLLA) 
and poly(d-lactide) (PDLA) blends containing small amounts of PDLA using a con-
tinuous extrusion process. They stressed an existing potential to obtain fully bio- 
based, superior PLA foams for food packaging applications.

12.5  Final Considerations

Several approaches used in the last few years to improve the properties of biode-
gradable foams were presented in this chapter, and in most cases, mechanical prop-
erties and processability were improved. Hydrophilicity, however, while able to be 
decreased, remains an issue to be solved. Thus, the greatest challenge for research-
ers working with starch materials and other biodegradable polymers is to obtain 
biodegradable foams with lower hydrophilicity compared to synthetic conventional 
polymers. Currently, water sensitivity restricts the use of these materials for food 
packaging applications, especially for foods with high moisture contents or foods 
that are stored in high relative humidity. It is thus necessary the development of new 
technologies and materials that can extend the application of biodegradable foams 
for food packaging.
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Chapter 13
Composite Foams Made  
from Biodegradable Polymers for Food 
Packaging Applications

Luis M. Araque, Vera A. Alvarez, and Tomy J. Gutiérrez

Abstract Polymeric foams are cell structures (porous microstructures) that have 
been frequently made from synthetic polymers for use in the development of food 
packaging. Due to the problems concerning the environmental impact caused by 
polymers from the petrochemical industry, the foams have been more recently studied 
from biodegradable polymers. However, the polymer materials obtained are usually 
susceptible to moisture, thus conditioning the collapse of the porous structure of the 
material. As an alternative, the composite foams have been investigated from nano-
fillers such as clays, cellulose, nanoparticles, among others. This chapter aims to 
analyze the recent advances in the studies of composite foams.

Keywords Biopolymers · Composite materials · Polymer composites

13.1  Introduction

Foams produced from petroleum-based conventional polymers, such as polystyrene 
(PS) and polyurethane (PU), are widely used in the food packaging industry, because 
of their excellent properties and low production costs. However, these polymers do 
not undergo biodegradation and its recycling is unprofitable (Li et al. 2017). Hence, 
the increased customer awareness about the environment and the creation of gov-
ernment laws on environmental protection and waste disposal has encouraged 
scientists to develop new eco-friendly materials. Biodegradable polymers are an 
alternative to conventional ones, especially those produced from renewable 
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resources since they can be mineralized by microorganism without negative envi-
ronmental impact (Suárez and Gutiérrez 2017). Nevertheless, biodegradable poly-
mer produce foams with poorer morphology, water and moisture resistance, and 
mechanical, thermal and barrier properties as compared to conventional polymer 
foams (Luzi et al. 2016; Mitrus et al. 2016).

13.2  Composite Foams

It has been reported that the formation of composite foams offers a solution to 
improve the properties of biodegradable polymers, especially when the filler has a 
dimension on the range of nanometers. The addition of a low nanofiller content as a 
reinforcement can provide a significant improvement of several properties, i.e. 
dimensional, mechanical and thermal stability. In addition, nanofiller may serve as 
nucleation agent for bubble generation and as a stabilizer of the nucleating bubbles 
by decreasing the cell coalescence with an increase of melt strength (Soykeabkaew 
et al. 2015; Zhao et al. 2015). In order to not alter the biodegradability and biocom-
patibility of biodegradable composite foams are added natural reinforcements, i.e. 
cellulose and clays. Cellulose nanocrystals (CNC) is a highly-crystalline and rod- 
like nanoparticle extracted from cellulose, which possesses several advantages such 
as sustainability, recyclability, non-toxicity, high surface area, low density, etc. 
When it is used as a filler of composite foams, CNC improves the thermal and 
mechanical properties and affect the polymer nucleating process (Srithep et  al. 
2012; Liu et al. 2014; Mi et al. 2014). On the other hand, nanoclays are layered sili-
cate minerals, such as montmorillonite has high availability, versatility, low cost, 
and minimal adverse effects on the environment and human health. The individual 
clay particle presents a platelet structure, with a thickness of approximately 1 nm 
and lateral dimensions up to 1 μm. In nanocomposites, the nanoclays reinforcing 
efficiency, good barrier properties, and improved dimensional and thermal stability 
are strongly related to their aspect ratio and large surface area (Keshtkar et al. 2014; 
Kumar and Maiti 2015; Li et  al. 2015). The most investigated biodegradable 
polymers for the developed of biodegradable composite foams are polybutylene 
succinate (PBS), polycaprolactone (PCL), polylactic acid (PLA), polyvinyl alcohol 
(PVA), and starch. In Table 13.1 are listed several works about edible nanocompos-
ite foams based on the most used biodegradable polymers and CNC or nanoclays as 
the filler.

PBS is a biodegradable aliphatic polyester, which is obtained by polycondensa-
tion reaction of 1,4-butanediol and succinic acid, or by fermentation of agricultural 
crops containing cellulose, glucose, and lactose. For its reasonable production cost, 
outstanding biodegradability, melt processability, and chemical and thermal resis-
tance PBS is a promising material. However, PBS presents some insufficient prop-
erties such as its linear molecular structure, low melt viscosity and strength, and its 
barrier properties (Chen et al. 2015; Hu et al. 2015; Luzi et al. 2016). Lin et al. 
(2015) developed biodegradable microcellular foams based on PBS and CNC by 
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compressing method. Azodicarbonamide (AC) was the blowing agent and zinc 
oxide (ZnO) the blowing promoter. The flexural strength and modulus of the 
nanocomposite foam with 5 wt% of CNC was increased by 50% and 62.9%, respec-
tively, as compared with the neat PBS foam. Behavior attributed to the stress transfer 
between the matrix and nanofiller. The cells morphology, structure and stability 
were also modified by the filler due to the nucleation effect of CNC.

Hu et al. (2015) studied the effect of the chemical acetylation modification of 
CNC on the properties of PBS biodegradable foams. The foaming process was 
made by compressing method, and AC and ZnO were the blowing agent and the 
blowing promoter. The chemical treatment to obtain acetylated cellulose nanocrys-
tals (ACNC) promoted the compatibility with the matrix. Nanocomposite foams 
with 5 wt% of ACNC showed flexural strength and modulus improved by 50% and 
31.4%, respectively, as compared to that the neat PBS foam. The good dispersion of 

Table 13.1 Edible nanocomposite foams with different biodegradable polymers as matrix and 
cellulose nanocrystals or nanoclays as filler

Polymer Reinforcement Foam processing Reference

PBS Cellulose nanocrystals (CNC) Compressing method Lin et al. (2015)
Surface acetylated cellulose 
nanocrystals (ACNA)

Compressing method Hu et al. (2015)

Organically modified Closite®15A, 
Closite®20A, and Closite®30A

Baking method Lim et al. (2011)

PCL Cellulose nanocrystals Supercritical CO2 injection Mi et al. (2014)
Organically modified Closite®30B Pressure vessel Di et al. (2003)
Organically modified Closite®25A Supercritical CO2 and ethanol 

atmosphere pressure quench
Tsimpliaraki 
et al. (2013)

PVA Microfibrillated cellulose (MFC) Supercritical CO2 extrusion Zhao et al. 
(2014)

Cellulose nanofibrils (CNF) Freeze-drying method Liu et al. (2014)
Cellulose nanocrystals (CNC) Baking process Song et al. 

(2016)
Pristine Na+ montmorillonite Extrusion Li et al. (2015)

PLA Cellulose nanocrystals (CNC) Casting and leaching method Borkotoky et al. 
(2017)

Organically modified I.34TCN 
nanoclay

Supercritical CO2 extrusion Liu et al. (2013)

Organically modified Closite®30B Supercritical CO2 extrusion Keshtkar et al. 
(2014)

Starch Cellulose nanofibrils (CNF) Freeze-drying method Svagan et al. 
(2008)

Cellulose nanofibrils (CNF) Freeze-drying method Yildirim et al. 
(2014)

Organically modified Closite®30B 
and Closite10A

Baking method Matsuda et al. 
(2013)

Wizkay TU-90 kaolin Compressing method Kaewtatip et al. 
(2013)
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ACNC along the PBS matrix, and to the compatibility between nanocomposite 
foam components improved those properties. Additionally, it was observed that the 
microstructure was affected by the filler, increasing the density and average cell 
size. Clays are other nanofiller used as the reinforcement of nanocomposite foams. 
Lim et al. (2011) prepared PBS and organoclay nanocomposite foams by the baking 
method, employing AC, N, N′-dinitroso pentatetramine, and urea activator as the 
blowing agent. The nanocomposite with 2 wt% of clay displayed the better mechan-
ical and thermal properties. The thermal degradation temperature, tensile strength, 
and elongation at break of composites with 2 wt% of the filler increased by 5, 64 and 
470%, respectively, as compared to the neat PSB foam. The improved on the 
mechanical properties was due to the strong interaction between the PBS matrix and 
the nanoclay, which resulted in the transfer of stress to the nanofiller. Furthermore, 
it was observed that the blowing ratio depended upon the blowing temperature and 
time, and that nanocomposite foams had closed cells, which were oval-shaped.

Another biodegradable promising polymer is the PCL that is a hydrophobic and 
semicrystalline polymer, which presents low melting temperature at approximately 
60  °C and exceptional blend-compatibility. PCL is synthesized by ring opening 
polymerization of ε-caprolactone using a variety of catalyst, and by ring opening 
polymerization of 2-methylene-1-3-dioxepane. PCL properties can be modified by 
adding functional groups. However, PCL has high degraded times and poor 
mechanical performance (Di et al. 2003; Mi et al. 2014). Mi et al. (2014) prepared 
CNC and PCL composites by injection molding with supercritical CO2 as the blow-
ing agent CNC acted as a nucleating agent and had a strong interface with the PCL 
matrix improving the tensile modulus, complex viscosity, and storage modulus. 
It was also found that nanocomposite foams presented fine cell structure.

Studying the effect of organically modified clay upon the crystallization and 
foaming process of PCL.  Di et  al. (2003) found that the crystallization kinetics 
increase by 81% with the addition of 5 wt% of the filler, because of the nucleating 
effect of the silicate layers, as compared to the neat PCL foam. Furthermore, the 
complex viscosity and density of the nanocomposite foams were higher than that of 
neat PCL foam. Likewise, Tsimpliaraki et al. (2013) prepared PCL and organically 
modified clay nanocomposite foams by one-step or two-step press quench method, 
with supercritical CO2 or CO2–ethanol atmosphere as a blowing agent. The disper-
sion of the filler and the cell density and structure were better when the blowing 
agent was the mixture CO2–ethanol. Besides, it was not found a significant differ-
ence between nanocomposite foams structure when the processing method was 
either one-step or two-step.

PVA is another biodegradable polymer widely studied as a matrix of edible 
nanocomposite foams, as a matter of fact, PVA foams has been extensively applied 
in the biomedical and pharmaceutical fields. PVA is a semicrystalline and water- 
soluble polymer with several advantages, for instance, its compatibility with organic 
and inorganic materials, good ion exchange, physical adsorption, chelation, polar-
ity, biocompatibility, and versatility. However, PVA has narrow process window, 
which makes its melting temperature very close to its decomposition temperature 
(Mali et al. 2010; Debiagi et al. 2014; Li et al. 2015). Liu et al. (2014) developed 
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PVA and cellulose nanofibrils nanocomposite foams by the freeze-drying method. 
The addition of 30 wt% of CNF increased the Young’s modulus, compressive stress 
and energy absorption by 75, 60.58 and 14.36%, respectively, as compared with the 
neat PVA foam. Those results were attributed to the effect of CNF on the foam mor-
phology since composite foams with 30  wt% or lower CNF content presented 
smaller pore sizes with the larger surface area, which could support stronger com-
pression forces. Those pores were composed of fibrils with amorphous PVA playing 
the role of cross-linker or glue. Comparatively, Zhao et al. (2014) prepared PVA and 
microfibrillated cellulose (MFC) by extrusion with water and CO2 as the co- blowing 
agents and studied the effect of water, CO2 and MFC content on the properties of the 
composite foam. It was observed that the addition of 0.5 wt% of MFC increased the 
crystallinity by 37.48% as compared to the neat PVA foam. This behavior was due 
to nucleation effect of the filler that contributed to cell nucleation and prevented 
large crystal formation. Moreover, it was perceived that the composite with 0.05 wt% 
of MFC prepared using 12.5 wt% of water and 9 wt% of CO2 displayed the best 
properties. The cell density was increased by almost an order of magnitude and the 
cell size was decreased by 6.66%.

Likewise, the morphology, density, water uptake and mechanical properties of 
PVA and CNC nanocomposite foams, developed by Song et al. (2016) through the 
baking process, were modified with the addition of the filler. The foaming process 
was carried out with initial reaction times of 10 and 120 s, and calcium carbonate 
and formaldehyde were employed as the blowing and cross-linking agent, respec-
tively. It was observed that the nanocomposite foam with 1.5 wt% of CNC and the 
initial time of 120 s displayed tensile strength and compressive modulus increased 
by 737.31 and 8.75%, respectively, as compared to the neat PVA foam and nano-
composite foams with 10 s initial reaction time. Those results were attributed to 
longer initial reaction time, allowing the formation of high density with small pore 
size foams, and to the strong interaction between the low CNC content that pre-
sented uniformly dispersion and the matrix. On the other hand, there have been also 
developed PVA nanocomposite foams with nanolayered silicates as the filler. Li 
et al. (2015) studied the effect of pristine montmorillonite on the properties of PVA 
nanocomposites foams prepared by extrusion and using AC as the blowing agent. 
The clay was intercalated during the extrusion forming the exfoliated and interca-
lated structures. Due to the strong interaction between the nanocomposite compo-
nents, the melt elasticity and strength were improved. As a consequence of the 
increased melt strength and reduced crystallization time, the density of nanocom-
posite foam decreased.

Edible nanocomposite foams have also been prepared using PLA as a matrix. 
PLA is polyester synthesized by ring opening of lactide or l- and d-lactide acid, 
which can be produced from renewable agricultural materials. PLA is a biocompat-
ible polymer that has low toxicity and produces foams with high surface area, high 
toughness and low thermal conductivity (Lee et al. 2008; Ding et al. 2016). However, 
due to its low crystallinity, low melt strength, low deflection temperature, and slow 
crystallization, PLA presents limited applicability in different manufacturing 
processes (Bocz et  al. 2016). Borkotoky et  al. (2017) developed PLA and CNC 
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 nanocomposite foams by a novel and economic casting and leaching method and 
studied the filler effect on the morphology and thermal properties of the foams. 
It was observed that the addition of 3 wt% of CNC increased the foam density by 
38.09% and decreased the pore size by 47.14%, as compared with the neat PLA 
foam, as a consequence of the nucleating effect of the nanoparticles, which formed 
a greater number of smaller size cells. The crystallinity of the nanocomposite with 
3 wt% of CNC increased by 12.9%, reaffirming the nucleating effect of the filler.

Additionally, clays are also used as a filler of PLA nanocomposite foams. Liu 
et al. (2013) found that organically modified I.34TCN clay and the chain-extender 
BL 10069 N affected the properties of PLA foams prepared by the supercritical CO2 
extrusion method. The nanocomposite with 3 wt% of the clay presented the exfoli-
ated and intercalated structures. It was also perceived that the addition of 3 wt% of 
the clay increased the complex viscosity, storage modulus, melt strength and cell 
density, besides it decreased the loss factor and pore size of the nanocomposite 
foam. The behavior of the complex viscosity was attributed to the intercalation and 
exfoliation of the nanoclay that impede polymer chains to move and the increased 
of the melt strength was related to the increase of the storage modulus, which was 
ascribed to the intercalation of polymer chains into the clay layers. Similarly, 
Keshtkar et al. (2014) studied the effect of organically modified clay and CO2 con-
tent on the morphology, crystallization and rheological properties of nanocomposite 
foams preparer by extrusion with supercritical CO2 as the blowing agent. The nano-
composite foam with 5 wt% of the filler, 9 wt% of CO2 and prepared with die tem-
perature at 115 °C displayed the best crystallization, cell density, expansion rate and 
complex viscosity. Those results were attributed to the crystallization and nucle-
ation effects of the filler that were pronounced by the presence of plasticizing CO2. 
Besides, the filler increases the melt strength, and thereby the foaming behavior.

Finally, the most used biodegradable polymer to prepared composite foams is the 
starch, which is a renewable and low-cost polymer produced by a vast variety of 
sources. Starch is the main form in which carbohydrates are stored in plants, cereal 
grains, tubers, and roots. The major starch polymer components are amylose and 
amylopectin (Soykeabkaew et al. 2015). Since it is a renewable resource, abundant, 
inexpensive and non-toxic, starch is considered the most used polysaccharide for 
foam packaging applications (Palma-Rodríguez et al. 2016). However, starch-based 
foams have poor water resistance and mechanical properties (Kaisangsri et al. 2014; 
Pornsuksomboon et  al. 2016). Aiming to study the mechanical performance of 
nanofibrillated cellulose (NFC) and amylopectin potato starch nanocomposite 
foams, prepared by the freeze-drying method, Svagan et al. (2008) found that the 
best mechanical properties were for obtained adding 40  wt% of the filler. The 
Young’s and yield strength of the nanocomposite foam with 40  wt% of CNF 
increased by 42.85 and 200%, respectively, as compared to that the neat starch 
foam. Furthermore, the density and the water content decreased by 7.69 and 23.63%, 
respectively. Besides the reinforcement effect of the nanofiller, the cell structure of 
the nanocomposite foams was a formed by a mixture of closed and open cells, 
which influence the mechanical behavior in the linear-elastic and cell collapse 
regions. The decreased in water content was due to the hydrophobic nature of the 
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nanofiller. Likewise, Yildirim et al. (2014) developed corn starch and CNF nano-
composite foams by the freeze-drying method, with different starch and CNF 
contents, and studied the mechanical flexural and compressive behavior of nano-
composite foams. The best mechanical performance was displayed by the nanocom-
posite foam with 6 wt% of corn starch and 1.5 wt% of NFC. The elastic modulus, 
modulus of rupture, compression modulus and compressive resistance of nanocom-
posites with 6 wt% of starch and 1.5 wt% of CNF increased by 109,869; 16,375; 
5946 and 2212% as compared to the nanocomposite foam with 0.5 wt% of starch 
and 0.5 wt% of CNF.

Furthermore, starch-based nanocomposite foams with nanoclays as filler have 
been prepared. Matsuda et al. (2013) developed cassava starch and two organically 
modified clay (Closite®30B and Closite®10A) nanocomposite foams by the baking 
method and evaluated the influence of the content and the kind of filler upon the 
microstructural and mechanical properties. After 30 min of immersion, all nano-
composite foams had lower capacities of water absorption than the neat starch foam, 
due to the clays hydrophobicity, which is higher to Closite®10A. Both organoclays 
presented good dispersion along the matrix and formed the exfoliated structure. 
Also, both clays improved the stress at break, due to the strong interaction between 
the nanoclays and the matrix, which enhanced the mechanical reinforcement. 
Correspondingly, evaluating the effect of kaolin upon the morphology, water absorp-
tion and mechanical properties of starch foams that were prepared by compressing 
method. Kaewtatip et al. (2013) found that the addition of 15% of kaolin increased 
the Izod impact strength by 368%, as compared to the neat starch foam. Result 
attributed to the good dispersion and distribution of kaolin along the starch matrix, 
and to the kaolin efficiency absorbing and diluting impact energy. Additionally, the 
addition of kaolin the water absorption decreased by 6 and 8% after the nanocom-
posite foams were exposed at 55% of relative humidity for 7 and 45  days, 
respectively.
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Chapter 14
Nano and Microencapsulation Using Food 
Grade Polymers

S. K. Vimala Bharathi, J. A. Moses, and C. Anandharamakrishnan

Abstract Encapsulation is the technique in which an active component (core mate-
rial) is entrapped in a polymeric (wall) material. This can be done at the macro, 
micro or nano-level. In the food industry, apart from providing protection to the core 
material, encapsulation has found several applications in terms of controlled release, 
targeted delivery, enhanced bioavailability, improved storage stability and control 
over unpleasant flavours. These attributes are highly linked to surface-volume ratios 
and hence differentiates nano and microencapsulation from macroencapsulation. 
Common wall materials include lipids and food grade polymers such as polysac-
charides and proteins or their combinations. This chapter presents a detailed note on 
various approaches for nano and microencapsulation, emphasising on the types and 
potential of using different types of food grade polymers. A summary of research on 
such aspects and the various core materials of interest are also presented. Methods 
to characterize encapsulated materials and challenges faced in these practices are 
included to provide an in-depth understanding on the subject.

Keywords Bioactive components · Encapsulation techniques · Nanoencapsulation 
· Polymeric wall material

14.1  Introduction

Encapsulation is one of the efficient ways of protecting bioactive components 
through entrapment of active component (core material) within a polymeric wall 
material (Gutiérrez and Álvarez 2017). The major functions of encapsulation 
include controlled release, targeted delivery, control over unpleasant flavours and 
odours, ease of handling and storage, enhanced bioavailability and absorption 
through cells. The core material can be flavours, colours, preservatives, sweeten-
ers, proteins, minerals, lipids, probiotics, acids, bases, buffers, antioxidants, 
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polyphenols and so on (Anandharamakrishnan and Ishwarya 2015). The wall 
materials include lipids and food grade polymers such as polysaccharides, proteins 
and some of the synthetic polymers or their combinations (Lakkis 2016). Among 
these wall materials, food grade polymers are most commonly used because of 
properties like biocompatibility, biodegradability, low viscosity at high solid con-
tent, solubility, retention of volatiles, suitability for high temperature application, 
possibility of modification and ability to provide structure (Fathi et  al. 2014; 
Gharsallaoui et al. 2007; Shahidi and Han 1993; Gómez-Mascaraque et al. 2016). 
Further, polymers can act as versatile wall material to bind or encapsulate wide 
variety of bioactive core material.

Depending on the size of the resultant encapsulated particle obtained, encapsula-
tion process can be termed as macro, micro and nanoencapsulation. In general, the 
properties of the encapsulated materials improve with increase in surface-volume 
ratio and hence, micro and nanoencapsulation are preferred than macroencapsula-
tion. This chapter deals with various techniques of nano and microencapsulation, 
emphasizing on the characterization of the encapsulated particles. Also, provides a 
detailed note on food grade polymers as wall materials and some of the related core 
materials highlighting the researches on the respective areas.

14.2  Wall Materials for Encapsulation

Wall materials are the encapsulant materials that provide protection to core material 
and hence, the selection of these materials is based on characteristics of material to 
be encapsulated, as well as physico-chemical properties of wall material including 
solubility, film forming properties, emulsifying properties, molecular weight, and 
core and wall material interaction (Gharsallaoui et al. 2007). On the other hand, the 
wall materials used in food application must be generally regarded as safe (GRAS), 
biodegradable and should not affect the taste or flavour of the food (Augustin and 
Hemar 2009; Fathi et al. 2014).

Food grade polymers used as wall materials can be natural or synthetic. 
Commonly used natural polymers include polysaccharides (starch and their deriva-
tives, cellulose and their derivatives, plant extracts and exudates, microbial and ani-
mal extracts, and marine extracts) (Wandrey et al. 2010) and proteins (plant and 
animal protein); whereas synthetic polymers for encapsulation include polypropyl-
ene, polyvinylacetate, polystyrene, polybutadiene, polylactic acid, polyglycolic 
acid, polycaprolactic acid and so on (Lakkis 2016). Different kinds of food grade 
polymers and their application in encapsulation is discussed in this section.
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14.2.1  Natural Polymers

Natural polymers are materials obtained either directly or indirectly from natural 
sources. They are mainly polysaccharides and proteins from plant and animal 
sources. Polysaccharides from plant sources include maltodextrins, corn syrup, 
cyclodextrin, methylcellulose, ethylcellulose, carboxymethyl cellulose, gum traga-
canth, gum Arabic, locust bean gum, guar gum, pectin and so on; whereas carra-
geenans and alginates are polysaccharides from marine source. And, polysaccharides 
from microbiological and animal extracts includes xanthan, gellan, dextran, chito-
san, etc., Similarly, proteins from plant sources include gluten, soy isolate, pea iso-
late; whereas milk proteins (caseins, whey protein) and gelatin are from animal 
sources (Wandrey et al. 2010).

In food applications, these polymers either alone or in combination are used as 
wall materials. For instance, Xue et al. (2013) encapsulated tomato oleoresin using 
zein, obtained from corn gluten meal through ultrasound assisted extraction. A 
18 days study on lycopene content found that at 35 °C storage, maximum 81.91% 
of lycopene content was lost; whereas at 4 °C storage temperature, only 23.63% 
lycopene content was lost. The study concludes that by decreasing the storage time 
and temperature, lycopene content loss can be reduced. A similar study was con-
ducted by Li et  al. (2015) by encapsulating tomato oleoresin with Soy protein 
isolate- gum acacia conjugate and during 30 days of lycopene retention study, it was 
found that loss % of lycopene content was 8.96% and 30.94% at 4 °C and 35 °C 
storage temperature, respectively. Both these studies found that encapsulation 
reduced the release of lycopene content in stomach and improved the rate of release 
in intestine. This proves that encapsulation is better suitable for lycopene retention 
because lycopene must be protected at the stomach and must be released only in the 
intestine. Also, on comparing the above two studies, it can be seen that the conju-
gates retained more lycopene content for longer storage period. At times, single wall 
material can be beneficial and effective than that of combinations. For instance, 
sulforaphane stability was higher when encapsulated with maltodextrin than that of 
maltodextrin and gum arabic (25:75) (Wu et al. 2014). Hence the choice of wall 
material chosen has greater impact on the final encapsulated product. The impact of 
different combinations of wall material on final product is explained in Table 14.1.

14.2.2  Synthetic Polymers

Synthetic polymers are the polymers synthesized by chemical reaction, through 
polymerization of repeating units of monomers. Though synthetic polymers are 
widely used in drug encapsulation, not all polymers used in drug encapsulation are 
accepted in food applications (Kailasapathy 2016). Lemma et al. (2015) improved 
the shelf life and thermal stability of retinyl acetate by encapsulating with poly 
(vinyl alcohol) (PVA) and β-cyclodextrin. The study also showed that retinyl acetate 
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with PVA/β-cyclodextrin exhibited better thermal stability than that with only PVA 
nanofibers. Similarly, to improve the stability of the curcumin, Rachmawati et al. 
(2016) encapsulated curcumin with poly (lactic acid) and dichloromethane by using 
vitamin E and polyethylene glycol succinate as solvent and surfactant, respectively. 
The maximum encapsulation efficiency was found to be 89.42% with 5% curcumin 
in it. A study on nanoencapsulation of roasted coffee oil using poly (l-Lactic acid) 
(PLLA) and poly (hydroxyl butyrate-co-hydroxyvalerate) (PHBV) as wall materi-
als, revealed that volatile concentration and aroma constituents can be retained 
effectively using encapsulation (Freiberger et al. 2015). Several patents were filed 
on the encapsulation of active food ingredients using synthetic polymers (Cherukuri 
et al. 1991; Cherukuri and Mansukhani 1989, 1990; Wei et al. 1986; Yatka et al. 
1992a). For instance, polyvinyl acetate blended with plasticizers, when used as 
encapsulant material for sweeteners, forms a film that can be retain the moisture and 
enhance the controlled release of the core material. This when applied in chewing 
gum composition with proper manipulation, the sweetness perception can be pro-
longed during mastication (Yang 1988). A similar patent was filed for the method to 
produce crystalline sucralose encapsulated with polyvinyl acetate, to retain the 
sweetness for longer time with controlled release (Yatka et al. 1992b). Recently, 
gum based chewing gum was replaced with 70% by weight of polyvinyl acetate 
with improved release of flavours and sweeteners. The obtained chewing gum was 
similar to toffee in terms of texture (Wittorff and Lund 2017).

14.3  Core Materials for Encapsulation

Core materials are the active components (solid, liquid or gas) that are encapsulated 
within the wall material. The properties of the core materials define the nature of the 
final product. Thus, based on the arrangement of core materials, final encapsulates 
obtained can be mononuclear (single continuous phase of core material within the 
wall material), polynuclear (multiple units of core material inside the wall material) 
or matrix-type capsule (core material is homogeneously distributed in the wall 
material) (Anandharamakrishnan and Ishwarya 2015).

14.4  Techniques for Micro and Nanoencapsulation

Apart from the properties of core materials and wall materials, encapsulation tech-
niques adapted can alter the physicochemical properties of the final encapsulated 
material (Table  14.2). For instance, Ezhilarasi et  al. (2013a) microencapsulated 
hydroxycitric acid, a thermally sensitive compound with maltodextrin, whey pro-
tein isolate, and their combination, using freeze drying. Upon incorporation in 
bread, the whey protein isolate encapsulated microcapsules were better in terms of 

S. K. Vimala Bharathi et al.
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free hydroxycitric acid concentration, loaf volume, texture, color and other sensory 
characteristics. Similarly, on encapsulating the same compound with same set of 
wall materials using spray drying, the better quality bread were obtained for cap-
sules encapsulated with maltodextrin (Ezhilarasi et al. 2014). It is, thus, crucial to 
select the appropriate encapsulation technique. The selection of encapsulation tech-
niques depend on nature of the core material and wall material, final particle size 
required, encapsulation efficiency, release mechanism and so on. Microencapsulation 
techniques can be divided into chemical and physical processes. Chemical microen-
capsulation techniques include: polymerization (in situ and interfacial) and poly-
condensation; And, physical microencapsulation techniques include: 
physico-chemical (coacervation, sol-gel and supercritical CO2 assisted microencap-
sulation) and physico-mechanical (spray drying, fluid bed coating, centrifugal 
encapsulation, vacuum encapsulation and electrostatic encapsulation) (Ghosh 
2006). Further, microencapsulation technique can also be divided on the basis of 
medium used for suspension. The techniques that use liquid as suspending medium 
are coacervation, emulsification-solvent evaporation, in situ and interfacial polym-
erization, and the techniques that use gas as suspending medium are spray drying, 
spray chilling/cooling, fluidized bed coating (Schrooyen et al. 2001).

Nanoencapsulation techniques adopt either bottom-up or top-down approach for 
synthesis of nanoparticles. Bottom-up approach techniques like coacervation, inclu-
sion complexation, nanoprecipitation and super critical fluid technique, synthesize 
nanomaterials by self-assembly and self-organisation of individual molecules. pH, 
temperature, concentration, ionic strength, stresses due to mechanical, electrical, 
and magnetic forces influences the particle formed. And, top-down approach tech-
niques like emulsification and emulsification-solvent evaporation, involves size 
reduction of bulk materials to get nanoparticles (Augustin and Sanguansri 2009; 
Ezhilarasi et al. 2013b). Moreover, nanoencapsulation techniques can also be divided 
into liquid-based (coacervation, emulsification-solvent evaporation, inclusion com-
plexation, nanoprecipitation and supercritical fluid technique), electro- hydrodynamic 
processes (electrospinning and electrospraying) and drying techniques (spray drying 
and freeze drying) (Anandharamakrishnan 2014). In this section, some of the most 
commonly used encapsulation techniques are explained by highlighting some of the 
recent researches explored in particular areas (Gutiérrez 2018).

14.4.1  Coacervation

Coacervation technique involves suspension of the core material in polymeric (wall 
material) solution and then deposition of the wall material around core material 
after phase separation. Phase separation can either be induced by de-solvating 
(coacervating) agents (simple coacervation) or by oppositely charged polymers 
(complex coacervation). Finally, the stabilization of particles can be done using 
suitable cross-linking agent or by heat treatment (Jyothi et al. 2010). The nature of 
the polymers and their interaction plays a major role in size of the final capsule 
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formed. For example, formation of nano-sized particles is restricted for strongly 
negative charged polysaccharides, as their coacervation leads to insoluble or pre-
cipitated complexes (Lv et al. 2014). Hence, Lv et al. (2014) used gelatin and gum 
arabic as wall material for preparation of nanocapsules of jasmine essential oil with 
transglutaminase as a cross-linking agent. The resulted encapsulated oil possessed a 
good heat-resistant characteristic against humid heat (80 °C).

Coacervation technique is advantageous in many aspects like very high achiev-
able payloads (max 99%), high encapsulation efficiency (approx. 90%), requires 
neither high temperature nor organic/toxic solvents, capsules obtained are heat- 
resistant, controlled and sustained release on mechanical stress and temperature, but 
the major restriction is in food applications is the use of gluteraldehyde as cross- 
linking agent. Yet, this can be overcome by the application of enzymes or natural 
cross-linking agent such as genipin, anionic polysaccharides and proteins (Dima 
et al. 2014; Ezhilarasi et al. 2013b; Gouin 2004; Yin and Li 2012). For instance, Jain 
et al. (2016) microencapsulated β-carotene using casein and gum tragacanth as wall 
material and genipin as cross-linking agent. The study found that the intensity of 
electrostatic attraction of complex coacervation was optimum at pH of 4.35 with 
casein and gum tragacanth ratio as 2:1. The stability and antioxidant activity of 
microencapsulated β-carotene was found to be improved. In vitro studies revealed 
the release pattern of β-carotene as biphasic (burst release initially and then sus-
tained release). Several other studies also used genipin as cross-linking agent that 
includes microencapsulation of vanilla oil with chitosan and gum arabic (Yang et al. 
2014) and mustard seed oil with gelatin and gum arabic (Peng et al. 2014).

Another limitation is that this technique is more suitable only for hydrophobic 
compounds. Still, Santos et  al. (2015) encapsulated xylitol (a hydrophilic com-
pound) through coacervation technique by using double emulsion as the intermedi-
ate process, followed by freeze drying. Here, W/O and W/O/W emulsion was 
prepared by adding xylitol into corn oil and gelatin respectively. The obtained 
microcapsules possessed characteristics like optimum particle size (78.45–
109.31  μm), low solubility (5.31–13.90%) and good encapsulation efficiency 
(31.42–71.93%); those are suitable for food applications in terms of sweetness and 
freshness. The in vitro study conducted for the obtained microcapsule revealed that 
over 70% xylitol was released in artificial saliva within 20 min. Thus, coacervation 
technique can be efficiently used to micro and/or nanoencapsulate heat-sensitive 
compounds with appropriate use of cross-linking agents and wall materials.

14.4.2  Fluid Bed Coating

Fluid bed coating can be used to encapsulate solid particles like powders and gran-
ules uniformly (Gupta et al. 2016). It involves spray coating of the wall material on 
the fluidized core material. Initial works on fluid bed coating was initiated by Dr. 
Dale E. Wurster in 1950s (Battista et al. 1965; Lindlof and Wurster 1964, 1965; 
Wurster 1957, 1963, 1966; Wurster and Lindlof 1966) and hence the process is also 
known as ‘Wurster process’. Fluid bed coating can be bottom spray, top spray and 
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tangential spray (rotary and static), depending on whether the direction of spray is 
concurrent, counter-current or tangential to the fluidized particles respectively. 
Here, the major difference between rotary and static tangential spray type lies in the 
base plate provided for fluidizing the core material. The rotary type has non- 
perforated rotating plate and provides air in the outer edge, whereas static type has 
diagonally cut perforations and provides air angularly (Frey 2014). For food indus-
try that deals with powders of wide particle size distribution, tapered/conical fluid 
bed with top-spray type is preferred, because of relatively higher versatility and 
batch size, as well as simplicity of cleaning and disassembly (Depypere et al. 2009). 
The efficiency of fluidized bed coating is governed by factors like process tempera-
ture and humidity, inlet air and atomization air temperature, liquid feed rate, fluidi-
zation air and atomization air volume (Meiners 2012). Several studies were 
conducted and appropriate models were validated, especially computational fluid 
dynamics, related to the above mentioned factors (Duangkhamchan et  al. 2012, 
2015). A study was conducted by Palamanit et al. (2013) on the effect of inlet air 
temperature and spray rate of coating solution on quality attributes of rice with tur-
meric extract during top-spray fluidized bed coating and the study revealed that the 
percentage of fissured rice kernel and its moisture content depends on both spray 
rate of coating solution and temperature of inlet air. Further, the spray rate of coat-
ing solution had effect on the colour, total antioxidant capacity and total phenolics 
content of turmeric coated rice kernel.

Fluidized bed coating is advantageous over freeze drying in terms of cost (Schell 
and Beermann 2014). And, at times, spray dried encapsulated particles may leave 
some portion of the active core material exposed because of structural collapse of 
wall material on exposure to heat. To protect those active components, fluid bed 
coating technique can be adopted for spray dried particles. Coronel-Aguilera and 
San Martín-González (2015) encapsulated spray dried β-carotene emulsion using 
fluid bed coating techniques and hydroxypropyl cellulose as wall material. The 
obtained microcapsules had particles size and moisture contents in the range of 
48.6–69.5  μm and 1.69–8.53  g/100  g, respectively. Furthermore, the particles 
obtained at lower coating temperatures (60 and 70 °C) and lower feed rate of wall 
material solution showed better encapsulation than that at 80 °C. And, the particles 
exhibited stable colour in acidic media (yogurt) for a period of 4 weeks of refriger-
ated storage. Thus, fluidized bed coating with proper understanding of the parame-
ters involved, can be used to overcome some of the disadvantages of spray and 
freeze drying to obtain uniform coated powders with high encapsulation efficiency.

14.4.3  Emulsification-Solvent Evaporation

Encapsulation by emulsification-solvent evaporation is done by dissolving the wall 
material and the core material in water immiscible, low boiling point solvents and 
then emulsifying the solution in aqueous emulsifier solution. Finally, microspheres 
or nanospheres are produced by removal of solvent through evaporation (Jafari et al. 
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2017). The evaporation may be through the application of temperature, pressure or 
continuous stirring (Soppimath et al. 2001). The size of capsules formed depends on 
type and amount of dispersing agent, stirring rate, viscosity and quantity of the 
organic and aqueous phase, and temperature (Tice and Gilley 1985). Also, the rate 
of solvent evaporated has a considerable effect on the characteristics of the capsule 
formed. Rapid solid removal encourages the formation of porous capsules with 
amorphous and hardened polymer (Tewes et al. 2006). The x-ray diffraction and 
differential scanning calorimetry studies on nanocapsule of β-carotene encapsulated 
with whey protein isolate, sodium caseinate and soybean protein isolate found that 
crystalline β-carotene was transformed into amorphous form in nanosystems. The 
reason predicted in the study was it may be due to precipitation during solvent 
evaporation or residual lipids extraction from the proteins (Yi et al. 2015).

In general, this technique is employed for encapsulation of lipophilic compounds 
(Ezhilarasi et  al. 2013b). But, double emulsion solvent evaporation facilitates to 
adopt this technique for both lipophilic and hydrophilic compounds (Zafar et  al. 
2017). The most commonly used polymer wall materials are polylactic acid, 
poly(lactic-co-glycolic acid), ethylcellulose, cellulose acetate phthalate, poly(ε- 
caprolactone) and poly(β-hydroxybutyrate) (Reis et al. 2006). Recently, Teo et al. 
(2017) conducted a comparative study on the kinetic stability and cellular uptake of 
lutein in whey protein isolate-stabilized nanoemulsions, prepared by solvent evapo-
ration method and conventional emulsions. The particle sizes of nanoemulsions and 
emulsions were 68.8 nm and 147.3 nm, respectively. And, the encapsulation effi-
ciencies were 80.7% and 86.3%, respectively. The results of the studies revealed 
that though nanoemulsions showed higher lutein loss than conventional emulsions, 
the Caco-2 cellular uptake of lutein was almost 2.5 times higher in nanoemulsions 
than that of conventional emulsions.

Considering the usage of solvent, this technique is not preferred for food applica-
tion (Lee and Wong 2014), but this technique is suited for active components that 
are susceptible to heat and oxygen. Recently, Iron salt (FeSO4. 7H2O) was encapsu-
lated in gum tragacanth using solvent evaporation technique with alcohol as the 
solvent. The optimized contents of 5% iron salt, 22% gum tragacanth and 11:1 
alcohol: mixture ratio resulted in maximum encapsulation efficiency of 60.13% 
with 55.31 μm sized microcapsules. Also, these capsules exhibited complete release 
and upto 80% release in simulated gastric fluid and water, respectively (Asghari- 
Varzaneh et  al. 2017). A similar study was conducted using maltodextrin, gum 
Arabic and modified starch as wall material. The microcapsules prepared with 
maltodextrin, gum arabic and modified starch in the proportion of 1:4:1 and 10:1 
absolute alcohol: mixture ratio resulted in maximum encapsulation efficiency of 
91.58% and 15.54 μm average sized particles. These microcapsules when fortified 
in milk showed remarkable difference in sensory scores and higher in vitro bioavail-
ability of iron as compared to those of iron salt fortified milk. And, TBA values were 
also comparatively lower upto fifth day of storage (Gupta et  al. 2015). Thus, 
emulsification- solvent evaporation technique helps in better encapsulation of lipo-
philic components and high temperature and oxygen susceptible components with 
particles of required size.
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14.4.4  Inclusion Complexation

Inclusion complexation refers to encapsulation through various intermolecular 
interactions like hydrophobic interaction, hydrogen bonds, van der Waals interac-
tions, stearic interactions between hydrophopic molecules (core material) and 
amphiphilic structured molecular compounds like β-cyclodextrin and 
β-lactoglobulin (wall material) (Ezhilarasi et  al. 2013b; Kfoury et  al. 2016). 
Shpigelman et al. (2014) formed complex between naringenin and β-lactoglobulin 
to improve the solubility. The complex prevented crystallization of naringenin up 
to 3 times its solubility limit, with the particle size of 10 nm (approx.). These two 
factors make the complex suitable for application in clear beverages. Similarly, 
limonene and β-cyclodextrin complexes were spray dried and incorporated into 
lemon juice. The encapsulated particles size ranged from 1 to 3 μm and accelerated 
aged studies shown that after 10 days, which mimics 9 months of storage, 40% of 
complexed limonene remained in the model beverage (Do Carmo et al. 2017). The 
encapsulation of certain essential oils like eugenol, thymol, carvacrol, Citrus sinen-
sis, Hyptis martiusii, cinnamon bark and clove bud extract in β-cyclodextrin using 
inclusion complexation technique were proved to improve/prolong the antimicro-
bial activity against Peronophythora litchii (Gong et  al. 2016), Escherichia coli 
(Tao et al. 2014), Aspergillus niger (Bernardos et al. 2015), Aedes aegypti. larvae 
(Galvão et al. 2015), Salmonella enterica serovar Typhimurium LT2 and Listeria 
innocua (Hill et al. 2013).

In food packaging applications, the inclusion complexes formed were incorpo-
rated in electrospun fibers and factors like thermal stability, durability and antimi-
crobial activities were studied (Aytac et al. 2014; Kayaci et al. 2013, 2014; Mallardo 
et al. 2016; Wen et al. 2016a). Recently, Aytac et al. (2017) fabricated zein electro-
spun nanofibers incorporating thymol and γ-cyclodextrin inclusion complex and the 
formed material was most effective at reducing the bacterial count in meat stored up 
to 5 days at 4 °C. Another study was conducted by Celebioglu et al. (2016) to pro-
duce polymer-free nanofibers using vanillin/cyclodextrin inclusion complexes. The 
study revealed that maximum achievable vanillin loading was higher in the polymer- 
free fiber than that of the polymeric nanofiber with improved thermal stability and 
solubility. Deng et al. (2016) prepared clove essential oil- β-cyclodextrin inclusion 
complex based active packaging film using polyvinyl alcohol as film forming 
 material and studied the migration behaviour with three kinds of solvents: 3% acetic 
acid, 10% ethanol and olive oil. The migration behaviour was different for different 
solvents with olive oil exhibiting the fastest migration. The concentration of clove 
oil that reached equilibrium in olive oil, ethanol and acetic acid was after 32 h, 72 h 
and 80 h, respectively. Thus, inclusion complexation can be used to encapsulate 
essential oils, vitamins, minerals, polyphenols and other volatile components and 
convert them into free flowing powders. And, encapsulated components can exhibit 
improved thermal stability, solubility, and antimicrobial and antioxidant activity, 
reduce volatility and controlled release, without the use of organic solvents.
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14.4.5  Nanoprecipitation

Both nanospheres and nanocapsules can be formed through nanoprecipitation (also 
known as solvent displacement/interfacial deposition) technique of incorporating 
the organic phase containing dissolved wall material and core material in organic 
solvent into the aqueous phase containing a stabilizer (surfactant), followed by 
vaporization of solvent (Ezhilarasi et  al. 2013b). Nanoprecipitation can produce 
particles of size between 100 and 300 nm (Bareras-Urbina et al. 2016). A compara-
tive study on nanoprecipitation and emulsification-diffusion of diclofenac revealed 
that the lower particle size and higher zeta potential were obtained for nanocapsules 
obtained via nanoprecipitation method (Mora-Huertas et al. 2012). The commonly 
used polymers for encapsulation are poly(lactic acid), poly(lactide-co-glycolide), 
poly(alkyl cyanoacrylate) and poly(ε-caprolactone), and the corresponding copoly-
mers with poly(ethylene-glycol) (Lepeltier et al. 2014). Noronha et al. (2014) incor-
porated α-tocopherol nanocapsules encapsulated with poly(ε-caprolactone) via 
nanoprecipitation method into methylcellulose. The film exhibited potential anti-
oxidant ability because of the presence of α-tocopherol. Further, the study found 
that films acted as a barrier against UV and visible light that prevents photooxida-
tion of foods and concluded that α-tocopherol incorporated methylcellulose films 
can be used as an efficient tool for food preservation.

Nanoprecipitation technique includes: flash precipitation and two step nanopre-
cipitation. Flash nanoprecipitation is used to obtain uniformly sized nanoparticles 
with high encapsulation efficiency. It involves rapid mixing with the help of high- 
efficiency mixers to obtain particles in the range of 50–150 nm (Bareras-Urbina 
et al. 2016). A study was conducted on encapsulation of curcumin using flash nano-
precipitation with an auxiliary stabilizer, followed by freeze drying, in order to 
improve the stability of nanoparticles prepared. The study revealed that stability and 
particle size of the generated nanosuspensions is influenced by molecular weight of 
polymeric stabilizer (polyethylene glycol-b-poly(dl-lactide) di-block copolymer), 
mixing rate and drug-to-copolymer ratio. The nanosuspensions were stable only for 
about 2 h. But, poly (vinylpyrrolidone) (as auxiliary stabilizer) addition extended 
the stability of the nanosuspensions to 5 days and 2 weeks at ambient conditions and 
4 °C, respectively (Chow et al. 2015).

Two step nanoprecipitation involves two steps: In step 1, the core material is 
precipitated using a solvent and nanoparticles are created; whereas in step 2, the 
formed nanoparticles are mixed with the mixture of polymer and solvent. Finally, 
the polymer precipitates out encapsulating the core material nanoparticle (Bareras- 
Urbina et al. 2016). Morales-Cruz et al. (2012) encapsulated cytochrome c (Cyt-c) 
in poly (lactic-co-glycolic) acid. The enzymes, lysozyme and α-chymotrypsin, were 
used for the optimization. They concluded that two-step nanoprecipitation helped in 
obtaining high encapsulation efficiency and improve protein protein stability, which 
is not possible through one-step nanoprecipitation as protein gets denatured when 
dissolved in organic solvent. Nanoprecipitation technique can be efficiently used to 
obtain uniform sized particles with high efficiency and high drug loading capacity 
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without the use of high temperature (Bazylińska et al. 2014). Further, the desired 
particle size rang can be obtained through control of the nucleation and growth of 
particles in solution (Chow et al. 2015).

14.4.6  Supercritical Fluid Technique

Supercritical fluids possess the properties of both liquids and gases, when exposed 
above its critical temperature and pressure. In general, supercritical fluids like 
alkanes (C2 to C4), supercritical carbon-dioxide and nitrous oxide (N2O) are used 
(Ghosh 2006). Among these, carbon-dioxide is commonly used in food applications. 
The spotlighted properties of supercritical fluids include high diffusivities, high sol-
vating power, high mass transfer rates, low density and low viscosity (Gouin 2004). 
Supercritical fluid techniques involve dispersion of core material and dissolved 
(hydrophobic) or swollen (hydrophilic) wall material in supercritical fluids and then 
the fluid is released to form nanoencapsulates (Gouin 2004; Jafari 2017). Some of 
the supercritical fluid techniques are aerosol solvent extraction system (ASES), 
rapid expansion of supercritical solutions (RESS), particles from gas- saturated solu-
tions (PGSS), gas or supercritical fluid antisolvent (GAS/SAS), solution- enhanced 
dispersion by supercritical fluid (SEDS) and rapid expansion of supercritical solu-
tions into a liquid solvent chamber (RESOLVE) (Augustin and Sanguansri 2009).

Giufrida et al. (2016) encapsulated medroxyprogesterone in poly (3- hydroxybut
yrate- co-3-hydroxyvalerate) (PHBV) via supercritical fluid extraction of emulsion 
(SFEE) technique and compared with conventional emulsion solvent evaporation 
(ESE) technique. The particle sizes obtained using SFEE and ESE were 850–183 nm 
and 932–215 nm, respectively, with varying PHBV molecular weight. It can be seen 
that encapsulates produced using SFEE were comparatively smaller than those of 
ESE. Further, ESE consumed more time for solvent removal than that required for 
SFEE. Another study encapsulated resveratrol in PHBV via SEDS technique using 
CO2 and dichloromethane as anti-solvent and organic solvent, respectively, and 
revealed that resveratrol encapsulation either increased or maintained the antioxi-
dant activity. Also, the particles have the encapsulation efficiency and particles sizes 
of 99.54% and 390–570 nm, respectively and are free of organic solvent (Dal Magro 
et al. 2017). Lévai et al. (2017) encapsulated quercetin using SFEE and then com-
pared with PGSS-drying and lyophilisation. Antioxidant activity and quercetin 
encapsulation efficiency were similar for both PGSS-dried and lyophilised prod-
ucts, but PGSS-dried particles are more homogenous and less crystalline than that 
of lyophilised products, proving that microsized quercetin loaded particles can be 
produced efficiently through PGSS-drying.

Supercritical fluid techniques can be performed at low temperature to facilitate 
encapsulation of heat sensitive bioactive components. Further, the final product can 
be made solvent free by controlling the temperature, pressure and flow rate of CO2 
to favour food application (Prieto and Calvo 2017a). The major drawback of this 
technique is its initial cost owing to high-pressure equipment (Gouin 2004).
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14.4.7  Electrospinning

This technique involves production of polymer fibers of diameters less than 1 μm by 
applying high voltage to the polymer droplets (Ghorani et al. 2017). The method 
uses a set-up (Fig. 14.1) that consists of two electrodes, one of which is connected 
to the solution (containing core material in organic polymer solution) in the needle 
and the other is connected to the collector at a pre-set distance. At the tip of the 
needle, the droplet initially forms Taylor cone and then transformed into jet, when 
the electric charge approaches and overcomes the droplet’s surface tension. Further, 
in the space between the electrodes the solvent gets evaporated, transforming the jet 
into nanofibers. Voltage applied, flow rate of solution, electrode distance, molecular 
weight and weight concentration of polymer, and volatility and conductivity of sol-
vent used governs the morphology and properties of the fiber formed 
(Anandharamakrishnan 2014). Aceituno-Medina et al. (2015a) studied the photo-
protection of amaranth protein isolate: pullulan based electrospun fibers with folic 
acid as core material. Electrospinning of vitamin with protein matrix increased ther-
mal stability of folic acid with very high encapsulation efficiency (>95%). Further, 
after 2 h of UV exposure, no degradation of folic acid was witnessed. Thus, electro-
spinning amaranth protein isolate: pullulan structures can protect photosensitive 
components and has great potential in food application. Another application of elec-
trospinning in food was explored by fabricating electrospun polyvinyl alcohol/cin-
namon essential oil/β-cyclodextrin (PVA/CEO/β-CD) nanofibrous film. The film 
showed improved thermal stability and excellent antimicrobial activity against 
Staphylococcus aureus and Escherichia coli with average diameter of 240 ± 40 nm. 
Also, these films were also able to prolong the shelf life of strawberry and pork with 
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Fig. 14.1 Electrospinning setup (model) (Bhushani and Anandharamakrishnan 2014)
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polyvinyl alcohol and polylactic acid, respectively (Wen et al. 2016a, b). A study 
was conducted on release of Plantaricin 423, from Lactobacillus plantarum, and 
bacteriocin ST4SA, from Enterococcus mundtii, those were electrospun into nano-
fibers blends of poly(d,l-lactide) (PDLLA) and poly(ethylene oxide) (PEO) combi-
nations. The study found that 88% of the original antimicrobial activity was retained 
by both the peptides at 37 °C. Hence, electrospinning technique can be used for 
sustained release with appropriate combination of polymers (Heunis et al. 2011).

14.4.8  Electrospraying

Electrospraying is similar to electrospinning, with differences like use of low vis-
cous solutions and hence degree of cohesion is lower, so as to form fine droplets of 
liquid (Costa et al. 2010; Ghorani et al. 2017). The self-dispersing characteristic of 
these charged droplets prevents agglomeration (Fig.  14.2) (Bhushani and 
Anandharamakrishnan 2014). Similar to electrospinning, the nature of the final par-
ticle formed depends on various parametes like electric potential applied, flow rate 
of the solution, distance between the electrodes, concentration, viscosity, density 
and electrical conductivity of the solution, and relative humidity of the surround-
ings. For instance, spherical and small sized particle can be obtained with higher 
electrical potential, low flow rate and large electrode distance (Tapia-Hernández 
et  al. 2017). On encapsulating the antioxidant molecule, epigallocatechin gallate 
using gelatin as wall material via electrospraying, the encapsulation efficiency was 
found to be 96 ± 3% (Gómez-Mascaraque et al. 2015). This explains the possibility 
of incorporating almost all the core material into the wall material using these elec-
tro hydrodynamic techniques. Further, electrospraying can be effectively used to 
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Fig. 14.2 Electrospraying setup (model) (Bhushani and Anandharamakrishnan 2014)
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preserve heat sensitive ingredients. Encapsulation of β-carotene using whey protein 
concentrate as wall material, via electrospraying provided stability for the core 
material against photo-oxidation (López-Rubio and Lagaron 2012).

Electrospinning and electrospraying are the areas recently being explored, espe-
cially in food applications because of varied reasons like their ability to better pre-
serve oxidation and heat sensitive ingredients, high encapsulation efficiency, 
different tactile sensation and mouth feel to food, high specific surface, processing 
at room temperature and ability to obtain various sized particle with narrow size 
distribution (Drosou et al. 2017; Echegoyen et al. 2017; Ghorani and Tucker 2015; 
Gómez-Estaca et al. 2015; Nieuwland et al. 2013).

14.4.9  Spray Drying

Spray drying technique not only encapsulates the particle but also facilitates drying. 
The process involves dissolving, dispersing or emulsifying the core material in an 
aqueous solution containing wall material, followed by encapsulation through spray-
ing into hot drying chamber (Arpagaus et al. 2017). Briefly, four stages involved 
during transformation of liquid/suspension into powder includes atomization of the 
solution, contact of spray with the hot gas, evaporation of moisture and particle sepa-
ration (Anandharamakrishnan and Ishwarya 2015). In general, commercially avail-
able spray drying results in micron-sized particles. Upon some modifications like 
replacing cyclone separator with electrostatic particle collector, atomizer with 
vibrating mesh (piezoelectric actuator) and turbulent air flow with laminar air flow, 
spray drying can be used to produce nano-sized particles (Arpagaus et al. 2017).

Several studies have been conducted on the encapsulation of food bioactive com-
ponents using spray drying either as a single encapsulation technique (Arslan et al. 
2015; Aghbashlo et al. 2012a, b; Botrel et al. 2014a, 2017; Li et al. 2015, 2016; 
Premi and Sharma 2017; Rajam and Anandharamakrishnan 2015a; Sharif et  al. 
2017; Shen and Quek 2014; Takeungwongtrakul et al. 2015; Xue et al. 2013) or as 
a post encapsulation treatment (Calderón-Oliver et al. 2017; Oliveira et al. 2007) for 
any of the techniques discussed above. A study was conducted on the effect of inlet 
temperature (140, 160 and 180 °C) and feed rate (8 and 10 mL/min) on spray dried 
cinnamon infusions using maltodextrin as wall material. The results revealed that 
best encapsulation yield was obtained at inlet temperature of 160 and 180 °C and 
feed rate of 10 mL/min. Under these conditions, both phenolic content and antioxi-
dant capacity of cinnamon infusions were protected, whereas the particle size 
remained almost same for all the treatments (Santiago-Adame et al. 2015). A simi-
lar study was conducted by Arslan et al. (2015) with different wall materials (gela-
tin, whey protein concentrate, modified starch, maltodextrin, pea protein isolate and 
gum arabic) at two different inlet temperatures (80 and 125  °C) for spray dried 
encapsulation of Saccharomyces cerevisiae var. boulardii. The study found that 
gelatin and gum arabic are the most suitable wall materials for the encapsulation of 
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S. boulardii based on the tested temperatures and simulated gastric solution (pH—1, 
1.5 and 2 and exposure time—1, 2 and 3 h). Also, the microcapsules produced at 
125 °C were more resistance to gastric solution than those at 80 °C. During encap-
sulation of vanillin with whey protein isolate, spray drying showed better encapsu-
lation efficiency (86.2%) than that of spray freeze drying (72%) and freeze drying 
(76.8%). Also, mean particles size distribution and mean particle diameter of spray 
freeze dried and spray dried samples were superior to that of freeze drying (Hundre 
et al. 2015). Similarly, a comparative study was conducted by Alvim et al. (2016) on 
spray drying (wall material: arabic gum) and spray chilling (wall material: stearic 
acid and hydrogenated vegetable fat) encapsulation of ascorbic acid. The average 
diameters and encapsulation efficiencies of particles obtained from spray drying 
and spray chilling were 9.3 and 31.2 μm, and 100.8% and 97.8%, respectively. It 
can be seen that comparatively smaller sized particles and higher encapsulation 
efficiency were obtained for spray dried sample than that of spray chilled samples. 
Also, spray drying provided greater protection for encapsulated ascorbic acid than 
spray chilling on incorporation into biscuits. Thus, spray drying is better than spray 
chilling for encapsulation of ascorbic acid.

Spray drying is one the efficient and widely used method for encapsulation of 
heat-sensitive components. This may because of various reasons like wide range of 
size and shape of the particle can be obtained by optimizing the process parameters, 
the properties of the material used and method of preparation (Balassa et al. 1971; 
Nandiyanto and Okuyama 2011), cost effective as the production cost is 30–50 
times cheaper than freeze drying (Desobry et al. 1997), short exposure time to the 
hot air facilitates minimum loss and degradation (Augustin and Hemar 2009).

Spray drying, spray cooling, spray chilling and freeze drying are the techniques 
used to recover product after encapsulation by converting nano and micro suspensions 
into capsules, to maintain stability, to facilitate easier handling and storage, and to 
promote controlled release (Anandharamakrishnan 2014; Vishwakarma et al. 2016).

14.4.10  Freeze Drying

Similar to spray drying, freeze drying also aids in encapsulation as well as drying. 
Freeze drying (also known as lyophilization) involves freezing the solution contain-
ing core material, wall material and solvent, and then vaporizing the solvent from 
the solid phase to vapour phase directly through sublimation (Anandharamakrishnan 
2014). Freeze drying produces particles that are stable in dry form, rapidly soluble 
in aqueous solution, retains color with minimum possible degradation (Gharibzahedi 
and Jafari 2017; Reis et al. 2006).

Chranioti and Tzia (2014) encapsulated fennel oleoresin using freezing drying. 
Among different combinations of wall material (binary and ternary mixtures of gum 
arabic combined with modified starch, maltodextrin, and chitosan) studied, gum 
arabic with modified starch proved to be the best in terms of storage stability, encap-
sulation efficiency (74.88%) and redispersibility (volume mean diameter = 2.74 μm). 
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The study found also that the moisture content and redispersibility of obtained final 
freeze-dried encapsulates were influenced by the properties like emulsion mean 
diameter and stability of initial formed emulsions. Similarly, Dianawati et al. (2013) 
encapsulated a probiotic (Bifidobacterium longum) with five types of proteins (skim 
milk 12%, whey protein concentrate 12%, sodium caseinate 12%, sodium 
caseinate:whey protein concentrate 6%:6%, and soy protein isolate 12%) combined 
with three types of sugars (glycerol (3% w/v), mannitol (3% w/v) and maltodextrin 
(3% w/v)) using freeze drying. The study showed that milk proteins and sugar alco-
hols (glycerol and mannitol) were to superior soy protein isolate and maltodextrin, 
respectively, in terms of surface hydrophobicity, acid and bile tolerance, retention of 
β-glucosidase, adenosine triphosphate and lactate dehydrogenase. Several compara-
tive studies were done encapsulation of bioactive components with spray drying and 
freeze drying (Chen et al. 2013; Laokuldilok and Kanha 2015; Wilkowska et  al. 
2016). During microencapsulation of flax oil with zein, higher particle yield were 
obtained by freeze drying than by spray drying using the same core:wall ratio. But, 
Hausner ratio and Carr’s index value showed that the powders obtained using freeze 
drying had very poor flowability (Quispe-Condori et al. 2011). Similarly, a study on 
encapsulation of black carrot juice with different wall materials (gum arabic, malto-
dextrin 20 DE and tapioca starch) using spray and freeze drying, showed that the 
most satisfactory product was freeze dried product with higher anthocyanin content, 
antioxidant activity, encapsulation efficiency, water solubility index and color 
(Murali et al. 2015). Saikia et al. (2015) encapsulated polyphenols extracted from 
star fruit (Averrhoa carambola) pomace using maltodextrin as wall material by 
spray and freeze drying techniques. It was found that freeze dried encapsulates was 
superior to spray dried encapsulates in terms of solubility, color, encapsulation 
efficiency.

Freeze drying is a highly stabilizing process, helps in improving the physico-
chemical stability of the encapsulated particles (Reis et al. 2006). It is more suitable 
for heat-sensitive compounds like flavour, colour, aroma, sensitive natural oil, 
anthocyanins, probiotics and so on (Dianawati et al. 2013; Jafari et al. 2016). But, 
the main limitations of freeze drying is energy intensiveness, long processing time, 
open porous structure leading to exposure of core materials to the surrounding envi-
ronment, final product with poor flowing property (Anandharamakrishnan and 
Ishwarya 2015; Semalty 2014). To overcome the drawbacks of freeze drying, spray 
freeze drying can be used as an alternative to reduce the pore size and drying time 
(Anandharamakrishnan et al. 2010).

14.4.11  Spray Freeze Drying

Spray freeze drying is nothing but the combination of spray drying and freeze dry-
ing, involving three processes: atomization, freezing and drying. Thus, the advan-
tages of both spray drying and freeze drying can be obtained, simultaneously in the 
form spherical shaped free flowing powder with porous structure (Hundre et  al. 
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2015). Spray freezing can be performed in any of the three ways: spray freezing 
into vapour, spray freezing into liquid and spray freezing into vapour over liquid 
(Anandharamakrishnan and Ishwarya 2015). Parthasarathi and 
Anandharamakrishnan (2016) performed encapsulation of vitamin E with whey 
protein isolate using spray freeze drying technique and compared with spray dry-
ing and freeze drying techniques. The study revealed that spray freeze drying, is 
best suited for encapsulation of poorly water soluble compounds, with 1.13 and 
1.19 fold increase in oral bioavailability of spray freeze dried microcapsules than 
that of spray dried and freeze dried microcapsules, respectively. Spray freeze dry-
ing is also used to encapsulate heat sensitive compounds like probiotics (Rajam and 
Anandharamakrishnan 2015b; Semyonov et al. 2010). In a study of encapsulation 
of Lactobacillus plantarum with various mixtures of food grade polymers showed 
that the processing time required for spray freeze drying reduced by 12 h than that 
of conventional freeze drying (20 h) (Rajam and Anandharamakrishnan 2015b). 
Hundre et al. (2015) microencapsulated vanillin by spray freeze drying into vapour 
over liquid technique and found that thermal stability of spray freeze dried micro-
capsules were better than that of spray dried and freeze dried particles. Similarly, 
Karthik and Anandharamakrishnan (2013) demonstrated microencapsulation of 
docosahexaenoic acid by spray freezing into vapour over liquid, followed by con-
ventional freeze drying process. Though the encapsulation efficiency of spray 
freeze dried microcapsules (70.77%) was lower than that of spray dried (82.16%) 
and freeze dried (73.08%) microcapsules, the percentage of oxidation values 
reduced for spray freeze dried samples (14%) than those of spray dried and freeze 
dried (around 33%) samples. Further, the porous spherical shaped powder of spray 
freeze drying showed good rehydration behaviour. Thus, spray freeze drying is bet-
ter suited for producing good quality capsules.

Though the use of spray freeze drying can facilitate reduced drying time and 
particle size control, the drawbacks like energy intensiveness, high fixed and operat-
ing cost, and complexity of process limits its application to high value products 
(Ishwarya et al. 2015; Rajam and Anandharamakrishnan 2015b).

14.5  Characterization of Micro and Nanocapsules

Characterization of capsules formed is essential for the optimization and validation 
of process as well as the product and the application or incorporation of the formed 
capsules. Moreover, in food applications, characteristics of the capsules are of major 
concern in food safety and regulatory aspects (Anandharamakrishnan and Ishwarya 
2015). The most commonly used techniques for characterization of micro and nano-
capsules (Fig. 14.3) are reviewed in this section.
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14.5.1  Morphology and Particle Size

Morphology and particle size analyses provide information about structure, size and 
range of particle, state of agglomeration, particle size distribution, shape and so on, 
that are useful for understanding the physicochemical and functional properties of 
the encapsulated particle (Jafari and Esfanjani 2017). Generally, these characteris-
tics can be analysed by electron microscopy (scanning electron microscopy (SEM) 
and transmission electron microscopy (TEM)), scanning probe microscopy (atomic 
force microscopy (AFM) and confocal laser scanning microscopy (CLSM)) and 
light scattering (dynamic light scattering (DLS) and laser diffraction (LD)) (Cocero 
et al. 2009; Jafari and Esfanjani 2017).

Electron microscopy is similar to light microscopy, except that beam of electrons 
strikes the sample instead of light, thus providing high resolution images. SEM 
helps to explore the surface morphology through back scattered and secondary elec-
trons from the surface of the sample, whereas TEM helps in study of micro- structural 
features as well as thickness of wall material (Anandharamakrishnan 2014; Tiede 
et al. 2008; Vishwakarma et al. 2016). In SEM, electrons are emitted when a tung-
sten source or lanthanum hexaboride thermionic emitter sources are heated in the 
temperature range of 2000–2700 K, through the electron gun with the energy of 
0.1–30  keV (Anandharamakrishnan 2014). TEM works on the principle of de 
Broglie wavelength with the energy of electron beam in the range of 100–400 keV 
(Williams and Carter 1996). Thus, TEM provides better resolution (smaller than 
1 nm) than that of SEM (1–20 nm or lesser) (Anandharamakrishnan 2014; Jafari 
and Esfanjani 2017). These electron microscopic imaging techniques can be used 

Fig. 14.3 Commonly used techniques for characterization of micro and nanocapsules
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only for conducting surfaces. This can be overcome by the use of scanning probe 
microscopies (Anandharamakrishnan 2014).

Scanning probe microscopy uses a physical probe to scan the specimen. CLSM 
combines high-resolution imaging with selectivity in depth and facilitates construc-
tion of 3D structured image (Jafari and Esfanjani 2017). AFM uses a movable sharp 
tip to measure the structure of the nuclear, sub-atomic and molecular level capsules. 
AFM facilitates the study of surface morphology at x, y (resolutions 1 nm) and z 
(resolution less than 0.1  nm) directions (Anandharamakrishnan 2014; Jafari and 
Esfanjani 2017). DLS (also known as correlation spectroscopy) uses Brownian 
movement and Doppler shift to identify the structure and motion of the particles 
(Goldburg 1999). Doppler shift occurs when the particle in Brownian movement are 
exposed to laser beam. This Doppler shift relates to the particle size, which is larger 
particles exhibit smaller shift, whereas smaller particles exhibit larger shift. Laser 
diffraction (also known as static light scattering (SLS)) works by analysing the dif-
fracted laser beam from the particles. Thus, DLS measures the change in scattering 
over time, whereas SLS measures the intensity.

14.5.2  Thermal Properties

Characterization of thermal properties of the capsules is crucial to understand the 
thermal stability, heat energy storage, decomposition, melting temperature, freezing 
temperature, glass transition temperature and so on. Thermo-gravimetric analysis 
(TGA), differential thermal analysis (DTA), differential scanning calorimetry 
(DSC) and evolved gas detection (EGA) techniques are generally used in character-
ization of thermal properties of the micro and nano encapsulated materials 
(Vishwakarma et al. 2016).

TGA monitors the change in weight of the sample during the application of con-
trolled heat to determine the thermal stability of the capsules (Anandharamakrishnan 
and Ishwarya 2015). In case of DTA, sample and a reference material are subjected 
to similar heat treatments and the difference in temperature is recorded. While, DSC 
measures the heat flow rate of the sample and the reference material at same tem-
perature (Hohne et  al. 2013). Thus, DSC helps in analysing and identifying the 
melting point, glass transition temperature, heat capacity and recrystallization times 
of capsules (Jafari and Esfanjani 2017). EGD is used in detection of volatile sub-
stances from the sample during thermal degradation. Furthermore, these techniques 
can be coupled with techniques like Fourier transform infrared spectroscopy (FTIR) 
or mass spectrometry (MS) to facilitate structural identification of materials obtained 
during thermal degradation (Evolved gas analysis) (Xie and Pan 2001).
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14.5.3  Physicochemical Properties

Physicochemical nature of the micro and nano encapsulated materials can be char-
acterized through techniques like X ray diffraction (XRD), FTIR, nuclear magnetic 
resonance and Raman spectroscopy (RS). XRD and NMR are used to characterize 
the degree of crystallinity of the capsules, in particular wall materials. When a fine 
beam of collimated X-rays are passed through the sample, a diffraction grating is 
obtained depending on the spatial arrangement of the crystals present in the sample 
(Anandharamakrishnan and Ishwarya 2015). The application of NMR in character-
izing the crystalline degree is based on the concept that different NMR spectra is 
obtained for crystalline (broad component) and amorphous (narrow component) 
domains of nuclei of same functional group due to difference in magnetic moment 
experienced (De Oca et al. 2004; Hronsky et al. 2014). FTIR aids in measuring the 
molecular fingerprint of the sample through spectra obtained when IR radiation is 
passed through the sample (Boydston-White et al. 1999). FTIR is mainly used to 
assess the chemical interaction between the molecules (Khadiran et al. 2015).

14.5.4  Encapsulation Efficiency and Loading Capacity

Encapsulation efficiency is the percentage of the core material encapsulated within 
the wall material with respect to the total core material used, whereas loading capac-
ity is the percentage mass ratio between the core material and the total mass of the 
capsules (Prieto and Calvo 2017b). Characterization of these parameters can be 
performed using UV spectroscopy, high performance liquid chromatography 
(HPLC) and gas chromatography-mass spectrometry (GC-MS). UV spectroscopy 
involves measurement of a beam of radiation after passing through the sample. 
HPLC helps in identification and quantification of the components, based on the 
interaction between the stationary phase and the sample mixture. GC-MS combines 
GC and MS for identification and quantification of the sample components. The 
major difference between HPLC and GC-MS is that HPLC is for components from 
low to high molecular weight, whereas GC-MS is limited to high molecular weight 
components. All these methods require extraction of core materials from the sample 
using solvents and preparation of calibration curve (Vishwakarma et al. 2016).

14.5.5  Surface Charge

Surface charge is described in terms of zeta potential (Jafari and Esfanjani 2017). 
Zeta potential measures the overall charge of a particle in a given medium and the 
value describes the potential stability, electrostatic interaction and mobility of the 
suspension or colloids (Anandharamakrishnan 2014; Tiede et  al. 2008). Zeta 
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potential value ranging from −10 to +10 mV, implies a neutral system, whereas value 
lesser than −30 mV and greater than +30 mV represent strongly anionic and cationic 
systems, respectively (Clogston and Patri 2011). Moreover, cationic and anionic sys-
tems are more stable and have lesser or no tendency to aggregate (Peres 2011).

14.6  Application of Encapsulation in Food

Recently, encapsulation is one of the areas that is being explored in food applica-
tions, because it facilitates controlled and/or targeted release, provides stability to 
the bioactive components, masking unpleasant colour, flavour or odour, enhances 
the viability of probiotics, facilitates easy handling, extends the shelf life, protects 
the sensitive ingredients from heat, light, oxygen or moisture and enhancing bio-
availability (Anal and Singh 2007; Huang et al. 2010). Addition of encapsulated 
products in food can enhance the properties of the food material. For instance, 
incorporation of microencapsulated pomegranate peel phenolics in ice cream, 
showed increase in antioxidant and α-glucosidase inhibitory activities with better 
sensory scores than that of control (Çam et al. 2014). Similarly, microencapsulated 
hydroxycitric acid, a thermally sensitive and hygroscopic compound was incorpo-
rated in bread and pasta to improve the sensory and nutritional characteristics 
(Ezhilarasi et al. 2013a, 2014; Pillai et al. 2012). Table 14.3 illustrates some of the 
application of encapsulated materials in food packaging and their effect on the prod-
uct and/or packaging material.

14.7  Conclusion

Though encapsulation is used in cosmetics and pharmaceutical applications since 
long time, it is not completely accepted in food applications. Micro and nano encap-
sulation in food applications is still in research areas and commercial application is 
in slow pace. This may be due to reasons like unavailability of suitable food grade 
wall materials, high production cost and processing time, reluctance of people/food 
industries to accept new products and technologies (Patel and Bhandari 2014). Also, 
to obtain required product of good quality and high encapsulation efficiency, appro-
priate techniques must be selected with reduced cost. Further, food grade polymers 
possess several advantages as wall material, mainly because of their ability to be 
modified to attain the required characteristics (Fathi et al. 2014). Hence, their appli-
cation in protecting the active food ingredients must be explored.
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Chapter 15
Food-Grade Biopolymers as Efficient  
Delivery Systems for Nutrients: An Overview

Lekshmi R. G. Kumar, K. K. Anas, C. S. Tejpal, and Suseela Mathew

Abstract The technological advancements in the field of food and nutrition have 
made the development of functional foods/nutraceuticals an easier task. Globally, 
researchers are in the process of isolating biomolecules of potential health signifi-
cance from natural sources and subjecting to various in vitro and in vivo assays to 
investigate its feasibility as a functional food ingredient. However, incorporation of 
many such biomolecules into food systems often faces difficulties owing to the 
issues associated with its stability, bioavailability and sustained release. Such prob-
lems can be easily addressed through the use of efficient delivery systems that guar-
antees the safety, stability and sustained release of the nutrients. Such delivery 
systems are often referred to as ‘encapsulation systems’. Till date, a wide variety of 
biopolymers such as proteins, polysaccharides, protein-polysaccharide conjugates, 
maillard products, natural gums, structurally modified polysaccharides etc. are 
being employed for delivery of nutrients. Reports says that the success of encapsu-
lation to a greater extent depends on the prudent selection of food grade biopoly-
mers which can deliver the nutrients effectively. In the present review, a 
comprehensive list of food grade biopolymers used as delivery systems for nutrients 
is discussed in detail.

Keywords Coacervates · Electrospraying · Encapsulation efficiency · Functional 
foods · Hydrogels · Nanoliposomes

15.1  Introduction

The role of foods has undergone a major transformation from alleviating hunger to 
reducing the risk rate of life style associated diseases. This along with the increase 
in consumer awareness about the importance of health and nutrition and the ever 
growing world population has put much pressure on the global food industry. 
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Scientific evidences proposing the ability of certain foods to combat the life style 
associated ailments such as neurodegenerative, cardiovascular, diabetes, cancer etc. 
has been accumulating over the past decades (Dickinson and MacKay 2014; Luo 
2014). This has spawned the development of new area within the food industry 
known as functional foods/nutraceuticals. Functional foods are those foods which 
provide a long term beneficial physiological or health effects beyond the nutritional 
properties. Such foods are often made by identifying, isolating and incorporating 
bioactive molecules of potential health significance (Blasco and Pico 2011). 
Globally, the nutraceutical market was valued at around $250 billion in 2014 and is 
expected to reach around $385 billion by 2020 (Suleria et al. 2015). Presently, the 
global functional food market is dominated by the USA, Europe and Japan contrib-
uting to more than 85% of the market.

Owing to the reported side effects of synthetic additives, the food industry has 
shifted their focus towards natural bioactive compounds which are considered as 
safer and viable substitutes for the former ones. Consequently, a number of sub-
stances of natural origin has been explored for isolation of bioactive molecules from 
them. Several analytical techniques such as high performance liquid chromatogra-
phy (HPLC), gas chromatography (GC), fourier transform infrared spectroscopy 
(FTIR), thermogravimetric analysis (TGA), X-ray diffraction studies (XRD), 
nuclear magnetic resonance spectroscopy (NMR), mass spectroscopy (MS) etc. are 
being employed to determine the purity and physico-chemical attributes of the 
newly isolated biomolecules. The developed biomolecules, if meant for functional 
food application, need to further undergo safety assessment studies to establish the 
safe limits before their market release.

15.2  Challenges in Development of Functional Foods

The development of functional foods often involves the process of identifying, iso-
lating, purifying, characterizing biomolecules and their subsequent incorporation in 
food systems. However, the development of functional foods is not an easier task; it 
involves several challenges. They are listed as follows:

15.2.1  Loss of Physico-chemical Stability

The important characteristic of most of the bioactive compounds is that they are 
subjected to rapid degradation processes, either during the processing or in the stor-
age step. Several factors can affect the stability of biomolecules in a food system 
such as the presence of oxygen, moisture, pressure, endogenous enzymes, trace 
metals, pH etc. However, not all the bioactive molecules are equally affected; some 
may be highly sensitive (phenolic compounds and vitamins) and some may be least 
sensitive (minerals, fibres). Similarly, the chemical stability of many lipophilic 
compounds such as ω-3 rich oils, carotenoids, curcumin, squalene etc. are reported 

L. R. G. Kumar et al.



403

to be affected by the presence of oxygen, moisture, trace metals etc. (McClements 
and Decker 2000; Boon et al. 2010; Waraho et al. 2011; Heger et al. 2014; Lekshmi 
et al. 2017). These degradation processes often lead to the loss of bioactivity and 
stability of the product. The physico-chemical stability of such compounds has to be 
retained by developing certain intervention strategies such as encapsulating them in 
suitable polymeric matrices.

15.2.2  Solubility

An important pre-requisite for the development of bioactive molecules for func-
tional food application is the solubility aspect. For instance, bioactive of hydropho-
bic nature such as ω-3 fatty acids, carotenoids, phytosterols etc. exhibits poor 
solubility in aqueous systems which hinder its application in many aqueous based 
food systems. As a consequence, these bioactive substances will remain underuti-
lized. Hence such issues have to be addressed, while developing a hydrophobic 
biomolecule based functional food product by employing cost-effective 
technologies.

15.2.3  Bioavailability

The bioavailability of many bioactive molecules will be affected by several intrinsic 
and extrinsic factors such as its structure, chemical state, interaction with the gut 
microflora, interaction with other components in the food matrix. This can be in turn 
correlated with the loss of physico-chemical stability due to the transformation or 
degradation processes happening in the gastrointestinal fluids. Sealing those com-
pounds in suitable delivery systems can either improve or increase the 
bioavailability.

15.2.4  Melting Point

The crystalline nature of certain biomolecules such as phytosterols, carotenoids, 
curcumin, fatty alcohols etc. makes their incorporation into food products a difficult 
task. When introduced into food systems, they may adversely affect the bioavail-
ability, appearance, odour, taste and even shelf life of the final product. This can in 
turn affect the market potential and consumer demand of the product. In case of 
such crystalline compounds, the incorporation can be made successful by either 
dissolving them in suitable solvents or by introducing in the form of nanocrystals 
(McClements 2012).
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15.3  Delivery Systems

Realising the major scientific and technological challenges associated with the for-
mulation of functional foods, various efforts have been taken by researchers and 
nutritionists to battle the issue. Development of suitable delivery systems can be a 
promising solution for designing nutraceuticals by playing a major role in the 
encapsulation, protection and sustained release of biomolecules (Mezzenga et al. 
2005; Sanguansri and Augustin 2006; McClements et  al. 2007; Gutiérrez and 
Álvarez 2017). Micro and nanotechnology can be employed for the development of 
delivery systems. Materials of macro scale when converted to micro or nano size 
range are reported to exhibit different physico-chemical and biological properties 
than the former ones. The larger surface area to volume ratio achieved through size 
reduction strategy can help to improve the solubility, bioavailability, delivery, sen-
sory attributes and total functionality of the biomolecules (Acosta 2009; Duran and 
Marcato 2013; Cerqueira et al. 2014). Moreover, size reduction is also reported to 
improve the bioadhesive properties, thereby prolonging the gastrointestinal resi-
dence time which will finally lead to a higher bioavailability at the target site. 
However, delivery systems must have certain characteristics to be used in develop-
ment of functional foods/nutraceuticals which are listed below:

 1. Delivery system intended for food application should be fabricated only from 
biomaterials which are of food-grade quality, safe and biodegradable in nature. 
It should also have Generally Recognized As Safe (GRAS) status (Augustin and 
Hemar 2009).

 2. The material used for the development of delivery systems should be easy avail-
able, economically feasible and the benefits gained out of the encapsulation 
should outweigh the additional cost incurred in the process (McClements et al. 
2007; Gutiérrez 2018).

 3. The incorporation of the delivery systems should not adversely affect the physi-
cal, chemical, textural and sensory quality of the final product. That is, it should 
be compatible with other ingredients of the food matrix (Joye et al. 2014).

 4. The delivery system developed should be robust. It should be physically and 
chemically stable and can offer the biomolecule considerable protection from 
any sort of degradation processes.

 5. Ideally, the delivery system should have high loading capacity and retention of 
the biomolecule. Loading capacity refers to the amount of bioactive substance 
present per unit mass of the encapsulation material (McClements 2015).

 6. Delivery system developed should ensure the sustained and targeted release of 
the biomolecule in response to a specific environmental stimulus such as pH, 
enzymatic action, temperature or ionic strength (Shegokar and Müller 2010).
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15.3.1  Types of Delivery Systems

Delivery systems for functional food formulation can be developed from a variety 
of food-grade biopolymers such as proteins, lipids or carbohydrates etc. The bio-
polymers will be used either singly or in combination to increase the functionality. 
The properties of biomolecule to be encapsulated and the nature of the surrounding 
food matrix has to be taken into account while selecting biopolymers. Adequate 
knowledge about the molecular structure of the biopolymer is also essential as it in 
turn determines the functionality of food systems. The different types of delivery 
systems used in food industry are discussed below:

15.3.1.1  Protein Based Delivery Systems

Proteins are generally preferred for the development of delivery systems owing to 
their high nutritional value, biodegradability, economical and GRAS nature 
(Elzoghby et al. 2012; Benshitrit et al. 2012). They are also reported to have excel-
lent functional properties including emulsification, gelation, water binding capacity, 
foaming etc. (Chen et al. 2006; Elzoghby et al. 2012). Its structural diversity attrib-
uted due to the multiple functional groups present in the primary sequence of poly-
peptides makes it an excellent candidate for the delivery of bioactives over a wide 
range of platforms such as hydrogels, micro and nano particles, molecular coacer-
vates, emulsion droplet stabilization, films etc. (Chen et al. 2006). Among these, 
protein hydrogels are the most convenient and commonly employed matrix in food 
applications. In case of solid and semisolid foods, it is advantageous to decrease the 
matrix size from micrometers to nanometers to develop new protein vehicles of 
improved functional properties and facilitating their incorporation in food products 
without affecting the sensory (Augustin 2003). Two approaches are being used for 
size reduction; top down approach and bottom up approach.

Protein based delivery systems are relatively simple to prepare, economical and 
deliver both hydrophobic and hydrophilic bioactives (Luykx et al. 2008). Proteins 
can be obtained from various sources such as bacterial, fungal, plant and animals 
and among this, the latter two are commonly employed for food applications 
(Elzoghby et al. 2012; Kimura et al. 2014). Gelatin, collagen, elastin casein, albu-
min and whey proteins are some of the commonly used proteins of animal origin for 
functional food applications. Similarly, soy glycinin, zein and wheat gliadin are 
some of the plant proteins used as food delivery systems (Song et al. 2007; Xiao 
et al. 2011). Compared to animal proteins, plant proteins are more of hydrophobic 
in nature and can be easily self-assembled to stable structures without employing 
any severe processing conditions (Elzoghby et al. 2012). Some of the most com-
monly used proteins for the development of delivery systems are discussed below:

Whey protein which is obtained as a by-product of dairy industry accounts 
approximately 20% of the total milk protein (Brandelli et al. 2015). The main com-
ponents of whey proteins are β-lactoglobulin, α-lactalbumin, and bovine serum 
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albumin (Loveday et al. 2012). The essential amino acids such as leucine, valine, 
isoleucine and cysteine which are important agents in metabolism, neural function 
and homeostasis are present in rich amounts in whey protein (Patel 2015). The high 
nutritional content, GRAS status, binding properties with various bioactive mole-
cules and other functional properties made it as a promising option in development 
of functional foods. It has been successfully used for encapsulation of blueberry 
pomace extract (Flores et al. 2014), anthocyanins and flavonoids from elderberry 
extract (Stănciuc et al. 2018), vitamin D3 (Abbasi et al. 2014), riboflavin and pep-
tides (O’Neill et al. 2014) etc. By employing techniques such as gelation, emulsifi-
cation, spray drying, coacervation etc. hydrogels, hydrocolloids, micelles, and 
micro- and nanoparticles of whey protein can be prepared and utilized as carriers of 
nutraceuticals. Studies show that properties of whey protein can be improved when 
combined with other biopolymers than when it is used alone.

Gunasekaran et al. (2007) have reported the release profile of nutraceuticals from 
whey protein hydrogels can be modulated by coating with oppositely charged poly-
saccharides such as alginate and chitosan. Paraskevopoulou et  al. (2014) have 
reported that the incorporation of egg yolk or its plasma into WPI solution increased 
the storage and elastic modulus of mixed gels because of interaction between egg 
lipoproteins and whey proteins especially β-lactoglobulin. The successful encapsu-
lation of black carrot extract using polysaccharide blended heat-set whey protein 
isolate hydrogels has been also reported (Ozel et  al. 2017). López-Rubio and 
Lagaron (2012) have reported the potential of the electrospinning technique to gen-
erate whey protein capsules obtained through electrospraying for the encapsulation 
of β-carotene. Drosou et al. (2018) designed novel composite pullulan-whey protein 
isolate fibers using electrospinning which can find innovative applications in the 
food and pharmaceutical industries for formulation of products with specific mate-
rial properties. Similarly, reports have shown that whey protein/sodium alginate gel 
microparticles prepared by cold gelation can be used to formulate a soft gel which 
will be soft to chew and swallow by elderly people (Leon et al. 2016). Complex 
coacervate of whey proteins was proven to protect and improve the oral delivery of 
folic acid (Chapeau et al. 2017).

Gelatin, a biodegradable protein derived from collagen by acidic (type-A) or 
alkaline (type-B) pre-treatment conditions, consists of repeating sequences of gly-
cine, proline and hydroxyproline (Gómez-Guillén et  al. 2009; Lai 2013). It has 
extensive applications as a carrier system for nutrients due to its high stabilizing 
activity, excellent emulsifying capacity, thickening ability, water-solubility, low 
cost and commercial availability (Shu et  al. 2006). It can form thermoreversible 
hydrogels in water due to the formation of collagen-like triple helices below the 
helix–coil transition temperature and thereby leading to chain entanglement and 
formation of network (Peña et al. 2010). It has been used in combination with other 
biopolymers for encapsulation of curcumin (Wang et al. 2009a, b), sulforaphane of 
broccoli seed extract (García-Saldaña et al. 2016), epigallocatechin gallate (Shutava 
et al. 2009) etc. Gelatin sub microparticles prepared by electrospraying was also 
found to have promising potential as edible carriers for polyphenols of interest in func-
tional foods (Gómez-Mascaraque et al. 2015). The gelatin–curcumin microparticles 
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obtained by electrodynamic atomization was found to improve the antioxidant 
activity, water solubility and bioaccessibility of curcumin and even improved its 
dispersion in a fish gellified product (Gómez-Estaca et al. 2015). Gelatin nanofibres 
loaded with curcumin was found to have considerable antimicrobial activity with 
effective inhibition against Staphylococcus aureus (Deng et al. 2017).

Zein which is the main storage protein of corn has garnered much attention in the 
recent past as an attractive delivery system for functional ingredients because of its 
ability to entrap a large number of hydrophobic compounds (Davidov-Pardo et al. 
2015; Patel et al. 2010). It is one among the few hydrophobic water-insoluble mate-
rials approved by Food and Drug Administration (FDA) for food use (Donsì et al. 
2017). Apart from this, it is food grade, biodegradable, non-toxic and have amphi-
philic properties. It helps in the controlled release of bioactive core material and in 
the prolongation of shelf life (Wu et al. 2011). This has been successfully used to 
encapsulate bioactive compounds such as vitamin E, grape seed extract, essential 
oils etc. (Joye et al. 2015). Zein-chitosan based nanoparticles were found successful 
for the encapsulation of epigallocatechin gallate, the major polyphenol in tea, result-
ing in its slow and sustained release (Liang et  al. 2017). Zein-carboxymethyl 
chitosan- tea polyphenol ternary complexes when used for the encapsulation of 
β-carotene showed good redispersibility in distilled water, good DPPH scavenging 
activity due to stronger hydrophobic interaction, controlled release profile and 
improved encapsulation efficiency (Wang et  al. 2018). Veneranda et  al. (2018) 
developed zein-caseinate-pectin complex nanoparticles for encapsulation of eugenol 
and found that spray dried eugenol powders exhibited exceptional redispersibility 
property while maintaining the original nanoscale size range. Liang et al. (2018) 
studied the feasibility of ultrasound treatments on the formation of resveratrol- 
loaded zein particles and reported that triple-frequency simultaneous ultrasound 
with 20/28/40 kHz resulted in the highest encapsulation efficiency (84.75%) and 
loading capacity (84.78%) of resveratrol. They have concluded that ultrasound can 
be a potential process to produce zein nanoparticles. Similarly, Dai et  al. (2017) 
evaluated the stability of curcumin in zein-lecithin composite nanoparticles and 
suggested it as a potential delivery system for water-insoluble bioactive compounds 
with enhanced encapsulation efficiency and chemical stability.

15.3.1.2  Carbohydrate Based Delivery Systems

Carbohydrates which accounts for calorific value, sensory and textural properties 
form a significant component of many food systems. It is considered as suitable 
carrier for many nutraceuticals owing to its biocompatibility, biodegradability, 
structural versatility, site digestion properties (Sinha and Kumria 2001; Baldwin 
and Kiick 2010). The presence of functional groups makes it an excellent candidate 
for the development of delivery systems as it can interact with a wide range of bio-
active compounds of both hydrophobic and hydrophilic nature. Among the various 
forms of carbohydrates, polysaccharides are often considered as better carrier 
agents because of their massive molecular structure which enables in the efficient 
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entrapment of biomolecules (Fathi et al. 2014). Polysaccharides which are natural 
polymers of monosaccharides vary in type, distribution, number and bonding of the 
monomers in the chain (Fathi et al. 2014). Carbohydrate based delivery systems can 
be categorized into four main groups based on their source such as plant origin (e.g. 
starch, gum Arabic, guar gum, pectin), animal origin (chitin, chitosan), algal (agar, 
carrageenan, alginate) and microbial origin (xanthan gum, dextran, cyclodextrin 
etc.) (Kosaraju 2005). Polysaccharides can be further categorized based on their 
charges such as neutral, anionic and cationic (Daniel-da-Silva and Trindade 2011). 
However, the magnitude of electrical charge is often dependent on pH relative to the 
pKa value (Liu 2008). For instance, anionic polysaccharides behave as neutral poly-
saccharides at a pH below their pKa value, whereas cationic polysaccharides tend to 
be neutral at pH values above their pKa value (Kumari et al. 2010). The physico- 
chemical properties and application of some of the commonly used carbohydrate 
based delivery systems are reviewed below:

Chitosan, a natural nontoxic biopolymer derived by deacetylation of chitin, has 
received much attention in the past few decades due to its numerous biological 
activities such as antitumor, immunoenhancing, antimicrobial, hypocholesterolemic 
properties etc. (Sudarshan et al. 1992; Sekiguchi et al. 1994; Gutiérrez 2017). These 
immense bioactivities made it as suitable candidate in the food, pharmaceutical and 
even in the cosmetic industries. However, many times its application is restricted 
due to its insolubility in water, high viscosity and molecular weight (Lodhi et al. 
2014). This has geared up the research for possible alternatives which will make the 
application of chitosan easier. As a result, many chitosan derivatives such as oligo-
mers and grafted chitosan were prepared by subjecting to various enzymatic or 
chemical reactions (Hasegawa et al. 1993; Won-Seok et al. 2002; Ilyina et al. 2000). 
Chitosan with degrees of polymerization (DPs) <20 and an average molecular 
weight less than 3900 Da are called chitosan oligomers, chitooligomers, or chitooli-
gosaccharides. Chitosan oligomer is found to be readily soluble in water because of 
their shorter chain lengths (Jeon et al. 2000). In addition, the low viscosity of chito-
san oligomer makes it application easier. Akin to chitosan, the chitosan derivatives 
are also reported to possess numerous bioactivities such as antibacterial, antifungal, 
antitumor, radical scavenging, antimicrobial, immunomodulatory and wound heal-
ing effect (Muzzarelli 2009; Aam 2010; Xia et al. 2011; Li et al. 2012). Apart from 
this, the absorption rate of chitosan oligomers in human body is reported to be 
nearly 100% and having improved properties than the unmodified chitosan.

Grafting chitosan with appropriate functional moieties to improve the solubility 
and other properties are well documented. Grafting of chitosan with phenolic acid 
such as coumaric acid, gallic acid and vanillic acid has showed promising improve-
ment in the bio-active properties (Cho et al. 2011; Aytekin et al. 2011; Tai et al. 
2012). Grafted chitosan derivatives are also finding applications in food industry as 
a functional food supplement or functional food ingredient. Hu et al. (2015) reported 
that gallic acid grafted chitosan could be used for the delivery of bioactive com-
pounds. Chatterjee et al. (2016) also reported the application of ferulic acid grafted 
chitosan for microencapsulation and controlled release of vitamins. Tejpal et  al. 
(2017) showed that dietary supplementation of thiamine and pyridoxine loaded 
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vanillic acid grafted chitosan could effectively enhance the growth performance, 
metabolic and immune responses and can be used as a functional food ingredient.

Pectin which is a linear anionic polysaccharide comprises of galacturonic acid- 
rich polysaccharides such as rhamnogalacturonan I, homogalacturonan, substituted 
galacturonan rhamnogalacturonan and xylogalacturonan (Mohnen 2008). Based on 
the degree of esterification, pectin is classified into two: low methoxyl pectin (25–
50% methoxylation) and high methoxyl pectin (50–80% methoxylation) (Liang 
et al. 2012). Studies have demonstrated the potential of pectin to form nano-scale 
particles suitable for delivery of bioactive ingredients. However, it is found that rela-
tively large particles (r > 1000 nm) are formed when pectin alone is used as delivery 
system, whereas smaller particles are formed when it is used combination with 
other biopolymers such as chitosan (Dutta and Sahu 2012; Fathi and Varshosaz 
2013). Badrul et al. (2018) suggested a viable method for production of low molec-
ular weight pectin and its nanoparticles by subjecting pectin to a combination treat-
ment of microwave and inorganic salts.

Though it is resistant to enzymatic digestion in the mouth and stomach it can be 
degraded by colon microflora and hence can be used for the delivery of acid sensi-
tive food bioactives (Sinha and Kumria 2001). Hence, pectin has been mainly 
employed for probiotic encapsulation in food products. Sun et al. (2014) reported 
that high methoxy pectin-soy protein isolate complex can enhance the viability of 
Lactobacillus delbrueckii strains by 3 log units compared with the control. Similarly, 
Dafe et al. (2017) formulated novel food-grade hydrogel particle based on pectin- 
starch for probiotic colon delivery and was found to be resistant against adverse 
conditions of the gastro–intestinal tract and bile salt solution compared to non- 
encapsulated cells.

Alginate, an anionically charged polysaccharide, is composed of 1,4-linked-β-d-
mannuronic acid and α-l-guluronic acid residues (Rehm 2009). It is mainly 
extracted from red algae and recent reports have shown that can also be obtained by 
bacterial biosynthesis (Lee and Mooney 2012). It is non-toxic, biocompatible, eco-
nomical, biodegradable and hence finds wide application in many industries (Josef 
et  al. 2010; Zeeb et  al. 2015). Its hydrophilic nature is utilized for the efficient 
entrapment of hydrophilic food bioactives. By interacting with certain cations such 
as Cu2+, Zn2+, Ca2+, Ba2+, Al3+ it can undergo ionotropic gelation and form egg-box 
dimers (Fang et al. 2007; Nayak et al. 2012). The gelled alginate thus formed is a 
pH-sensitive polymer that is insoluble in low pH and swells in a high-pH environ-
ment (Wang et al. 2009a, b). This characteristic makes it a favourable candidate for 
delivery of acid sensitive bioactive ingredients in the intestine and to protect or 
retard its release in acidic environment (George and Abraham 2006).

Starch, which is the most abundant storage polysaccharide in plants, is composed 
of two main structural components: amylose and amylopectin (Barsby et al. 2001; 
Gutiérrez et al. 2015, 2018). The hydrophilic nature of starch limits its use as deliv-
ery system for hydrophobic bioactives and hence structural modification is often 
employed to widen its application. Hydrophobic starch derivatives such as dialde-
hyde starch (Yu et al. 2007), propyl starch nanoparticles (Jain et al. 2011; Santander- 
Ortega et al. 2010) have been designed and used for encapsulation and delivery of 
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lipophilic pharmaceutical agents. Various attempts have been carried out for the 
encapsulation of nutraceuticals using either modified starches or a combination of 
several other biopolymers. The use of modified starches with other biopolymers for 
the encapsulation of cardamom oleoresin (Krishnan et al. 2005), cumin oleoresin 
(Kanakdande et  al. 2007), monoterpenoids (Mourtzinos et  al. 2008), β-carotene 
(Loksuwan 2007) etc. has been already reported. Apart from this, modified starches 
such as n-octenylsuccinylated (n-OSA) and phosphorylated waxy maize starches, 
modified sago and tapioca starch has been used for encapsulation of flavouring 
agents (Murúa-Pagola et al. 2009; Baranauskienė et al. 2007; Varavinit et al. 2001).

Gum Arabic is a heterogeneous mixture of 90–99% of arabinogalactan oligosac-
charides and 1% glycoproteins (Gulão et  al. 2014). It is mainly extracted from 
trunks and branches of Acacia senegal and Acacia seyal; it can be also extracted 
from other species of Acacia such as Acacia karroo, Acacia polyacantha, Acacia 
sieberiana etc. (Masuelli 2013). Some of the unique properties of gum Arabic 
includes colourless nature, emulsification, good retention of volatile compounds, 
low cost, high solubility, low viscosity anionic properties and inhibition of oxida-
tion reactions It is also reported to have the ability to create a strong protective film 
around oil droplets due to the presence of protein and polysaccharide moieties in it 
and hence can be used for protection of oil from oxidation (Krishnan et al. 2005). It 
is widely being used in the food industry as a stabilizer, encapsulant, thickener and 
emulsifier. Recently, the modified form also finding applications as useful hydrocol-
loids in a variety of applications. Chemically modified gum Arabic with sodium 
trimetaphosphate crosslinker are finding applications in encapsulation of essential 
oils (Aguilar et al. 2010), octenyl succinic anhydride gum arabic as food additive 
(Sarkar and Singhal 2011), acetylated gum Arabic for preparing iodine complexes 
(Ahmad et al. 2013), blend of gum arabic with other biopolymers for encapsulation 
of grape phenols (Kuck and Noreña 2016). Tsai et  al. (2017) reported that gum 
Arabic modified alginate helped in preparation of liquid hydrogel beads of higher 
encapsulation efficiency, better protection from degradation and followed a fickian 
diffusion pattern. Similarly, gum Arabic-whey protein complex was found to be 
very efficient in encapsulation of citrus flavonoids resulted in high powder yield 
(72.74%), encapsulation efficiency (97.60 ± 0.99%) with better retention of antioxi-
dant activity (Hu et al. 2018).

Dextran, a polysaccharide of bacterial origin, is mainly linear neutral polymers 
of α-d-glucose linked by α (1 →  6) glycosidic bonds and a small percentage of 
α-(1 → 3) linkages. The presence of hydroxyl groups is mainly utilized for the cova-
lent attachment of various organic functional groups especially hydrophobic com-
pounds (Kaewprapan et  al. 2012). Modified dextran made by varying degree of 
substitution makes it either water soluble or insoluble. Aumelas et  al. (2007) 
reported that substitution with hydrophobic group resulted in dramatic decrease of 
dextran biodegradability. Falco et  al. (2017) developed novel chitosan-dextran 
sulfate hydrogels for probiotic bacteria and found that the method was successful in 
retaining the viability of bacterial cells. Dextran - Bovine serum albumin conjugate 
nanoparticles was found effective in loading of curcumin by offering high stability 
and cellular antioxidant activity (Fan et al. 2018).
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15.3.1.3  Lipid Based Delivery Systems

Lipid based delivery systems are reported to have better encapsulation efficiency and 
low toxicity than other delivery systems. In general, four major lipid based delivery 
systems are being used, namely, nanoemulsions, nanoliposomes, solid lipid nanopar-
ticles (SLN) and nanostructure lipid carriers (NLC). They are discussed below:

Nanoemulsions, also known as submicron emulsions, are formed by dispersing 
of one liquid in another immiscible liquid by physical share-induced rupturing 
(Mukherjee et al. 2009; Liu et al. 2006). When compared to their microsized coun-
terparts, nanoemulsions have certain advantages such as (1) it can remain stable in 
diluted water without any change in its relative size distribution (Gutiérrez et al. 
2008) (2) appear optically transparent as its size is much smaller than visible wave-
lengths; this makes its application in easier in beverages (3) demonstrated better 
against the gravity due to Brownian motion of nano sized droplets caused by entro-
pic driving forces (Mason et  al. 2006) (4) nanoemulsions are kinetically stable 
whereas microemulsions are thermodynamically stable systems (Henry et al. 2010). 
Nanoemulsions can be prepared using two methods: mechanical and non- mechanical 
techniques. Mechanical methods include high-pressure homogenization, microflu-
idization and ultrasonication (Anton et al. 2007). Non-mechanical methods include 
solvent diffusion technique can be used for preparation of nanoemulsions (Anton 
et al. 2007; Tadros et al. 2004; Unger et al. 2004).

Another lipid based delivery system which is widely being used in the food 
research industry is liposomes. They are reported to possess wide range of benefits 
such as (1) can be produced from materials of natural origin (2) used for production, 
entrapment, release of compounds having wide range of solubility such as water- 
soluble, lipid-soluble, and amphiphilic materials (Mozafari et al. 2008; Thompson 
et al. 2006) (3) deliver and release their load in the target site inside and outside the 
body (Mozafari 2006). They are widely used in food industry for making formula-
tions of antimicrobials (Malheiros et al. 2010), enzymes (Dufour et al. 1996), lipo-
philic vitamins (Gonnet et  al. 2010) and minerals (Arnaud 1995). Mechanical 
(extrusion, sonification, high pressure homogenization, microfluidization and col-
loid mill) and non-mechanical methods (reversed-phase evaporation and depletion 
of mixed detergent-lipid micelles) are generally being employed for the production 
of nanosized liposomes.

Liposomes are classified into unilamellar vesicles, multilamellar vesicles and 
multivesicular vesicles based on their lamellar structure. Based on size, liposomes 
can be further classified into small unilamellar vesicle (size between 20 and 100 nm) 
and large unilamellar vesicle (size up to few micrometers). Among these, small 
unilamellar vesicles (SUV) have a low aqueous core volume to lipid ratio and hence 
can be considered as efficient encapsulants of large functional foods and nutraceuti-
cal compounds (Sharma and Sharma 1997); whereas, large unilamellar vesicle 
(LUV) and multivesicular vesicles (MVV) have a large aqueous core volume to 
lipid ratio. These two are reported to carry large loads of encapsulated water-soluble 
compounds in their internal core and hence considered appropriate for encapsula-
tion of large hydrophilic compounds. As of now, several methods are being employed 
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for the stabilization of liposomes such as lyophilization, freezing, spray-drying, 
supercritical fluid (SCF) technology etc. and among these SCF is considered as 
better option (Fathi et al. 2012).

Solid lipid nanoparticle (SNP) is another category of lipid-based nutrient delivery 
system which has gained considerable attention in the recent past (Harde et al. 2011; 
Almeida and Souto 2007). SNP generally exists as spherical particles of size 
10–1000 nm and possess a solid or semisolid lipid core matrix. They can solubilize 
lipophilic molecules and their stability is usually maintained by addition of surfac-
tants (Kalepu et al. 2013). When compared to liposomes and nanoemulsions, SNP 
have some distinct advantages such as protection against GI tract degradation, high 
encapsulation efficiency, minimum use of organic solvents in their preparation, 
feasibility of large scale production and controlled release (Mader and Mehnert 
2005; Saupe and Rades 2006; Ting 2014; Onoue 2012). Two basic production 
methods used for large-scale production of SNP in food processing are hot and cold 
homogenization (Muller et al. 2000). SNP was found useful in the successful encap-
sulation of nutrients such as curcumin (Wang 2013) and resveratrol, a bioactive 
polyphenolic phytoalexin (Pandita 2014).

Though SNP is reported to have several advantages, it has certain inherent prob-
lems such as low encapsulation load and possibility of explosion during storage. 
The lower encapsulation efficiency is attributed due to the less space available to 
accommodate the drug and nutraceutical molecules and explosion due to the forma-
tion of α and β into a perfect β transition form (Westesen et al. 1997). Hence a novel 
carrier known as the nanostructure lipid carrier (NLC) was developed by mixing 
different lipid molecules to overcome the limitation (Radtke and Müller 2001). By 
giving nanostructure to the lipid matrix, the encapsulation efficiency of biomole-
cules is found to be enhanced and risk of explosion is also reduced by preventing the 
formation of perfect crystals (Chen et al. 2010). The use of NLC for chemical stabil-
ity enhancement of ascorbyl palmitate has been reported by Teeranachaideekul 
et al. (2007). The utility of NLC for the encapsulation of lipophilic nutrients such 
vitamin E and omega 3 fatty acids was reported by Zhuang et  al. (2010). The 
 bioavailability of quercetin in different lipid delivery systems showed the loading 
efficiency of quercetin was higher when incorporated in NLC and nanoemulsions 
than in SNPs (Aditya et al. 2014). In spite of its listed advantages, it is reported to 
have certain limitations when used in the food industry such as relatively low purity 
of the bio-based materials and undergo flocculation and agglomeration under differ-
ent pH conditions, osmotic pressure and ionic strength (Liu et al. 2012).

15.3.1.4  Mixed Delivery Systems

Of late, there is an increasing trend in application of mixtures of polymers instead 
of individual ones with a view to improve and broaden the application range and 
functionality. Among the various biopolymer mixture studied so far, protein–poly-
saccharide complex is considered more advantageous, because of their higher chemi-
cal and colloidal protection. The formation and stability of protein–polysaccharide 
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complex is found to be affected by a number of factors such as pH, ionic strength, 
and biopolymer concentration, charge distribution, molecular weight, temperature, 
pressure, etc. (Ye 2008). In such cases, the sequence of biopolymers adsorption onto 
the interface determines the structure and stabilizing properties of the mixed pro-
tein-polysaccharide complex (Dickinson 2008). Two phenomena can occur during 
the mixing of proteins and polysaccharides in a liquid medium depending on the pH 
and isoelectric point (1) the attractive interactions can lead to the formation of sol-
uble and insoluble complexes and (2) the repulsive interactions can separation of the 
two biopolymers from each other (Weinbreck et al. 2004).

The potential of protein-polysaccharide complex nanoparticles to encapsulate 
lipophilic bioactive compounds, such as curcumin (Wang et al. 2016), rutin (Luo 
et al. 2015), essential oils (Zhang et al. 2014), chia seed oil (Timilsena et al. 2016), 
turmeric oleoresin (Zuanon et al. 2013), lutein (Qv et al. 2011), vitamin E (Alencastre 
et al. 2006) and lycopene (Silva et al. 2012) has been reported. Complexation of 
β-lactoglobulin and pectin has been employed for the encapsulation of both hydro-
philic and hydrophobic nutraceuticals including different vitamins, flavors, essen-
tial oils, fatty acids, etc. (Zimet and Livney 2009). Shaddel et  al. (2018) have 
reported that complex coacervates of gelatin and gum Arabic when used for encap-
sulation of black raspberry anthocyanins was found to increase the stability of 
anthocyanins up to 23.66% even after 2 months of storage. The potential of zein- 
caseinate- pectin complex nanoparticles as an efficient delivery system for curcumin 
owing to their high encapsulation efficiency, slow release, enhanced antioxidant 
activity, redispersibility has been reported (Chang et al. 2017).

15.4  Future Perspectives

Food delivery systems has emerged as a cost effective and potential tool to combat 
malnutrition and ill effects of many life style associated diseases. As a result, diverse 
range of nutraceutical incorporated food delivery systems are being designed and 
tested for their physico-chemical characteristics and other stability aspects. 
Innovations are happening on these arenas to develop newer and efficient unique 
biopolymer complexes by either structurally modifying or by conjugating with 
functional moieties for improving its functionality. While developing new delivery 
systems certain aspects has to be kept in mind such as its redispersibility, bioavail-
ability, controlled release, loading efficiency, behaviour within the gastrointestinal 
fluids, sensory attributes, stability and safety. Most importantly, the technology 
should be commercial viable and hence costs incurred until the production, packag-
ing and storage needs to be considered.

Nanotechnology is being extensively employed for development of newer deliv-
ery systems. Undoubtedly, nanotechnology has become one of the most promising 
technology in the functional food industry; however, the aftermath of the long term 
exposure of human health to nanomaterials is still unknown and has to be studied. 
The challenges within the ethical, safety and regulatory aspects also needs to be 
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considered and assessed while developing nanosystems or nanoparticles for nutrient 
delivery. By adopting proper regulatory measures and addressing the possible 
human and environmental concerns, nanobiomaterials can be used. The future holds 
ample prospects in improvement of human health and prevention of life style asso-
ciated diseases by rational designing of tailor made foods by application of such 
newer and innovative technologies.
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Chapter 16
Current Processing Methods 
in the Development of Micro- 
and Nanoencapsulation from Edible Polymers
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and Olga Martín-Belloso

Abstract Micro- and nanoencapsulation are processes that enclose a substance 
within a wall material at the micro and nano scale levels. This technology shows an 
important role in the food industry due to the many advantages and a variety of new 
properties that it can offer to the encapsulated material. Among them it can be high-
lighted the improvement of stability by protecting a food ingredient from an adverse 
environment, masking organoleptic properties, facilitation of handling equipment, 
enhanced bioavailability of bioactive compounds, and controlled release, which 
could reduce doses and potential toxicity of the encapsulated compound. Edible 
polymers such as polysaccharides and proteins have been proposed as wall materi-
als in micro- and nanoencapsulation, due to the benefits that they offer over syn-
thetic polymers. In addition, edible polymers are highly available, safe, convenient, 
and can increase the quality of the final product. Hence, the techniques used to 
successfully achieve these processes depend on the carrier wall materials used. This 
chapter will focus on describing the characteristics of the different processing meth-
ods used for the production of micro- and nanoencapsulated compounds, their 
advantages, disadvantages and applications. It will also provide insights about 
recent advances in this area.
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16.1  Introduction

The development of functional foods involving the addition of bioactive compounds 
is being considered as a promising field in the food industry due to the health pro-
moting benefits for the consumer (Olaiya et  al. 2016). In addition, appearance, 
product safety, storage conditions, and sensory properties of the food product should 
not be compromised by the incorporation of the functional ingredient (Dordevic 
et al. 2015). However, it has been proved that many of these compounds may be 
unstable when facing environmental and processing conditions, which causes either 
a loss of functionality, chemical degradation or a premature or incomplete release 
(Nedovic et al. 2011). Based on the previous statements, the development of new 
technologies to incorporate health-promoting compounds into food products is 
becoming increasingly important (Alexander et al. 2012).

Micro- and nanoencapsulation processes have great potential in the food industry 
since they allow the incorporation of different components such as lipids, enzymes, 
phytochemicals, vitamins, flavors and probiotics in food products providing many 
advantages in their preservation and contributes to the development of functional 
foods (Fig. 16.1) (Kwak 2014; Quirós-Sauceda et al. 2014; Gutiérrez and Álvarez 
2017).

The main function of micro- and nanoencapsulation technologies is to improve 
the physical, chemical, and biological properties of the functional ingredients 
entrapped in a variety of ways: (1) to mask the organoleptic properties such as taste, 
color and odor of the functional component; (2) to protect the encapsulated sub-
stance from external conditions during processing and storage in the food system; 
(3) to generate sustained, targeted, or controlled release of the bioactive component; 
(4) to provide better uptake, absorption, and bioavailability of specific nutrients in 
the body (Ray et al. 2016).

These technologies provide protection to labile compounds, by covering them 
with a resistant layer to preserve their availability, stability and functional properties 
(Nagavarma et al. 2012). In addition, several encapsulation procedures categorized 
into chemical, physical or mechanical methods, are widely used to promote the 
micro- and nanoencapsulation of bioactive compounds, but none of them can be 

Fig. 16.1 Schematic representation of functional compounds encapsulation. Adapted from Kwak 
(2014)
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considered as a universally applicable technique for a bioactive substance or food 
component (Vincekovic et al. 2017; Gutiérrez 2018).

The challenge lies in selecting a convenient encapsulation material and the most 
suitable method which mainly depend on the properties of the functional compound 
to be encapsulate (Dias et al. 2017). This chapter presents an overview of the most 
common edible polymers used to protect bioactive compounds and the methods 
currently used to produce micro-and nanoencapsulation systems.

16.2  Micro- and Nanoencapsulation

Micro- and nanoencapsulation techniques are inclusion processes of small particles 
of a functional compound, also known as the core material, the active agent, the fill 
or the internal phase, within a secondary material, also known as the wall material, 
the shell, the external phase, or the matrix, to form small capsules (Fang and 
Bhandari 2010).

The micro-and nanoencapsulation technologies have the ability to preserve a 
substance in a finely divided state and to be slowly released for its intended func-
tion. However, there are a number of requirements for the encapsulated compound 
to be used in a food system, which are listed below (McClements 2012):

• Food grade: the encapsulated compound must be fabricated entirely from food 
ingredients and processing operations that have regulatory approval.

• Food matrix compatibility: the encapsulated product should be compatible with 
the surrounding food matrix, i.e. should not adversely affect the appearance, tex-
ture, flavor or shelf life of the product.

• Protection against chemical degradation: the encapsulated compound has to 
stay stable against factors like oxygen, pH and temperature, which can trigger 
chemical degradation reactions such as oxidation and hydrolysis, among others.

• Loading capacity and retention: the encapsulated product should be capable of 
enclosing a large amount of food components per unit mass of carrier material 
and should efficiently retain them until the functional compound needs to be 
delivered.

• Delivery capacity: the encapsulated compound may have to be designed to 
release the food component at a particular site-of-action, at a controlled rate or in 
response to a specific environmental stimulus such as pH, ionic strength, enzyme 
activity or temperature, which may occur during food storage or within the 
human body.

• Bioavailability/bioactivity: the encapsulated component should enhance (or at 
least not adversely affect) the bioavailability/bioactivity of the food ingredient.

• Cost-benefits balance: the encapsulated product should be capable of being eco-
nomically manufactured from inexpensive ingredients. In this sense, the benefits 
gained from encapsulating a food ingredient within a micro- and nano system 
such as shelf life improvement, marketability enhanced, novel functionality and 
better bioavailability, should outweigh the additional costs associated with 
encapsulation.

16 Current Processing Methods in the Development of Micro- and Nanoencapsulation…
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16.2.1  Classification

The morphology of a capsule depends mainly on the inner core and the position of 
the wall material. In this sense, the structure of the encapsulation system can be 
classified into capsules with (a) a core that is surrounded by a wall of the polymer 
material or (b) a core that is entrapped within a continuous polymer network. 
Variations of these morphologies include multi-layered capsules and dual-core or 
dual-layer capsules (Fig.  16.2) (Augustin and Hemar 2009). On the other hand, 
capsules can be classified according to their size in macrocapsules (>5000 μm), 
microcapsules (0.2–5000 μm) and nanocapsules (<0.2 μm) (Da Silva et al. 2014).

16.2.2  Core Material

The core material nature, determines the selection of the wall material, and the 
choice of the most suitable method used for encapsulate (Dias et al. 2017). In this 
sense, core material properties such as thermal stability, viscosity if it is a liquid, 
particle size and shape if it is a solid, density, reactivity, and solubility will deter-
mine the effective design and development of the preferred micro- and nanocapsule 
(Oxley 2016).

16.2.3  Wall Material

The wall or shell material, should be capable of a film-forming that is cohesive with 
the core material. In this sense, the wall material determines the degree of protection 
for the inner core, influences on stability of micro- and nanocapsules and efficiency 
of the encapsulation process (Bakry et al. 2016).

Fig. 16.2 Morphologies of capsules: (a) single core capsule; (b) dispersed core in polymer net-
work; (c) multi-layered capsule; (d) dual-core capsule; (e) dual-layer capsule. Adapted from 
Augustin and Hemar (2009)
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The wall material should have the following characteristics (Kwak 2014):

• Compatible or not reactive with the core material.
• Able to seal and maintain the core inside the micro or nanocapsuled.
• Capable to provide maximum protection to the core against adverse conditions.
• Lack an unpleasant taste in the case of food application.
• Economically viable.

Different types of edible polymers such as polysaccharides, proteins, and lipids 
are commonly used to encapsulate functional components, but their selection 
depends on the physical and chemical properties of the functional compounds to be 
encapsulated (Shit and Shah 2014).

16.3  Materials Used for Encapsulation

Micro- and nanoencapsulation involves the incorporation of functional compounds 
with specific molecular characteristics such as conformation, weight, and polarity 
(Chen et  al. 2017). Consequently, an adequate encapsulating material greatly 
improves the effectiveness of these bioactive compounds (Suganya and Anuradha 
2017).

It is important to note that the materials used to encapsulate functional ingredi-
ents for food applications should be biodegradable and biocompatible, which means 
they have to be certified for food applications as “generally recognized as safe” 
(GRAS) to facilitate their incorporation in the food matrix (Nazzaro et al. 2012). 
Materials that can fulfill these requirements are edible polymers, which are divided 
in three main categories (Fig. 16.3):

One of the limitations that can arise when working with natural ingredients such 
as edible polymers is the variation in composition and quality that exist in the origi-
nal source from which they are isolated. Consequently, when these edible polymers 
are used as wall material, there is a need to combine them with the most suitable 
method to produce high-quality micro- and nanoencapsulation products (Gbassi 
and Vandamme 2012).

16.3.1  Polysaccharides

Polysaccharides are commercially available for use in the food industry as stabiliz-
ers, thickening and gelling agents, crystallization inhibitors, and encapsulation sup-
port as the wall material or carrier (De Vos et  al. 2014). Polysaccharides are 
conveniently categorized according to their biological origin. Starch, cellulose, pec-
tin, Arabic gum, and guar gum from plant origin; algal origin such as agar, alginate, 
and carrageenan; chitosan and xanthan from animal and microbial origin (Fig. 16.3) 
(Liu et  al. 2015). Polysaccharides are excellent candidates for micro-and 
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nanoencapsulation due to several attributes: (1) integral part of many food systems, 
(2) inexpensive, (3) wide range of polymer sizes, and (4) desirable physicochemical 
properties such as solubility, melting and phase change, low viscosity, wall-forming 
ability, and efficient drying properties (Fathi et al. 2014). The mechanisms by which 
polysaccharides retain a functional component during micro- and nanoencapsula-
tion process involves physicochemical interactions depending on molecular asso-
ciation by hydrogen bonding (Cook et al. 2012). The use of κ-carrageenan as wall 
material have been reported to encapsulate curcumin (Xu et al. 2014). Also, Ferrari 
et al. (2012) used maltodextrin or gum Arabic to encapsulate anthocyanins from 
blackberry powder. On the other hand, polysaccharide blends from alginate and 
chitosan have been used to encapsulate vitamin B2 (Azevedo et al. 2014). The mix-
ture of xanthan and guar gum was used to encapsulate β-carotene (Toniazzo et al. 
2014), while the use of resistant starch with guar gum was used to encapsulate folic 
acid (Pérez-Masiá et al. 2015).

16.3.2  Proteins

Proteins are natural macromolecules composed of linear chains of amino acids that 
can be used in a number of applications including micro- and nanoencapsulation 
processes (Lam and Nickerson 2013). Proteins show several advantages such as 

Fig. 16.3 Edible polymers used for micro and nanoencapsulation. Adapted from Vincekovic et al. 
(2017)
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biocompatibility, biodegradability, good water solubility, film-forming and barrier 
properties, ability for adhesion, and acting as organic solvents (Riaz and Masud 
2013; Wang et al. 2015). The use of animal origin proteins (caseins, whey proteins 
and gelatin), vegetable origin proteins (pea and soy proteins) and cereal proteins 
(zein and wheat proteins) have been proposed to micro- and nanoencapsulate bioac-
tive compounds (Fig. 16.3). Haham et al. (2012) reported the use of casein micelles 
to encapsulate vitamin D.  Liang et  al. (2011) encapsulated α-tocopherol using 
β-lactoglobulin as shell material, while Gómez-Estaca et  al. (2015) encapsulated 
curcumin incorporating gelatin as wall material. On the other hand, vegetable origin 
sources such as soy protein have been used to encapsulate α-tocopherol and ascor-
bic acid (Nesterenko et al. 2014). Also, Bajaj et al. (2017) used pea protein to encap-
sulate flaxseed oil. Likewise, cereal proteins such as zein was studied as wall 
material to encapsulate quercetin, while wheat protein was used to encapsulate res-
veratrol (Patel et al. 2012; Qiu et al. 2017). Often polysaccharides such as carboxy 
methyl cellulose and pectin are mixed with whey proteins to improve the emulsify-
ing and film-forming properties during microencapsulation of antioxidants from 
Roselle extract (Serrano-Cruz et al. 2013). Pea protein isolate mixed with sodium 
alginate, carrageenan and gellan gum was used to encapsulate probiotics 
(Varankovich et al. 2015). Also, maltodextrin, gum Arabic and gelatin blends were 
used to encapsulate saffron (Rajabi et al. 2015).

16.3.3  Lipids

The use of lipids, such as phospholipids, glycolipids, natural fats and oils, mono 
and di-glycerides, beeswax, candelilla and carnauba waxes (Fig.  16.3) as wall 
materials in micro- and nanoencapsulation relies on their advantages to reduce off-
flavors, to control release of nutrients, to improve the stability under extreme tem-
peratures or moisture, and to reduce the interaction between a functional compounds 
with other ingredients in the food product (Fathi et al. 2012). Lipophilic micronu-
trients, such as resveratrol (Sessa et al. 2014), and quercetin (Pool et al. 2013) have 
been encapsulated within the lipid droplets in nanoemulsions to increase their 
bioavailability.

16.4  Methods to Obtain Micro- and Nanoencapsulation 
of Functional Compounds

The selection of an encapsulation technique for a specific application is based on 
parameters such as mean particle size required, physical/chemical properties of 
both core and wall materials, targeted applications of the encapsulated material, 
desired release mechanisms, manufacturing scale-up potential and acceptable pro-
cessing cost (Ezhilarasi et al. 2013).
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Many encapsulation methods have been proposed but none of them can be con-
sidered as a universally applicable procedure for functional food components. This 
is due to the fact that individual functional food components have their own charac-
teristic molecular properties (Nazzaro et al. 2012). In general, the selected method 
needs to involve wall formation around the functional compound and ensure that 
leakage does not occur, while the undesired materials are kept out (Kumar et al. 
2013).

Nanoencapsulation has emerged as the most attractive field for bioactive com-
pounds encapsulation. However, the encapsulation methods currently being used by 
food industries, are based on microencapsulation, which is commonly achieved 
using techniques such as spray drying, spray cooling, simple extrusion, ionic gela-
tion, fluidized bed coating, and emulsification (Table 16.1).

16.4.1  Spray Drying

Spray drying method involves the transformation of a liquid fluid to dry particles, in 
where the functional compound dispersed in aqueous coating material, known as 
the feed solution, is atomized into dryer chamber with a hot air flow producing a fine 
powder (Ray et al. 2016). Polysaccharides and proteins are the main wall materials 
used with this method (Kavitake et al. 2018). Moreover, the addition of surfactants 
such as polysorbates, sulfates, fatty acids, among others, are often required to stabi-
lize the polymer particles (Di Battista et al. 2015).

Spray drying process consists of three fundamental steps (Arpagaus et al. 2017):

 1. Atomization: The nozzle atomizes the feed solution into droplets in which the 
reduction in particle size leads to a large increase in the surface area.

 2. Dry particles formation: In the drying chamber, the solvent, which can be water, 
organic solvents, or mixtures thereof, is quickly removed by the continuous flow 
of the hot drying gas (usually air or inert gas) allowed the dry particles 
formation.

 3. Particle collection: The dried solid particles, which are entrained in the gas outlet 
stream from the drying chamber, are separated from the gas stream by a cyclone 
separator and collected in a collection vessel.

Spray drying offers several advantages over other micro- and nanoencapsulation 
techniques, such as low cost and high flexibility to control particle size and mor-
phology by optimizing the process parameters and feed formulation (Nandiyanto 
and Okuyama 2011). The sizes of the dry particles formed through encapsulation 
are in a micro range (10–400 μm), but in some cases, they can reach a nanometric 
sizes up to 0.2 μm (Fang and Bhandari 2012). On the other hand, the particles mor-
phology depends on the mass and heat transfer, in which the cohesion force of the 
solid particles, including the diffusion and wall flexibility, tends to equilibrate with 
compression stresses resulting from evaporation and capillary forces. There are dif-
ferent granule morphologies that can be produced by spray drying, for example, 

T. Arredondo-Ochoa et al.



431

Table 16.1 Micro- and nanoencapsulation methods currently used in food products

Method
Particle 
size

Functional 
encapsulated 
compound Advantages Disadvantages References

Spray drying 3–100 μm Flavors, 
colors, 
vitamins, 
minerals, oils, 
antioxidants, 
enzymes and 
probiotics

– For 
hydrophilic and 
hydrophobic 
functional 
compounds
– Continuous 
operation
– Simple, fast 
and easy to scale 
up
– Low 
operational cost

– Loss of the 
material
– Micro-cracks 
on the capsule 
surface
– Installation 
costs
– Low thermal 
efficiency

Arpagaus 
et al. 
(2017)
Stunda- 
Zujeva 
et al. 
(2017)

Spray cooling 20–
1000 μm

Volatiles 
(flavors and 
aromatic 
compounds), 
vitamins, 
antioxidants, 
enzymes and 
probiotics

– For heat 
sensitive 
compounds
– Continuous 
operation
– Easy of 
scaling up
– Low 
operational cost

– Lipophilic 
coating (water- 
insoluble 
particles)
– Expulsion of 
functional 
compound during 
storage

Okuro 
et al. 
(2013)
Oxley 
(2016)

Extrusion 
(Melt 
injection, melt 
extrusion and 
co-extrusion)

150–
8000 μm

Flavors and 
probiotics

– For heat and 
oxygen sensitive 
compounds
– Decrease gas 
diffusivity
– Low water 
content
– Low energy 
consumption
– Does not 
involve 
deleterious 
solvents

– Laborious 
technology
– Large particles 
sizes
– Limited 
choice of wall 
materials
– Susceptibility 
of polysaccharide 
towards damage 
and structural 
defect
– Non-scalable

Repka 
et al. 
(2012)
Oxley 
(2016)
Zuidam 
and 
Shimoni 
(2010)

Ionic gelation 
(external and 
internal)

200–
500 μm

Vitamins, 
antioxidants 
probiotics

– For 
hydrophobic 
functional 
compounds
– Easy to 
perform
– No require 
specialized 
equipment
– Does not 
involve high 
temperatures 
and deleterious 
solvents
– Low 
operational cost

– Higher 
diffusion by 
heterogeneous 
gelation
– Uneven 
capsule formation
– Limitation 
batch production

Kurozawa 
and 
Hubinger 
(2017)
Kim et al. 
(2016)

(continued)
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spheres, donuts, capsules, porous, hollow and hairy granules and raspberry- shaped 
granules (Stunda-Zujeva et al. 2017).

Due to the low moisture powder production, spray drying is the most frequently 
method used to micro- and nanoencapsulate functional compounds such as flavors, 
dyes, vitamins, minerals, oils, antioxidants, enzymes and probiotics. Luna-Guevara 
et al. (2017) reported an increase in antioxidant capacity during storage of walnuts, 
peanuts and pecans oils microencapsulated with mixtures of gum Arabic, maltodex-
trin and gelatin. Also, Berg et  al. (2012) improved the anthocyanin retention in 
simulated gastric fluid in blueberry extract microcapsules coated with shellac using 
maltodextrin and pectins of lower degree of esterification as wall materials. Eckert 
et al. (2017) demonstrated a survivability to conditions simulating the gastrointesti-
nal tract of Lactobacillus plantarum microencapsulated with whey and whey 
retentate.

On the other hand, nanoencapsulation by spray drying depends on other nanoen-
capsulation techniques prior to spray drying. In this sense, De Paz et  al. (2012) 
encapsulated β-carotene through solvent emulsification-evaporation from ethyl 
acetate-in-water emulsion using modified n-octenyl succinate starch along with 
spray drying technique. Dahili and Feczkó (2015) reported the use of ethyl cellulose 
and poly(lactic co-glycolic acid) carrier particles obtained by spray drying to immo-

Table 16.1 (continued)

Method
Particle 
size

Functional 
encapsulated 
compound Advantages Disadvantages References

Fluidized bed 
coating

5–5000 μm Volatiles 
(flavors and 
aromatic 
compounds), 
vitamins, and 
antioxidants

– For heat 
sensitive 
functional 
compounds
– Total control 
over temperature
– Easy to 
performance
– Low particle 
sizes
– Low 
operational cost

– Longer 
duration process
– Uneven 
coating particles

Onwulata 
(2012)
Srivastava 
et al. 
(2013)

Emulsification 0.1–
100 μm

Antioxidants, 
vitamins, oils, 
fats

– For 
hydrophilic and 
hydrophobic 
functional 
compounds
– Simply 
operation
– Low particle 
sizes
– Low 
operational cost

– Aggregation
– Flocculation

Iqbal et al. 
(2015)
Lu et al. 
(2016)
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bilize horseradish peroxidase enzyme by cross-linking achieving to prevent aggre-
gation and agglomeration of nanoparticles. Besides, nanoencapsulation of vitamin 
B12 in Arabic gum, cashew nut gum, sodium alginate, and carboxymethyl cellulose 
and folic acid in whey protein and resistant starch by spray drying was obtained by 
Oliveira et al. (2013) and Pérez-Masiá et al. (2015).

The main limitation of spray-drying method is the high temperatures generated 
during the process, which can affect the capsule surface due to the pores or cracks 
formation, decreasing the protection and retention of the bioactive encapsulated 
material (Dordevic et al. 2015). In this sense, Laohasongkrama et al. (2011) obtained 
macadamia oil spherical microcapsules with some wrinkles or dimples using 
sodium caseinate and maltodextrin blends as wall materials. Also, Yang et al. (2012) 
reported the presence of pores in microcapsules of whey protein hydrolysate encap-
sulated with maltodextrin or maltodextrin/β-cyclodextrin blends.

On the other hand, Ray et  al. (2016) reported that an adequate wall material 
selection can prevent the loss of bacterial viability caused by the high temperatures 
reached during spray drying process. Yonekura et al. (2014) compared the viability 
of spray dried Lactobacillus acidophilus using sodium alginate, chitosan and 
hydroxypropyl methylcellulose and found that sodium alginate and HPMC did not 
affect cell viability. Also, spray drying of Bifidobacterium lactis Bb-12  in whey 
protein enhanced cell viability under bile conditions (De Castro-Cislaghi et  al. 
2012).

16.4.2  Spray Congealing

Spray congealing is another method that involves the solidification of an atomized 
liquid, in which the initial set-up is quite similar to spray drying but here there is no 
water evaporation (Alvim et al. 2016). This encapsulation process involves the dis-
persion of the active compound in a coating material melt, commonly fatty acids, 
triacylglycerols, and waxes. Then, droplets of molten solution are atomized into a 
chilled chamber which are solidified and finally recovered as fine particles (Zuidam 
and Shimoni 2010). There is no agreement in the literature regarding the nomencla-
ture of spray congealing encapsulation technique which can be considered synony-
mous with spray chilling and spray cooling. The terms spray chilling is the process 
that uses wall materials with a melting point between 32 and 42 °C for the produc-
tion of spray particles, and spray cooling is the encapsulation process in which the 
carrier has a melting point between 45 and 122 °C (Celli et al. 2015). The term spray 
congealing is employed indiscriminately when molten wall materials are used 
regardless of their melting temperature (Okuro et al. 2013). In terms of particle size, 
this tends to increase as atomization moves from spray drying to spray congealing, 
producing particles from a few microns (20 μm) up to several millimeters (1000 μm) 
(Oxley 2016).
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The main advantage of spray congealing is the encapsulation of highly heat- 
sensitive materials such as volatiles (flavors and aromatic compounds), vitamins, 
antioxidants, enzymes and probiotics since the dehydration process is carried out 
after freezing and at low temperature under vacuum, unlike the spray drying tech-
nique at high temperatures (Arslan-Tontul and Erbas 2017). Consoli et al. (2016) 
evaluated the implementation of spray chilling technique to microencapsulate gallic 
acid as a model phenolic compound, showed an increased encapsulation efficiency 
using blends of soybean oil with higher concentration of fully hydrogenated soy-
bean oil used as wall materials. Gamboa et  al. (2011) also microencapsulated 
α-tocopherol by spray chilling using interesterified fats with fully hydrogenated 
soybean oil as wall material, showing high efficiency of microencapsulation and 
high levels of retention of the active product. Engelmann and Kragl (2018) reported 
the microencapsulation of laccase N51003 using cetyl alcohol, palmitic acid and 
palmityl palmitate as wall materials, showing a good enzyme immobilization inside 
the particles as a results of spraying congealing method. Pedroso et al. (2012) pro-
duced also solid lipid microparticles containing Bifidobacterium animalis subsp. 
lactis and L. acidophilus by spray chilling using an interesterified fat produced with 
fully hydrogenated palm oil and kernel oil. The microparticles showed greater resis-
tance to simulated gastric and intestinal fluids as compared with free microorgan-
isms. Others authors have reported the application of some acidulants and textural 
ingredients microencapsulated by spray chilling directly in a food system. Alvim 
et al. (2016) reported the application in biscuits of ascorbic acid microencapsulated 
by spray drying using Arabic gums as wall material, and spray chilling using stearic 
acid and hydrogenated vegetable fat as coating material. These authors reported the 
inhibition of dark spots formation on the biscuits that were associated with the 
 thermal degradation ascorbic acid during baking and a reduction of close to half of 
the loss observed for the free active substance after baking.

The spray congealing method has a drawback related to fast cooling rates that 
can crystallize the lipid wall material into an unstable arrangement, influencing on 
the barrier properties of encapsulated compound with the possibility of the active 
ingredient can be expulsed during storage, and thereby decreasing the encapsulation 
capacity. Zaky et al. (2010) encapsulated a protein (BSA-albumin) using hydroge-
nated palm oil by spray chilling. These authors observed that the size and morphol-
ogy of the particles presented a significant effect on the kinetics of protein release, 
suggesting that water entered into it and dissolved the incorporated protein during 
the encapsulation process, leading to the formation of pores that were filled with 
water, and enabling the diffusion of the protein to the outside of the matrix.

Other possible disadvantages include the effect of particles on food texture, 
which depends on the particle size, as well as the possibility of particles to float in 
liquid systems (Okuro et al. 2013). Finally, the hydrophobic character of the micro-
capsules obtained by spray congealing due to the lipid wall material can limit or not 
allow some applications (Gadkari and Balaraman 2015).
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16.4.3  Extrusion

Extrusion is the most common microencapsulation approach in which the functional 
compound is embedded into thermoplastic polymers carriers, usually molten poly-
saccharides such as starch, maltodextrin, sugar alcohols and low meting waxes 
(Repka et al. 2012).

Generally, extrusion methods include three processes: melt injection, melt 
extrusion or centrifugal extrusion (co-extrusion):

 (a) Melt injection: Droplets of molten polysaccharide in which the functional 
compound was added, are extruding by a syringe needle into a bath consisting 
of a dehydrating liquid such as liquid nitrogen for gelation. The coating mate-
rial hardens on contacting the liquid, forming gelled droplets, also known as 
“beads”, which entrap the bioactive compound. Finally, the granules are recov-
ered by filtration or centrifugation and the residual solvent is removed by air 
drying or vacuum drying (Zuidam and Shimoni 2010; Mishra 2016).

 (b) Melt extrusion: An extruder equipped with one or two rotating screws (either 
corotating or counter rotating) inside a stationary cylindrical barrel was used in 
this extrusion process. Firstly, the functional compound is added to the molten 
polysaccharide carrier at the inlet port of the extruder or injected under pressure 
within the extruder to be mixed with carrier system before being extruder. The 
feed formulation is transported along the length of the extruder barrel, where it 
gets melted, plasticized, mixed and compressed, while thermal energy is gener-
ated by shearing, imposed by the rotating screw and from conduction from the 
barrel via electrical heating bands. Finally, an end-plate die is connected to the 
end of the barrel which determine the shape (e.g. sheets, ropes or threads) of the 
microencapsulate product (Zuidam and Shimoni 2010; Repka et al. 2012).

 (c) Centrifugal extrusion (co-extrusion): The core and wall materials are pumped 
separately into a concentric and multifluid nozzle extruder, which may be sta-
tionary, rotating or vibrating. While the core material flows through the center 
tube, wall material flows through the outer tube. The entire device is attached to 
a rotating shaft so that the head rotates around its vertical axis. As the head 
rotates, the core and coating materials are co-extruded through the concentric 
orifices of the nozzles as a fluid rod of the core sheathed in coating material. 
Centrifugal force impels the rod outward, causing it to break into tiny particles. 
By the action of surface tension, the coating material envelops the core material, 
thus accomplishing encapsulation (Mishra 2016; Oxley 2016).

The extrusion method enables the encapsulation of volatile and unstable com-
pounds, because the polysaccharide matrices in gelled state provide and almost 
impermeable barrier against gases such as oxygen providing protection to normally 
oxidation prone compounds. Chang et al. (2010) prevented an oxidative degradation 
of ascorbic acid microencapsulated by melt extrusion using a glassy low-dextrose 
equivalent maltodextrin. These authors suggested that ascorbic acid extrudates can 
thus be used to impart or modify the sensorial and nutrimental properties of a prod-
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uct without being affected by other ingredients of the food system or by the typical 
food processing conditions. Sun-Waterhouse et al. (2012) improved the oxidative 
stability and suppressed hydrolytic rancidity of phenolic-fortified avocado oil 
microencapsulated by co-extrusion using an alginate polymer matrix. Also, extru-
sion by melt injection and co-extrusion allows the encapsulation of probiotics which 
cannot be encapsulated under much higher temperatures Also, the low water content 
of the microparticles could prevent the deterioration by other microorganisms. Silva 
et al. (2018) compared the microencapsulation of L. acidophilus LA3 by melt injec-
tion using alginate or blend of alginate–shellac as wall materials and the microen-
capsulation of sunflower oil loaded with the probiotic by co-extrusion with the same 
encapsulate materials. As results, the probiotic L. acidophilus LA3 incorporated 
into sunflower oil and loaded into capsules produced with a blend of alginate–shel-
lac by coextrusion presented reduced porosity and an improved structure. Also, the 
addition of drying step in a fluidized bed after the extrusion process, extended the 
probiotic viability during storage, since the water activity was reduced and, conse-
quently, the microorganism metabolism.

On the other hand, during the extrusion processes, the selection of the correct 
wall material is critical for the generation of gelling matrices for the achievement of 
an adequate bioactive compound microencapsulation. In this sense, Belščak- 
Cvitanović et al. (2011) reported the microencapsulation of water-soluble polyphe-
nol antioxidant extracts of medicinal herbal plants (raspberry leaf, hawthorn, ground 
ivy, yarrow, nettle, and olive leaf) in alginate/chitosan hydrogel by an extrusion 
method. The results showed that the encapsulation efficiency, antioxidant activity of 
polyphenols, and size of the microbeads were affected by the microelements  content 
of extracts from different plants (e.g. divalent cations, such as calcium, copper, 
strontium, and zinc) which affected the gelling properties of alginate.

Finally, the diameter of the dropping tool and viscoelasticity of the solution in 
the extrusion method are the most important factors that can impact on the size of 
microencapsulated material (Celli et al. 2015). In this sense, particle size from 20 to 
200 μm are obtained by melt injection, 300 to 5000 μm by melt extrusion, and 150 
to 8000 μm using co-extrusion (Mishra 2016).

16.4.4  Ionic Gelation

Ion gelation is the recommended method for entrapping hydrophobic functional 
compounds into a gel network based on alginate, low methoxyl pectin, chitin or 
chitosan (Mishra 2016). This encapsulation technique is classified into two groups 
depending on the method used to form the beads: extrusion (droplet method) and 
emulsion (two-phase system), also called external ionic gelation and internal ionic 
gelation techniques, respectively (Chun et al. 2014).

 (a) External gelation: Microbeads made of gel-type polymers are produced by 
dissolving the polymer in an aqueous solution then, suspending the bioactive 
ingredient in the blend followed by extruding through a precision device (a 
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pipette, syringe, vibrating nozzle, spraying nozzle, jet cutter, atomizing disk, 
coaxial air-flow, or electric field). The microdroplets obtained are hardened by 
cross-linking the wall material or polymer chain by using di- or multivalent 
metal ion (such as Ca+2) aqueous solutions (Kurozawa and Hubinger 2017). It is 
a simple and easy procedure, which does not require specialized equipment, 
high temperature or organic solvents, and can be considered inexpensive. On 
the other hand, one of external gelation disadvantages is the occurrence of het-
erogeneous gelation of particles showed problems of easy diffusion and fast 
release through the ionic gel network regardless of pH (Moura et  al. 2018). 
Also, the low production capacity, limitation of size reduction, and uneven cap-
sule formation are one of the many challenges for scaling-up of the process and 
application on an industrial scale (Dong et al. 2013).

 (b) Internal gelation: There is a loss of bioactive compounds during external ionic 
gelation. Internal gelation could be an alternative to minimize or to avoid active 
compounds diffusion toward the cross-linking solution, as encapsulation pro-
cess occurs in an oil phase, enhancing encapsulation efficiency (Kim et  al. 
2016). In this sense, the production of capsules by internal ionic gelation was 
carried out dispersing Ca+2 into an ionic polymer solution, such as carrageenan, 
alginate and gelan gum, containing the functional compound. This solution is 
emulsified by adding into oil, and Ca+2 is released form insoluble calcium car-
bonate by pH reduction to promote cross-linking with the polymer (Kurozawa 
and Hubinger 2017). Internal gelation method has been suggested as an alterna-
tive for the formation of spherically structured capsules with sizes of less than 
1000 μm and it is easy to scale up (Rosas-Flores et al. 2013). However, this 
technique is limited to batch production and oil removal is difficult, which 
requires chemicals and further separation.

Belščak-Cvitanović et al. (2016) reported a higher encapsulation efficiency of dan-
delion (Taraxacum officinalis L.) polyphenols and ß-carotene active compounds in 
alginate-based hydrogel beads obtained by internal gelation when compared with 
external encapsulation. In this work, the authors also used whey proteins in combi-
nation with alginate to improve encapsulation efficiency. As expected, these micro-
spheres presented higher total polyphenols and chlorogenic acids retention than 
samples obtained by external gelation. Apart from that, an enhancement of func-
tional compounds entrapment in hydrogels could be due to differences observed in 
microstructure of beads. Lupo et al. (2015) observed larger porous in the micro-
structure of alginate beads with encapsulated cocoa extract produced by external 
gelation. On the other hand, beads obtained by internal gelation presented a more 
compact structure. According to the authors, during external gelation, there was an 
initial formation of a superficial gel layer, retarding the calcium ion diffusion into 
the beads, as consequence a heterogeneous matrix was formed with a low cross- 
linked core due to the lack of the calcium ion. The compact microstructure of beads 
obtained by internal gelation reduced polyphenol release when compared with those 
obtained by external gelation. In order to improve the efficiency of external gelation 
microencapsulation, Belščak-Cvitanović et al. (2015) evaluated the addition of cal-
cium caseinate or whey protein for producing alginate particles with higher 

16 Current Processing Methods in the Development of Micro- and Nanoencapsulation…



438

retention of green tea polyphenols. Also, Wichchukit et al. (2013) reported ribofla-
vin microencapsulation in whey protein/alginate gel beads. These authors observed 
that pure alginate bead presented rough and cracked surface, allowing higher water 
penetration into the sample. In contrast whey proteins incorporation can decrease 
diffusion of Ca+2 from the hydrogels, leading to lower interaction between alginate 
molecules with water and, as a consequence, the ability of the gel to swell and suffer 
erosion.

16.4.5  Fluidized Bed Drying

Fluidized bed drying or coating is similar to spray drying in which a coating of 
liquid material is sprayed to cover a functional compound as a core material in high- 
pressure aerosol. The difference between spray drying and fluidized bed coating is 
that the core material is already in powdered form (Zuidam and Shimoni 2010). In 
this technique, a cyclone of inlet hot air forces the fluid coating into a chamber con-
tacting the powdered particles. After each contact of the core particle with the hot 
atmosphere, a minute layering occurs; over time, the hot air then evaporates the 
mixtures and every particle has a thin film of coating (Onwulata 2012). Different 
types of fluid-bed coating techniques include top spray, bottom spray, and tangential 
spray which are used for encapsulating solid or liquids absorbed into porous parti-
cles (Bandhavi 2013).

Fluidized bed coating is ideal for a wide range of heat sensitive products as a 
result of efficient heat and mass transport during drying of the coated particles at 
lower temperatures than spray drying, which results in greater protection of bioac-
tive components (Augustin and Hemar 2009). Other advantage includes the lower 
capital cost and easy control of the method (Srivastava et  al. 2013). Also, this 
method allows the micro- and nanoencapsulation of very fine particles ranging from 
0.01 to 0.04 μm and from 100 μm to several millimeters, respectively (Tolve et al. 
2016). A β-carotene microencapsulated was obtained by Coronel-Aguilera and 
Martín-González (2015) using spray dried method followed by fluidized bed coat-
ing with a hydroxypropyl cellulose solution. This carotenoid is sometimes limited 
because of its susceptibility to oxidation and thermal degradation which is related 
directly with color parameters. These authors observed a higher protection of 
β-carotene and vivid color during storage of coated powder at different tempera-
tures. Also, the coated powders showed color stability when applied to yogurt for up 
to 4  weeks of storage since low values of total difference color were observed. 
Schell and Beermann (2014) developed a microencapsulation process for 
Lactobacillus reuteri by a two-step fluidized bed granulation with sweet whey fol-
lowed by top spray coating with and aqueous shellac solution. The microencapsu-
late product offered resistance to acid conditions and enabling improved survival 
during gastro-intestinal.
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On the other hand, a good core material for fluid bed coating need to be smooth 
and spherical to minimize the amount of fluid needed to coat it and to reduce the 
likelihood of uneven coating along the jagged edges, which limits coating efficiency 
and functionality. It was reported that 0.2–1.5% of particle remains uncoated during 
the fluidized bed technique (Srivastava et al. 2013).

16.4.6  Emulsification

This micro- and nanoencapsulation method by emulsification is a process widely 
used in the industry to combine immiscible solution in a mixture, through disper-
sions stabilized using emulsifying agents, also known as surfactants (Ye and Chi 
2018). Hence, according to which solutions are dispersed in a continuous phase, 
simple water-in-oil or oil-in-water (W/O, O/W) emulsions, or even double emul-
sions of water-in-oil-in-water and oil-in-water-in-oil (W1/O/W2, O1/W/O2) could be 
achieved (Iqbal et al. 2015).

Droplet sizes of micro- and nanoemulsion obtained that range from 0.1 to 100 μm 
are highly dependent on hydrophobicity or hydrophilicity of active component (Lu 
et al. 2016). Hydrophobic active agents such as carotenoids, fats, oil-soluble vita-
mins and flavor oils can be encapsulated and delivered by O/W, while W/O was used 
to encapsulate water-soluble food active agents such as polyphenols (Zuidam and 
Shimoni 2010). In this sense, Ziani et al. (2012) designed a food grade colloidal 
delivery system to encapsulate vitamin E, vitamin D, and lemon oil. The study was 
focused on the influence of oil type and physicochemical properties on the forma-
tion and stability of colloidal dispersions using Tween 20 as emulsifier agent. The 
authors found that lemon oil was capable of forming stable microemulsions that 
were optically transparent at high emulsifier-to-oil ratios, whereas vitamin D and E 
were not able to form microemulsions, and emulsions stability strongly depended 
on oil type. Vitamin D and vitamin E acetate emulsions were relatively stable to 
droplet growth once they have been formed, but lemon oil emulsions were highly 
unstable. Ydjedd et  al. (2017) found that encapsulation of phenolic compounds 
from carob (Ceratonia silique L.) pulp into W1/O/W2 emulsions protected them 
from chemical conditions of gastrointestinal tract and mainly released the bioactive 
compounds during intestinal phase, probably enhancing their absorption to sys-
temic circulation. Absorption of tea catechins was improved when they were incor-
porated into nanoemulsions; particularly, epigallocatechin gallate increased its 
concentration in plasma to 28.6% compared with non-encapsulated solution (Peng 
et al. 2018). At the same time, it has been reported that encapsulation in coated- 
emulsions could enhance the antimicrobial activity of essential oils due to the inter-
action between positively charged surface coating with the negative surface potential 
of bacteria by attractive electrostatic forces (Krogsgård Nielsen et al. 2016).

On the other hand, a balance must be found between droplet size and concentra-
tion of emulsifying agent. Small droplets have a larger surface area that must be 
covered with the emulsifier. Therefore, a high concentration of emulsifier is required 
to avoid flocculation and aggregation (Torres et al. 2016).

16 Current Processing Methods in the Development of Micro- and Nanoencapsulation…



440

16.5  Conclusions

Micro- and nanoencapsulation are promising techniques that can enhance the effect 
of functional compounds in a food system, broadens their application range, and 
thereby being cost-effective for the industry’s survival in a competitive marketplace. 
The selection of a proper micro- and nanoencapsulation technology requires an 
adequate good wall material, and suitable micro- and nanoencapsulation method. 
Finally, the design of micro- and nanoencapsulated systems should fulfill these 
characteristics: (1) The physicochemical properties and functionality of the bioac-
tive compound in the final product. (2) Appropriate food processing conditions to 
keep functional properties of the active micro- and nanoencapsulated ingredient. (3) 
The events that trigger the release of the bioactive ingredient from micro- and nano-
capsules, and the mechanism(s) involved. (4) The cost constraints.
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Chapter 17
Biopolymers for the Nano- 
microencapsulation of Bioactive Ingredients 
by Electrohydrodynamic Processing

Pedro J. García-Moreno, Ana C. Mendes, Charlotte Jacobsen, 
and Ioannis S. Chronakis

Abstract Electrohydrodynamic processing, including electrospinning and electro-
spraying, is an emerging technique for the encapsulation of bioactive ingredients 
(e.g. omega-3, vitamins, antioxidants, probiotics) with interest for the functional 
food industry. This chapter presents the fundamentals of electrohydrodynamic pro-
cesses for the production of nano-microstructures (fibers or capsules) loaded with 
bioactive compounds. Particularly, it focuses on the properties as well as electros-
pinning and electrospray processing of food-grade polymers. The physicochemical 
characteristics of the resulting nano-microencapsulates will also be discussed. 
Electrospun and electrospray food-grade polymers include biopolymers such as 
proteins (e.g. zein, gelatin, whey, casein, amaranth, soy, egg and fish protein) and 
polysaccharides (e.g. pullulan, dextran, chitosan, starch, alginate, cellulose, cyclo-
dextrin, xanthan gum), as well as blends of biopolymers with biocompatible 
synthetic polymers (e.g. poly-vinyl alcohol).
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17.1  Introduction

Consumers have raising awareness about nutrition and consumption of healthy food 
(e.g. fortified food products). As a consequence, food industry has an increasing 
interest in the enrichment of traditional food matrices with bioactive compounds 
such as omega-3 fatty acids, vitamins, antioxidants and probiotics, which have sev-
eral benefits on human health. However, the incorporation of these active agents 
into the food matrix and its delivery into the right place in the gastrointestinal tract 
(GI) is challenging due to the high instability and absorption of these ingredients. 
Therefore, bioactive compounds are commonly encapsulated in order to prevent 
their degradation during food processing and digestion. Encapsulation, which is 
defined as the process of entrapping active agents within a layer of coating material, 
protects the unstable ingredient from several factors such as oxygen, light, heat, 
water, pH and enzymes; whereby undesirable reactions between the bioactive com-
pound and other food components can be avoided (Gutiérrez and Álvarez 2017). 
Moreover, encapsulation enables the masking of potential unpleasant odor, taste or 
color of the active compounds and facilitates the handling of liquid products when 
dried to free-flowing solids (Sobel et al. 2014).

Several techniques are available for the encapsulation of liquids, solids or gases 
within a solid wall material (e.g. spray-drying, spray-cooling, fluid-bed coating, 
extrusion, and complex coacervation followed by drying) (Gutiérrez 2018). Among 
them, spray-drying is the most common process used in the food industry for 
microencapsulation of active ingredients. In spray-drying, the bioactive ingredients 
are emulsified in a solution containing the shell material. Subsequently, the solu-
tion is atomized and dried by contact with a hot fluid (e.g. air) (Jacobs 2014). In the 
last years, electrohydrodynamic processes such as electrospinning and electro-
spraying are emerging as alternative encapsulation techniques. The resulting nano- 
microstructures (e.g. fibers or capsules) present high-performance and 
functionalities due to their ultra-thin size and large surface-to-volume ratio. 
Moreover, these processes do not require heat to dry the emulsions (e.g. by solvent 
evaporation), which makes them extremely adequate for encapsulating heat-sensi-
tive compounds such as antioxidants, vitamins, probiotics or omega-3 fatty acids 
(Jacobsen et al. 2018).

The development of encapsulates by electrohydrodynamic processing intended 
for food applications requires the use of food-grade polymers and solvents (e.g. 
preferably water or water/ethanol mixtures). Biopolymers such as proteins and poly-
saccharides, which are macronutrients normally ingested through the diet, are the 
most commonly employed shell materials (García-Moreno et al. 2017a). Moreover, 
biocompatible synthetic polymers such as poly-vinyl alcohol (PVA) and poly-ethyl-
ene oxide (PEO) are also used (e.g. blended with biopolymers) (Lim 2015). In addi-
tion, lipids such as phospholipids and cocoa butter have also been employed as wall 
materials for the production of encapsulates by electrospinning and electrospraying, 
respectively (Bocanegra et al. 2005; Shekarforoush et al. 2017a).
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This book chapter aims to provide an overview of the biopolymers used for the 
encapsulation of bioactive compounds by electrospinning and electrospraying pro-
cesses. Food-grade biopolymers including proteins, polysaccharides as well as their 
blends with biocompatible polymers are discussed. Moreover, the physicochemical 
characteristics of the resulting micro-nanoencapsulates are also presented.

17.2  Electrohydrodynamic Processes

Electrospinning was first observed in 1897 by Rayleigh, whereas electrospraying 
was first studied in 1914 by Zeleny (Zeleny 1914). Nevertheless, they have gained an 
increasing attention in the last decades for the production of nano- and microsized 
materials with different applications (e.g. filtration, immobilization of enzymes, 
encapsulation, drug-delivery, scaffolds and others) (Bhardwaj and Kundu 2010).

17.2.1  Fundamentals

Electrohydrodynamic processes use a high-voltage electrostatic field to charge the 
surface of a polymer solution or melt droplet at the end of a capillary tube. Polymer 
solutions containing the bioactive compound (e.g. in the form of an emulsion) are 
normally used since the high temperature required to melt the polymer will degrade 
the heat-sensitive active ingredient. In these processes, the polymer solution is 
pumped through a capillary spinneret (e.g. a conductive needle) and an electrical 
potential is applied between the needle and a collector, which is normally grounded. 
The resulting electrostatic repulsion forces in the droplet surface cause the droplet 
to elongate from a semispherical to a conical shape known as the Taylor cone. 
Further increase in the electric potential strengthens repulsion forces, which eventu-
ally overcomes the surface tension of the droplet. Then, a charged jet is ejected from 
the tip of the Taylor cone to the collector. In electrospinning (Fig. 17.1a), the jet is 
stable due to high polymer chain entanglements. On the way to the collector, the jet 
elongates as a consequence of shearing of the viscoelastic solution and of bending 
and whipping motions. The latter is crucial for the extensive reduction in size of the 
jet and the evaporation of the solvent, allowing deposition of solidified nano- 
microfibers in the collector (Fig.  17.1b) (Chronakis 2005). In electrospraying 
(Fig. 17.2a), the jet is destabilized due to varicose instability as a consequence of the 
low viscoelasticity of the polymer solution. Fine highly charged droplets are formed, 
which subsequently break up due to electrostatic repulsion. This favors solvent 
evaporation and deposition of solids nano-microcapsules on the collector (Fig. 17.2b) 
(Bhardwaj and Kundu 2010).
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17.2.2  Influencing Factors

Several factors such as solution properties (e.g. viscosity, surface tension and con-
ductivity), process variables (e.g. voltage, flow rate, spinneret-collector distance) 
and environmental conditions (temperature and relative humidity) affect the electro-
spinning and electrospray processing of biopolymers (Chronakis 2010).

17.2.2.1  Solutions Properties

Solutions properties are determined by the type and the concentration of the bio-
polymer used as well as the type of solvent. The viscoelasticity of the biopolymer 
solution determines the polymer chain entanglements, which control the stability of 
the jet, leading to fiber or capsule formation. Biopolymers with high molecular 
weight or high biopolymer concentration are required to have sufficient chain entan-
glements in the solution, suppressing the action of the surface tension, and stresses 
of whipping and bending motions, which tend to break the jet and favor the forma-
tion of beads (Chronakis 2010). Conductive solutions, which allow to build-up 
charge on the surface of the droplet, are necessary to initiate jetting. Increases in 
conductivity led to production of more uniform fibers because of more intense 
charge repulsion within the jet resulting in further elongation. However, excessive 

Fig. 17.1 (a) Schematic illustration of the electrospinning setup, and (b) SEM image of electros-
pun nano-microfibers. Figure (a) was modified from Pelayo (2017)
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charges can slide along the surface of the polymer jet in highly conductive solu-
tions, which is detrimental for jet stretching (Lim 2015). Low surface tension is 
preferred for initiating jetting in both electrospinning and electrospraying, and to 
avoid the formation of beads in electrospinning. Both conductivity and surface ten-
sion of the polymer solution can be altered by adding ionic salts (e.g. NaCl) or 
surfactants (e.g. Tween20), respectively (Ghorani and Tucker 2015). The vapor 
pressure of the solvent also plays an important role in the electrohydrodynamic 
processes. It has to be low enough to allow evaporation of the solvent during the 
transportation of the charged jet/droplets from the needle to the collector, avoiding 
the deposition of wet nano-microstructures; but also high enough to not evaporate 
in the Taylor cone leading to clogging (Weiss et al. 2012).

17.2.2.2  Process Variables and Environmental Conditions

The main variables of electrohydrodynamic processes are voltage, flow rate and 
spinneret-collector distance. It is extremely important to find an optimum combina-
tion of voltage and flow rate which allows to maximize throughput while maintain-
ing a stable Taylor cone (e.g. avoiding dripping or wet droplets in the collector). In 
general, a minimum voltage (e.g. 6–15 kV) is required to form the Taylor cone and 
to induce the jet formation (Ghorani and Tucker 2015). Increasing the voltage 

Fig. 17.2 (a) Schematic illustration of electrospraying process, and (b) SEM image of electro-
sprayed nano-microcapsules. Figure (a) was modified from Pelayo (2017)
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results in higher repulsion of the charges, which favors stretching of the electrospin-
ning jet or breaking-up of the electrospray droplets leading to fibers and capsules 
with lower diameter. Nevertheless, too high voltage will destabilize the Taylor cone. 
Increasing spinneret-collector distance rises the time of the jet/droplet to reach the 
collector, favoring solvent evaporation (if dry conditions are used), which results in 
the formation of nano-microstructures with reduced diameter. In addition, decreas-
ing spinneret diameter also favors the formation of capsules and fibers with lower 
average diameters (Weiss et al. 2012). Apart from processing variables, the tem-
perature and the humidity also affect the electrospinning and electrospraying pro-
cesses. Temperature influences solvent evaporation as well as viscosity, conductivity 
and surface tension of the polymer solution. For instance, Mit-Uppatham et  al. 
(2004) reported the production of fibers with lower diameter by increasing the tem-
perature. It has also been reported that increasing humidity led to the appearance of 
pores in the surface of electrospun fibers (Bhardwaj and Kundu 2010).

17.2.3  Advantages

Low temperature (e.g. room temperature) can be used for the evaporation of the 
solvent(s) and the production of nano-microencapsulates during the electrohydro-
dynamic processes. This is of great importance to avoid the degradation of thermo-
labile compounds during encapsulation processing, including active ingredients and 
wall materials (e.g. proteins). Furthermore, electrospun/electrosprayed encapsu-
lates present a reduced size when compared to encapsulates produced by other tra-
ditional techniques (e.g. spray-drying). This facilitates their incorporation into food 
matrices without affecting organoleptic properties and favors the release of the 
encapsulated bioactive compounds as a consequence of the increased surface-to- 
volume ratio (Jacobsen et al. 2018). Nevertheless, it should be noted that electros-
pun fibers are continuous in length and exhibit a high tensile strength as a 
consequence of a high alignment of polymer chains produced in the stretching pro-
cess (Weiss et al. 2012). Therefore, their incorporation into foods needs to be prop-
erly optimized. In electrospraying (where capsules aggregation is avoided due to the 
electrostatic repulsion forces) smaller capsules are produced, with a narrow droplet 
size distribution, in comparison to traditional encapsulation techniques (e.g. spray- 
drying). Moreover, electrospraying processing results in higher production yields 
than spray-drying because the collection of the capsules is favored by electrostatic 
attraction forces (García-Moreno et al. 2016). In addition, nano-microencapulates 
(e.g. fibers or capsules) with enhanced functionalities can be obtained by co- 
processing of polymer mixtures, utilization of co-axial processes which result in 
core/shell structures, or by tuning their surface properties (e.g. crosslinking) 
(Mendes et al. 2017). Finally, electrohydrodynamic processes are cost-effective and 
possible to scale-up, which makes them suitable for the production of encapsulates 
intended for food applications (Jacobsen et al. 2018).
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17.3  Food Grade Polymers Used in Electrohydrodynamic 
Processes

Food grade polymers include biopolymers such as proteins and polysaccharides. 
Proteins are a class of natural polymers with unique properties/functionalities that 
can interact with a broad range of hydrophobic and hydrophilic bioactive com-
pounds, and through changes in pH, temperature and ionic strength their conforma-
tion can change to self-assemble into different nano-micro structures such as 
particles, fibers, gels (El-Salam and El-Shibiny 2016). In addition, proteins have 
low resistance to high acidic conditions (such as stomach pH), which can degrade 
them into potential bioactive peptides with nutritional value. On the other hand, the 
consumption of proteins (particularly of animal origin) can bring allergenic side 
effects. Proteins consist of long chains of amino acids residues linked by peptide 
bonds. Thus, the type, sequence and number of amino acids determines the proper-
ties of a particular protein such as molecular weight, structural organization (e.g. 
globular or random coil), electrical charge, hydrophobicity, interactions and chemi-
cal reactivity (e.g. cross-linking) (McClements 2015).

Common proteins used in food industry are classified in globular, Prolamins and 
Phosphoproteins. Globular proteins usually adopt naturally an ordered structure, 
which can change into non-ordered when denatured by exposure to heat under spe-
cific pH and ionic strength leading to gel formation. Examples of globular proteins 
include β-lactoglobulin, whey proteins, soy proteins, ovalbumin, lactoferrin 
(El-Salam and El-Shibiny 2016). Prolamins include zein and gliadin and are known 
for their hydrophobicity. Phosphoproteins exhibit an open structure with distinct 
hydrophilic and randomly distributed hydrophobic domains over the polypeptide 
chain and caseins are the main examples.

The employment of proteins as shell materials in the production of nano- and 
microencapsulates by electrohydrodynamic processing is challenging due to: (1) 
high surface tension (in water solution) which hinders the formation of stable Taylor 
cones, (2) low chain entanglements (particularly required for electrospinning) as a 
consequence of the low molecular weight, chain flexibility and rigid or globular 
structure, and (3) their polyelectrolytic nature, which weakens the charge build-up 
and reduces stability (Weiss et al. 2012; Lim et al. 2015). For fiber formation, pro-
teins need to be unfolded in order to increase polymer chain entanglements. For 
particular proteins, this is achieved by changing protein structure/aggregation and 
intra/inter-molecular disulfide bonds by: (a) using specific solvents, although 
organic solvents (e.g. hexafluoro-2-propanol or trifluoroethanol) cannot be used for 
food applications, (b) adding a denaturing agent (e.g. β-mercaptonol, which is not 
food grade) capable of reducing the disulphide bonds, and (c) applying pH changes 
or heat (Lim 2015; Mendes et al. 2017). Electrospinnability/sprayability of aqueous 
protein solutions is also commonly enhanced by using surfactants in order to reduce 
surface tension or by using mixtures with aided polymers such as polysaccharides 
(e.g. guar guam or pullulan) or biocompatible polymers (PVA or PEO) (Pérez- 
Masiá et al. 2014a; Nieuwland et al. 2013).
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Polysaccharides are a natural class of biopolymers consisting of repeating mono-
meric units of monosaccharides. They are often classified according to their charge 
into anionic, neutral and cationic, but also according to their origin (bacterial, plants, 
sea weeds). Common examples of anionic biopolymers used in food include xan-
than, gellan, arabic gums and also alginates, carrageenan’s and pectin’s. The most 
popular neutral polysaccharides are pullulan, guar gum, starches, cellulose and dex-
tran. Positively charged polysaccharides are very limited and so far only chitosan 
has been used as cationic biopolymer is some food applications.

Similar to proteins, the electrospray/electrospinning of polysaccharides comes 
along with some challenges (Mendes et  al. 2017) that depend on many factors, 
including chemical properties (e.g. molecular weight, functional groups, charges) 
and the selection of the solvent. Those characteristics will lead to different conduc-
tivities, extensional and intrinsic viscosities, surface tension and vapor pressure 
(Stijnman et al. 2011) necessary to produce capsules/fibers. Typically, the formation 
of electrospun polysaccharide fibers is dependent on the degree of their chain entan-
glements (Stijnman et al. 2011). The concentration needed for significant entangle-
ments to electrospun polysaccharides is the concentration at which the molecular 
hydrodynamic radius start to overlap. Compact globular-like polysaccharides give 
rise to fewer entanglements than random walk-coil-like chains at the same concen-
tration. A shear thinning behavior implies a decreased extensional viscosity, which 
prevents jet and fiber formation, thus a weak shear thinning is essential to electro-
spin polysaccharide into fibers (Stijnman et al. 2011).

In this section, the processing and properties of proteins and polysaccharides as 
shell materials for the production of electrospun/electrosprayed encapsulates are 
reviewed. The physicochemical characteristics of the resulting encapsulates are also 
outlined.

17.3.1  Proteins

17.3.1.1  Plant Proteins

Zein

Zein is a highly hydrophobic protein extracted from corn, which is not soluble in 
water, but in concentrated ethanol/aqueous solutions. Zein exhibits interesting char-
acteristic as shell material such as low moisture absorption, high thermal resistance, 
oxygen barrier and antioxidant properties (Shukla and Cheryan 2001; Moomand 
and Lim 2015). Although zein structure is globular, it has a good electrospinnability 
due to the formation of globules aggregates with rod shape that lead to an extended 
network stabilized by disulfide bonds (Weiss et  al. 2012). Thus, zein has been 
widely employed to encapsulate an extensive number of bioactive ingredients 
(omega-3 fatty acids, antioxidants and vitamin-E) in nano-microencapsulates 
produced by both electrospinning and electrospraying processes (Table  17.1). 
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For instance, Torres-Giner et al. (2010) reported lower oxidation of DHA encapsu-
lated in zein nano-microcapsules (~490 nm) when compared to neat DHA, as indi-
cated by a lower formation of secondary volatile oxidation products after 1 week 
storage at 18 °C. Likewise, Moomand and Lim (2014) stated higher oxidative sta-
bility for fish oil encapsulated in zein nano-microfibers (diameter of ~500 nm) than 
neat fish oil. Fernandez et al. (2009) indicated that encapsulation of β-carotene in 
zein electrospun fibers (~1140 nm) prevented photooxidation compared to the non- 
encapsulated compound. Recently, Gómez-Mascaraque et al. (2017a) reported an 
increase in the in vitro bioaccessibility of β-carotene encapsulated in zein capsules 
(~750–880 nm) by emulsion electrospraying. Nonetheless, it is worth mentioning 
that, besides its excellent encapsulation properties, aqueous zein solutions quickly 
gel and cause clogging of the spinneret during electrospinning/spraying (if the pro-
cesses are not carried out at high relative humidity conditions) (Weiss et al. 2012).

Soy Protein

Soy protein is a widely used plant protein consisting of a complex mixture of globu-
lar proteins (e.g. 2S, 7S, 11S, and 15S fractions) (McClements 2015). Soy protein 
is an adequate shell material due to its superior functional properties (e.g. emulsifi-
cation, fat absorption, film forming and oxygen barrier property) and it has been 
extensively studied in spray-drying (Meng and Cloutier 2014). Nevertheless, its use 
as wall material in electrospun/sprayed encapsulates is limited. This may be a con-
sequence of its globular structure and reduced chain entanglements. Soy protein 
needs to be denatured (e.g. by applying heat) and use of surfactants (e.g. Triton 
X-100, Tween-20) to facilitate its electrospin/electrospray ability is required 
(Table  17.1). Heating soy protein solutions (e.g. neutral or alkaline solutions) 
unfolds the protein, exposing sulfhydryl and hydrophobic groups, which interact 
with each other, and this will increase chain entanglements (Meng and Cloutier 
2014). Among the few examples reported in literature, Vega-Lugo and Lim (2009) 
incorporated allyl isothiocyanate in β-cyclodextrin that was encapsulated into soy 
protein isolate (SPI)/PEO electrospun fibers, which was aimed to be used as antimi-
crobial packaging material. Lately, Gómez-Mascaraque and Lopez-Rubio (2016) 
encapsulated α-linolenic acid (ALA) in SPI capsules (0.75–3.25 μm) by electro-
spraying. The authors observed that the degradation of encapsulated ALA within 
SPI capsules was significantly delayed with respect to free ALA.

Amaranth Protein

Amaranth protein isolate (API), extracted from the grain of the plant Amaranthus 
hypochondriacus, has recently been investigated as coating material in electrospun/
sprayed encapsulates. Aceituno-Medina et al. (2013a) concluded that capsules of 
API were obtained when dissolving the protein in formic acid, and that its electro-
sprayability was improved when adding both Tween-80 as surfactant and 
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2-mercaptoethanol to reduce disulfide linkages in the protein. Nevertheless, these 
authors reported that API electrospun fibers could only be obtained when using 
hexafluoro-2-propanol as solvent, since it promotes the formation of random coil 
structures increasing polymer entanglements. Subsequently, API electrospun fibers 
were developed by the same authors by using blends of API with a spinable carbo-
hydrate polymer such as pullulan (Aceituno-Medina et al. 2013b). Lately, the pro-
tective effect of API and pullulan blends as shell material in ultra-thin fibers 
produced by electrospinning has been demonstrated for several bioactive ingredi-
ents such as folic acid (Aceituno-Medina et al. 2015a), quercetin and ferulic acid 
(Aceituno-Medina et al. 2015b) as well as curcumin (Blanco-Padilla et al. 2015) 
(Table 17.1). Folic acid was encapsulated within API/pullulan nanofibers increasing 
its thermal stability and protection from degradation after UV light exposure 
(Aceituno-Medina et al. 2015a). This confirmed the great potential of electrospun 
fibers for the encapsulation and protection of photosensitive vitamins. Electrospun 
fibers of API/pullulan were produced to encapsulate and release quercetin or ferulic 
acid (Aceituno-Medina et al. 2015b). In vitro digestion studies showed a more sus-
tained release of quercetin comparatively to ferulic acid over 250 min due to the 
differences in fiber composition as well as interactions between the bioactives and 
the encapsulating materials. Moreover, the fibers preserved the antioxidant capacity 
of both bioactives and showed inhibition percentages that doubled those of the non- 
encapsulated compounds.

17.3.1.2  Milk Proteins

Milk proteins (whey and casein) have excellent functional (e.g. solubility, emulsify-
ing, viscosity and film-forming) as well as antioxidant properties (e.g. radical scav-
enging and metal chelating activities) which makes them effective encapsulating 
material (Augustin and Oliver 2014).

Whey Protein

Whey protein consists of mainly globular proteins, with the most abundant being 
β-lactoglobulin (∼55%) and α-lactalbumin (∼24%) (McClements 2015). Similarly 
to most proteins (apart from zein and gelatin), electrospinning of whey protein alone 
(native or denatured) in a food grade solvent (e.g. water) is not feasible due to its 
globular nature, lack of intermolecular entanglements and high conductivity (Drosou 
et al. 2018). As a consequence, electrospinning of whey protein has been facilitated 
by using carrier polymer such as PEO (Sullivan et  al. 2014), gelatin (at 40  °C) 
(Nieuwland et al. 2013) and pullulan (Drosou et al. 2018). From these studies, only 
Sullivan et al. (2014) investigated the encapsulation of a bioactive compound such 
as Rhodamine B (RhB) (as a model flavonoid). The authors reported that RhB was 
uniformly distributed in whey protein/PEO fibers and that 90% of the RhB was 
released in water at room temperature after 10 min. Moreover, crosslinking of the 
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protein by heating for 24–44 h at 100 °C made the fiber insoluble in water after 
several days of soaking. Conversely, electrospraying of whey protein has been stud-
ied for the encapsulation of numerous bioactive ingredients, including omega-3 
fatty acids, antioxidants vitamins and probiotics (Table 17.1). For example, Pérez-
Masiá et al. (2015) produced WPC electrosprayed capsules loaded with folic acid 
having an encapsulation efficiency of 80.8%. The authors observed that folic acid 
encapsulated in WPC nano-microcapsules was protected against degradation during 
storage in both aqueous solution and dryness. Gómez-Mascaraque et  al. (2016a) 
reported an improved stability for a fresh culture of Lactobacillus plantarum during 
storage (53% of relative humidity) when encapsulated in WPC electrosprayed cap-
sules. It is worth mentioning that sprayability of whey protein aqueous solutions, 
which have high conductivity and surface tension, is commonly enhanced by the 
addition of surfactants (Table 17.1).

Caseins

Caseins (αs1-casein, αs2-casein, β-casein, and κ-casein) are the major milk proteins 
accounting for 80% of the total protein in milk (Augustin and Oliver 2014). Although 
caseins have some secondary and tertiary structure, they have relatively flexible and 
disordered structures when dissolved in water (McClements 2015). Nevertheless, 
electrospinning of caseinates alone from water solutions is not possible, mainly due 
to the clustering of caseinate molecules, which prevents polymer chain entangle-
ments (Nieuwland et al. 2013). Hence, caseinates have been electrospun in combi-
nation with carrier polymers such as PEO or PVA (Xie and Hsieh 2003), gelatin 
(Nieuwland et al. 2013) and pullulan (Tomasula et al. 2016). Xie and Hsieh (2003) 
reported the immobilization of lipase type VII from Candida rugosa in electrospun 
fibers produced from blends of casein and PEO (Table  17.1). Nonetheless, the 
authors indicated that the enzyme immobilized in electrospun fibers produced from 
a blend of PEO/casein had a lower catalytic activity than the enzyme immobilized in 
PVA electrospun fibers. This was attributed to chemical crosslinking effects and dif-
ferent polymer/enzyme interaction, which were not further detailed. To the best of 
the authors’ knowledge, bioactive ingredients have not been encapsulated by elec-
trospraying using casein alone or in combination with carriers as shell material.

17.3.1.3  Meat and Marine Proteins

Gelatin

Gelatin is one of the most widely used proteins in food applications due to its ability 
to form thermally reversible gels. Although gelatin is not as good emulsifier as 
casein or whey protein, it is also commonly used as coating material in encapsulates 
because of its excellent film-forming properties (Meng and Cloutier 2014). Gelatin 
is derived from animal collagen (e.g. pig, fish, cow) by acidic (type A gelatin) or 
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alkaline (type B gelatin) treatments. Gelatin adopts a helix conformation below its 
gelling temperature (e.g. 10–25 °C for pig and cow gelatin, and 0–5 °C for fish gela-
tin) (McClements 2015). Thus, electrospinning/spraying of gelatin needs to be car-
ried out from gelatin solutions where the triple-helix structure has been destabilized 
to random coil conformation (Mendes et al. 2017). This has been favored by using 
specific organic solvents such as acetic (Okutan et  al. 2014) or formic acids 
(Songchotikunpan et al. 2008) and also by using aqueous solutions at 40 °C (Li 
et al. 2006). However, the electrospinnability of gelatin in aqueous solution is very 
poor due to extensive polymer-polymer interaction and high surface tension (Weiss 
et al. 2012). As a consequence, fiber formation using aqueous solutions as solvent 
has been facilitated by using another carrier polymer such as hyaluronic acid (Li 
et al. 2006) or PVA (Yang et al. 2007). Bioactive compounds such as vitamins and 
antioxidants have been encapsulated within gelatin electrospun fibers (Table 17.1). 
Hani et al. (2017) encapsulated an ethanol extract from Moringa oleifera (rich in 
polyphenolic compounds) in gelatin electrospun fibers. The fibers, with a dimeter 
lower than 100 nm, were loaded with 3–5 wt.% of extract resulting in an encapsula-
tion efficiency of 80–85%. Deng et al. (2017) evaluated the protection and release 
of curcumin by encapsulation in gelatin nano-microfibers containing different sur-
factants. The authors indicated that adding CTAB (cationic cetyltrimethyl ammo-
nium bromide) enhanced the release of curcumin in aqueous solvents leading to 
higher radical scavenging activity and reducing power as well as stronger antimicro-
bial activity. Electrosprayed gelatin capsules have also been developed for the 
encapsulation of antioxidants and omega-3 fatty acids (Table 17.1). For instance, 
Gómez-Mascaraque et  al. (2017b) encapsulated green tea extract within gelatin 
nano-microcapsules. They observed that the encapsulation efficiency was lower 
when using gelatin when compared to zein protein, probably because of the instabil-
ity of catechins in aqueous media. Although the encapsulated green tea extract 
showed antioxidant activity in enriched biscuits, the activity was not significantly 
higher than that obtained by the addition of free green tea extract. The same authors 
reported the encapsulation of α-linolenic acid within gelatin electrosprayed cap-
sules (Gómez-Mascaraque and Lopez-Rubio 2016). Contrary to whey protein or 
soy protein capsules, they found that the oxidative stability of gelatin capsules 
loaded with α-linolenic acid was lower than that of unprotected α-linolenic acid.

Other Marine Proteins

Other marine proteins have been investigated as potential encapsulating materials 
for bioactive compounds. Verdugo et  al. (2014) studied the electrospinning of a 
protein concentrate from microalgae Botryococcus braunii residual biomass (MPC). 
The authors reported that MPC solutions (distilled water, aqueous sodium hydrox-
ide 1% solution, or glacial acetic acid) could not be electrospun without PEO due to 
the impossibility to form a jet from the Taylor cone. On the other hand, Stephansen 
et al. (2014) reported the feasibility to produce electrospun fibers from fish sarco-
plasmic proteins (FSP) from cod (Gadus morhua) when dissolved in HFIP 
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(1,1,1,3,3,3-Hexafluoro-2-propanol). The resulting fibers were insoluble in water, 
despite the water-soluble nature of FSP. The FSP fibers showed potential as carrier 
system for delivery of drugs, bioactive agents, and nutraceuticals. The dipeptide 
Ala-Trp, rhodamine B, or insulin was encapsulated into the fibers, and the release 
was studied in biorelevant media (Stephansen et al. 2014, 2015, 2016).

17.3.1.4  Egg Proteins

Eggshell membrane proteins (EMP), consisting of collagen and phosphoproteins 
(e.g. osteopontin and sialoprotein), have been investigated as biomaterial for the 
production of ultra-thin fibers by electrospinning (Table 17.1) (Kang et al. 2010). 
PEO and PVA were used as carrier polymer in order to electrospin aqueous solu-
tions of EMP. The authors reported that the EMP/PEO and EMP/PVA fibers became 
less soluble in water when treated with a catechin/ethanol solution.

17.3.2  Polysaccharides

17.3.2.1  Anionic Polysaccharides

Alginate

Alginate is an anionic linear polysaccharide extracted from many species of brown 
seaweed that consists of (1–4) linked β-d-mannuronic acid (M) and α-l-glucuronic 
acid (G) units in various sequences and compositions (Nie et al. 2008; Bonino et al. 
2011; Reddy and Yang 2015). Several alginate nano-microstructures loaded with 
bioactive ingredients have been reported (Table 17.2). Nie et al. fabricated alginate 
electrospun fibers by using a strong polar co-solvent such as glycerol (Nie et al. 
2008). Fibers with diameters ranging from 120 to 300 nm were produced and the 
diameter was observed to be dependent on the concentration of alginate and the 
content of glycerol/water. The presence of glycerol in alginate solutions was 
observed to improve the flexibility and the entanglement of alginate chains by dis-
rupting the strong inter- and intramolecular hydrogen bonding among alginate 
chains. Due to the rigid and extended structure of alginate, the electrospinning/
electrospay of this biopolymer is challenging. Therefore blending alginate with 
other polymers (e.g. PVA, PEO) is a common process to produce alginate based 
particles/fibers by electrohydrodynamic processes. Bonino et al. (2011) produced 
alginate fibers by electrospinning blends of alginate/PEO. The collected fibers were 
further cross-linked with calcium ions to preserve their structure in aqueous envi-
ronment and subsequent the removal of the PEO was achieved by soaking them in 
water. Electrospun alginate-pectin-PEO fibers were also used to encapsulate folic 
acid (Alborzi et al. 2010, 2012, 2014). The recovery of folic acid loaded in electro-
spun fibers was about 100% when stored at pH 3 in dark conditions for 31 days of 
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storage, while the recovery of non-encapsulated folic acid was 8% within the first 
day at the same conditions (pH and light (Alborzi et al. 2012). The release of folic 
acid, in aqueous solution at different pHs (1.2, 3 and 7.8) from alginate- pectin/PEO 
electrospun fibers (Alborzi et al. 2010, 2014) showed that the highest release took 
place at pH  7.8 due to the swelling and partial dissolution of the fibers at this 
pH. Thus, electrospun alginate based fibers can be utilized to encapsulate, stabilize 
and release micronutrients such as folic acid in the small intestine. In a different 
study, sodium alginate was blended with PVA to produce nanofibers to encapsulate 
and release moxifloxacin hydrochloride for antibacterial applications (Fu et  al. 
2015).

Core-shell alginate–zein microcapsules were also produced to encapsulate 
Lactobacillus acidophilus (Laelorspoen et al. 2014). The core was made of electro-
sprayed alginate/glycerol solution collected in the shell solution composed of acidic 
zein (zein, citric acid, ethanol) with CaCl2. The diameter and morphology of the 
microcapsules was observed to decrease with the increase of the voltages from 4 to 
6 kV. The viability of the encapsulated cells suffered only 1-log reduction, while the 
number of the non-encapsulated bacteria decreased to 5-log reduction, attesting the 
potential of this system to preserve the viability of encapsulated cells. Alginate/
glycerol solutions were electrosprayed directly into solutions of egg albumen (EA) 
and stearic acid (SA) to encapsulate L. acidophilus (Pitigraisorn et al. 2017). Further 
these capsules were coated with cassava starch granules and dried in a fluidized bed 
dryer using cassava pearls as drying help. The encapsulation efficiencies were 
higher than 90%, and by increasing the amount of SA the cell viability was improved. 
These results confirm the potential of these matrices to encapsulate thermo- sensitive 
compounds that can be used for food fortification purposes.

Xanthan Gum

Xanthan gum is an extracellular anionic biopolymer produced by the bacterium 
Xanthomonas campestris. The primary structure of xanthan consists of β(1,4)-
linked glucose units, similar to the structure of cellulose backbone, substituted at 
O-3 of alternate glucose residues, with a tri-saccharide. The tri-saccharide consists 
of one glucuronic acid unit between two mannose units (Rosalam and England 
2006; Faria et al. 2011). For specific concentrations, temperature and pH, xanthan 
gum can assume a helical conformation, with the side branches positioned almost 
parallel to the helix axis that stabilizes the structure. Xanthan gum can form very 
viscous aqueous solutions, and at sufficiently high polymer concentration, it exhib-
its weak gel-like properties. Therefore, it has been widely used and investigated in 
areas such as food (e.g. as thickener), pharmaceutical, cosmetics, biomedical, tissue 
engineering and oil industries (Ungeheuer et al. 1989; Zirnsak et al. 1999; Lachke 
2004; Mendes et al. 2012). The production of electrospun xanthan fibers has been 
challenging due to the insufficient entanglements required for electrospinning using 
water as solvent (Stijnman et  al. 2011). However, recently, electrospun xanthan 
polysaccharide nanofibers with an average diameter of 128 ± 36.7 to 240 ± 80.7 nm 
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were prepared using formic acid as a solvent (Shekarforoush et al. 2017b). At xan-
than concentrations above 1 wt/vol% chain entanglements led to an increase of its 
elastic modulus, apparent viscosity, and first normal stress differences (N1), result-
ing in the stabilization of the xanthan jet during electrospinning and formation of 
electrospun fibers. In a further study from the same authors, it was investigated and 
demonstrated the potential of these nanofibers to encapsulate and release 
anti-oxidants.

17.3.2.2  Neutral Polysaccharides

Pullulan

Pullulan is a linear polysaccharide, of microbial origin, consisting of repeating units 
of α-(1→6)-linked maltotriose, with three glucopyranoses units linked by α-(1→4) 
glycosidic bonds. Electrospun pullulan nanofibers with average diameters ranging 
from hundreds of nanometers to micrometer scale, were produced using water (Sun 
et al. 2013), mixtures of DMSO/water (Kong and Ziegler 2014a) and 95% formic 
acid (Aceituno-Medina et al. 2013b) as solvents. To increase the tensile strength and 
the thermal stability of the pullulan matrix, montmorillonite/Pullulan composite 
fibers, were fabricated using 20 wt.% aqueous Pullulan concentrations with differ-
ent contents of clay (1–10 wt.%), which resulted in fibers with diameters ranging 
from 50 to 500 nm (Karim et al. 2009). Pullulan has been used as encapsulating 
material for the production of bioactive-loaded nano-microstructures (Table 17.2). 
Pullulan and β-cyclodextrin emulsions in water were also electrospun to encapsu-
late R-(+)-limonene (Fuenmayor et  al. 2013). The release of limonene from the 
fibers was modulated by the relative humidity changes, which could be used as an 
active packaging device. Pullulan was investigated as wall material for the produc-
tion of electrospun omega-3 polyunsaturated fatty acids encapsulates (García- 
Moreno et al. 2017a) Electrospun fibers containing neat fish oil exhibited a good 
oxidative stability after production. To improve oxidative stability during storage, 
natural antioxidants were added to fish oil-loaded pullulan nano-microfibers 
(García-Moreno et al. 2017b). The oxidation of these electrospun encapsulates was 
reduced when tocopherol (500  ppm) was combined with rosemary extract 
(500 ppm), while a prooxidant effect was observed when higher concentration of 
the same antioxidants (2000 ppm tocopherol and 1000 ppm rosemary extract) were 
added (García-Moreno et al. 2017b). The encapsulation of Bifidobacterium anima-
lis subsp. lactis Bb12 within electrosprayed WPC and pullulan capsules was 
observed to increase the viability of the probiotics (particularly at 20 °C) compara-
tively to non-encapsulated in freeze-dried form (López-Rubio et al. 2012). Pullulan 
capsules were observed to prolong the survival of the cells even at high humidity, 
compared to WPC capsules.
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Dextran

Dextran is a water soluble, bacterial polysaccharide consisting of α-1,6 linked 
d-glucopyranose residues with α-1,2, α-1,3 or α-1,4 linked side chains. Uniform 
electrospun dextran fibers with diameters ranging from micron to several hundred 
of nanometers were produced using water, DMSO/water, and DMSO/DMF mix-
tures as co-solvents (Hongliang Jiang et al. 2004). To avoid the solubility of electro-
spun dextran fiber mats in aqueous medium, dextran fibers can be cross-linked with 
glutaraldehyde (Ritcharoen et al. 2008). Dextran electrospun fibers were also pre-
pared using a mixture of 78% deionized water, 20% ethanol and 2% PBS as solvents 
resulting in fibers with average diameters of 200 nm (Spano and Massaro 2012). In 
another study, dextran, and WPC were used to produce particles via either electro-
spraying or spray-drying to encapsulate lycopene (Pérez-Masiá et  al. 2014b). 
Overall spray drying led to lower encapsulation efficiencies. WPC and dextran were 
also used for co-axial or emulsion electrospraying. Emulsion electrospraying of 
dextran based solutions led to more homogenous capsule sizes than coaxial electro-
spraying, which produced more aggregate capsules. García-Moreno et al. (2017a) 
evaluated the encapsulation of omega-3 fatty acids in dextran nano-microcapsules. 
The encapsulates showed a poor oxidative stability due to emulsion instability 
which led to a low encapsulation efficiency.

Starch

Starch is one of the most abundant polysaccharides, from plant origin and it is con-
stituted by mixtures of amylose and amylopectin (Lancuški et al. 2015; Suárez and 
Gutiérrez 2017; Gutiérrez et al. 2017). The linearity of amylose and its ability to 
associate intra-molecularly has led to the development of amylose electrospun 
fibers (Kong and Ziegler 2014b). In addition, the electrospinning of starch mole-
cules dissolved in 95% DMSO and mixtures of DMSO/water has been attempted by 
Kong and Ziegler (Kong and Ziegler 2012, 2013, 2014b, c). These studies verified 
that the conformation of amylose helices into random coil structures promote the 
molecular entanglements of starch that enable electrospinning and nanofibers for-
mation. The content of amylopectin also played a critical role in the electrospinning 
of starch and it has to be below 65% (Kong and Ziegler 2012). Examples of starches 
used in electrospinning studies are: Gelose 80 (Kong and Ziegler 2014b, c), with 
amylose content about 80%; Hylon VII, Hylon V, Melojel, and Amioca starches 
with amylose content of approximately 70, 55, 25, and 0–1%, respectively (Kong 
and Ziegler 2012). Starch electrospun fibers with diameters ranging from 3.35 to 
22.35 μm were produced using Hylon VII dissolved in DMSO 95% (Kong and 
Ziegler 2012, 2014b, c). However, to increase the stability of these fibers in aqueous 
media, a post-spinning treatment (immersion in ethanol and heat at 70 °C for 1 h) 
and crosslinking with 25% (v/v) aqueous glutaraldehyde had to be executed (Kong 
and Ziegler 2014b).
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The electrospinning of high-amylose content starch from aqueous formic acid 
dispersions was also reported (Lancuški et al. 2015). Herein Hylon VII maize starch 
(17 wt.%) was dissolved in solutions of formic acid (60–100%) to promote starch 
gelatinization and molecular entanglements essential for the electrospinning pro-
cessing. The presence of water (80 and 90 vol%) significantly delayed gelatiniza-
tion and dissolution of starch, and consequently weakened fiber quality (Lancuški 
et al. 2015). Later, the same authors produced core-shell electrospun fibers made of 
glycerol/starch formate (shell) to encapsulate L. paracasei bacteria (Lancuški et al. 
2017) (Table 17.2). These fibers were observed to be stable with retained bacterial 
activity at 4 °C and room temperature up to 21 days. Due to the low water stability 
and weak mechanical properties of starch, Xu et al. (2009) used starch acetate dis-
solved in formic acid/water to produce nanofibers with diameters of 50 μm with 
highest tenacity of 17.9 MPa. These fibers were further tested as drug delivery car-
rier, where diclofenac was used as a model drug.

Resistant starch and WPC matrix were used in electrospray and nanospray dry-
ing methodologies to encapsulate folic acid (Pérez-Masiá et al. 2015) (Table 17.2). 
Electrospray led to capsules with lower diameters than nanospray. The encapsula-
tion efficiencies were similar when comparing both encapsulation technologies. 
However when comparing the polymers, WPC led to higher encapsulation efficien-
cies around 80.8–83.9% due to the interaction between the protein matrix and the 
folic acid. Starch provided encapsulation efficiencies ranging from 44 to 52%. In 
addition, WPC has shown to provide higher protection against degradation of folic 
acid in both aqueous and dry conditions.

Cellulose

Cellulose is one of the most abundant polysaccharides that consists of (1,4)-linked 
β-d-glucose units (Gutiérrez and Alvarez 2017). Cellulose is almost undissolved in 
a broad range of solvents (Lindman et al. 2010) which therefore limits its electros-
pinning processing. To produce electrospun cellulose fibers, solvents such as 
N-methylmorpholine N-oxide/water (nNMMO/H2O), lithium chloride/dimethyl-
acetamide (LiCl/DMAc), ionic liquids and ethylene diamine/salt can be used (Frey 
2008) and the remained solvent can be removed from fresh fibers by the use of 
coagulant baths and temperature control at the spinneret (Frey 2008). In addition, 
the synthesis of cellulose derivatives with enhanced solubility and the possibility to 
be converted back to cellulose have been considered as possibilities to create pure 
cellulose electrospun fibers (Frey 2008). Examples of cellulose derivatives for elec-
trospinning are cellulose acetate, cellulose triacetate (Lee et al. 2009), ethyl cellu-
lose (Wu et al. 2005; Lee et al. 2009), methyl cellulose (Lee et al. 2009; Guo et al. 
2013), hydroxypropyl cellulose (Lee et  al. 2009; Guo et  al. 2013) and ethyl- 
cyanoethyl cellulose (Frey 2008). However, it is worth noting that these nano- 
microstructures have not been designed for encapsulation of food bioactives.

Electrospun cellulose based nanofibers have been used for enzyme immobiliza-
tion, for drug/vitamin encapsulation, and as antimicrobial and biosensor systems 
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(Rezaei et al. 2015) (Table 17.2). Cellulose acetate nanofibers with diameters rang-
ing from 247 to 265 nm, (produced using acetone/N,N-dimethylacetamide as sol-
vents), were utilized for the delivery of vitamins A and E in a sustained manner 
(Taepaiboon et al. 2007). In addition, cellulose acetate nanofibers with diameters of 
200  nm were used to immobilize Candida rugosa lipase, which showed signifi-
cantly higher thermal stability and durability comparatively to the equivalent free 
enzyme (Huang et al. 2011).

Cyclodextrin

Cyclodextrins (CDs) are truncated cone shape oligosaccharides consisting of 6, 7, 
or 8 (α, β or γ-CDs) glucose units linked by α-(1→4) glicosidic bonds (Celebioglu 
and Uyar 2010; Fathi et  al. 2014). The electrospinning of methyl-β-cyclodextrin 
using water and DMF as a solvent, produced fibers with diameters ranging from 20 
to 1200 nm (Celebioglu and Uyar 2010). Hydroxypropyl-β-cyclodextrin (HPβCD) 
and hydroxypropyl-γ-cyclodextrin (HPγCD) were also electrospun using water, 
dimethylformamide and dimethylacetamide as solvents producing fibers with diam-
eters ranging from 250 to 1860 nm (Celebioglu and Uyar 2013). The electrospin-
ning of these oligosaccharides was observed to be dependent on the type of solvent, 
concentration of the CD and intermolecular interactions between the CD 
molecules.

CD based electrospun fibers have been used to incorporate anti-microbial agents. 
As example, electrospun composite polyacrylonitrile nanofibers containing CD and 
Ag nanoparticles with diameters ranging from 180 to 260 nm, were shown to have 
improved antibacterial activity against (S. aureus) and Gram-negative Escherichia 
coli bacteria (Wang et al. 2012). In addition, electrospun HPβCD inclusion com-
plexes, with the anti-bacterial agent triclosan, produced fibers with diameters rang-
ing from 50 to 900 nm (Celebioglu and Uyar 2011). The inclusion of triclosan/CDs 
within poly(lactic acid) (PLA) nanofibers showed higher antibacterial activity 
against Staphylococcus aureus and Escherichia coli bacteria compared to PLA 
nanofibers containing only triclosan without CD. Thus the high surface area, nano-
porous structure, as well as efficient antibacterial properties of CD/PLA/triclosan, 
suggests their great potential to be used in active food packaging applications 
(Kayaci et al. 2013b).

In addition, CD based fibers have been also used in applications that required 
antioxidant properties (Table 17.2). Vanillin/cyclodextrin inclusion complex (vanil-
lin/CD-IC) was incorporated within electrospun PVA nanofibers (Kayaci and Uyar 
2012). These fibers were shown to prolong shelf-life and high temperature stability 
to vanillin. A similar approach was investigated by loading eugenol/cyclodextrin 
within electrospun PVA solutions to produce electrospun fibers, which improved 
the thermal stability of eugenol (Kayaci et al. 2013a). Later, vanillin/cyclodextrins 
inclusion complexes were successfully electrospun into nanofibers without using a 
polymer carrier to allow the loading of higher amounts of vanillin while improving 
its antioxidant property (Celebioglu et al. 2016).
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17.3.2.3  Cationic Polysaccharides

Chitosan

Chitosan is a chitin-derived polysaccharide made of glucosamine and 
N-acetylglucosamine (Gutiérrez 2017). Chitosan is one of the few positively charged 
polysaccharides that exhibits several biological properties, including non-toxicity, 
biocompatibility, biodegradability, hemostatic activity, and antibacterial and anti-
mycotic (Balan and Verestiuc 2014; Jayakumar et al. 2010a; Luo and Wang 2014). 
Chitosan nanofibers were initially produced by using acetic acid as solvent (Geng 
et al. 2005). Concentration of acetic acid higher than 30% is necessary to lower the 
surface tension and increase the charge density, needed for the formation of nanofi-
bers without significant effect on the viscosity of the solution (Geng et al. 2005). In 
another study, electrospun chitosan fibers were produced using TFA as a solvent 
(Ohkawa et al. 2004). However, these fibers can easily be dissolved in neutral and 
weak basic aqueous solvents (Sun and Li 2011; Pakravan et al. 2012) due to the high 
solubility of the TFA-chitosan salt residues. Efforts to enhance chitosan nanofiber 
stability have been reported through the neutralization of electrospun chitosan fiber 
mats with saturated solutions of Na2CO3 (Sangsanoh and Supaphol 2006; 
Gudjónsdóttir et  al. 2015), and by crosslinking chitosan electrospun fibers with 
food-approved crosslinkers such as genipin (Austero et al. 2012), tripolyphosphate, 
glycerol phosphate and tannic acid, (Kiechel and Schauer 2013). Other crosslinkers 
(non-food approved) used to stabilize chitosan electrospun fibers include glutaralde-
hyde (Schiffman and Schauer 2007), hexamethylene-1,6- diaminocarboxysulphonate 
(HDACS) and epichlorohydrin (ECH) (Austero et al. 2012).

Alternatively, water stable and biocompatible hybrid chitosan/phospholipids 
electrospun nanofibers with diameters ranging from 250 to 600 nm were developed 
and used to encapsulate vitamin B12, diclofenac and curcumin (Mendes et al. 2016) 
(Table 17.2). The solubility of the bioactives used in the present study in PBS follow 
the subsequent order: vitamin B12 > diclofenac > curcumin. Thus, the release of 
vitamin B12 was observed to be higher than the other two model bioactives. 
Likewise, curcumin, a hydrophobic bioactive, exhibits the slowest release profile in 
comparison with diclofenac and vitamin B12. The effect of the phospholipid con-
tent on the nanofibers was also observed to play a major role on the release proper-
ties of vitamin B12. For longer release periods (after day 1), the increase in the 
phospholipid content slightly increased the hydrophilicity of the matrix and this 
further facilitated the diffusion of vitamin B12 molecules to the release media.

Chitosan blends with other polymers such as polyvinyl alcohol (PVA) (Li and 
Hsieh 2006; Jeannie Tan and Zhang 2011), polycaprolactone (PCL) (Shalumon 
et al. 2010), polylactic acid (PLA) (Ignatova et al. 2009), and polyethylene oxide 
(PEO) (Bhattarai et al. 2005; Desai et al. 2009; Pakravan et al. 2012), have been 
used to prepare composite electrospun fibers. Moreover chitosan has also been 
blended with other biopolymers including polysaccharides (Ma et  al. 2012; 
Devarayan et al. 2013) and proteins (e.g. collagen (Chen et al. 2007), silk fibroin 
(Park et al. 2004) and zein (Torres-Giner et al. 2009)) to produce composite chitosan 
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fibers for a broad range of applications, including encapsulation and delivery of 
bioactives (Jayakumar et al. 2010b; Sun and Li 2011; Hu et al. 2014; Reddy and 
Yang 2015). Electrospun chitosan fibers have also been used as a wrapping material 
for dry-ageing of meat (Gudjónsdóttir et  al. 2015), as well as for anti-microbial 
(Torres-Giner et al. 2008; Ignatova et al. 2013), filtering (Jayakumar et al. 2010b; 
Sun and Li 2011) applications.

Studies of electrosprayed chitosan particles have not been so well reported as 
fibers. The interest on chitosan electrosprayed particles was first explored in drug 
delivery applications through the encapsulation and release of anticancerous drugs 
like doxorubicin (Songsurang et al. 2011), indomethacin (Thien et al. 2012) and 
antibiotics (ampicillin) (Arya et al. 2009) or genetic material like deoxyribonucleic 
acid (DNA) (Sreekumar et al. 2017). Later the production of chitosan electrosprayed 
particles started to be explored for the encapsulation of food ingredients such as 
antioxidants, nutraceuticals or probiotics, that can be beneficial to the food industry 
(Ghorani and Tucker 2015). Sreekumar et al. (2017) concluded that chitosan’s with 
low degree of acetylation, (below 10%), and degree of polymerization ranging from 
500 to 1500 are more favorable for the production of electrosprayed nanoparticles 
due to the reduced solution conductivity, when using acetic acid/water/ethanol as 
solvents.

Gómez-Mascaraque et al. (2016b) investigated the effect of the molecular weight 
on the electrospraying of chitosan, and tested the potential of these particles to 
encapsulate and release (−)-epigallocatechin gallate (EGCG) a polyphenol very 
abundant in green tea with additional healthy benefits, e.g. anti-inflammatory, car-
diovascular, and neurodegenerative. The combination of different molecular weights 
(lowest 25 kDa) with different concentrations (highest 5% w/v) allowed electro-
spraying of chitosan into capsules that encapsulated about 80% of EGCG. The anti-
viral activity against the murine norovirus in simulated physiological conditions 
was demonstrated, thus suggesting the potential of these particles for the encapsula-
tion and release of bioactives.

17.4  Conclusions and Future Perspectives

Electrospinning and electrospraying processes facilitate the encapsulation of a 
broad range of bioactives using a variety of biopolymers (e.g. proteins and polysac-
charides), at room temperature with high encapsulation efficiency. In addition, the 
encapsulation of bioactives within electrohydrodynamically produced biopolymeric 
nano- and microcapsules/fibers with controllable diameters, morphologies, porosi-
ties and functionality facilitates their controlled delivery, bioactivity and 
bioavailability.

Zein, WPC and gelatin are among the most popular proteins used for the process-
ing and encapsulation of bioactives, due to their suitable physicochemical proper-
ties for electrohydrodynamic processing when dissolved in food-grade solvents. 
Dextran, pullulan and alginates are some of the most studied polysaccharides to 
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encapsulate food bioactives via electrohydrodynamic processes, most probably due 
to the utilization of aqueous solutions. Although water-soluble biopolymers are the 
most desirable biopolymers to be processed electrohydrodynamically into capsular 
or fibrillar structures for the encapsulation of food bioactives, the low processing 
throughput using water as a solvent, and the lack of mass production facilities, lim-
its their commercial applications at industrial scale. The use of organic solvents 
considered as GRAS can be utilized for the electrohydrodynamic processing of a 
higher variability of biopolymers leading to higher yield of production. However, 
the selection of the food biopolymers and solvent has to be done in respect to the 
final food application and considering the acceptance of the consumers in the mar-
ket. Therefore, the investment from academia, industry and regulatory agencies is 
essential not only to improve the implementation and scaling up of electrohydrody-
namic processes, but also to create high value bioactive functional ingredients and 
foods that can be accepted by the consumers.
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Chapter 18
Food Gel Emulsions: Structural 
Characteristics and Viscoelastic Behavior

Gabriel Lorenzo, Noemí Zaritzky, and Alicia Califano

Abstract If the continuous phase of an emulsion or foam is a semisolid system, 
these systems can be described as ‘filled gels’ or ‘composite solids’. Gel emulsions 
are widely used in different industries like cosmetic, pharmaceutical, and food, 
among others. Typical examples are cheese, many desserts, sausages, low-fat may-
onnaises and bakery products. The aggregation and cross-linking of protein and 
polysaccharides molecules into three-dimensional solid-like networks (‘gels’) is 
one of the most important mechanisms for developing microstructure with desirable 
textural attributes. Due to their elastic characteristics, oil droplets can be kept in 
suspension avoiding creaming. The structure and the rheological properties of gel 
emulsions are dependent on the nature of the interactions between the emulsifiers 
adsorbed on the surface of the droplets that fill the emulsion and the biopolymeric 
network formed in the aqueous phase. The present chapter deals with the viscoelas-
tic behavior of o/w gel emulsions containing either polysaccharides or proteins in 
the aqueous phase. Two case studies are discussed, i.e., emulsions with low lipid 
content, stabilized with bovine gelatin of different molecular weights and heat- 
induced gel emulsions containing high acyl gellan gum. Small amplitude oscillatory 
shear tests (stress and frequency sweeps) and transient studies (creep-recovery) 
were performed over the different matrices and modeled to interpret the structural 
characteristics of the gel emulsions. The Broadened Baumgaertel-Schausberger- 
Winter spectrum was used to represent the linear viscoelastic behavior of the con-
tinuous phase and the emulsified system. Relaxation spectra were validated using 
creep experiments.
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18.1  Introduction

Different perspectives can be adopted to study food structuring, from nanoscience 
and formulation engineering to the perspectives of soft matter physics and material 
science. The common denominator is the fact that food properties are determined by 
the distribution of the essential structural components during food preparation and 
subsequent rearrangements during storage (Dickinson 2012). To understand the 
underlying mechanisms, principles colloid science must be incorporated.

Simple emulsions consist of droplets of one liquid dispersed in a second immis-
cible liquid. As the droplet concentration increases, they exhibit a transition from a 
viscous fluid to an elastic solid at dispersed phase concentrations near the random 
close-packing concentration (Koenig et al. 2002). In principle, the type of emulsion 
is determined by the oil and water ratio, so that it is possible to obtain phase inver-
sion by changing the ratio from oil-in-water (o/w) to water-in-oil (w/o) emulsions.

Emulsions are thermodynamically unstable systems that will tend towards the 
lowest possible energy level; normally, emulsions would separate into two stable 
phases: oil and water. Droplet stabilization can be achieved in different ways: steric 
stabilization, stabilization by solid particles, electrostatic stabilization, or by 
increasing the viscosity of the o/w emulsions by the addition of polymers such as 
starches, hydrocolloids, and proteins with gelling activity, which will retard the 
coalescence of aggregates and creaming of the oil droplets (Dickinson 2010).

If the continuous phase of an emulsion or foam is a semisolid, these systems can 
be described as ‘filled gels’ or ‘composite solids’. Typical examples are cheese, 
many desserts, sausages, low-fat mayonnaises and bakery products. The aggrega-
tion and cross-linking of protein and polysaccharides molecules into three- 
dimensional solid-like networks (‘gels’) is one of the most important mechanisms 
for developing microstructure with desirable textural attributes. Several studies 
have found that the mechanical behavior of a filled gel is affected by the volume 
fraction, the shape, and the deformability of the filler (Manoi and Rizvi 2009). 
“Emulsion gel” designates a class of complex colloidal soft-solid material that 
exists as both an emulsion and a gel. They are widely used in cosmetic, food and 
pharmaceutical industry. Droplets suspended in a viscoelastic matrix may lead to 
the formation of solid like emulsions, and hence to materials with original textures. 
The viscoelastic properties of these materials depend not only on that of the gel 
matrix and on the droplet concentration but also on the type of the droplet-matrix 
interactions (Koenig et al. 2002). Due to their elastic characteristics, oil droplets can 
be kept in suspension avoiding creaming. They can be considered as complex mix-
tures of various components, in which particulate inclusions (fillers) are embedded 
in a polymeric gel matrix. Food emulsions are compositionally complex. Their 
droplets are stabilized to differing extents by proteins, small-molecule surfactants 
(emulsifiers), and, in certain cases, polysaccharides (hydrocolloids. In Dickinson’s 

G. Lorenzo et al.



483

own words (2006) “in the presence of added polysaccharides or certain proteins, the 
kinetics of phase separation is controlled in the short/medium term by the rheologi-
cal behavior of the interconnected oil droplet regions. That is, the gravitationally 
unstable liquid-like emulsion has become transformed into a stable gel-like emul-
sion containing trapped ‘blobs’ of hydrocolloid-structured water”.

The rheological properties and the breakdown behavior of gels filled with emul-
sions droplets can be varied by changing the interactions between oil droplets and 
gel matrix, the oil content and the oil droplet size (Kim et  al. 2001). Since the 
bipolymers are used to modify textural attributes, the study of their rheological 
behavior is essential as it is recognized that rheological properties play an important 
role in process design, evaluation and modeling. Furthermore, many of the sensory 
attributes of food emulsions are directly related to their rheological properties (e.g., 
creaminess, thickness, smoothness, spreadability, pourability, and flowability). The 
shelf-life of many food emulsions depends on the rheological characteristics of the 
component phases (e.g., the creaming of oil droplets depends on the viscosity of the 
aqueous phase). Information about the rheology of food products is used as an ana-
lytical tool to provide fundamental insights about the structural organization and 
interactions of the components within emulsions (McClements 1999). Thus, the 
correlation between microstructure information and rheology is useful to under-
stand the macroscopic behavior in terms of the microstructure organization.

The viscoelastic properties of gel emulsions can be studied by measuring time- 
dependent rheological properties. In dynamic measurements, at low values of defor-
mation the gels behave as an elastic solid, but at high values viscous flow processes 
occur. In transient measurements, a step function shear strain is applied to the gel 
and the shear stress is measured as a function of time.

To obtain an emulsion with good mechanical and stabilizing properties, it is nec-
essary to consider many aspects and, consequently, the choice of the constituent 
components should be made carefully. The present chapter deals with the viscoelas-
tic behavior of o/w gel emulsions containing either polysaccharides or proteins in 
the aqueous phase. Two case studies are discussed, i.e. emulsions with low lipid 
content, stabilized with bovine gelatin of different molecular weights (Lorenzo 
et  al. 2011) and heat-induced gel emulsions containing high acyl gellan gum 
(Lorenzo et al. 2013).

18.2  Case Studies

18.2.1  Cold Gel Emulsions Stabilized with Bovine Gelatin

In protein-based systems two structural arrangements are distinguished: (a) the 
protein- stabilized emulsion gel, and (b) the emulsion-filled protein gel. The protein- 
stabilized emulsion gel is a type of particulate gel, and the properties of the network 
of aggregated emulsion droplets mainly determine its rheological properties. The 

18 Food Gel Emulsions: Structural Characteristics and Viscoelastic Behavior



484

emulsion-filled protein gel is a protein gel matrix within which emulsion droplets 
are embedded and its solid-like rheological properties are determined predomi-
nantly by the network properties of the spatially continuous matrix (Fig. 18.1).

These two structural arrangements are idealized representations, the structural 
state of a particular protein-based emulsion gel is a hybrid network made up of a 
combination of cross-linked biopolymer molecules and partially aggregated drop-
lets (Reiffers-Magnani et al. 1999).

The use of proteins in emulsified systems presents a growing trend in order to 
replace synthetic emulsifiers (Dickinson and Lopez 2001; Garti 1999). Proteins, and 
particularly gelatins, can be used as emulsifiers in foods because of their ability to 
facilitate the formation of an emulsion, improve the stability, and produce desirable 
physicochemical properties in oil-in-water (o/w) emulsions (Lobo 2002; Surh et al. 
2006).

Gelatin is a relatively high molecular weight protein obtained by partial hydroly-
sis of animal collagen (Keenan 1998). Collagen is present in bovine hides and pig 
and fish skins. It acts as extracellular, structural protein in bone, tendon, skin, and 
the connective tissue of various organs. The characteristic features of collagen are 
the exceptional amino acid composition (33% glycine and 22% proline) and struc-
ture: the (rigid) triple extended helix. The triple-helix structure is characterized by 
three extended left-handed polyproline II-like helical chains that are supercoiled 
into a right-handed triple helix. The three chains are staggered by one residue with 
respect to each other, and are linked through interchain hydrogen bonds. The triple- 
helical conformation is associated with a distinctive amino acid sequence with gly-
cine as every third residue and a high content of imino acids (de Wolf 2003; 
Harrington and Rao 1970). Type A gelatin is produced by acid processing of colla-
genus raw material; type B is produced by alkaline or lime processing.

Among commercial hydrocolloids used in the food industry, gelatin has been 
regarded as special and unique, serving multiple functions with a wide range of 
applications in various industries. Uses of gelatin are based on its combination of 
properties, reversible gel-sol transition of aqueous solution; ability to act as a pro-
tective colloid; viscosity of warm aqueous solutions; and insolubility in cold water 
but complete solubility in hot water.

Fig. 18.1 Schematic presentation of two idealized structured arrangements: (a) protein-stabilized 
emulsion gel, (b) emulsion-filled protein gel
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The main constituents of gelatin are large and complex polypeptide molecules of 
the same amino acid composition as the parent collagen, covering a broad molecu-
lar weight distribution range (20,000–250,000).

A solid-like emulsion gel may be generated from a stable liquid-like emulsion by 
gelling the continuous phase (Fig. 18.1b) and/or aggregating the emulsion droplets 
(Fig. 18.1a). For an emulsion kept at a constant low or moderate oil content, the 
transformation from liquid state to soft solid is normally brought about by some 
kind of processing operation (Dickinson 2012). The most popular methods of pro-
tein gelation are heat treatment, acidification, and enzyme treatment (van Vliet et al. 
2004). However, a fourth possibility involves the gelification of the emulsion 
induced by shear as a consequence of the high energy involved during the emulsifi-
cation process. In all cases protein structure is first altered (denatured) and secondly 
gel formation is due to a partial renaturation of the collagen molecule (“collagen 
flod”). Those parts of gelatin that are rich in proline and hydroxyproline regain 
some of their structure, following which they can interact. When many molecules 
are involved, a three dimensional structure is produced which is responsible for the 
gel at low temperatures. Usually, the rigidity of a gel increases on further cooling or, 
sometimes, on standing. In the latter case, the gel loses water and shrinks in a syn-
eresis process (Shakuntala and Manay 2001).

18.2.1.1  Cold Formation of Protein-Based Emulsion Gels

Low-in-fat o/w emulsions (15 g/100 g) were prepared by adding sunflower oil to 
aqueous phases containing food grade bovine gelatin with different molecular 
weights (60 kDa, 80 kDa, and 120 kDa, PB Leiner, Argentina). Main specifications 
of these products were supplied by the producer and summarized in Table 18.1. 
Final concentration of gelatins in the studied emulsions was 2.55 g/100 g. Continuous 
phases were prepared by dispersing gelatin in a buffered aqueous solution (pH = 7) 
at 25 °C and stirred overnight to ensure a complete hydration of the protein.

The procedure to prepare o/w protein based gel emulsions involved two steps. In 
the first step the whole sample was pre-emulsified for 4 min at 11,500 rpm with the 
Ultra-Turrax T25 (IKA Labortechnik, Germany) homogenizer (rotor stator princi-
ple), equipped with a dispersing tool (520-25-NK196). In the second stage the pre- 
emulsified system was passed through a high pressure valve homogenizer (Stansted 

Table 18.1 Main specifications of the tested gelatin samples

Gelatin sample A B C

Weight-average molecular weight (Mw, kDa) 60 80 120
Bloom (g) 182 217 265
Moisture (g/100 g) 10.4 10.0 9.8
Ashes (g/100 g) ≤2.0 ≤2.0 ≤2.0
pH of a 1 g/100 g solution 5.5 5.8 5.3
Granulometry (sieve size, mm) 0.6 0.6 0.6
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Fluid Power FPG 7400, Essex, UK). The pressure was set at 40 MPa and 4 MPa for 
the first and second valve, respectively, and the emulsion was recycled four times 
through the homogenizer to achieve a monodispersed system. The temperature dur-
ing the high pressure homogenization was monitored to ensure that the emulsions 
never exceed 30 °C.

18.2.1.2  Droplet Size Distribution and Emulsion Stability

Oil droplet size distributions of model emulsions were determined by static light 
scattering using a Mastersizer 2000 (Malvern Instruments Ltd., Malvern, Worcester, 
UK); all the evaluated emulsions presented monomodal distributions as can be seen 
in Fig. 18.2. Values of the Sauter mean diameter, d3,2, which is inversely propor-
tional to the specific surface area of droplets, were obtained: 0.972 μm, 0.980 μm, 
and 1.289 μm for Mw 60 kDa, 80 kDa, and 120 kDa, respectively. Low polydisper-
sity for all emulsions were observed as a result of the several passes through the 
high pressure valve homogenizer (standard deviations between 0.013  μm and 
0.023 μm).

Stability analysis conducted in 50 mL glass graduated cylinders and quiescently 
stored at 20 °C showed that 60 kDa emulsions exhibited an incipient interface on the 
eighth day of storage, while the 80 kDa emulsions did not destabilize until the 20th 
day. On the contrary, emulsions formulated with 120  kDa gelatin (with greater 
Sauter diameter), remained stable for more than 6  weeks. This result clearly 
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Fig. 18.2 Droplet size distribution of the gel-like emulsions stabilized with gelatin of 60 (red tri-
angles), 80 (green squares), and 120 (pink circles) kDa. Error bars denote standard errors of the 
means
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 evidenced that the emulsion stability is related to the protein molecular weight 
rather than droplet diameter. When gelatin is composed of relatively small mole-
cules (Mw 60 kDa), emulsions destabilize quickly. As Mw increases, stability also 
increases, because the steric protection provided by the interfacial film between oil 
droplets and the bulk of the aqueous continuous phase (Muller and Hermel 1994).

18.2.1.3  Effect of Molecular Weight of Gelatin on the Rheological 
Behavior of Emulsions

Dynamic oscillatory shear tests were performed in a controlled stress rheometer 
(Haake RS600, Thermo Fisher Sc., Germany) at 25  °C.  The linear viscoelastic 
range (LVR) was determined for all samples through stress sweep test at a fixed 
frequency of 1 Hz.

Results of the dynamic measurements were expressed in terms of the elastic 
modulus (G′) and loss modulus (G″) as a function of the angular frequency (ω).The 
curves were qualitatively similar for all the formulations assayed. G′ was always 
greater than G″ in the frequency range measured and the increase of the two moduli 
with frequency was small. As G′ >> G″, the material exhibited a solid behavior (i.e. 
deformation in the linear range will be essentially elastic or recoverable). The slight 
dependence of the storage modulus on the oscillation frequency is known as the 
“plateau region”. The plateau region is an intermediate zone of the mechanical spec-
tra between the “terminal” and the “transition” zones (Ferry 1980). It is character-
ized by a decrease in the slope of both moduli (lower than 1) and a possible minimum 
in the loss modulus (G″). Figure  18.3a shows the frequency sweeps curves for 

Fig. 18.3 Effect of the weight-average molecular weight of the gelatin used as stabilizer on the 
linear viscoelastic parameters. (a) Storage (G′; filled symbols) and loss (G″; empty symbols) mod-
uli for of 60 (filled red triangles, open red triangles), 80 (filled green squares, open green squares), 
and 120 (filled pink circles, open pink circles) kDa. Optimized fitting with BSW generalized (con-
tinuous line), (b) complex viscosity (η*), of 60 (filled red triangles), 80 (filled green squares), and 
120 (filled pink circles) kDa. Optimized model according to Friedrich and Heymann (1988) 
(straight lines)
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 emulsions stabilized with 60, 80 and 120 kDa gelatin. As the molecular weight of 
the gelatin increased, G′ showed higher values leading to more stable systems.

Spectra show the characteristic behavior of viscoelastic solids where the cross-
links between macromolecules are not permanent but a dynamic equilibrium 
between formation and rupture of intermolecular interactions can exist contributing 
to the preservation of the structure during long observation times. In the range of 
small deformations, polymeric materials are expected to be characterized by a 
unique relaxation time spectrum, H(λ). Since this spectrum cannot be measured 
directly, there have been developed several theories to predict H(λ) from observable 
material functions such as the storage modulus, G′(ω),and the loss modulus, G″(ω) 
(Mours and Winter 2000).

The following equations relate the dynamic moduli with H(λ):
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Using an appropriate representation of the relaxation time spectrum, it is possi-
ble to model the dynamic moduli. Based on a detailed analysis of dynamic mechani-
cal data of linear model polymers, Baumgaertel and Winter (1992) proposed a 
specific form of the relaxation time spectrum for broadly distributed linear flexible 
polymers (Baumgaertel-Schausberger-Winter generalized spectrum or BSW spec-
trum). The spectrum has the following form:
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In this empirical model, GN
0  is the plateau modulus, ne and n0 are the slopes of 

the spectrum in the entanglement and high frequency glass transition regimes 
respectively, Hg is the glass-transition front factor, λe the relaxation time corre-
sponding to polymer chains with entanglement molar mass. The exponent β con-
trols the sharpness of the cut-off of the spectrum, λmax is the longest relaxation time 
and λ0 is the crossover time to the glass transition.

The application of this theory to gel like emulsions stabilized with gelatin was 
made using the IRIS Rheo-Hub software (Winter and Mours 2006), and its satisfac-
tory fitting to dynamic data is shown in Fig. 18.3a. Table 18.2 shows the predicted 
parameters of the BSW model. The displacement of λe to shorter relaxation times 
stands for an increasing molecular mobility. The spacing between the crossover 
time to the glass transition (λ0) and the terminal relaxation time (λe) is a measure of 
the width of the plateau zone on the logarithmic time or frequency scale. It showed 
a significant increment with the molecular weight of the gelatin as was reported for 
other polymers (Ferry 1980).

G. Lorenzo et al.



489

Physically, the response times are discrete and the continuous representation is a 
convenient mathematical device to facilitate the handling of the distributions of 
response times (Tschoegl 1997). The time dependence of a material is thus revealed 
in a finite discrete set of response times and their associated spectral strength {λI, 
Gi}. The relation between the continuous and the discrete spectra was calculated 
according to (Mours and Winter 2000):
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Using the discrete spectrum obtained from the BSW model for the three tested 
emulsions it was possible to calculate other viscoelastic properties of interest such 
as zero-shear viscosity, η0 (Jackson et al. 1994)
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The zero-shear viscosity was related to the polymer molecular weight following a 
power law dependence as was previously express by Izuka et al. (1992). From the 
experimental data (Lorenzo et al. 2011) it was found that the incidence of Mw on 
the viscosity of gel like emulsions stabilized with gelatin was η0 ∝ Mw9.2. Friedrich 
and Heymann (1988) demonstrated that in the linear viscoelastic regime, in the high 
frequency range or near the gel point, G′ and G″ are given by:
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where α is the order of the relaxation function, G∞,α is the equilibrium shear modu-
lus and Sa

*  is a material parameter related to the material strength. At the gel state, 
the complex viscosity (G*) could be expressed as (Lorenzo et al. 2008):

Table 18.2 Predicted parameters of the Baumgaertel e Schausberger e Winter model for gel-like 
emulsions stabilized with gelatin of different molecular weights

MW (kDa) 60 80 120

GN
0  (Pa)

15.4 41.0 135

λe (s) 9.10 40.0 80.0
λ0 (s) 3.6 10−3 1.7 10−2 1.7 10−2

λmax (s) 56.0 115 114
ne 0.14 0.20 0.20
n0 0.27 0.41 0.64
η0 (Pa.s) 3.20 105 9.24 106 2.51 108
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where Aα measures the “strength” of the cross-linking protein network in simple 
shear A Sa ap= ( )( )*2 / .

The fitting was satisfactory in all the cases as is shown in Fig. 18.3b. The order 
of the relaxation function (α) did not present significant differences (P  >  0.05) 
between the studied emulsions. The α values were lower than 0.1 for all formula-
tions indicating the pronounced elastic character of the emulsions, typically 
observed in gel-like samples (Doublier et al. 1992; Steffe 1996).

As was expected from the results in Fig. 18.3a, η* increased as the molecular 
weight of gelatin increased. Thus, Aα presented values of 10.8, 77.4 and 190.8 Pa.s(2-α) 
for emulsions containing gelatin of 60, 80, and 120 kDa, respectively. This marked 
increment (P < 0.05) of Aα with the molecular weight could explain the increasing 
stability observed. In this kind of dispersions the thickness of the interfacial film 
was found to be a critical variable in stability. When the polymeric chains of the 
protein become larger (i.e. increment of the average molecular weight), the layer 
between droplets and the aqueous continuous phase become thicker and that is 
reflected in both a greater stability and a stronger polymeric network (large Aα 
value).

All the different analyses of the dynamic oscillatory experiments led to the 
conclusion that the complex viscosity of the system and its elastic characteristics 
increased as the molecular weight of the gelatin increased; changes in the material 
parameters G0, λe, η0, and Aα indicated that there was a positive correlation between 
the degree of crosslinking and the molecular weight of the protein.

18.2.1.4  Influence of the Storage Time on the Emulsions Rheology

Considering the higher stability exhibited by the emulsions containing gelatin of 
120 kDa, this system was chosen to evaluate rheological evolution during storage 
time. Samples were also tested using small amplitude oscillatory shear analysis.

G′ and G″ showed a marked increase with storage time, exhibiting an indepen-
dent behavior of the storage modulus with frequency in all the curves (Fig. 18.4).

Taking into account that the linear viscoelastic functions always showed qualita-
tively similar frequency dependence, an empirical time-concentration superposition 
method has been applied, using the plateau modulus, GN

0 , as the normalization fac-
tor. The plateau modulus (GN

0 ) is a viscoelastic parameter defined for polymers as 
the extrapolation of the entanglement contribution to the viscoelastic functions at 
high frequencies. This parameter can be considered as a characteristic parameter of 
this region and may be easily estimated from the minimum in the loss tangent (tan 
δ = G″/G′) as follows (Bais et al. 2005):
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Figure 18.5 shows the normalized dynamic master curves of the storage ( ¢G GN/ 0 ) 
and the loss ( ¢¢G GN/ 0 ) moduli for emulsions stabilized with 120 kDa gelatin at dif-
ferent storage times.

There is quite enough evidence that gelatin gels obey the theory of rubber elasticity 
(Mitchell 1976). This theory has been very successful in explaining the properties 
of polymer networks. The change in free energy when a rubbery network is deformed 

Fig. 18.4 Effect of storage time on the elastic (filled symbols) and viscous (voided symbols) 
moduli of emulsions formulated with aqueous phases containing 120 kDa gelatin: 1 (filled black 
triangles, open black triangles), 7 (filled red squares, open red squares), 14 (filled blue diamonds, 
open blue diamonds), 28 (filled pink circles, open pink circles), and 42 (filled inverted orange 
triangles, open inverted orange triangles) days of storage

Fig. 18.5 Normalized dynamic master curves of the elastic ( ¢G GN/ 0 , filled symbols) and vis-
cous ( ¢¢G GN/ 0 , voided symbols) moduli for emulsions stabilized with 120 kDa gelatin at differ-
ent storage times. Normalization factors (GN

0 ) for each day: (day 1, 193.6 Pa); (day 7, 344.1 Pa); 
(day 14, 433.0 Pa); (day 28, 441.8 Pa); (day 42, 496.1 Pa)
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is made up of the sum of the entropy changes of the individual network chains 
(chains in joining adjacent crosslinks). By referring to the classical theory of rubber 
elasticity, Segeren et al. (1974), as well as Mitchell and Blanshard (1976), were able 
to estimate the number-average molecular mass (Mc) of the portion of the chain 
between two consecutive cross-links by using the equation valid for a network of 
Gaussian chains (Flory 1953; Moresi et al. 2004; Rao 2007):
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where c is the concentration of the polymer in the network (in g/m3), T is the 
absolute temperature, and R, the ideal gas-law constant (8.31 J/mol K). The rubber 
elasticity theory was applied to the studied system assuming that the structure of the 
emulsions is given by a gelatin network where the oil droplets act as inactive fillers 
retained by this matrix. Within the plateau region, GN

0  is the value of the elastic 
modulus G′. Considering this condition in Eq. (18.10), the effect of storage time on 
the average molecular weight of the portion of chain between two consecutive 
cross-links is shown in Fig. 18.6.

This result is reasonable when the gelatin tendency to collagen regeneration is 
taken into account. Considering that the temperature of the samples was maintained 
below 30 °C throughout the entire preparation process, emulsion gelification was 
shear induced as a consequence of the high energy involved during the 
emulsification.

The rearrangements that occurred during the gelification of gelatin were a conse-
quence of both chemical and physical cross-links. Below the gel point temperature, 
gelatin chains reverted partially to the tropocollagenic triple helix, from disordered 
to rather ordered states. This phenomenon occurs usually at around 28 °C, where the 
coil to helix transition is observed (the transition temperature depends on species 

Fig. 18.6 Effect of storage 
time on the average 
molecular weight of the 
portion of chain between 
two consecutive cross-links 
(Mc) according to the 
rubber elasticity theory for 
emulsions stabilized with 
120 kDa gelatin. Different 
symbols (green squares, 
pink triangles, blue 
diamonds) corresponds to 
different replicates
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sources and protein concentration). The result is that parts of either three chains or 
two chains in a physical “hairpin” bond type are stabilized mainly through hydrogen 
bonds (Ledward 1986; Olivares et al. 2006), forming thus a basic physical network 
coupled to the covalent one.

During storage of the emulsions this slow reforming of the collagen molecules 
was still occurring, where the growth of junction zones was more important in rela-
tion to nucleation (Bot et al. 1996; Normand and Ravey 1997). This was a conse-
quence of the fact that the small junction zones formed at short maturation times, 
started to growth at higher times introducing an harmonicity in the links (Ottone and 
Deiber 2005). Due to steric restraints imposed on the chains being held within the 
gel network it seems more reasonable that the growth of existing junctions will 
predominate over the formation of new ones. The decrease in the number-average 
molecular mass (Mc) of the portion of the chain between two consecutive cross- 
links during storage time could be related to these structural changes occurred in the 
emulsions, which induced an increment of the elasticity modulus based on a tighter 
network which expelled the droplets leading to its final destabilization.

18.2.2  Use of Gellan Gum to Produce Gel Emulsions

Polysaccharides are complex carbohydrates composed of long chains of monosac-
charide units bound together by glycosidic linkages, arranged in chains. The cyclic 
monomer imparts considerable stiffness to polysaccharide chains, not only because 
of the inherent rigidity of the monomer unit, but also because its bulkiness results in 
a limited number of possible spatial arrangements of adjacent monomer residues. 
The flexibility of polysaccharide chains depends on the ease of rotation around the 
anomeric links. An exception is provided by (1,6)-linkages that have three-bond 
glycosidic linkages rather than the usual two; the extra bond allows much greater 
conformational freedom (Gidley and Nishinari 2009). Certain structural character-
istics such as chain conformation and intermolecular associations will influence the 
physicochemical properties of polysaccharides. Interactions with the aqueous sol-
vent may determine the preferred conformation by disrupting intramolecular hydro-
gen bonding (Kirschner and Woods 2001).

At low polysaccharide content few polymer chains are involved and only isolated 
n-fold helical arrangements are formed, and the rheology of these systems is essen-
tially ruled by chain stiffness as in the cases of xanthan, rhamsan, welan, and vari-
ous glucans (Grassi et  al. 1996; Lapasin and Pricl 1995; Morris et  al. 1996). At 
sufficiently high polymer concentration, chain–chain associations often lead to the 
formation of gel microdomains or span the whole system, with the consequent 
development of a three-dimensional network. In the latter case, the rheological 
properties sensibly differ from those of concentrated polymer solutions, where tem-
porary networks are formed by topological interchain interactions (Bais et al. 2005).
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Polysaccharides are frequently employed to stabilize aqueous suspensions or 
o/w emulsions (Manca et al. 2001; Whistler 1993). There are different mechanisms 
by which these polymers can stabilize an emulsion. The formation of an extended 
hydrogel network reflects into high viscosity of the continuous phase at low shear, 
thus slowing down the droplet motion (Lapasin and Pricl 1995, Manca et al. 2001, 
Whistler 1993); such a polymeric structure surrounds the oil droplets, ensuring 
effective steric hindrance of their coalescence (McClements 1999; Whistler 1993). 
Another contribution to the stabilization is provided by nonadsorbing depletion 
mechanism, due to the pronounced hydrophilicity, low flexibility, and low surface 
activity of these polymers (Garti et al. 1999; McClements 1999). Finally, due to the 
presence of some impurities, such as hydrophobic groups or proteinic moieties, an 
additional stabilizing effect (Garti et al. 1999) can derive from the formation of a 
viscoelastic adsorbed layer (Wilde 2000).

Gellan (Sworn 2000) is an extracellular anionic polysaccharide produced by the 
bacterium Sphingomonas elodea (ATCC31461) formerly known as Auromonas elo-
dea or Pseudomonas elodea) on aerobic fermentation. It has a linear tetrasaccharide 
repeating sequence of: →3) -β-d-glucose - (1→4) - β-d-glucuronic acid - (1→4) - 
β-d-glucose - (1→4) -α -l-rhamnose - (1→(Jansson et al. 1983; O’Neill et al. 1983). 
The native polysaccharide, as biosynthesized, has an l-glyceryl substituent on O2 
of the 3-linked glucose and about half the repeat units have an acetyl group on O6 
of the same residue (Kuo et al. 1986). Its industrial usefulness is due to its various 
functional properties. This gelling agent has the ability to form a variety of gel tex-
tures depending on combinations of polymer concentration, degree of substitution, 
type of cation, ionic strength, and temperature (Goh et al. 2006; Ikeda et al. 2004). 
Gellan gum has been a subject of interest since its discovery in 1980 due to its abil-
ity to form transparent gels even at low concentrations (Rodríguez-Hernández et al. 
2003) its thermal stability, and its high efficiency as gelling agent. Gellan gum can 
differ by the proportion of units with acyl substituents attached to the glucose mol-
ecule (degree of acylation) and the distribution of these acyl groups along the poly-
saccharide chain. Commercial samples are usually described as exhibiting a ‘high’ 
or ‘low’ degree of acylation. In low acyl gellan gum the acetyl groups were removed 
by alkaline treatment. The amount of acyl substituents strongly affect the properties 
of systems that contain this polysaccharide, in particular their rheological properties 
(Vilela and Lopes da Cunha 2016).

Traditional gelling agents such as agarose and carrageenan show reduced gelling 
capacity at low pH, whereas gellan gum can form strengthened gels (Moritaka et al. 
1995; Yamamoto and Cunha 2007). These characteristics make emulsion-filled gels 
one of the potential fields of application of gellan gum.

The structure and the rheological properties of heat-set emulsion gels are depen-
dent on the nature of the interactions between the emulsifiers adsorbed on the sur-
face of the droplets that fill the emulsion and the biopolymeric network formed in 
the aqueous phase. Based on these interactions, mainly two types of filler particles 
can be distinguished: active fillers and inactive fillers (Chen and Dickinson 1999).

In the former case, a strong interaction exists between individual filler particles 
and the gel matrix; the elastic modulus of the gel at small deformation increases 
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with the increase of the filler volume fraction. In the latter case, with little or no 
interaction between filler particles and gel matrix, the modulus decreases with 
increasing the volume fraction of the filler (Anton et al. 2001). On this basis, it is 
suggested that a gel matrix containing such non-interacting particles should behave 
at small deformations as it were filled with particles having the mechanical proper-
ties of a low viscosity liquid like water. Increasing the volume fraction of the filler 
two situations may be distinguished: if the filler is inactive the modulus of the emul-
sion gel decreases while an increase of the modulus occurs in the case of active 
fillers. (Chen and Dickinson 1999)

For food emulsion gels, the precise role of filler particles is not always easy to 
predict due to the complex composition and unknown properties of the monolayer. 
Thus, basic knowledge relevant for the physical properties of emulsion filled gels 
needs to be developed. This includes aspects such as rheological and stability prop-
erties of the emulsion filled gel as a whole, as well as the underlying properties of 
the gelled polymer network (Kokini and van Aken 2006).

The relaxation of polymeric and complex materials reveals the existence of a 
broad distribution of relaxation times. Knowledge of an expression for this relax-
ation time spectrum is advantageous because of two reasons: first, it provides ana-
lytical expressions for the material functions which are quantitative (as G′, G″ data 
would yield) and, second, it reduces the description of the linear viscoelastic behav-
ior of any complex material to the determination of only a few material-specific 
parameters. The resulting pattern is expected to be universally valid in the linear 
region (Baumgaertel and Winter 1989).

18.2.2.1  Rheological Analysis of High and Low Acyl Gellan Gels

Gellan gels were prepared in acetate buffer (pH 4.5) at 2. Three gellan concentra-
tions were studied: 0.1 g/100 g, 0.3 g/100 g, and 0.5 g/100 g for low acyl and high 
acyl gellan. To ensure gel formation, samples were heated up to 90 °C at a constant 
rate (2 °C/min), then 5 mM CaCl2 were added followed by rapid cooling down to 
20 °C (20 °C/min).

Mechanical spectrum of gellan gum solutions subjected to the gelation process 
described above as well as gel emulsions were obtained in order to compare the 
viscoelastic behavior of emulsions and continuous phases; both low acyl and high 
acyl gellan gums were studied.

As expected rising hydrocolloid concentration produced a significant increase in 
G′ and G″ for both types of gellan solutions. However depending on the degree of 
substitution of the hydrocolloid, the systems showed qualitatively different behav-
iors. Figure 18.7a shows the gels with low acyl gellan gum, where regardless of the 
content of hydrocolloid all the systems exhibited a “true gel” behavior. G′ and G″ 
curves were almost parallel independent of the oscillation frequency and the storage 
modulus was practically a decade higher than the loss modulus over the entire 
 frequency range. This behavior is in agreement with low acyl gellan gum gels, typi-
cal of rigid systems with hard and brittle structure previously described by several 
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authors (Huang et al. 2003; Rodríguez-Hernández et al. 2003). In contrast, aqueous 
solutions of high acyl gellan gum showed lower values of both moduli and a mini-
mum on the viscous modulus (G″) around 10−1–100 rad/s (Fig. 18.7b), because as 
the degree of acylation increases the matrix became more soft and flexible (Sworn 
2000).

Temperature sweeps (90 °C to 15 °C at 0.5 °C/min) were performed on gellan 
gum dispersions within the LVR to determine the gel point. Figure 18.8 shows the 
complex viscosity as a function of temperature for all the tested continuous phases. 
During the cooling of the aqueous dispersions it was observed that the complex 
viscosity (η∗ = ((G′2 + G″2)1/2/ω)) remained almost invariant down to a certain tem-
perature value (Tgel, sol-gel transition) from which there was an abrupt increase in 
all dispersions considered. Both Tgel and the gel strength increased with hydrocol-
loid content in solution (Fig. 18.8).

Fig. 18.7 Storage (G′; filled symbols) and loss (G″; open symbols) moduli as a function of fre-
quency (ω) for gels obtained with (a) low acyl and (b) high acyl gellan gum and different hydrocol-
loid concentration. (filled red circles, open red circles) 0.1, (filled blue triangles, open blue 
triangles) 0.3, (filled black squares, open black squares), and 0.5 g/100 g

Fig. 18.8 Temperature 
dependence of the complex 
viscosity (η*) during 
cooling for solutions 
containing high (open 
symbols) and low (filled 
symbols) acyl gellan gum 
at different concentrations: 
(filled red circles, open red 
circles) 0.1, (filled blue 
triangles, open blue 
triangles) 0.3, (filled black 
squares, open black 
squares), and 0.5 g/100 g
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The proposed gelation mechanism of gellan gum is based on the domain model 
(Morris et al. 1980; Sworn 2000). As a hot solution cools gellan gum undergoes a 
disorder–order transition. This transition has been attributed to a coil-helix transi-
tion (Grasdalen and Smidsrod 1987). In the case of low acyl gellan gum, gel pro-
moting cations such as Na+ and Ca+2 promote aggregation of the gellan double 
helices to form a three-dimensional network. The acyl substituents have a profound 
effect on the structure of the gellan gum gels. The high acyl gellan gum undergoes 
a similar disorder to order transition as the solution is cooled, but further aggrega-
tion of the helices is limited by the presence of the acetyl group (Morris et al. 1996). 
The double helix structure of high acyl gellan is inherently more stable than that of 
the deacylated material, but it has little, if any, capacity for cation-mediated aggre-
gation. The subsequent gels are, therefore, soft and elastic.

18.2.2.2  Stability of Gel Emulsions with High and Low Acyl Gellan Gum

To study the stability of gel emulsions appropriate quantities of sunflower oil were 
mixed with the hot gellan gum solutions to give three different concentrations of 
disperse phase in the final emulsion: 10 g/100 g, 20 g/100 g, and 30 g/100 g and 
homogenized.

As an example Fig. 18.9 shows o/w emulsions (oil = 20 g/100 g) using 0.3 g/100 g 
of high and low acyl gellan gum. The latter showed a marked creaming destabiliza-
tion, while the high acyl emulsion showed a uniform distribution of the dispersed 
phase throughout the volume. Sauter mean diameters (d32) of oil droplets ranged 
from 10.0 to 14.3 mm (standard deviation = 2.4), however, not significant differ-
ences were observed between d32 values. Consequently, the differences in emulsion 
stability could not be explained in terms of the differences in droplet size; creaming 
stability depends on the capacity of the continuous phase to gel and immobilize oil 
droplets.

Fig. 18.9 O/W gel emulsions (20 g oil/100 g) using 0.3 g/100 g of high acyl (left) or low acyl 
(right) gellan gum
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Regardless of hydrocolloid concentration it could be observed a marked differ-
ence in the sol-gel transition temperatures (Tgel) of high and low acyl gellan gum 
solutions; the former showed Tgel > 70 °C, while the low acyl gellan gum solutions 
gelled below 50 °C. As the high acyl gellan gum continuous phase gelled above 
70  °C, the droplets in the emulsion were rapidly entrapped by the high acyl gel 
matrix being unable to move upwards. On the other hand, in spite of the rapid cool-
ing rate (2 °C/min) used, the low acyl continuous phase remained fluid for longer 
times allowing oil droplets to move upwards, creaming.

18.2.2.3  Dynamic Rheology on Emulsion-Filled Gels with High Acyl 
Gellan Gum

Figure 18.10 shows frequency sweep curves for emulsion-filled gels obtained using 
different concentrations of high acyl gellan gum and sunflower oil. Curves were 
qualitatively similar for all the formulations assayed, and showed the same 

Fig. 18.10 G′ (filled symbols) and G″ (open symbols) as a function of frequency (ω) for emul-
sions containing (filled red circles, open red circles) 10, (filled blue triangles, open blue triangles) 
20, (filled black squares, open black squares), and 30 g sunflower oil/100 g, stabilized with con (a) 
0.1, (b) 0.3, and (c) 0.5 g high acyl gellan gum/100 g in the continuous phase
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characteristic behavior already described for gelatin (Fig. 18.3a). Although increas-
ing dispersed phase concentration slightly increased storage and loss moduli, the 
most significant change was observed when gellan gum concentration increased 
(Fig. 18.10).

18.2.2.4  Creep and Recovery Analysis

Within the linear viscoelastic range a creep-recovery analysis was done on both, the 
emulsion-filled gels and the corresponding high acyl gellan gels. Creep curves, 
(compliance, J (Pa−1), vs. time) were fitted to the Burgers model of four elements 
consisting of a Maxwell element connected in series to a Kelvin-Voigt element 
(Steffe 1996). To obtain a more accurate group of parameters for each sample, 
experimental data corresponding to both creep and recovery experiments were 
simultaneously used to obtain the parameters of the Burgers model (Lorenzo et al. 
2011; Steffe 1996). Thus, according to Boltzmann superposition principle, the com-
plete model is represented by the following equations:
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where J0 is the instantaneous compliance (Pa−1), η0 the viscosity of the Maxwell 
dashpot (Pa s), J1 (Pa−1) and (λret)1 (s) are the compliance and the retardation time 
associated with the Kelvin-Voigt element, respectively, and t1 is the time at which 
the stress was removed. J0 represents the instantaneous elastic response of the sys-

Fig. 18.11 Creep 
compliance curves for 
emulsion-filled gels 
containing 0 (blue 
diamonds), 10 (red circles), 
20 (blue triangles), and 
30 g/100 g (black squares) 
with a lipid phase using 
0.3 g/100 g of high acyl 
gellan gum in the 
continuous phase. Four 
parameters Burgers Model 
(continuous line)
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tem at t = 0; the lower the value of J0, the greater is the elasticity (Kaschta and 
Schwarzl 1994).

As an example Fig. 18.11 shows the creep and recovery curves for formulations 
containing 0.3 g/100 g of high acyl gellan gum in the continuous phase. In all cases 
the Burgers model showed a satisfactory fitting to experimental data (r2 > 0.89).

While all formulations showed qualitatively the same behavior, increasing gellan 
gum content significantly decreased (P < 0.05) the instantaneous compliance (J0). 
Thus, when high acyl gellan gum concentration increased, the stiffness of the net-
work increased resulting in less deformation at constant shear stress.

Emulsified systems showed a considerable decrease in creep compliance com-
pared with their respective gels. Oil droplets act as active filler on the emulsions 
leading to a reinforcement of the structure when a dispersed phase is included in 
the gellan matrix. If a shear stress is applied to an emulsion gel containing interact-
ing filler, the gel will deform to a certain degree in response. Because the filler 
particles are an integrated part of the gel, both the gel matrix and the filler particles 
make their contributions towards resisting the applied shear (Chen and Dickinson 
1999). It is important to notice that a further increase in the oil content (between 
10 and 30 g/100 g) did not produce significant changes (P < 0.05) in creep compli-
ance curves.

The retarded compliance J1 showed the same trend observed in J0 but with values 
almost an order of magnitude lower, a behavior characteristic of highly flexible 
systems, where the material needs to deform initially before a flow is established, 
and deform again later (Jiménez-Avalos et al. 2005).

Although significant changes in the Burgers model parameters with the emulsion 
composition were observed the percentage contribution of each element remained 
constant (Lorenzo et al. 2011). Instantaneous compliance (J0) represented the larg-
est contribution, with an average 54% of the total deformation of the system, while 
J1 only explained 21% of the total compliance. All the emulsion-filled gels exhibited 
a recovery percentage above 70% of the total deformation. This is in agreement with 
results in dynamic tests where, although a marked increase in G′ and G″ was 
observed, the overall characteristics of the mechanical spectrum remained practi-
cally invariant.

18.2.2.5  Relaxation Spectrum Determination

During evaluation of mechanical properties, a broad spectrum of relaxation times 
generating relaxation spectra has been observed for macromolecules (Winter 1997). 
This relaxation spectrum is a fundamental quantity in the linear theory of viscoelas-
tic materials (Honerkamp and Weese 1993) and its shape is often correlated with 
specific molecular architectures (Winter 1997). According to Malkin (2006), the 
spectrum correctly reflects main characteristics of viscoelastic behavior of real 
polymeric materials. Further, the molecular mobility of polymeric liquids and solids 
expresses itself in a relaxation-time spectrum (Baumgaertel and Winter 1992). 
However, direct measurement of relaxation spectra is impossible, as it can only be 
calculated on the basis of experimental data (Malkin 2006); dynamic mechanical 
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experiments are the most effective for measuring the relaxation modes of polymeric 
liquids and solids (Baumgaertel and Winter 1989). The complex viscoelastic modu-
lus, G*, consists of a real part (G′) and an imaginary part (G″), i.e. 
G*(ω) = G′(ω) + iG″(ω). From Eqs. (18.1) and (18.2), it could be expressed in terms 
of the relaxation spectrum as:
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where, Ge represents the viscoelastic solid state of an additional spring attached in 
series to a Maxwell model that is called the equilibrium elasticity modulus (for 
viscoelastic liquids like the studied emulsions this parameter can be neglected).

In the response of a linearly viscoelastic material to a strain or stress excitation, 
the relaxation spectrum, H(λ), contains complete information on the time- dependent 
part of the response. Thus, once the spectrum and the viscoelastic constants are 
known, it is possible, in theory, to generate the response to any desired type of 
excitation.

Using an appropriate representation of the relaxation time spectrum, it is possi-
ble to model the dynamic moduli. A frequently used representation of the relaxation 
time spectrum is the already mentioned Baumgaertel-Schausberger-Winter spec-
trum. In the present case, the satisfactory agreement between experimental oscilla-
tory data and predictions calculated using the BSW model is shown in Fig. 18.12 for 
emulsion-filled gels containing 20 g/100 g of sunflower oil.

Increasing gellan concentration significantly increased the plateau modulus, 
while the dispersed phase content did not significantly affect GN

0 . This could be 

Fig. 18.12 Frequency sweep curves: experimental (symbols) and predicted with the BSW model 
(lines), G′ (filled symbols) and G″ (open symbols) of emulsion-filled gels containing 20 g/100 g 
oil with different hydrocolloids concentration: (filled red circles, open red circles) 0.1, (filled blue 
triangles, open blue triangles) 0.3, (filled black squares, open black squares), and 0.5 g/100 g
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explained considering that the rheological behavior of the systems is controlled by 
the highly structured continuous phase rather than the contribution of filler lipid 
droplet in the emulsion, as was previously pointed out. It was observed a relation-
ship between GN

0  and gellan content “c” (G cN
0 2µ ) similar to the tendency found 

in other polymers (Ferry 1980; Graessley 1974).
As it was previously stated in the present chapter, the viscoelastic material func-

tions of biopolymeric systems could be defined using an infinite number of Maxwell 
elements, by the relaxation time spectrum, H(λ). For the transient part of the relax-
ation modulus (G(t)), the expression would be:
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where Ge is the equilibrium modulus. Ge is finite for viscoelastic solids and is zero 
for the liquids and for the materials at the gel point (de Rosa and Winter 1994).

In an entirely analogous manner, creep behavior can be described by the 
Generalized Voigt model. A group of Voigt elements in series represents a discrete 
spectrum of retardation times, each time λi being associated with a spectral compli-
ance magnitude (Ji). Thus, creep compliance (J(t)) can be calculated as:

 

J t J J e
t

i

N

i

t

i( ) = + å -
æ

è
çç

ö

ø
÷÷ +=

-

0
1

0

1 l

h
 

(18.14)

where J0 is the instantaneous compliance and η0 is the zero-shear viscosity.
If the Voigt model is made infinite in extent, the continuous retardation spectrum, 

L(λ), is defined as the sum of infinitesimal contributions to the material behavior. 
Thus, creep compliance is expressed as:
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The two spectra (H and L) are of the nature of distribution functions, although 
they have the dimensions of a modulus (H) and a compliance (L) respectively, rather 
than the dimensionless character of the usual distribution function. Moreover, the 
spectra H and L are useful qualitatively in gauging the distribution of relaxation or 
retardation mechanisms in different regions of the timescale (Ferry 1980).

There is an interrelation between the relaxation (H(λ)) and retardation (L(λ)) 
spectra, so if one spectrum is known over the entire range of time scale, the other 
spectrum can be calculated as follows (Ferry 1980):
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Thus, the retardation spectrum was evaluated using Eq. (18.16) from the expres-
sion of H(λ) obtained for the gel emulsion (Eq. 18.3). Once the retardation spectrum 
was known, the creep-compliance behavior was predicted according to Eq. (18.15). 
Figure 18.13 shows the predicted compliance for emulsion-filled gels as well as the 
experimental data.

Any dynamic data measured in this work have been successfully converted into 
the time domain by the application of BSW model. It is a useful tool, especially for 
establishing a rheological data bank and analyzing viscoelastic experiments.

18.3  Conclusions

Most of the systems prepared in cold with bovine gelatin exhibited gel-like proper-
ties which delayed phase-separation for more than 1 month. The high shear stresses 
to which the samples were submitted during homogenization produced shear 
induced denaturation of the gelatin and gelation of the whole system. Thus, this type 
of gel emulsions could be an adequate alternative to deliver thermolabile hydropho-
bic compounds.

Emulsion stability was related to the protein molecular weight rather than droplet 
diameter. The viscosity of the gelatin systems and its elastic characteristics increased 
as the molecular weight of the gelatin increased; there was a positive correlation 
between the degree of crosslinking and the molecular weight of the protein.

By applying the theory of rubber elasticity, the number-average molecular mass 
of the gelatin chain portions between two consecutive cross-links (Mc) were calcu-
lated at different storage times. The decrease in the Mc values during storage could 
be related to the structural changes occurred in the emulsions, which induced an 
increment of the elasticity modulus based on a tighter network, which expelled the 
droplets, leading to its final destabilization.

Fig. 18.13 Comparison 
between experimental 
creep compliance data and 
the prediction from 
broadened BSW model. 
Data corresponded to 
emulsion-filled gels 
containing 20 g/100 g oil 
with different 
hydrocolloids 
concentration: 0.1 g/100 g 
(red inverted triangles); 
0.3 g/100 g (blue circles); 
0.5 g/100 g (green squares)
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Rheological behavior of gellan gum aqueous solutions was extremely dependent 
on the acylation degree of the biopolymer. Low acyl gellan gum gels exhibited 
almost parallel and frequency independent curves of storage (G′) and loss (G″) 
moduli, whereas high acyl gellan gum gels showed a minimum in G″ and both 
moduli presented lower values.

High acyl gellan gum gel emulsions showed qualitatively the same behavior as 
the continuous phase, with a storage modulus (G′) independent of the frequency, 
even in systems with low hydrocolloid content. All samples showed a viscoelastic 
solid behavior with the storage modulus (G′) dominating the viscoelastic response. 
Oil concentration slightly affected the elastic behavior of the emulsions, and it 
became less significant with the increase of gum content.

Creep and recovery data was analyzed using the Burgers model and a satisfac-
tory fitting was obtained. Burgers parameters showed that regardless hydrocolloids 
concentration, emulsified systems presented a considerable decrease in creep com-
pliance compared with their respective gels which suggests that oil droplets act as 
active filler particles reinforcing the structure and the gel strength of the gellan 
matrix.

Viscoelastic behavior of both gelatin and gellan systems was satisfactorily mod-
eled using Baumgaertel-Schausberger-Winter equation. The use of the BSW spec-
trum is advantageous due to different reasons, i.e. it provides analytical expressions 
for the material functions (as G′, G″ data) and, it reduces the description of the lin-
ear viscoelastic behavior to the determination of only a few material-specific param-
eters. Validation of the predicted spectra was carried out through creep compliance 
data for emulsion-filled gels.

Acknowledgements The authors are grateful to CP Kelco (San Diego, CA) and PB Leiner 
Argentina, who kindly provided the gellan gum and gelatin used for this study. The financial sup-
port of the Consejo Nacional de Investigaciones Científicas y Técnicas (CONICET), Agencia 
Nacional de Promoción Científica y Tecnológica, and Universidad Nacional de La Plata are also 
acknowledged.

References

Anton M, Le Denmat M, Beaumal V (2001) Filler effects of oil droplets on the rheology of heat- 
set emulsion gels prepared with egg yolk and egg yolk fractions. Colloids Surf B Biointerfaces 
21:137–147

Bais D, Trevisan A, Lapasin R et  al (2005) Rheological characterization of polysaccharide- 
surfactant matrices for cosmetic o/w emulsions. J Colloid Interface Sci 290:546–556

Baumgaertel M, Winter HH (1989) Determination of discrete relaxation and retardation time spec-
tra from dynamic mechanical data. Rheol Acta 28:511–519

Baumgaertel M, Winter HH (1992) Interrelation between continuous and discrete relaxation time 
spectra. J Non-Newtonian Fluid Mech 44:15–36

Bot A, van Amerongen IA, Groot RD et al (1996) Large deformation rheology of gelatin gels. 
Polym Gels Netw 4:189–227

G. Lorenzo et al.



505

Chen J, Dickinson E (1999) Effect of surface character of filler particles on rheology of heat-set 
whey protein emulsion gels. Colloids Surf B Biointerfaces 12:373–381

Dickinson E (2006) Colloid science of mixed ingredients. Soft Matter 2:642–652
Dickinson E (2010) Food emulsions and foams: stabilization by particles. Curr Opin Colloid 

Interface Sci 15:40–49
Dickinson E (2012) Emulsion gels: the structuring of soft solids with protein-stabilized oil drop-

lets. Food Hydrocoll 28:224–241
Dickinson E, Lopez G (2001) Comparison of the emulsifying properties of fish gelatin and com-

mercial milk proteins. J Food Sci 66:118–123
Doublier JL, Launay B, Cuvelier G (1992) Viscoelastic properties of food gels. In: Rao MA, Steffe 

JF (eds) Viscoelastic properties of foods. Elsevier Science, Barking, pp 371–434
Ferry JD (1980) Viscoelastic properties of polymers. Wiley, New York, pp 56–79, 366–403
Flory PJ (1953) Principles of polymer chemistry. Cornell University Press, New York
Friedrich CHR, Heymann L (1988) Extension of a model for crosslinking polymer at the gel point. 

J Rheol 32:235–241
Garti N (1999) What can nature offer from an emulsifier point of view: trends and progress? 

Colloids Surf A Physicochem Eng Asp 152:125–146
Garti N, Slavin Y, Aserin A (1999) Surface and emulsification properties of a new gum extracted 

from Portulaca oleracea L. Food Hydrocoll 13:145–155
Gidley MJ, Nishinari K (2009) Physico-chemistry of (1,3)-β-glucans. In: Bacic A, Fincher JB, 

Stone BA (eds) Chemistry, biochemistry, and biology of 1–3 beta glucans and related polysac-
charides. Academic Press, San Diego, pp 47–118

Goh KKT, Hainsman DR, Singh H (2006) Characterization of a high acyl gellan polysaccharide 
using light scattering and rheological techniques. Food Hydrocoll 20:176–183

Graessley WW (1974) The entanglement concept in polymer rheology. Adv Polym Sci 16:1–179
Grasdalen H, Smidsrod O (1987) Gelation of gellan gum. Carbohydr Polym 7(5):371–393
Grassi M, Lapasin R, Pricl S (1996) A study of the rheological behavior of scleroglucan weak gel 

systems. Carbohydr Polym 29:169–181
Harrington WF, Rao NV (1970) Collagen structure in solution. I. Kinetics of helix regeneration in 

single-chain gelatins. Biochemistry 19:3714–3724
Honerkamp J, Weese J (1993) A nonlinear regularization method for the calculation of relaxation 

spectra. Rheol Acta 32:65–73
Huang Y, Tang J, Swanson BG et al (2003) Effect of calcium concentration on textural properties 

of high and low acyl mixed gellan gels. Carbohydr Polym 54(4):517–522
Ikeda S, Nitta Y, Temsiripong T et al (2004) Atomic force microscopy studies on cation-induced 

network formation of gellan. Food Hydrocoll 18:727–735
Izuka A, Winter HH, Hashimoto T (1992) Molecular weight dependence of viscoelasticity of poly-

caprolactone critical gels. Macromolecules 25:2422–2428
Jackson JK, De Rosa ME, Winter HH (1994) Molecular weight dependence of relaxation time 

spectra for the entanglement and flow behavior of monodisperse linear flexible polymers. 
Macromolecules 27:2426–2431

Jansson PE, Lindberg B, Sandford PA (1983) Structural studies of gellan gum, an extracellular 
polysaccharide elaborated by Pseudomonas elodea. Carbohydr Res 124:135–139

Jiménez-Avalos HA, Ramos-Ramírez EG, Salazar-Montoya JA (2005) Viscoelastic characteriza-
tion of gum arabic and maize starch mixture using the Maxwell model. Carbohydr Polym 
62:11–18

Kaschta J, Schwarzl ER (1994) Calculation of discrete retardation spectra from creep data- 
II. Analysis of measured creep curves. Rheol Acta 33:530–541

Keenan TR (1998) Gelatin. In: Domb AJ, Kost J, Wiseman D (eds) Handbook of biodegradable 
Polymers. CRC Press, pp 307–317

Kim KH, Renkema JMS, Vliet TV (2001) Rheological properties of soybean protein isolate gels 
containing emulsion droplets. Food Hydrocoll 15:295–302

18 Food Gel Emulsions: Structural Characteristics and Viscoelastic Behavior



506

Kirschner KN, Woods RJ (2001) Solvent interactions determine carbohydrate conformation. Proc 
Natl Acad Sci USA 98:10541–10545

Koenig A, Hébraud P, Perrin P (2002) Preparation and rheological properties of emulsion gels. 
Langmuir 18:6458–6461

Kokini J, van Aken G (2006) Discussion session on food emulsions and foams. Food Hydrocoll 
20:438–445

Kuo MS, Mort AJ, Dell A (1986) Identification and location of L-glycerate, an unusual acyl sub-
stituent in gellan gum. Carbohydr Res 156:173–187

Lapasin R, Pricl S (1995) Rheology of industrial polysaccharides: theory and applications. Blackie 
Academic & Professional, Glasgow, pp 63–83, 373–423

Ledward DA (1986) Gelation of gelatin. In: Mitchell JR, Ledward DA (eds) Functional properties 
of food macromolecules. Elsevier, New York, pp 171–201

Lobo L (2002) Coalescence during emulsification. 3. Effect of gelatin on rupture and coalescence. 
J Colloid Interface Sci 254:165–174

Lorenzo G, Checmarev G, Zaritzky N et al (2011) Linear viscoelastic assessment of cold gel-like 
emulsions stabilized with bovine gelatin. LWT Food Sci Technol 44:457–464

Lorenzo G, Zaritzky NE, Califano A (2008) Optimization of non-fermented gluten-free dough 
composition based on rheological behavior for industrial production of “empanadas and pie- 
crusts”. J Cereal Sci 48:224–231

Lorenzo G, Zaritzky NE, Califano A (2013) Rheological analysis of emulsion-filled gels based on 
high acyl gellan gum. Food Hydrocoll 30:672–680

Malkin AY (2006) Continuous relaxation spectrum—its advantages and methods of calculation. 
Int J Applied Mech Eng 11:235–243

Manca S, Lapasin R, Partal P, Gallegos C (2001) Influence of surfactant addition on the rheological 
properties of aqueous Welan matrices. Rheol Acta 40:128–134

Manoi K, Rizvi SSH (2009) Emulsification mechanisms and characterizations of cold, gel-like 
emulsions produced from texturized whey protein concentrate. Food Hydrocoll 23:1837–1847

McClements DJ (1999) Food emulsions: principles, practice and techniques. CRC Press, Boca 
Raton, pp 185–265

Mitchell JR (1976) Rheology of gels. J Texture Stud 7:313–339
Mitchell JR, Blanshard JMV (1976) Rheological properties of alginate gels. J  Texture Stud 

7:219–234
Moresi M, Bruno M, Parente E (2004) Viscoelastic properties of microbial alginate gels by oscil-

latory dynamic tests. J Food Eng 64:179–186
Moritaka H, Nishinari K, Taki M et  al (1995) Effects of pH, potassium chloride, and sodium 

chloride on the thermal and rheological properties of gellan gum gels. J Agric Food Chem 
43:1685–1689

Morris ER, Gothard MGE, Hember MWN et al (1996) Conformational and rheological transitions 
of welan, rhamsan and acylated gellan. Carbohydr Polym 30:165–175

Morris ER, Rees DA, Robinson G (1980) Cation-specific aggregation of carrageenan helices: 
domain model of polymer gel structure. J Mol Biol 138(2):349–362

Mours M, Winter HH (2000) Mechanical spectroscopy. In: Tanaka T (ed) Methods in polymer 
science: modern methods in polymer research and technology. Academic Press, San Diego, 
pp 495–546

Muller HJ, Hermel H (1994) On the relation between the molecular mass distribution of gelatin 
and its ability to stabilize emulsions. Colloid Polym Sci 272:433–439

Normand V, Ravey JC (1997) Dynamic study of gelatin gels by creep measurements. Rheol Acta 
36:610–617

Olivares ML, Peirotti MB, Deiber JA (2006) Analysis of gelatin chain aggregation in dilute aque-
ous solutions through viscosity data. Food Hydrocoll 20:1039–1049

O’Neill MA, Selvendran RR, Morris VJ (1983) Structure of the acidic extracellular gelling poly-
saccharide produced by Pseudomonas elodea. Carbohydr Res 124:123–133

G. Lorenzo et al.



507

Ottone ML, Deiber JA (2005) Modeling the rheology of gelatin gels for finite deformations. Part 
1. Elastic rheological model. Polymer 46:4928–4937

Rao MA (2007) Rheology of fluids, semisolids, and solid foods. Principles and applications. 
Springer, New York, pp 331–390

Reiffers-Magnani CK, Cuq JL, Watzke HJ (1999) Composite structure formation in whey protein 
stabilized O/W emulsions. I. Influence of the dispersed phase on viscoelastic properties. Food 
Hydrocoll 13:303–316

Rodríguez-Hernández AI, Durand S, Garnier C et al (2003) Rheology-structure properties of gel-
lan systems: Evidence of network formation at low gellan concentrations. Food Hydrocoll 
17:621–628

de Rosa ME, Winter HH (1994) The effect of entanglements on the rheological behavior of poly-
butadiene critical gels. Rheol Acta 33:220–237

Segeren AJM, Boskamp JV, van den Tempel M (1974) Rheological and swelling behaviour of 
alginate gels. Faraday Discuss 57:255–262

Shakuntala N, Manay O (2001) Food: facts and principles. New Age International Ltd, New Delhi, 
pp 376–394

Steffe JF (1996) Rheological methods in food process engineering. Freeman Press, East Lansing, 
pp 294–348

Surh J, Decker EA, McClements J (2006) Properties and stability of oil-in water emulsions stabi-
lized by fish gelatin. Food Hydrocoll 20:596–606

Sworn G (2000) Gellan gum. In: Phillips GO, Williams PA (eds) Handbook of hydrocolloids. 
Woodhead Publishing Limited, Cambridge, pp 117–135

Tschoegl NW (1997) Time dependence in material properties: an overview. Mech Time-Depend 
Mater 1:3–31

de Wolf FA (2003) Collagen and gelatin. In: Aalbersberg WY et al (eds) Progress in biotechnology, 
vol 23. Elsevier Science BV, Amsterdam, pp 133–218

van Vliet T, Lakemond CMM, Visschers RW (2004) Rheology and structure of milk protein gels. 
Curr Opin Colloid Interface Sci 9:298–304

Vilela JAP, Lopes da Cunha R (2016) High acyl gellan as an emulsion stabilizer. Carbohydr Polym 
139:115–124

Whistler RL (1993) Introduction to industrial gums. In: Whistler RL, JN BM (eds) Industrial 
gums: polysaccharides and their derivatives. Academic Press, San Diego, pp 1–20

Wilde PJ (2000) Interfaces: their role in foam and emulsion behaviour. Curr Opin Colloid Interface 
Sci 5:176–181

Winter HH (1997) Analysis of dynamic mechanical data: inversion into a relaxation time spectrum 
and consistency check. J Non-Newtonian Fluid Mech 68:225–239

Winter HH, Mours M (2006) The cyber infrastructure initiative for rheology. Rheol Acta 
45:331–338

Yamamoto F, Cunha RL (2007) Acid gelation of gellan: effect of final pH and heat treatment con-
ditions. Carbohydr Polym 68:517–527

18 Food Gel Emulsions: Structural Characteristics and Viscoelastic Behavior



509© Springer International Publishing AG, part of Springer Nature 2018 
T. J. Gutiérrez (ed.), Polymers for Food Applications, 
https://doi.org/10.1007/978-3-319-94625-2_19

Chapter 19
Polymers for Structure Design of Dairy  
Foods

Haotian Zheng

Abstract Dairy foods ranging from liquids, semi-solids to solids are considered as 
complex viscoelastic materials. Maintaining the physical stability over the shelf life 
and delivering superior mouthfeel of foods after series of treatments have always 
been challenging for the dairy industry. During the manufacturing process, both 
high shear stress and temperature changing history can significantly affect the 
macro- and microstructure of dairy food systems. Therefore, their physical stability 
and sensory attributes are altered as consequences. Food polymers as stabilizer and 
texturizer are used in different dairy systems for eliminating negative impacts of 
intensive processing treatments and for manipulating texture for meeting the spe-
cific sensory preference for a targeted group of consumers. As kinetically metasta-
ble systems, the optimum structure of dairy foods may be engineered by following 
a universal two steps principle: (1) Apply the proper mix of food polymers in the 
dairy food formulation; (2) Process the formula with dedicated parameters and pro-
cedures. Although the principle is simple, the implementation is complicated. Such 
existence of challenge is due to the detailed interaction mechanisms between non- 
dairy polymers and dairy components in various physicochemical environments are 
not entirely understood. In this chapter, the nondairy polymers induced destabiliza-
tion/stabilization of dairy systems are explained, the technical challenges of stabili-
zation of dairy systems are discussed. It focuses on three major topics regarding 
dairy food structure design: (1) Formulation strategy of thickening dairy matrices; 
(2) Formulation strategy of increasing perception of the creaminess of dairy matri-
ces; (3) The current updates about the synergetic functionality of food polymers.
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19.1  Overview

Specific polymers as food hydrocolloids are often found in the ingredient list of 
dairy food products such as starch, pectin, carrageenan, gellan gum, β-glucan, inu-
lin, or gelatin. The presence of these items in dairy systems is not expected from 
consumers’ perspective, and most of the consumers have little knowledge about the 
significance of using these non-dairy materials in dairy foods. These materials are 
traditionally recognized as stabilizers which are responsible for maintaining the 
physical stability of dairy foods, preventing the dairy dispersion particles or gel 
systems are visibly separated from the aqueous phase. The US Food and Drug 
Administration (FDA) and European Food Safety Authority (EFSA) classified such 
food hydrocolloids as emulsifiers, stabilizers, gelling agents and thickeners as part 
of the larger family of food additives. FDA provides a Food Additives Status List 
which includes short notations on use limitations for each additive. The related regu-
lations of usage of the additives are promulgated under the Federal Food, Drug, and 
Cosmetic Act (FD&C Act) under section 401 (food standards) and 409 (food addi-
tives) (FDA 2017). The detailed application guidelines of the most stabilizers can be 
found from the FDA Code of Federal Regulations Title 21, part 172—food additives 
permitted for direct addition to food for human consumption. According to EFSA, 
all stabilizers as food additives are identified by specific E numbers (EFSA 2017b). 
The European Union is carrying out a re-evaluation programme accessing the safety 
usage of all food additives. By 2020, EFSA’s Expert Panel on Food Additives and 
Nutrient Sources Added to Food (ANS) is going to provide updated conclusions on 
the safety of the intended uses of the food additive for the consumers (EFSA 2017a).

The classical reason for applying food polymers in dairy products are: (1) con-
structing physically stable dairy liquid/gel systems preventing phase separation 
over the shelf-life or preventing the growth of ice crystals caused by temperature 
abuse. (2) Establishing and maintaining the texture of dairy foods for delivering 
body and specific mouthfeel for attracting consumers (Hansen 1993). In light of the 
development of food technology and the demand of nutritional foods, food poly-
mers are also used as wall materials for encapsulating sensitive nutrients or probiot-
ics in dairy material based food systems (Li et  al. 2017; Anal and Singh 2007). 
Microencapsulation can reduce the reactivity of the core material with environmen-
tal reactants due to the low permeability of the barrier wall. Therefore, for instance, 
undesirable oil oxidation may be prevented or slowed down to an acceptable oxida-
tion rate according to the shelf life; the release of specific nutrients or probiotics can 
be engineered for the targeted delivery; the unfavorable taste or flavor of the benefi-
cial health materials are masked during consumption (Shahidi and Han 1993).

All in all, the aforementioned three areas for food polymer application in dairy 
foods can be summarized as the dairy structure and texture design. Based on the 
three core purposes of application of food polymers in dairy foods, this chapter is 
aiming to provide technical knowledge to dairy food technologists who use food 
polymers to formulate different dairy foods for achieving physical stability, and 
desired mouthfeel. One can use this chapter for acquiring knowledge about the 
working mechanisms of different food polymers in different types of dairy matrices 
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and use it as guidelines for constructing ideal structure and texture of dairy foods 
which meet the various markets’ needs. The term of “polymer” is extensively used 
the following texts, it represents non-dairy polymer molecules distinguishing from 
dairy proteins.

19.2  Milk System and Polymer-Protein Interactions

19.2.1  Milk Components

Milk is a complex oil-in-water (o/w) emulsion system containing oil droplets, dis-
solved whey protein, colloidal casein protein micelles, lactose and a small amount 
of minerals. In raw milk system, the milk fat presents as globular shape droplets 
named as milk fat globule (MFG). The size of MFGs ranges from 0.2 to 15 μm with 
a volume weighted mean diameter (d43) between 3.5 and 5.3 μm. The MFG is sta-
bilized by a tri-layer membrane system namely the milk fat globule membrane 
(MFGM) which composed of phospholipids and larger molecular weight proteins 
(Huppertz and Kelly 2006)(Zheng et al. 2014). The MFGM system stabilizes the 
native MFGs against aggregation and flocculation. However, the MFGM cannot 
prevent creaming. Casein as the major type protein in milk accounts for around 80% 
protein proportion; it is a mixture of four proteins: αS1-, αS2-, β-, and κ-casein have 
molecular masses around 20 kDa (Dalgleish 1997; Walstra et al. 2006). Casein pres-
ents in milk aqueous phase in different states from dissolved macromolecules to 
stable colloidal larger proteinaceous particle namely casein micelle (Dalgleish 
1997). The typical volume-average radius of casein micelle is of ~100 nm (Kruif 
and Holt 2003). About 20% bovine milk protein proteins are whey/serum proteins 
including α-lactalbumin (~19% w/w of total whey protein), β-lactoglobulin (~52% 
w/w of total whey protein), bovine serum albumin (BSA, ~6% w/w of total whey 
protein), Immunoglobulins (~13% w/w of total whey protein), proteose peptone 
(~13% w/w of total whey protein). Most of the serum proteins are globular proteins; 
unlike casein micelles, whey proteins present in a dissolved form in bovine milk. 
Both casein and whey proteins are hydrophobic having hydrophobic side groups 
ranging from 22 to 29%; they are all negatively charged at neutral pH of bovine milk 
(~pH 6.5) (Walstra 2006). To be able to engineer dairy structure and texture using 
nondairy food polymers three types of interaction mechanisms need to be elabo-
rated (see 19.2.2).

19.2.2  Nondairy Polymers and Dairy Protein Interactions

Nondairy polymers together with whey protein and casein micelles in the aqueous 
phase of milk form a pseudoternary “protein-polysaccharide-water” polyelectrolyte 
dispersion system. Such ternary dispersion system is highly complicated due to the 
presences of polyelectrolytes and irregular distribution of charged groups along the 
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nondairy polymer/dairy protein (Syrbe et al. 1998). For instance, αS1-, αS2-, β-, and 
κ-caseins have an uneven distribution of charges; such complexity indicates site- 
specific interactions among different nondairy polymers. Moreover, several differ-
ent nondairy polymers (>3 types) are often mixed forming a “stabilizer mix” and 
applied in dairy systems. Therefore, the commercial dairy foods are more than a 
ternary system. For better understanding the nature of the pseudoternary system, it 
is important to point out that the physical behavior of the system is controlled by 
enthalpic effects (Syrbe et al. 1998).

Syrbe and co-authors (1998) summarized three equilibrium conditions of 
polymer- protein-solvent ternary systems; these conditions may apply to dairy 
matrices containing multi-polymers: (1) Incompatibility: the different polymers 
(dairy protein and polysaccharide) are concentrated in separated domains in the 
system, which is also termed as “segregative phase separation.” For instance, an 
increase of the concentration of high methoxyl pectin in skim milk at pH 6.7 induces 
depletion flocculation of casein micelles forming casein-rich domains (Acero- 
Lopez et  al. 2010). Such interaction mechanism is explained and understood as 
deletion (Tuinier et al. 2003); (2) Complex formation (coacervation): such interac-
tion among polymers are initiated by electrostatic attraction, hydrogen binding and 
hydrophobic attraction, the protein-polymer complex results in a polymer-rich 
phase in the food matrix (Corredig et  al. 2011; Thies 2003). The formation of 
protein- polymer complex induces a series of changes such as modification of a rhe-
ological property of the system (Wang et al. 2007) and cause of precipitation of 
protein (Niederauer and Glatz 1994). At relative lower pH (pH 5.3) both high and 
low methoxyl pectin interact with casein micelles via electrostatic force driven 
bridging flocculation mechanism and can form a physically stable system (Maroziene 
and de Kruif 2000). Using quasi-elastic light scattering and fluorescence spectros-
copy techniques, it was found that globular whey protein (human serum albumin) 
can interact with polyethylene glycol (used antifoaming agent or plasticizers in 
aqueous film coatings) forming an intrapolymer complex via hydrogen bonding 
(Azegami et al. 1999). Polyelectrolytes may regulate protein/peptide drug delivery 
(Vasir et al. 2003), and it was found that both the concentration of soluble whey 
protein (free BSA) and the hydrophobicity of polyacrylates control the formation of 
the soluble protein-polymer complex (Porcar et al. 1999); (3) Miscibility: in such 
scenario, different polymer species are homogenously co-distributed in a system via 
only physical contact without chemical and physicochemical interactions. The true 
interaction mechanism between dairy protein and starch has been extensively stud-
ied, but it is not yet fully understood. The interactions between dairy protein ingre-
dients and gelatinized starch paste (Kumar et al. 2017, 2018) and the interactions 
between starch granules and different dairy food systems (Considine et al. 2011) are 
studied and reviewed. In these studies, the authors demonstrated that although 
protein- polymer complexes are formed, protein/protein aggregates may be homog-
enously miscible in starch paste system (Fig. 19.1) or gelatinized starch granules 
may be homogenously distributed in acidified dairy protein gel systems (as shown 
in Fig. 19.2). The miscible system may become incompatible system under specific 
physical stress in a certain timescale. The miscible system is considered as a stable 
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Fig. 19.1 Starch-milk proteins interactions during heat treatment under continuous shear (Kumar 
et al. 2017)

Fig. 19.2 Confocal laser scanning micrographs show homogenous distribution of gelatinized 
starch granules in the acidified milk gels containing (b) 2% w/w unmodified rice starch granules. 
Figure (a) is the control sample containing 0% w/w starch. Protein network appears in yellow, and 
dark spherical regions in (b) are the swollen starch granules. White scale bar: 20 μm (Considine 
et al. 2011)
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system. However, such stability is only a relative condition subjected to mechanic 
treatment and time. One can utilize different polymers to increase the relative stabil-
ity and therefore, improve the shelf life stability.

19.3  Destabilization/Stabilization Mechanisms

It is important to the point out that the complex formation does not necessarily 
result in a stable or unstable system. Moreover, physical stability is one of the pri-
mary concerns in dairy food manufacturing. Therefore, for the food technology 
research works investigated rheological behavior of protein-polymer mixtures 
(Lizarraga et al. 2006; Rodd et al. 2000), the physical stability and structural fea-
tures must need to be reported (e.g., both rheological properties and stability phase 
diagrams are reported (Langendorff et  al. 2000)). Rheological behavior is time, 
structure and shear force-dependent, without elaborating the stability and structure 
features, the published information  of  rheological parameters have little signifi-
cance in terms of guiding the real-life application of food formulation design for the 
food industry.

Although the functionality of food polymer in multiphasic systems is not fully 
clear, the basic destabilization mechanisms of protein-polymer containing model 
food systems were illustrated in several studies (Corredig et al. 2011; Doublier et al. 
2000; Syrbe et al. 1998). Entropic effect is greater than the enthalpic effect in poly-
mer mixture systems. The fate of multiphasic system is separation. The physical 
stable food matrix means the homogenous distribution of incompatible materials 
cross the whole food system and nonappearance of undesirable (visible) phase sepa-
ration. Microscale phase separation is negligible if non-negative impacts on the 
appearance and mouthfeel of the product are detected. Based on the affinities 
between protein, polymer, and solvent, two types phase separation mechanisms are 
introduced: (1) segregative phase separation (for describing non-adsorbing poly-
mers containing systems); (2) associative phase separation (for describing adsorb-
ing polymers containing systems). In summary, both types of phase separation 
depend on absolute concentrations of dairy protein and nondairy polymer; relative 
ratio of concentration between dairy protein and nondairy polymer, species of added 
polymer, pH and ionic strength of the mixture system.

19.3.1  Segregative Phase Separation (Non-adsorptive 
Stabilization)

Milk proteins are negatively charged at native milk pH (~pH 6.5–6.7). Neutral or 
anionic polymer/polysaccharide is incompatible with milk proteins at the natural 
pH range of milk, thus, pH and ionic strength determine the phase separation. Such 
polymers are recognized as non-adsorbing or non-interacting polymers. In a dairy 
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protein dispersion system containing non-adsorbing polymers, its stability depends 
on the concentration of the free polymer in the aqueous phase (Corredig et al. 2011; 
Syrbe et  al. 1998). (a) At extremely low concentration (0–1.5% w/w) of non- 
adsorbing polymer (amylopectin), the dairy protein (casein) dispersion system is 
stable (De Bont et al. 2002); (b) At relatively higher concentration level of non- 
adsorbing polymer (>0.3% w/w, κ-carrageenan) the casein dispersion system (0–5% 
w/w casein content) becomes unstable (Schorsch et al. 2000). This is due to the 
increased concentration of polymer induced an osmotic pressure gradient, conse-
quently caused the depletion flocculation of the casein micelles (Suresh et al. 2006); 
(c) Keep increasing the non-adsorbing polymer in liquid milk system may over-
come the depletion flocculation effect and result a stable milk-polymer mixture sys-
tem (Fig.  19.3 a3).  Konjac glucomannan (KGM) is a natural  polysaccharide 
extracted from konjac which may be used as thickening and gelling agent in dairy 
food systems. Dai and co-workers (2017) found that KGM and milk components in 
a  mixture system follow  the  segregative phase separation  mechanism; also, the 
authors used binodal curve and showed that the KGM-milk mixtures may be stabi-
lised from phase separation  by using either low or high dosage of KGM.  For 
instance, in diluted milk system (70% liquid milk), adding <0.2% or >0.7% KGM 
may result stable polymer-milk mixture systems; however, phase separation is 
induced by adding 0.25–0.6% KGM. In the same research work, the authors also 
observed the formation of aggregate structures when the concentration of KGM is 
higher than 0.5%. Such observations suggested that at higher concentration levels of 
KGM in milk system, the KGM polymers form non-adsorption self-packing struc-
ture/network at the aqueous phase, therefore, increase the viscosity of the continu-
ous phase in the mixture system. The network of polymer (including gelation) in 
aqueous phase results increase of system viscosity (Hemar et al. 2001b). According 
to the stokes’s law, the viscosity of the aqueous phase of dispersion system deter-
mines the phase separation rate (Huppertz and Kelly 2006). Therefore, the relatively 
higher volume of non-adsorbing polymer (higher than the critical concentration of 
depletion effect) may be considered in dairy food formulation for improving physi-
cal stability and thickness (Fig. 19.3a).

19.3.2  Associative Phase Separation (Adsorptive Stabilization)

Electrostatic attraction is the driving force of association between dairy protein and 
polysaccharides. Most of the formation of protein-polymer complex happens under 
the pI of dairy proteins due to both protein and polysaccharides for food applica-
tions are negatively charged at native pH of milk. If the protein-polymer complex is 
needed for stabilizing a system from phase separation, for the benefit of protein- 
polymer complex formation,  the polysaccharides are expected to have relatively 
lower pI comparing with dairy proteins (pIcasein micelle: pH 4.6; pIβ-Lactoglobulin: pH 5.2; 
pIα-Lactalbumin: pH ~4.3) so that they remain negatively charged at acidic pH when 
dairy proteins have zero or positive net charges. Consequently, polysaccharides can 
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adsorb onto dairy proteins via electrostatic attraction. Moreover, weak coulombic 
complex formation between whey protein and polymer (pectin) was observed at 
region of pH 4–5 when the protein concentration is relatively low where pectin is 
negatively charged (Cape et al. 1974) and whey proteins have nearly zero net charge 
(Zaleska et al. 2000; Bystrický et al. 1990). This phenomenon suggests that not only 
counter charges initiate coulombic attraction, zero net charge molecules may also 
induce protein-polymer interaction. In general, under acidic condition, upon increas-
ing the concentration of anionic polymer in dairy protein dispersion/solution sys-
tem, it undergoes three stages transition. (a) Bridging flocculation, this is an unstable 
state in which polymers bridge dairy proteins forming flocculated complex particles 
(Gancz et al. 2006; Everett and Mcleod 2005; Langendorff et al. 1999). Bridging 
flocculation of milk proteins (e.g., casein micelles) are caused by insufficient addi-
tion volume of counter charged polymer. (b) Optimum adsorption, this is a stable 
state in which the amount of polymer molecules are just enough to encapsulate the 
individual milk protein molecules or micelles (Dickinson 1998; Syrbe et al. 1998). 
The newly formed protein-polymer complex particles have identical surface charge 
and being repulsive to each other. The adsorbing polymer on the surface of colloidal 
protein particles are saturated, and steric repulsion effect is generated between the 
outer layers formed by nondairy polymers (soybean  & soluble polysaccharide) 
(Nakamura et al. 2006; Nobuhara et al. 2014). The presence of small quantity of 
free polymer molecules does not necessarily disrupt the stabilized system (Syrbe 
et al. 1998). (c) Depletion flocculation, if excessive amount of polymers are added 
into stable protein-polymer colloidal system where nondairy polymer has been 

Fig. 19.3 (a) Non-adsorbing polymers in dairy protein dispersions. (a1) Stable. (a2) Segregative 
phase separation (depletion flocculation). (a3) Stable (polymer networks increase viscosity of 
aqueous phase). (b) Adsorbing polymer in dairy protein dispersions. (b1) Bridging flocculation. 
(b2) Adsorptive stabilization. (b3) Depletion flocculation. Linear lines nondairy polymers. Solid 
dots dairy (micellar) proteins. The figure is re-drawn according to (Dickinson 1998)
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already saturated on dairy protein particles, at a certain concentration, the free, non-
adsorbed polymers induce depletion flocculation of protein-polymer complexes 
(Repin et al. 2012; Mession et al. 2012; Rohart and Michon 2014) (Fig. 19.3b).

19.3.3  Challenges of Applying Theories of Stabilization 
Mechanism

Even though the general destabilization/stabilization mechanisms of a polymer con-
taining dairy system are understood, strong uncertainty exists when choosing proper 
polysaccharides and applying them for stabilizing a specific dairy colloidal/emul-
sion system. For example, carrageenan is one of the special stabilizers being used in 
dairy systems as its stabilization mechanism is still not fully clear. It is still contro-
versial that whether carrageenan interacts with micellar casein forming a polymer- 
protein complex in milk systems or carrageenan only forms a self-supporting gel 
which holds up other colloidal particles responsible for the stabilization. 
Carrageenans are linear, negatively charged (at neutral pH), sulphated polysaccha-
rides containing d-galactose and 3,6-anhydro-d-galactose extracted from red sea-
weed (Rhodophyceae). Three major types of carrageenan as kappa (κ), iota (ι), and 
lambda (λ)-carrageenans are widely applied in dairy systems (Spagnuolo et  al. 
2005; Lynch and Mulvihill 1994; Lin and Hansen 1970; Bayarri et  al. 2010; 
Camacho et al. 1998); and they differ in number/position of sulphate groups and the 
content of 3,6-anhydrogalactosyl ring per disaccharide (Damodaran et al. 2007). k 
and ι-carrageenans are able to form self-supported gel network in the presence of 
cations (Drohan et al. 1997; Langendorff et al. 1997), their sulfate groups and the 
3,6-anhydro-d-galactopyranosyl ring may undergo coil (disordered) to helix 
(ordered) transition as the response to temperature change; nevertheless, due to lack 
of 3,6-anhydro-d-galactopyranosyl ring, λ-carrageenan is not able to gel (Rees et al. 
1969). Spagnuolo et al. (2005) summarized two theories which explain the stabili-
zation of micellar casein using k-carrageenan. In the first theory, researchers believe 
negatively charged k-carrageenan may adsorb onto casein micelles via the interac-
tion with a positively charged region of κ-casein (residues 97–112) (Dalgleish and 
Morris 1988). However, the second theory states k-carrageenan forms self- 
supporting gel system with the presence of cations (e.g., Ca2+) and hold up casein 
micelles or dairy protein stabilized emulsion droplets without phase separation 
rather than to interact with casein proteins (Drohan et al. 1997; Vega et al. 2005).

A nondairy polymer can be dairy protein non-adsorbing and protein adsorbing at 
different pH levels. Therefore, different stabilizing mechanisms need to be consid-
ered when pH, temperature, protein composition and concentration are all formula-
tion variables even the same type of polysaccharide is used for stabilizing a dairy 
food (Gu et al. 2005; Langendorff et al. 1999; Corredig et al. 2011). For instance, in 
β-lactoglobulin stabilized emulsion system, at pH 3 (below the pI of whey protein), 
ι- and λ-carrageenans as adsorbing agents at different concentration levels caused 
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both stabilization (at concentration range: 0%  <  x  <  0.08%  w/w) and creaming 
effects (at concentration range: 0.08% < x < 0.15% w/w) to the same emulsion sys-
tem, moreover, ι-carrageenan as non-adsorptive agent is able to stabilize the same 
emulsion system from creaming at pH 6 (above the pI of whey protein) at concen-
tration range 0–0.15% w/w (Gu et al. 2005).

The authors believed that at pH 3, the aggregation of oil droplets is induced by 
the droplet-carrageenan-droplet bridging effect moreover, they observed a greater 
change of ζ-potential in the system containing a higher level of carrageenan com-
paring the emulsion systems containing a lower concentration of carrageenan (Gu 
et al. 2005). However, according to the aforementioned mechanism of “optimum 
adsorption” in adsorptive stabilization and the gelling mechanism of carrageenan, it 
is reasonable to re-interpret the experimental results from this research using an 
alternative reaction mechanism which is explained as follows. At pH 3, at lower 
concentration levels of carrageenan (0% < x < 0.08% w/w), weak gel is formed by 
carrageenan–carrageenan cross-linkages (carrageenan is able to form gel at concen-
tration as low as 0.018% w/w) (Drohan et al. 1997). The weak gel hinders oil drop-
lets interaction and the relatively high surface charge results in electrostatic repulsion 
between oil droplets. The emulsion system is thus stable. At higher concentration 
levels of carrageenan (0.08% < x < 0.15% w/w), the carrageenan molecules adsorb 
onto the surface of emulsion droplets via the interaction with the emulsifying agent, 
β-lactoglobulin, therefore neutralizing the surface charge of oil droplets. The exces-
sive free carrageenan interacts free β-lactoglobulin forming polymer-protein com-
plex and induces depletion flocculation of oil droplets. Consequently, the emulsion 
system is destabilized. The interaction mechanism between the nondairy polymer 
and dairy protein or dairy protein stabilized emulsion droplets is complicated. It is 
just shown in this paragraph that different speculative mechanisms may be used to 
explain the rationale of the same set results. Such uncertainties in stabilizing dairy 
food systems are the driving force for initiating more systemic research so that one 
can draw a clearer picture of the functionality of a nondairy polymer in a colloidal/
emulsion systems containing milk proteins or milk protein stabilized oil droplets.

The significant suggestion to dairy technologists is that one should hypothesize 
a stabilization mechanism of the targeted product before formulating and process-
ing the dairy matrix. Subsequently, the microstructure and stability can be engi-
neered by selecting proper nondairy polymers, applying them at proper 
concentrations, adjusting system temperature, pH, and ionic strength, etc. for 
achieving the non-adsorptive or adsorptive stabilization. Sometimes, probably most 
cases of commercial product applications, both non-adsorptive and adsorptive reac-
tions may occur in one system for achieving the physical stability. For instance, in 
the stabilized system containing gelatinized starch granules, leached starch poly-
mers (amylose and amylopectin) and dairy proteins (whey and casein), the starch- 
casein association presents in the dairy protein dispersion system. Moreover, starch 
self-associated networks also present in the dairy protein dispersion system. These 
starch-protein and starch-starch networks are responsible for increasing complex 
viscosity (Kumar et al. 2017).
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19.4  Texture Establishment

Besides stabilization, nondairy polymers are applied as texturizers to manipulate 
the rheological, tribological properties of dairy foods so that the market preferred 
sensory attributes may be achieved (Foegeding et al. 2010; Marshall and Rawson 
1999; Foegeding 2007; Van den Berg et al. 2007). The heterogeneous group of long- 
chain polymers mainly polysaccharides and proteins/polypeptides are able to 
engage water molecules forming viscous dispersion system in the aqueous phase of 
dairy dispersion/emulsion/gel systems. The engagement of water molecules is due 
to the presence of large quantity of hydroxyl groups in the nondairy polymers. The 
capability of forming higher viscous dispersion system makes the hydrocolloid as a 
“thickening agent” which is used for providing body and increasing creaminess in 
dairy food products. A gel as tangled and interconnected molecular network may 
also be formed in the aqueous phase of dairy food system through crosslinking of 
polymers (Oakenfull and Glicksman 1987). The gel system may provide mechani-
cal rigidity, and it may be flowable liquid-like (injectable, low yield stress) gel or 
non-flowable (highly elastic, high yield stress) solid-like gel (Piron and Tholin 
2001; Le et  al. 2017; Brenner et  al. 2015). In general, the polymer-polymer and 
polymer-dairy protein interactions defer to the aforementioned of non-adsorptive 
and adsorptive interaction mechanisms.

19.4.1  Thickening Dairy Matrixes

Polymers as thickeners in dispersion system presented as polymer random coils; its 
concentration determines the physical feature of the dispersion system (Daoud et al. 
1975). Three concentration domains are defined as separated chains, overlapping 
chains, and concentrated solution regime (Berry et al. 1979). The thickening effect 
derives from polymer-solvent interactions, and it is strongly correlated with the 
restricted freedom of movement of individual chains of the polymer which is deter-
mined by the degree of overlapping chain (Morris 1994). Therefore, it is logical to 
state that an ideal concentration of polymer is needed for initiating functional thick-
ening effect. The ideal concentration is named as “critical coil overlap concentra-
tion” (c*), the polymer chain starts overlapping and entangling between each other. 
Consequently, the viscosity of the dispersion/emulsion systems significantly 
increases (Baines and Morris 1987). Therefore, for thickening and improving month 
feel of dairy food using nondairy hydrocolloids, one needs to know the c* of the 
polymer candidate. Although the physical features and perception of taste intensity 
of polysaccharides fortified solution systems have been studied, more research 
through engineering approaches is required for constructing mathematical models 
containing c* as one of the key predictors which may be used in predictions of sen-
sory attributes.
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c* is the critical parameter which determines the transition of rheology nature of 
dispersion system between the Newtonian fluid and non-Newtonian fluid (Phillips 
and Williams 2009). The c* may be measured and calculated via using experimental 
approaches (Morris et al. 1981; Cook et al. 2002), and may also be estimated from 
prediction models (Ying and Chu 1987). In the experimental approach, zero-shear 
specific viscosity (η0) and intrinsic viscosity (η) are measured and estimated using 
Huggins and Kraemer models (Eqs. (19.1) and (19.2), η: intrinsic viscosity, ηsp: 
specific viscosity, c: concentration). Then c* is calculated using the model log(c × η) 
(x-axis)-log (η0) (y-axis), c* is the c which results the intersect point on the log-log 
model (Morris et al. 1981, Cook et al. 2002). In a recent study, the author stated 
intrinsic viscosity is used for estimating c* using the equation c* = 1/η (Van der 
Sman 2015); intrinsic viscosity can be expressed by Fiery-Fox relationship (Flory 
1953).
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Starch as its native or modified forms has been widely used in dairy food formula-
tions as a thickening agent (Gutiérrez et al. 2017; Gutiérrez 2018). This may due to 
its relatively lower cost comparing with other gum stabilizers and relatively clean 
taste (Saha and Bhattacharya 2010). In dairy pudding dessert system containing 
milk proteins, carrageenan, and unmodified starch granules, it was found that the 
gelatinized starch granules do not contribute the gel structure formation (Verbeken 
et al. 2004). Continuously increasing the concentration of starch results exclusion 
effect. This effect causes a concentration of gelling agent in the aqueous phase of 
the dairy food system, therefore, strengthens the gel structure. Exclusion effect 
dominates the starch enriched dairy food system containing gelling agents, and such 
effect is more pronounced when the effects caused from dairy protein and gelling 
polysaccharide (carrageenan) (Verbeken et al. 2004). Such starch induced exclusion 
effect may be utilized in the dairy formulation strategy when one attempts to 
enhance the dairy gel structure without using additional relatively expensive dairy 
proteins and gelling gums.

Xanthan gum as a thickening agent is used for increasing viscosity of the differ-
ent dairy liquid or semi-solid systems at different pH levels (Hemar et al. 2001a, b; 
El-Sayed et al. 2002). Its viscosity dominated the viscosity of protein dispersion 
systems made from different dairy protein ingredients at neutral pH (incl. skim milk 
powder, milk protein concentrate and sodium caseinate) (Hemar et  al. 2001b). 
However, phase separation appeared in the dispersion systems when xanthan gum is 
mixed with skim milk powder and milk protein concentrate (Hemar et al. 2001b). 
The author attributed the phase separation to depletion flocculation. Low concentra-
tion of xanthan gum (≤0.2% w/w) induced visual creaming of milk protein stabi-
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lized emulsion droplets at neutral pH (Hemar et  al. 2001a). In yogurt (acidified 
dairy protein gel system), the addition of a small volume of xanthan gum (at con-
centrations of 0.01% and 0.05%, w/w) resulted in a dramatic increase of gel curd 
tension and a significant decrease of syneresis rate (El-Sayed et al. 2002). Xanthan 
gum and locust bean gum (LBG) are co-used in food gel systems for improving 
sensory and rheological attributes due to the proven synergetic effects (Juszczak 
et  al. 2003). However, such synergy does not necessarily appear in an emulsion 
system; it found that xanthan gum-LBG combination did not result in higher viscos-
ity in a mayonnaise-like emulsion comparing the system containing the same 
amount of sole type of polymer (Dolz et al. 2007).

Other polysaccharides such as carboxymethyl cellulose (CMC), methyl cellulose 
(MC), hydroxypropylmethyl cellulose (HPMC), gum Arabic (GA), guar gum (GG), 
tara gum (TG), konjac mannan (KM), gum tragacanth (GT) are all know as thicken-
ing agents in dairy food systems at different pH levels (Bayarri et al. 2009; Zhao 
et al. 2009; Arboleya and Wilde 2005; Ibanoğlu 2002; Mudgil et al. 2014; Bourriot 
et al. 1999; Saha and Bhattacharya 2010; Tobin et al. 2011; Azarikia and Abbasi 
2010). Moreover, some of these aforementioned polymers may also be used as 
emulsifiers for stabilizing emulsion oil droplets, for instance, MC, HPMC, GA 
(Arboleya and Wilde 2005; Mcnamee et al. 1998). Bayarri et al. (2009) found that 
when a higher concentration of CMC (>1%, w/w) is applied in skim milk, a weak 
gel rheology feature is identified. Therefore, it is important to point out that the 
concepts about thickening agent, gelling agent, emulsifying agent are an empirical 
description of the functionality of polymers rather than absolute definition. Dairy 
technologists need to know the broad functionalities of individual polysaccharides 
in different dairy systems rather than simply group a polymer as a thickening agent 
or a gelling agent.

19.4.2  Smoothing Dairy Matrixes

Creaminess is one of the key sensory attributes of dairy foods which strongly cor-
related with consumers’ hedonic response (Folkenberg and Martens 2003). It is 
generally understood that creaminess perception in dairy products are determined 
by both flavor and texture, and the fat content plays a crucial role (Mela 1988). 
Reducing fat content from dairy matrix results in undesirable sensory properties and 
less consumer acceptance (Cardello 1994; Tuorila et al. 1994). Polysaccharides are 
used as fat replacers in fat-reduced dairy foods for compensating thickness, rheo-
logical behavior and creaminess perception (Bayarri et  al. 2010). However, it is 
important to point out that the detailed mechanism of creaminess perception is not 
fully understood. It might be combined sensations of flavor, texture, and psychology 
(Drake 1989; Antmann et al. 2011; Frøst and Janhøj 2007; Kilcast and Clegg 2002; 
Elmore et al. 1999). The general agreement according to a series of research states 
that structure, texture, and smoothness are highly correlated with creaminess per-
ception (Akhtar et al. 2006; Elmore et al. 1999; Kilcast and Clegg 2002). Extensive 
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knowledge and research findings are available for manipulating structure and tex-
ture (mainly rheological features) properties of dairy foods. However, techniques 
about how to engineer dairy food structure using non-dairy polymers with enhanced 
smoothness are relatively scarce. Clearly, creaminess improvement is far beyond 
manipulating rheological properties. Classically, viscosity at 50  s−1 shear rate is 
used as an indication of mouthfeel perception (Wood 1968). However, it was noted 
that such parameter is insufficient for describing perceived thickness or creaminess 
of dairy-based emulsion systems containing nondairy polymers used as texturizer 
(Akhtar et al. 2006). Recently, tribology techniques are developed for quantitatively 
characterizing the smoothness of dairy systems (Sonne et al. 2014; Nguyen et al. 
2016; Meyer et al. 2011b; Laguna et al. 2017; Dresselhuis et al. 2008). Such techni-
cal developments open a gate for screening tribological functionalities of food poly-
mers in dairy food matrices.

Regarding modifying creaminess perception, maltodextrin (13.5% w/w) and 
xanthan gum (0.17%), respectively, are able to enhance creaminess perception of 
dairy protein stabilized emulsion system, and maltodextrin is relatively more func-
tional comparing with xanthan gum in terms of elevation of creaminess level 
(Akhtar et al. 2006). The authors controlled the viscosities of the emulsion systems 
which contain the two different polymers at the same level at a reference shear rate 
(50  s−1). They noted that the sensory creaminess perception might be altered by 
nondairy polymer without changing viscosity (Akhtar et  al. 2006). The same 
research group also found that low methoxyl pectin is more functional than xanthan 
gum for increasing creaminess of dairy emulsion at the relatively thinner system 
(viscosity 50 mPa.s at 50 s−1). Such discrimination of functionality vanished at the 
thicker system (viscosity 100 mPa.s at 50 s−1) (Akhtar et al. 2005). It is important to 
reveal that although pectin and xanthan gum were able to increase creaminess per-
ception, their capability of creaminess enhancement is not comparable with fat con-
tent. It is interesting to note that at the same viscosity level (50 mPa.s at 50 s−1), the 
creaminess perception of pectin fortified emulsion is still lower than the plain emul-
sion system, even though the fat content of the pectin-containing emulsion (22% 
vol/vol) is slightly higher than the plain emulsion (20% vol/vol) (Akhtar et al. 2005). 
Therefore such polymers cannot be used as fat replacers for maintaining the intrin-
sic creaminess.

In the dairy protein gel structured system, nondairy polymers may be used for 
improving creaminess. λ-carrageenan as a non-gelling agent only increases the vis-
cosity of aqueous phase in milk or dairy gel system; it was reported that λ-carrageenan 
at 0.06% (w/w) increased creaminess of gelled dairy dessert (Tarrega and Costell 
2006). Application of long-chain chicory inulin (4% w/w) in no fat yogurt was 
found to be able to mimic the rheological features of full-fat yogurt. However, no 
sensory data is available in that research (Paseephol et al. 2008). Mimicking the 
rheological parameters does not guarantee matching of creaminess (Szczesniak 
2002). 8% (w/w) of long-chain inulin was recommended to be added to skim milk 
for compensating the creaminess of whole fat milk (Villegas et al. 2007). Meyer and 
co-authors (2011a) elaborated the working mechanism of inulin in dairy products as 
texture modifier for enhancing creaminess, it was noticed that the smoothing effect 
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of long-chain inulin is hindered by higher concentration of starch (4% w/w). For 
increasing the creaminess of low fat yogurt, inulin must be applied before fermenta-
tion and be part of the protein gel structure (Kip et al. 2003). Inulin can interfere 
with the extracellular polysaccharides, therefore, reduce the “brush friction” result-
ing elevating creaminess level (Kip et al. 2006; Marle et al. 1999).

19.5  Conclusion

Application of nondairy polymers offers dairy technologists a great opportunity to 
construct sophisticated dispersion/gel structures which are essential for maintaining 
the physical stability of innovative; value-added dairy products. The nondairy poly-
mers are capable enough to modify the texture of dairy foods resulting desirable 
changes of sensory attributes. The general interaction mechanisms of different type 
of polymers in liquid/gel based dairy systems are explained in this chapter. Such 
information as a powerful guideline provides strategic approaches for future formu-
lation of dairy foods, for instance, one would know how to prevent segregative 
phase separation and associative phase separation when thickening agents and gell-
ing agents are needed in what type of dairy system. However, the technical boundar-
ies of the functionality of individual polymers and detailed mechanism of 
polymer-dairy system interaction are not fully clear. For the interest of specific 
application, further systemic research is needed for mapping the functionalities of 
individual polymers in different dairy systems.
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Chapter 20
Partially Hydrolyzed Guar Gum:  
Preparation and Properties

Deepak Mudgil

Abstract Guar gum is a galactomannan obtained from the endosperm portion of 
seed of the plant Cyamopsis tetragonolobus. Guar gum is used as thickener and 
stabilizer in food industry due to its high viscosity in aqueous solution. The partial 
hydrolysis of the guar galactomannan leads to production of partially hydrolyzed 
guar gum (PHGG) which is similar in structure to native guar galactomannan. 
PHGG can be produced by enzymatic hydrolysis, acid hydrolysis, irradiation, 
microwave and ultrasonication techniques. Enzymatic hydrolysis of guar gum is 
preferred for food processing applications. In enzymatic hydrolysis, enzymes such 
as mannanse, pectinase, cellulase cut the linkages between mannose units in the 
main chain. Partial hydrolysis of guar gum leads to the reduction in molecular 
weight of native guar gum. Partially hydrolyzed guar gum shows low viscosity in 
aqueous solutions. X-ray diffraction analysis of partially hydrolyzed guar gum 
revealed that it is little crystalline in nature as compared to native guar galactoman-
nan which is amorphous in nature. Partially hydrolyzed guar gum produced from 
enzymatic hydrolysis can be used mainly for nutritional purpose i.e. for develop-
ment of fiber enriched processed food products such as cookies, bread, noodles, 
yoghurt etc. Its specific physicochemical properties make it possible to improve the 
quality of food products. Partially hydrolyzed guar gum as soluble dietary fibre is 
beneficial in diabetes, heart disease and digestive problems.

Keywords Cardiovascular diseases · Diabetes · Dietary fiber · Galactomannan · 
Prebiotic
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20.1  Introduction

Guar gum is a water soluble galactomannan obtained from seed endosperm of guar 
plant i.e. Cyamopsis tetragonolobus, a leguminous plant grown mainly in India and 
Pakistan and shares about 90% of world guar production. India’s share in world 
guar production is 80% which makes it a world leader in guar production (Mudgil 
et al. 2014a). Guar gum is basically present in endosperm fraction of guar seeds as 
galactomannan. Its main property is its water solubility at room temperature and 
formation of highly viscous solution in water at low temperature as well as at high 
temperature. This high viscosity in aqueous solution makes guar gum commer-
cially valuable. Most of the food products have water phase in them and guar gum 
has capability of water phase management in these food products hence can be 
used as a stabilizing agent, thickening agent and improvers in numerous food prod-
ucts such as beverages, ice cream, sauces, cakes, bread, noodles, fruit crush, 
squashes, etc. (Mudgil et  al. 2011). The high viscosity of guar gum becomes a 
problem when it has to be utilized as dietary fiber (Greenberg and Sellman 1998). 
Dietary fibers are the complex carbohydrates which resist the human digestive 
secretion and resist their digestion and absorption in human alimentary canal. 
Dietary fibers are considered very useful in prevention of certain disease such as 
cardiovascular, diabetes and digestive problems. Human digestive enzymes cannot 
digest guar gum hence it can also be utilized as dietary fiber (Mudgil and Barak 
2013; Butt et al. 2007). Unfortunately, native guar gum cannot be utilized as dietary 
fiber at physiological beneficial concentration as it gives very high viscosity at 
higher concentration and causes undesirable textural changes from consumer point 
of view. This restricts its application in food products especially liquid food prod-
ucts. This high viscosity of native guar galactomannan also interferes with the 
digestion and absorption of certain nutrients which are essential for good health 
(Mudgil et al. 2012a).

Partially hydrolyzed guar gum attracted interest of many food scientists and 
nutritionist because of its health benefits. Moreover, it has very low viscosity, no 
color, no taste at physiologically beneficial concentration which makes it accept-
able from consumer point of view. Partially hydrolyzed guar gum can be utilized 
as dietary fiber source in various food products without interfering with their tex-
tural and sensory properties (Greenberg and Sellman 1998). Partially hydrolyzed 
guar gum can be produced by enzymatic hydrolysis, acid hydrolysis, irradiation, 
microwave and ultrasonication techniques (Tayal and Khan 2000; Cheng et  al. 
2002; Gupta et al. 2009; Singh and Tiwari 2009). Enzymatic hydrolysis of guar 
gum is preferred for food processing applications. In enzymatic hydrolysis, 
enzymes such as mannanse, pectinase, cellulase etc. are used for processing (Yoon 
et al. 2008; Shobha et al. 2005; Mudgil et al. 2014b). These enzymes or hydrolyz-
ing agents used in hydrolysis process, act on the linkage between the mannose 
backbone and breaks these linkages. The acid hydrolysis, microwave and ultra-
sonication hydrolysis processes use chemicals or acids as processing aids which 
helps in the hydrolysis of native guar gum and leads to production of partially 
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hydrolyzed guar gum. Irradiation can also be used for the preparation of depoly-
merized or partially  hydrolyzed guar gum. Co-60 isotope is generally used as a 
source of gamma radiations for hydrolysis of native guar gum (Gupta et al. 2009). 
Microwave and ultrasonic waves are also capable of inducing hydrolysis in native 
guar galactomannan molecular chain. Partially hydrolyzed guar gum is similar in 
structure and function as compared to native guar gum as evidenced from various 
characterization techniques such as Fourier Transform Infrared Spectroscopy, 
Differential Scanning Calorimetry and X-ray Diffraction (Mudgil et  al. 2012b). 
The only difference between the two is viscosity and molecular weight as evi-
denced from rheology and viscsometry. Partially hydrolyzed guar gum is color-
less, tasteless, odorless and less viscous in aqueous phase. Various studies have 
been reported regarding the physicochemical and structural properties of partially 
hydrolyzed guar gum (Mudgil et al. 2012c). Enzymatically hydrolyzed guar gum 
is also reported to be safe for consumption based on the results from subchronic 
feeding study and mutagenecity tests. Hence, it can be used for fiber fortification 
of various food products without changing their sensory properties. Partially 
hydrolyzed guar gum as soluble dietary fibre is beneficial in various diseases such 
as diabetes, heart disease and digestive problems because of its resistance towards 
human digestive secretion and interaction with other nutrients and metabolites 
(Yoon et al. 2008).

20.2  Structure

Guar galactomannan is a high molecular weight heteropolysaccharide composed of 
linear backbone chain of β(1→4)-linked mannose units to which α(1→6)-linked 
galactose units are attached as side chains at alternate position. The galactose to 
mannose ratio in guar galactomannan is about 1:1.6 to 1:2. Side chain galactose is 
substituted at mannose chain as random distribution (Mudgil et al. 2014a). Partially 
hydrolyzed guar gum obtained from enzymatic hydrolysis by endo-β-d-mannanase 
have structure similar to native guar gum as it cleave β(1→4) linkages between 
mannose in backbone chain without disturbing the galactose side chain. Hence the 
structure of partially hydrolyzed guar gum remains unchanged in spite of the molec-
ular weight. Enzymatic treatment of native guar gum with pectinase from Aspergillus 
niger not only causes the depolymerization but also causes debranching of galactose 
unit from mannose chain. Hence the molecular weight of resultant hydrolyzed prod-
uct is reduced and the galactose to mannose ratio ranges from 1:2.1 to 1:2.8 (Shobha 
et al. 2005). It is also reported that pullulanase from Bacillus acidopullulyticus can 
also cause hydrolysis and debranching in native guar galactomannan which leads to 
reduction in molecular weight. Debranching of galactose unit leads to changes in 
galactose to mannose ratio in the resultant product which ranges between 1:2.4 to 
1:3.8 (Shobha and Tharanathan 2009).

20 Partially Hydrolyzed Guar Gum: Preparation and Properties



532

20.3  Processing

Native guar gum can be transformed into partially hydrolyzed guar gum via numer-
ous processes such as enzymatic hydrolysis, thermal hydrolysis, acid hydrolysis, 
gamma irradiation, microwave and ultrasonication techniques. Among all these 
techniques, enzymatic hydrolysis is the considered as best for food processing 
points of view because of less use of hazardous chemicals and inactivation of 
enzymes can be carried after hydrolysis process.

20.3.1  Enzymatic Hydrolysis

Enzymatic hydrolysis can be performed using number of enzymes such as man-
nanase, cellulase, pectinase, pullulanase etc. Hydrolysis of native guar galactoman-
nan via use of mannanase enzyme is most popular. Mannanse enzyme acts on the 
linkage which holds together the mannose molecules in backbone chain. It hydro-
lyzes this linkage and leads to production of partially hydrolyzed guar gum. 
Mannanse treated guar galactomannan has very reduced molecular weight and vis-
cosity as compared to native guar galactomannan. It has similar galactose to man-
nose ratio as in native guar because mannanase do not affect the linkages which 
hold galactose side chains on the mannose chain (Yoon et al. 2008). Similar to man-
nanase, cellulase can also be used for the preparation of partially hydrolyzed guar 
gum which is similar to native guar gum except molecular weight and viscosity 
(Mudgil et al. 2014b). Pectinase and pullulanase enzymes are also reported to have 
depolymeration capacity against native guar galactomannan. Both these enzymes 
also cause debranching of galactose from the mannose chain and the resultant prod-
uct from such hydrolysis has modified galactose to mannose ratio (Shobha et al. 
2005; Shobha and Tharanathan 2009). All these enzymes require certain specific 
conditions during hydrolysis processes such as temperature, pH, time, enzyme to 
substrate ratio etc., which should be fulfilled to achieve the desire degree of hydro-
lysis. Hence enzymatic hydrolysis processes are generally carried out at optimum 
conditions. Native guar gum is partially hydrolyzed during these enzymatic hydro-
lysis processes hence these are referred to as partial hydrolysis processes.

20.3.2  Acid Hydrolysis

Controlled acid hydrolysis process of native guar galactomannan is also reported for 
the production of partially hydrolyzed guar gum. In acid hydrolysis, guar galacto-
mannan is completely hydrolyzed into its monomer units if it is not carried out in 
controlled conditions (Wang et  al. 2000). The process parameters required to be 
controlled are temperature, time, amount of guar gum and acid. The main acid used 
in this hydrolysis process in HCl. This acid hydrolysis reaction of guar gum is 
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reported to be carried at room temperature (25 °C) as well as at elevated temperature 
(70 °C). The resultant product obtained after acid hydrolysis varied in their molecu-
lar weight depending on the conditions of the hydrolysis process (Cheng et  al. 
2002). Neutralization of acid is very essential after hydrolysis process as it affects 
the pH of the resultant product. The acid hydrolysis of native guar gum can be car-
ried out in solid-state medium or in dilute solution.

20.3.3  Thermal Hydrolysis

Native guar gum can also be hydrolyzed via noncatalytic hydrothermal process. In 
this process, hydrothermal conditions are maintained to carry out degradation of 
guar gum. Temperature of 180–240 °C and reaction time of 3–60 min is required for 
the hydrothermal degradation of guar gum which leads to resultant product having 
low molecular weight and degree of polymerization. It is reported that at optimum 
conditions, i.e. 200 °C temperature and reaction time of 7 min leads to production 
of oligosaccharide with degree of polymerization of up to 20 with a yield of about 
94%. Increase in reaction time leads to lower production of oligosaccharide and 
higher concentration of monosaccharides. Hence partially hydrolyzed guar gum can 
be prepared via hydrothermal process at optimum conditions of temperature and 
reaction time (Miyazawa and Funazukuri 2006). Effect of pH and addition of anti-
oxidant rheological properties of guar galactomannan at elevated temperature have 
also been reported (Kok 2010). Kok (2010) reported that heat treatment (at 100 °C) 
within pH range of 5–9 showed remarkable variations in the viscosity of the resul-
tant product. Kok (2010) reported also that lowest viscosity and maximum degrada-
tion can be obtained at pH 7, which means that this pH is optimum for the free 
radical activity. Addition of antioxidants provides stability to gums against free 
radical degradation. Hence, it also validated the hypotheses that the degradation in 
gum at higher temperature is caused due to the action of free radicals.

20.3.4  Irradiation Hydrolysis

Irradiation is reported as a useful technique for decrease the molecular weight and 
viscosity of native guar gum. It affects the molecular integrity of native guar galacto-
mannan molecule. It is reported that molecular mass and viscosity of final irradiated 
guar galactomannan depends on the irradiation dose level. Hence, partially hydro-
lyzed guar gum can also be prepared via controlling irradiation dose level. Irradiation 
does not cause significant change in gross conformation of guar galactomannan. The 
proposed mechanism of breakdown/hydrolysis of guar galactomannan in this process 
is random fracture. Intrinsic viscosity value of hydrolyzed guar gum molecules con-
firms their lower molecular weight with increasing radiation dose. Intrinsic viscosity 
of hydrolyzed guar gum shows rapid decrease at lower dose levels as compared to 
higher dose levels. Irradiation of native guar galactomannan causes a significant 
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change in rheological behavior of resultant irradiated product. Irradiation at higher 
dose level leads to shift in rheological behavior towards Newtonian behavior as com-
pared to shear thinning behavior of native guar gum (Jumel et al. 1996). Native guar 
gum can be irradiated in powder form as well as in solution-form using Co-60 gamma 
irradiator at ambient temperature condition. Gupta et al. (2009) reported the effect of 
initial apparent viscosity and moisture content on degree of hydrolysis and rheologi-
cal properties of irradiated guar gum. They reported that rate of degradation of guar 
gum during irradiation is dependent on initial moisture content of native guar gum 
before irradiation. They also reported that there were no considerable chemical func-
tional group conversions in irradiated guar gum as compared to native guar gum as 
evidenced from FTIR spectroscopy. Radiation processing of native guar gum also 
leads to decrease in its apparent viscosity and consistency index. They also reported 
that at higher initial moisture content of guar gum the free radical formed are lost due 
to cross-linking and leads to reduced degradation rates (Gupta et al. 2009).

20.3.5  Microwave Hydrolysis

Microwave hydrolysis is an alternate and efficient method for the preparation of par-
tially hydrolyzed guar gum. This process requires certain hydrolyzing agent or cata-
lyst (potassium persulphate) for the hydrolysis of guar polymer. These catalysts are 
more effective when used on solid substrate (gum) as compared to the aqueous solu-
tion of gum. This method do not involved the use of acids for hydrolysis (Singh et al. 
2006). Reddy and Tammishetti (2004) also reported microwave mediated free radical 
degradation of guar gum for the preparation of lower molecular weight fragments. In 
this method guar gum powder is mixed with fixed quantity of water containing potas-
sium persulphate or hydrogen peroxide and kneaded well followed by grinding which 
leads to formation of spongy material. This spongy material subjected to microwave 
treatment followed by washing and drying operations. The resultant hydrolyzed gum 
obtained from this process is referred to as partially hydrolyzed guar gum as evi-
denced from its molecular weight which is much more higher than the monomer unit 
of guar galactomannan molecule. Partially hydrolyzed guar gum obtained from this 
microwave hydrolysis show less intrinsic viscosity and molecular weight than native 
guar gum and improved film forming properties. Thermo gravimetric analysis of the 
resultant hydrolysis product reveals that there is no major change in chemical structure 
of the gum (or cross-linking) as compared to native guar gum. It is considered to be 
more effective than conventional thermal hydrolysis process (Singh and Tiwari 2009).

20.3.6  Ultrasound Hydrolysis

Depolymerization of guar gum can also be achieved using ultrasound irradiation or 
hydrolysis for preparation of partially hydrolyzed guar gum. Ultrasound alone or in 
combination with enzyme or microwave has been reported for partial hydrolysis of 
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guar gum. Ultrasonic hydrolysis of guar gum can be achieved using high intensity 
probe type ultrasonic processor. Guar gum solution at low concentration is prepared 
and subjected to ultrasound treatment which leads to production of partially hydro-
lyzed guar gum with reduced molecular weight (Ansari et al. 2013). Ultrasound treat-
ment becomes more effective when used in combination with microwave irradiation. 
Microwave hydrolysis of native guar gum followed by ultrasonication treatment has 
been reported more effective than ultrasound alone for depolymerization of guar gum. 
Ultrasound hydrolysis when used in combination with initiator (potassium persul-
phate) is most effective to achieve depolymerization of native guar gum (Prajapat and 
Gogate 2015). Ultrasound assisted enzymatic depolymerization of aqueous solutions 
of native guar gum has also been reported in which the effect of ultrasound treatment 
along with enzyme (cellulase) at different temperature was studied. Combination of 
ultrasound treatment with cellulase enzyme exhibits superior competence than cellu-
lase alone which is due to the modifications in the spatial conformation of enzyme 
contributing to the intensification. The combination of ultrasound and cellulase 
enzyme hydrolysis of guar gum was more beneficial at 50 °C as compared to the 
singular action of ultrasonication and enzyme hydrolysis. At this temperature enzyme 
activity is higher and the cavitational activity is optimum (Prajapat et al. 2016).

20.4  Composition

Partially hydrolyzed guar gum is most suitable for food applications because of its 
high solubility, low viscosity, colorless, tasteless, and odorless behavior. It gets 
slight sweet taste as a result of partial enzymatic hydrolysis. It forms transparent 
aqueous solution when dissolved in water. In dry form it is a fine white powder. In 
powder form it contains around 8% moisture, 2% protein, 2.5% ash and 1% fat 
(Yoon et al. 2008). Partially hydrolyzed guar gum is a rich source of dietary fiber. It 
contains about 83% of total dietary fiber. It has a very low molecular weight and 
viscosity value as compared to native guar gum (Mudgil et al. 2016a).

20.5  Physicochemical Properties

20.5.1  Intrinsic Viscosity

Intrinsic viscosity represents the characteristic of an isolated individual macromol-
ecule present in solution. Its value depends on the shape and specific volume of the 
individual molecule and is associated with its molecular weight and gyration radius. 
Intrinsic viscosity of polymers is estimated by capillary viscsometry. For measure-
ment of intrinsic viscosity, first relative viscosity is determined which is the ratio of 
flow time of solution and flow time of solvent. This relative viscosity is then con-
verted into specific viscosity by deducting one from it and extrapolation of this 
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specific viscosity to zero concentration of polymer. Intercept of extrapolation to 
zero concentration gives the value of intrinsic viscosity. Partially hydrolyzed guar 
gum shows intrinsic viscosity value ranges between 2.72 and 0.28 (Cheng et  al. 
2002; Mudgil et al. 2012c; Reddy and Tammishetti 2004).

20.5.2  Apparent Viscosity

Viscosity is generally considered as resistance to flow of liquid. It is a single viscos-
ity measured at constant speed in a viscometer. Native guar gum in aqueous solution 
exhibits very high apparent viscosity as compared to partially hydrolyzed guar gum. 
Apparent viscosity is generally determined using spindle type viscometer at a spe-
cific temperature, with specific spindle and at a fixed spindle rotational speed. Low 
value of apparent viscosity of partially hydrolyzed guar gum is required for its uti-
lization as a source of dietary fiber in formulation of fiber fortified or enriched food 
products. A very low value, i.e. 4 cps has been reported for 1% aqueous solution of 
partially hydrolyzed guar gum (Mudgil et al. 2012b).

20.5.3  Viscosity Stability

Aqueous solution of partially hydrolyzed guar gum shows more viscosity stability 
as compared to native guar gum solution. Viscosity of partially hydrolyzed guar 
gum shows stability at very high temperature, i.e. 130 °C and broad range of pH, i.e. 
3.0–7.0. Partially hydrolyze guar gum solution is stable at high salt concentration, 
i.e. up to 10%. Digestive enzymes such as amylases cannot cause changes in the 
viscosity of the partially hydrolyzed guar gum solutions (Yoon et al. 2008).

20.5.4  Shear Viscosity

It is measured as the friction between the fluid and moving boundaries. Controlled 
stress rheometers are generally used of measuring shear viscosity of aqueous gum 
solutions using cone-plate and concentric cylinders geometry. Partially hydrolyzed 
guar gum has different shear viscosity as compared to native guar gum. Native guar 
gum shows pseudoplastic behavior or more specifically shears thinning behavior, 
whereas partially hydrolyzed guar gum shows Newtonian behavior as evidenced from 
the rheological analysis reported in literature. It is also reported that viscosity values at 
different shear rates for partially hydrolyzed guar gum are lower as compared to native 
guar gum. Gamma irradiated guar gum samples at low irradiation dose are reported to 
have large shear rate dependence on viscosity while the guar gum samples irradiated 
at higher dose levels (above 5 kGy) exhibits Newtonian behavior (Jumel et al. 1996).
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20.5.5  Molecular Weight

Molecular weight of polymers or oligomers is an important inherent characteristic 
which is associated with many of its functional and physiological properties 
(Siracusa et al. 2008). Viscosity of guar gum is very much dependent on its molecu-
lar weight (Robinson et  al. 1982). Partially hydrolyzed guar gum has very low 
molecular weight as compared to native guar gum. Molecular weight of native and 
partially hydrolyzed guar gum can be measured using techniques such as size exclu-
sion chromatography (SEC), dilute solution viscsometry, ultracentrifugation, etc. 
Recent publications reported that molecular weight of guar gum and partially 
hydrolyzed guar gum is about 900  kDa and 8  kDa, respectively (Mudgil et  al. 
2012b). Enzymatic hydrolysis breaks the bonds between mannose molecules in the 
backbone chain and leads to reduction in chain length and ultimately the reduction 
in molecular weight of partially hydrolyzed guar gum. Average degree of polymer-
ization of partially hydrolyzed guar gum after enzymatic hydrolysis is about 29 
(Mudgil et al. 2012c).

20.5.6  Sedimentation Coefficient

The rate at which molecule moves in a centrifugal field is related to its molecular 
weight and viscous drag which oppose this movement of molecule in solution. 
Sedimentation coefficient thus has an importance as it give knowledge regarding the 
conformation of molecules in the solution. Sedimentation velocity experiments on 
partially hydrolyzed guar gum especially via irradiation reveal the monodisperse 
nature (Jumel et al. 1996).

20.5.7  Flow Behavior Index and Consistency Index

Flow behavior index is a measure of flow ability of a substance whereas consistency 
index is a measure of consistency of a substance. Flow behavior index and consis-
tency index of gum samples can be determined using spindle viscometer or rheom-
eter. Viscosity of gum samples are measured at different shear rates and the data 
obtained from viscosity measurement is fitted in Power Law model to get the value 
of flow behavior index and consistency index. Flow behavior index value of guar 
gum and partially hydrolyzed guar gum are reported as 0.31 and 1.70, respectively. 
The value of flow behavior index for any substance below one represents non- 
Newtonian behavior and above one represents Newtonian behavior. This is the rea-
son why native guar gum has a shear thinning behavior, whereas partially hydrolyzed 
guar gum shows a Newtonian behavior. The reported value of consistency index of 
guar gum and partially hydrolyzed guar gum are about 4.0 and 0.07, respectively 
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(Mudgil et al. 2012c). The low consistency index value of partially hydrolyzed guar 
gum enables it for fortification of several food products including beverages without 
disturbing their original texture and consistency.

20.5.8  Crystallinity Index

Crystallinity index is measure of per cent crystalline behavior of molecule. 
Crystallinity index value describes the molecular alignment in particle structure of 
a substance. X-ray diffraction analysis is used to describe the crystalline or amor-
phous nature of the substance. X-ray diffraction analyse results reveal that native 
guar gum has amorphous structure. Empirical formula proposed by Segal et  al. 
(1959) can be used for calculating the crystallinity index of guar gum and partially 
hydrolyzed guar gum which uses difference in intensity at two specific Bragg 
angles, i.e. 18° and 22.7°. Percent crystallinity index reported for guar gum and 
partially hydrolyzed guar gum are 3.86 and 13.2%, respectively. The higher crystal-
linity index value describes the higher crystallinity or molecular alignment in par-
tially hydrolyzed guar gum as compared to native guar gum. Enzymatic hydrolysis 
of native guar gum reduces its molecular weight and chain length due to which they 
are more align in particle structure as compared with native guar gum molecules 
which are long polymer chain of high molecular weight. Shorter chain length of 
polymers leads to more alignment and higher crystallinity index.

20.5.9  Solubility

Partially hydrolyzed guar gum is water soluble and alcohol insoluble in nature. It is 
soluble in cold and hot water like native guar gum. The pH has no significant on the 
solubility of partially hydrolyzed guar gum. This water solubility and low viscosity 
of partially hydrolyzed guar gum at broad temperature and pH range makes it a 
significant dietary fiber source which can be utilized for the dietary fiber fortifica-
tion of the solid and semi-solid foods as well as the beverages. In aqueous systems, 
it forms stable solution which shows longer stability during their period of storage.

20.5.10  Tensile Strength

Films prepared from partially hydrolyzed guar gum shows good tensile strength as 
compared to films obtained from native guar gum. Films prepared from native 
guar gum are brittle in nature due to high molecular weight of guar gum which 
leads to production of colloidal solution (Álvarez et al. 2017). True solutions of 
the material are considered to have better film-forming properties as compared to 
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colloidal solutions. Films obtained from partially hydrolyzed guar gum have bet-
ter properties because it forms true solution due to its enhanced solubility and low 
viscosity and molecular weight. Partial hydrolysis of guar gum improves the ten-
sile strength and elongation at break values which is desirable for coating applica-
tions (Reddy and Tammishetti 2004).

20.5.11  Thermal Properties

Thermal properties of partially hydrolyzed guar gum can be analyzed using differ-
ential scanning calorimetry. Mudgil et al. (2012b) reported change in heat flow of 
partially hydrolyzed guar gum over a temperature range of 50–500 °C at a heating 
rate of 10 °C/min. They reported that partially hydrolyzed guar gum shows endo-
thermic peaks at 223 and 274 °C, and exothermic peak at 295 °C. Endothermic peak 
at 223  °C is associated with initial disintegration, whereas endothermic peak at 
274  °C is associated with commencement of combustion. Exothermic peak at 
295  °C is associated with continuing thermal and oxidative decomposition and 
vaporization and elimination of volatile substances. DSC results revealed that enzy-
matic hydrolysis of guar gum leads to reduction in decomposition temperature as 
evidenced from the lower exothermic peak temperature. It is associated with shorter 
chain length and molecular weight of partially hydrolyzed guar gum.

20.6  Food Applications

Partially hydrolyzed guar gum does not interact with other ingredients in food prod-
ucts or we can say that it remains stable when used in food for fortification. It does 
not cause viscosity change in protein solutions, precipitation of soluble material and 
destabilization of emulsions.

Partially hydrolyzed guar gum is colorless, tasteless, odorless hence it does not 
interfere with the color and taste and odor of the food products which makes it a 
unique functional ingredient for development of dietary fiber fortified food prod-
ucts. Moreover, it is considered as shelf life enhancer of high-starch foods as it 
decreases dextrin turbidity at low temperature. PHGG has been reported for its 
application in various food products such as bread, cookies, noodles, yoghurt, bev-
erages, etc. Partially hydrolyzed guar gum also improves the products characteris-
tics besides fortification and enrichment of dietary fiber in such products. It also 
aids in the processing of food products such as cereals flow ability, improvement in 
dough rheology, stabilization and mellowing of flavor in beverages, texture improve-
ment in yoghurt as well as in bakery products. Low viscosity of partially hydrolyzed 
guar gum makes it a suitable ingredient for dietary fiber fortification of food prod-
ucts including beverages.
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20.6.1  Bread

Mudgil et al. (2016b) reported utilization of partially hydrolyzed guar gum for the 
fiber fortification in wheat bread. Wheat flour of bread was replaced with partially 
hydrolyzed guar gum at the levels of 1–5%. The effect of partially hydrolyzed guar 
gum fortification in bread on firmness, specific loaf volume and sensory acceptabil-
ity of bread has been reported. Partially hydrolyzed guar gum addition in bread at 
level of up to 3% decreases the bread firmness or in other words softer breads can 
be prepared using partially hydrolyzed guar gum as fortificant at certain level which 
means that partially hydrolyzed guar gum in bread provides strength to the gluten 
network and helps in retaining the spongy structure which results in softer bread. 
Optimum concentration of partially hydrolyzed guar gum reported for bread fortifi-
cation is 1.59%. At this concentration of PHGG, bread with lower firmness and 
higher specific loaf volume is obtained which has similar sensory acceptability as 
compared to bread containing no partially hydrolyzed guar gum (i.e. control bread). 
At this level of PHGG, total dietary fiber content increased from 2.52% (control 
bread) to 3.78% (fortified bread) and soluble dietary fiber content increased from 
0.53% (control bread) to 1.76% (fortified bread). Hence it is reported that PHGG 
not only improves the dietary fiber content of bread but also improves the bread 
characteristics.

20.6.2  Cookies

Partially hydrolyzed guar gum has been reported for dietary fiber fortification in 
wheat flour cookies (Mudgil et  al. 2012d). Wheat flour of cookies dough was 
replaced with partially hydrolyzed guar gum at the levels of 1–5%. The effect of 
partially hydrolyzed guar gum addition in cookie dough along with different water 
levels and baking time on spread ratio, cookie texture and sensory acceptability of 
cookies has been reported. Partially hydrolyzed guar gum causes significant 
changes in physical and sensory characteristics of cookies. It is reported that when 
cookies fortified with partially hydrolyzed guar gum at concentration of 2.21%, it 
results in decrease in the hardness, spread ratio and overall acceptability as com-
pared to control cookies. This reduction in cookie hardness upon partially hydro-
lyzed guar gum fortification is caused by lower level of gluten formation as the 
portion of wheat flour was replaced with partially hydrolyzed guar gum which 
causes reduction in concentration of gluten forming proteins in partially hydrolyzed 
guar gum fortified cookie dough. The optimum level of partially hydrolyzed guar 
gum in cookie dough increases its total dietary fiber content approximately up to 
4% as compared to control cookies. PHGG in cookies increases dietary fiber con-
tent along with softness in cookies (Mudgil et al. 2017a). Partially hydrolyzed guar 
gum also reported to have prebiotic effects on selected human colonic microflora 
when utilized for fortification of biscuits. The increase in number of bifidobacteria 
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is more pronounced in volunteers having low initial population levels of bifidobac-
teria (Tuohy et al. 2001).

20.6.3  Yoghurt

Dairy products including yoghurt are naturally devoid of dietary fiber. Hence dietary 
fiber fortification of dairy products is of current interest. Partially hydrolyzed guar 
gum has been reported for dietary fiber fortification in yoghurt (Kondo et al. 2004; 
Mudgil et al. 2016c). Kondo et al. (2004) reported the effect of partially hydrolyzed 
guar gum in yoghurt on the rise of postprandial serum lipid levels. The results of this 
study suggested that partially hydrolyzed guar gum has potential for the reduction 
of hyperlipaemia. Mudgil et al. (2016c) reported the effect of partially hydrolyzed 
guar gum levels, culture levels and incubation time on physicochemical properties 
such as viscosity, water holding capacity, acidity and sensory acceptability of 
yoghurt. On the basis of desirable physicochemical properties the optimum value of 
PHGG for yoghurt fortification has been reported as 2%. This optimum level of 
PHGG when used for the fortification of yoghurt it results in improved physico-
chemical properties and slightly lower sensory acceptability. The effect of partially 
hydrolyzed guar gum fortification on textural characteristics of yoghurt has also 
been reported (Mudgil et al. 2017b). Results of this study reveal that partially hydro-
lyzed guar gum fortification in yoghurt is negatively correlated with firmness and 
gumminess of yoghurt. The results also reveal that adhesiveness, cohesiveness and 
springiness are positively correlated with the levels of partially hydrolyzed guar 
gum fortified in yoghurt. The optimum level of partially hydrolyzed guar gum 
reported for desired textural characteristics on the basis of response surface method-
ology is 3.37%. Another study also reported the stability of partially hydrolyzed 
guar gum in yoghurt when added at 3% level. Partially hydrolyzed guar gum is more 
stable as compared to other dietary fiber (such as polydextrose, inulin and resistant 
dextrin) in yoghurt. PHGG in yoghurt also show more lactic acid bacteria count 
after 1 week of storage as compared to polydextrose, inulin and resistant dextrin 
(Kapoor and Juneja 2009).

20.6.4  Beverage

Beverage segment is one of the very important and fast growing segments of pro-
cessed food industry. Beverages are liquid products generally consumed for their 
refreshing, thirst quenching nature. They are instant source of energy hence also 
utilized by sport persons. The ingredients used in beverages should have certain 
specific characteristics such as solubility in water and it should not impart color and 
flavor to beverages. Partially hydrolyzed guar gum possesses all these characteris-
tics hence suitable for dietary fiber fortification in beverages. Minekus et al. (2005) 
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reported the effect of partially hydrolyzed guar gum fortified yoghurt drink on bio-
accessibility of fat and cholesterol in healthy volunteers. Partially hydrolyzed guar 
gum reduces the bioaccessibility of fat and cholesterol when used at 3 and 6% level 
in yoghurt drink. Mudgil and Barak (2016) also reported development of functional 
buttermilk by fortification with partially hydrolyzed guar gum. They also reported 
the effect of partially hydrolyzed guar gum on physicochemical properties such as 
acidity, pH, viscosity, whey separation. Partially hydrolyzed guar gum enhances the 
viscosity of buttermilk whereas it reduces the whey separation of buttermilk which 
is desirable from consumer point of view. Both these characteristics are very impor-
tant parameter for any beverage quality. Higher viscosity of the beverage up to cer-
tain levels are generally liked by consumers as it increases the mouthfeel of the 
beverage. Phase separation in beverages is considered as a technical problem and is 
not accepted by consumers. Partially hydrolyzed guar gum interacts with milk con-
stituents particularly proteins and reduces the phase separation in buttermilk during 
storage. Results reveal that fortification of buttermilk with 4% level of partially 
hydrolyzed guar gum gives desirable sensory characteristics.

20.6.5  Noodles

Noodles are very famous among natives of Asian countries. Noodles constitutes 
important portion of the daily diet in Asian continent. Noodles possess little quan-
tity of dietary fiber as it is prepared from refined wheat flour hence dietary fiber 
fortification of noodles is essential as it is a staple food in several Asian countries 
and spreading its popularity in other countries of the world. Mudgil et al. (2016a) 
reported effect of partially hydrolyzed guar gum, water level and dough mixing 
time on textural characteristics of white salted noodles such as hardness, adhesive-
ness, cohesiveness, chewiness and resilience. Wheat flour for noodle making was 
replaced with partially hydrolyzed guar gum at the levels of 1–5 g/100 g of flour. 
Partially hydrolyzed guar gum fortification in noodles was positively correlated 
with hardness, adhesiveness, chewiness and resilience. Partially hydrolyzed guar 
gum improves the textural characteristics of white salted noodles by hampering the 
gluten protein network in noodles. Mudgil et  al. (2017c) reported the effect of 
partially hydrolyzed guar gum fortification on cooking yield, cooking loss and 
sensory acceptability of white salted noodles. Partially hydrolyzed guar gum forti-
fication in noodles decreases cooking yield and increases cooking loss due to its 
water soluble nature which leads to its loss in water and ultimate reduction in cook-
ing yield and increase in cooking loss. Noodles fortified with optimum level of 
partially hydrolyzed guar gum are more acceptable to consumer due to their 
improved textural characteristics. Kapoor and Juneja (2009) also reported that par-
tially hydrolyzed guar gum can also be utilized as additive in noodles as it reduces 
noodles tangling when added to seasoning sauce at a concentration level of 5% 
after 2 h of hydration.
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20.7  Health Benefits

20.7.1  Cardiovascular Diseases

Higher levels of triglycerides and cholesterol are recognised as responsible factors 
for cardiovascular diseases. In last decade, lot of research has been carried out on 
dietary fibers which demonstrated that dietary fibers are associated with improved 
lipid metabolism and reduced risk of cardiovascular diseases. It is reported that 
soluble dietary fibers have lipid and cholesterol lowering effect (Kay 1982). Partially 
hydrolyzed guar gum as functional soluble fiber has ability to improve the blood 
lipid profile as evidenced from numerous animal and human studies. The effect of 
native guar gum (molecular weight 300 kDa) and partially hydrolyzed guar gum 
(molecular weight 24 kDa) have been reported on total and plasma cholesterol and 
triglyceride levels in rats (Takeno et al. 1990). In this study, rats were fed hypercho-
lesterolemic diet having native guar gum or partially hydrolyzed guar gum for 
21 days. Native guar gum effectively decreases the rise of total cholesterol and tri-
glyceride levels, whereas partially hydrolyzed guar gum was effective in decreasing 
the elevation of plasma cholesterol and triglyceride levels. It suggests that native 
and partially hydrolyzed guar gum both are effective in reducing the plasma choles-
terol. It proves the functionality of low viscosity and molecular weight partially 
hydrolyzed guar gum in plasma cholesterol lowering. Another study reported the 
effect of diet containing insoluble dietary fiber (cellulose) and soluble dietary fiber 
(pectin, native and partially hydrolyzed guar gum) on serum lipids. It reported that 
soluble fibers reduce total cholesterol and triglyceride levels (Yamada et al. 1999). 
Ide et al. (1991) also reported the cholesterol lowering effects of native and partially 
hydrolyzed guar gum (at 8% level) in rats. They reported that both native and par-
tially hydrolyzed guar gum reduces serum lipid levels which validate the functional-
ity of partially hydrolyzed guar gum in attenuation of blood cholesterol levels. The 
similar effect of partially hydrolyzed guar gum has also been reported in numerous 
human volunteer studies (Takahashi et al. 1993; Yamatoya et al. 1997; Alam et al. 
2005). All these studies suggest that partially hydrolyzed guar gum can be effec-
tively utilized as hypocholesterolemic agent as it binds the bile acids in the intestine 
and increases fecal excretion of bile acids which ultimately leads to increase in the 
cholesterol oxidation to bile acids and reduces the cholesterol levels.

20.7.2  Diabetes

Guar gum is reported very potent in postprandial glycemia in patients having dia-
betes. It reduces the increase in postprandial glucose level and insulin concentra-
tion and leads to control of diabetes. Enrichment of liquid enteral formulas at a 
concentration level of soluble fibre which is effective physiologically leads to its 
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viscosity enhancement and restricts its oral intake. Partially hydrolyzed guar gum 
solves this problem as it do not show high viscosity as compared to native guar 
gum hence apt for oral intake. It is reported that intake of formulas containing par-
tially hydrolyzed guar gum significantly reduces the blood glucose and insulin con-
centration in diabetes patients as compared to formula not containing PHGG 
(Golay et al. 1995; Gu et al. 2003). Some reports observed no considerable effects 
on glucose and insulin plasma concentrations. It is proposed that partially hydro-
lyzed guar gum reduces the postprandial serum glucose level by combined action 
of three different mechanisms. In first mechanism, partially hydrolyzed guar gum 
enhances the viscosity of small intestine juice and makes it viscous which hampers 
the diffusion of glucose. According to second mechanism, partially hydrolyzed 
guar gum binds the glucose molecules and leads to decrease in the concentration of 
glucose in small intestine. According to third mechanism partially hydrolyzed guar 
gum reduces α-amylase action via encapsulating starch molecules and makes them 
unavailable or least available for amylase action. The combined action of all three 
mechanisms leads to reduction in the glucose absorption rate and the postprandial 
serum glucose concentration. Reported results revealed that partially hydrolyzed 
guar gum is much lesser viscous as compared to native guar gum, but it has similar 
effect on the reduction of postprandial blood glucose level as compared to native 
guar gum (Jenkins et al. 1978; Yamatoya et al. 1993).

20.7.3  Irritable Bowel Syndrome

Irritable bowel syndrome is considered as typical gastrointestinal functional disor-
der in which abdominal uneasiness is caused by some factors such as defecation, 
change in bowel pattern and abnormal defecation (Brenner et al. 2009). Irritable 
bowel syndrome is not a life threatening disorder but it certainly diminishes the 
quality of life (Drossman et al. 2002). Dietary fiber is considered to play important 
role in treatment of irritable bowel syndrome. Water soluble and non-gelling types 
of dietary fiber are more prominent for the treatment of irritable bowel syndrome. 
Increased fiber intake is recommended for patient suffering from irritable bowel 
syndrome (Bijkerk et al. 2004). High amount of fiber intake in diet leads to softer 
and bulkier stools, improved colonic peristalsis, reduced gut transit time which ulti-
mately results in ease in defecation. Partially hydrolyzed guar gum is reported very 
effective in these physiological conditions and helps in reducing the abdominal pain 
as well as symptoms in both forms of irritable bowel syndrome (i.e. constipation 
and diarrhea-predominant). In small bowel, partially hydrolyzed guar gum is 
hydrated by incorporation of water. In large bowel, hydrated partially hydrolyzed 
guar gum regularizes fecal moisture and boosts the volume of fecal output. Partially 
hydrolyzed guar gum in presence of greatly hydrated milieu enhances water reten-
tion and upgrades the stool consistency (Giannini et al. 2006).
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20.7.4  Prebiotic Effects

Soluble types of dietary fibers are reported to have favourable effects on improve-
ment of microbial gut health. It is reported that guar galactomannan is promptly 
undergo fermentation by fecal microflora (Salyers et al. 1977). The resultant prod-
uct of guar galactomannan fermentation leads to reduction in colonic pH and 
enhanced production of short chain fatty acids. This reduction in pH improves the 
intestinal health via maintaining the absolute environment which is essential for the 
survival and growth of beneficial bacteria. These conditions are unfavourable for the 
formation of unhealthy microbial metabolites (Goldin and Gorbach 1976; Hood and 
Zottola 1988). Partially hydrolyzed guar gum has been reported to exhibit similar 
effects on gut health and immunological functions. Carlson et al. (2016) studied the 
effect of partially hydrolyzed guar gum fermentation on gut microbiota. They 
reported that partially hydrolyzed guar gum stimulates the growth of bacteria, i.e. 
Bacteroides and Parabacteroides which are negatively correlated with irritable 
bowel syndrome and ulcerative colitis. Hence it is concluded that partially hydro-
lyzed guar gum is a readily fermentable dietary fiber having prebiotic activity 
(Carlson et al. 2016).

20.7.5  Laxation Effect

Diarrhea is one of the gastrointestinal disorders associated with tube fed patients. 
Patient conditions such as stress, surgical procedure, bacterial contamination of gut, 
antibiotic medication and protein energy malnutrition attributed to diarrhea (Bliss 
et al. 1992). Enteral nutrition is suspended in conditions like diarrhea because it 
interfere with fluid and electrolyte balance in patients. In tube fed patients the inci-
dence of diarrhea is between 2 and 63%. There are no standard factors which can 
describe diarrhea condition however three main factors such as stool consistency, 
stool frequency and stool quantity are generally used to define diarrhea condition. 
Reduction in diarrhea can be achieved by partially hydrolyzed guar gum addition to 
tube feeding formulas. Partially hydrolyzed guar gum can be added to various food 
and beverages due to its low viscosity and it reduces the quantity of laxative agents 
used in aged people. It is reported that partially hydrolyzed guar gum can suppress 
transitory diarrhea caused by ingestion of maltitol and lactitol. Alam et al. (2015) 
reported the efficacy of partially hydrolyzed guar gum supplemented oral rehydra-
tion solution (ORS) for the treatment of watery diarrhea in severely malnourished 
children. They concluded that partially hydrolyzed guar gum added to ORS effec-
tively reduces duration of diarrhea, stool output and increases the weight gain in 
malnourished children. Suggested mechanism for suppression of diarrhea by fiber 
such as partially hydrolyzed guar gum is related to its bacterial fermentation leading 
to production of short chain fatty acids which expedite the absorption of sodium 
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chloride and water in the colon (Roediger and Moore 1981; Binder and Mehta 
1989). It also stimulates the epithelial cell proliferation and causes recovery of 
mucosal atrophy and damage (Slavin and Greenberg 2003). Hence partially hydro-
lyzed guar gum can be utilized as functional fiber due to its ability to furnish useful 
physiological effects on laxation and gastrointestinal disorders.

20.7.6  Appetite Control and Weight Management

Uncontrolled appetite and intake of extra calories leads to obesity type health prob-
lems hence control of appetite and fewer intakes of extra calories are considered as 
rational way for obesity control or weight management. Viscous types of dietary 
fiber are very adequate in appetite control but due to their high viscosity these can-
not be supplemented at physiologically beneficial higher doses in diet. Partially 
hydrolyzed guar gum is low viscosity and water soluble type of dietary fiber hence 
it has certain health benefits. One of these benefits is its potential for use in appetite 
control. The main mechanism suggested for appetite control by partially hydrolyzed 
guar gum are extension of colonic transit time, and incitement of satiety hormone 
cholecystokinin which leads to extended feeling of post meal satiety. It is reported 
that 2 g per serving dose level of partially hydrolyzed guar gum provide the uninter-
rupted post meal satiety and it also minimizes the calorie intake (20%) in between 
two meals in normal subjects. Satiety effects of partially hydrolyzed guar gum are 
more pronounced when it is consumed along with protein. Hence partially hydro-
lyzed guar gum can be used as a novel ingredient for satiety control (Rao 2016).

20.8  Conclusions

Partially hydrolyzed guar gum is water soluble gum obtained after partial hydrolysis 
of native guar gum via enzymatic hydrolysis, acid hydrolysis, irradiation, micro-
wave and ultrasonication techniques. It is similar in structure and functions to native 
guar galactomannan except molecular weight and viscosity. It has approximately 
ten times lesser molecular weight than native guar gum. Enzymatically hydrolyzed 
guar gum has been extensively studied for its food applications as dietary fiber. 
Partially hydrolyzed guar gum can be used for fiber fortification of food products 
due to its less viscosity, water soluble, tasteless, colorless and odorless behavior. 
Hence, it can also be used in liquid products such as beverages. Its fortification in 
food products not only increases the dietary fiber content but also improves their 
physicochemical and sensory characteristics. Partial hydrolysis of guar gum do not 
interfere with its functional nature hence its use in food products leads to certain 
health benefits such as diabetes, cardiovascular disease, prebiotic effects, satiety 
control, digestive problems, etc. similar to native guar gum.
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Chapter 21
Development of Hydrogels from Edible 
Polymers

Akbar Ali and Shakeel Ahmed

Abstract Hydrogels are three dimensional crosslinked macromolecular network 
structures that can absorb and retain a significant amount of water without dissolv-
ing in it. This chapter reflects a detailed account on hydrogel developed from edible 
polymers and their potential applications highly emphasizing on food industries as 
packaging material. Hydrogels based on edibles polymers offers many valuable 
properties compared to their synthetic counterparts. Edibles polymers can contrib-
ute to the reduction of environmental contamination; advances recyclability, pro-
vides sustainability and there by increases its applicability along with providing 
environmentally benign products. The application of edible polymer hydrogel cov-
ers many areas including drug delivery to tissue engineering in biomedical fields, 
food industries; providing more safe and attractive products, and pharmaceuticals 
etc. The main objective of this chapter is to provide a brief idea and description 
about edible polymers based hydrogels, its synthesis, properties and applications.

Keywords Biopolymers · Cross-linking · Food packaging

21.1  Introduction

Hydrogels are three dimensionally crosslinked network structure having great affin-
ity for water without disturbing their dimensional stability. The water absorbing 
capacity of the hydrogel depends on the presence and number of hydrophilic groups 
and domains in the network structure. The dimensional stability was maintained by 
either physical or chemical linkages between the polymer networks. Chemical link-
ages includes permanent bonding while physical linking comprises many transitory 
junctions like, chain entanglements, ionic interactions, hydrogen bonding and 
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hydrophobic interaction etc. The structures of hydrogel were also influenced by the 
change in concentration, structure, monomer functionality and crosslinker.

On the basis of their origin hydrogels can be divided into two broad categories; 
the synthetic and the natural hydrogels. Synthetic hydrogels such polyvinyl alcohol, 
polyacrylamide, polyethylene glycol, etc. are known for their excellent mechanical 
strength. On contrary, the natural hydrogels lack enough mechanical strength. 
However, both of them have their own drawbacks and advantageous properties. 
Which mark them very important for different applications, subject to the proper 
choice of materials as per applications required? Both synthetic and natural polymer 
based hydrogels have been projected as scaffolding materials in tissue engineering 
for more than a decade. Dried hydrogels in the forms of films have being now 
reported as biodegradable packaging materials for food, pharmaceuticals products 
and cosmetics (Langmaier et al. 2008). Edible films and coatings have delivered an 
interesting and often crucial complementary means for regulating the quality and 
stability of various food products (Guilbert et al. 1995). Coatings can apply directly 
on the food product, while films can be applied or used after prepared separately.

21.2  Edible Polymer Based Hydrogels

Edible polymers mainly consist of polysaccharides, proteins and lipids (Fig. 21.1). As 
being totally biodegradable, edible polymer based packaging materials could contribute 
to an alternative solutions in reducing the amount of non-biodegradable plastic waste. 

Fig. 21.1 Types of edible polymer
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Although there are some issues regarding its uses in industrial applications due to poor 
mechanical properties; which can be overwhelmed by various chemical modification. 
Ribeiro et  al. thoroughly investigated the effect of polysaccharide based coatings 
(starch, carrageenan and chitosan) to extend the shelf-life of strawberry fruit particu-
larly for industrial applications (Ribeiro et al. 2007). Table 21.1 provides a detailed 
account of edible polymers based hydrogel films, its preparation, properties and appli-
cation in food industries.

21.3  Polysaccharides

Polysaccharides are complex carbohydrate molecules comprising of many mono-
saccharides units linked via glycosidic linkages. Polysaccharide can be obtained 
from animals, plants, microorganisms and seaweeds etc. Depending on its composi-
tions, it could be either homo-polysaccharide or hetero-polysaccharide. Among 
edible polymers, polysaccharides in particular have some excellent properties and 
have been explored in every fields to their full potential (Pasqui et al. 2012). Due to 
their biocompatibility and biodegradability polysaccharide based materials found 
prospective applications in food industries, pharmaceuticals, biomedical, agricul-
tural, and green chemistry et., (García-González et al. 2011; Prabaharan and Mano 
2006; Shewan and Stokes 2013). Some polysaccharides were already commercially 
available as gelling and thickening agents, stabilizer, emulsifier and encapsulating 
agents in food and non-food industries. Polysaccharide based dry hydrogels (films) 
have suitable mechanical and organoleptic properties for food packaging (Guilbert 
et al. 1995). There are numbers of edible polysaccharides; in this chapter few of 
them have been discussed in details along with its hydrogel preparation.

21.3.1  Starch

Starch is the most abundant and extensively studied biopolymer in food industries 
due to its biocompatibility and biodegradability (Gutiérrez et al. 2015b, c, 2017; 
Suárez and Gutiérrez 2017). Starch consists of two homopolymers of d-glucose 
units, amylose (10–20%) the linear α-d-glucan (α-1,4 linkage) and branched amy-
lopectin (80–90%) having α-1,4 as well as α-1,6 linkages (Fig.  21.2) (Lu et  al. 
2009). The relative proportion of these components differs depending upon the 
sources (e.g., potato, corn, wheat etc.) and also effects the crystallinity and molecu-
lar order of the polysaccharide (Ellis et al. 1998; Gutiérrez 2018a). The amorphous 
part mainly contains amylose along with some amylopectin, whereas the crystalline 
parts were dominated by amylopectin (Sajilata et  al. 2006). Amylose fraction in 
starch act as an important parameter in determining the mechanical properties, water 
vapor sorption, stress strain behaviour and also affects the films forming capability 
of starch (Lourdin et al. 1995; Bader and Göritz 1994a, b, c; Gutiérrez et al. 2015d). 
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Starch contains large number hydroxyl functionality on the backbone (C-2, C-3 and 
C-6 position of each glucose unit), which provides hydrophilic character to starch 
and also acts as sites for further chemical modification (Gutiérrez and Alvarez 
2017a, b, c). In food industries starch based food packaging and edible films are two 
major applications. The organoleptic, nutritional, functional, mechanical and other 
properties can be modified by the addition of non-toxic chemicals in small amounts 
(Romero-Bastida et al. 2005). Starch exhibits physical properties similar to conven-
tion polymer plastic such as tasteless, odourless, nontoxic, resistant to oxygen pas-
sage, biologically absorbable and semipermeable to carbon dioxide.

The starch gel was usually regarded as a composite, in which swollen gelatinized 
starch granules are embedded in and reinforce an interpenetrating amylose gel matrix 
(Ring 1985). The gelation of starch involves thermally assisted three steps, hydration-
plasticization of polymeric network (Ismail et al. 2013). First step, involves swelling 
of hydrophilic starch granules via water absorption, followed by heat induced gelati-
nization in the second step, resulting in leaching of the amylose component, destruc-
tion of granule structure and irreversible physical changes. The third step is the 
retrogradation step, in which hydrogel network formed upon cooling and aging. 
Partial reorganization and recrystallization in the network structure of polysaccharide 
take place during retrogradation (Matignon and Tecante 2017; Morris 1990). The 

Fig. 21.2 Chemical components of starch (a) amylose and (b) amylopectin
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gelatinization temperature and amylase content highly effect the gel formation (Miles 
et al. 1985; García-González et al. 2011).

Starch based hydrogels exhibits numerous advantageous properties, however 
there are some serious disadvantages also such as highly water sensitivity and poor 
mechanical properties making them inadequate for packaging applications (John and 
Thomas 2008; Xiong et al. 2008). Therefore chemical modification or blending with 
other polymer improves both of these drawbacks. Ghanbarzadeh et  al. reported 
chemically modified starch based composite with enhanced barrier and mechanical 
property (Ghanbarzadeh et al. 2011). Modification of starch with citric acid (0–10%) 
and its blending with carboxymethyl cellulose (CMC) improves its water vapour bar-
rier property as well as tensile strength. The improvement in barrier property were 
attributed to the substitution of hydrophilic hydroxyl (-OH) groups with hydrophobic 
ester groups. However, excess of citric acid increases the water vapor transmission 
through the films. Addition of CMC also showed positive effect on both moisture 
resistance and tensile strength. The films with CMC (15%, w/w) showed the lowest 
water vapour permeability values. Addition of plasticizer like sorbitol and glycerol 
improves heat sealability as well as seal strength (375 N/m at 3:1, sorbitol-glycerol) 
of starch based films (Abdorreza et al. 2011). Sorbitol plasticized films however pos-
sessed better heat sealability as compared to glycerol. The seal strength value become 
lower than synthetic polymers (≥730 N/m), however it become comparable to other 
polysaccharide films, e.g., carrageenan films (130 N/m for sorbitol and 137 N/m for 
glycerol), lactic acid-casein films plasticized with sorbitol (153–247 N/m) and pro-
tein isolate/lipid emulsion films (301–323 N/m) (Kim and Ustunol 2001).

For food preservation, researchers have considered the incorporation of food 
components and additives into starch based biodegradable films to improve food 
shelf life (Gutiérrez et al. 2015a; Fama et al. 2005). However, in non-food usage 
starch were modified through various chemical functionalities to achieve products 
with suitable properties for different applications. Esterification and grafting are 
two highly reported methods for the preparation of starch based hydrogel through 
chemical means (Chu et al. 2011; Hong et al. 2016; Ackar et al. 2015; Athawale and 
Lele 1998; Zhai et  al. 2002). Athawale et  al. reported preparation of acrylamide 
grafted maize starch based hydrogel initiated by ceric ions (Ce4+) in an aqueous 
medium (Athawale and Vidyagauri 1998). The maximum water absorption achieved 
by this hydrogels was 170 g/g. The grafting of acrylamide on to starch takes place 
via a free radical mechanism. The Ce4+ form complex with –OH groups of starch at 
C-2 and C-3 position, which leads to decomposition generating the free radicals and 
Ce4+ gets reduced to Ce3+ releasing a proton. The grafting of acrylamide onto starch 
thus takes place at the generated active sites (Dragan and Apopei 2011). The graft-
ing of vinyl monomers enhances the stability of starch (Athawale and Lele 2000). 
Acryl modified starch based hydrogels acts as excellent dyes sorbents materials 
(Dragan and Apopei 2011).

Now, a day’s polysaccharide based nanocomposites hydrogels were under tre-
mendous investigation due to its advanced property as compared to conventional 
hydrogels. Starch based nanocomposites films exhibit with excellent antimicrobial 
property as well as improved mechanical and barrier property (Gutiérrez 2018b). 
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Abreu et al. prepared a starch based nanocomposite films containing montmorillon-
ite, C30B (Mnt) and silver nanoparticle (AgNP) for packaging applications (Abreu 
et al. 2015). The nanocomposite films exhibit good antimicrobial activity against 
Staphylococcus aureus, E. coli and Candida albicans. Contact test using food simu-
lants also indicate safe applicability of such films for food packaging. Nanocomposites 
containing nano clay displayed significant improvement in tensile strength and mod-
ulus with effecting in elongation at break (Chung et al. 2010; Majdzadeh-Ardakani 
et al. 2010). Bozanic et al. reported sago starch based Ag composite films with good 
bioactivity against S. aureus, E. coli and C. albicans (Bozanic et al. 2011).

21.3.2  Cellulose and Cellulose Derivatives

Cellulose is the most abundant nature based polysaccharide, exists as the chief com-
ponent of plants and also produced by some microorganism (Somerville 2006; 
Römling 2002). It is composed of glucose monomers in linear fashion linked by 
β-1,4-glucosidic bonds and every alternate glucose unit being flipped related to the 
next one, which gives high rigidity and crystallinity to cellulose (Fig.  21.3) 
(Gutiérrez and Alvarez 2017d; Varshney and Naithani 2011; Kamel et  al. 2008). 
Therefore, become insoluble in water and most organic solvents which limit its 
applications. These drawback can be exalted through various chemical modifica-
tions such as esterification and etherification (Roy et al. 2009; Pang et al. 2016). 
Various cellulose derivatives such as methylcellulose (MC), ethylcellulose (EC), 

Fig. 21.3 Cellulose and cellulose derivatives (R—new functional group in different derivatives) 
repeating unit
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hydroxyethyl cellulose (HEC), hydroxypropyl cellulose (HPC), hydroxyethyl 
methyl cellulose (HEMC) and sodium carboxymethyl cellulose (NaCMC) etc. are 
water soluble and are widely used in different applications (Fig.  21.3) (Álvarez 
et al. 2017). Among the different cellulose derivatives NaCMC is a polyelectrolyte 
and displays sensitivity to pH and ionic strength. This polyelectrolyte nature of 
NaCMC makes it ideal candidate for the development of smart superabsorbent 
hydrogels (Qiu and Hu 2013; Eldin et al. 2011).

Cellulose derivatives such as MC, EC, HMPC, and CMC etc., turn out to be the 
first choice raw materials for the hydrogels preparation in different applications due 
to their abundant availability, low cost and nontoxicity. The excellent biocompatibil-
ity and cell mediated biodegradation promoted the large scale usage of cellulose 
based hydrogel materials for biomedical applications (Märtson et al. 1999; Entcheva 
et al. 2004). Other applications of cellulose based hydrogels includes superabsorbent, 
water reservoirs, drug delivery, tissue engineering and wound dressing etc. (Sannino 
et al. 2004, 2000, 2009; Yu et al. 2017; Trojani et al. 2005; Nguyen and West 2002; 
Pandey et  al. 2017). Demitri et  al. prepared sodium carboxymethyl cellulose 
(CMCNa) and hydroxyethyl cellulose (HEC) based superabsorbent hydrogel using 
citric acid as crosslinking agent, which combine good swelling properties with bio-
degradability (Demitri et al. 2008). The crosslinking reaction takes place via an anhy-
dride intermediate formation. Gregorova et  al. reported carboxymethyl cellulose 
(CMC) and polyvinylpyrrolidone (PVP) based hydrogel for food packaging 
(Gregorova et al. 2015). The hydrogels were prepared using casting method in the 
presence of other ingredients polyethylene glycol (1%), agar (2%) and glycerine 
(1%). Both CMC and PVP hydrogels exhibits comparable water retention and uptake 
capacity. The mechanical strength of CMC hydrogel ranging between 43.7–45.7 MPa, 
the addition of PVP further improves the mechanical strength of hydrogels. In another 
report the water vapour permeability (WVP) and mechanical properties of MC and 
MC-whey protein (WP) composite films using glycerol as plasticizer were assessed 
by Erdohan et al. (Erdohan and Turhan 2005). The increasing concentration of MC 
in the hydrogel decreases WVP, whereas tensile strength and percent elongation sig-
nificantly increased. The maximum and minimum WVP values found at a concentra-
tion level in the ratio of 0.3 and 0.8 for MC:WP, respectively. Therefore such type of 
hydrogels could find potential applications in food packaging. Pal et al. prepared a 
pH sensitive hydrogel membrane via esterification of aqueous NaCMC with acryloyl 
chloride added dropwise in methyl ethyl ketone (Pal et  al. 2006). Other method 
includes grafting of NaCMC with polyacrylic acid to develop smart pH-sensitive 
hydrogels (Eldin et al. 2011; El-Mohdy 2014; Pourjavadi et al. 2009).

21.3.3  Chitosan

Chitosan (CS) is a poly-cationic naturally occurring polysaccharide derived as a 
deacetylated form of chitin which is the second most abundant polysaccharide after 
cellulose in nature (Gutiérrez 2017). It contains more than 5000 glucosamine units 
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and is obtained commercially from shrimp and crab shell containing chitin (N-acetyl 
glucosamine). It is commercially produced by partial chemical de-acetylation of 
chitin extracted from crustaceans (insects, crabs, shrimp shell or squid pen wastes) 
by deproteination, decalcification and decolorization and from fungi by enzymatic 
extraction. CS is a copolymer of N-acetyl-d-glucosamine and d-glucosamine units 
with one amino (NH2) and two hydroxyl (-OH) functionality in each repeating gly-
cosidic units (Fig. 21.4) (Ali and Ahmed 2018). Two important parameters which 
strongly influence the characteristic of CS are its molar mass and degree of acetyla-
tion (DA). CS hydrogels exhibit good biocompatibility, biodegradability, film form-
ing ability, nontoxic, bioadhesive, blood anticoagulants and bioactivity. CS and 
chitosan derivatives have been extensively investigated in food industries as antimi-
crobials agents, coating and packaging, additives, dietary fibers, food processing, 
and encapsulating materials (Zargar et al. 2015; Wang et al. 2017a; Lagaron et al. 
2007). Other applications include pharmaceuticals, biomedical, wound healing, tis-
sue engineering, cosmetics, agricultural and water treatment etc. (Dodane and 
Vilivalam 1998; Dash et al. 2011; Islam et al. 2017; Bui et al. 2017; Boonlertnirun 
et al. 2017; Oladoja et al. 2017).

CS has demonstrated adequate ability to forms hydrogels, it can forms hydrogel 
in its native state, i.e. without crosslinker (Physical hydrogel) or in the presence of 
crosslinking agent (Chemical hydrogel). CS get dissolved under slight acidic envi-
ronment, the acidic solution of CS when exposed to alkaline pH results in the for-
mation of physical gels which is due the decrease in the apparent charge density of 
polymer (Fiamingo et al. 2016). Hydrogel bonding along with hydrophobic interac-
tion plays important role in gel formation. These type of simple gel preparation are 
important in the fabrication of nontoxic hydrogels particularly for biomedical and 
food applications. CS films can be prepared by direct evaporation of CS solution 
which is known to be the simplest technique. It also forms stable films under basic 
pH or neutral conditions because of its pH dependent solubility (Racine et al. 2017). 
Chitosan molar mass, degree of acetylation (DA) and solvent have a strong effect on 
the physical and mechanical properties of the films (Park et  al. 2002; Peh et  al. 
2000). Higher molar mass polysaccharide shown higher flexibility and high tensile 
strength, but high DA gives more brittle films (Tomihata and Ikada 1997; Rong 
Huei and Hwa 1996). Therefore, to improve its processability, brittleness and elastic 
properties, additives or plasticizers such as glycerol, PEG etc. were added to initial 
formulation, which increase polymer chains mobility via reducing polymer- polymer 
interaction (Rudyardjo and Wijayanto 2017).

Fig. 21.4 Chemical structure of chitosan
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CS based chemically crosslinked hydrogels offer enhanced control over physio-
logical stability and mechanical strength. CS possesses two functionality −NH2 and 
−OH groups, which can be modified or crosslinked with various different cross-
linkers or other polymers. CS based hydrogels have been researched for years in 
food industries due to their excellent performance. Pranoto et al. reported chitosan 
films incorporated garlic oil (GO), potassium sorbate (PS) and nisin (N) to enhance 
its antimicrobial activity (Pranoto et al. 2005a). The concentrations of additives GO 
at a minimum level of 100 μL/g, PS at 100 mg/g and N at 51000 IU/g of chitosan 
were found to have anti-microbial activity against S. aureus, L. monocytogenes and 
B. cereus. The addition of additives did not shown pronounced effect on the physical 
and mechanical properties of films. Thus, it can act as a good physical and antimi-
crobial barrier to food contamination. Bordenave et  al. investigated the effect of 
chitosan coating on the liquid water and moisture barrier properties of packaging 
papers (Bordenave et  al. 2007). Chitosan coating increases the moisture barrier 
properties of the paper, although not sufficient for packaging purpose as the surface 
hydrophilicity remains high. Pereira Jr. et  al. reported anthocyanins (natural pH 
indicators) doped polyvinyl alcohol (PVA)/chitosan films as time-temperature indi-
cator sensor based intelligent food packaging material (Pereira et  al. 2015). The 
hydrogel was prepared by mixing PVA (1%) and CS (1%) solution in the ratio of 3:7 
(v/v) respectively, through casting technique after incorporating anthocyanins 
(25%). To promote crosslinking 1.5% sodium tripolyphosphate solution were added 
to the mixture and pH maintained at 6.1 (using NaOH). The prepared hydrogel 
changes its colour in response to pH changing, thereby providing a simple and cheap 
way to detect the changes happening in the food chemical composition. However, 
the mechanical properties were diverged from those of commercially available poly-
mers. Genipin, a naturally derived compound, has been extensively used as a cross-
linker for chitosan based hydrogels due to its lower acute toxicity and higher 
biocompatibility as compared to synthetic crosslinker (Dimida et al. 2015; Mi et al. 
2000, 2001). Klein et al. reported genipin crosslinked chitosan particles as a novel 
alternative for food processing applications (Klein et al. 2016). The toxicity effect 
of genipin is 5000–10,000 times less as compared to conventional crosslinker glu-
taraldehyde (Sung et  al. 1999). However, the mechanical properties of hydrogel 
become almost comparable with both crosslinker. A graphical description of cross-
linking between genipin and chitosan is given in Fig. 21.5. The crosslinking mecha-
nism of genipin differs at different pH. Under neutral and acidic conditions, genipin 
reacts with primary amino groups of chitosan to form heterocyclic amines. The 
heterocyclic amines were further associated to form short chains crosslinked net-
work. Further, in the presence of an acid catalyst a nucleophilic substitution reaction 
of the ester group on genipin by the primary amine group on chitosan occurred (Mi 
et al. 2005; Butler et al. 2003). Under basic condition, a ring opening reaction of 
genipin occurs through a nucleophilic attack by hydroxyl group (−OH), prior to 
crosslinking with chitosan. The ring opening leads to formation of intermediate 
aldehyde groups which undergo aldol condensation. The cross-linking reactions 
were than occur via Schiff reaction between terminal aldehyde group on genipin and 
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amino groups on chitosan (Muzzarelli 2009; Sung et al. 1999). It can, thus, be con-
cluded that pH conditions has a very strong influence on the crosslinking reaction.

Jin et al. reported chitosan and chitosan/polyethylene oxide (PEO) based films 
crosslinked by genipin (Jin et al. 2004). The crosslinked films demonstrated better 
mechanical properties, elasticity, stability and more hydrophobicity. Swelling char-
acteristic of the films was time and pH dependent and the swelling extent can be 
reduced by higher concentration of genipin. Therefore such type of chitosan based 
hydrogel could be appropriate candidate in food-based applications.

21.3.4  Pectin

Pectin is a structural hetero-polysaccharide present in the primary cell wall of ter-
restrial plants. Pectins are polysaccharides bearing homopolymeric methyl- esterified 
poly-α-(1→4)-d-galacturonic acid and heteropolymeric α-(1→2)-l-rhamnosy-α-
(1→4)-d-galacturonosyl units Fig. 21.6 (Liu et al. 2012). The carboxylate groups in 
pectin tends to expand the structure, while the methylated groups impart 

Fig. 21.5 Crosslinking of chitosan with genipin
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hydrophobicity to structure (Willats et  al. 2006). Pectin has being used in food 
industries as thickening and gelling agent, which gives the desired firmness and 
modifies the texture of the gels (Yapo 2011; Willats et al. 2006).

Espitia et al. thoroughly elaborated the synthesis, techniques and applications of 
pectin based edible hydrogels films as active packaging material (Espitia et  al. 
2014). Pectin can be classified as high methoxyl (HMP, ≥50% of carboxyl groups 
esterified) and low methoxyl (LMP, ≤50% carboxyl groups esterified) pectin. HMP 
forms gels in acidic media in the presence of different sugars (glucose, sucrose, etc.), 
while LMP forms gels in the presence of multivalent ions (Mishra et  al. 2012; 
Videcoq et al. 2011). Gelation of pectin involves various intermolecular interactions; 
LMP involves electrostatic interactions between negatively charged polymer and 
positively charged cation, while in HMP gelation occurs at low pH in the presence 
of co-solutes where the electrostatic repulsion and water cavity are reduced (Alonso-
Mougán et al. 2002). Bayarri et al. investigated lysozyme/LMP properties to develop 
an edible antimicrobial film (Bayarri et al. 2014). The films were prepared by gradu-
ally increasing LMP concentration (0–2 g/L) at constant lysozyme concentration 
(0.14 g/L) up to a threshold LMP concentration. The developed film releases lyso-
zyme and can be used against lysozyme sensitive microorganisms particularly pecti-
nolytic enzyme producers (Bacillus and Clostridium spp.) as edible films.

21.3.5  Alginates

Alginate is a naturally occurring anionic hydrophilic, biocompatible, biodegrad-
able, and relatively economical biopolymer. Structurally, alginate consists of two 
forms being a family of copolymers, i.e. (1→4) linked β-d-mannuronic acid (M) 
and α-l-guluronic acid (G) monomers (Fig.  21.7) (Narayanan et  al. 2012). The 
structure of alginate has no regular repeating unit and it contains all the four possi-
ble glycosidic linkages. Alginate has been approved by U.S.  Food and Drug 
Administration (FDA), and become one of the most important biomaterials having 

Fig. 21.6 Chemical structure of pectin
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diverse applications in medicine, pharmaceutics, nutrition supplement and semiper-
meable separation etc. (Sun and Tan 2013; Balakrishnan and Jayakrishnan 2005; 
Kong et al. 2004).

The aqueous solution of alginic acid can be converted to ionotropic hydrogels via 
crosslinking with various metal cations, such as Ca2+, Fe3+, Sr2+ and Ba2+ etc. (Remya 
et al. 2012; Morch et al. 2006; Sreeram et al. 2004). The crosslinking reaction was 
take place through chelation between metal cations (M+) and carboxylate ions of algi-
nate (Fig. 21.8) (Narayanan et  al. 2012). In case of calcium alginate hydrogel the 
“egg-box” model structure were established in which four G subunits are bound by 
one Ca2+ ions in a 2/1 helical conformation (Li et al. 2007; Sikorski et al. 2007). The 
binding capacities of metal ions differ with the sub units (G, M or GM) or block struc-
ture of alginate. Ca2+ was found to bind to G- and MG-blocks, Ba2+ to G- and M-blocks, 
and Sr2+ to G-blocks (Mørch et al. 2006). In general, the affinity of alginate towards 
different metal cations was reported to decrease in the following order: Pb2+ > Cu2+ > 
Cd2+ > Ba2+ > Sr2+ > Ca2+ > Co2+ = Ni2+ = Zn2+ > Mn2+ (Papageorgiou et al. 2010; 

Fig. 21.7 Chemical structure of alginate (representing M and G block)

Fig. 21.8 Schematic representation of crosslinking in alginate by metal cation
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Mørch et al. 2012). Wang et al. reported a ternary blend hydrogel films composed of 
agar/alginate/collagen along with silver nanoparticles (AgNPs) and grapefruit seed 
extract (GSE).

21.3.6  Carrageenans

Carrageenans are naturally occurring sulphated polysaccharides extracted from 
many species of red edible seaweeds of the Rhodophyceae family. The structure is 
primarily based on linearly interconnected copolymers of 1→3-linked β-d-galactose 
and 1→4-linked α-d-galactose monomers with varying degree of sulfatation (Santo 
et al. 2009; Ficko-Blean et al. 2017). The disaccharide repeating units was formed 
by alternating α-1→3 and β-1→4 glycosidic linkages between the monomers 
(Fig.  21.9) (Abad et  al. 2003). The negatively charged sulfate groups (OSO3

−) 
imparts strongly anionic character to carrageenan polysaccharide. Carrageenan has 
been classified in different types, depending up on the number of sulfate groups in 
the disaccharide repeating units. This includes kappa (κ), iota (ɩ), lambda (λ), Mu 
(μ), Nu (ʋ) and theta (ɵ) carrageenan. Three very commonly used carrageenans are 
κ-carrageenan (one, −OSO3

− group), ɩ-carrageenan (two, −OSO3
− group) and 

λ-carrageenan (three, −OSO3
− groups) (Fig. 21.9) (Langendorff et al. 2000). The 

application of carrageenan is increasing in pharmaceuticals, food industry, cosmet-
ics, biomedical, agriculture etc., due to biocompatibility and low toxicity (Prajapati 
et al. 2014; Rinaudo 2008; Khalil et al. 2017; Majee et al. 2017).

Carrageenans have been extensively engaged in pharmaceuticals and food indus-
tries as stabilizers, gelling agents, emulsifiers as well as base material for packaging 
films. They also exhibit excellent gelling competence. Carrageenans undergo gelation 
forming thermotropic and ionotropic gels, under appropriate salt conditions upon 
cooling via coil-helix conformational transitions (Chronakis et al. 2000). κ-carrageenan 
forms strong gels in the presence of potassium salt ions (K) and ɩ-carrageenan by 
calcium (Ca) ions (Mangione et  al. 2005; Hermansson 1989; Hermansson et  al. 
1991). However, λ-carrageenan does not form gels and used as thickening agent in 
dairy products. The mechanism of gel formation in carrageenan depends on the tem-
perature and gelling agent. At high temperature (>80  °C), carrageenans structure 
becomes random coil due to electrostatic repulsion between neighbouring chains, 
which changes to helical structure upon reducing the temperature (Tavassoli-Kafrani 
et al. 2016). Further cooling in the presence of gelling agent (metal cations) promote 
intermolecular interactions among polymer chains leading to aggregation of helical 
dimers and finally forming three dimensional stable network (Fig. 21.10).

Farhan et al. developed semi refined κ-carrageenan based edible packaging films 
plasticized with glycerol and sorbitol (Farhan and Hani 2017). Sorbitol as a plasticizer 
imparts more effective oxygen barrier to films as compared to glycerol. The mechani-
cal properties and heat seal strength were also improved by the addition of glycerol and 
sorbitol (20–30%). Therefore, such hydrogels could be excellent packaging films for 
oxygen sensitive food products. Padhi et al. developed highly biocompatible composite 
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hydrogel composed of gelatin and i-carrageenan for biomedical applications (Padhi 
et al. 2016). Hambleton et al. investigated the aroma barrier property of ɩ-carrageenan 
emulsion based films for the encapsulation of active food component (Hambleton et al. 
2009). The emulsion was formed with GBS (fat) an acetic acid ester of mono and 
diglycerides blended with 20% w/w beeswax and glycerol monostearate as emulsifier 
mixed to GBS. Ɩ-carrageenan based films further demonstrate better mechanical prop-
erties, stabilization of emulsion and reduction in oxygen transfer. They concluded that 

Fig. 21.9 Chemical structure of k, ɩ, and λ carrageenan
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these type of hydrogel with ɩ-carrageenan as matrix leads to promising prospective for 
flavour encapsulation applications and coating for food surfaces. Oun et al. prepared 
carrageenan based bio-nanocomposite hydrogels and films containing zinc oxide 
(ZnO) and copper oxide (CuO) nanoparticles with strong antibacterial activity (Oun 
and Rhim 2017). Potassium chloride (KCl) was used as crosslinking agent to increase 
gel strength. The incorporation of nanoparticles in the films changes the transparent 
films to translucent, which also decrease UV light transmission. Biological activity of 
bio-nanocomposite hydrogel films showed strong antibacterial activity against food 
borne pathogenic bacteria E. coli and Listeria monocytogenes. Over all the effect of 
ZnONPs on various properties such as mechanical, swelling, UV  transmission, thermal 
stability etc., become more pronounced than CuONPs. These types of bio-nanocom-
posite hydrogel films could find potential application in packaging areas. It can, over-
all, be concluded that carrageenan based hydrogels has potential scope for food based 
industries.

Fig. 21.10 The mechanism of gel formation in κ-carrageenan in the presence of K+ ions (Rhein- 
Knudsen et al. 2015)
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21.4  Proteins

Proteins are the second category of edible polymers which possess many construc-
tive properties and have under tremendous investigation and exploration for hydro-
gel preparation. Proteins are large polypeptides composed of different amino acids 
with repeating amide bond in the backbone structure. Proteins hydrogels have 
directed renewed attention of scientist as degradable and renewable edible polymer. 
Proteins were employed as adhesives and edible films/coatings for food industry 
(Krochta 2002). The wide range of functionality and properties possessed by pro-
teins attracted chemist attention towards the development of new biodegradable 
materials. Protein based materials (films) displayed excellent gas barrier properties, 
as well some are water resistant but not entirely hydrophobic (Miller and Krochta 
1997). Unlike polysaccharide, there is less extent of research data available on 
protein- based hydrogels. However, different animals and plants proteins are gener-
ally used as biodegradable polymers, such as gelatin, soy protein, corn zein, whey 
protein, gluten, and casein etc. Here, we have discussed few proteins based hydro-
gels in details.

21.4.1  Gelatin

Gelatin is a colourless, translucent, flavourless fibrous protein derived from colla-
gen by partial degradation which was present in various animal body parts as struc-
tural protein. The amino acid composition of gelatin is not defined clearly and defers 
from author to author. Muyonga et al. reported about 30% of total amino acids in 

Fig. 21.11 Representative structure of gelatin
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mammalian gelatins were proline and hydroxyproline. However, Farris et  al. 
reported 23% for the same (Muyonga et al. 2004; Farris et al. 2009). Figure 21.11 
shows the representative structure of gelatin: Ala-Gly-Pro-Arg-Gy-Glu-4Hyp-Gly- 
Pro- (Nur Hanani et al. 2014). Gelatin exhibit excellent biological and physiochemi-
cal property, therefore has being extensively employed in food industry, 
pharmaceuticals, biomedical, tissue engineering and environmental recycling 
(Karim and Bhat 2008; Djagny et al. 2001; Su and Wang 2015; Wang et al. 2017b). 
Gelatin possess thermo-reversible rheological property, transforming between sol 
and gel (Zakaria and Bakar 2015). Gelatin also exhibit anti-oxidant and anti- 
microbial property (Gómez-Guillén et al. 2011). Generally, the properties of final 
gelatin product are mostly influenced by two key factors: initial collagen character-
istic and extraction processes involved. The amino acid composition and molecular 
weight distribution of gelatin play also an important role in determining the mechan-
ical and barrier properties of gelatin films. Wang et al. evaluated film-forming abili-
ties of six different types of proteins (0–16% conc.) and polysaccharides (0–4% 
conc.) by changing their concentration and heating temperature (60–80 °C) using 
glycerol as plasticizer (Wang et  al. 2007). The proteins includes gelatin, sodium 
caseinate and whey protein, while polysaccharide consists of CMC, sodium alginate 
and potato starch. Films produced from proteins showed more resistance to solvent 
as compared to polysaccharide. Sodium alginate films achieved higher tensile 
strength and barrier to water vapour and oxygen permeability, while gelatin gives 
higher flexible films. The overall results demonstrated gelatin, whey protein and 
sodium alginate films possess more desirable properties as compared to others.

Although gelatin exhibit excellent properties in food industries, but the inade-
quate mechanical and thermal stability limits its potential applications. Gelatin is 
also highly hygroscopic, due to which can be dissolved or swelled when comes in 
contact with high moisture content. Therefore to overcome such drawback research-
ers were trying to improve these properties by the addition of different chemical 
agents, such as plasticizer, crosslinker, additives with antimicrobial and antioxidant 
activity, strengthening agents and by complexation with other polysaccharide, etc. 
(De Carvalho and Grosso 2004; Zhang et al. 2010; Mao et al. 2003).

The crosslinking of gelatin with glutaraldehyde were reported by Farris et al. 
(Farris et al. 2009). The crosslinking reactions were taking place between aldehyde 
group in glutaraldehyde and free amino groups in gelatin via a nucleophilic addi-
tion type reaction. The reaction processed through an unstable carbinolamine inter-
mediate formation followed by loss of water molecule yielding conjugated Schiff 
bases. However, due to cytotoxicity effect of glutaraldehyde, such types of cross-
linker were avoided in food formulation and packaging applications. Therefore, 
there is a need of biocompatible low toxic crosslinker which can full fill the needs 
of researchers.

The use polysaccharide based on biocompatible and biodegradable crosslinker 
are emerging as new type of crosslinker particularly for food and biomedical 
applications. Polysaccharide chemically modified through chemical reaction 
(mainly periodate oxidation) to incorporate dialdehyde functional groups which 
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react with amino functional group via Schiff base formation, resulting in cross-
linking (Fig. 21.12).

Mu et al. prepared gelatin based on dialdehyde carboxymethyl cellulose (DCMC) 
crosslinked edible films (Mu et al. 2012). DCMC act as good crosslinking agent 
which also greatly reduce the WVP (1.5 × 10−10 gm/m2s Pa) and equilibrium swell-
ing ratio (150%) of the films. Thus DCMC has the potential to reduce the water 
sensitivity of gelatin based films. The addition of plasticizer (glycerol) in the films 
increase the elongation break and WVP, but the thermal stability decreases. Such 
types of films can be useful in food industries and biomedical fields.

Similarly, Zhuang et  al. reported gelatin based on hydrogel using chemically 
modified cellulose as crosslinker (Zhuang et al. 2017). Microcrystalline cellulose 
were modified by chemical oxidation using 2,2,6,6-tetramethylpiperidine-1-oxyl 
(TEMPO) as oxidizing agent, which oxidize primary hydroxyl group at C-6 to car-
boxyl group followed by reacting with N-hydroxysuccinimide to give cellulose 
ester (TMN). The crosslinking reactions take place between the NH2 group of gela-
tin and ester groups of TMN. The resulted film shows good mechanical strength, 
flexible, elasticity, increased moisture absorption and greater swelling capability. 
Overall such types of films act as safe, eco-friendly, stable and biorefractory gelatin 
based materials for food packaging purposes. Polyion-complex hydrogels based on 
gelatin–pectin was reported by Farris et al. (Farris et al. 2011). Ionic interactions 
between opposite charges in the polymers produce reversible hydrogels having 
homogenous molecular arrangement, resulting in improvement water resistance and 
mechanical property, but the thermal stability remains same relative to individual 
polymer gels.

Fig. 21.12 Graphical representation showing crosslinking of gelatin with polysaccharide based 
crosslinker
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21.4.2  Whey Protein

Whey is a yellow-green liquid separated from the curd during casein and cheese 
manufacturing and has been considered as waste by-product (Smithers et al. 1996). 
Whey represents a heterogeneous mixture with the main constituents as 
β-lactoglobulin and α-lactalbumin which accounts for around 70–80% of total whey 
protein. Whey protein has received considerable attention due to its films and coat-
ing forming ability with excellent aroma, oxygen and oil barrier properties 
(Sothornvit and Krochta 2000a). Hydrolysis of whey protein increases its solubility 
and forms better films hydrogel at low plasticizer concentration without effecting its 
WVP (Sothornvit and Krochta 2000b). Whey protein based films and coating pos-
sess the required physicochemical properties for packaging applications such as 
barrier, optical, WVP, mechanical and surface properties etc. (Ramos et al. 2012). 
Gunasekaran et al. prepared two sets of heat induced whey protein-based hydrogels 
(Gunasekaran et  al. 2006). One sets prepared at constant concentration of whey 
protein (15% w/v) while varying the pH (5.1–10.0) and the other set at constant pH 
(10.0) by changing the protein concentration (12, 15 and 18%). At a particular pro-
tein concentration the properties of hydrogel like gelation time and mechanical 
behaviour are shown to be highly dependent on pH.  The gels exhibit minimum 
equilibrium swelling ratio when the pH of swelling medium was close to isoelectric 
point of whey protein and become increase as the pH moves far from the isoelectric 
point values. As the pH further increase for the isoelectric point value the swelling 
behaviour becomes highly pH sensitive. Lacroix et al. used γ-irradiation to prepare 
hydrogel films form whey, casein and soya protein and investigated their structural 
and functional characteristics (Lacroix et al. 2002). γ-irradiation caused crosslink-
ing and also the conformation of the protein changed to some extent, which results 
in more ordered an stable structure. The resulted films showed enhanced puncture 
strength and physico-chemical properties. Whey protein nanofibrils form cold set 
hydrogels in the presence of different divalent (Ca2+, Mn2+, Zn2+) cations at lower 
concentration as compared to parent proteins (Mohammadian and Madadlou 2016).

21.4.3  Soy Protein

Soy protein (SP) is the most abundant plant based protein in nature. Soy protein 
isolate (SPI) have been extensively used as hydrogels, adhesives, plastics, films, 
emulsifiers and coatings (Liu et al. 2017). It can also be useful as food packaging 
materials due to its low toxicity and biodegradability (Kumar et al. 2002). Various 
properties of soy proteins such as film formation, tensile strength and WVP were 
affected by pH. The films formation will only occurred between pH 1–3 and 6–12, 
there is no formation of films happened between pH 4 and 5 (Gennadios et al. 1993). 
Cold gelation of proteins is an important technique reported by many researchers 
and proven to useful in explaining the gel forming mechanism (Glibowski et  al. 
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2006; Remondetto and Subirade 2003). The physicochemical characteristics of the 
hydrogel, such as water holding capacity, opacity and mechanical properties can be 
controlled by varying the pH, gelation temperature, salt concentration and types 
(Lakemond et al. 2003). Maltais et al. investigated the effect of protein and salt con-
centration (calcium) on the cold-set gelation of SPI (Maltais et al. 2005). The gel 
formations were carried out at SPI concentration 6–9% with salt concentration rang-
ing from 10 to 20 mM. The increasing concentration of SPI and salt improves elastic 
modulus of gel, but the water holding capacity only improves with SPI concentra-
tion. The gel opacity increases with increasing salt concentration (from 10 to 
20 mM); however the opposite effect was showed on increasing SPI concentration. 
Tansaz et al. developed a composite hydrogel microcapsule and films containing SPI 
and alginate (Tansaz et al. 2017). The microcapsules showed higher water uptake 
capability as compared to films of the same composition due to its high surface area.

21.4.4  Wheat Gluten

Wheat gluten protein is a renewable resource having great potential of hydrogel 
formation in the form of films with excellent strength, plasticity and elasticity with 
glycerol as plasticizer. Wheat gluten mainly consists of fractions roughly present in 
equal amounts: gliadins consist of heterogeneous monomeric proteins and glutenins 
are composed of a number of subunits crosslinked by disulphide bridges, classified 
as per their solubility in alcohol (Lagrain et al. 2010). Disulphide bond play a sig-
nificant role in determining the structure and properties of gluten proteins (Wieser 
2007). Kontogiorgos thoroughly reviewed the microstructure of hydrated gluten 
network and divided into four structural levels (Kontogiorgos 2011). At molecular 
level discrete gluten components interact through various physical and covalent 
forces, leads to a transaction in morphology to a continuous sheet-like structure 
(secondary structural level), which may possibly considered as the fundamental 
units of gluten network. Further, the excessive association of gluten sheets in a dis-
ordered fashion concludes the third level of structural level. Before these some 
nanoporous ultrastructures were also forms which get distorted afterwards due to 
entrapment of aqueous phase. Finally, the arrangement of microstructural elements 
finishes the formation of fourth structural level displaying various morphologies 
and mechanical properties. Hydrogel films based on wheat gluten possess unique 
cohesive and elastic properties, due to which it has received great interest from 
researchers (Kayserilioğlu et  al. 2003). Wheat gluten based bioplastics are fully 
biodegradable within 36 days under aerobic fermentation and 50 days in farmland 
soil (Domenek et al. 2004). Edible films from wheat gluten were prepared via com-
pression molding technique using glycerol as plasticizer (Zubeldía et al. 2015). The 
concentration and plasticizer type found to be a dominating factor effecting the 
WVP and mechanical properties of films. Pressing temperature also influence the 
final film properties, but temperature higher than 100 °C is not appropriate, because 
it leads to darker films which would not good enough for packaging applications.
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21.4.5  Zein Proteins

Zein is the key storage protein of corn kernel accounting for about 44–79% of the 
total protein content mostly exists in the endosperm (Shukla and Cheryan 2001). The 
protein is hydrophobic because of high proportion of apolar amino acids (approxi-
mately 55%), although some polar groups were also present but insoluble in water. 
Zein is generally divided in to four fractions: α, β, γ, and δ-zein, based on its solubility 
in aqueous alcoholic solution. Out of these four, α-zein accounts the highest propor-
tion and is the main constituent of commercial zein. Zein exhibit promising properties 
such as biodegradability, non-toxicity, biocompatibility, self- assembly capacity and 
has been under tremendous investigation focusing on their utilization for pharmaceu-
ticals, food and biomedical applications (Ni and Dumont 2017). Due to its self-
assembly ability, zein based hydrogels act as a potential candidate for functional 
coating, drug delivery, encapsulation material and tissue engineering etc. (Hurtado-
Lopez and Murdan 2005; Luo and Wang 2014; Landers et  al. 2002). Zein based 
hydrogel were also explored as potential absorbent materials for the removal of heavy 
metals and oils (Ni et al. 2017, 2018). The films prepared from zein without plasticiz-
ers are more brittle and less flexible and thus are of low value (Lawton 2002). 
Therefore, low molecular weight compounds (as plasticizer) and chemical modifica-
tion were applied to improve it overall physico-mechanical properties. Shi et  al. 
chemically modified zein with lauryl chloride to improve the brittleness of films via 
acylation reaction (Shi et al. 2011). The new material shows sevenfold improvement 
in elongation at break with slight loss of mechanical strength, uniform surface with 
more hydrophobicity and low glass transition temperature. Thus, this new biomateri-
als can be useful in the development of biodegradable packaging material for food 
and deliver system.

21.4.6  Milk Proteins

Milk proteins (MP) are natural, inexpensive and widely available GRAS raw mate-
rials with high nutritional value (Livney 2010). MP are generally considered as 
good choice materials for microencapsulation of nutriceuticals and probiotics (Abd 
El-Salam and El-Shibiny 2015; Tavares et al. 2014). MP exhibit excellent gelation 
properties, for example rennet or acid curd formation of caseins, heat induced gela-
tion of MP. The rennet gelation is centred on the proteolytic cleavage of κ-casein, 
resulting in micelle aggregation (Heidebach et al. 2009a), while the acid gelation is 
based on isoelectric precipitation. This technique has been applied for encapsula-
tion of probiotic bacteria. Transglutaminase catalysed gelation of casein is another 
technique of MP gelation (Heidebach et al. 2009b). Song et al. reported genipin 
crosslinked casein based hydrogel for controlled drug delivery (Song et al. 2009). 
Genipin concentration and temperature has a direct effect on gelation time of casein. 
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Moreover, the mechanical property of hydrogel can be tuned by varying the concen-
tration of genipin.

21.5  Lipids

Lipid compounds are generally hydrophobic in nature and mainly consist of acety-
lated monoglycerides, natural waxes and surfactants (Shit and Shah 2014). The 
most functioning lipids are paraffin wax and beeswax As compared to polysaccha-
rides and proteins, the proportion of lipids based materials under investigation is not 
in abundant. Lipids based hydrogels were usually prepared accompanied by some 
polysaccharide to provide mechanical strength. Most lipids have the ability to 
stretch up to 102% of their original length in solid state before rupturing, with 
exception acetylated glycerol monostearate stretch up to 800%. Lipid based films 
exhibit enhanced water vapour barrier properties due to their hydrophobic nature 
(Guilbert et al. 1995). Lipids are frequently added to polysaccharide based hydro-
gels to reduce their hydrophobicity. Acetylated monoglyceride have been used as 
coating material on poultry and meat cuts to hinder moisture loss during storage 
(Bourtoom 2008). Waxes have been utilized to advance surface appearance and bar-
rier for moisture and gases. Lipids particles dispersed in polysaccharide hydrogels 
demonstrated to have potential application for pharmaceuticals and cosmetic indus-
tries (Kulkarni et al. 2015). It also improves drug stability in the hydrogel which 
was either lost in native hydrogels due to possible interactions with hydrogel net-
works (Pardeike et al. 2009).

21.6  Properties of a Good of Packaging Material

Different materials have being used for packing purposes such as papers, clothes 
which are light and flexible, metals and glasses which are strong and corrosion free 
respectively, and polymers. However, the polymer materials, i.e. plastics are among 
the more demanding materials for packaging applications (Roy et  al. 2011). 
Polymers give more advantageous properties like, softness, lightweight, heat seal-
ing ability, transparency and good strength etc. (Mahalik and Nambiar 2010; 
Akelah 2013).

The main objective of food packaging includes covering and retaining the integ-
rity of the food component, maintenance of food freshness, enhancing organoleptic 
characteristics of foods such as taste, appearance, aroma and prevention of food 
from environmental hazards (Zhao et al. 2008). The function of packaging materials 
is listed in Fig. 21.13. The quality of a good packaging material in food industries 
depends on the various properties associated with it such as gas barrier, vapour and 
aroma barrier, mechanical, thermal, antimicrobial, optical and biodegradable 
properties.
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21.7  Conclusions

The increasing demand over the safety issues and applications of eco-friendly, non-
toxic and biodegradable materials in food industries enforced scientist and industri-
alist to think towards an alternative to conventional nondegradable plastic materials. 
Edible polymers in this situation found as best options due to its various remarkable 
properties associated with them. Edible polymers mainly consist of polysaccharide, 
proteins and lipids, each of them having its on specific properties. This chapter 
highlights the importance of edible polymers based on hydrogels, synthesis, proper-
ties and applications with particularly emphasizing on its application in food indus-
tries. Edible polymers exhibit many advantageous properties such as available in 
abundant, renewable, eco-friendly, nontoxic, biocompatible and the most important 
is biodegradable. In food industries these hydrogels can be used as either coating or 
films and for packaging and protection purposes of food materials. The properties 
of theses hydrogels can be further enhanced through composite formations either 
with inter polymer composite formation or by the addition of additives like natural 
extracts nanoparticles etc. It can, thus, be concluded that edible polymers based 
hydrogels could be a potential alternative to conventional plastic materials prefer-
ring its nontoxicity and biodegradable properties.

Fig. 21.13 Function of packaging materials
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Chapter 22
Food Grade Polymers for the Gelation 
of Edible Oils Envisioning Food Applications

A. J. Martins, L. M. Pastrana, A. A. Vicente, and M. A. Cerqueira

Abstract Oleogels are systems traditionally produced by the self-assembly of mate-
rials called gelators, which are responsible for inducing viscosity and solid-like capa-
bilities to oil-based systems. The emergent interest concerning oil structuring strategies 
in food applications is related to oleogels’ capacity to undergo structural and textural 
tailoring, and the possibility of their use in delivery of bioactive compounds.

The selection of the materials and the methodology used to produce oleogels are 
definitely the key aspects in this kind of systems. The existing, obligatory demand 
of using food grade ingredients, combined with the increasing requirements for 
bio- based solutions towards the total replacement of petroleum-based materials 
narrows the possibilities to a few set of materials. Overall, with the exception of eth-
ylcellulose, a linear polysaccharide derived from cellulose with high hydrophobicity 
and semi-crystalline nature, polymeric gelators with ability to structure oil are scarce. 
It is known that the hydrophilic nature of biopolymers does not make them the first 
choice for oil structuring purposes. Despite of that, some biopolymers are amphiphilic 
and can interact with apolar phases; this seems to be the case of some polysaccharides 
and protein combinations (e.g. xanthan gum, gelatin, whey protein and chitin).

This chapter will emphasize food grade polymeric gelators with the capacity of 
oil structuring, using different methodologies. Mainly polysaccharides and proteins 
able to produce oleogels will be presented, and their distinct chemical structures 
will be related to their gelation capacity and final oleogel properties. Besides, 
different structuring methodologies and gelator combinations able to produce 
oleogels will also be addressed, together with the main advantages and drawbacks 
of the different methodologies. Finally, the main food applications will be showed, 
discussing their possible exploitation by the food industry.
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22.1  Introduction

Recent legislative updates in worldwide governmental initiatives fostered new 
developments aiming at banning trans-fats and decreasing the use of saturated fats 
in food products. These developments and the consumer demands for clean label 
products led to evolving discussions regarding the replacement of fats in foodstuffs 
and food processes for healthy and more acceptable alternatives. Such facts have 
increased the general interest in the use of healthier oils and innovative oil- 
structuring agents. Oil structuring technology presents as main advantages the use 
of healthy fat sources (mono- and poly-unsaturated fatty acids), the ability to mod-
ify and personalize food products (by means of structural and mechanical proper-
ties) and simplify the delivery of lipophilic bioactive compounds. All these factors 
make this technology extremely relevant and well perceived by the scientific com-
munity. This value is already acknowledged by the industry, as demonstrated by a 
considerable number of patents filled in the last decade or so (around 200 are found 
upon searching by “oleogel” and “food” at Google Patents), upholding the effec-
tiveness of the oleogels’ for distinct applications. With increased focus on improv-
ing health through nutrition, stated at the worldwide level through governmental 
framework projects, both scientists and industry are joining efforts towards conveying 
to the general public/consumers the health benefits that result from a more enriched 
and healthy diet. The introduction of oleogels in the food chain will surely be an 
outcome of these efforts. A number of edible gelators and gelation methodologies 
have been studied, generating very interesting products. Being so, different 
approaches regarding oil structuring can be pointed out as convenient and interest-
ing. Both single-step and direct polymer gelation result in the formation of a supra-
molecular network that occurs by means of physical or chemical crosslinking of 
polymer strands (O’Sullivan et al. 2016; Suzuki and Hanabusa 2010).

The most common direct oil gelation methods comprise the use of low molecular 
weight gelators that reveal high affinity towards non-polar solvents. These gelators 
are commonly waxes (low and high melting ones), sterol-based gelators (combina-
tions of gamma-oryzanol and phytosterols), lecithin and fatty acid derivatives. As 
single-component gelators, waxes remain probably as the most successful mole-
cules; due to their unique (and complex) structure, these gelators are able to structure 
oil at very low concentrations (~3%) (Martins et al. 2017). Monoacylglycerides also 
fall in this same category. It is important to stress that legislation is, of course, one of 
the main aspects in this matter due to all legal restrictions imposed to the introduc-
tion of new food ingredients and additives. For the multi-component strategy, self-
assembled fibrilar networks are the ones that present the most promising results 
when sterol-based molecules (e.g. phytosterols and gamma-oryzanol) are combined 
to develop a 3D network that is capable to impart a structure able to entrap oils 
(Matheson et  al. 2017). Given this state-of-the-art, one of the most commonly 
mentioned challenges is to find bio-based functional molecules able to  produce oleo-
gels. In this field, the alternative that is still underexplored is the polymer gelation 
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approach; on this regard research has been focused on the synthesis of novel amphi-
philic compounds or multi-component mixtures capable of providing that function-
ality, being polymers very promising candidates. In fact, there is a great number of 
food grade polymers at our disposal, however, due their hydrophilic nature, very few 
of these can actually be used to form oleogels (Davidovich-Pinhas 2016).

Polymer oleogels can provide an interesting complement to hydrogels (aqueous 
polymer-gelled systems) towards the delivery of lipid-soluble molecules, as hydro-
gels are frequently used in delivery applications for hydrophilic molecules. Different 
approaches that use water as the continuous phase can be used as templates to oil 
gelation (Patel and Dewettinck 2016). Recently, some reports demonstrated the 
potential of using new sources of polysaccharides and proteins and their combina-
tions to induce oil structuring. These compounds have a larger space for develop-
ment because of the diversity of existing polymeric compounds and the benefit that 
such polymers can add to the final food products. The possible applications of poly-
meric oleogels are targeted to the replacement of a substantial amount of animal fat 
in food composition without compromising the functional and textural properties 
that it imparts to foods. In addition, the possibility of carrying and protecting bioac-
tives by incorporating them in the oleogel matrix can be used to further increase the 
nutritional value of the food product. With that in mind, undesirable bioactive 
molecules’ polymorphic transformations, that regularly occur in triacylglycerols’ 
(TAG’s) systems, can be prevented by the capability of polymeric gels to induce 
increased stability by slowing the bioactive compound mobility within the gel 
lipid- matrix (Suzuki and Hanabusa 2010). The aim of this chapter is to specifically 
establish a comparative discussion regarding oleogels’ production methodologies 
within the field of polymer gelation of edible oils. Figure 22.1 shows the different 
polymeric gelation methodologies for the production of oleogels.

gelatorliquid oil

oleogel

protein   
+ 

polysaccharides 

solvent exchange

aqueous phase
o/w  

emulsion polysaccharides oil  
droplet 

polymeric network revealed 
after water removal

sheared 
product

Polymeric gelation methodologies

Direct Dispersion Biphasic template Solvent exchange

Fig. 22.1 Direct and indirect strategies of oil gelation using biopolymers
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22.2  Direct Dispersion Methodology

22.2.1  Ethylcellulose Used as Agent for Edible Oil Structuring

Ethylcellulose is a linear polysaccharide derived from cellulose (Fig. 22.2) that is 
produced from the ethoxylation of the hydroxyl groups, forming an ether bond. The 
molecule presents three hydroxyl groups on each monomer (excluding terminal 
monomers) which are available for the ethoxylation process. Because of the level of 
ethoxylation that can be performed, the substitution degree (SD) of the molecule 
will determine the compound’s solubility, (i.e., 1.0 < SD < 1.5 soluble in water; 
2.4 < SD < 2.5 soluble in organic solvent). It is common that ethylcellulose presents 
a SD of ~2.5 (Singh et al. 2017). The molecule configuration can produce eight pos-
sible monomers, in an ethylcellulose polymer, due to the three hydroxyl groups that 
are available for ethoxylation (Stortz et al. 2014). Consequently, it is quite a tailor- 
friendly polymeric compound due to the SD by the addition of ethylene groups and 
the length of the polymer backbone (Davidovich-Pinhas et  al. 2015a). There are 
several studies on the application of ethylcellulose in cosmetics, plastics, ceramics 
and agricultural herbicides (Dubernet et al. 1991; Mukherjee et al. 2005; Melzer 
et al. 2003; Yamada et al. 2001; Stortz and Marangoni 2013; Okuda et al. 2012; 
Flores-Cespedes et al. 2018).

The production of ethylcellulose oleogels occurs after a complete polymer solu-
bilization (at least 4% of polymer mass is needed to form a network capable to 
retain the solvent) in an oil at high temperatures. The ethylcellulose and oil mixture 
must be heated above ethylcellulose glass transition temperature (~140 °C) in order 
to achieve the softening of the polymer; if this is not done, the risk of an incomplete 
gelation is high. After ethylcellulose softening and mixture of the biopolymer in 
oil, the mixture must undergo the necessary cooling period to ensure that the poly-
mer returns to its rigid form, forming hydrogen intermolecular interactions that will 
lead to the formation of an entangled polymeric network. This 3D network will be 
responsible for the entrapment of the solvent and, depending on the viscosity grade 

Fig. 22.2 Ethylcellulose structure. Reproduced from Stortz et al. (2014) with permission of The 
Royal Society of Chemistry (RSC) on behalf of the Centre National de la Recherche Scientifique 
(CNRS) and the RSC
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of the polymer, gelation confers higher or lower viscoelastic properties (solid-like 
characteristics) to the oleogel obtained (Zetzl et al. 2014). Reports on the gelation 
capability of ethylcellulose demonstrated a particular thermal transition, composed 
by a polymer glass transition followed by a solvent interaction with the polymer 
chain, which is responsible for the polymer dissolution in the oil. As a consequence 
of exposed polymer chains, this interaction between oil and existent polymeric 
chains will be responsible for the physical transition of the gel from a more slippery 
or glassy state to a rough, rubbery state (Davidovich-Pinhas et al. 2015a). Tailoring 
properties of ethylcellulose-based oleogels are extremely important, in the sense 
that distinct setting temperatures alongside the gelation process will determine dif-
ferent final morphological characteristics, namely gel strength. If thermo- 
reversibility of the oleogel is induced by manipulating environmental conditions 
(e.g. temperature), the consequent gel-sol or sol-gel transitional behavior will be 
responsible for a rearrangement of the structure of the polymer network. This fact 
will consequently influence oleogel’s final mechanical and optical properties 
(Davidovich-Pinhas et al. 2015b). A model to predict the amounts of distinct com-
ponents for ethylcellulose oleogels production was developed. The model consists 
in two-dimensional fits of the experimental data of oil-surfactant-ethylcellulose sys-
tem, using gel strength as the variable to be optimized as a function of mass fraction 
of ethylcellulose and surfactant (with three fixed ethylcellulose/surfactant ratios). 
According to this model, for all the tested conditions the final gel strength increases 
with mass fraction of ethylcellulose in a power law. Such model should be useful to 
understand the consequences of the different molecular weights of ethylcellulose 
regarding manufacturing conditions and final gel characteristics (e.g. gelling tem-
perature and gel strength) (Gravelle et al. 2014). Studies on the microstructure of 
ethylcellulose oleogels showed how the 3D network of the polymer surrounds the 
oil, in an oil droplet configuration. Surely, the grade of ethylcellulose will induce 
significant differences in terms of average pore size of the oil droplets, changing the 
final structure of the oleogel and consequently its mechanical properties, which are 
important in terms of product acceptance by the consumers. However, factors other 
than pore size are contributing for the mechanical strength of the gels; these factors 
can be the strength of the walls surrounding the pores, the interconnections on the 
polymeric network, the number of junction zones per polymer bundle and interac-
tions between the polymer, oil, and/or surfactant, if this is present (Zetzl et al. 2014). 
Figure  22.3 shows the polymeric microstructure of ethylcellulose that is able to 
impart solid structure to oils. Probably, the main issue regarding this type of oleo-
gels is the polymer high melting temperature and consequent gelation temperature 
interval, because of that, stability issues (e.g. oil oxidation) can be a drawback.

Sullivan et al. reported on in-vitro digestion of beta-carotene loaded EC-oleogels, 
demonstrating bioactive delivery capability and how gel strength influences the 
behavior of gels during the digestive process (O’Sullivan et al. 2017). In this work, 
slow or incomplete lipolysis was observed in harder oleogels. This is relevant 
regarding the protection and consequent bioavailability of the desired compound 
under the harsh environmental conditions of the stomach. However, extremely 
high dosages of beta-carotene (as mentioned by the authors) are not the ideal. 
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Despite that fact, this study revealed important information on oleogel structural 
behavior, when another compound is present in its internal matrix, and how these 
oleogels can act as a vehicle of lipophilic molecules. Significant outcomes can 
result from the use of ethylcellulose oleogels when comparing with liquid or solid-
lipid matrices. Namely, improved shelf life stability and defense concerning recrys-
tallization behavior and degradation of the encapsulated bioactive compound (Yu 
et al. 2012; O’Sullivan et al. 2017). Going forward, the incorporation of ethylcel-
lulose oleogels in an aqueous system is pointed as one of the most interesting devel-
opments to target even more applications for this kind of oleogels. With that in mind 
the multi- component approach, with combination of different structuring materials 
aiming at certain synergic behaviors, can be a positive answer to overcome some of 
the existent problems (Pernetti et al. 2007; Wang et al. 2016b).

22.3  Biphasic Emulsion-Based Methodologies

22.3.1  Chitin Oleogels

Chitin is one of the most abundant natural aminopolysaccharide polymers, and can 
be obtain from several bio-based sources, (e.g. crustaceans, insects, and the cell 
walls of fungi) (Gutiérrez 2017). It has been used in an extensive way in the devel-
opment of polymeric scaffolds (through enzymatic or chemical deacetylation, as 
also happens with its derivative, chitosan) (Elieh-Ali-Komi and Hamblin 2016). 
Chitin and chitosan have been also under study on the development of thickeners for 
oils, mainly by means of introducing reactive isocyanate groups into chitin or chitin- 
based molecules, and thus inducing the formation of gel-like structures that could 
act as biodegradable lubricants (Gallego et al. 2013; Sánchez et al. 2011). In the 
framework of oleogel development with these polymeric strands, they perform 

Fig. 22.3 AFM of ethylcellulose polymer microstructure in canola oil oleogel environment. 
(Reprinted from Food Structure, 2/(1–2), Zetzl, A. K., Gravelle, A. J., Kurylowicz, M., Dutcher, J., 
Barbut, S., & Marangoni, A. G., Microstructure of ethylcellulose oleogels and its relationship to 
mechanical properties, 27–40, Copyright (2014), with permission from Elsevier)
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interactions by means of physical forces, such as van der Waals, and electrostatic 
interactions. These interactions are the ones responsible for the polymer–polymer 
and polymer–solvent synergies that will impart solid-like viscoelastic properties to 
the organic solvents used in the process (Laredo et  al. 2011). Chitin is a strong 
hydrophobic compound with very poor solubility in water. The resemblance of the 
chitin molecular structure with the ethylcellulose structure (presented earlier in this 
chapter) is notorious in Fig. 22.4 (when compared with Fig. 22.2). In the C-2 posi-
tion, chitin contains an acetamido group in contrast to the hydroxyl or ethyl ester 
groups in the case of ethylcellulose (Nikiforidis and Scholten 2015).

Still very little is known, regarding the use of chitin as an oil structuring agent. It 
was reported that chitin as sole gelator component has not been able to shown oil 
structuring ability. Testing only chitin solubilized in oil (e.g. soybean and castor oil) 
resulted in very weak stranded gels and precipitation of chitin occurred after a few 
days due to inability to develop a sufficiently strong polymeric network (Sánchez 
et al. 2011). However, it has been reported that chitin-based oleogels can be devel-
oped by the use of chitin (in an emulsion-based method) in combination with surfac-
tants or derived chitin nanoparticles that will create building blocks with oil structuring 
capabilities. Figure  22.5 portrays both the chitin-based oleogels as well as their 
microstructural arrangements in the presence of phosphatidylcholine and nanocrys-
tals of chitin. These combinations showed promising results towards oil gelation and 
interesting oleogel viscoelastic properties (Nikiforidis and Scholten 2015). The pres-
ence of surfactants helps preventing the aggregation of crude chitin in the nonpolar 
solvent; this process can overturn the chitin aggregation induced by hydrophilic chi-
tin–chitin interactions, thus improving the stability and dispersion of crude chitin in 
the oil medium. Therefore, the minimization of chitin aggregation will lead to the 
subsequent formation of a network that can trap liquid oil into a gel structure.

Nikiforidis and Scholten (2015) showed that chitin combined with a non-ionic 
surfactant (Span 60), a zwitter-ionic surfactant (phosphatidylcholine) or an anionic 
enzymatically modified phosphatidylcholine, produced oleogels with different 
characteristics. Oleogels with enzymatically modified phosphodicholine showed 
rheological thermal stability up until 90  °C without modification of viscoelastic 
values.

Significant changes in oleogel’s structure can be performed using different chitin 
compositions, by changing the length and the flexibility of the chitin strands. 
Temperatures above 70 °C, will be equally determinant regarding polymeric inter-
actions, which will suffer changes in polymer-polymer, polymer-solvent and 
polymer- surfactant interactions and affect the final properties of the oleogels.

Fig. 22.4 Sole unit of 2-acetamido-2-deoxy-d-glucopyranose and chitin structure. Adapted from 
(Nikiforidis and Scholten 2015)—Published by The Royal Society of Chemistry

22 Food Grade Polymers for the Gelation of Edible Oils Envisioning Food Applications



598

22.3.2  Cellulose Derivatives-Based Oleogels

Like ethylcellulose, hydroxyl-propyl-methylcellulose (HPMC) is a cellulose deriv-
ative (Gutiérrez and Alvarez 2017). It is a polymeric strand that has shown to be 
suitable for oil structuring purposes. HPMC is non-toxic, biodegradable, biocom-
patible and presents good mechanical properties. Because of these characteristics, 
HPMC has numerous functionalities as regards its use by the food industry and can 
be subjected to fine-tuning processes (Patel and Dewettinck 2015). HPMC is used 
as an emulsifier to control dispersions’ texture and rheological properties, once it 
allows controlling ice crystallization (Bell et al. 2006). This polymeric strand acts 
as a hydrophilic foaming agent, able to create a colloid with air–water interface, that 
will make possible to stabilize, at low temperatures, an hydrophilic foam that after 
drying (and consequent water removal) allows the formation of a porous template. 
This porous template, with great oil affinity, is then used to develop an oleogel 
(Patel et al. 2013; Patel and Dewettinck 2015).

A recent study on the gelling behavior of combinations of re-generated cellulose 
(RC) and carboxymethyl cellulose (CMC) demonstrated a feasible way to develop 

Fig. 22.5 (a) Phase separation of crude chitin in sunflower oil; (b) chitin concentration of 20 wt% 
in sunflower oil; (c) microstructure of oleogels with crude chitin and high phosphatidylcholine 
content (70 wt%); (d) microstructure of oleogels with chitin nanocrystals and phosphatidylcholine. 
Adapted from Nikiforidis and Scholten (2015)—Published by The Royal Society of Chemistry
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an indirect methodology to produce oleogels with oil concentrations up to ~97% 
(Jiang et  al. 2017). The anti-solvent regeneration method to produce cellulose is 
quite effective in improving its role as dispersion and emulsion stabilizer agent. The 
mentioned methodology consists in developing water-continuous emulsions, that 
are stabilized by RC and CMC using a high-energy ultra-homogenization at 
15,000 rpm for 3 min. Oleogels were obtained after removing water using freeze- 
drying and shearing the dried product. Oleogels revealed increased viscoelastic 
properties alongside with the increase of RC in the primary emulsion composition. 
Figure 22.6 shows the final cellulose-based oleogel appearance after shearing.

The possibility to develop linear amphiphilic block copolymers that are com-
posed of hydrophilic HPMC and hydrophobic poly(l-lactide) (PLLA) has also been 
reported. These copolymers exhibit thermoresponsive behavior and microscopy 
revealed that they are able to self-assemble into distinct architectural conformations 
like spherical micelles, rod-like micelles, worm-like micelles, or filomicelles. These 
building blocks can possibly serve as templates for oil structuring purposes (Wang 
et al. 2017). However, due to the non-food grade status of PLLA, suitable alterna-
tives should be investigated. One of the possibilities is polycaprolactone (PCL), 
which is a biodegradable and biocompatible polymer with current FDA approval for 
food applications and has been used for scaffold development with drug delivery 
purposes, as well as namely green tea polyphenols through PCL implants.

22.3.3  Protein and Polysaccharide Combinations

Proteins in combination with other compounds, such as polysaccharides, can form 
a dense building block layer, which can be used as an oleogelator. This is a process 
based in oil-in-water systems that are capable to ensure protein adsorption at their 
interface, by means of chemical crosslinking or just driven by physical interactions. 
Romoscanu and Mezzenga (2006) reported on a similar approach where in this 
case, after emulsion formation, the resultant dry “foamed” polymer showed 

Fig. 22.6 Photographs of dried product (1.4 wt% RC and 1.4 wt% CMC) and oleogel prepared by 
simply shearing the dried product. (Reprinted from Food Hydrocolloids, Jiang, Y., Liu, L., Wang, 
B., Sui, X., Zhong, Y., Zhang, L., Mao, Z., Xu, H., Cellulose-rich oleogels prepared with an 
emulsion- templated approach, in press, Copyright (2017), with permission from Elsevier)
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increased capability of oil retention. Here, the original emulsion could be restored 
by rehydrating the final (dryed) solidified product (Romoscanu and Mezzenga 
2006). This approach requires removal of the hydrophilic phase, after which the 
exposed polymeric stranded structure will imprison the oil content of the primary 
emulsion, forming an oleogel (de Vries et al. 2015). De Vries et al. (2015) reported 
on emulsion stabilization by means of a mixture of protein and polysaccharide, 
namely gelatin and xanthan gum. More than their hydrophilic nature, one of the 
important reasons to use both gelatin and xanthan gum is their affinity to interact 
with each other, even more than to interact with just water. This not only results 
from hydrophobic interactions, but also from non-coulombic ones, that happen with 
the involvement of NH and OH groups. However, the ratio of the components will 
contribute to the success of this combination; if this interaction is performed with an 
increased fraction of gelatin, the reaction yield will decrease (Lii et al. 2002). This 
also evidences that the interactions between these biopolymers can be tuned by 
controlling the protein/polysaccharide ratio, together with the pH and the ionic 
strength (Wang et al. 2016a). Gelatin and xanthan gum are used to provide structure 
to this oil-in-water emulsion due to their hydrophilic nature. Both polymeric sub-
stances are not directly mixed for this purpose; instead, each one is used to obtain 
hydrophilic solutions which are subsequently added to oil under high energy mixing 
(e.g. using an Ultra-Turrax), as described elsewhere (Patel et al. 2015a). After this, 
a complete dehydration process is needed to eliminate the entire water content, 
exposing the biopolymer structure that will serve as building block for the structur-
ing process. The  drying can be achieved by high or low-temperature processes, 
namely oven drying (e.g. at 70 °C for 48 h) or lyophilization. The resultant dried 
structure that is used to entrap the oil phase, exhibits very interesting features, in the 
sense that its microstructural morphology, which is configured by a polymer layer 
that would act as oil droplet coalescence preventer, will be responsible for the pack-
ing of the oil droplets. The strength of this tight packing would influence the gel 
strength and the solid-like characteristics of the oleogels formed. As the polymer 
concentration rises, the easier the drying procedure will be. If the amount of poly-
mer is relatively low, oil leakage will be noticeable leading to phase separation. It 
has been reported by Patel et al. (2015a) that for formulations containing >97 wt% 
liquid oil, this emulsion-based method using gelatin and xanthan gum is quite suc-
cessful and promising. As Patel et  al. (2014) demonstrated, it is also possible to 
produce oil continuous emulsions and then promote the gelling of the water drop-
lets, providing a strong enough interconnected network capable of imparting ade-
quate structural sustainment to such emulsions. A successful gelation will produce 
a self-standing elastic gel-like structure, with sufficient strength to retain oil within 
its structure. This gelation of high internal phase emulsions (HIPEs) can be pro-
duced using a combination of different polysaccharides. Some options are galacto-
mannans; these natural polymers are known to develop synergistic interactions with 
other food-grade hydrocolloids (e.g. carrageenan and xanthan gum). Also because 
of its higher mannose:galactose ratio (4:1), locust bean gum (LBG) displays a 
strong interaction with other non-gelling colloidal solutions. These interactions will 
form gels at interesting low polymer concentrations. The hydrocolloids used should 
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present thermoreversibility, because after all, this is a heat-triggered water droplet 
gelation mechanism that forms a gel after cooling. Also, the combination of differ-
ent hydrocolloids is presented as being more attractive in order to widen the tailor-
ing properties of these gels. Reports on this type of HIPE gelling mechanism, 
demonstrated such capabilities by emulsifying the hydrocolloid solutions in oil, 
using high temperatures (>70 °C) followed by a cooling process that leads to the 
gelation of the solutions (Patel et al. 2014). The stabilization of this system relies 
probably in the use of non-surface-active hydrocolloids that will maintain the oil 
continuous property of the system. Using the same LBG and carrageenan combina-
tion, Patel et al. (2015b) also explored gel-in-oil-in-gel type structured emulsions, 
that allowed producing different types of microstructured gels with mutable rheo-
logical properties. These gels can possibly undergo processes aiming at increasing 
the final oil intake and serving as templates for the development of oleogels.

22.4  Solvent Exchange Methodologies

22.4.1  Proteins and Polysaccharides as Building Blocks 
for Oleogel Development

Producing hydrogels using proteins is a widely studied process; from the several 
possibilities can be pinpoint the use of collagen, gelatin, elastin, silk fibroin and 
milk proteins (Juncosa-Melvin et al. 2006; Kuijpers et al. 2000; Jonker et al. 2012; 
Altman et al. 2003; Kinsella 1984). The main processing step that will confer pro-
tein networks the ability of incorporating a nonpolar solvent as continuous phase, 
therefore forming oleogels, is based in a solvent substitution/replacement approach. 
It is well known that proteins display great affinity towards apolar solvents, being 
poorly capable of oil dispersion due to their hydrophilic character. One of the pos-
sibilities to change this behavior is to induce a solvent-exchange process in order to 
allow performing oleogelation, widening the field of applications of proteins 
towards oil structuring strategies, while also showing the applicability of different 
conceptual tools in colloid science. The solvent exchange approach is commonly 
used to develop aerogels by means of water removal by solvent addition (e.g. ace-
tone or/and alcohol). One example has been presented by Yang et al. (2017) where 
these solvents were removed by supercritical CO2. Whey protein was evaluated as a 
polymeric structural backbone for solvent exchange experiments, by first producing 
hydrogels with whey protein isolate (WPI) after ionic strength adjustments with 
NaCl. The heat denaturation of the proteins was performed at 80 °C during 30 min 
and, after cooling and stabilization at low temperatures ~4 °C, the hydrogels were 
subjected to solvent exchange procedures (de Vries et al. 2015). Solvents like ace-
tone and tetrahydrofuran that are capable of mixing with both water and oils were 
used; being so, a two-step procedure was performed to substitute the water by the 
oil (sunflower oil in this case). The immersion of the gels in fresh 100% (v/v) 
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acetone (or tetrahydrofuran) led to water removal, after which the gels were 
immersed in sunflower oil to remove the acetone and incorporate the oil within the 
polymeric strands (de Vries et al. 2015). Figure 22.7 shows the hydrogels that led to 
the formation of oleogels after solvent exchange.

The tailoring ability of these protein oleogels was demonstrated by the different 
levels of oil holding capacity of the protein network. This customization can be 
made by choosing the polarity of the solvents used in the intermediate step, and also 
by controlling the kinetics of the solvent exchange methodology. Regarding 
mechanical properties, protein oleogels showed increased hardness (increased mod-
ulus by approximately two orders of magnitude in comparison to the primary hydro-
gels) and revealed to be more brittle as well (decrease in fracture strain). Still in 
Fig. 22.7, the upper row hydrogel samples resulted from a solution with higher ionic 
strength, helping proteins to aggregate in larger conformations (Yan and Pochan 
2010). Because of that, a wiry or coarser conformation of protein structures will 
confer increased turbidity to protein gels (de Vries et al. 2015). The swelling behav-
ior is a characteristic of protein-based gels; this is a feature that will help consider-
ably this exchanging solvent approach in terms of improved oil intake. Despite the 
network that is responsible for the oil entrapment after solvent exchange being the 
same that primarily formed the hydrogels, the mechanical properties of the final 
oleogels will be distinct from their hydrogel counterpart. As showed by the authors, 
when comparing the oleogels with the corresponding hydrogels, the former showed 
a strong increase in modulus and fracture stress accompanied by a lower strain at 
fracture (Fig. 22.8).

The solvent exchange approach described above will also be responsible for 
some other modified properties. The polarity of the solvent will decrease alongside 
with the exchange of solvent, being this factor responsible for a conformational 
change of the gel, leading to its shrinkage. This change will influence the oil intake 

Fig. 22.7 WPI hydrogels 
on top and oleogels in the 
bottom after the solvent 
exchange procedure. The 
composition of the 
hydrogels was 15% WPI 
with 0, 100, and 200 mM 
NaCl. (Reprinted with 
permission from de Vries 
et al. (2015). Copyright 
(2015) American Chemical 
Society)
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capabilities of the oleogels. Depending on the solvent used in the intermediate step, 
gel shrinkage and consequent oil holding capacity will vary.

A similar procedure was described by Manzocco et al. (2017) when reporting the 
development of oleogels by means of solvent exchange in polysaccharide aerogels. 
In this work, a single component polysaccharide (κ-carrageenan) was used to 
develop hydrogels, with increasing carrageenan concentrations. Afterwards, the 
hydrogels were submitted to immersion in alcohol solutions at increasing concen-
trations (25, 50, 75% v/v) at a constant 1:8 (v/v) hydrogel:ethanol ratio. Then, to 
prevent hydrogel architectural collapse, supercritical CO2 drying was employed. 
Different CO2 flow rates were tested allowing to minimize the drying time, so that 
the structural integrity of the gels remained unaltered, in particular without surface 
cracks. The final procedure consisted in introducing the aerogels in 125 mL of sun-
flower oil until a constant weight was recorded. The maximum observed oil intake 
was of ~80%. Table 22.1 shows parameters values for increasing concentrations of 
κ-carrageenan in hydrogel formulation and consequent oleogel production.

Fig. 22.8 Large deformation properties of protein-based hydrogels and oleogels after the solvent 
exchange procedure using acetone. (a) Stress-strain curve for a representative 10% of 50 mM NaCl 
hydrogel (solid line) and the resulting oleogel after the solvent exchange (dotted line). (b–d) 
Modulus, fracture stress, and fracture strain of hydrogels (gray bars) prepared at 50 mM NaCl with 
different protein concentrations and the resulting oleogels (white bars) after the solvent exchange. 
Error bars represent standard deviation of duplicate measurements. (Reprinted with permission 
from de Vries et al. (2015) Copyright (2015) American Chemical Society)
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Also within the solvent exchange methodology approach, another possible 
solution to use protein building blocks as gelators to endure oleogel formation con-
sists in the usage of whey protein aggregates that result from hydrogel structure 
breakdown. De Vries et  al. demonstrated that protein aggregates with very small 
sizes can be successfully used in the formation of a network in a nonpolar environ-
ment, which resembles the ones usually developed in aqueous media by larger con-
formations (de Vries et al. 2017). In this approach, contrary to the one referred before, 
the primary backbone for oleogels is not the protein architectural structure, but the 
resultant protein dispersion pellet obtained after hydrogel breakdown, homogeniza-
tion and centrifugation processes. One important feature of is the ability of this pro-
tein to build blocks, forming gels with solid-like behavior (i.e. G′ > G″), at a very low 
total mass fraction of gelator (~3%). Macro and microstructures of the protein gels at 
different stages of oleogels’ development are shown in Fig. 22.9. The hydrophobic 
protein aggregated pellet, after the solvent exchange procedure (with acetone for 
example) and consequent solvent oil polarity changes with sunflower oil, is respon-
sible for the formation of oleogels. This is materialized by the protein building blocks, 
with approx. diameter of 200 nm (measured for both water and oil), that act as gelator 
particles (de Vries et al. 2017). Also, for increasing amounts of protein, the rheologi-
cal data shows modifications towards higher resemblance to an elastic covalent gel.

22.5  Food Applications and Final Remarks

Polymeric oil gelation strategies are still under development but it is possible to 
state that there are interesting options concerning the usage of different polymer 
strands that are usually more associated to water gelling and less with oil structuring. 
Therefore, it is safe to say that there are some unexplored options for oil- structuring 
that can be definitely extended to other biopolymers of interest.

In fact, and taking into account the already proposed applications for non- 
polymeric oleogels, such as chocolates (Marangoni 2014; Stortz and Marangoni 
2011, 2013; Rogers et al. 2014), pastries (Mert and Demirkesen 2016; Hwang et al. 
2016), spreads (Patel 2015; Patel and Dewettinck 2016), processed meats 
(Panagiotopoulou et al. 2016), and ice-cream (Zulim Botega et al. 2013; Moriano 

Table 22.1 Oil content, firmness and oil holding capacity (OHC) values of oleogels obtained from 
hydrogels produced with increasing κ-carrageenan concentration

κ-Carrageenan in 
hydrogel (% w/w)

κ-Carrageenan in 
oleogel (% w/w)

Oil in oleogel 
(% w/w) Firmness (N)

OHC (% 
w/w)

0.4 27.58 ± 0.83a 72.42 ± 0.83a 158.33 ± 9.16c 83.44 ± 1.35a
1.0 26.76 ± 0.33a 73.24 ± 0.33a 311.70 ± 11.78a 82.18 ± 1.11a
2.0 18.72 ± 0.31b 81.28 ± 0.31b 216.40 ± 6.79b 62.21 ± 1.31b

Different letters in the same column are significantly different (p < 0.05)
Reprinted from Food Hydrocolloids, 71, Manzocco, L., Valoppi, F., Calligaris, S., Andreatta, 
F., Spilimbergo, S., & Nicoli, M. C., Exploitation of κ-carrageenan aerogels as template for edible 
oleogel preparation, 68–75, Copyright (2017), with permission from Elsevier
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and Alamprese 2017), the use of polymeric-based oleogels opens an even wider 
span of possibilities. Considering the challenge of mimicking the mouthfeel and 
texture of common fats using non-polymeric oleogels, the introduction of poly-
meric oleogels can widen the possibilities of shortening the existing gap. 
Nevertheless, several challenges still need to be overcome if the focus is the applica-
tion in the food industry. Mainly, the price of the biopolymers and difficulties in up 
scaling the methodologies used, that in some cases could condition the final price of 
oleogels and thus their economic viability.

Acknowledgments This research was supported by Norte Regional Operational Program 
2014–2020 (Norte2020) through the European Regional Development Fund (ERDF) 
Nanotechnology based functional solutions (NORTE-01-0145-FEDER-000019). This study was 
supported by the Portuguese Foundation for Science and Technology (FCT) under the scope of the 
strategic funding of UID/BIO/04469/2013 unit and COMPETE 2020 (POCI-01-0145-
FEDER-006684) and BioTecNorte operation (NORTE-01-0145-FEDER-000004) funded by the 
European Regional Development Fund under the scope of Norte2020—Programa Operacional 
Regional do Norte. The authors acknowledge the Project RECI/BBB-EBI/0179/2012 (FCOMP-
01-0124-FEDER-027462). Artur Martins is recipient of a fellowship supported by a doctoral 
advanced training (call NORTE- 69-2015-15) funded by the European Social Fund under the scope 
of Norte2020—Programa Operacional Regional do Norte.

Fig. 22.9 (a) Appearance of heat-set WPI aggregates after centrifugation, (b) dispersion of freeze- 
dried WPI aggregates in sunflower oil and (c) WPI aggregates in sunflower oil via a solvent 
exchange with corresponding CLSM micrographs (d–f). (Reprinted from Journal of Colloid and 
Interface Science, 486, de Vries, A., Wesseling, A., van der Linden, E., & Scholten, E., Protein 
oleogels from heat-set whey protein aggregates, 75–83, Copyright (2017), with permission from 
Elsevier)

22 Food Grade Polymers for the Gelation of Edible Oils Envisioning Food Applications



606

References

Altman GH, Diaz F, Jakuba C, Calabro T, Horan RL, Chen J, Helen L, Richmond J, Kaplan 
DL (2003) Silk-based biomaterials. Biomaterials 24(3):401–416. https://doi.org/10.1016/
s0142-9612(02)00353-8

Bell D, Coffey D, Henderson A (2006) Cellulose and cellulose derivatives:147–179. https://doi.
org/10.1201/9781420015164.ch5

O’Sullivan CM, Davidovich-Pinhas M, Wright AJ, Barbut S, Marangoni AG (2017) Ethylcellulose 
oleogels for lipophilic bioactive delivery—effect of oleogelation on in vitro bioaccessibility 
and stability of beta-carotene. Food Funct 8(4):1438–1451. https://doi.org/10.1039/c6fo01805j

Davidovich-Pinhas M (2016) Oleogels: a promising tool for delivery of hydrophobic bioactive 
molecules. Ther Deliv 7(1):1–3. https://doi.org/10.4155/tde.15.83

Davidovich-Pinhas M, Barbut S, Marangoni AG (2015a) The gelation of oil using ethyl cellulose. 
Carbohydr Polym 117:869–878. https://doi.org/10.1016/j.carbpol.2014.10.035

Davidovich-Pinhas M, Gravelle AJ, Barbut S, Marangoni AG (2015b) Temperature effects on 
the gelation of ethylcellulose oleogels. Food Hydrocoll 46:76–83. https://doi.org/10.1016/j.
foodhyd.2014.12.030

de Vries A, Hendriks J, van der Linden E, Scholten E (2015) Protein oleogels from protein 
hydrogels via a stepwise solvent exchange route. Langmuir 31(51):13850–13859. https://doi.
org/10.1021/acs.langmuir.5b03993

de Vries A, Wesseling A, van der Linden E, Scholten E (2017) Protein oleogels from heat-set 
whey protein aggregates. J  Colloid Interface Sci 486:75–83. https://doi.org/10.1016/j.
jcis.2016.09.043

Dubernet C, Rouland JC, Benoit JP (1991) Ibuprofen-loaded ethylcellulose microspheres: analy-
sis of the matrix structure by thermal analysis. J  Pharm Sci 80(11):1029–1033. https://doi.
org/10.1002/jps.2600801106

Elieh-Ali-Komi D, Hamblin MR (2016) Chitin and Chitosan: Production and Application of 
Versatile Biomedical Nanomaterials. Int J Adv Res 4(3):411–427

Flores-Cespedes F, Daza-Fernandez I, Villafranca-Sanchez M, Fernandez-Perez M, Morillo E, 
Undabeytia T (2018) Lignin and ethylcellulose in controlled release formulations to reduce 
leaching of chloridazon and metribuzin in light-textured soils. J Hazard Mater 343:227–234. 
https://doi.org/10.1016/j.jhazmat.2017.09.012

Gallego R, Arteaga JF, Valencia C, Franco JM (2013) Isocyanate-functionalized chitin and chi-
tosan as gelling agents of castor oil. Molecules 18(6):6532–6549. https://doi.org/10.3390/
molecules18066532

Gravelle AJ, Barbut S, Quinton M, Marangoni AG (2014) Towards the development of a predictive 
model of the formulation-dependent mechanical behaviour of edible oil-based ethylcellulose 
oleogels. J Food Eng 143:114–122. https://doi.org/10.1016/j.jfoodeng.2014.06.036

Gutiérrez TJ (2017) Chitosan applications for the food industry. In: Ahmed S, Ikram S (eds) 
Chitosan: derivatives, composites and applications. Wiley-Scrivener Publisher, pp 183–232. 
https://doi.org/10.1002/9781119364849.ch8. ISBN: 978-1-119-36350-7

Gutiérrez TJ, Alvarez VA (2017) Cellulosic materials as natural fillers in starch- containing matrix- 
based films: a review. Polym Bull 74(6):2401–2430. https://doi.org/10.1007/s00289-016-1814-0

Hwang HS, Singh M, Lee S (2016) Properties of cookies made with natural wax-vegetable oil 
organogels. J Food Sci 81(5):C1045–C1054. https://doi.org/10.1111/1750-3841.13279

Jiang Y, Liu L, Wang B, Sui X, Zhong Y, Zhang L, Mao Z, Xu H (2017) Cellulose-rich oleogels 
prepared with an emulsion-templated approach. Food Hydrocoll. https://doi.org/10.1016/j.
foodhyd.2017.10.023

Jonker AM, Löwik DWPM, van Hest JCM (2012) Peptide- and protein-based hydrogels. Chem 
Mater 24(5):759–773. https://doi.org/10.1021/cm202640w

Juncosa-Melvin N, Shearn JT, Boivin GP, Gooch C, Galloway MT, West JR, Nirmalanandhan 
VS, Bradica G, Butler DL (2006) Effects of mechanical stimulation on the biomechanics and 
histology of stem cell-collagen sponge constructs for rabbit patellar tendon repair. Tissue Eng 
12(8):2291–2300. https://doi.org/10.1089/ten.2006.12.2291

A. J. Martins et al.

https://doi.org/10.1016/s0142-9612(02)00353-8
https://doi.org/10.1016/s0142-9612(02)00353-8
https://doi.org/10.1201/9781420015164.ch5
https://doi.org/10.1201/9781420015164.ch5
https://doi.org/10.1039/c6fo01805j
https://doi.org/10.4155/tde.15.83
https://doi.org/10.1016/j.carbpol.2014.10.035
https://doi.org/10.1016/j.foodhyd.2014.12.030
https://doi.org/10.1016/j.foodhyd.2014.12.030
https://doi.org/10.1021/acs.langmuir.5b03993
https://doi.org/10.1021/acs.langmuir.5b03993
https://doi.org/10.1016/j.jcis.2016.09.043
https://doi.org/10.1016/j.jcis.2016.09.043
https://doi.org/10.1002/jps.2600801106
https://doi.org/10.1002/jps.2600801106
https://doi.org/10.1016/j.jhazmat.2017.09.012
https://doi.org/10.3390/molecules18066532
https://doi.org/10.3390/molecules18066532
https://doi.org/10.1016/j.jfoodeng.2014.06.036
https://doi.org/10.1002/9781119364849.ch8
https://doi.org/10.1007/s00289-016-1814-0
https://doi.org/10.1111/1750-3841.13279
https://doi.org/10.1016/j.foodhyd.2017.10.023
https://doi.org/10.1016/j.foodhyd.2017.10.023
https://doi.org/10.1021/cm202640w
https://doi.org/10.1089/ten.2006.12.2291


607

Kinsella JE (1984) Milk proteins: physicochemical and functional properties. Crit Rev Food Sci 
Nutr 21(3):197–262. https://doi.org/10.1080/10408398409527401

Kuijpers AJ, Engbers GHM, Krijgsveld J, Zaat SAJ, Dankert J, Feijen J  (2000) Cross-linking 
and characterisation of gelatin matrices for biomedical applications. J Biomater Sci Polym Ed 
11(3):225–243. https://doi.org/10.1163/156856200743670

Laredo T, Barbut S, Marangoni AG (2011) Molecular interactions of polymer oleogelation. Soft 
Matter 7(6):2734–2743. https://doi.org/10.1039/C0SM00885K

Lii CY, Liaw SC, Lai VMF, Tomasik P (2002) Xanthan gum-gelatin complexes. Eur Polym 
J 38(7):1377–1381. https://doi.org/10.1016/S0014-3057(02)00008-3

Manzocco L, Valoppi F, Calligaris S, Andreatta F, Spilimbergo S, Nicoli MC (2017) Exploitation 
of κ-carrageenan aerogels as template for edible oleogel preparation. Food Hydrocoll 71:68–
75. https://doi.org/10.1016/j.foodhyd.2017.04.021

Marangoni AG (2014) Chocolate compositions containing ethylcellulose oleogel and methods for 
preparing. Google Patents

Martins AJ, Cerqueira MA, Cunha RL, Vicente AA (2017) Fortified beeswax oleogels: effect 
of β-carotene on gel structure and oxidative stability. Food Funct. https://doi.org/10.1039/
c7fo00953d

Matheson AB, Koutsos V, Dalkas G, Euston S, Clegg P (2017) Microstructure of beta-sitosterol: 
gamma-oryzanol edible organogels. Langmuir 33(18):4537–4542. https://doi.org/10.1021/acs.
langmuir.7b00040

Melzer E, Kreuter J, Daniels R (2003) Ethylcellulose: a new type of emulsion stabilizer. Eur 
J Pharm Biopharm 56(1):23–27. https://doi.org/10.1016/s0939-6411(03)00025-0

Mert B, Demirkesen I (2016) Reducing saturated fat with oleogel/shortening blends in a baked 
product. Food Chem 199:809–816. https://doi.org/10.1016/j.foodchem.2015.12.087

Moriano ME, Alamprese C (2017) Organogels as novel ingredients for low saturated fat ice 
creams. LWT Food Sci Technol 86:371–376. https://doi.org/10.1016/j.lwt.2017.07.034

Mukherjee B, Mahapatra S, Gupta R, Patra B, Tiwari A, Arora P (2005) A comparison between 
povidone-ethylcellulose and povidone-eudragit transdermal dexamethasone matrix patches 
based on in  vitro skin permeation. Eur J  Pharm Biopharm 59(3):475–483. https://doi.
org/10.1016/j.ejpb.2004.09.009

Nikiforidis CV, Scholten E (2015) Polymer organogelation with chitin and chitin nanocrystals. 
RSC Adv 5(47):37789–37799. https://doi.org/10.1039/c5ra06451a

O’Sullivan CM, Barbut S, Marangoni AG (2016) Edible oleogels for the oral delivery of lipid 
soluble molecules: composition and structural design considerations. Trends Food Sci Technol 
57:59–73. https://doi.org/10.1016/j.tifs.2016.08.018

Okuda Y, Irisawa Y, Okimoto K, Osawa T, Yamashita S (2012) Further improvement of orally 
disintegrating tablets using micronized ethylcellulose. Int J Pharm 423(2):351–359. https://doi.
org/10.1016/j.ijpharm.2011.10.050

Panagiotopoulou E, Moschakis T, Katsanidis E (2016) Sunflower oil organogels and organogel- 
in- water emulsions (part II): implementation in frankfurter sausages. LWT Food Sci Technol 
73:351–356. https://doi.org/10.1016/j.lwt.2016.06.006

Patel AR (2015) Alternative routes to oil structuring. Springer International Publishing
Patel AR, Dewettinck K (2015) Comparative evaluation of structured oil systems: shellac oleo-

gel, HPMC oleogel, and HIPE gel. Eur J Lipid Sci Technol 117(11):1772–1781. https://doi.
org/10.1002/ejlt.201400553

Patel AR, Dewettinck K (2016) Edible oil structuring: an overview and recent updates. Food Funct 
7(1):20–29. https://doi.org/10.1039/c5fo01006c

Patel AR, Rajarethinem PS, Cludts N, Lewille B, De Vos WH, Lesaffer A, Dewettinck K (2015a) 
Biopolymer-based structuring of liquid oil into soft solids and oleogels using water-continuous 
emulsions as templates. Langmuir 31(7):2065–2073. https://doi.org/10.1021/la502829u

Patel AR, Dumlu P, Vermeir L, Lewille B, Lesaffer A, Dewettinck K (2015b) Rheological charac-
terization of gel-in-oil-in-gel type structured emulsions. Food Hydrocoll 46:84–92. https://doi.
org/10.1016/j.foodhyd.2014.12.029

22 Food Grade Polymers for the Gelation of Edible Oils Envisioning Food Applications

https://doi.org/10.1080/10408398409527401
https://doi.org/10.1163/156856200743670
https://doi.org/10.1039/C0SM00885K
https://doi.org/10.1016/S0014-3057(02)00008-3
https://doi.org/10.1016/j.foodhyd.2017.04.021
https://doi.org/10.1039/c7fo00953d
https://doi.org/10.1039/c7fo00953d
https://doi.org/10.1021/acs.langmuir.7b00040
https://doi.org/10.1021/acs.langmuir.7b00040
https://doi.org/10.1016/s0939-6411(03)00025-0
https://doi.org/10.1016/j.foodchem.2015.12.087
https://doi.org/10.1016/j.lwt.2017.07.034
https://doi.org/10.1016/j.ejpb.2004.09.009
https://doi.org/10.1016/j.ejpb.2004.09.009
https://doi.org/10.1039/c5ra06451a
https://doi.org/10.1016/j.tifs.2016.08.018
https://doi.org/10.1016/j.ijpharm.2011.10.050
https://doi.org/10.1016/j.ijpharm.2011.10.050
https://doi.org/10.1016/j.lwt.2016.06.006
https://doi.org/10.1002/ejlt.201400553
https://doi.org/10.1002/ejlt.201400553
https://doi.org/10.1039/c5fo01006c
https://doi.org/10.1021/la502829u
https://doi.org/10.1016/j.foodhyd.2014.12.029
https://doi.org/10.1016/j.foodhyd.2014.12.029


608

Patel AR, Rodriguez Y, Lesaffer A, Dewettinck K (2014) High internal phase emulsion gels 
(HIPE-gels) prepared using food-grade components. RSC Adv 4(35):18136–18140. https://
doi.org/10.1039/c4ra02119c

Patel AR, Schatteman D, Lesaffer A, Dewettinck K (2013) A foam-templated approach for fab-
ricating organogels using a water-soluble polymer. RSC Adv 3(45):22900–22903. https://doi.
org/10.1039/c3ra44763d

Pernetti M, Vanmalssen K, Kalnin D, Floter E (2007) Structuring edible oil with lecithin and sorbitan 
tri-stearate. Food Hydrocoll 21(5–6):855–861. https://doi.org/10.1016/j.foodhyd.2006.10.023

Rogers MA, Strober T, Bot A, Toro-Vazquez JF, Stortz T, Marangoni AG (2014) Edible oleo-
gels in molecular gastronomy. Int J Gastron Food Sci 2(1):22–31. https://doi.org/10.1016/j.
ijgfs.2014.05.001

Romoscanu AI, Mezzenga R (2006) Emulsion-templated fully reversible protein-in-oil gels. 
Langmuir 22(18):7812–7818. https://doi.org/10.1021/la060878p

Sánchez R, Stringari GB, Franco JM, Valencia C, Gallegos C (2011) Use of chitin, chitosan 
and acylated derivatives as thickener agents of vegetable oils for bio-lubricant applications. 
Carbohydr Polym 85(3):705–714. https://doi.org/10.1016/j.carbpol.2011.03.049

Singh A, Auzanneau FI, Rogers MA (2017) Advances in edible oleogel technologies—a decade in 
review. Food Res Int 97:307–317. https://doi.org/10.1016/j.foodres.2017.04.022

Stortz TA, De Moura DC, Laredo T, Marangoni AG (2014) Molecular interactions of ethylcellu-
lose with sucrose particles. RSC Adv 4(98):55048–55061. https://doi.org/10.1039/c4ra12010h

Stortz TA, Marangoni AG (2011) Heat resistant chocolate. Trends Food Sci Technol 22(5):201–
214. https://doi.org/10.1016/j.tifs.2011.02.001

Stortz TA, Marangoni AG (2013) Ethylcellulose solvent substitution method of preparing heat 
resistant chocolate. Food Res Int 51(2):797–803. https://doi.org/10.1016/j.foodres.2013.01.059

Suzuki M, Hanabusa K (2010) Polymer organogelators that make supramolecular organogels 
through physical cross-linking and self-assembly. Chem Soc Rev 39(2):455–463. https://doi.
org/10.1039/b910604a

Wang C-S, Natale G, Virgilio N, Heuzey M-C (2016a) Synergistic gelation of gelatin B with xan-
than gum. Food Hydrocoll 60:374–383. https://doi.org/10.1016/j.foodhyd.2016.03.043

Wang FC, Peyronel F, Marangoni AG (2016b) Phase diagram of glycerol monostearate and sodium 
stearoyl lactylate. Cryst Growth Des 16(1):297–306. https://doi.org/10.1021/acs.cgd.5b01241

Wang J, Caceres M, Li S, Deratani A (2017) Synthesis and self-assembly of amphiphilic block 
copolymers from biobased hydroxypropyl methyl cellulose and poly(l-lactide). Macromol 
Chem Phys 218(10):1600558. https://doi.org/10.1002/macp.201600558

Yamada T, Onishi H, Machida Y (2001) Sustained release ketoprofen microparticles with eth-
ylcellulose and carboxymethylethylcellulose. J  Control Release 75(3):271–282. https://doi.
org/10.1016/s0168-3659(01)00399-6

Yan C, Pochan DJ (2010) Rheological properties of peptide-based hydrogels for biomedical and 
other applications. Chem Soc Rev 39(9):3528–3540. https://doi.org/10.1039/b919449p

Yang Y, Yu J, Xu H, Sun B (2017) Porous lightweight composites reinforced with fibrous struc-
tures. Springer, Berlin/Heidelberg. https://doi.org/10.1007/978-3-662-53804-3

Yu H, Ke S, Liu D, Huang Q (2012) Development of a food-grade organogel with high bioac-
cessibility and loading of curcuminoids. Food Chem 131(1):48–54. https://doi.org/10.1016/j.
foodchem.2011.08.027

Zetzl AK, Gravelle AJ, Kurylowicz M, Dutcher J, Barbut S, Marangoni AG (2014) Microstructure 
of ethylcellulose oleogels and its relationship to mechanical properties. Food Struct 2(1–2):27–
40. https://doi.org/10.1016/j.foostr.2014.07.002

Zulim Botega DC, Marangoni AG, Smith AK, Goff HD (2013) The potential application of rice 
bran wax oleogel to replace solid fat and enhance unsaturated fat content in ice cream. J Food 
Sci 78(9):C1334–C1339. https://doi.org/10.1111/1750-3841.12175

A. J. Martins et al.

https://doi.org/10.1039/c4ra02119c
https://doi.org/10.1039/c4ra02119c
https://doi.org/10.1039/c3ra44763d
https://doi.org/10.1039/c3ra44763d
https://doi.org/10.1016/j.foodhyd.2006.10.023
https://doi.org/10.1016/j.ijgfs.2014.05.001
https://doi.org/10.1016/j.ijgfs.2014.05.001
https://doi.org/10.1021/la060878p
https://doi.org/10.1016/j.carbpol.2011.03.049
https://doi.org/10.1016/j.foodres.2017.04.022
https://doi.org/10.1039/c4ra12010h
https://doi.org/10.1016/j.tifs.2011.02.001
https://doi.org/10.1016/j.foodres.2013.01.059
https://doi.org/10.1039/b910604a
https://doi.org/10.1039/b910604a
https://doi.org/10.1016/j.foodhyd.2016.03.043
https://doi.org/10.1021/acs.cgd.5b01241
https://doi.org/10.1002/macp.201600558
https://doi.org/10.1016/s0168-3659(01)00399-6
https://doi.org/10.1016/s0168-3659(01)00399-6
https://doi.org/10.1039/b919449p
https://doi.org/10.1007/978-3-662-53804-3
https://doi.org/10.1016/j.foodchem.2011.08.027
https://doi.org/10.1016/j.foodchem.2011.08.027
https://doi.org/10.1016/j.foostr.2014.07.002
https://doi.org/10.1111/1750-3841.12175


609© Springer International Publishing AG, part of Springer Nature 2018 
T. J. Gutiérrez (ed.), Polymers for Food Applications, 
https://doi.org/10.1007/978-3-319-94625-2_23

Chapter 23
Current Applications in Food Preservation 
Based on Marine Biopolymers

Mohamed E. I. Badawy and Entsar I. Rabea

Abstract Marine biopolymers, including polysaccharides such as alginate, carra-
geenan, chitin, chitosan and gelatin, are biocompatible, biodegradable and non- 
toxic to mammals and are widely used in a variety of  industrial applications. In 
food, these biopolymers perform a number of functions including gelling and thick-
ening aqueous solutions, as well as stabilizing foams, emulsions and dispersions, 
inhibiting ice and sugar crystal formation, preventing spoilage and control the 
release of additive materials. These food biopolymers play an important role in food 
structure, food functional properties, food processing and shelf life. They are gener-
ally hydrophilic due to the large number of hydroxyl groups, which confer high 
affinity for binding water molecules, so that they can be dispersed in water in the 
colloidal state. In this chapter, we provide recent collaborative studies of the appli-
cation of some important biopolymers in food preservation. In addition, the chapter 
provides the latest technological applications and prospects of these products in 
food applications. It provides a better understanding of the food systems, improve 
food qualities, and make better use of food macromolecules.

Keywords Biopolymers  · Food preservation · Technological applications

23.1  Introduction

Marine biopolymers are polymers produced from the living organisms in the 
marines and oceans such as microorganisms, insects, crustaceous and other marine 
environment (Weiner 1997). Some of biopolymers can directly replace synthetic 
polymers in traditional applications (Álvarez et al. 2017). The characteristics 
of these effective materials such as compatibility with biological system, 
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biodegradability, non-toxicity to mammals, and potential antimicrobial activity 
make these polymers widely used in food and biomedical applications (Shimizu and 
Kamiya 1983). The isolation, characterization, and application of marine biomateri-
als show a significant role in developing the marine biotechnology industries 
(Scheuer 2013). A recent advance in technologies helps to isolate bioactive materi-
als from the marine source in an effective manner. Recently, marine biopolymers 
have acquired a strong market position, which attracts various marine researchers 
and consumers as well (Hou et al. 2016; Nollet 2016; Centella et al. 2017). The 
main objective of this chapter is to highlight the current trends in marine biopoly-
mers, particularly with the major implications in food preservation. The literature 
and information in this chapter promises to the concept of marine-derived biopoly-
mers. In this context, the chapter chiefly deals with the latest approaches of new 
applications and new products related to marine biopolymers that safely used in 
food preservation.

23.2  Marine Biopolymers: Structure, Classification, Source 
and Characterizations

Marine biopolymers are polysaccharides, which are polymeric carbohydrate mole-
cules composed of long chains of monosaccharide units bound composed by glyco-
sidic bonds (Thakur and Thakur 2016; Ferreira et  al. 2016). Their structure is 
heterogeneous and varies from linear to highly branched molecules. Depending on 
the structure, these macromolecules may have distinct properties from their mono-
saccharide building blocks and may be amorphous or even water-insoluble (Varki 
et al. 1999).

Marine biopolymers, such as agar, alginate, carrageenan, chitin, chitosan, colla-
gen, fucoidan and gelatin, are highly abundant but underexploited renewable bio-
masses. In addition to their natural biological and structural functions, biopolymers 
can be adapted to new biomaterials with new functionalities. Control of the molecu-
lar structure of the biopolymers is fundamental to understanding their functional 
properties and developing targeted functions. The marine biopolymers can be 
grouped according to their method of formation as addition and condensation poly-
mers. Most biopolymers are condensation polymers, which are formed because of 
monomer units linking to form a small molecule (usually water) as a by-product. 

Table 23.1 List of some 
marine biopolymers and their 
sources

Biopolymers Source

Phycocolloids 
(agar, alginates and 
carrageenans)

Seaweeds

Chitin and chitosan Shells of marine animals
Gelatin Animal skins and bones and fish scales
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The additional biopolymers are those formed by direct combination of the monomer 
units constituting the polymer without any by-products. The biopolymers can 
be grouped into six main classifications with respect to their sources: proteins, 
polysaccharide polynucleotides, polyisoprenes, polyesters and lignin (Olatunji 
2016). In Table 23.1, a list of polysaccharides from various sources is provided.

23.2.1  Agar

Agar is the phycocolloid (polysaccharides of high molecular weight from marine 
algae) of most ancient origin and derived from the polysaccharide agarose, which 
forms the support structure in the cell walls of certain algal species and which is 
released at the boil. These algae are known as agarophytes and belong to the phylum 
of Rhodophytes (red algae) (Balfour 1871). The main commercial genera of agaro-
phytes are Gelidium, Pterocladiella, Gelidiella, and Gracilaria. Agar has also been 
found in species of Ahnfeltia, Acanthopeltis, Campylaephora, Ceramium, 
Gracilariopsis and Phyllophora (Pereira et al. 2013). In fact, agar is the subsequent 
combination of two components of polysaccharides: the linear agarose and a hetero-
geneous mixture of smaller molecules called agaropectin whose basic monomer is 
galactose (Fig. 23.1) (Phillips and Williams 2009). Generally, agarose is the pre-
dominant fraction of agar (50–90%) (Araki 1956) and is also responsible for its 
gelling properties (Nussinovitch and Gershon 1997). These polysaccharides can be 
sulfated to varying degrees, but to a lesser degree than in carrageenan (linear sul-
fated polysaccharides). Therefore, agar contains galactose, 3,6-anhydro-galactose 
(Hands and Peat 1938; Percival et  al. 1938) and inorganic sulfate bonded to the 
carbohydrate (Samec and Isajevič 1922). Although some variations may occur, 
depending on factors such as algal species and environmental conditions (Armisen 
and Galatas 2000). The ash content is lower than that of carrageenan, furcelleran 
(Danish agar) and others. A maximum ash content of 5.0% is acceptable for the 
agar, although normally maintained between 2.5 and 4.0%. About 90% of the agar 
produced in the world is for food applications. The origin of agar as a food ingredi-
ent was in Asia, where it was expended for numerous centuries (Pereira 2011). Its 
surprising qualities as a thickening, stabilizing and gelling agent it make an essen-
tial ingredient for the preparation of processed foods. It has been classified as com-
monly documented as safe by the US Food and Drug Administration (FDA), which 
has set maximum use levels for specific applications.

Fig. 23.1 The chemical 
structure of an agar or 
agarose polymer 
[(1→3)-β-d- 
galactopyranosyl-(1→4)-
3,6-anhydro-α-l-
galactopyranose units]
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23.2.2  Alginate

Alginate or alginic acid is another marine biopolymer, naturally present in all species 
of brown algae and some bacteria; it exists within the cell walls providing flexibility 
and strength. Alginate is a long linear chain polymer, composed of (1→4)-linked-ß-
d-mannuronate (Block M) unit and (1→4)-linked-α-l-guluronate (Block G) unit 
with different proportions and sequential arrangements (Clark and Green 1936; Lee 
and Mooney 2012; Venkatesan et al. 2015). The chemical structure is composed of 
repeated G residues (GGGGGG), M residues (MMMMMM) and alternating M and 
G residues (GMGMGM) (Fig.  23.2). It has been in use as food as far back as 
600  B.C.  However, it was not until 1896 that the purified form of alginate was 

Fig. 23.2 Chemical structures of alginate [(1→4)-ß-d-mannuronate (Block M) and (1→4)-α-l- 
guluronate (Block G) units]
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extracted from seaweed by Krefting method (Krefting 1903). In 1929, alginate 
became a commercial product, with Kelco company being the first to market it as a 
stabilizer in ice cream (Sabra and Deckwer 2005). It is usually associated with other 
cations, such as sodium and calcium, which form sodium alginate and calcium algi-
nate, respectively. The cations bound to the alginate affect its properties. The prop-
erties of alginate also depend on the type of algae, which depends mainly on the 
species of algae, which is mainly Ascophyllum nodosum, Laminaria hyperborean, 
Laminaria digitata and Macrocystis pyrifera. Bacteria of the species Pseudomonas 
and Azotobacter also produce alginate-like polymeric materials (Sabra and Deckwer 
2005). Alginic acid serves various biological functions and industrial applications 
as a stabilizing agent, drug carrier, viscosifying agent and binding agent (Ogaji et al. 
2012; Sabra and Deckwer 2005). It is also used in combination with other polymers 
such as chitosan and hyaluronic acid to serve more varied functions (Williams et al. 
2017; George and Abraham 2006; Paul and Sharma 2004). When the alginate reacts 
with divalent or polyvalent cations, such as chitosan, three-dimensional structures 
are created in the form of an “egg-box” (Bajpai and Sharma 2004; Paula et al. 2006; 
Badawy et al. 2017b).

The molecular weight of commercially available alginates ranges from 32,000 to 
400,000 g/mol. The parameters of the Mark-Houwink relationship ([η] = KMv

a) for 
sodium alginate in 0.1 M NaCl solution at 25 °C are K = 2 × 10−3 and a = 0.97, 
where [η] is intrinsic viscosity (mL/g) and Mv is the viscosity-average molecular 
weight (g/mol) (Rinaudo 1992). The viscosity of the alginate solutions increases as 
the pH decreases and reaches a maximum at pH  3.0–3.5 when the carboxylate 
groups of the alginate molecule become protonated and form hydrogen bonds. 
Increasing the molecular weight of the alginate can improve the physical properties 
of the resulting gels. However, an alginate solution formed from a high molecular 
weight polymer becomes very viscous, which is often undesirable in the treatment 
(Lee and Mooney 2012).

23.2.3  Carrageenan

Carrageenans, as hydrophilic colloids, are a family of linear sulfated polysaccharide 
galactans that are extracted from certain species of red algae (Rhodophyta). They 
are the third most important hydrocolloids in the food industry, after gelatin and 
starch (van de Velde and De Ruiter 2005). The industrial extraction of carrageenan 
started in 1930 in New England, from red seaweed species Chondrus crispus and 
Mastocarpus stellatus, for the preparation of chocolate milk. The greatest univer-
sally used marketable carrageenans are extracted from Eucheuma denticulatum and 
Kappaphycus alvarezii (McHugh 2003). Mostly wild-harvested genera such as 
Chondrus, Chondracanthus, Furcellaria, Gigartina, Iridaea, Mazzaella, 
Mastocarpus, Sarcothalia and Tichocarpus are also mainly grown as carrageenan 
raw materials. The annual world production of carrageenans is 45,000 tons, of 
which 70% is used in the food industry and the rest in the cosmetics and pharmaceu-
tical industry (Campo et al. 2009). They are extensively used in the food industry, 
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for their gelling, thickening and stabilizing properties. However, the main applica-
tion is in dairy and meat products, because of their strong binding to dietary 
proteins.

Carrageenan has a repeating disaccharides unit of ß-d-galactose and α-d- 
galactose or α-d-3,6-anhydrogalactose. There are three main types of carrageenans 
depending on the degree of substitution (DS) occurs on their free hydroxyl groups. 
Substitutions are usually either the addition of ester sulfate or the presence of the 
residues of 3,6-anhydride (Campo et  al. 2009; Nanaki et  al. 2010). Kappa 
(κ)-carrageenan has one sulphate group per disaccharide, Iota (ι)-carrageenan has 
two, and Lambda (λ)-carrageenan has three, whose chemical names according to 
International Union of Pure and Applied Chemistry (IUPAC) and to the letter code 
are 2,4′-disulfate (G4S-DA2S), carrageenose 4′-sulfate (G4S-DA), and carrageen-
ose 2,6,2′-trisulfate (G2S-D2S,6S), respectively (Van de Velde et al. 2002; Knutsen 
et al. 1994) (Fig. 23.3). In addition to d-galactose and 3,6-anhydro-d-galactose as 
the main sugar residues and sulphate as the main substituent, other carbohydrate 
residues typically exist in carrageenans such as glucose, uronic acids and xylose 
(Prajapati et al. 2014). Accordingly, the structure of the different types of carrageen-
ans is defined by the number and position of the sulfate groups, the presence of 
3,6-anhydro-d-galactose and the conformation of the pyranose ring (Pereira et al. 
2013). The carrageenans undergo a conformational transition from the random coils 
to the ordered double helix structure under appropriate conditions (decreasing tem-
perature or increasing salt concentration). The branched polymer chains could then 
develop into a macromolecular network by crosslinking the double helixes, thus 
forming a gel or aggregates. Carrageenans have the characteristic solubility of 
hydrophilic colloids: they are soluble in water and insoluble in most organic sol-
vents (Therkelsen 1993). Alcohols and ketones, although miscible with water, do 
not represent carrageenan solvents; however, they can be tolerated in a mixture of 
carrageenan solutions greater than 40%.

23.2.4  Chitin

Chitin is a naturally abundant polysaccharide and the supporting material of 
crustaceans, insects and fungi (Gutiérrez 2017). It is consists of β-(1-4)-2-
acetamido-2- deoxy-β-d-glucose (GlcNAc) units through a β-(1→4) linkage 

Fig. 23.3 Chemical structures of carrageenans (Kappa (κ)-carrageenan, Iota (ι)-carrageenan and 
Lambda (λ)-carrageenan)
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(Fig. 23.4). The name chitin is derived from Greek, meaning “tunic” or “envelope” 
and it was first discovered in mushrooms in 1811 by Henri Braconnot (Braconnot 
1811). In 1823, Odier found the same material in insects and plants and named it 
chitin (Odier 1823). The concept of chitin was more well-known by Lassaigne, who 
established the presence of nitrogen in its structure during the purification of the 
elytra beetles and Bombyx mori exuviae and then treated the residues with potas-
sium in hot so obtaining potassium cyanide which has confirmed the presence of 
nitrogen in chitin (Lassaigne 1843). In 1859, Rouget treated chitin with strong 
alkali, which resulted in a substance that could, unlike chitin itself, be dissolved in 
acidic aqueous solutions that named as chitosan (Rouget 1859).

23.2.5  Chitosan

Chitosan is a linear biopolymer consists of higher than 70% of β-(1-4)-2-deoxy-β- 
d-glucopyranose (GlcN) and lower than 30% of (GlcNAc) units linked by β-1,4- 
glucosidic bonds (Fig. 23.5). It can be obtained through a deacetylation process of 
purified chitin (Dutta et al. 2004; Badawy et al. 2016b). Chitosan is of commercial 
interest due to its high percentage of nitrogen (~6.0–7.0%) compared to syntheti-
cally substituted cellulose (1.25%) that makes it as a good chelating agent for metal 
ions (Muzzarelli 1973). It has unique characteristics such as biocompatibility, bio-
degradability, low toxicity to mammals and possesses reactive functional groups. 
These important characteristics make chitosan useful in different fields of applica-
tions related to (1) agriculture (antimicrobial, seed-coating, postharvest and con-
trolled release of agrochemicals) (Badawy and Rabea 2011; El Hadrami et al. 2010; 
Kong et al. 2010), (2) food industry and nutrition (anticholesterolemic dietary prod-
ucts and antimicrobial coatings) (Dutta et al. 2004; Badawy and Rabea 2016, 2017; 
Badawy et  al. 2017a), (3) biotechnology (spinning, a dye-binder for textiles, 
strengthening additive in paper, enzyme and cell immobilization, protein separa-
tion, chromatography and cosmetics) (Liu et al. 2014; Mi et al. 2001; Kumar et al. 
2014); (4) biomedicine (drug and gene delivery, blood coagulation, wound healing, 
bone regeneration, immunoadjuvant activity, pharmaceutics and ophthalmology) 
(Dodane and Vilivalam 1998; Krajewska 2004) and (5) combinations of chitosan 

Fig. 23.4 Chemical 
structure of chitin (GlcNAc 
units)
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with other natural or synthetic polymers (grafting, polyelectrolyte complexation, 
blends, and coatings) (Honarkar and Barikani 2009). Chitosan, however, exhibits a 
limitation in its solubility and reactivity, therefore, many studies has been paid to 
modify its chemical structure (Badawy and Rabea 2011; Badawy et al. 2017b).

23.2.6  Gelatin

Gelatin is a translucent, lugubrious, weak (when dry) polymer, tasteless, obtained 
from collagen derived from various animal by-products. It contains proline, 
hydroxyproline, glycine, glutathione and catechin in its polypeptide chain 
(Fig.  23.6). Glycine is responsible for close packing of the chains, however, the 
presence of proline restricts the conformation (Street 2012). Gelatin is very attrac-
tive biopolymers due to its abundance, biodegradability, low cost and functional and 
excellent film-forming properties (Pereda et al. 2011). Nevertheless, they have low 
mechanical strength and dissolves relatively quickly in aqueous solution, thus limit-
ing their practical applications.

Gelatin is of two types, type A which is the gelatin obtained by acid hydrolysis 
and type B obtained by basic hydrolysis (alkaline) (Mariod and Fadul 2013). The 
properties of gelatin depend on the source and method of extraction. For example, 
studies have shown that insect gelatin has different properties from commercial 
gelatin (Mariod and Fadul 2013, 2015). Studies also show that gelatin from different 
fish and their parts differs (Koli et al. 2012). The gelatin dissolves easily in hot water 
forming a gel and also soluble in most polar solvents. However, it does not dissolve 
well when added directly to cold water (Reinhard and Herbert 2007). Gelatin solu-
tions show viscoelastic flow and continuous birefringence. Typically, the gelatin can 
be dispersed in a relatively concentrated acid. These dispersions are stable for 
10–15 days with little or no chemical modification and are suitable for coating or for 
extrusion in a precipitation bath. The mechanical properties of gelatin gels are very 
sensitive to temperature variations and gels exist only over a small temperature 
range, typically less than 35 °C. The higher melting point is lower than the human 

Fig. 23.5 Chemical 
structure of chitosan (GlcN 
and remaining of GlcNAc 
units). DA is a degree of 
acetylation
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body temperature, important factor for the mouth feel of foods produced with gela-
tin (Cole 2000). The viscosity of the gelatin solution is highest when the concentra-
tion is high and the mixture is kept cool at 4 °C. The strength of the gel is quantified 
using the Bloom test.

23.3  Marine Biopolymers-Based Packaging Materials

Marine biopolymer-based packaging is defined as packaging that contains raw 
materials originating from marine sources. The marketing of ecologically approach-
able packaging that uses such biodegradable materials has the greatest potential in 
countries where landfill is the core waste management tool. In this concept marine 
biopolymer-based packaging materials include both edible films and coatings, along 
with primary and secondary packaging materials in food preservation (Etxabide 
et al. 2017). Edible coatings are a thin layer of edible material that forms a shielding 
film or coating layer on the surface of fruits, vegetables and fresh food products to 
prolong their shelf life (Fig. 23.7). It is simple, convenient, economical, environ-
ment friendly and relatively inexpensive technology. It is widely used to reduce the 
deterioration of products and more acceptable by consumers to other conservative 
methods (Mohebbi et al. 2012).

A film of alginate gel with high salt concentration was used as an edible subsec-
tor. Better heating and shorter cooking times were demonstrated (Albert et al. 2012). 
Edible films have also been prepared in the form of emulsifiable alginate with novel 
barrier possessions and respectable mechanical properties which also protect encap-

Fig. 23.6 Chemical structure of gelatin showing abundant amino acids glycine, proline and 
hydroxy proline in sphere and cylindrical model (-Gly-Pro-Hyp-), glutathione and catechin
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sulated active components (Hambleton et al. 2009). Vegetables and fruits preserva-
tion was also favored by incorporation of stable silver nanoparticles into alginate 
film (Mohammed Fayaz et al. 2009). Over the last decades, it has become increas-
ingly interesting to develop and use bioactive chitosan films and coatings for food 
packaging, because of its particular physicochemical properties, its short-term bio-
degradability, its biocompatibility with human tissue and its antimicrobial activities 
(No et al. 2002; Dutta et al. 2009; Kong et al. 2010; Gómez-Estaca et al. 2010). 
Chitosan films were prepared with many organic acids and aromatic oils and showed 
high inhibitory measures against the growth of indigenous (lactic acid bacteria and 
Enterobacteriaceae) or inoculated bacteria (Lactobacillus sakei and Serratia lique-
faciens) on the surfaces of meat products (Quintavalla and Vicini 2002). It was 
observed that the action of the bio-based films studied did not affect the growth of 
lactic acid bacteria, however, the growing of Enterobacteriaceae and S. liquefaciens 
was delayed or totally inhibited after storage for 21 days at 4  °C. The strongest 
inhibition was observed on surfaces with lower water activity values (bologna) on 
which acid release was slower and with films containing cinnamaldehyde, because 
of its superior antimicrobial action under these environments. Dutta et al. (2009) 
prepared a chitosan-starch film using a microwave treatment and proved that this 
product can be used in food packaging technology. Chitosan antimicrobial activity 
varies considerably with the type of chitosan; particularly the DS, molecular weight, 
the target organism and the conditions of the medium in which it is applied; in par-
ticular the pH, the ionic strength and the presence of solutes capable of reacting with 

Marine biopolymers-based films and coatings

Film properties

Mechanical  properties 

Elongation at break

Higher than synthetic 
polymers  
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Similar to synthetic 
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Water vapor 
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Poor than synthetic 
polymers  

Applications: Films and coatings for fruits, 
vegetables, meat and other food products

Fig. 23.7 Characterizations of marine biopolymers-based films and coatings as packaging 
materials
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chitosan by electrostatic interaction and/or covalent bonding (Rabea et  al. 2003; 
Badawy and Rabea 2011). Many research studies proved that the chitosan with a 
molecular weight of less than 10 kDa has higher antimicrobial activity than high 
molecular weight. Moreover, the antimicrobial activity of chitosan and chitosan 
films has been shown to increase by decreasing the pH value. This effect can be 
considered as a synergistic action for the reasons of the obstacle effect of acid stress 
on bacterial cells (Kong et  al. 2010). The antimicrobial action of chitosan-based 
edible coating solutions and chitosan-tapioca starch mixtures with and without the 
addition of potassium sorbate was investigated (Vásconez et  al. 2009). Authors 
showed that the addition of chitosan reduced water vapor permeability (WVP) and 
solubility of starch films. One of the most perspective active biofilms is that based 
on chitosan, which is associated with different materials such as plant and animal 
proteins, polysaccharides and antimicrobial peptides such as nisin and divergicin, a 
novel bacteriocin from Carnobacterium divergens (Tahiri et al. 2004, 2009).

Generally, marine biopolymers forms coatings by breaking down interactions 
among long-chain polymer segments, thereby forming new intermolecular hydro-
gen and hydrophilic bonds upon solvent evaporation to generate a coating matrix. 
High molecular weight polymers contain large chain polymeric structures, which 
are required for creating polymer matrices having the suitable cohesive strength that 
provides mechanical strength to the coating (Moncayo et al. 2013).

23.3.1  Active and Intelligent Packaging of Foods

Among all living organisms, marine biopolymers derived from various resources 
such as algae (green, brown and red algae), crustaceans, and microorganisms forms 
one of the major components and considered as the greatest abundant source of 
products used in multiple food packaging applications because of their availability, 
eco-friendly connotation and singular properties (Manivasagan and Oh 2016; Bhatia 
2016). These products extending the shelf life of foodstuffs include the application 
of many approaches such as temperature control, humidity control, addition of 
chemicals (salt, sugar, carbon dioxide or natural acids), elimination of oxygen, or a 
combination thereof with an effective packaging. Recently, the active packaging 
system is used to delay or eradicate the microbial, enzymatic and oxidative altera-
tions, minimize contamination, weight loss and ensure the stability of the color and 
integrity of the products during the storage period (Imran et al. 2010; Al-Naamani 
et al. 2016). Active packaging is a state-of-the-art packaging technology that per-
mits the product and its environment to interact to outspread the shelf life of the 
product and/or maintain its microbial safety while preserving the quality of the 
packaged food (Ahvenainen 2003; Imran et  al. 2010; Realini and Marcos 2014; 
Bracone et al. 2016; Gutiérrez et al. 2016, 2018). It protects food from infection or 
degradation by providing a barrier to external environments while networking with 
the internal environment to control the atmosphere in the packaging. This technol-
ogy is based on the theory of integrating certain constituents into packaging systems 
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that release or absorb ingredients from or into the packaged food or into the sur-
rounding environment to extend shelf life and maintain quality, safety and sensory 
properties (Camo et al. 2008; Vermeiren et al. 1999).

The progress of a whole range of active packaging systems is quite new (Kerry 
et al. 2006). Most important functions of active and intelligent packaging technolo-
gies include moisture control, oxygen permeability and scavenging, carbon dioxide 
(CO2) controllers, odor controllers, flavor enhancement, ethylene removal and anti-
microbial functions (Fig.  23.8) (Brody 2009; Restuccia et  al. 2010; Kerry et  al. 
2006; Dainelli et al. 2008; Pereira de Abreu et al. 2012).

The existence of oxygen in food packages can trigger many food deterioration 
reactions. Oxygen can cause off-taste progress (rancidity due to lipid oxidation), 
color changes (pigment oxidation), nutrient loss (vitamin C oxidation), and micro-
bial development (Brody et al. 2001). It also has a significant impact on the respira-
tion rate and ethylene production of respiring foods such as fruits and vegetables. 
Oxygen scavenging is an effective way to prevent the growth of aerobic bacteria and 
mold in dairy and baked goods. Oxygen concentrations of 0.01% or less in the head-
space are required for this purpose. There are three main modes of action for free 
radical scavenging activity by CH2. The hydroxyl groups in the polysaccharide unit 
of marine biopolymers can react with radicals by; (1) the H-abstraction reaction, (2) 
the active hydrogen ions in free amino groups can react with radicals to form stable 
macromolecule radicals and (3) the amino groups can form ammonium (NH3+) 
groups by absorbing hydrion from the solution. Then reacting with radicals through 
addition reaction (Xie et al. 2001). The use of oxygen scavengers, which absorb 
residual O2 after packaging, may minimize the quality changes undergone by foods. 
Oxygen scavengers are reducing agents, i.e. substances able to react with oxygen 
and thus reduce its concentration within the package. These substances can be 
blended or dispersed in the polymeric materials rendering a smart polymer technol-
ogy, namely oxygen scavenging films. One active packaging approach that is appli-
cable to meat systems is the use of oxygen scavengers in the form of either oxygen 
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absorbing materials in small sachets that are placed into the package or packaging 
films incorporated with oxygen scavenging materials (Cruz et al. 2012). Interest in 
healthier foods by today’s consumers has led to the production by meat technolo-
gists of naturally preserved meat products. Edible coatings with natural, antimicro-
bial and antioxidant characteristics have become increasingly popular in the area of 
meat technology due to their effectiveness on the surface of the product for a long 
time, resulting in the delay or inhibition of chemical and microbial deteriorations 
(Devlieghere et al. 2004a). Chitosan coating was successfully used in reducing lipid 
oxidation (traditional dry fermented sausage) (Krkić et al. 2013), in extending the 
shelf-life of fresh shrimp (Aşik and Candoğan 2014), and ready-to-cook meat prod-
ucts (chicken balls, chicken seekh kababs, and mutton seekh kababs) (Kanatt et al. 
2013), and in controlling Salmonella on fresh chicken breasts (Olaimat and Holley 
2015). Wu et al. (2000) reported that wrapping with chitosan, wheat gluten or soy 
protein film was not effective in controlling lipid oxidation of precooked beef pat-
ties. These authors explained that a higher oxygen permeability might contribute to 
the higher thiobarbituric acid-reactive substances from these treatments. After being 
applied on patties and during the 3 days of storage, the wrappings absorbed mois-
ture from meat samples and swelled. The plasticizing action of water molecules 
may have changed the barrier properties of the edible films, and resulted in higher 
oxygen permeability or even loss of film integrity. The composition of the chitosan 
film may also have donated to its higher oxygen permeability (Caner et al. 1998).

Another active antimicrobial packaging solution depends on CO2 generators. 
The preservation of meat and poultry requires increased levels of CO2 (10–80%) as 
they can effectively reduce the microbial growth of the surface and thus prolong the 
shelf life of the product (Vermeiren et al. 1999; Kerry et al. 2006). In addition, eth-
ylene (C2H4) is a natural growth-stimulating plant hormone that accelerates ripening 
and senescence by increasing the rate of respiration of produce, thereby decreasing 
its shelf life. Thus, elimination of ethylene from the package headspace is of high 
importance. Removal of ethylene can be done by potassium permanganate (KMnO4) 
imbedded in silica or other inert substrates at a level of 5–6%. The use of ethylene 
scavengers and absorbers is often combined with modified atmosphere in order to 
achieve maximal shelf-life extension. The combination of heat treatment plus chito-
san coating of the fruits displayed the lowest respiratory rate, malondialdehyde lev-
els, membrane leakage, ethylene evolution, and the highest strength and consumer 
acceptance among the treatments (Shao et al. 2012).

Aroma scavengers/absorbers are designed to eliminate undesirable flavors, aro-
mas and odors present in the package headspace. The formation of these off-flavors 
and off-odors in food is mainly due to the oxidation of fats and oils, which leads to 
the formation of aldehydes and ketones or the breakdown of proteins from fish 
muscles to amines (Siro 2012; Akelah 2013). Although these malodors can be 
removed from the package headspace by using active aroma scavengers, these sys-
tems may mask or absorb off-flavors and off-odors that are indicative of spoilage, 
and therefore their application may pose a health risk to consumers. Packaging 
resources could similarly generate undesirable odors that must be minimized for 
consumer acceptance (Bonilla et al. 2012).
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23.3.2  Active Releasers/Emitters

Release-type active packaging systems are designed to release one or more active 
agents or ingredients into the food product or into the package headspace at a 
desired time and at a specific rate (Madene et  al. 2006; Siro 2012; Ahvenainen 
2003). The aim of controlled-release packaging is to maintain effective levels of 
active compounds over a period by continual replenishment of inhibitory sub-
stances. There have been some approaches to ensure longer protection by merely 
decreasing the release rate of active compounds from the packaging. One of the 
most diffuse techniques is represented by the use of multilayer films, which include 
an outer barrier layer, a matrix layer containing the active agent and a control layer 
(Buonocore et al. 2005). Depending on the physical form of active packaging sys-
tems, absorbers and releasers can be a sachet, label or film type. As oxidation reac-
tions and microbial activity are the main processes limiting shelf life, antioxidative 
and antimicrobial packaging systems are the most relevant representatives of such 
active packaging mechanism (Ahvenainen 2003). The others that are least impor-
tant are carbon dioxide emitters and flavor releasers. The main types of active 
releasers/emitters and some controlled release issues are discussed in detail in the 
following topic of the active antimicrobial packaging based on marine 
biopolymers.

23.3.3  Active Antimicrobial Packaging

One favorable type of active packaging is the combination of antimicrobial ingredi-
ents in food packaging resources to regulate unwanted development of microorgan-
isms on food surface (Han 2005; Silberbauer and Schmid 2017). Antimicrobial 
packaging is excellent technology that can prolong shelf life and increase food 
safety for synthetic polymers and edible films (Appendini and Hotchkiss 2002; Han 
2003). Films or materials having antimicrobial properties can be classified into two 
types. In the first type, an active substance emits or migrates into the headspace of 
the package or on the food surface. In this type, the system need not be in direct 
contact with the food, but in the second case, it must be in contact. The second type 
are those which are effective against microbial growth without emitting or migrat-
ing the active agents into the headspace of the package or food. In this case, the 
material must be in direct contact with the food (Han 2003). Since both concepts 
require direct contact between the product and the packaging, vacuum-packed prod-
ucts can benefit from this technique. However, when volatile antimicrobials are 
used, no direct contact is needed thus; such mechanisms can be applied, for exam-
ple, to the packaging of fruits and vegetables.

An antimicrobial film may be made by various techniques, including incorpora-
tion of the antimicrobial ingredients in a sachet associated with the package from 
which the bioactive constituent is released during further storage. Direct incorpora-
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tion of the antimicrobial into the packaging film when it applied in a hot extrusion 
material, thermo-resistance and shearing resistance of the antimicrobial must be 
considered, coating of the packaging with a material that acts as a carrier for the 
additive. The material will not be introduced to high temperatures or shear forces; 
moreover, it can be applied as a subsequent step and antimicrobial molecules with 
film forming properties (Cooksey 2005; Falguera et al. 2011; Ramos et al. 2017). 
Antimicrobial food packaging acts to reduce or inhibit the growth of microorgan-
isms that maybe present in the packed food or packaging material itself.

23.3.3.1  Chitosan Films and Coatings

Chitosan has been widely studied as an antimicrobial agent in food packaging 
because of its ability to form a suitable film or coating instead of non-biodegradable 
and non-renewable polymers (Park et al. 2005; Wang and Gao 2013; Gol et al. 2013; 
Devlieghere et  al. 2004b; No et  al. 2007; Elsabee and Abdou 2013; Dutta et  al. 
2009; Fernandez-Saiz et al. 2009). Chitosan coating, soaking or spraying of fresh, 
frozen and manufactured foods can improve the shelf life of perishable foods by 
semi-permeable surface formation and thus delaying breathing, reducing moisture 
and weight loss, and maintain the overall quality (Pereda et al. 2011; Zhang et al. 
2011). Chitosan films have the advantage over other bio-based food packaging 
resources that they can contain functional substances such as minerals or vitamins 
and can serve as carriers for the delivery of antimicrobial agents (Avila-Sosa et al. 
2012; Acevedo-Fani et al. 2015).

Edible chitosan coatings consisting solely of chitosan or a mixture of chitosan 
with other biopolymers such as sodium caseinate, gelatin and starch. The sodium 
caseinate/chitosan films inhibited the growth of bacteria and yeast and can be pos-
sibly applied to several food matrices (Moreira et al. 2011). Since the primary func-
tion of food packaging and coatings is often to avoid or reduce moisture transmission 
between the food and the surrounding atmosphere, or between two components of a 
heterogeneous food product, the water vapor transmission rate (ETV) should be as 
low as possible (Gontard et al. 1993). The efficacy of chitosan-coated plastic films 
including five commonly documented as safe antimicrobials (nisin, sodium lactate, 
sodium diacetate, potassium sorbate and sodium benzoate) against Listeria monocy-
togenes on cold-smoked salmon was evaluated. Chitosan-coated plastic films with 
4.5 mg/cm2 sodium lactate, 4.5 mg/cm2 sodium lactate, 0.6 mg/cm2 potassium sor-
bate and 2.3 mg/cm2 sodium lactate −500 IU/cm2 nisin were the most effective (Ye 
et  al. 2008). In addition, the acetic acid chitosan coating was more effective in 
reducing L. monocytogenes counts on the surface of ready-to-eat roast beef than the 
lactic acid chitosan coating (Beverlya et al. 2008). Most foods are a mixture of dif-
ferent compounds, such as carbohydrates, proteins, fats, minerals, vitamins, salts 
and others, and many of them can interact with the chitosan resulting in loss or 
enhancement of antimicrobial activity. For example, Devlieghere et  al. (2004b) 
extensively studied the influence of different food components include starch, pro-
tein, oil, and NaCl on the antimicrobial effect of chitosan. They reported that starch, 
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whey protein and sodium chloride have negative effects on the antimicrobial action 
of chitosan, but oil has no influence. Chitosan coatings designed to slow the release 
of antimicrobials to the surface, so a smaller amount of antimicrobials would be 
needed. As a result, many studies have confirmed that chitosan coatings can be used 
as a vehicle for integrating functional components, such as antimicrobials or nutra-
ceutical compounds that could enhance the effects of chitosan coatings in food pres-
ervation (Vu et al. 2011; Perdones et al. 2012; Shen and Kamdem 2015). Application 
of chitosan (0.5 and 1%) added singly or in combination with nitrites (150 mg/L) on 
the sausage surface by immersion protected the fresh pork sausages from microbial 
decay and extended the shelf life (Bostan and Mahan 2011). Lysozyme-chitosan 
composite films were developed for enhancing the antimicrobial properties of chi-
tosan films. The 60% lysozyme incorporation films increased the inhibitory potency 
of chitosan films against both Streptococcus faecalis and E. coli, achieving 3.8 log 
cycles reduction in S. faecalis and 2.7 log cycles reduction in E. coli (Park et al. 
2004b). Antibacterial activity of chitosan—guar gum films against E. coli and S. 
aureus was tested. The results showed that chitosan films were effective against 
both the organisms. Addition of guar gum to chitosan film at 15% (v/v) led to addi-
tional reduction in log CFU/ml of E. coli (Rao et al. 2010). Rosemary essential oil 
was used to develop an active film from chitosan. These films showed more antibac-
terial activity and total phenol content and can be used as active film in food preser-
vation (Abdollahi et al. 2012a).

The antimicrobial activity of chitosan is influenced by several intrinsic and 
extrinsic factors, related to the species of the target organism, chemical properties 
(density of positive charges, molecular weight, concentration, hydrophilic/hydro-
phobic characteristics and chelating potential), water solubility and environmental 
factors (ionic strength of the medium, pH, temperature and pathogen exposure time 
pathogen) (Kong et al. 2010; Badawy and Rabea 2011; Rabea et al. 2003). Recently, 
nano-chitosan has been shown to break up well in biopolymers, having the potential 
to be used as antimicrobial agents in edible food packaging structures and 
decomposition. Several studies have concentrated on antimicrobial properties of 
nanostructures that combine chitosan and other antimicrobials. Chitosan nanoparti-
cle-based can be efficiently used in the food industry because they offer different 
benefits, counting good edibility, biocompatibility with human tissues, aesthetically 
attractive appearance, barrier properties alongside pathogenic microorganisms, 
environmentally friendly and made of cheap material. Rhim et al. (2006, 2013) have 
established that a nanocomposite film of chitosan prepared with organic clay 
(Cloisite 30B) has a strong antimicrobial action against food poisoning  bacteria, 
including Gram-positive, recommended that the antimicrobial activity was attribut-
able to the quaternary ammonium groups in the modified films. Hong and Rhim 
(2008) evidenced that the same clay of Cloisite 30B has a durable antibacterial 
action to Gram-positive and Gram-negative bacteria, caused by the quaternary 
ammonium groups. These authors reported that the retarded biodegradability of this 
nanocomposite which previously observed by Lee et al. (2002) was responsible to 
the antimicrobial action in addition to the quaternary ammonium groups. Therefore, 
the biodegradability of bio-nanocomposites can be used for the expansion of biode-
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gradable nanocomposite packaging materials with controlled biodegradation func-
tion (Souza and Fernando 2016).

Edible marine biopolymer coatings can improve the quality of fresh, frozen and 
processed meat and poultry products by delaying moisture loss, reducing lipid oxi-
dation and discoloration, improving the appearance of the product, and improving 
the quality of the product. The shelf life of spicy beef treated with chitosan was 
remarkably improved by decreasing the bacterial cell counts and preventing lipid 
oxidation throughout storage for 10 days at 4 °C (Youn et al. 2004). Abdallah et al. 
(2017) applied chitosan as an edible coating for one of the best popular traditional 
dried meat products (pastirma) in order to improve its sensory, physicochemical and 
microbiological characteristics. The results revealed improvement of sensory attri-
butes, lower moisture loss, and antioxidant effect with lower shear strength values 
in the chitosan coated samples. Approximately one log CFU/g reduction in aerobic 
plate count was recorded in chitosan coated samples, while psychrotrophic, anaero-
bic, yeast and mold counts were below detectable levels of direct plating (2-log 
CFU/g). The chitosan monomethyl fumaric acid derivative considerably reduced 
the total number of viable bacteria, enterobacteria, lactic bacteria, psychrotrophic 
bacteria and mold yeasts on beef during refrigeration storage, extending the shelf 
life of beef about 8 days (Khan et al. 2017).

23.3.3.2  Gelatin Films and Coatings

Gelatin is known for its excellent ability to form a film, and its use for coating or 
packaging can preserve food quality during storage due to its oxygen and light bar-
rier, dehydration prevention and lipid oxidation (Hoque et al. 2010; Jongjareonrak 
et al. 2008; Ahmad et al. 2012; Shankar et al. 2016). Some properties of the gelatin 
film including mechanical properties, permeability, light absorption, transparency, 
antimicrobial activity and antioxidant ability, are affected by the addition of active 
substances (Tongnuanchan et al. 2012, 2014). Because gelatin is a protein, it can be 
completely degraded by protease and components are recycled to the environment. 
In addition, gelatin can be used as fully biodegradable and environmentally friendly 
food packaging films in combination with other biopolymers or nanofillers. Pereda 
et al. (2011) indicated that both E. coli and Listeria monocytogenes showed high 
sensitivity to all films that formed gelatin-chitosan-based solutions, however, the 
results obtained with edible films showed that only E. coli was sensitive to gelatin- 
chitosan composite. Nowzari et al. (2013) prepared bilayer and gelatin composite 
and chitosan coating and film to study their effect on the quality of rainbow trout. 
The coating was found to be better than the film in reducing the lipid oxidation 
of fillets.

The incorporation of nano metal or metal oxides, such as silver, titanium dioxide 
(TiO2), copper oxide (CuO) and zinc oxide (ZnO), as reinforcing filler into gelatin- 
based nanocomposite films has emerged due to their high thermal stability, strong 
antimicrobial activity, antioxidant activity and UV-screening properties. For exam-
ple, gelatin-based nanocomposite films blended with nanosilver (AgNPs), nanocop-
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per (CuNPs), zinc oxide nanoparticles (ZnO NPs), and TiO2 were prepared and 
showed reflective antibacterial action against both Gram-positive and Gram- 
negative foodborne pathogenic bacteria (Shankar et al. 2015, 2016). Active nano-
composite of AgNPs films have shown strong antibacterial activity against pathogens 
in food (E. coli and L. monocytogenes) and are said to have high potential as an 
active food packaging system for maintaining food safety and prolonging the shelf 
life of packaged food (Kanmani and Rhim 2014b). Nafchi et al. (2014) prepared 
gelatin/ZnO-nanorod nanocomposite film by incorporating various concentrations 
of ZnO-nanorod (0.01, 0.02, 0.03, and 0.05 g/g dried gelatin) into bovine gelatin 
matrices. They reported that the inhibition zones of the nano-incorporated films 
against S. aureus increased significantly with an increase in ZnO-nanorod content. 
A bovine gelatin/Cu(II)-exchanged montmorillonite nanocomposite film showed in 
vitro antibacterial activity against E. coli O157:H7 (Gram-negative) and L. monocy-
togenes (Gram-positive) as by the agar-disc diffusion assay was shown (Martucci 
and Ruseckaite 2017). The film showed antibacterial action against both pathogens 
that were tested under the same conditions and showed a stronger effect on L. mono-
cytes than E. coli, as the cell wall of the latter differed significantly and this differ-
ence in susceptibility and responsiveness to active films. The authors reported that 
the incorporation of low levels as a vehicle for copper ions into the gelatin matrix is 
a good way to develop functional materials that can potentially be used in the design 
of food contact items. Some of the nanocomposite systems offer additional func-
tional properties such as antioxidant and antimicrobial functions. Specially enriched 
with antimicrobial properties that expand the scope of the films in the food packag-
ing industry. They reduce the risk of outbreaks of food pathogens, improving food 
safety and quality and extending the food shelf life (Llorens et al. 2012).

Moreover, several natural antimicrobial agents, especially plant essential oils 
have been added to the gelatin films to provide their preventive role in food technol-
ogy (Gómez-Estaca et al. 2009b; Martucci et al. 2015; Atarés and Chiralt 2016). 
Gelatin-chitosan-based edible films incorporated with clove essential oil were elab-
orated and their antimicrobial activity tested against E. coli, Lactobacillus acidophi-
lus, L. innocua, Photobacterium phosphoreum, Pseudomonas fluorescens and 
Shewanella putrefaciens (Gómez-Estaca et  al. 2010). When the gelatin-chitosan 
film including clove oil was applied on the fish during refrigerated storage, the 
growth of microorganisms was significantly reduced in Gram-negative bacteria, 
especially enterobacteria, while the lactic acid bacteria remained virtually constant 
for many storage periods. The process of inserting oryganum oil into gelatin-catfish 
coating showed greater antimicrobial activity against Salmonella typhimurium 
 compared to E. coli during storage at 4 and 10 °C for 12 days (Min and Oh 2009). 
The antimicrobial action of edible Gelidium corneum-gelatin (GCG) mixture films 
comprising grapefruit seed extract (GFSE) or green tea extract (GTE) against E. coli 
O157:H7 and L. monocytogenes improved with increasing concentration, resulting 
in a decrease in the populations of bacteria by 0.77–2.08 and 0.91–3.30 log CFU/g, 
respectively (Hong et al. 2009). The samples of pork loins packed with the GCG 
film containing GFSE (0.08%) or GTE (2.80%) had a decrease in the populations of 
E. coli O157:H7 and L. monocytogenes of 0.69–1.11 and 1.05–1.14 log CFU/g, 
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respectively, compared to the control after 4 days of storage. Gelatin in the form of 
an enriched coating with cinnamon oil is suitable for keeping new rainbow trout 
slices and efficiently maintaining quality attributes to an acceptable level during 
storage (Andevari and Rezaei 2011). Films incorporated with lemongrass oils in 
various concentrations exhibited inhibitory activity in a concentration-dependent 
manner against E. coli, L. monocytogenes, S. aureus and S. typhimurium, but the 
bergamot oil film inhibited only L. monocytogenes and S. aureus (Ahmad et  al. 
2012). Composite films based on fish protein isolate and fish skin gelatin blend film 
which combined with 100% leaf essential oil, especially in combination with ZnO 
nanoparticles, showed strong antibacterial activity against pathogenic and perish-
able bacteria in food and thus could be used as an active food packaging material to 
ensure safety and to extending the shelf-life of packaged food (Arfat et al. 2014). 
Kavoosi et  al. (2014) prepared 10% (w/v) gelatin film incorporated with Zataria 
multiflora essential oil that exhibited profound antioxidant and antimicrobial activ-
ity against both Gram-positive and Gram-negative bacteria. Silver carp skin gelatin- 
chitosan films combined with several concentrations of oregano essential oil showed 
the best antimicrobial action among oregano, cinnamon and anise essential oils 
against Bacillus subtilis, B. enteritidis, E. coli, S. aureus, and Shiga bacillus (Wu 
et al. 2014). In addition, gelatin films containing cinnamon essential oil nanolipo-
somes were prepared by thin film ultrasonic dispersion technique to enhance the 
antimicrobial stability (Wu et al. 2015). Further, fish skin gelatin films were pre-
pared to which various concentrations of cinnamon essential oil were added and the 
films showed good inhibitory effects against bacteria of E. coli and S. aureus and 
fungi of Aspergillus niger, Paecilomyces variotii and Rhizopus oryzae, and their 
antifungal activity appeared to be more effective as the resistance to bacterial growth 
(Wu et al. 2017).

23.3.3.3  Alginate Films and Coatings

Alginate is an attractive film formation due to non-toxicity, biodegradability, com-
patibility with vital life, and low price (Kim et  al. 2011; Yang et  al. 2011). The 
antibacterial effect of alginate-based edible films has been studied by incorporating 
garlic oil up to 0.4% (v/v) against some pathogenic bacteria, suggesting their use for 
the preservation of various foods (Pranoto et al. 2005). The presence of 0.1% garlic 
oil in the nutrient broth reduced the live cell counts for E. coli, S. typhimurium, S. 
aureus and B. cereus by 2.28, 1.24, 4.31 and 5.61 log cycles, respectively 24 h incu-
bation. The edible film showed high antibacterial activity against S. aureus and B. 
cereus as compared with E. coli and S. typhimurium using an agar diffusion test 
(Pranoto et al. 2005). Zactiti and Kieckbusch (2006) investigated potassium sorbate 
permeability behavior in sodium alginate films crosslinked at various Ca2+ concen-
trations using a diffusion cell. In addition, alginate films containing 1% (w/v) 
Spanish oregano, Chinese cinnamon or savory essential oils were added in 2% 
(w/v) or 20% (w/v) CaCl2 solution dipped and then applied to bovine muscle slices 
to control the growth of E. coli O157: H7 and S. typhimurium on the beef surfaces 
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(Oussalah et al. 2006). After 5 days of storage, films containing oregano or cinna-
mon essential oils were most effective against S. typhimurium, regardless of the type 
of pretreatment used (2 or 20% CaCl2). In the same period, meat inoculated with E. 
coli O157: H7 and coated with films treated with 2% CaCl2 had significantly less 
bacteria when using oregano-based films than when cinnamon-based films were 
used than when cinnamon- and savory-based films were used. Edible films from a 
mixture of alginate and partially hydrolyzed sago starch containing lemongrass oil 
(0.1–0.4%, v/w) and glycerol (20%, w/w) were designed for antimicrobial activity 
(Maizura et al. 2007). The film containing essential oil was effective against E. coli 
O157:H7 at all levels of concentrations. Solutions of different potassium sorbate 
concentrations (150–1050 mg/L) in contact with the films increased the permeabil-
ity constant of the preservative, reflecting adaptations in the polymeric film struc-
ture. In addition, the efficiency of alginate-based coating containing lactate and 
diacetate to control the growth of L. monocytogenes and to promote microbiological 
safety of smoked salmon slices and fillets has been well-known. It has been shown 
that alginate coating is the most effective carrier of various antimicrobial treatments 
in inhibiting L. monocytogenes growth (Neetoo et  al. 2010). Alginate coatings 
improved with sodium lactate and potassium sorbate postponed the growth of L. 
monocytogenes with counts achieving 4.3 log CFU/g (home-style poached turkey) 
and 6.5 log CFU/g (roasted deli turkey), respectively (Juck et al. 2010). While the 
counts in their untreated equivalents were considerably higher reaching 9.9 and 
7.9  log CFU/g, respectively. Alginate films combined with oregano essential oil 
were more active against Gram-positive bacteria (Staphylococcus and L. monocyto-
genes) than Gram-negative bacteria (E. coli and S. enteritidis) and a minimum con-
centration of 1.0% film was required to confirm their antibacterial effectiveness 
(Benavides et al. 2012). Bierhalz et al. (2012) prepared single and composite films 
based on alginate and pectin with natamycin as active ingredient and the release 
behavior in water and the diffusion coefficients were also evaluated. The result 
proved that the individual alginate films showed more suitable packaging properties 
than the single-pectin and composite films. The efficacy of a developed multi- 
layered alginate-based antimicrobial edible coating in the freshly cut watermelon 
without compromising its quality properties was evaluated (Sipahi et al. 2013). A 
set of solutions enclosing sodium alginate (0.5, 1.2 g/100 g), beta-cyclodextrin and 
microencapsulated trans-cinnamaldehyde, pectin and calcium lactate were used as 
coating systems and prepared using the layer-by-layer technique. Both the 1 and 
2 g/100 g alginate coatings prolonged the shelf life of freshly cut watermelons from 
7 to 15 days. Application of the 1 g/100 g alginate multilayer edible coating will 
maintain the quality and sensory acceptability of freshly cut watermelon while 
extending shelf life (Sipahi et al. 2013). Edible coatings based on sodium alginate, 
galbanum oleo-resin gum and the composite of alginate and galbanum encompass-
ing Ziziphora essential oil were in vitro evaluated and showed promising effect on 
the quality and shelf life of chicken fillet during cold storage (Hamedi et al. 2017). 
Moreover, nanocomposite alginate films were also prepared for packaging and pres-
ervation of foods (Huq et al. 2012; Alboofetileh et al. 2014; Rhim et al. 2006; Rhim 
and Ng 2007).
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23.3.4  Carrageenan Films and Coatings

Carrageenans are water-soluble galactose polymers extracted from red algae that 
are commonly used in the food industry as gelling and stabilizing agents, and have 
been used for the formation of cohesive and transparent films (Choi et  al. 2005; 
Alves et al. 2010). Seol et al. (2009) reported that the j-carrageenan-based film con-
taining ovotransferrin combined with ethylene diamine tetra acetic acid (EDTA) 
displayed a slight antimicrobial action against E. coli, S. typhimurium, S. aureus, 
and Candida albicans but the effect was improved in the presence of 5 mM EDTA. 
Antimicrobial films based on carrageenan were prepared by combining grape seed 
extract in varying concentrations into the polymer using a solvent casting method. 
The films appeared yellowish in color due to the polyphenolic compounds in the 
grape extract and showed pronounced activity against food-borne bacteria. These 
results suggest that the carrageenan films have high potential application as antimi-
crobial or active food packaging (Kanmani and Rhim 2014a). In addition, 
κ-carrageenan and Na-alginate-based antimicrobial films were prepared alone and 
in combination with lysozyme, nisin, grape fruit seed extract and EDTA as antimi-
crobial agents (Cha et al. 2002). The biofilms exhibited good inhibitory zones and 
both Na-alginate- and κ-carrageenan-based films containing grape fruit seed extract- 
EDTA displayed inhibitory effect against all indicator microorganisms tested. 
Shojaee-Aliabadi revealed that the Zataria multiflora Boiss (ZEO) and Mentha 
pulegium (MEO) essential oils have good possibilities for inclusion in κ-carrageenan 
to make antioxidant and antimicrobial films for food applications (Shojaee-Aliabadi 
et al. 2014). Antimicrobial activities of the films prepared by incorporating essential 
oils were enhanced and S. aureus was found the most sensitive, followed by B. 
cereus and E. coli. The highest inhibition area of 544.05 mm2 for S. aureus was 
observed around the films that were combined with 3% ZEO. The total inhibitory 
region of 3% MEO films was 20.43 for S. typhimurium and 10.15 mm2 for P. aeru-
ginosa. These results revealed that ZEO and MEO have good potential to be inte-
grated into κ-carrageenan to make antioxidant and antimicrobial films in food 
technology (Shojaee-Aliabadi et al. 2014).

23.3.5  Active Antioxidative Packaging

Autoxidation in food and biological systems is responsible for a multitude of 
adverse effects and implications in human health as well as in food stability and 
preservation. Antioxidants play a major role in preventing autoxidation and have 
much attention as food stabilizers, dietary supplements and natural health products 
(Simic and Karel 2013; Ganiari et al. 2017). There has been a broad range of sub-
stances identified with antioxidant activity, which exert their oxidation-inhibitory 
effect via different mechanisms, with varied efficiencies, depending on their physi-
cal and chemical characteristics as well as the system environment involved 
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(Pokorny 2007). The antioxidants may act as free radical scavengers, singlet oxygen 
quenchers, inactivators of peroxides, metal ion chelators, quenchers of secondary 
oxidation products and inhibitors of pro-oxidative enzymes, among others (Ganiari 
et al. 2017).

23.3.5.1  Chitosan Films and Coatings

Edible film and coating technology based on marine biopolymers are close to active 
packaging technology and can also be a way to reduce oxidative deterioration of 
food. It can been noticed that chitosan films have been studied most widely. Chitosan 
film and coating possesses excellent antioxidant activity that allow for free radical 
scavenging and widely used in food packaging and preservation (Xie et al. 2001; 
Schreiber et al. 2013; Wang et al. 2016). However, the antioxidant action mecha-
nism of chitosan is still debatable. While some researchers showed considerable 
antioxidant activities, in vitro, for a native chitosan molecule (Park et al. 2004a; Yen 
et al. 2007, 2008; Badawy et al. 2016a), many studies have clearly indicated low 
antioxidant activity of native chitosan, although the activity significantly increased 
with appropriate chemical modifications (Schreiber et  al. 2013; Casettari et  al. 
2012; Xie et al. 2001).

The antioxidant activity of chitosan has been used to preserve salmon during 
frozen storage (Sathivel et al. 2007). Chitosan forms a physical barrier around the 
fruit, and therefore the darkening is reduced. In addition, the positive charges pres-
ent in the coating can stabilize anthocyanin pigments, which contributes to the 
maintenance of fruit color, sensory properties and antioxidant properties (Tezotto- 
Uliana et  al. 2014). The antioxidant activity of chitosan and its derivatives has 
attracted the most attention because they exert strong antioxidant activity and their 
effects are similar to those of phenolic antioxidants (Park et al. 2004a; Yen et al. 
2008; Ngo and Kim 2014; Liu et al. 2012). Among the various reactive oxygen spe-
cies, the chemical activity of the hydroxyl radical ∙OH is strongest, which can sim-
ply react with biomolecules such as amino acids, proteins, and DNA (Cacciuttolo 
et al. 1993). Two types of fungal chitosan were prepared by alkaline N-deacetylation 
of raw chitin for different periods of 60, 90 and 120 min and their antioxidant prop-
erties were investigated (Yen et al. 2007). The results showed that the chitosan has 
antioxidant activities of 61.6–82.4% at 1 mg/mL and showed reducing powers of 
0.42–0.57 for 1,1-diphenyl-2-picrylhydrazyl (DPPH) radicals at 10000  mg/L.  In 
addition, no significant difference in the antioxidant properties between both types 
of chitosan has been observed and the EC50 values of scavenging abilities on 
hydroxyl radicals were below 100 mg/L whereas those of chelating abilities on fer-
rous ions were 580–690 mg/L.  In another study by the same authors (Yen et  al. 
2008), who found that the chitosan prepared from crab chitin and deacetylated for 
60, 90 and 120 min exhibited antioxidant activities of 58.3–70.2% at 1000 mg/L and 
showed reducing powers of 0.32–0.44 at 10,000 mg/L. At this concentration, the 
scavenging ability of chitosan C60 on DPPH radicals was 28.4% whereas those of 
other chitosans were 46.4–52.3%. All EC50 values of antioxidant activity were 
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below 1500 mg/L. Prabu and Natarajan (2012) reported that the hydroxyl radicals 
scavenging activity of chitosan isolated from Podophthalmus vigil was found to be 
higher than the ascorbic acid and the range was from 23 to 93%. Superoxide anion 
radical was ranging from 5.21 to 65% for the concentration between 125 and 
2000 mg/L. In another study by Kim and Thomas (2007), who found that three dif-
ferent MWs chitosans (30, 90, and 120 kDa) exhibited antioxidative activities in 
salmon (Salmo salar). Incorporation of 0.2, 0.5, and 1% chitosan, employing 
2- thiobarbituric acid-reactive substances and 2,2-diphenyl-1picrylhydrazyl scav-
enging assays, caused reduction of lipid oxidation in salmon for 7 days of storage. 
The free radical-scavenging activity of the 0.2 mM DPPH solution was saturated by 
30 kDa chitosan at 7000 mg/L, resulting in a strong antioxidant activity of approxi-
mately 85% (Kim and Thomas 2007).

Hydroxypropyl chitosan and carboxymethyl chitosan (CMC) were reacted with 
maleic acid sodium to form water-soluble derivatives and their scavenging activities 
against hydroxyl radical ∙OH were investigated by chemiluminescence technique 
(Xie et al. 2001). They exhibited IC50 values ranging from 246 to 498 mg/L, depend 
on the type of substituent and the content of hydroxyl and amino groups (Garcıa 
et al. 2015; Pasanphan et al. 2015). Chitosan was irradiated in acetic acid solution 
(1%) with different doses (2–20 kGy) of Co-60 γ rays to investigate the enhance-
ment of the antioxidant activity (Feng et al. 2008). Radical mediated inhibition of 
lipid peroxidation, reducing power, superoxide anion and hydroxyl radical quench-
ing assays have been used for the evaluation of the antioxidant activity of irradiated 
chitosan. The result indicated that the 2.1  kDa chitosan exhibited high reducing 
capacity and expressed good inhibition of linoleic acid peroxidation. At a concen-
tration of 100 mg/L could trap 74.2% of the superoxide radical. N-CMC was studied 
in the prevention of warmed-over flavor (WOF) (Angelo and Vercellotti 1989) and 
the results reported that this product was highly effective in controlling of the WOF 
at different temperatures tested. It was also reported that the N-CMC at 5000 mg/L 
caused 93% inhibition of the thiobarbituric acid (TBA) in the ground beef and 99% 
reduction in the hexanal content in the products. These results were further con-
firmed by Li et al. (1996), who found that the addition of 3000 mg/L of N-CMC to 
cooked pork was sufficient to prevent the oxidative rancidity of the product. 
However, the N,O-CMC and its lactate, acetate and pyrrolidine carboxylate salts 
showed high effect in controlling the oxidation and flavor deterioration of cooked 
meat over a 9 day storage of cold storage with inhibition percentages of 46.7, 69.9, 
43.4, and 66.3% for the four products, respectively as reflected in their TBA values 
(Shahidi 1996).

The incorporation of antioxidants into chitosan films as packaging materials has 
become common because oxidation is a key problem affecting food quality and 
could affect the features of the film itself and also the packaged food. Therefore, 
before adding antioxidants to the films and coatings, it is required to evaluate firstly 
their antioxidant capacity, but also how they influence the properties of the packag-
ing material and the characteristics of the food product (Ganiari et al. 2017; Bonilla 
et al. 2013; Abdollahi et al. 2012b). In this context, several studies reported that the 
antioxidant activity of chitosan was enhanced by incorporation of other compounds 
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such as sugars, essential oils and gelatin (Altiok et al. 2010). Now, the most com-
monly used antioxidants in the active packaging are butylated hydroxyanisole 
(BHA), butylated hydroxytoluene (BHT) and other natural antioxidants such as 
phenolic compounds and plant essential oils and extracts as alternatives to synthetic 
antioxidants (Siripatrawan and Harte 2010; Talón et  al. 2017). For example, 
Siripatrawan and Harte (2010) combined aqueous green tea extract in concentra-
tions of 2, 5, 10 and 20% (w/v) to a chitosan film as an active packaging material in 
food with promising antioxidant activity. Peng et al. (2013) reported that the addi-
tion of tea extracts significantly improved the DPPH radical scavenging activity of 
chitosan films in all food simulants (0, 20, 75 and 95% ethanol). The higher the 
green tea extracts and black tea extracts concentration, the faster the release of the 
tea antioxidants from the film. This study revealed that chitosan film could be 
obtained through active incorporation of tea extracts, which may provide new for-
mulation options for the development of active antioxidant packaging. The inclu-
sion of essential rosemary oil at concentrations of 0.5, 1.0 and 1.5% showed 
antibacterial activity, and the total phenol content of chitosan film could be used as 
an active ingredient in food preservation and packaging (Abdollahi et al. 2012a). As 
expected in this study, the total phenol content of the chitosan film improved con-
siderably by the addition of rosemary essential oil, which was consistent with other 
reported results (Gómez-Estaca et al. 2010, 2017; Norajit et al. 2010). Martins et al. 
(2012) reported that the antioxidant capacity of chitosan-based films incorporated 
with α-tocopherol was improved and suggested to use it to improve quality and 
shelf-life of food products.

The packaging release antioxidant is a type of food preservation system, wherein 
an antioxidant or mixtures are incorporated in the package, which contributes to 
extending the shelf life of food. Some studies have indicated that the antioxidant 
mechanism of chitosan may be a chelating action of metal ions such as copper and 
iron found in enzyme active sites thus to inactivate the oxidizing enzymes and/or 
binding with lipid such enzymes (Badawy and Rabea 2009). In addition, chitosan 
films have been reported to inhibit both primary and secondary lipid oxidation in 
herring and Atlantic cod (Jeon et al. 2002). In all studies, it can be concluded that 
chitosan has a good antioxidant activity, hydroxyl radical scavenging ability, and 
chelating ability on ferrous ions and can be used as a source of antioxidants, as a 
possible supplement or ingredient in the pharmaceutical industry.

Generally, the antioxidant abilities of the films are relative to the concentration 
of the active compound in the film. The loss of activity during the formation and 
conditioning of the film is not remarkable in most cases (Akhtar et al. 2012; Leon 
and Rojas 2007; Pastor et al. 2013; Pereira de Abreu et al. 2012), although signifi-
cant losses have been reported in the case where an extrusion process was followed 
at 170 °C or higher (Manzanarez-López et al. 2011; Soto-Valdez et al. 2011; Eça 
et al. 2014). However, few studies have evaluated the stability of the active com-
pounds during storage of the enriched film (Jiménez et al. 2013; Leon and Rojas 
2007).
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23.3.5.2  Gelatin Films and Coatings

Gelatin film is widely used for the protection of food quality. Gelatin contains amino 
acids or biologically active peptides which may acts as electron donors that indicate 
antioxidant activity of gelatin composite edible films (Yang et  al. 2008; Alemán 
et  al. 2011; Gómez-Estaca et  al. 2009a; Martucci et  al. 2015; Jridi et  al. 2014). 
Edible films can improve the preservation of food, principally because of their abil-
ity to act as barriers to water, prevent dehydration and to oxygen and light, reducing 
the oxidation of lipids (Baldwin et al. 2011; Dutta et al. 2009; Aider 2010; Cheng 
et  al. 2015). To improve the antioxidant activity of gelatin films, natural tea 
polyphenol- loaded antioxidant chitosan nanoparticles (TPCN) were prepared and 
incorporated into a gelatin film (Bao et al. 2009). The antioxidant effect of TPCN 
against the oxidation of fish oil was studied, as well as the release of tea polyphenols 
from nanoparticles in the film. The peroxide value of the fish oil packaged with 
films incorporated with TPCN was lower than that of the fish oil packed with con-
trol films during the incubation period. The radical-scavenging activity of films 
incorporated with TPCN was higher than that of the control films, and an increasing 
activity of radical trapping of the former was observed during the storage period 
(Bao et al. 2009). The effect of ginger, turmeric and plai essential oils was studied 
in 25, 50 and 100% based on protein content, on the properties and antioxidant 
activity of the gelatin-based skin (Tongnuanchan et al. 2013). The authors reported 
that the films incorporated with plai and turmeric essential oils showed the higher 
DPPH and ABTS radical scavenging activity, respectively, compared with the con-
trol film and ginger essential oil added film. The potential of gelatin films incorpo-
rated with thymol as natural antioxidant and antimicrobial nano film were also 
demonstrated (Kavoosi et al. 2013). A series of active gelatin-based films contain-
ing natural antioxidants (green tea extract—GTE, proanthocyanidins—OPC, grape 
seed polyphenols—GSP, ginger extract—GE, gingko leaf extract—GBE) were used 
as food packaging (Li et al. 2014). The results suggested that addition of GBE made 
the gelatin-based film possess the highest DPPH radical scavenging activity at 
1.0 mg/mL. Gelatin-based films added with Origanum vulgare and Lavandula offi-
cinalis essential oils were prepared by casting (2000–6000 mg/L) and exhibited the 
highest antimicrobial against E. coli and S. aureus and good antioxidant properties 
(Martucci et  al. 2015). Active composite chitosan-gelatin films membranes with 
improvement the antioxidant action were organized by molding the composite poly-
mers of 2% chitosan and gelatin (2 and 5%) with changed concentrations of glyc-
erol and sorbitol (1, 2, 5, and 10%, w/w) as plasticizers (Badawy et al. 2016a). Of 
the natural plant extracts, rosemary and oregano extracts are rich in phenolic sub-
stances and effective when incorporated into edible or inedible films, although the 
various extraction procedures, the film matrix used to incorporate the antioxidants 
or the food itself somehow different results. Gómez-Estaca et al. (2007) examined 
the transfer of total phenolics from gelatin films enriched with oregano or rosemary 
extracts and cold-smoked sardines from the beginning of storage. In the case of 
oregano, phenols did not show a significant increase over time, while an increase in 
phenol was found in samples packed with rosemary-enriched films in the following 
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days of storage. This proves that the antioxidant capacity of rosemary is gradually 
released. Comparison of thiobarbituric acid reactive (TBAR) assay results for ore 
and rosemary enriched film-coated samples revealed that rosemary extract lowered 
the oxidation rate more than Oregano, despite that rosemary had lower CPTs 
(Gómez-Estaca et al. 2007).

Recently, development and characterization of active films based on gelatin, 
gelatin-sodium caseinate (G-Cs) and gelatin-chitosan (G-Ch) blends, applying 
active compounds (α-tocopherol, garlic essential oil and cinnamaldehyde) nano-
emulsified in water were examined (Córdoba and Sobral 2017). The data proved 
that the films based on the gelatin-chitosan blend containing active compounds 
showed the best antioxidant activity, highlighting its potential use as active packag-
ing for shelf life extension of foodstuffs.

23.3.5.3  Alginate Films and Coatings

Composite films based on alginate and pectin containing natamycin as active agent 
(Bierhalz et al. 2012), starch-alginate coatings with incorporated or coated tocoph-
erols (Wu et al. 2001), alginate/clay nanocomposite films enriched with essential 
oils (Alboofetileh et al. 2014), and different alginate-based coatings carrying anti-
microbials or antioxidants (Raybaudi-Massilia et al. 2008) have been studied for 
food packaging applications. Norajit et al. (2010) revealed that the alginate biode-
gradable films incorporating white, red and extruded white ginseng extracts showed 
good potential to make antioxidant biodegradable film or coating for various food 
applications. Alginate film comprising extruded white ginseng extract at a tempera-
ture of 130 °C showed the highest (61.12%) radical scavenging activity in contra-
diction of DPPH in methanol, followed by a film containing white ginseng extruded 
at 115 °C.

23.3.5.4  Carrageenan Films and Coatings

In food industry, carrageenan is generally used because of its excellent physical and 
functional properties including antioxidant activity, stabilizing ability, gelling, 
emulsifying and thickening agent (Rhim 2012; Tavassoli-Kafrani et al. 2016; Khalil 
et al. 2017). They can also be used in water-based foods, meat products (as an oxy-
gen barrier for delayed fat oxidation (Varela and Fiszman 2011). Importantly, it was 
reported that oligosaccharides carrageenan and its derivatives showed an antioxidant- 
related activity both in vitro and in the cell system (Yuan et al. 2006). Sun et al. 
(2015) also noted that the antioxidant activity of carrageenan oligosaccharides was 
significantly affected by the sugar content limit, corresponding to the removal of 
polymerization from kaapa carrageenan. However, the preparation of edible films 
using carrageenan is not abundant in literature because carrageenan is mostly used 
as a coating (Tavassoli-Kafrani et al. 2016).
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The in vitro antioxidant activities of ι, κ and λ carrageenans were investigated (de 
Souza et al. 2007). Inhibition of superoxide radical formation, IC50 was for kappa, 
and carrageenans were 0.112, 0.332 and 0.046 mg/mL, respectively, and all samples 
had an inhibitory effect on the formation of hydroxyl radicals. The results of the 
peroxidation tests showed that κ, ι and λ carrageenans had an IC50 of 2.753 and 
2.338 and 0.323 mg/mL, respectively. Some derivatives of oligosaccharides carra-
geenan have shown the highest antioxidant activity of sugars and oligosaccharides 
in some antioxidant systems (Yuan et al. 2005). The over-sulphated and acetylated 
derivatives, which scavenge superoxide radicals, the low degree of substitution 
phosphorylated and acetylated carrageenan derivatives, which scavenge hydroxyl 
radicals, and the phosphorylated derivatives, which scavenge DPPH radicals all 
showed significant antioxidant activity in the systems under study. Further, Yuan 
et al. (2006) also investigated the antioxidant activity of κ-carrageenan oligosac-
charides and their modified derivatives in vitro systems, such as reducing power, 
iron ion chelation, and total antioxidant activity using β-carotene-linoleic acid sys-
tem. Ferric reducing antioxidant action of carrageenans and their inhibitory proper-
ties on hydroxyl radicals and superoxide anion radicals were also investigated in 
vitro (Sokolova et  al. 2011). Fresh pork sausage patties containing carrageenan, 
without or with soy protein and an antioxidant were packaged with or without vac-
uum (Ho et al. 1995). In fat-control products, rosemary extract as an antioxidant in 
combination with vacuum packs providing optimal protection against rancidity and 
reduced-fat products maintained acceptable levels (TBA-reactive substances and 
sensory properties) during frozen storage for 16 weeks (Ho et al. 1995). Shojaee- 
Aliabadi et  al. (2013) characterized the biodegradable composite κ-carrageenan 
films incorporated with Satureja hortensis (SEO) for potentially use in packaging a 
wide range of food products, particularly those that are highly oxidative and micro-
bial sensitive. The authors pointed out that the carrageenan films containing the 
SEO have antioxidant properties. This effect was significantly improved when the 
SEO ratio was added 3%. Furthermore, antioxidant activity of κ-carrageenan-based 
films containing different concentrations of Zataria multiflora Boiss (ZEO) and 
Mentha pulegium (MEO) were evaluated as essential oils (Shojaee-Aliabadi et al. 
2014). ZEO affected the antioxidant activities of the films more clearly than MEO, 
e.g. B. ZEO-containing films showed DPPH radical scavengers of 80.6%, twofold 
higher than those with MEO.

Chitosan, starch, cellulose, chitin, alginate/carrageenan composites and blends 
have been broadly used in biomedical applications of drug delivery, tissue engineer-
ing and many other applications (Derkach et al. 2015; Olaimat and Holley 2015). 
Homogeneous carrageenan-starch films with antioxidant extracts of Cuban red 
propolis and yerba mate were prepared by casting technique (Chang-Bravo et al. 
2014). After 6 months of storage at 75% RH and 23 °C, the samples presented an 
increase in their DPPH scavenging activity. In addition, the release behavior of the 
phenolic compounds from the films in an aqueous medium was assayed finding 
significant differences between release rates of both extracts. Recently, the effects 
of κ-carrageenan on myofibrillar protein oxidation in peeled shrimp (Litopenaeus 
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vannamei) were investigated during frozen storage by assessing the content of the 
carbonyls, total sulfhydryl, dityrosine, and surface hydrophobicity (Zhang et  al. 
2018). The obtained data revealed that in vitro carrageenan oligosaccharides exhib-
ited good capacities of OH∙, O2

−
∙, and DPPH scavenging and Fe2+-chelating activity. 

Chemical analysis showed that frozen storage improved the vulnerability of myofi-
brillar proteins to frozen oxidation. Commonly, the effect of antioxidant activities 
has played an important role in the effects of cryoprotective effects of carrageenan 
oligosaccharides on frozen shrimp.

23.3.6  Active Modified Atmosphere

Modified atmosphere packaging was rapidly grown in the food packaging market. 
It increases product quality, freshness and increases shelf life, provides convenience 
to the consumer and increases the value of the product. It allows fresh products or 
perishable products to be packaged when they are fresh, and then keep them in that 
condition, reducing distribution costs and improving taste and nutritional value. It 
also does not slow down the ongoing life processes by changing the product, but by 
adapting its environment (Jayas and Jeyamkondan 2002; Zagory and Kader 1988; 
Wilson et al. 2017). Nitrogen, oxygen, carbon dioxide and water vapor are the main 
gases used in modified atmosphere packaging. Nitrogen is an inert and tasteless gas, 
without any antimicrobial activity and it is primarily used to displace oxygen and 
prevent package collapse. Oxygen inhibits the growth of anaerobic microorganisms. 
It is responsible for several undesirable reactions in foods, including the oxidation 
of fats and oils, rapid ripening and senescence of fruits and vegetables, stale baked 
goods and color changes. Finally, carbon dioxide is soluble in both water and lipids. 
It has a bacteriostatic effect and slows down the respiration of many products 
(Rodriguez-Aguilera and Oliveira 2009). The packaging of food products in poly-
mer films can produce modified atmospheres generated by commodities. In addi-
tion, the edible coatings can also provide protection for fresh products and give the 
same effect as modified atmosphere storage with respect to modifying internal gas 
composition (Park 1999; Zeuthen and Bøgh-Sørensen 2003; Raybaudi-Massilia 
et al. 2016). The modification of the atmosphere within such packages depends on 
the permeability of the film, the rate of respiration and the diffusion characteristics 
of the gas and the initial free volume and the atmospheric composition in the pack-
age. Temperature, relative humidity, and movement of air around the package can 
influence the permeability of the film. The temperature also affects the metabolic 
activity of the commodity and therefore the rate of attack of the desired modified 
atmospheres. All of these factors must be considered in developing a mathematical 
model to choose the most suitable film and coating for each product (Kader et al. 
1989). For example, if a coating or film is too thick, harmful effects may result 
because the internal oxygen concentration is below a desirable and beneficial level 
and there is an increased carbon dioxide concentration that is greater than a critical 
tolerable level. These conditions lead to anaerobic fermentation (Zeuthen and Bøgh- 
Sørensen 2003). There are several possible edible coatings for food products, 
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including gelatin, cellulose and chitosan, because they have the desirable character-
istics of being generally odorless, tasteless and transparent. The biodegradable lam-
inate of a chitosan-cellulose and polycaprolactone as a film was found suitable as a 
packaging material for storage of fresh produce (Makino and Hirata 1997). 
Temperature estimation of O2, CO2 and N2 permeability parameters for biodegrad-
able plates was studied. The efficacy of chitosan immobilized in edible coatings has 
been studied on the microbiological shelf life of the carrot sticks under two different 
passive atmospheric modification packaging conditions (Simões et al. 2009). The 
joint application of edible coatings containing chitosan and moderate O2 and CO2 
levels maintain quality and promote phenolic content in carrot sticks. Campaniello 
et al. (2008) evaluated the possibility of prolonging the microbiological and physio-
chemical microorganisms of cut strawberries treated with 1% chitosan solution and 
packing them in passive and active atmosphere packaging. A chitosan coating inhib-
ited the growth of microorganisms and affected significantly and positively the 
microbiological stability of the products. Besides, the presence of high percentage 
of oxygen, combined with a chitosan coating, seemed to affect positively the color. 
The addition of chitosan into cheese making, combined with an active coating (lyso-
zyme and EDTA disodium salt) and modified atmosphere packaging (30% CO2, 5% 
O2 and 65% N2), was used to prolong the microbiological shelf life of ‘Fior di latte’ 
cheese (Del Nobile et al. 2009). This combination represents a strategic solution to 
prolong the shelf life of cheese for more than 3 days, compared with the control 
sample in conventional saline that registers storage less than 1  day. Xing et  al. 
(2010) investigated the effect of chitosan coating containing anti-browning agents 
and modified atmosphere packaging on browning and the shelf life of fresh lotus 
cuttings stored at 4 °C for 10 days. The atmosphere in the packages was evaluated 
for O2 and CO2 concentrations. At the end of storage, the edible coated and modified- 
atmosphere packaging samples modify the composition of the atmosphere and 
respiratory rate of the lotus root sections and have the lowest polyphenol oxidase 
and malondialdehyde content. Chitosan solutions (3%) incorporating 20% krill oil 
with or without the addition of 0.1 μL/mL cinnamon leaf essential oil, vacuum or 
modified atmosphere (60% CO2 and 40% N2) increased total lipid and omega-3 
fatty acid contents of the lingcod (Ophiodon elongates) fillets by about twofold up 
to 21 days at 2 °C (Duan et al. 2010). Moreover, this treatment reduced lipid oxida-
tion as represented in thiobarbituric acid reactive substance and microbiological 
spoilage as reported in total plate count (2.22–4.25 Log reductions during storage). 
Consumers preferred the overall quality of chitosan-coated, cooked lingcod sam-
ples to the control, based on their firm texture and less fishy aroma.

23.4  Concluding Remarks

Marine biopolymers have already found important applications in food preservation 
and other important areas, where cost is much less important than their function. It 
seems very unlikely to be biodegradable, edible and biologically compatible, and 
widely displaced from its current role in the application of food packaging, where 
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cost is more important for the consumer market than environmental acceptability. 
Marine biopolymers have good film-forming properties along with desirable pack-
aging properties such as low gas barrier and heat-sealing ability. However, there are 
some problems associated with films based on biopolymers, such as moisture sensi-
tivity, rather than low mechanical strength and low process capacity. These prob-
lems have limited the industrial application of these films. Therefore, the recent 
development of the integration of other products or the use of composite nanomate-
rials has led to new opportunities for the use of films and coatings based on marine 
biopolymers in the food packaging industry. This type of packaging materials then 
requires more research and more added value such as introduction of smart and 
intelligent molecules (nanotechnology) capable of providing information about the 
characteristics of the food within the package (quality, shelf life and microbiologi-
cal safety) and nutritional values. It is necessary to develop this type of materials to 
improve barrier properties, ensure the safety of food characteristics, integrate intel-
ligent labeling and give the consumer the opportunity to obtain more detailed prod-
uct information than the current technology.
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Chapter 24
Functional Carbohydrate Polymers:  
Prebiotics

Jun Yang and Yixiang Xu

Abstract Increasing scientific evidence has identified the correlation among 
dietary intake, the gut microbiome, and human health. Controlling the microbiome 
within the human gut through dietary modifications sheds light on novel nutritional 
strategies and clinical practices in reducing some chronic diseases. The emerging 
field of prebiotics, probiotics, and synbiotics is associated with the development of 
nutritional interventions, gut microbiome with positively impact health outcomes. 
Although there is strong evidence to demonstrate the complex link between gut 
microbiota and human health, substantial challenges still remain in delivering effec-
tive, stable and cost efficient foods with positive health outcomes, building person-
alized diets based on the gut microbiome profile, and standardizing clinical practices 
and establishing regulation. Dietary intervention, as a strong applicator, on micro-
biota and consequently on physiology and immune system, could play significant 
role in reducing the risk and progression of some chronic diseases including cancer 
and obesity. In this chapter, the authors focus on prebiotics as functional carbohy-
drate polymers, including traditional ones of human milk oligosaccharides (HMOS), 
fructooligosaccharides (FOS), and galactooligosaccharides (GOS), as well as 
potential ones of pectin oligosaccharides (POS), xylooligosaccharides (XOS), ara-
binoxylan oligosaccharides (AXOS), and glucomannan oligosaccharides (GMOS). 
To better understand the complex interplay of diet, nutrition and the microbiome in 
food development, as well as the effects of diet on the diversity of human microbi-
ome, the contents of source, chemical structure, processing, physiological function-
alities for each prebiotic will be covered.
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Abbreviations

AX Arabinoxylan
AXOS Arabinoxylan oligosaccharides
DF Dietary fiber
DP Degree of polymerization
FOS Fructooligosaccharides
GI tract Gastrointestinal tract
GMOS Glucomannan oligosaccharides
GOS Galactooligosaccharides
HMOS Human milk oligosaccharides
MW Molecular weight
OS Oligosaccharides
PI Prebiotic index
POS Pectin oligosaccharides
PS Polysaccharides
SCFAs Short-chain fatty acids
XOS Xylooligosaccharides

24.1  Introduction

The human colonic microbiota, microbes in the human GI tract, include an enor-
mous biomass of approximately 100 trillion (1014) microorganisms consisting of a 
vast diversity of microbial species (Míguez et al. 2016). Microbiomes are their col-
lective genome, which contains more than 100 times as many genes as the human 
genome. Accumulating evidence has shown that microbes in the human GI tract 
play a critical role in human health, functioning to be capable of harvesting nutri-
ents, producing additional energy otherwise inaccessible to the host, generating 
vitamins, enhancing the absorption of minerals, metabolizing carcinogens, prevent-
ing colonization by pathogens, assisting in the development of a mature immune 
system, reducing gut infection level, and suppressing colon cancer initiation. There 
is increasing evidence to unveil that the gut microbiota has a profound effect on 
human illnesses, including obesity, type 2 diabetes and other metabolic disorders, 
which comprise of a rapidly increasing health problem worldwide (Nicholson et al. 
2012). Moreover, interactions between gut microbiota and the brain affect autism, 
depression, and Parkinson’s disease (Jiang et  al. 2015; Scheperjans et  al. 2015). 
Therefore, probiotics, beneficial gut microorganisms, are attracting increasing 
attention in the scientific community and dietary supplement industry.

Prebiotics are undigested by the enzymes of the upper GI tract, but are instead 
selectively fermented by various types of intestinal bacteria in the large intestine, as 
shown in humans (Gibson and Roberfroid 1995) and animals (Patterson and 
Burkholder 2003). As selectively fermented ingredients, prebiotics lead to specific 
changes in the composition and/or the activity of gastrointestinal flora (microbiota), 
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with consequent health effects for the host. In general, the traditional and potential 
prebiotics include, but are not limited to, inulin, HMOS, FOS, GOS, KGMO, POS, 
AXOS, XOS, pyrodextrins, soy-derived OS, and isomaltooligosaccharides (Olveira 
and González-Molero 2016). This definition partially overlaps with that of DF, but 
includes the selectivity of prebiotics for some specific microorganisms. DFs are 
various carbohydrates and lignin that resist hydrolysis by digestive enzymes in the 
human small intestine, but may be completely or partially fermented by colonic 
(large intestine) microflora and/or partly excreted in feces. They contain non-starch 
polysaccharides (celluloses, hemicelluloses, pectins, gums, and mucilages), resis-
tant starch, inulin, FOS, and GOS. Prebiotic compounds are able to reach the lower 
gut, being available for the intestinal bacteria, and modulate intestinal (ileum and 
colon) mobility (Roberfroid et  al. 2010; Havenaar 2011; Al-Sheraji et  al. 2013). 
There is convincing data to demonstrate the prebiotic effects of HMOS, FOS, GOS, 
inulin, β-glucan, and resistant starch in human clinical trials (Davis et al. 2010). 
Similar effects have been found for POS, GMOS, AXOS and XOS, and thus these 
constitute a group of emerging prebiotics (Broekaert et al. 2011). Although AXOS 
and XOS cannot be degraded under conditions similar to the human stomach 
(Courtin et al. 2009), they can be completely fermented by fecal microbiota in vitro 
cultivation (Kabel et al. 2002). The prebiotic activity of AX, AXOS, and XOS has 
been studied in pure culture in vitro experiments, and thus, in vivo and human clini-
cal studies are further required to demonstrate a prebiotic role of those carbohy-
drates. In addition, the consumption of a combination of FOS and resistant starch 
prebiotics in rats has been shown to have a synergistic activity (Rodriguez-Cabezas 
et al. 2010). Insoluble fibers such as cellulose and lignin are generally not fermented 
by the microbiota in the colon. However, soluble fibers such as FOS and GOS tend 
to be fermented by colonic microbiota and confer health benefits through the prod-
ucts of their fermentation, including SCFAs like acetic acid, propionic acid, and 
butyric acid, which serve as energy sources for colonic epithelial cells. These SCFAs 
lower the pH in the colon, promoting beneficial microorganisms such as 
Bifidobacteria and Lactobacilli and suppressing pathogenic species. Therefore, 
these soluble fibers as potential prebiotics in promoting health benefits have been 
drawing much attention in both academic and industry research. The promotion of 
beneficial microorganisms in GI is the latest frontier of this growing field. A prebi-
otic index (PI) has been defined in order to quantify the prebiotic effects of dietary 
OS (Palframan et al. 2003). A positive PI suggests selective stimulation and growth 
of bacteria like Bifidobacterium and/or Lactobacillus, while a negative index is 
influenced by Bacteroides and/or Clostridium.

How can the microbiome influence the response to dietary components? 
McLaughlin et al. (2015) have assessed the capabilities of 20 carbohydrates includ-
ing several commercially available prebiotics to promote the growth of 32 human- 
derived isolates in the genera Bifidobacterium and Lactobacillus in order to 
distinguish carbohydrates that beneficially modulate growth and the metabolic 
activity of these bacteria. The results revealed that bifidobacterial strains possessed 
more diverse carbohydrate utilization profiles as compared to the Lactobacillus spe-
cies tested, proving that several bifidobacterial strains have the ability to metabolize 

24 Functional Carbohydrate Polymers: Prebiotics



654

AX, XOS, maltodextrin, galactan and FOS components. In contrast, maltodextrin, 
galactan, arabinogalactan and galactomannan did not support robust growth of any 
of the Lactobacillus strains evaluated.

The distribution of gut microbiota is affected by various factors, including anti-
biotics administrated, stress, dietary patterns and ages (Claesson et  al. 2012), 
although those microbes remain stable for individuals during life time. Diet shapes 
diversity in gut microbiome. It shifts the microbial community and affects exposure 
to dietary metabolites. Species such as B. longum, B. adolescentis, L. rhamnosus 
and L. casei/paracasei are predominant in adults, whereas B. breve, B. longum 
subsp. infantis, L. gasseri and L. salivarius are usually detected in the infant gut 
(Wall et al. 2007). Short-term feeding of plant- and animal-based diets alters gut 
microbiota (David et  al. 2014). A DF-deprived microbiota in GI degraded the 
colonic mucus barrier and enhanced pathogen susceptibility (Desai et  al. 2016). 
Mice fed a high fiber diet had more fiber-degrading bacteria, a thicker mucus lining, 
and were protected from Citrobacter rodentium infection. Sialyated milk oligosac-
charides promoted growth of animals colonized with infant microbiota (Charbonneau 
et al. 2016). Bifidobacteria and lactobacilli are major probiotic bacteria resident in 
the human intestine, performing different fermentation capacities and molecular 
mechanisms upon utilizing carbohydrates. Watson et al. (2013) ascertained that the 
growth of bifidobacterial strains is promoted by a broader spectrum of carbohy-
drates than lactobacilli, which may be ascribed to over 8% of the bifidobacterial 
genome contributed to carbohydrate metabolism (Pokusaeva et al. 2011).

Probiotics such as Bifidobacteria and Lactobacilli are intervened by prebiotics as 
they have been documented to confer various health benefits, including, but not 
limited to, immune-modulation (Turroni et al. 2014), restriction of pathogenic bac-
teria through competition and production of SCFAs and modulation of mucosal 
barrier function (Miyauchi et al. 2012). Prebiotics are non-digestible food ingredi-
ents, which selectively stimulate the growth of gut bacteria. Synbiotics is defined as 
a combination of probiotics and prebiotics that beneficially affect the host by 
improving the survival and implantation of live microbial dietary supplements in the 
GI tract. Synbiotics selectively stimulate the growth and/or activate the metabolism 
of a limited number of health-promoting bacteria, thus improving host welfare 
(Pandey et al. 2015). There exists a synergistic relationship between probiotics and 
prebiotics, since it favors competitive advantage for probiotic rapid adaptation in the 
GI tract. Synbiotics are available as mixtures of bifidobacteria and/or lactobacillus 
with FOS and/or inulins.

Potential novel prebiotics could be developed from different sources. They can 
be found naturally in foods created by chemical and/or enzymatic hydrolysis from 
OS or other substrates. For example, by using β-galactosidase from various micro-
bial sources, lactulose can be hydrolyzed and subsequent transgalactosylated to pro-
duce new prebiotic OS (Villamiel et al. 2014). OS including sucrose, raffinose and 
stachyose in Tofu whey permeate can be enzymatically synthesized to mixtures of 
fructosylated α-galactosides and FOS (Corzo-Martínez et al. 2016). Lactose-derived 
OS such as trisaccharides (4-galactosyl-kojibiose, lactulosucrose, and lactosucrose) 
can be potential prebiotics through enzymatic conversion from lactose obtained 
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from cheese whey permeate and sucrose (García-Cayuela et  al. 2014; Corzo- 
Martínez et al. 2015). Seaweeds and marine microalgae are alternative sources for 
the finding of potential prebiotic candidates (Moreno et al. 2017). The production of 
prebiotics can be hindered by carbohydrate polymers’ structure complexity and 
associated costs. There is an urgent requirement for efficient, sustainable, and less 
costly processes for prebiotic oligosaccharides application on a large scale in food 
industry.

24.2  Traditional Prebiotics

24.2.1  Human Milk Oligosaccharides (HMOS)

HMOS are a group of bioactive carbohydrates that generally compose of 3–10 
monosaccharide units (Bode 2012), representing the third most abundant solid com-
ponent of human milk following lactose and lipids (Goehring et al. 2014). The aver-
age HMOS concentrations ranges from 5 to 23  g/L, with the highest levels of 
20–30 g/L in colostrum and 10–15 g/L in maturate (Marx et al. 2014). HMOS are 
considered the first example of prebiotics discovered 100 years ago and are growth 
factors for bifidus flora in breast-fed infants. Recently, they have received much 
attention because of their potential benefits for the breast-fed neonate (Kunz et al. 
2000; Jantscher-Krenn and Bode 2012; Venema 2012).

24.2.1.1  Source and Chemical Structure

HMOS are unique to human beings and are abundant in human milk. They possess 
an extremely complex structure comprised of at least 1000 different components 
(Smilowitz et al. 2014). Only trace amounts and structurally less complex oligosac-
charides are found in mature bovine milk or bovine milk-based formula (Bode 
2009). Currently, approximately 100–200 HMOS have been isolated and identified 
(Asakuma et al. 2011), and their levels and patterns vary significantly with different 
individuals and over the course of lactation (Goehring et al. 2014). Regardless of the 
structural complexity and variation, five common monosaccharides, namely d- 
glucose (Glu), d-galactose (Gal), N-acetylglucosamine (GluNAc), l-fucose (Fuc), 
and N-acetylneuraminic acid (NeuAc), are the building blocks that make up all 
HMOS (Oliveira et al. 2015). With a few exceptions, almost all HMOS share a basic 
core structure that includes a lactose (Galβ1-4Glu) at the reducing end with extended 
chains by glycosyltransferases addition of lacto-N-biose units (Gal β1-3GluNAc, 
LNB, type 1) or lactosamine units (Gal β1-4GluNAc, LacNAc, type 2) (Zivkovic 
et al. 2011; Yang et al. 2012; Ito et al. 2013). The core structure can further be modi-
fied by fucosylation, sialylation or sulphation through either adding fucose in α-(1–
2), α-(1–3) and α-(1–4) linkages, sialic acids in α-(2–3) or α-(2–6) linkages or 
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sulphate groups at the terminal positions (Petschacher and Nidetzky 2016; Smith- 
Brown et al. 2016; Lis-Kuberka et al. 2017). The modification processes not only 
lead to structural variations of HMOS, but also divide them into two groups: neutral 
and acid oligosaccharides. The former contains fucosylated carbohydrates and is a 
higher concentration in the human milk than the latter which contains either sialic 
acids or sulphate groups (Thurl et al. 2010).

HMOS composition depends on the woman’s Secretor and Lewis blood group 
statuses which express certain glycosyltransferase (Espinosa et al. 2007). More than 
70% of Caucasian women are believed to be Secretors and actively express the 
α-(1–2) fucosyltransferase FUT2 gene. Therefore, HMOS from those women are 
characterized by the presence of characteristic 2-fucosyllactose (2’FL), lacto-N- 
fucopentaose 1 (LNFP1) and other α-(1–2) fucosylated HMOS, which cannot be 
detected in the milk from non-Secretor women who do not express FUT2 gene 
(Morrow et al. 2004; Bode 2015). In addition, the milk from the women with Lewis 
positive blood group status who express the α-(1–3/4) fucosyltransferase FUT3 
gene contains characteristic α-(1–4) fucosylated HMOS (LNFP2) (Jantscher-Krenn 
and Bode 2012; Marx et al. 2014).

Qualitative and quantitative identification of HMOS structure and composite will 
help better understanding their biological functions. Chromatography has become a 
classic technique to elucidate HMOS structures. Various chromatographic methods, 
including normal-phase, reversed-phase, gel permeation, high-performance anion- 
exchange, lectin affinity chromatography, porous graphitized carbon, hydrophilic- 
interaction liquid chromatography, gas chromatography, and capillary 
electrophoresis, have been used to analyze their composition and structure (Galeotti 
et al. 2014; Mantovanl et al. 2016; Yan et al. 2017). In addition, other advanced and 
sensitive analytical techniques such as mass spectrometry and nuclear magnetic 
resonance spectroscopy have also been utilized (Maliniak and Widmalm 2014; Wu 
et al. 2017). Structural complexity of HMOS presents two-sided effects. On one 
hand, the complexity makes the large-scale commercial production of HMOS 
impossible. But on the other hand, structural complexity is the basis for a multitude 
of biological functions.

24.2.1.2  Functionality and Health Effects

Although HMOS are resistant to gastrointestinal digestion and are considered to 
have no nutritional values, they could provide health benefits for breast-fed infants 
in unique ways.

Prebiotics Effect

HMOS exert prebiotic function to shape a healthy gut microbiota by selectively 
promoting the growth of beneficial bacteria, while suppressing that of pathogens 
(Musilova et al. 2014). The first recognition of the prebiotic effects of HMOS is 
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found in the work of Schönfeld who described HMOS as a bifidus factor that stimu-
lates the growth of specific Bifidobacterium and Bacteroides species (Kunz 2012). 
Bifidobacterium longum subsp. infantis, Bacteroides fragilis and Bacteroides vulga-
tus strains are found to effectively metabolize HMOS (Marcobal et al. 2010). HMOS 
are structure-specific and those containing GluNAc appear to be the most active in 
stimulating growth of bifidobacteria (Coppa et al. 2006). Bifidobacterium species 
are one of the first bacteria to colonize the human gastrointestinal tract, and certain 
species such as Bifidobacterium longum subsp. infantis (B. infantis) and B. breve are 
more common in the infant gut (Thomson et al. 2017). B. infantis is unique among 
gut bacteria because it can digest any HMOS structure and utilizes them as its sole 
carbon source (Ruiz-Moyano et al. 2013; Underwood et al. 2015; Wickramasinghe 
et al. 2015). However, it is worthy note that although B. infantis can grow very well 
on any type of HMOS, it prefers certain short-chain and fucosylated HMOS over 
their high MW counterparts (Garrido et al. 2015).

Antiadhesive Antimicrobials

HMOS possess anti-infective properties against many pathogenic microorganisms 
in the infant gastrointestinal tract, including Salmonella, Listeria, and Campylobacter, 
which generally bind or adhere to the host’s cultured epithelial surface (Martin et al. 
2016). The antiadhesive antimicrobial effects of HMOS are based on their capacity 
to act as a soluble decoy receptor analog to compete with epithelial ligands for bac-
terial binding and to prevent the attachment of pathogenic microorganisms to epi-
thelial surfaces (Smilowitz et  al. 2014). The similarities between HMOS and 
carbohydrates of epithelial cell surface lead the former to mimic the later to form 
specific interactions with pathogenic microorganisms (Houghteling and Walker 
2015). Antiadhesive antimicrobial effects of HMOS are not only limited to bacteria, 
they also affect certain protozoan parasites and viruses. HMOS are found to effec-
tively inhibit Entamoeba histolytica, a parasite that causes amoebic dysentery or 
amoebic liver abscess (Jantscher-Krenn et  al. 2012; Kutty 2016). Furthermore, 
HMOS are also reported to have potential protective effects against HIV-1 mother- 
to- child transmission during breastfeeding (Bode 2012). The antiadhesive antimi-
crobial effects of HMOS contributes to a lower incidence of intestinal, upper 
respiratory and urinary tract infections in breast-fed infants (Bode 2012; Smilowitz 
et al. 2014).

Immune Modulators and Brain Development

HMOS possess immunomodulatory properties that modulate epithelial and immune 
cell responses (Bode 2012). Specific glycan-binding proteins expressed by nearly 
all epithelial and immune cells interact with HMOS, which directly modulate 
immune system response and development (Goehring et al. 2014). HMOS are found 
to act either locally on cells of the mucosa-associated lymphoid tissues or on a 
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systemic level to reduce excessive mucosal leukocyte infiltration and activation. 
Through these interactions, they protect against necrotizing enterocolitis, one of the 
most common fatal disorders in pre-term infants.

HMOS are also reported to facilitate infant’s brain development by providing 
essential nutrients such as galactose and sialic acid (Wang 2009; Ruhaak et  al. 
2014). Galactose, a major component in HMOS, is involved in the formation of 
galactolipids, an essential component for rapid brain development (Jantscher-Krenn 
and Bode 2012). In addition, sialic acid contains NeuAc, a component of ganglio-
sides that is covalently linked to neural cell adhesion molecules in order to mediate 
cell-cell interactions for memory (Charbonneau et al. 2016). The role of the HMOS 
is to ensure that galactose and sialic acid levels do not become depleted during pre- 
and post-natal stages of brain development.

Overall, the beneficial effects of HMSO are not only based on total amount, but 
on their distinct structural composition (Marx et al. 2014). Currently, a lack of avail-
ability of these structures in sufficient quantities and of purity to clinically test their 
biological functions is the main barrier to discern the biological role of 
HMOS. Exclusively assigning some observed effects to HMOS is a challenge, since 
other components in the milk might also elicit the particular response when study-
ing the physiology and clinical behaviors of breast-fed versus formula-fed infants 
(Espinosa et al. 2007).

24.2.2  Fructooligosaccharides (FOS)

Fructooligosaccharides (FOS) are non-digestible carbohydrates with plant origins, 
and represent one of the major bifidogenic oligosaccharides (Slavin 2013). Similar 
to HMOS, they also serve as prebiotic compounds that improve the well-being and 
health of the host. The average daily intake varies by region, with 2–4 g for North 
Americans and 2–12 g for Europeans, respectively (Sousa et al. 2011). Because of 
their functional properties and economic potential, FOS have been increasingly 
used in food and health industries. The global FOS market is expected to reach US$ 
3.52 billion by 2024 (GVR 2016a).

24.2.2.1  Source and Chemical Structure

FOS are found in varying concentrations with milligram quantities in many foods, 
including (a) some vegetables and fruits, such as onion, garlic, leek, tomato, aspara-
gus, artichoke, lettuce, beetroot, burdock, yacon, apples, and bananas; (b) grains, 
such as barley, wheat, rye, triticale, and oat; and (c) other food products, such as 
brown sugar, beer, and honey (Díez-Municio et al. 2013). Onions have the highest 
FOS content, ranging from 25 to 40% of dry matter basis. The daily intake of FOS 
from those natural resources is approximately 1 g in the western diet (Bornet 2001).
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Beyond their natural presence in some common foods, FOS can be produced 
commercially through two ways: (1) synthesis from sucrose, and (2) hydrolysis of 
inulin (Fontana et al. 2011; Surin et al. 2012; Lorenzoni et al. 2014; Wang and Wang 
2016). In the former route, the fructose moiety of substrate sucrose are either polym-
erized to sucrose or are transferred to other carbohydrates through transfructosyl-
ation reaction by enzymes such as fructansucrase or fructosyltransferase from 
different fungi and bacteria (Díez-Municio et  al. 2013; Arthee and Vijila 2014). 
Sucrose plays a dual role during those reactions: as a fructose acceptor during 
polymerization and as a fructose donor during transfructosylation (Chuankhayan 
et al. 2010). FOS generated from this route have been considered as short-chain 
FOS which consist only of 1–3 fructose units (Bornet 2001). On the other hand, 
FOS produced in the second route are found to have longer chains with a DP rang-
ing from 3 to 9 (Borromei et al. 2009). In spite of the production of short-chain 
FOS, the first route is to be economically advantageous, since substrate sucrose is 
cheaper than inulin (Hang et al. 2013).

The chemical structure of FOS consists of a chain of fructose units linked by 
β-(2–1) glycosidic bonds terminating with a glucose unit. Three most important 
FOS include: (1) 1-kestose which has two fructose units attached to the glucose 
unit; (2) nystose which attaches three fructose units to the glucose and (3) fructosyl-
nystose has four fructose units (Flores-Maltos et  al. 2016). Human digestive 
enzymes could not hydrolyze these β-(2–1) glycosidic bonds since they are specific 
on α-glycosidic bonds (Sabater-Molina et al. 2009). The difference between FOS 
and inulin molecules is the polymer chain length characterized by DP, defined by 
the number of individual fructose units. FOS have a DP value less than 10, while the 
DP values of inulin molecules range from 2 to 60 (van de Wiele et al. 2007). Similar 
to HMOS, chromatography has become a popular technique to characterize the 
structures and compositions of FOS, especially high-performance liquid chroma-
tography (HPLC) with different detectors (charged aerosol and evaporative light 
scattering) (Li et al. 2013, 2014). Furthermore, high-performance anion-exchange 
chromatography (HPAEC) coupled with pulsed electrochemical detection (PED) 
has been routinely used to qualitatively analyze FOS. However, a lack of standard-
ization makes it impossible to identify each component. Matrix-assisted laser 
desorption/ionization time-off light mass spectrometry (MALDI-TOF-MS) opens 
the door not only to determine chain length distribution but also to qualitatively and 
quantitatively analyze FOS (Borromei et al. 2009).

24.2.2.2  Functionality and Health Effects

Because of various chemical and structural conformations, FOS are recognized as a 
flexible and appealing health-promoting ingredient for different food applications. 
Several authors have conducted comprehensive reviews about their functionality 
and health benefits (Sabater-Molina et  al. 2009; Dominguez et  al. 2014; Sridevi 
et al. 2014).
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Functional Ingredients in the Food Industry

A number of unique functional properties make FOS important food ingredients. 
There include high water solubility, high water-holing capacity and viscosity, ther-
mal stability that improves texture, refined taste, and a longer shelf life (Sabater- 
Molina et al. 2009). Furthermore, less sweetness and small amount of energy make 
FOS a good candidate as a sugar substitute for development of various food prod-
ucts in which sucrose is prohibited. Examples of food products that contain FOS 
include light jam products, ice cream and confection such as hard candies, gums and 
marshmallows (Sangeetha et al. 2005).

Prebiotic Effect

As all non-digestible oligosaccharides, FOS resist gastric acidity, escape digestion 
by enzymatic hydrolysis in the small intestine and eventually reach the colon where 
they are thoroughly fermented by bacteria into the short-chain fatty acids (SCFA), 
lactate, CO2 and H2. The SCFA including acetate, propionate and butyrate create an 
acidic environment in the colon that changes the gut microflora population (Morrison 
and Preston 2016). In such environments, some beneficial bacteria such as 
Bifidobacteria, Lactobacilli, and Eubacterium, are favorably developed, while the 
growth of some pathogenic species such as Escherichia coli, Clostridium, 
Streptococcus faecalis and Proteus are suppressed (Zhang et al. 2015b; O’Callaghan 
and van Sinderen 2016). The prebiotic effect of FOS is based on their capacity to 
promote a healthy balance of intestinal microbiota and decrease gastrointestinal 
infections. The functions of SCFA generated from FOS are not only limited to 
improving intestinal environment; they also exert multiple beneficial effects to 
directly and indirectly influence human bodies.

Improving Mineral Absorption

FOS have positive effects on mineral absorption, especially for magnesium, cal-
cium, iron and zinc (van den Heuvela et al. 2009; Wang et al. 2010). Those minerals 
play an important role in the development and growth of the body, and mineral 
deficiencies remain a critical nutritional issue worldwide. Mineral absorption gener-
ally occurs in small intestine. However, when fed with a FOS-supplemented diet, 
FOS bind with the minerals to reduce their absorption in the small intestine and to 
push them to the colon where their bioavailability increases (Mussatto and Mancilha 
2007; Scholz-Ahrens et al. 2007). The increased mineral bioavailability in the colon 
is attributed to a fact that SCFA produced from FOS fermentation build an acid 
environment that favors mineral solubility (Wang et al. 2010; Sheridan et al. 2014). 
In addition, the presence of FOS increases the water content and the absorptive 
capacity of the colon and improves gut health, which also contributes to enhancing 
mineral absorption (Sabater-Molina et al. 2009).
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Reducing Lipids and Cholesterol Levels

FOS have hypotriglyceridemia and hypocholesterolemic effects that reduce the lev-
els of serum lipids and cholesterol (Costa et al. 2015; Cronin et al. 2016). These 
effects can be ascribed to three mechanisms. First, some SCFA produced through 
FOS fermentation, specifically butyrate and propionate, inhibit cholesterogenesis 
and lipogenesis pathways. Butyrate is well known to inhibit liver cholesterol syn-
thesis. Propionate reduces the hepatic cholesterol synthesis rate, thereby lowering 
plasma cholesterol levels. It also may inhibit the synthesis of fatty acids in the liver, 
which could lead to lower rates of triacylglycerol secretion rate (Ooi and Liong 
2010). Second, FOS significantly reduce the production of glucose and insulin, 
main stimulators in the control of lipogenesis (Costa et al. 2012). The decrease in 
sugar and insulin levels leads to a reduction of lipogenesis (Dehghan et al. 2013). 
Finally, FOS alter the intestinal environment and enhance the growth of 
Bifidobacterium and Lactobacillus. These beneficial bacteria facilitate the precipita-
tion and excretion of fecal bile acid, thereby decreasing their intestinal concentra-
tion, which results in the reduction of lipase activity and the levels of serum lipid 
and cholesterol (Xu et al. 2002).

Preventing Colon Cancer

FOS have inhibitory effects on colon cancer, which are mainly linked to FOS prebi-
otic effects and SCFA production during FOS fermentation in the colon (Sabater- 
Molina et al. 2009). First, FOS prebiotic effects inhibit the growth of pathogenic 
bacteria and reduce the production of the carcinogenic substances. SCFA, espe-
cially butyrate and propionate, are able to induce the differentiation of T-regulatory 
cells to assist in the control of intestinal inflammation (Ríos-Covián et al. 2016). 
They also are found to protect against the development of colorectal cancer. Among 
various SCFA, butyrate has received the most attention and can be both preventive 
and inhibitory in colon carcinogenesis by playing multiple roles: (1) providing a 
source of energy for human colon epithelial cells, (2) promoting normal cell prolif-
eration and inhibiting carcinogenic cell, and (3) presenting a chemo preventive 
effect in carcinogenesis (Gill and Dudeja 2011). Finally, the presence of FOS 
increases stool mass and decreases colonic transit time, thereby reducing the expo-
sure time of the colonic microbials to potential carcinogenic agents (Sabater-Molina 
et al. 2009).

24.2.3  Galactooligosaccharides (GOS)

Like HMOS and FOS, GOS refer to a group of non-digestible carbohydrates, which 
serve as prebiotic compounds that enhance health-related physiological activities 
(Sangwan et al. 2011). Because of their similarity to HMOS, GOS are one of only 
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three prebiotics recognized by experts for its breadth of clinical evidence and have 
drawn a great of attention worldwide (Torres et al. 2010; Sangwan et al. 2011). The 
global GOS market size was estimated at US$643.3 million in 2015 and is predicted 
to grow rapidly within the next 10 years (GVR 2016b).

24.2.3.1  Source and Chemical Structure

Although GOS occur naturally in human milk with the total GOS concentration in 
human milk approximately 1 g/L (Angus et al. 2005), most available GOS are syn-
thesized from lactose through a classic transgalactosylation reactions (Rodriguez- 
Colinas et al. 2012; Vera et al. 2012). This reaction was first observed in the early 
1950s. Since then, it has become an important process to commercially produce 
GOS, with Japan and Europe as pioneers and leaders in the production and develop-
ment of GOS worldwide (GVR 2016b). During the reaction, many parameters, 
including the source and concentration of substrate, enzyme type, pH, time, and 
temperature, influence GOS synthesis. Highly concentrated lactose, either in the 
refined form or in concentrated lactose syrup, has been used as the substrate. 
Lactose-rich cheese whey permeate during whey ultrafiltration which has the lac-
tose concentration of 75% (g/g) is an ideal substrate for GOS production (Barile 
et al. 2009). In terms of enzymes, both glycosyltransferases and glycosidases, which 
are responsible for the transfer of glycosyl moieties from a donor sugar to an accep-
tor, can be used to convert lactose to GOS. Although the former is highly selective 
and can produce a high yield of GOS, a high cost and the requirement of specific 
sugar nucleotides as substrates rule it out as a good candidate for the commercial 
production of GOS (Torres et al. 2010). On the other hand, β-galactohydrolases, one 
type of glycosidase that can simultaneously hydrolyze lactose to d-galactose and 
d-glucose and catalyze the transgalactosylation reaction to form GOS, is much 
more readily available, although it is less stero-selective and might result in low 
yield (Lamsal 2012). Converting lactose into GOS by β-galactosidases is a kineti-
cally controlled reaction, and the ratio between lactose hydrolysis and GOS synthe-
sis is dependent on the reaction conditions, such as lactose concentration, the 
reaction temperature and the intrinsic enzyme properties (Torres et  al. 2010; 
Rodriguez-Colinas et al. 2016).

The chemical structure of GOS consists of a chain of galactose units polymer-
ized to a terminal glucose unit with different glycosidic linkages, namely β-(1–1), 
β-(1–2), β-(1–3), β-(1–4) and β-(1–6), to form a generic structure Glu α-(1–4) 
(β-(Gal1–6)n, where Glu refers to glucose molecule, Gal refers to galactose, and n 
is the number of galactose units and varies from 2–10 (Lamsal 2012; Belorkar and 
Gupta 2016). Chemical structures, including the saccharide composition, type of 
glucoside linkage, and DP, greatly influence their chemical and physiological char-
acteristics, functionality and application in food and health industries (Gosling et al. 
2010). Based on their nature, GOS are classified as dietary fiber. An analytical 
method based on enzymatic treatment with β-galactosidase followed by a HPAEC, 
and coupled with pulsed amperometric detection (PAD) has been developed and 
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approved as AOAC Method 2001.2 to analyze GOS in the food and feed products 
(AOAC 2005). However, the major shortcoming of this method is that it is not suit-
able for the analysis of the products containing high levels of lactose. Recent efforts 
have made use of liquid chromatography to analyze broad samples including infant 
formula (Austin et al. 2014).

24.2.3.2  Functionality and Health Effects

Differences in GOS structure and composition provide them with a number of 
unique physicochemical and biological characteristics as functional ingredients for 
food and health applications (Lamsal 2012).

Functional Ingredients in the Food Industry

As a food ingredient, GOS possess functional benefits including: (1) high solubility 
that results in a transparent aqueous solution and easy dissolution in milk and other 
dairy products; (2) a clean taste and lessened sweetness that do not affect the taste 
of products being applied; and (3) the ability to withstand high temperatures and 
acid stability that allows them to be incorporated into a wide variety of foods (Otieno 
2010). Because of these unique properties, GOS are widely used in various food 
systems, including infant formula, dairy product, beverage, bakery product, pet 
feed, and sugar substitutes (Sangwan et al. 2011). Foods and beverages are reported 
to dominate the demand of GOS with a revenue share of over 90% in 2015, with 
dairy products, ice cream, and cereals contributing to an increase in demand (GVR 
2016b). GOS is an ingredient used in food products that offers double benefits: 
improved organoleptic quality and better-balanced nutrition.

Beneficial Health Effects

GOS easily mimic HMOS in terms of providing health benefits. Although HMOS 
exhibit a wide range of biological activities, they are not commercially available due 
to the complexity of their structures. GOS share similarities with the core structure 
as HMOS and are widely used in infant formula as an inexpensive alternative to 
HMOS.  This is especially true of galactose-containing hetero-oligosaccharides, 
which have an even closer structure to that of HMOS (Intanon et al. 2014; Guo et al. 
2017). Various strategies, including microbial and fermentative methods, have been 
developed to produce HMOS that more accurately and structurally- mimic GOS by 
employing single, appropriately engineered microorganisms or by sialylation of 
GOS using an enzymatic approach (Wang et al. 2015b).

Similar to other non-digestible dietary oligosaccharides, GOS are useful dietary 
tools that provide health benefits. These benefits include:
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 1. Improving intestinal health by modifying intestinal microflora and barrier func-
tions. The proliferation of bifidobacteria is selectively promoted, while deterio-
rating bacteria are inhibited. In addition, GOS also regulate mucosal transport 
and host defense against adherence and invasion of harmful bacteria and viruses 
to enhance the intestinal barrier. One study indicated that compared with FOS 
and other dietary oligosaccharides, GOS have the greatest adherence inhibition 
of E. coli E2348/69 cells on HEp-2 and Caco-2 (Shoaf et al. 2006).

 2. Improving mineral absorption including iron and calcium. One study found that 
calcium was absorbed more efficiently and bone ash weight was significantly 
higher in rats fed with a diet containing GOS than their control counterparts 
(Chonan et al. 1995).

 3. Other health benefits, including reducing constipation, preventing cancer and 
allergies, and modulating the immune system, are well documented (Kukkonen 
et al. 2007; Niittynen et al. 2007; Macfarlane et al. 2008). Similarly to FOS, the 
benefits of GOS are also associated with the production of SCFA during fermen-
tation in the colon.

24.3  Potential Prebiotics

24.3.1  Arabinoxylan Oligosaccharides (AXOS) 
and Xylooligosaccharides (XOS)

As the second most abundant carbohydrate in terms of plant biomass after cellulose, 
heteroxylans are localized in plant cell walls and are composed of a backbone of 
β-1,4-linked d-xylopyranoside units. The DP of xylan backbone, type, and relative 
abundance, as well as monosaccharide unit of the side branches results in the struc-
tural versatility of those glycan polymers, and further result in compositional, func-
tional, and health benefits discrepancies. Prebiotic and other health-associated 
effects of cereal-derived AXs, AXOS, and XOS have been extensively and compre-
hensively reviewed and summarized by Broekaert et al. (2011). Here, we focus on 
some recent research in terms of the potential prebiotic effects of AX, AXOS, and 
XOS.

24.3.1.1  Source

Xylan, a major component of hemicellulose and lignocellulosic biomass, is avail-
able broadly and abundantly in nature. Cereal and agricultural wastes including 
brans, stalk, straw, cob, hull, husk, bagasse and wood pulp are principal sources of 
xylan. As polysaccharides residing in the cell wall matrix of cereals and other plants, 
AXs can be obtained from corn (Rose 2011), wheat (Wang et al. 2004), rye (Ragaee 
et  al. 2001), barley and triticale (Dervilly-Pinel et  al. 2001), barley, oat, and 
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sorghum (Izydorczyk and Dexter 2008). AXs are mainly present in the bran and 
aleurone fractions, and represent 50% of dietary fibers in wheat (Neyrinck and 
Delzenne 2010). For example, approximately 2.4 million tons of corns is dry-milled 
annually, leading to the production of 350,000 tons of corn bran.

As a representative of a new class of potential prebiotics, AXs can be selectively 
broken down in the colon by intestinal bacterial enzymes including xylanases and 
arabinofuranosidases (Hughes et  al. 2007; Grootaert et  al. 2007) to become low 
MW AXOS. XOS is the hydrolysis product of xylan, and can serve as a carbon 
source for the colonic commensal bacterial population, acting as a potential prebi-
otic. In addition, there are some phenolics such as ferulic and coumaric acids bound 
to the XOS, which exert antioxidant and immunomodulatory activities.

24.3.1.2  Chemical Structure

AX is a major type of hemicellulose in cereals with structural variations in different 
species and plants. Its backbone contains a linear β-1,4-d-xylopyranosyl (Xyl) 
xylose, where α-L-arabinofuranosyl (Ara) branches (substituents) are attached to 
the Xyl at the O-2 and/or O-3 positions (Izydorczyk and Biliaderis 2007). Additional 
substituents can be other hexoses, pentoses, uronic acids, acetic acid, or ferulic acid 
(Andersson and Åman 2008). AXs obtained from various sources vary in the link-
age point of the Ara branches on the Xyl backbone, the presence of the Ara branches 
in different arabinose/xylose (A/X) ratios, and the abundance of the types of 
branches. A/X ratios exhibit wide variability even with the same source. For 
instance, the A/X ratios of AXs fractionated from wet-milled corn fiber for coarse 
fiber, fine fiber, and spent flake are 0.63, 0.82, and 0.97, respectively, suggesting 
varied degrees of branching (Doner et al. 2001). Variability in molecular property 
leads to different rheological characteristics, as revealed by Andrewartha et  al. 
(1979). The rheological properties of wheat AXs and enzymatically modified AX 
solutions indicate the degree of branching and the MW distribution. Hence, it is 
possible for AXs as potential prebiotics through enzymatic hydrolysis by modifying 
sugar composition, branch linkage points, and the structure of the branches includ-
ing Xyl galactose (Gal), glucuronic acid (GlcA), and the branch distributions on the 
Xyl backbone (Coda et al. 2014). Corn bran heteroxylan possesses about 75 ferulic 
acid esters and is connected by about 30 diferulic crosslinks (Saulnier and Thibault 
1999). Structurally, the cell wall of cereal pericarp in corn is a three-dimensional 
network of cellulose (fibrils) and hemicellulose bundles connected by insoluble 
AXs and a gel-type matrix made of soluble AXs, where diferulic acids are esterified 
to the xylans as bridges and structural proteins are embedded in the networks. Each 
corn bran heteroxylan includes about 75 ferulic acid esters and is connected by 
about 30 diferulic crosslinks. Therefore, fibers in cereal grains are commonly insol-
uble, which cannot be well fermentable.

AXs are generally classified as water extractable (WE-AX) or water unextract-
able (WU-AX) (Courtin and Delcour 2002). In wheat, the inner endosperm are 
2–3% AX, comprising of about two thirds WU-AX and one third WE-AX.  The 
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wheat bran fraction consists of more than 25% AX with major WU-AX (Maes and 
Delcour 2002). In addition, AX in the pericarp contains an A/X ratio of about one, 
whereas the AX in the aleurone layer contains a much lower A/X ratio ranging from 
0.2 to 0.4 (Benamrouche et  al. 2002). AXs from crude corn fiber with alkaline 
extraction consist of 60% of total bran weight with some glucuronic acid and trace 
amounts of d and l-galactose. Hydrogen peroxide is usually added into the extrac-
tion medium to remove lignin and bleach brown color (Doner et al. 2000; Gelroth 
and Ranhotra 2001). To fragment AX, chemical extraction of AX from cereal grains 
or bran is followed by enzymatic hydrolysis of the extracted AX by specific 
AX-degrading enzymes to yield AXOS with different DP and A/X ratios (DS) 
(Swennen et al. 2006; Grootaert et al. 2007). Therefore, AXOS can be structurally 
characterized by both the average DP (x) and DS (y), represented as AXOS-x-y. The 
DP, type and degree of substituents of XOS have effects on the rate of fermentation 
as indicated by XOS from Eucalyptus wood during in vitro fermentation (Kabel 
et al. 2002). Physicochemical and fermentation characteristics (Monobe et al. 2008) 
as well as immunological modulation in different organisms (Geraylou et al. 2013) 
depend mainly on the structural properties of AXOS. Although the chemical struc-
ture of XOS varies with the xylan source, it commonly possesses chains of xylose 
linked by β-(1–4) bonds, with a DP ranging from 2 to 10. The structural character-
istics of AXOS such as A/X (ara/xyl) branching ratio, average DP, acylation, and 
other molecular architecture may affect AXOS fermentation through sterically 
impeding the formation of xylanase-substrate intermediates, and thereby influenc-
ing nutrient digestibility and ultimately human or animal performance (van 
Craeyveld et al. 2010). Therefore, the prebiotic effects of AX-derived OS are highly 
affected by their structures and MW sizes (Damen et  al. 2011; Broekaert et  al. 
2011).

24.3.1.3  Production of AXs, AXOS, and XOS

Industrially, AXS, AXOS, and XOS are produced by chemical or enzymatic hydro-
lysis from xylan in lignocellulosic materials. A traditional method to create soluble 
AXs was to extract AXs with sodium hydroxide followed by decantation, neutral-
ization and precipitation of insoluble material from the liquid phase with sulfuric 
acid, centrifugal separation and microfiltration or ultrafiltration of the supernatant 
followed by spray drying of the retentate (Bataillon et al. 1998). In order to break 
the network crosslinks in cereal bran polysaccharides, and further solubilize AXs, 
an alkali treatment of the bran is applied to cleave the crosslinks followed by a 
sequential precipitation using ethanol or ammonium sulphate along with the isola-
tion of different AX fractions (Doner et al. 2001). Swennen et al. (2006) utilized 
different enzymes including amylases, proteinases and endoxylanases to hydrolyze 
wheat bran and yield soluble AXs. Recently, autohydrolysis technology was used to 
solubilize AXs to produce hydrolyzates of a DP of over 2 (Rose 2011). This hydro-
thermal process with temperatures of between 160 and 220 °C under acidic condi-
tions hydrolyzes bran to release soluble AXs. Compared to enzymatic hydrolysis, 
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this autohydrolysis is energy demanding and costly. Various technologies have been 
applied to extract xylan from wheat bran, including steam, chemicals such as bar-
ium and calcium hydroxide (Bergmans et  al. 1996), and a combination of both 
(Maes and Delcour 2002). Xylan has been purified, characterized, and enzymati-
cally hydrolyzed to produce XOS in different studies (Swennen et al. 2006; Zhang 
et  al. 2011). Furthermore, XOS has been discovered to have a prebiotic effect. 
Recently, xylan was extracted from wheat bran using either an autoclave or a micro-
wave oven, and then was enzymatically hydrolyzed by thermostable xylanase 
RmXyn10A to produce XOS (Immerzeel et al. 2014). Human gut bacteria including 
L. brevis (DSMZ 1269), B. adolescentis (ATCC 15703) and the species pair 
Weissella cibaria were utilized to assess the potential prebiotic properties of the 
XOS. The results revealed that xylobiose from XOS hydrolysate as carbon source 
was used by all tested bacterial species while xylotriose could be consumed by B. 
adolescentis and the Weissella strains. L. brevis, B. adolescentis and the Weissella 
spp. all exhibited growth on XOS with increases in cell density, lactic acid and ace-
tic acid production after 48 h of in vitro incubation.

Various types of AX-degrading enzymes with respective substrate specificities 
are useful tools in converting AX into OS with different DP.  Specially, endo- 
xylanases are of critical due to their breakdown of the main chain, and arabinofu-
ranosidases are responsible for removing arabinose substituents. Endo-acting 
xylanases hydrolyze and solubilize AX by cleaving the β-1,4-linked xylopyranose 
backbone of the AX heteropolymer into AXOS. The commonly used xylanases are 
in the glycoside hydrolase families 10 or 11, which possess different tolerance for 
substituents in AX. They are active on unsubstituted groups in the xylan chain, but 
have limited tolerance for arabinose substituents. Morgan et al. (2017) have evalu-
ated the influence of xylanases from families 10 and 11 on the production of small 
chain AXOS (X2–X4) in wheat AXs. Xylanase from family 10 has been shown to 
have a larger hydrolytic efficiency in AXOS production as compared with xylanase 
from family 11 or combination of family 10 and 11. The maximal conversion of 
AXs into AXOS was seen at pH 2.5. Xylanases from Clostridium thermocellum 
belong to glycoside hydrolase family 5, and are active through arabinose substitu-
ents (Correia et al. 2011). Arabinoxylanases in the glycoside hydrolase family 5 are 
categorized under subfamily 34 to display similar substrate specificity as xylanases 
(Labourel et al. 2016). Recently, Falck et al. (2018) conducted a study of utilizing 
an arabinose-specific xylanase from glycoside hydrolase family 5 (GH5) to hydro-
lyze wheat and rye AX, thus generating arabinose substituted oligosaccharides with 
2–10 xylose residues in the main chain but no unsubstituted XOS. Molecular mod-
elling has further revealed that the hydroxyl groups of xylose residues in the active 
site were exposed to solvent, suggesting that arabinose substituents can be attached 
with both glycone and aglycone groups. In addition, those AX hydrolysates could 
stimulate the growth of B adolescentis but not of L. brevis, indicating that this GH5 
enzyme is a useful tool in selection of prebiotics. Xylanases (EC 3.2.1.8) in a pilot 
scale were used to cleave internal β-1,4-xylosidic bonds in AX to yield AXOS with 
a low avDP in wheat bran (Swennen et al. 2006). XOS (xylobiose and xylotriose) 
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from hardwood xylan were produced by using an immobilized endo-xylanase of 
Clostridium strain BOH3 (Rajagopalan et al. 2016).

Probiotics and prebiotics may be an alternative solution in antibiotic-free diets to 
stabilize the intestinal health of monogastric animals. The prebiotic potential of a 
commercial feed GH11 xylanase was evaluated in vitro through degradation of AX 
from wheat bran cell walls (Ravn et al. 2017). The AXOS produced by the enzyme 
were monitored using immuno-microscopy, and analyzed by non-starch polysac-
charide (NSP), mass spectrometry (MS) and chromatography to assess the effect of 
AXOS glycan complexity and enzyme dosage on fermentation patterns in a wheat- 
based diet. The results showed that butyrate-producing bacterial genera 
Faecalibacterium and Intestinimonas significantly increased in the fermentation of 
wheat bran with GH11 xylanase. The GH11 xylanase was capable of solubilizing 
and degrading wheat bran AX to produce low DP AXOS, which can be fermented 
by cecal microbiota, leading to microbiota shifts and beneficial effects on in vitro 
transepithelial resistance.

AXs can be WE- or WU-AX depending on the ratio of arabinose, xylose, MW, 
and degree of cross-linking with other polymers. The influences of three commer-
cial xylanases and a peptidase on WU-AX were studied in Brewer’s spent grain 
(BSG) (Severini et al. 2015). The results showed that xylanase alone was capable of 
solubilizing 23.7% of WU-AX, while the peptidase exhibited no effect. Furthermore, 
the combination of xylanase and peptidase boosted WU-AX solubilization over 1.6 
times, demonstrating that access to xylan backbone has a synergistic, enhancing 
effect with proteolytic activities. WU-AXs have been displayed to exert several ben-
efits on human health. For instance, hydrolysis of WU-AX yields AXOS small mol-
ecules, which performed prebiotic effects in the colon. Damen et  al. (2012) 
investigated the in situ production of AXOS by 3 mesophilic xylanases obtained 
from Bacillus subtilis, Aspergillus niger and Hypocrea jecorina, and one thermo-
philic xylanase from H. jecorina (HjXynA) during bread-making. The results 
showed that HjXynA maximally solubilized the AX fraction among 4 enzymes, 
generating 2.1% (dry basis) of AXOS with an avDP of 9 after delivering the enzyme 
amounts without impairment of dough manageability. In addition, rye or wheat bran 
fortified breads applied HjXynA produced high quality breads of over 2% AXOS 
with an avDP of 26 and 19, respectively.

24.3.1.4  Functionality and Health Effects

AXs are chemically and/or enzymatically hydrolyzed into AXOS and XOS, which 
have been shown to exert prebiotic activities in the colon of humans and animals 
through selective stimulation of beneficial intestinal microbiota. Some in vitro stud-
ies and in vivo intervention trials on animals and humans have demonstrated health- 
related effects from the dietary intake of AX, AXOS, or XOS, as potential 
prebiotics.

AXs have gained considerable attention due to their potential positive effect in 
the human GI tract (Redgwell and Fischer 2005). The consumption of AX has been 
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linked to metabolic improvement in diabetic individuals (Garcia et al. 2007). There 
are several forms of AXs including soluble, insoluble, high MW, and enzymatically 
modified short-chain fractions, with high MW possessing the most activity (Monobe 
et al. 2008). Varying with DP, while AXs play some role in lipid and glucose metab-
olism, the physiological influences of AXs are not completely understood. AXs with 
prebiotic properties from wheat play a role in the prevention of obesity. Neyrinck 
et al. (2011) reported water-extractable high MW AXs were capable of modulating 
gut microbiota and lipid metabolism in high-fat (HF) diet-induced obese mice. The 
results showed that a HF diet supplemented with AXs (10% w/w) restored the num-
ber of bacteria including Bacteroides-Prevotella spp. and Roseburia spp., and mark-
edly elevated the amount of B. animalis lactis in caecal bifidobacteria, which was 
accompanied by the improvement of gut barrier function and by the lowering of 
circulating inflammatory marker. This study also revealed that the HF diet with AXs 
reduced adipocyte size, HF diet-induced expression of genes mediating differentia-
tion, fatty acid uptake, fatty acid oxidation and inflammation, lipogenic enzyme 
activity in the subcutaneous adipose tissue, hepatic cholesterol accumulation, and 
insulin resistance. Data in literature is inconsistent with respect to the relationships 
between the immunomodulatory effects and the structure and source of AXs. Zhang 
et al. (2015a) comprehensively reviewed possible mechanisms between immune- 
enhancing effects of AXs and their structural heterogeneity through in vitro, in vivo, 
animal and human research.

As emerging prebiotics, AXOS and XOS are drawing attention as functional 
ingredients in the pharmaceutics, feed, and food industries (Aachary and Prapulla 
2011; Broekaert et al. 2011). The prebiotic effects of AXOS on gut microbiota in 
promoting health and growth performance have been demonstrated in terrestrial 
animals, aquatic vertebrates (Gomez and Balcazar 2008), and humans. In vitro stud-
ies using a simulator of the human intestinal microbial ecosystem have unveiled that 
AXOS showed a higher potential than inulin to shift the beneficial carbohydrate 
fermentation toward the distal parts of the colon (Grootaert et al. 2009). In a rat trial, 
supplementation of AXOS with an avDP of 3 or 5 promoted bifidobacterial growth 
and butyrate production, while AXOS with an avDP of 61 presented no effect on 
bifidobacteria nor on butyrate production (van Craeyveld et al. 2008). In healthy 
humans, daily administration of 2.2 g of AXOS with an avDP and A/X of 15 and 
0.26, respectively, beneficially modulated the colonic bacterial metabolism 
(Cloetens et al. 2008). In vitro studies using Simulator of Human Intestinal Microbial 
Ecosystem (SHIME) have revealed that an efficient fermentation of the AXOS 
resulted in the stimulation of certain bifidobacterial species and produced profiles 
with high propionate (van den Abbeele et al. 2009). Studies have shown that colonic 
microbial metabolism plays an important role in accumulating uremic retention sol-
utes in patients with chronic kidney disease (CKD) (Meyer and Hostetter 2012). In 
order to assess the effect of prebiotics on lowering intestinal generation of microbial 
metabolites and improving insulin resistance. Poesen et al. (2016) delivered AXOS 
(10 g twice daily) and maltodextrin for 4 weeks in a randomized, placebo- controlled, 
double-blind, cross-over study in 40 CKD patients without dialysis. Interestingly, 
there was no significant effect of AXOS on serum p-cresyl sulfate, p-cresyl 
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 glucuronide, indoxyl sulfate, or phenylacetylglutamine. In addition, no significant 
change in the homeostatic model assessment (HOMA-IR) was found. Therefore, 
the influence of prebiotic AXOS on microbiota derived uremic retention solutes and 
insulin resistance in patients with CKD not yet on dialysis was not demonstrated. 
Studies performed in mammals have revealed that XOS promoted the growth of 
beneficial intestinal bacteria as a carbon source, especially Bifidobacterium and 
Lactobacillus species, giving rise to an increase of caeca SCFAs. These effects are 
associated with some health benefits of XOS, including the improvement of mineral 
absorption, modulation of bowel function, promotion of lipid and glucose metabo-
lism, regulation of immunomodulatory activity, reduction of the risk of colon can-
cer, enhancement of antioxidant, as well as anti-inflammatory and anti-microbial 
activities (Aachary and Prapulla 2011).

Prebiotics as feed additives are considered to be a promising alternative for anti-
biotics in aquaculture, particularly due to the potential development of antibiotic- 
resistant bacteria. Several studies were conducted to assess the potential effects of 
XOS in fish (Li et al. 2008; Xu et al. 2009; Guerreiro et al. 2015). A diet supple-
mented with 400 mg kg−1 of XOS promoted growth performance and nonspecific 
immunity in juvenile turbot (Scophthalmus maximus) (Li et al. 2008). As compared 
with the control diet, allogynogenetic crucian carp (Carassius auratus gibelio) fed 
100 mg XOS kg−1 showed greater growth performance and digestive enzyme activ-
ity (Xu et al. 2009). In the European sea bass (Dicentrarchus labrax) with fish meal 
diets, XOS and short-chain FOS prebiotics enhanced glycolytic activity (Guerreiro 
et al. 2015). AXOS as a potential prebiotic have been evaluated in the improvement 
of growth and gut microbiota of juvenile Acipenser baerii (Geraylou et al. 2013). 
Two trials of basic diets fortified with 2% or 4% AXOS-32-0.30 (high DP) (trial 1) 
and 2% AXOS-32-0.30 or AXOS-3-0.25 (low DP) (trial 2), respectively, were deliv-
ered to fish for 10 or 12 weeks. Microbiota was quantified using 454- pyrosequencing 
with barcoded primers targeting the V3 region of the 16S rRNA gene. The results 
revealed that the supplementation of 2% AXOS-32-0.30 enhanced the relative abun-
dance of Eubacteriaceae, Clostridiaceae, Streptococcaceae and Lactobacillaceae, 
while 4% AXOS-32-0.30 and 2% AXOS-3-0.25 increased the amount of Bacillaceae. 
A significant clustering of the gut microbiota of individuals consuming an AXOS 
diet was demonstrated in redundancy analysis. In two trials of fish fed 2% AXOS- 
32- 0.30, acetate, butyrate, and total SCFAs were boosted. AXOS consumption is 
also associated with multiple effects on health promotion in rat and chicken (Courtin 
et al. 2008; van Craeyveld et al. 2008).
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24.3.2  Pectin Oligosaccharides (POS)

24.3.2.1  Source

Pectin is considered a functional food ingredient, commonly present in fruits and 
vegetables. PS in plant cell walls as by-products from food processing are potential 
raw materials for producing novel prebiotics. Byproducts rich in pectin, including 
citrus pulp, apple pomace, potato pulp, grape pomace, sugar beet pulp, and berga-
mot peel, have been investigated as sources of uronic acid-based OS and/or neural 
sugar-rich prebiotics originating from the homogalacturonan (HG) region of the cell 
wall (Hotchkiss et al. 2003; Chen et al. 2013; Gullón et al. 2013; Khodaei et al. 
2016). It was shown that neutral sugar-rich OS and oligomers had higher prebiotic 
effects compared with those mainly containing uronic acid (Gullón et  al. 2011). 
Pectin functions as a gelling agent, thickener, texturizer, emulsifier, stabilizer, or fat/
sugar replacer to form gel at low concentrations, increase viscosity in beverages, 
and stabilize liquid system. Apples (pomace) and citrus fruits (peel) are the primary 
sources of commercial pectin. Waste streams from fruits and vegetables are poten-
tial sources of pectin for functional and nutritional use (Christiaens et  al. 2015). 
Pectins can be controllably hydrolyzed to obtain a mixture of OS considered as 
pectic-oligosaccharides (POS), containing oligogalacturonides, glucooligosaccha-
rides, arabinooligosaccharides, arabinogalactooligosaccharides, and rhamnoga-
lacturonoligosaccharides (Corzo et al. 2015).

24.3.2.2  Chemical Structure

Pectin is a primary component in the middle lamella of cell walls in terrestrial 
plants. It acts as a cementing substance among adjacent cells in cell walls (Naqash 
et al. 2017). Pectin molecules are complex polysaccharides with high diversity in 
structure. They are comprised of a linear homopolymer of α-1,4-linked-d- 
galacturonic acid residues (GalA: 65%, main chain) that are partly esterified with 
methyl and acetyl groups. They also contain l-rhamnose (Rha), d-galactose (Gal), 
d-arabinose (Ara), and 13 different monosaccharides (Fissore et al. 2012). Pectin is 
an alternation of smooth and hairy regions along the main chain molecule. Smooth 
areas as linear backbones contain homogalacturonanas (HGs), whereas hairy 
regions contain rhamnogalacturonans (RG-I and RG-II) (Koubala et al. 2014). RG-I 
has the ramified structure (Sousa et al. 2015), while RG-II designates substituted 
galacturonans (GS) of the pectin molecule (Caffall and Mohnen 2009). The main 
chain backbone is covalently connected to RG-I and RG-II. The RG-I contains an 
alternating sequence of α-1,4-linked-d-galacturonosyl and α-1,2-linked-l- 
rhamnosyl residues. In this region, highly branched neutral sugar chains including 
rabinan, galactan and arabinogalactan, are attached to the backbone. The RG-II con-
sists of a complex pectin polysaccharide with a low MW. Its backbone only pos-
sesses α-1,4-linked-d-galacturonosyl residues. RG-I and RG-II constitute the side 
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chain region in the pectin molecule. Yapo (2011) proposed a new model of pectin 
structure, suggesting that HGs and RG-I constitute 65% and 20–35% of the pectin 
molecule, respectively; the rest is GS. GalA can be acetylated at positions O-2 and/
or O-3. The carboxyl groups of the GalA can be esterified methyl groups. The 
degree of methyl esterification (DM) is the percentage of GalA units esterified by 
methanol. Pectins are thus classified as high methoxyl (HM) with DM >50%, and 
low methoxyl (LM) with DM <50%. In apple, HGs are almost completely esteri-
fied, whereas HGs have an average degree of methoxylation of 70% (de Vries et al. 
1983). In addition, pectin can be cross-linked through ferulic acid, calcium ions, 
and/or borate ester dimerization (Oechslin et al. 2003). Potato pulp was identified as 
a pectin-rich by-product, composed of 56% (w/w) pectic OS (Khodaei and Karboune 
2013). It is of great interest as a source of neutral sugar-based prebiotic OS/oligo-
mers due to its high amount of galactan-rich RG-I.

24.3.2.3  Production of POS

The technologies to develop POS as a potential prebiotic primarily include acid 
hydrolysis (Hu et  al. 2009), hydrothermal processing (Gómez et  al. 2016), and 
enzymatic hydrolysis (Concha and Zúñiga 2012). Studies of POS generated from 
agro-wastes are associated with lemon peels (Gómez et  al. 2013), orange peels 
(Martínez et al. 2010), olive by-products (Lama-Muñoz et al. 2012), apple pomaces 
and citrus peels (Wang et al. 2014) and sugar beet pulp. Although pectics are largely 
fermented in the human colon, the degradation mechanisms are not fully under-
stood. Pectic enzymes and pectinolytic bacteria from the human intestine have been 
detected and characterized. Jensen and Canale-Parola (1986) reported that the major 
end product of lyase in pectin is unsaturated tri-GalA. An extract from human feces 
showed both pectate lyase and hydrolase activity (Matsuura 1991). Bacteroides the-
taiotaomicron isolated from human gut flora was found to degrade pectins with 
different degrees of esterification (Dongowski et al. 2000).

Pectin is traditionally extracted by utilizing strong acids at high temperatures. 
For the sake of environmental sustainability, novel and/or eco-friendly technologies 
using Green Chemistry are employed in pectin extraction, including accelerated 
solvent extraction (ASE), microwave assisted extraction (MAE), supercritical fluid 
extraction (SFE), and ultrasound-assisted extraction (UAE) (González-Centeno 
et al. 2014). Conventional chemical and combined physical-enzymatic (CPE) meth-
ods were applied to extract pectin from Yuza (Citrus junos) pomace (Jongbin et al. 
2012). The results revealed that chemically extracted pectin had fewer amounts of 
neutral sugar residues than that of CPE. Enzymes with pectin esterase activity gen-
erate blocks of carboxyl groups as compared with acids resulting in random de- 
esterification. Pectin extracted by different methods in gold kiwifruit (Actinidia 
chinensis) pomace has been shown to possess different characteristics and func-
tional properties (Yuliarti et al. 2015). Pectin extracted by enzymes displayed the 
highest yield and amount of GalA, the lowest degree of branching, with the side 
chains interspersed after every 50th GalA residue. Pectin extracted by water  exhibited 
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a higher proportion of RG-I branching, indicating the retention of RG-I chains. In 
addition, pectin extracted by acid and water extracted has a higher degree of branch-
ing. On the other hand, pectin extracted by acid and enzymes yielded more linear 
structures than that extracted by water. Subcritical water extraction (SWE), also 
known as pressurized hot water extraction (PHWE), can improve the extraction rate 
at the subcritical water temperature of 160 °C. An increased yield of pectin extracted 
from soy hulls was observed in combination with ultrasonic treatment and phos-
phate-assisted subcritical water (Liu et al. 2016), suggesting the enhancement of 
yield after the combination of different technologies. MAE with rapidly heated 
sample solvent mixture showed short processing time and high extraction yield, low 
amounts of solvent usage, and a high purity of GalA in the extraction of grapefruit 
pectin (Bagherian et al. 2011). With an increased irradiation time, the amount of 
pectin released into medium and subsequently diffused out from the raw material 
enhanced (Hosseini et al. 2016). UAE was applied to yield pectin from sisal waste 
(Maran and Priya 2015). It was reported that UAE had more effects on side chains 
in the degradation of pectin, as indicated by a lowered ratio of Gal and Ara/Rha 
associated with the size of neutral sugar side chains (Liu et al. 2013). The influence 
on the pectin main chain is less, as evidenced by a slight change in the Rha/GalA 
ratio (Zhang et al. 2013). Apple pectin applied with ultrasound in extraction did not 
see changes in the main chain, but in the neutral sugar side chains of RG-I with a 
decreased DE.  In addition, high intensity ultrasound-assisted heat extraction 
(UAHE) was employed in pectin extraction. Pectin in grapefruit peels was extracted 
using UAHE with improvement of bioactivity (Wang et al. 2015a). The combina-
tion of ultrasound and microwave extraction (UME) to generate a synergistic effect 
was utilized to obtain pectin from the albedo of pomelo peels using a Bronsted 
acidic ionic liquid as extraction medium (Liu et al. 2017). The yield from UME was 
significantly higher than from using conventional methods and solvents.

24.3.2.4  Functionality and Health Effects

The prebiotic potentials of pectin and POS have been extensively investigated 
(Guevara-Arauza et al. 2012; Chen et al. 2013; Leijdekkers et al. 2014; Gómez et al. 
2016). In addition, POS have exhibited other biological effects such as immuno-
modulation and antibacterial activities (Lee et al. 2013), antiproliferative activity on 
a breast cancer cell line (Concha et  al. 2013), and antitumor activity (Lee et  al. 
2014). Pectin and its OS exert physiological effects on the GI tract by increasing 
hypocholesterolemia effects, lowering glucose absorption, postponing gastric emp-
tying, promoting beneficial bacteria as new generation prebiotics (Hotchkiss et al. 
2003; Ho et al. 2017), protecting against pathogenic E. coli (Rhoades et al. 2008), 
preventing colonocytes from E. coli verotoxins, stimulating apoptosis in human 
colonic adenocarcinoma cells (Olano-Martin et al. 2003), and inhibiting invasion of 
Caco-2 cells from Campylobacter (Ganan et al. 2010). As a water-soluble DF, pec-
tin contributes to lower blood pressure, improved serum lipid concentration, 
improved blood glucose control in diabetes, and weight loss in humans (Anderson 
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et  al. 2009). Pectin exerts anti-inflammatory activity partially through prebiotic 
effects (Tian et al. 2016).

POS modulates beneficial bacteria as a novel prebiotic. The fermentation of 
Valencia orange peels revealed bifidogenic effects with an increase of SCFAs such 
as acetate, butyrate, and propionate (Hotchkiss et al. 2003). An in vitro study has 
demonstrated the POS promoted bifidobacteria and Eubacterium rectale (Manderson 
et  al. 2005). OS from bergamot peel enhanced populations of bifidobacteria and 
lactobacilli over clostridia. It also contained a higher PI than that of FOS (Mandalari 
et al. 2007). Parkar et al. (2010) examined the gut health benefits of kiwifruit pectin, 
which was extracted by the selective resolubilization of fruit fiber using chemical 
treatments. Using the in vitro Caco-2 model, kiwifruit pectin was shown to facilitate 
bacterial adhesion to intestinal epithelial cells, enhance the adhesion of L. rhamno-
sus, and prevent S. typhimurium from adhesion. Endo-β-galactanase catalyzed 
potato pulp polysaccharides to produce POS, which promotes the growth of B. 
longum and L. acidophilus, and inhibits the growth of Clostridium perfringens 
(Michalak et al. 2012). The potential prebiotic effect of pectin and its derived OS 
have been assessed by Gullón et al. (2013). POS from apple pomace was evaluated 
in substrate consumption, distribution of metabolic products, and effect on bacterial 
numbers. Dynamic high-pressure microfluidization (DHPM) was applied in apple 
pomace to yield POS, which enhanced the numbers of bifidobacteria and lactoba-
cilli, as shown by in vitro fecal batch culture fermentation and increased SCFAs of 
acetic, lactic, and propionic acids as compared to the pectin from which they were 
derived. The supplementation of POS has been observed to drop the number of 
bacteroides and clostridia (Chen et al. 2013). Khodaei et al. (2016) have found that 
potato galactan-rich RG-I was enzymatically hydrolyzed by endo-β-1,4-galactanase 
and underwent Depol 670L multi-enzymatic preparation to yield galactose-rich OS/
oligomers (oligo-RG-I). The in vitro digestibility of potato RG-I and oligo-RG-I 
was assessed using the TIM-1 model to monitor their ability to reach the colon 
intact. Furthermore, the corresponding fermentation was investigated using a con-
tinuous culture system inoculated with immobilized fecal microbiota to simulate 
and mimic the colonic environment. The results showed that both RG-I and oligo- 
RG- I promoted the growth of Bifidobacterium spp. and Lactobacillus spp., with 
oligo-RG-I hydrolysates more selectively fermented by these beneficial bacteria 
through a continuous culture system inoculated with immobilized fecal microbiota. 
Total amounts of SCFAs produced from the fermentation of oligo-RG-I were higher 
than those obtained from its parent RG-I and the control (FOS). Citrus pectin with 
60% esterification hydrolyzed by Peclyve CP to yield pectin enzyme hydrolysate 
(PEH) with various hydrolysis times (6, 12, 24, or 48 h) or concentrations (1%, 2%, 
and 4%) was applied for its growth stimulation effect on B. bifidum and L. acidophi-
lus (Ho et al. 2017). This study indicated that PEH-derived from citrus could be an 
effective prebiotic to enhance the growth, fermentation, acid tolerance, and survival 
in nonfat milk for the probiotics tested. Enzymatically hydrolyzed Citrus pectin 
promoted the growth and acid tolerance of B. bifidum and L. acidophilus. The 
monosaccharides in hydrolyzates could be consumed by the bacteria (Ho et  al. 
2017).
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24.3.3  Glucomannan Oligosaccharides (GMOS)

24.3.3.1  Source

Glucomannan (GM) is a mannan-type polysaccharide, widely distributed in nature, 
including softwood and hardwood plants (Al-Ghazzewi et  al. 2007; Tester and 
Al-Ghazzewi 2010). Amorphophallus konjac has long been used in China, Japan 
and Southeast Asia as a food source and a traditional medicine. The Amorphophallus 
konjac tubers and roots are primary sources of GM (Alonso-Sande et al. 2009; Xu 
et  al. 2013). Konjac glucomannan (KGM) majorly consists of d-mannose and 
d-glucose units connected by β-1,4-glycosidic bonds. It was reported that mannan 
derived OS could be obtained from by-products such as coconut meal (Khuwijitjaru 
et  al. 2012) and fiberboard industry (Pinus pinaster) (Rivas et  al. 2012) through 
subcritical water technologies.

24.3.3.2  Chemical Structure

GMs commonly contain mannose residues with glucose as the second sugar, con-
sisting of glucuronic acid, acetyl substituents, and phosphoric acid groups (Nishinari 
et al. 2007). KGM, as a biodegradable polymer, is a water-soluble heteropolysac-
charide. It is a linear random copolymer connected by 1,4-linked-β-d-mannopyranose 
and β-d-glucopyranose units in a molar ratio of 1.6:1 or 1.4:1, with about 1 in 19 
sugar units being acetylated at the C-6 position. In addition, KGM is a slightly 
branched polysaccharide with branches containing 11–16 hexose residues of man-
nose, glucose, and galactose. Usually, there is 5–10% degree of acetylation in KGM, 
which facilitates dispersion and solubility by inhibiting intra-molecular hydrogen 
bonds (Liu et al. 2015; Zia et al. 2016).

24.3.3.3  Functionality and Health Effects

GMs have been shown to possess potential health benefits including reduction of 
serum cholesterol levels and risk of constipation, modulation of diabetes, preven-
tion of certain cancers, stimulation in immune systems, inactivation of some food- 
poisoning bacteria, or inhibition of bacterial adhesion to epithelial cells, and 
generation of SCFAs through fermentation (Tester and Al-Ghazzewi 2010). KGM 
degradation products with various MWs have immunomodulatory, anti-cancer, and 
cytothesis effects (Liu et al. 2015). Particularly, the functional and nutritional limi-
tations for the applications of native KGM can be resolved by depolymerization to 
produce OS with different DP (Al-Ghazzewi et al. 2007). Depolymerized KGM has 
health-promoting benefits including reduced risk of gut cancer, modulation of 
immune responses by the gut-associated lymphoid tissue system, restriction of afla-
toxin toxicity, protection against oxidative stress in the human colon, and prevention 
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of atopic diseases through suppression of IgE production in mice (Schley and Field 
2002). Additionally, KGM is widely utilized in food, pharmaceutical, and cosmetic 
industries as a gelling agent, thickener, film-former, emulsifier, texturizer, and water 
binder (Liu et al. 2015). Gelation and high viscosity are the prominent properties of 
KGM. Specifically, KGM was used to alter the rheology and matrix structure of 
difference starches, acting as a barrier to prevent amylopectin chain association 
(Silva et al. 2013).

An in vitro assay of KGM in batch cultures inoculated with human feces was 
reported by Connolly et al. (2010). It was observed that the fermentation of KGM 
hydrolysates (KGMH) resulted in a favorable SCFA profile and selectively pro-
moted the beneficial bacteria compared to the inulin prebiotics. The populations of 
Bifidobacterium genus, Lactobacillus–Enterococcus group and the Atopobium 
group all significantly increased after KGMH and inulin addition. The Bacteroides–
Prevotella abundance decreased after KGMH fermentation and increased after inu-
lin fermentation. As with inulin, KGMH stimulated beneficial gut microbiobes and 
resulted in a favorable SCFA profile. Additionally, KGM inclusion led to an increase 
in bifidobacteria and lactobacilli and a decrease in Escherichia coli and Clostridium 
perfringens in the lower gut. Rivas et al. (2012) revealed the bifidogenic potential of 
wood mannan hydrolysates in a study involving hydrothermal production, mem-
brane fractionation, characterization, and in vitro fermentation assays with fecal 
cultures. Yang et al. (2017) recently studied the effect of KGMOS obtained by the 
combination of mechanical shear pre-treatment and enzymatic hydrolysis on eight 
lactobacilli and bifidobacteria from various sources. Two KGMH were developed 
by either enzymatic hydrolysis (KGMH I) or the combination of mechanical shear 
pre-treatment and enzymatic hydrolysis (KGMH II). Enzymatic treatment of native 
KGM reduced the average MW of the supernatant and pellet by 3-fold and 3.1-fold, 
respectively. Additional pre-treatment by mechanical shear further reduced the MW 
of the supernatant and pellet of hydrolyzed KGM by 5% and 35%, respectively. It 
was postulated that pulverized and depolymerized short-chain KGM promotes the 
growth of lactobacilli and bifidobacteria when compared to long-chain native KGM 
and other fermentables, such as glucose, mannose, and inulin. The results showed 
that lactobacilli, excluding L. delbrueckii subsp. bulgaricus, were KGM hydroly-
sate fermenters. More specifically, L. acidophilus, L. plantarum ATCC 14917 and 
ATCC 8014 fermented KGMH I and KGMH II at a faster pace than inulin. Overall, 
the bifidobacteria were not effective fermenters of the KGM hydrolysates. B. 
longum subsp. infantis is a moderate fermenter of the KGMH II but not as strongly 
as the lactobacilli. It was concluded that both pulverization and enzymatic depoly-
merization have a significant effect on the MW of KGM, suggesting that human GI 
bacteria are capable of utilizing molecules with reduced weights as carbon 
substrates.

An in vivo study of KGM hydrolysates on gut microbiota, blood glucose, and 
cholesterol levels in Old Wistar mice was conducted (Elamir et al. 2008). It was 
monitored that the hydrolysates promoted the growth of anaerobes and lactobacilli, 
and lowered the Clostridium perfringens and Escherichia coli counts. An in vivo 
study found that a diet supplemented with porang glucomannan decreased the 
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 abundance of Escherichia coli, enhanced the production of total SCFA, and reduced 
cecal pH (Harmayani et al. 2014). Recently, the effects of mannan oligosaccharides 
in striped catfish (Pangasianodon hypophthalmus) were reported by Akter et  al. 
(2016). It unveiled that mannan OS improved the growth, feed utilization, digestive 
enzyme activities, gut morphology, and microbiota. While an increase in bacterial 
groups may correlate with the inclusion of prebiotics in growth media or product 
formulation, it may be difficult to demonstrate a direct relationship.

24.3.3.4  Production of GMOS

KGM polysaccharides can be degraded into OS with varying DP via different 
means, such as physical (γ-irradiation, shear force, microwave-assisted), chemical 
(acid and oxidation), and enzymatic hydrolysis (Albrecht et al. 2011). Especially in 
enzymatic hydrolysis, the action of β-mannanase, β-mannosidase, and β-glucosidase 
is required to completely hydrolyze the KGM backbone into monosaccharides. 
Catalysis of the random cleavage of β-d-1,4-mannopyranosyl linkages in KGM by 
β-mannanase yields mannobiose and mannotriose. The enzyme β-mannosidase cat-
alyzes the removal of d-mannose residues from β-1,4-linked manno- oligosaccharides 
and leads to free d-mannose molecules. Finally, β-glucosidase removes glucose 
units from a terminus and halts catalysis at oxidized residues or mannose units 
(Alonso-Sande et al. 2009).

24.4  Conclusions

Increasing scientific evidence has identified the correlation among dietary intake, 
gut microbiome, and human health. Controlling microbiome that consume through 
dietary modifications and reside within the human gut sheds light on novel nutri-
tional strategies and clinical practice in reducing some chronic diseases. As an 
emerging field, prebiotics, probiotics, and synbiotics are associated with the devel-
opment of nutritional interventions and gut microbiota with positive health out-
comes. Although there is strong evidence to demonstrate the complex link between 
gut microbiota and human health, large challenges still remain in delivering effec-
tive, stable, and cost efficient foods with positive health outcomes, building person-
alized diets based on gut microbiome profiles, standardizing clinical practices and 
establishing regulatory. Dietary intervention, as a strong applicator, on microbiota 
and consequently on physiology and the immune system, could play an important 
role in the reduction of risk and progression of some chronic diseases including 
cancer and obesity. Since the first definition of prebiotic was raised by Gibson and 
Roberfroid (1995), with new findings and continuously increasing knowledge, 
including the complexity of the gut microbiota and their interaction with the host, 
the discrepancies between DF and prebiotics, the metagenomics development 
approaches and other omic tools, the definition of prebiotics has been evolved and 
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been modified over two decades (Hutkins et  al. 2016). Basically, prebiotics are 
known as non-viable dietary components that are targeted by the probiotic to be 
fermented and to be utilized as carbons, which promote and modulate certain gut 
flora. Here, we focus on prebiotics as functional carbohydrate polymers, including 
traditional ones of HMOS, FOS, and GOS, as well as potential ones of POS, XOS, 
AXOS, and GMOS. To better understand the complex interplay of diet, nutrition 
and the microbiome in food development, as well as the effects of diet on the diver-
sity of the human microbiome, the contents of resource, chemical structure, and 
physiological functionalities for each prebiotic have been included.

In vitro studies are useful tool in selecting polysaccharides with prebiotic poten-
tial, which will be validated in animal models, and human interventions. Pure cul-
tures, mixed cultures, and human feces can be employed in vitro studies (Moon 
et al. 2016). The interaction between prebiotics and probiotics is widely studied in 
the fermentation model of the human gut microbiota using immobilized cell tech-
nologies (Cinquin et  al. 2004). On the other hand, in vivo studies employ oral 
administration of prebiotic candidates to confirm the prebiotic activities on the 
colon dynamics and the intestinal microbiota effects in both animal and human 
clinical observations. The intestinal microbiota play a paramount role in homeosta-
sis, gut morphology of hosts, nutrition, and pathogenesis of intestinal diseases, as 
well as the immune response, and thereby lead to beneficial effects on well-being 
and performance (Ducatelle et al. 2015). Although the mechanisms responsible for 
changes in the gut microbiota due to consumption of prebiotics are not fully eluci-
dated, this chapter will not concentrate on those areas. There are further opportuni-
ties dedicated to expanding the existing knowledge on prebiotics, probiotics, 
synbiotics, colonic microbiota, and human physiopathology.

There is an increased interest to develop, identify, and characterize novel fibers 
as potential prebiotics, which remain a current trend in the development of new food 
products and the reformulation of current food products. Potential prebiotics, espe-
cially the usage of by-products (agro-industrial wastes) to yield added-value prod-
ucts, and attainable strategies to improve the competitiveness of the industry in the 
market are of great interest. Little information is currently available in utilizing 
POS, AXOS, XOS, or GMOS as prebiotics in either animal or human clinical trials, 
studies are essential in this direction. Moreover, research of the beneficial bacteria 
associated with dietary patterns and eating habits to deliver and choose the best 
prebiotics is also challenging. From future research and application perspectives, 
novel prebiotic candidates with health promotion properties need to be exploited, to 
be demonstrated their prebiotic potentiality in animals and humans, and further to 
be commercialized in industry.

In summary, microbiome research associated with probiotics and prebiotics is an 
emerging area of science, which has many research opportunities available. It pres-
ents a two-sided relationship between diets (prebiotics) and the microbiome. The 
microbiome is integral to human physiology, maintenance of health, and prevention 
of disease. The food industry should actively stay informed about advances in this 
field to develop potential prebiotics.
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Chapter 25
Role of Different Polymers 
on the Development of Gluten-Free Baked 
Goods

Manuel Gómez and Laura Román

Abstract Storage proteins in wheat are able to develop a network upon hydration 
and application of mechanical work, giving rise to unique properties of doughs 
made with wheat flour. Due to this gluten network, these doughs have a certain 
extensibility and elasticity. They are also capable of retaining the gases produced 
during fermentation and yielding spongy products. However, there is an increasing 
number of people choosing to consume gluten-free products. Both celiac and wheat 
allergic patients and people with non-celiac gluten sensitivity are included in this 
group. So far, no appropriate material has been found capable of replacing gluten 
and conferring all its properties to doughs. Therefore, the development of gluten- 
free products is based on different physicochemical principles than those used in the 
manufacture of gluten products. In these gluten-free developments, starch, a major 
component of bread, plays an essential role, and it must be carefully selected in 
order to obtain a high quality product. Conversely, the use of certain hydrocolloids 
has been shown to significantly enhance the quality of gluten-free breads by improv-
ing gas retention during fermentation and baking. In these products, it is also com-
mon to use proteins that help promote a more roasted color of the crust by increasing 
Maillard reactions. Likewise, it is possible to use celluloses and other fibers to 
improve water retention in the final product and increase the juiciness of the loaves. 
All these polymers play a fundamental role not only in the sensory quality of the 
obtained products but also in the nutritional quality. In this chapter, the role of dif-
ferent polymers used for the development of gluten-free products will be assessed, 
providing key insights for their correct choice, both sensorially and nutritionally.
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25.1  Introduction

In western countries wheat culture is broadly spread, wheat is the cereal predomi-
nantly utilized for the production of many food products that constitute the basis of 
the population’s diet. However, there is a part of the population that cannot (under 
medical prescription), or is reluctant, to consume wheat based products. Among 
these people, the celiac group is prominent, composed of people who possess an 
intolerance to wheat proteins and other cereals such as barley or rye. This intoler-
ance affects approximately 1% of the population (Catassi et al. 2014). There are also 
people allergic to wheat proteins, although the prevalence of this allergy is much 
lower (<0.5%) than that of celiacs. In addition, there is a group of people who, with-
out being celiac or allergic to gluten, suffer from intestinal and extra-intestinal 
symptoms related to the ingestion of gluten-containing food (non-celiac gluten sen-
sitivity, NCGS) and should restrict their intake of gluten products. The overall prev-
alence of NCGS in the general population is still unknown, mainly because many 
patients are currently self-diagnosed and start a gluten-free diet (GFD) without 
medical advice or consultation. Despite the lack of accurate data, NCGS prevalence 
is estimated to be slightly higher than that of celiac disease (Catassi et al. 2010). 
However, it is important to bear in mind that recent studies claim that the cause of 
digestive problems in patients with self-reported NCGS might not be gluten but 
instead fructans present in cereals forbidden to celiacs (Skodje et al. 2017). Last but 
not least, there is a large number of people who follow a GFD without suffering any 
celiac pathology [up to 25% in the USA (Reilly 2016)], as they believe in its bene-
fits on health, weight loss, treating disease and/or minimising future risk of disease 
(Lis et al. 2015; Staudacher and Gibson 2015).

Since GFD is gaining importance due to the increasing number of the above 
mentioned groups, the food industry is trying to respond to the recent demand for 
high quality gluten-free products (GFPs). Production of good quality GFPs is chal-
lenging due to the lack of wheat gluten proteins and their unique functionality. 
Then, food scientists and technologists have attempted to meet industrial require-
ments by developing more suitable GFPs based on these approaches; (1) the study 
of the functionality of the different polymers of wheat flour in each elaboration 
(requirement or no requirement for a gluten network) in order to find alternative 
products that replace such functionality, (2) selection and thorough knowledge of 
appropriate gluten-free ingredients or additives that can mimic the desired function-
ality of the lacking wheat components and (3) improvement of the nutritional qual-
ity of the products obtained (Capriles et al. 2016).

In wheat flour, starch is the major component (~70–80% of the total content of 
the flour). The role of this polymer is different depending on the product, but basi-
cally starch acts as a source of sugars, after amylase hydrolysis (in those products in 
which fermentation occurs), and as a structural component of the dough. During 
kneading and fermentation of the dough only starch that has been damaged in previ-
ous stages, (i.e., milling), can be hydrolyzed by the amylases present in the grain 
(Struyf et al. 2016). Damaged starch is hydrolyzed to produce fermentable sugars, 
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namely glucose and maltose, that are transformed by yeasts into ethanol and CO2. If 
the CO2 produced is properly retained by the dough network, this leads to its ade-
quate expansion and an ultimate increase in product, yielding aerated products. 
Sugars also participate in Maillard and caramelization reactions, especially in the 
external parts of the products subjected to higher temperatures. These high tempera-
ture requiring reactions produce aromatic compounds and other colored compounds 
that are responsible for the color and aroma of the bread crusts. As structural ele-
ment, the undamaged native starch granules, which are the major part of the total, 
contribute together with the protein to give the desired consistency to the dough/
batter, forming the starch-protein continuous network in which gas cells are dis-
persed. During baking, starch granules are gelatinized as a result of the high mois-
ture and temperature conditions. Gelatinization mainly comprises two stages: an 
initial phase in which starch granules absorb water and swell until they reach a 
certain point, and a second one in which the granule integrity is disrupted, the gran-
ular structure starts to break down and the starch components (mainly amylose) are 
solubilized. The nearly complete breakage is markedly pronounced in bread crumbs 
and after gelatinization and upon cooling there is a rapid settling of the structure, 
causing the formation of the crumb. Although the contour of some swollen and/or 
deformed starch granules is still visible in crumb walls, gelatinization phenomena is 
known to be complete. In contrast, due to the rapid drying of the surface, gelatiniza-
tion phenomena are minimized in the crust and granule integrity is mostly retained 
(Vanin et al. 2009; Martinez et al. 2018). Upon cooling, the amorphous gelatinized 
starch undergoes a rearrangement of its molecules to a more ordered or crystalline 
state, process known as retrogradation. Initially, this phenomenon mainly affects 
amylose (rapid retrogradation) and is responsible for the initial texture of the crumb. 
Thus, double helices are rapidly formed between the solubilized amylose mole-
cules, and a continuous network develops conferring amylose an essential structural 
role in crumb. Conversely, due to the architecture of amylopectin molecules, amy-
lopectin side-chain recrystallisation is a much slower process which has been asso-
ciated with bread staling (Kulp and Ponte Jr 1981). During storage, bread stales 
losing its freshness, but bread staling is complex and multiple mechanisms are 
involved such as crust toughening, crumb firmness and loss of its elasticity, mois-
ture and flavor loss, etc. Amylopectin retrogradation is responsible, at least partially, 
for the firming of the crumb during storage. In addition, this retrogradation phenom-
ena results in the release of part of the incorporated water and facilitates its migra-
tions, and, desiccation of the breads (Goesaert et  al. 2008; Ziobro et  al. 2013a). 
Therefore, in the preparation of gluten-free products, it will be necessary to use a 
starch source which fulfills the functions of wheat starch in a similar way.

The second most abundant component of wheat flour is protein (8–18% of the 
total content of the flour). In wheat flour, gluten is the main protein (between 80 and 
85% of total protein) composed of glutenins and gliadins. The degree of difficulty 
in producing gluten-free products is due to the technological/functional role of glu-
ten. Gluten protein is responsible for the visco-elastic characteristics of the dough. 
Specifically, the wheat gluten protein, in the presence of water and under mechani-
cal work, form a continuous phase known as gluten network. This gluten network 
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provides unique cohesiveness, elasticity and reduced stickiness properties to the 
dough, while retains fermentation gases (Delcour et al. 2012; Khatkar and Schofield 
1997). Therefore this protein network gives rise to a dough that can be handled 
properly (adequate consistency and stickiness), and after fermentation, aerated 
products are obtained, with a softer and more pleasant texture. The most challeng-
ing gluten-free products to formulate and produce are gluten-free breads (GFBs), 
due to the fact that gluten plays a key role in the dough. A gluten network is also 
formed in other fermented products, such as croissant, puff pastry or pizza. Unlike 
these products, there are products made with wheat flour in which the gluten net-
work is not fully developed, either because the proteins are not hydrated or because 
the “doughs” do not undergo enough mechanical work during kneading/mixing. As 
clear examples, batters or “liquid type doughs” (such as cakes, crepes, waffles, tea 
pastes, batters) which exhibit low viscosity (partially caused by the higher ratio of 
liquid ingredients in the formula) that reduces friction and mechanical work during 
mixing or whipping. Added to that, the gluten network is not developed in some 
types of cookies containing high amounts of sugar and fat with low water content in 
their formulation, and whose mixing times are shortened to reduce the input of 
mechanical work. For these products, the preparation of their gluten-free counter-
parts is feasible and replacement of the wheat flour with an alternative gluten-free 
flour, such as rice or maize, is feasible without the need for additional ingredients in 
such a way that high quality gluten-free cakes (de la Hera et al. 2013b), and cookies 
(Mancebo et al. 2015b) are easily obtained. In fact, in the case of muffins made with 
rice flour, the inclusion of wheat proteins neither improved the volume nor the soft-
ness of the muffins (Matos et al. 2014). Regarding cookies, the creation of a gluten 
network has even been considered negative, as it increases the consistency of the 
doughs and reduces their expansion (Pareyt and Delcour 2008). In addition, Souza 
et al. (1994) stated that the amount of protein in flour is more important than its 
characteristics. Thus, in these products the functionality of the polymers is the same 
as in their gluten counterparts and, for that reason, they will not be further analyzed 
in this chapter. In contrast, in the products in which the gluten network is formed, it 
is necessary to find a substitute for gluten, in order to retain the fermentation gases, 
and, if possible, to obtain a dough that can be handled in a similar way to a wheat 
one. To this end, research has been carried out on proteins other than wheat, but the 
most commonly used alternative to gluten is hydrocolloids, as can be seen in the 
reviews of Taylor et al. (2016) and Mir et al. (2016), respectively. These gluten sub-
stitutes provide a certain cohesion to the dough while improving its gas retention 
capability. Other than that, gluten proteins also fulfill a nutritional function and are 
responsible for the color and aroma of the product crusts through the Maillard reac-
tions with simple sugars (Smak 1972). Thus, the presence of proteins, and their 
composition in amino acids, must also be evaluated in the elaboration of products 
without gluten.

In this way, the common ingredients in gluten-free breads are flour and/or starch 
mainly from maize, rice, potato (or other tubers), with the addition of proteins or 
hydrocolloids that may partially act as substitutes of gluten. The role of each of 
these ingredients will be further discussed in this book chapter.
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25.2  Starches

The raw materials used as substitutes of starchy material for wheat flour for gluten- 
free formulations comprise starches and flours from different origin, mainly gluten- 
free cereals, pseudo-cereals, tubers and pulses, among others. Rice flour and maize 
starch are among the preferred ingredients in the preparation of GFPs (Masure et al. 
2016), since they are well known/widely studied and readily available. Maize starch 
allows higher in volume GFBs to be obtained compared to rice flour, although the 
sensory evaluation of maize starch based breads is worse, which is usually associ-
ated with its poor, excessively dry and not very cohesive, crumb texture (Mancebo 
et al. 2015a). For this reason, formulations based on starch in mixture with flour 
have been developed. The alternatives to maize starch include starches from tubers, 
such as potato, tapioca, and gluten-free formulations based on their blends with 
other starches or flours. More specifically, tapioca starch results in breads with 
lower specific volume and overly rubbery texture compared to maize starch (Lopez 
et al. 2004). Likewise, potato starch also produces breads with lower volume, which 
has been attributed to the larger size of its granules (less prone to pack), preventing 
the formation of a continuous starch-hydrocolloid matrix and lowering dough elas-
ticity (compared to maize and wheat starches) (Martinez and Gomez 2017a). In fact, 
Zhang et al. (2017) observed that doughs made with potato starch presented higher 
than delta (lower dough elasticity) as well as lower creep compliance, followed suc-
cessively by the doughs made with tapioca, tuber and wheat starches. The same 
order was found for the degree of dependence of G′ on frequency sweep, suggesting 
that the resistance to deformation depends on network structure stability. Despite 
the poor quality of the breads obtained with these starches alone, both are used in 
combination with maize starch or rice flour (Crockett et al. 2011a; Matos and Rosell 
2013; Parra et al. 2015; Sciarini et al. 2012b) since they are able to minimize some 
of the defects of the breads obtained with them, such as the excessively dry texture 
and the poor cohesiveness. In this way, Sanchez et  al. (2002), through a central 
composite design, proposed a mixture of maize starch, tapioca starch and rice flour 
to optimize the organoleptic quality of GFBs. The incorporation of these starches 
can also be due to cultural or traditional influences, in areas where the consumption 
of these tubers is common. In fact, in a study on GFPs in Brazil, the presence of 
tapioca starch was found to be superior to that of other starches, such as maize 
starch (do Nascimento et al. 2013).

Despite the controversy over its safety, wheat starch represents a highly suitable 
alternative to maize starch for GFPs. Wheat starch has been traditionally avoided for 
the formulations of GFPs, due to the risk of gluten contamination, and to the reluc-
tance from consumers who adhere to a gluten-free diet. However, in recent years the 
improvement in the separation process of starch and gluten, as well as in the quality 
control for the absence of gluten, have enabled the starch industry to offer gluten- 
free wheat starch. Concerning its safety, Peräaho et al. (2003) indicated that gluten- 
free wheat starch shows a similar histological and clinical recovery in patients with 
newly detected celiac disease compared to a natural gluten-free diet. Recent studies 
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have demonstrated wheat starch has great potential in the production of GFBs 
(Fig. 25.1). In particular, Mancebo et al. (2015a) found that wheat starch yielded 
GFBs with better textural properties than those made with maize starch. These 
authors also reported a higher volume of wheat starch based breads and an improved 
acceptability related to the better flavor and aroma of these breads compared to 
maize ones. The potential of wheat starch as an ingredient for GFBs was further 

Fig. 25.1 Effect of rice flour, maize starch and wheat starch content on appearance (a), taste (b) 
and overall acceptability (c) of the breads (Mancebo et al. 2015a)
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discussed by Martinez and Gomez (2017a). In the aforementioned work, Martinez 
and Gomez (2017a) highlighted that wheat starch had positive packing properties, 
i.e. small wheat starch granules filled the interstitial spaces of the big ones, increas-
ing the continuity of the starch-hydrocolloid matrix of the dough, which reduced 
dough consistency and in turn, increased GFB volume compared to other starch 
sources (maize and rice). In wheat starch, two distinct types of granules exist that 
differ in size and shape, i.e. large, lenticular (A-type) and small, spherical (B-type) 
granules. These wheat starch granules also differ in composition and properties. 
Generally, A-type granules have higher amylose content and lower gelatinization 
temperature, whereas B-type granules have higher lipid content and water absorp-
tion capacity (Kim and Huber 2010; Maningat et al. 2009). Likewise, ratios of A- to 
B-type wheat starch granules were obtained to prepare GFBs (Román et al. 2018). 
In this work, the increase in the proportion of B-type granules enhanced the packing 
and uniformity of the continuous phase as well as the Pickering stabilization of 
bubbles. Interestingly, combinations of 75–25 and 25–75 of A to B starch granules 
gave rise to breads with the highest specific volume and best textural properties 
(higher cohesiveness and lower hardness). In addition, A- type based GFBs pre-
sented an open grain structure (fewer cells with larger size), while a more closed 
structure was visible in B-type based ones. Wheat starch contains approximately 
30% B granules by weight, therefore usual distribution in commercial starches 
would be adequate to maximize the volume.

Rice starches have been less studied, maybe because of their lower supply in the 
market or their higher cost. However, recent research indicates that rice starch, pro-
vided it is obtained through methods that reduce damage to starch granules (dam-
aged starch <5%), such as wet milling, have a high emulsifying capacity and, in 
particular, a stabilization capacity by the Pickering effect. Pickering is based on the 
potential of small granules to be adsorbed onto the air-liquid interface, stabilizing 
air bubbles. In this way, the preparation of GFBs with these low damaged rice 
starches has been proposed, with no need for gluten substitutes, such as hydrocol-
loids (Yano et al. 2017). In view of the above details, maize starch is the most com-
monly used starchy material, as it yields breads with higher specific volumes 
compared to those made by simply using gluten-free flours. However, due to its 
poor organoleptic characteristics, its combination with potato or tapioca starches or 
with gluten-free flours is advisable. The use of wheat and rice starches seems prom-
ising, but existing research is scarce and more in-depth studies that analyze these 
starches or their combination with other starch and flour sources are needed.

Regarding starches, a final possibility is the utilization of modified starches 
obtained either by physical, chemical or enzymatic methods. This approach is gen-
erally less common since these starches are more expensive and usually need to be 
specifically designated on the product label. So far, only chemically modified 
starches are considered as additives and must be indicated as “modified” on the label 
of the products in which they are utilized, but the denomination will depend on the 
legislation of each country. For this reason, food companies try to avoid the use of 
modified starches in order to meet consumer demands for more clean labeled prod-
ucts. Nonetheless, these starches can improve the shelf-life of GFBs by reducing the 
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staling phenomenon. Thus, the incorporation of hydroxypropyl distarch phosphate 
was shown to minimize the hardness and loss of cohesiveness during storage of 
GFBs (Ziobro et al. 2012). However, these authors could not relate these events to 
changes in amylopectin retrogradation, suggesting that the improved texture attri-
butes were the result of a lower moisture loss during storage. Physically modified 
starches such as tapioca pregelatinized starch have also been proposed to increase 
the volume of rice breads, reduce their initial hardness and promote darker crusts 
(Pongjaruvat et  al. 2014). The substitution of pregelatinized starch in rice based 
breads slightly decreased the dough elasticity (storage modulus, G′) but increased 
dough resistance to deformation, thus permitting better expansion of gas cells dur-
ing proofing and baking. It is known that the reduction in G′ is highly correlated 
with the volume increase of GFBs (Mancebo et al. 2017). Similarly, the increase in 
volume is associated with the lower hardness of the crumb (Gallagher et al. 2003; 
Martinez and Gomez 2017a). The fact that the crust of these breads is slightly darker 
may be due to the greater accessibility of pregelatinized starches to enzymatic deg-
radation, and therefore the possible generation of reducing sugars that would par-
ticipate in Maillard reactions. More research that confirms these results using 
starches with different types of modifications would be of great help for encourag-
ing the utilization of these starch sources.

It is important to bear in mind that, in the processes for producing starch, a mini-
mum amount of granules is damaged and amylases present in the grain are elimi-
nated. Therefore, during baking of starch based breads the generation of sugars by 
enzymatic hydrolysis of the damaged granules will be minimal. For this reason, 
sugars should be incorporated into the formulations, usually in the form of sucrose 
or glucose. These sugars are fermentable and will contribute to the fermentation 
processes carried out by the yeasts. In the case that the sugars are not entirely con-
sumed by the yeasts, they can participate in Maillard reactions, between sugars and 
amino acids, contributing to the final color of the crusts.

Another way to incorporate starch into GFPs is through gluten-free flours. 
Among gluten-free flours, rice flour is the most commonly used both in research 
(Masure et al. 2016) and in commercial products because of its lower price, higher 
availability, bland taste, and hypoallergenic properties. Rice, along with wheat and 
maize, is one of the most widely cultivated cereals worldwide. Most of rice produc-
tion is consumed as pearled grain, in which the husk and the external parts (bran and 
germ) of the kernel are removed. During the process by which white rice is obtained, 
parts of the grains are broken. These grains are considered to be by-products from 
the rice industry, and once they are polished and separated from the rest, they can be 
used to make flours using different milling systems, with the hammer and rolling 
mills being frequently used. In general, rice flours bring about breads with lower 
specific volume than those made with maize starch and doughs with higher G′ and 
G″ values, and lower compliance values in both creep and recovery phases (Martinez 
and Gomez 2017a). However, as seen in Fig. 25.1, an increase in the percentage of 
rice flour in the mixtures with starch can improve the organoleptic quality of these 
breads, especially by improving taste and external appearance (Mancebo et  al. 
2015a). In the baking process, parts of the flour particles are broken, releasing the 
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starch granules, while the harder fragments remain intact (de la Hera et al. 2013a). 
Therefore, the particle size and the breakage of the particles during processing can 
influence the compactness of the insoluble components, and, consequently, the rhe-
ology of the doughs, the increase of the volume during fermentation and the quality 
of the resulting bread. Thus one of the derived problems of the utilization of rice 
flours is the lack of regularity of the flours, since the milling conditions or the rice 
varieties can widely affect the characteristics of the bread obtained.

In case a finer particle size is desired the mechanical process of milling has to be 
forced, increasing the amount of damaged starch, and therefore its ability to absorb 
water. Another option would be the mechanical sieving of the flour after milling, 
separating the largest particles from the smallest and obtaining flours of different 
particle size. In general, it has been observed that coarser flours lead to breads of 
higher specific volume. This phenomenon has been reported both when producing 
flours with different milling systems (Kadan et al. 2008) and when obtaining differ-
ent fractions by sieving (de la Hera et  al. 2013a). Nonetheless, the particle size 
should not be excessively large, since otherwise the breads will present a sandy 
texture. De la Hera et al. (2013a) found that short-grain varieties, with a lower amy-
lose content, generated breads with higher specific volume, with crumbs that were 
less firm and more cohesive and resilient. However, Sivaramakrishnan et al. (2004) 
obtained better results with a flour from long rice grain than from short grain, but in 
this case the long grain flour had a larger particle size, so this factor could have also 
influenced the final results. In fact, studies with a greater number of variables have 
not found a direct correlation between the amylose content of the flours and their 
quality for the preparation of gluten-free breads (Han et al. 2012; Nishita and Bean 
1979). It has also been stated that rice varieties with more rounded starch granules 
may be more suitable for the preparation of GFBs, compared to those with the more 
usual polyhedral granules, by increasing the volume and reducing firmness of the 
breads (Kang et al. 2015). However, this study was conducted only with three vari-
eties that differed in the shape of the starch granules as well as in the kernel hardness 
(and in turn, damaged starch), thus deeper studies are necessary in this regard. In a 
later study, the influence of rice flour particle size on the volume of breads obtained 
was confirmed, and it was observed that breads made with coarser flours had a 
higher content in slowly digestible starch and resistant starch when the dough 
hydration exceeded 90% (de la Hera et al. 2014). These differences were attributed 
to the lower gelatinization degree of the starch in the coarser flours during baking 
(albeit it was not measured), as the penetration of water inside the bigger particles 
becomes more difficult. These authors also mentioned that in coarse flours the lower 
surface area of the particles exposed to digestive enzymes could limit enzyme bind-
ing and absorption, and, then, decrease the rate of digestion. It is important to bear 
in mind that flour particles in flour-based GFBs are not completely disrupted during 
the kneading process (de la Hera et al. 2013c; Martinez and Gomez 2017a).

As an alternative to rice flours, maize or sorghum flours can be used, but their uti-
lization is limited due to availability and organoleptic characteristics. In the case of 
maize, although there are floury varieties, the maize used for milling usually comes 
from hard varieties since it is the maize type mainly used for the production of grits 
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and semolina, fundamental ingredients in some snack and ready to eat cereal indus-
tries. On the other hand, sorghum has been used mainly for the elaboration of feed, 
with minor use in the food industry. Both in maize and sorghum, there are colored 
varieties and more whitish varieties, with the latter more preferable for the preparation 
of GFPs, due to their similar appearance to wheat flours and bland flavor. However, in 
some countries with high consumption of maize, it may be interesting to use yellow 
maize flours for cultural reasons. Thus, in the southern area of USA it is common to 
make maize breads, as well as in Portugal (Broa). Regarding these types of flour, there 
is little information on how their characteristics affect the quality of GFB. However, 
it seems clear that both the variety (Brites et al. 2010; Garzon et al. 2017) and the 
particle size (de la Hera et al. 2013c) of maize flours influence the characteristics of 
GFBs, with coarser flours being more preferable, as in the case of rice. Regarding 
sorghum flours, Trappey et al. (2015) observed an opposite tendency, as there was a 
slight improvement of bread volumes when particle size was reduced, but in this case 
all the flours with low degree of extraction had an average size lower than 100 μm. In 
this same study, it was observed that by increasing the degree of extraction of the 
flours, and therefore increasing their content in bran, the volume of the breads was 
reduced, being these darker and harder. As in the case of bread made with other glu-
ten-free flours, the replacement of these by starches improves the volume of the bread 
and reduces its firmness (Onyango et al. 2011a; Velazquez et al. 2012), this effect is 
more evident with native starches that with pregelatinized (Onyango et al. 2011b).

Apart from the aforementioned rice, maize and sorghum flours, which are the 
most dominant, studies about the utilization of other less common gluten-free flours 
from cereals such as millet (Taylor et al. 2006) or teff (Zhu 2018), pseudo-cereals 
(Alvarez-Jubete et al. 2010b; Gimenez-Bastida et al. 2015), legumes (Foschia et al. 
2016; Melini et al. 2017) or chestnuts (Zhu 2017) are reported. The use of these 
flours in commercial breads is usually limited because of the lower availability, as 
well as the higher cost and unpleasant sensory attributes of the resulting breads (bit-
ter and extraneous flavors). Nonetheless, in certain areas it may be convenient to 
include them for tradition or cultural reasons. However, studies on the influence of 
varieties, milling system, or other processing variables on these alternative flours 
and their effect on the quality of GFBs are scarce. As in the case of other flours, it 
seems that the incorporation of starches in the formulas can help increase the vol-
ume of the breads and improve their texture and organoleptic characteristics, so it is 
usual to use them in mixtures. The main advantage of these flours is usually their 
nutritional content, since many of them are used as whole meal flours. Thus, all 
these flours are characterized by a higher content in minerals, vitamins and dietary 
fiber than starches and rice flour, especially when they are whole flours. In addition, 
both pulses and some pseudo-cereals (quinoa and amaranth) are good sources of 
protein. These flours can also be a source of antioxidant compounds (Torres et al. 
2017). These nutritional characteristics are of great interest since the gluten-free 
diet is deficient in fiber and micronutrients such as vitamins (B, folates and D) and 
minerals (iron, zinc, magnesium and calcium) (Theethira and Dennis 2015; Vici 
et al. 2016). Therefore, supplementation with some of these micronutrients has been 
proposed to improve the quality of the gluten-free diet (Caruso et  al. 2013). 
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Furthermore, GFBs are characterized by a higher fat content and a lower protein 
content than gluten containing breads (Mazzeo et al. 2015; Miranda et al. 2014).

It is noteworthy that oats have been traditionally considered harmful for celiac 
patients. However, more recent research has shown that oat consumption is safe for 
the celiac population, provided that cross-contamination with other toxic cereals for 
this group is avoided (Hüttner and Arendt 2010; Pawlowska et al. 2012). However, 
it must be borne in mind that a small number of the celiacs does not tolerate the 
avenins (prolamin fraction of the oats). The incorporation of oats in gluten-free diets 
can offer important advantages, since breads made with oatmeal are characterized 
by a higher content of proteins and β-glucans, and better sensory perception than 
breads obtained from other gluten-free cereals (Hager et al. 2012). The protein in 
oats is neither able to give rise to doughs with a protein network similar to gluten, 
being also the addition of a gluten substitute. Due to their nutritional and sensory 
qualities, different countries and groups are changing their legislation and recom-
mendations to facilitate the inclusion of products with oat, properly controlled, in 
gluten-free diets (Fric et al. 2011). Although there are more countries that admit the 
consumption of oats for people with celiac condition the situation in each country 
regarding oat consumption is different. In Finland, oat consumption is allowed and 
usual, while in other countries celiacs are advised to consult with their doctors in 
advance, and in others there is still a certain resistance to consumption.

A final point to consider about the role of starch in gluten-free products is the 
glycemic index. Most studies agree that GFBs have a higher postprandial glucose 
level than their counterparts made with wheat (Berti et al. 2004; Jenkins et al. 1987). 
This may be because the starch present in most commercial gluten-free breads is 
usually isolated maize starch, either alone or mixed with potato starch and rice flour, 
as observed in the Matos and Rosell (2011). Therefore, this starch does not have a 
protein network that protects the granules from the action of amylases, as could take 
place in wheat breads (Jenkins et  al. 1987). However, when certain gluten-free 
flours are used, the glycemic index of these breads may be lower than that of wheat 
breads and clear differences are observed between the different flours (Wolter et al. 
2013). In this study, it was found that breads made with teff or sorghum flours 
(gluten-free cereals) had lower glycemic indexes than those made with buckwheat 
or quinoa (pseudocereals), something that could be related to differences in the 
starch structure of these grains (i.e. starch granules size and shape, damaged starch, 
amylose content, etc.) and the interactions between protein and starch. However, 
more studies are needed evaluating different flours and different milling systems to 
reach more solid conclusions. On the other hand, the germination of the grains also 
allows for reduction in the estimated glycemic index (IGe) of the breads made with 
these flours (Cornejo et  al. 2015; Xu et  al. 2012). This event may be related to 
changes in the starch structure leading to a more crystalline and less accessible form 
for amylases, fostered by annealing conditions of moisture and temperature during 
soaking and drying of the grains. Xu et al. (2012) also highlighted the possibility 
that during germination the most amorphous part of the starch was consumed since 
it was more available, while the most crystalline part was less accessible to the 
enzymatic attack and more prominent in the final flour.
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25.3  Proteins

In wheat, gluten storage proteins present unique properties once hydrated with 
enough mechanical energy input, forming a tridimensional network with singular 
rheological properties. Gluten proteins are transformed into a continuous cohesive, 
extensible, visco-elastic protein network that makes wheat flour suitable for bread-
making, obtaining a pliable dough. Furthermore, this gluten network enables gas 
retention produced during fermentation, thus giving raise to aerated, spongy prod-
ucts. These unique properties of wheat protein cannot even be found in closely 
related cereals such as barley or rye. In this way, obtaining elastic and resilient 
crumbs is still a major technological challenge in gluten-free breads due to the lack 
of the polymeric glutenins from gluten (the high molecular weight glutenin sub-
units, HMW-GS) which are mainly liable for elasticity and dough strength (Shewry 
et  al. 2002). Based on this, attempts to modify proteins from different origin to 
achieve similar functionality to that of wheat have been made. However, these 
investigations have not been successful, and at the moment none of them have been 
included in commercial products, suggesting the necessity of utilizing other types 
of gluten substitutes, such as hydrocolloids.

Thus, to reinforce the bonds between the protein molecules, the use of transgluta-
minase has been proposed (Marco and Rosell 2008; Moore et al. 2006; Renzetti et al. 
2008; Storck et al. 2013). However, in no case has a significant improvement in the 
specific volume of the breads been reported. Indeed, bread volume was very low 
when hydrocolloids were not used in the formulation, meaning that this enzyme, 
whatever the protein source is, did not help create a protein network similar to that 
formed by wheat proteins. What transglutaminase apparently achieves is a more 
closed cell grain and a greater crumb firmness, which may be related to a lower exten-
sibility of the crumb cell walls (Moore et al. 2006; Renzetti et al. 2008). The incorpo-
ration of mesostructured whey protein has also been proposed. In this case, whey 
protein needs to be previously heated and subsequently mixed with locust bean gum 
accompanied by reduction of the pH of the protein-gum mixture. Mixtures of this 
protein-gum combination with starch gave rise to a cohesive dough that can be com-
parable to a wheat dough regarding their rheological behavior (Van Riemsdijk et al. 
2011a). Furthermore, the rheology of these doughs can be improved by promoting 
the creation of disulfide bonds, since doughs tend to have less extensibility than wheat 
counterparts (Van Riemsdijk et al. 2011b). Breads produced with mixtures of these 
particles (2.4%) and maize starch were similar in volume and crumb grain to wheat 
breads, but to achieve this the baking process had to be slightly modified, by sup-
pressing the sheeting step, since this negatively affected bread volume (Van Riemsdijk 
et al. 2011c). However, these proteins have not been studied in depth, and they do not 
seem to have been incorporated in commercial gluten-free products, perhaps because 
there are still some aspects to improve. The breads obtained in these studies had an 
excessively whitish color, which could be enhanced with the inclusion of other pro-
teins in a greater percentage to promote Maillard reactions, and no data was reported 
on the textural properties, staling behavior or sensory quality of the breads.
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One of the proteins that has attracted the attention of scientists as a possible glu-
ten substitute is zein, which is the prolamin fraction of maize. This interest began 
with the work of Schober et al. (2008) in which the kneading of a mixture contain-
ing starch and zein above the glass transition temperature of zein (Tg ~40  °C), 
resulted in the formation of finer zein strands in the dough. These zein strands 
allowed the dough to be handled similarly to a wheat one, by providing them with 
cohesiveness and extensibility. However, if the dough was cooled down upon 
mechanical impact below Tg these fibers were broken and no further recovered, 
while this breakage was not observed if the dough did not suffer the mechanical 
impact. In this work, it was also observed that the incorporation of hydroxypropyl 
methyl cellulose (HPMC) improved bread quality by stabilizing the air bubbles in 
the dough, so a combination of both techniques was recommended. Attempts to 
work with this kind of doughs at lower temperatures have focused on the reduction 
of the glass transition temperature with the use of plasticizing agents, such as citric 
acid (Berta et al. 2015), but this did not demonstrate to be effective in obtaining 
baking processes similar to those of wheat. Another problem found in these doughs 
is based on the negative effect that salt exerts on them, since it reduces the strength 
of the network, prevents the formation of an extensible dough and, thus, lowers the 
specific volume of the breads obtained (Smith et  al. 2017). This disadvantage is 
particularly important since salt is a common compound in the formulations of 
bread. Likewise, studies have also been carried out based on kafirin, a protein pres-
ent in sorghum (Oom et al. 2008), but the results are not as promising as those with 
zein and the knowledge on the use of this protein for baking is more scarce.

Given the interest in the utilization of zein, more in depth studies have been con-
ducted. In this sense, Schober et al. (2010) proved that the quality of zein containing 
breads could be improved if zein was subjected to a previous degreasing treatment, 
since viscoelastic moduli (G′ and G″ values) of the dough were increased. It is note-
worthy that these works seek to develop doughs with a network similar to that of 
wheat, which can be handled and formed, as depicted in Fig. 25.2, and therefore, it 
must be understood that a greater dough consistency (viscoelasticity) is usually ben-
eficial, unlike what happens in the rest of gluten-free doughs normally based on 
hydrocolloids, more similar to a cake batter than to a wheat dough.

In addition, this degreasing treatment enhanced the extensibility of zein strands 
and lowered the temperature at which protein cross-linking occurred by 2  °C, 
enabling an increased specific volume of the GFBs and preventing the flattening of 
the rolls of dough formed during processing. Added to that, it is known that protein 
functionality in GF products is more linked to hydrophobic interactions rather than 
disulfide bonds (as in gluten doughs). Thus, α-zeins are preferable to obtain struc-
tured fibers with extensibility properties to other types of zein (β- or γ-zeins), which 
concentration will depend on the isolation procedures (Schober et al. 2011). Similar 
to wheat doughs, the mechanical work applied during kneading of zein doughs is a 
key factor for the development of zein fibers. Thus, a finer fiber network may be 
formed by increasing shear through an addition of viscosity-increasing hydrocol-
loids, reducing water content in the dough or the use of appropriate mixing equip-
ment (Andersson et  al. 2011). These authors observed that doughs without 
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hydrocolloids (HPMC or oat bran with a high content in β-glucans) exhibited rapid 
age-related stiffening and poor bread-making performance and, among 
 hydrocolloids, HPMC was preferable to obtain a finer crumb structure due to its 
surfactant effect. Doughs made with mixtures of zein and maize starch or rice flour 
can also be improved by the addition of diluted acetic or lactic acid, acids that are 
present in the sourdough. Sly et al. (2014) reported that doughs formed with dis-
tilled water did not present an adequate consistency, not being possible to develop 

Fig. 25.2 Zein-maize starch doughs. (a) Dough prepared with water after kneading, showing 
phase separation; (b) dough prepared with 1.3% lactic acid after kneading; (c) malleability of 
dough prepared with 1.3% lactic acid; (d) alveography of dough prepared with 1.3% lactic acid; 
(e) loss of uniformity and tearing of Alveograph bubble of dough prepared with 5.4% lactic acid 
(Sly et al. 2014)
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the dough for alveographic analysis. Conversely, doughs made with diluted acids 
gave rise to alveographic results similar to a wheat dough (Fig. 25.2), which was 
related to the creation of a more uniform fibril network and to the increase of the 
proportion of α-helical conformation in the zein doughs, possibly as a result of 
deamination. Detailed information about the utilization of zein for GFB making is 
available in the reviews works of Erickson et al. (2012) and Taylor et al. (2016). 
Briefly, it can be stated that the use of structured zein (under application of mechani-
cal work to the dough), allows GFBs similar in volume to wheat breads to be 
obtained (although this can also be achieved with other alternatives, such as hydro-
colloids, see Sect. 25.4), and with dough rheological properties resembling those of 
gluten doughs. However, zein based makings require changes in the formulation 
that can negatively affect the sensory quality of the bread, as well as changes in the 
processing, that are difficult to apply in industrial processes.

On the other hand, apart from the structural function of these proteins as substi-
tutes for the gluten network, it is also important to consider the amount of protein 
present in the products without gluten. Thus, protein content in GFPs tends to be 
lower than in their gluten containing counterparts (Matos and Rosell 2011; Mazzeo 
et al. 2015; Miranda et al. 2014). Undoubtedly, wheat flour is characterized by a 
protein level much higher than that of the most commonly used alternatives in the 
preparation of GFBs (for instance, starch or rice flour), but protein in wheat flour 
also accomplishes several functions other than the formation of a network with 
unique extensibility, elasticity able to retain gas. Proteins participate in Maillard 
reactions and are responsible, at least in part, for the color and aroma of the breads 
(Smak 1972). Furthermore, the nutritional importance of proteins should be consid-
ered (Friedman 1996). Indeed, the lower protein content associated with formula-
tions of GFBs is responsible, not only for its lower nutritional value, but also for its 
paler crust color. Gluten-free flours with higher protein content, such as those of 
some pseudocereals or legumes (see Sect. 25.2), and protein isolates or concentrates 
(~ more than 80 and 50% of protein content) could be incorporated to alleviate these 
problems. In this sense, there are several studies that focus on protein incorporation 
in different GFB formulations based on starch (Horstmann et al. 2017; Kittisuban 
et  al. 2014; Krupa-Kozak et  al. 2013; Witczak et  al. 2017; Ziobro et  al. 2013b, 
2016), rice flour (Marco and Rosell 2008; Nozawa et  al. 2016; Phongthai et  al. 
2016; Shin et al. 2010; Storck et al. 2013) or a starch-flour mixture (Aprodu et al. 
2016; Crockett et al. 2011a; Gallagher et al. 2003; Smerdel et al. 2012).

The color of bread crust is a factor that drastically influences its acceptability 
(Castro et al. 2017), and in general, gluten-free breads have an unduly whitish color, 
in such a way that darker breads usually have better acceptability (Carini et al. 2015). 
Regarding the influence of proteins on crust color, dairy proteins seem to be the most 
effective, since a decrease in brightness (L*) is observed in all studies  compared to a 
control bread with no protein addition, even with small doses (3%) (Gallagher et al. 
2003; Krupa-Kozak et al. 2013). On the contrary, with the addition of plant proteins, 
Phongthai et al. (2016) observed a clear decrease in brightness with low amounts 
(2%) of rice bran protein concentrate, while Marco and Rosell (2008) did not find 
such effect with larger amounts (13%) of soy protein isolate. In the same way, 
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Phongthai et al. (2016) did not observe significant differences in the brightness of 
GFBs with 4% egg albumin addition. However, it is difficult to draw general conclu-
sions because the studies are not comparable due to the use of different formulations, 
protein amounts and baking conditions. In fact, the brightness of the control bread is 
very different in each of the studies mentioned. Nonetheless, it seems that there is a 
clear influence of the type of protein on bread brightness (affecting this value to a 
different extent), which may be affected by factors such as protein solubility or its 
amino acid content.

Protein addition also seems to have a clear effect on bread specific volume, but 
in some cases the results are contradictory. Notably, Krupa-Kozak et  al. (2013) 
reported a significant increase in specific volume when 12% dairy proteins were 
incorporated, which was confirmed by Aprodu et  al. (2016) with 15% addition, 
although lower specific volume was obtained in most cases with 24% incorporation. 
Meanwhile, Gallagher et al. (2003) found scarce differences in volume or even a 
reduction, with protein levels that did not exceed 9%. As for egg proteins, there is 
general agreement that they improve the specific volume of breads. Nonetheless, 
Crockett et al. (2011a) needed to reach levels of 15% to perceive this effect, while 
Nozawa et al. (2016) noticed it with percentages close to 1%, which can be partially 
explained by the high variability in the formulations, and then, the different effect 
of ingredients on dough network interactions. Regarding plant proteins, there is also 
a great variability and even inconsistency in the results. Phongthai et al. (2016) and 
Witczak et  al. (2017) observed an increased volume with rice bran protein and 
potato protein at levels of 2%, but significant declines when this level was exceeded. 
Added to that, Crockett et al. (2011a) did not find differences in bread volume with 
1–2% soy protein, but a decrease in those of 3% addition, while Aprodu et al. (2016) 
highlighted an improvement in volume with 15% addition of either soy or lupine 
proteins. In a recent study, Horstmann et  al. (2017) also observed differences 
between different plant proteins (potato, pea, carob, lupine and soy), but were not 
able to relate dough and bread properties to any inherent characteristic (solubility, 
emulsifying, foaming, water hydration properties) of the proteins. Therefore, it 
seems that a range or combination of properties contributes to the characteristics 
ultimately observed in bread, as no single property is able to explain bread 
attributes.

One of the difficulties in comparing the different studies is the lack of homogene-
ity in the bread formulas utilized. Differences were prevalent in terms of types of 
starchy materials, types of hydrocolloid (if used), and baking conditions, which help 
explain the huge variability found in the specific volume of the control breads. It is 
noteworthy that one of the most important factors affecting bread volume is the 
hydration of the dough. However, in most studies the hydration level is kept con-
stant, and the different water absorption capacity of the proteins is not taken into 
account. In general, the greater water content in the dough, the higher the specific 
volume of the breads, up to a maximum at which point the dough collapses (too 
weak structure) in the fermentation or baking steps (Mancebo et al. 2017). Therefore, 
if a protein promotes an increase in dough consistency and the hydration level is not 
corrected, a decreased volume may be obtained, whereas if a protein reduces the 
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consistency, it can lead to the opposite effect. In agreement with this, soluble pro-
teins, such as milk proteins or egg proteins, usually reduce dough consistency when 
they replace part of the flour, while insoluble proteins, mainly plant proteins, tend to 
have the opposite effect. In this way, the negative results found for some proteins, 
which may reduce bread volume, can be reversed into positives by increasing the 
hydration level in the dough, since they probably withstand greater water addition. 
On this basis, Ziobro et al. (2013b) modified the amount of water in the formulation 
based on farinographic analysis and observed different absorption values for each 
protein, with higher values in plant proteins than in egg proteins. These authors 
reported that, among all protein sources, breads with egg protein gave rise to the 
highest specific volume. In addition, significant differences were found between the 
vegetable proteins used (pea, lupine and soy), with lupine being the only one 
increasing the volume of the breads.

Regarding textural attributes, the inclusion of insoluble plant proteins such as 
potato, soy, lupine or pea generally reduce, or do not modify, the cohesiveness, 
resilience or springiness of breads (Marco and Rosell 2008; Ziobro et al. 2013b; 
Witczak et al. 2017). Meanwhile egg protein increases elasticity (Phongthai et al. 
2016) as well as cohesiveness and springiness (Storck et  al. 2013; Ziobro et  al. 
2013b), which would be positive effects since GFBs are characterized by having 
less cohesive crumbs than those of wheat breads. This effect may be related to the 
soluble character of this protein and its ability to coagulate when heated. Egg pro-
tein also produces a closer crumb grain which should be associated with its foaming 
and air stabilization abilities. As for milk proteins, while casein seems to increase 
the cohesiveness and springiness of the crumb (Storck et al. 2013), serum proteins 
reduce these values (Krupa-Kozak et al. 2013).

25.4  Hydrocolloids

As mentioned before (see Sect. 25.3), gluten proteins in wheat flour are able to cre-
ate a network when they are hydrated and mechanical energy is applied, giving rise 
to unique rheological and textural properties of the doughs and breads made with 
them. In order to obtain gluten-free breads with a crumb texture that is more similar 
to gluten counterparts, hydrocolloids and gums have been used as gluten replace-
ment to attain visco-elasticity of the dough (Anton and Artfield 2008; Sciarini et al. 
2010). Among the research published, HPMC is found to be the most used hydro-
colloid, followed by xanthan gum, although other hydrocolloids such as guar gum, 
pectins, or their mixtures are also frequent (Masure et al. 2016; Mir et al. 2016). In 
contrast to research, Matos and Rosell (2011) observed that xanthan gum was the 
main hydrocolloid in commercially available gluten-free products. In general terms, 
hydrocolloids, hydrophilic in nature, improve dough structure, mouthfeel, accept-
ability and shelf-life of GF products.

Research works comparing different hydrocolloids are scarce and their results are 
not conclusive. Indeed, Lazaridou et al. (2007) showed that xanthan, carboxymethyl 
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cellulose (CMC), pectin, agarose and β-glucans increased water binding capacity and 
elastic modulus (G′) of gluten-free doughs (based on maize starch and rice flour), but 
different results were found when assessing the quality of the GFBs. These authors 
found that xanthan gum led to breads with excessive hardness, while pectin and CMC 
yielded breads with the best properties in terms of higher specific volume and more 
elastic and porous crumbs. Conversely, Liu et al. (2018) showed that HPMC was the 
most suitable hydrocolloid in steamed bread based on potato flour, producing breads 
with the highest specific volume, followed by xanthan gum, CMC and pectins. These 
authors also pointed out that loaves with HPMC presented a less cohesive crumb. 
Differences in the results of these two studies can be associated with differences in 
their formula (although this was not reported) as well as to the hydration level used 
to make those GFBs. While Lazaridou et al. (2007) used a water content in the range 
of 130–140%, a remarkably lower water content (70%) was used by Liu et al. (2018). 
On the other hand, Akin and Miller (2017) studied chemically leavened sorghum 
breads and reported that, although hydrocolloids tended to enhance bread volume, 
the improvement on such property was dependent on the formula used, not finding 
great differences among HPMC, xanthan gum or locus bean gum. As in the above 
mentioned study, dough hydration was not adjusted based on the rheology, i.e. the 
same hydration level was chosen for the same dose of hydrocolloids regardless of the 
differences in dough rheology, although in some cases hydration was increased with 
the dose of hydrocolloid. Bearing in mind differences in dough rheology, Sabanis and 
Tzia (2011) opted for increasing water content in the doughs made with xanthan 
gum, whereas for HPMC, guar and carrageenans the hydration level was kept con-
stant. As a result, breads with higher volume and lower firmness were reported using 
HPMC followed by guar gum, while the opposite trend was obtained for xanthan 
gum (lower volume and softness). However, a minimum hydrocolloid dose is possi-
bly necessary for its effects to be evident, since Sciarini et al. (2012a) indicated that 
no improvement was visible in precooked breads with 0.5% incorporation of either 
CMC or xanthan gum compared to a control bread with no hydrocolloid. In general, 
hydrocolloid doses range between 1 and 3% in most studies.

In view of the different studies, it is difficult to obtain general conclusions and it 
seems that the choice of hydrocolloid will depend on the formulation, processing con-
ditions and type of bread developed, but in any case it is important to adjust the hydra-
tion level since, as previously mentioned, dough consistency will determine the 
expansion of the loaves, and the presence of hydrocolloids will significantly modify 
the rheology. One way to adjust the amount of water needed in the formula is to design 
experiments through Response Surface Methodology. In this way, both Mancebo et al. 
(2015c) and Ylimaki et al. (1988) have observed that mixtures of HPMC with CMC or 
psyllium can improve the volume of the breads when the water content is increased, 
with a more pronounced effect when the CMC or psyllium content is increased rather 
than that of HPMC. In this respect, it seems that the hydrocolloids in GF breads, 
although they exert a thickening function, are not used for this purpose. Their role is 
mainly related to their ability to provide cohesion to the dough, and their greater thick-
ener effect must be corrected with the addition of more water, since it is generally 
assumed that a lower dough consistency gives rise to loaves with higher volume.
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Among the different hydrocolloids, gelling agents (pectins, agars, carrageenans) 
are believed to be less effective, partly because the gels they form after cooling are 
brittle and do not facilitate dough expansion, and otherwise partly because previous 
solubilization is required for many of them. Thus, for complete solubilization, it is 
necessary to heat the mixture in advance, something that is not usually done. 
Regarding the rest of hydrocolloids, it appears that HPMC works in a different way 
than other thickeners, such as xanthan, guar or locust bean gum. As an example, 
xanthan addition in mixtures containing xanthan and HPMC (maintaining constant 
water content) resulted in a reduction of GFB volume, unlike HPMC, whose addi-
tion increased or maintained the volume, depending on the flour used (Hager and 
Arendt 2013). The differential effect of HPMC has been linked to its ability to form 
a thermo-reversible gel which strengthens when heated and reverts back to a weak 
entanglement after cooling (Grover 1982). Thus, this temperature dependence sta-
bilizes the gelatinizing crumb structure during baking but reduces crumb hardness 
of the final bread (Crockett et al. 2011b). Despite the advantages of using HPMC to 
improve bread volume, this hydrocolloid has a higher cost and results in poor cohe-
sive crumbs. Thus, it is usually mixed with other hydrocolloids in order to minimize 
these drawbacks.

It is note to highlight that the term HPMC encompasses a large number of cel-
lulose derivatives with hydroxypropyl and methyl groups in different proportions, 
and with higher or lower molecular weight, and therefore different thickening 
power. HPMC 4KM with low percentage of methoxyl groups and high thickening 
power is one of the most commonly used HPMC in GFBs. However, Crockett et al. 
(2011b) obtained loaves with a higher specific volume using HPMC E15, with a 
higher percentage of methoxyl groups. These authors attributed this outcome in part 
to the higher foaming ability of this HPMC and to the reinforced micelle integrity 
during gas expansion, preventing coalescing of the air cells and improving the spe-
cific loaf volume of the GFB. Another plausible explanation for the better perfor-
mance of this HPMC E15 could be its lower molecular weight compared to 4KM 
and lower thickening ability (lower viscosity in cold water). In fact, doughs made 
with E15 had much lower G′ values than those made with 4KM, something that 
could have been reversed by modifying the amount of water. In addition, Perez- 
Quirce et al. (2014) observed a higher volume for breads containing HPMC with a 
higher percentage of methoxyl groups when they compared two types with the same 
thickening power, which they attributed to the creation of firmer gels after heating. 
However, they also observed the creation of large cavities when this high methoxyl 
HPMC was used, maybe due to the rigidity of the gels. Morreale et al. (2017) pro-
posed the use of HPMC types with greater thickening power, such as K15, would 
yield better results provided that the amount of water incorporated is optimized (i.e., 
higher water contents are required compared to other HPMC sources).

From a nutritional perspective, hydrocolloids are considered as soluble dietary 
fiber (Viebke et al. 2014). Therefore, with their use in GFPs, they could increase the 
dietary fiber content of these products. Although the levels of hydrocolloid added 
are usually not very high (generally less than 4%), for reasons associated with their 
cost and mainly with their significant effect on dough rheology, the study of their 
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health benefits should not be dismissed. Indeed, some of the hydrocolloids broadly 
used for GFPs have interesting health properties. Most studies on the health proper-
ties of hydrocolloids have focused on aspects such as its role in cholesterol and 
glycemic index reduction, prebiotic effect, control of food intake due to its satiating 
effect, prevention of constipation and even the possible prevention of cancer, espe-
cially colon cancer (Li and Nie 2016). Likewise, there are some health claims relat-
ing to food hydrocolloids which have been approved by EFSA included under 
article 13.1 (Viebke et al. 2014). Among those claims, it is important to mention 
those related to maintenance of normal blood cholesterol concentrations (β-glucans, 
guar, konjac gum, pectins, HPMC), and the reduction of post-prandial glycaemic 
response (β-glucans, HPMC, pectins).

The interest in some hydrocolloids, such as HPMC or pectins, for the develop-
ment of gluten-free breads has been previously discussed. Unlike those hydrocol-
loids, guar gum has not been very successful for gluten replacement. However, it 
can potentially be used in combination with other gums. Notably, a synergistic 
effect of this gum with xanthan gum has been shown (as occurs with locust bean and 
xanthan gum) in such a way that the addition of xanthan gum, even at a very low 
concentration, to a guar gum solution promoted the transition of the system from a 
macromolecular solution to a structured system displaying gel-like properties 
(Schorsch et al. 1997). In this sense, some works have suggested the combined use 
of these gums in the preparation of gluten-free breads, with better results than for 
each of the individual gums (Demirkesen et al. 2010a, b).

In the case of β-glucans, there is some research examining their effect on gluten- 
free formulations, either as the only hydrocolloid in the formulation (Lazaridou 
et al. 2007; Perez-Quirce et al. 2014), or in combination with other more commonly 
used hydrocolloids, like xanthan gum (Hager et al. 2011b) or HPMC (Kittisuban 
et al. 2014; Perez-Quirce et al. 2017; Ronda et al. 2015). Results from these articles 
agree in the fact that by itself β-glucan is not a good substitute for gluten, but it can 
be used in combination with other hydrocolloids to obtain good results. Nonetheless, 
it is necessary to increase the hydration level of the dough in order to obtain good 
volume and desired texture, and always bearing in mind that the effect of the addi-
tion of β-glucans will depend on their dose and molecular size. For instance, Perez- 
Quirce et al. (2017) reported that an increase of β-glucan molecular weight and level 
lowers the bread starch digestibility.

Another product of great interest for the preparation of GFPs is the husk from 
psyllium. Psyllium (Plantago ovata) is an original plant from India, also known as 
Ispaghula, whose husk is very rich in a water-soluble mucilage, mainly composed 
of arabinoxylans (Sandhu and Hudson 1981). Proven beneficial effects of psyllium 
include reduced cholesterol levels (Xing et al. 2017), risk of coronary heart disease 
(Bernstein et al. 2013) and constipation problems (Gelinas 2013). For the produc-
tion of gluten-free breads, psyllium has great potential because it presents similar 
properties to those of xanthan gum (Haque et al. 1993). In addition, since it is a 
product simply obtained by grinding the husk of a seed it is not considered an addi-
tive, and, hence it can be used to obtain products with a cleaner label. Zandonadi 
et al. (2009) produced gluten-free breads with psyllium as a single substitute for 
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gluten and obtained products with good organoleptic characteristics, but other tech-
nological characteristics such as volume or texture were not measured. Moreover, 
psyllium has also been included in GF formulations in combination with other 
hydrocolloids, such as carrageenans (Aprodu and Banu 2015), HPMC (Cappa et al. 
2013; Haque and Morris 1994; Mancebo et al. 2015c), or inulin (Tubili et al. 2016). 
In these studies, a positive effect of the inclusion of psyllium on the specific volume 
of the loaves is generally reported, provided that hydration level is corrected, since 
as previously mentioned with β-glucans, psyllium also possesses a high thickening 
capability.

In general, it can be concluded that, so far, hydrocolloids represent the most suit-
able gluten substitutes for GFB making, but the correct choice will depend on the 
formula used and the manufacturing conditions (such as time and temperature of 
fermentation). Among these polymers, HPMC is the one that yields higher bread 
volumes, but at the same time, less cohesive crumbs are obtained. Thus, studying its 
use in a mixture with other hydrocolloids is of immense interest. In all cases, 
increasing the water content in the dough formulation may be required to compen-
sate for the great thickening effects of adding hydrocolloids, since an increase in 
dough consistency will hinder dough expansion during fermentation and baking. 
Furthermore, not only the technological properties of gluten replacement with 
hydrocolloids should be analyzed but also the nutritional implications of these 
replacements.

25.5  Fibers

Health benefits of fiber are widely known and include enhanced control of blood 
glucose and cholesterol levels, prevention and protection against cardiovascular dis-
eases, regulation of intestinal function, promotion of gut health and protection 
against colon cancer (Ktenioudaki and Gallagher 2012). Different studies have con-
firmed that patients who follow a strict gluten-free diet present a lower fiber intake 
than the rest of the population, with intake levels below those recommended by 
different international organizations (Hager et  al. 2011a; Martin et  al. 2013; 
Shepherd and Gibson 2013; Wild et al. 2010). It should be noted that the fiber con-
tent of gluten-free breads, although very varied, is not usually lower than those of 
wheat counterparts, with contents ranging between 1.3 and 7.2% for GFBs and 
regular values between 3 and 6% (Matos and Rosell 2011; Mazzeo et  al. 2015). 
Since the fiber content of starches and flours commonly used for GFPs is low, the 
above mentioned fiber content found in GFBs would be partially explained by the 
fact that the hydrocolloids added for gluten replacement are considered as fiber from 
a nutritional point of view. One of the main problems faced by the celiac collective 
to increase their fiber intake is the shortage in supply of whole grain products. In this 
way, one of the possibilities to enhance the fiber content in the diet can rely on the 
elaboration of breads with whole grain gluten-free flours (Alvarez-Jubete et  al. 
2009, 2010a; Cornejo and Rosell 2015; Cornejo et al. 2015; Renzetti et al. 2008). 
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However, when it comes to the utilization of whole grain flours from the most abun-
dant gluten-free cereals, there are some drawbacks that complicate or potentially 
impede the utilization of their brans. In the case of maize, the bran is excessively 
hard and, hence, more difficult to mill which may result in coarser particle sizes. 
Although there are no studies dealing with maize bran incorporation in GFPs, when 
added in wheat-based products, product acceptability is substantially reduced in 
terms of flavor, mouthfeel, texture and/or color (Rose et al. 2010). In addition, both 
maize germ and the by-products of rice milling, consisting of bran and germ, con-
tain a significant amount of lipids that easily becomes rancid after milling, some-
thing undesirable that negatively affects consumer acceptance. To minimize lipid 
rancidity in rice, the application of thermal treatments has been proposed as reviewed 
by Sharif et al. (2014). A different approach to enrich fiber content of GFPs is the 
incorporation of defatted rice bran (Phimolsiripol et  al. 2012), other gluten-free 
brans such as quinoa bran (Foste et al. 2014) or the addition of by-products rich in 
fiber (sources of cellulose, hemicellulose, pectin or lignin) from the food industry 
such as orange pomace (O’Shea et al. 2013, 2015), apple pomace (Parra et al. 2015) 
or tiger-nut by-product (Aguilar et al. 2015). Added to the advantage of high fiber 
content (up to 93.2 g of fiber per 100 g of solids in apple pomace) (Nawirska and 
Kwasniewska 2005), fruit and vegetable by-products are characterized by their con-
tent in other components of nutritional interest, such as polyphenols with antioxi-
dant capacity. Despite the nutritional advantages, the utilization of these by-products 
in baked goods usually leads to the loss of acceptability and product quality. This is 
mostly caused by the presence of extraneous flavor and different color and the inter-
ference of these ingredients with dough structure that, in turn, affects its expansion, 
respectively. Therefore, in order to minimize these negative effects, by-products 
must be added in small quantities and physical properties (e.g., particle size, water 
holding capacity, gel-formation ability) must be taken into consideration (Martinez 
and Gomez 2017b). Thus, as previously explained, the advantage of such enriched 
products in the market is low. The use of fruit and vegetable by-products as ingredi-
ents in gluten-free baked goods are reviewed in more detail elsewhere (Martinez and 
Gomez 2017b) and will not be further discussed in this book chapter. Added to that, 
results from several studies have been published on the incorporation of fiber from 
different sources in GFBs. Most of these have focused on the incorporation of 
fructo-oligosaccharides (Capriles and Areas 2013; Korus et al. 2006; Ziobro et al. 
2013a), resistant starch isolates (50–60% of resistant starch) (Korus et  al. 2009; 
Sciarini et al. 2017) and cereal insoluble fibers (Sabanis et al. 2009a, b).

However, it is noteworthy that fiber should be added with careful consideration 
of its characteristics, especially in terms of water binding capacity, solubility, thick-
ening power/viscosity or gel ability properties since differences in these properties 
may entail significant changes during manufacturing and on final product quality. In 
this sense, it is broadly assumed that soluble fibers with low thickening ability, such 
as inulin, help increase bread volume and reduce crumb firmness (Capriles and 
Areas 2013; Korus et al. 2006), which may be associated with a reduction in dough 
consistency and thereby allowing for easy dough expansion during fermentation 
and baking. In fact, Ziobro et  al. (2013a) reported that doughs containing inulin 
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(soluble fiber) needed a lower water content to achieve a similar consistency (as 
measured with a back extrusion rig) than the control. In contrast, when inulin incor-
porated in the formula had a high polymerization degree (i.e., higher molecular 
weight) its thickening power increased, and doughs with higher consistency could 
be obtained since higher water content was needed. Nonetheless, taking only dough 
consistency into consideration does not explain differences in volume because, 
although Ziobro et  al. (2013a) optimized water content in the formula to unify 
dough rheology (same consistency), inulins of lower degree of polymerization 
yielded breads of higher volumes and remarkably lower firmness than those of 
higher polymerization degree and the control. Unlike inulins with low degree of 
polymerization, an increase in hardness and bread staling (rate of crumb hardening), 
was reported when inulins of higher degree of polymerization were added, but in 
this case no effect was visible on bread volume. Furthermore, addition of inulins 
resulted in a more open and less uniform crumb structure compared to the control. 
On the other hand, resistant starch incorporation was found to increase G′ and G″ 
(viscous and elastic moduli) values of the doughs leading to the subsequent decrease 
of specific volume, but it was surprising to find that addition of resistant starch 
seemed to decrease bread hardness, something that was associated with its effect on 
starch gelatinization (Korus et al. 2009).

In a broader study, where fibers from several sources were studied, the positive 
effect of soluble fibers was confirmed. Martinez et al. (2014) reported that soluble 
fibers with low viscosity (nutriose and polydextrose), which are similar to inulin in 
their low polymerization degree, reduced complex modulus (G*) of the dough, and, 
in turn, greatly increased bread volume while reducing its hardness. These soluble 
fibers also yielded breads with a finer and more uniform cell grain (Fig. 25.3), and a 
darker crust (Martinez et al. 2014). This effect on crust color, already observed by 
Capriles and Areas (2013) and Korus et al. (2006) with inulin, was attributed to the 
partial hydrolysis of these compounds during baking, giving rise to mono- and 
disaccharides that could participate in Maillard reactions. In fact, Korus et al. (2006) 
also reported a higher monosaccharide content in the breads made with inulin. 
Sciarini et al. (2017) reported that incorporation of insoluble fibers resulted in bread 
with a low specific volume due to the higher firmness of the dough. However, staling 
rate was generally reduced after fiber addition. It is noteworthy that results shown by 
Martinez et al. (2014) also suggested that both shape and particle size of cellulose 
fibers (insoluble fiber) were remarkably important for final GFB quality (Fig. 25.3). 
Thus, elongated fibers with a finer particle size led to an increase in bread volume, 
while coarser and more irregular in shape fibers reduced bread volume. This is in 
agreement with the results reported by Sabanis et al. (2009b) and it can be related to 
the physical interaction between fiber particles and the rest of the dough compo-
nents (mainly starch/flour particles). This physical interaction would be associated 
with differences in fiber microstructure in terms of particle size and deformability 
and compaction, which ultimately affect dough leavening during proofing.

To conclude, the positive results from the nutritional standpoint of fiber addition 
in GFB must be understood without forgetting the sensory quality of the final prod-
ucts. Attention should be paid not only to the type of fiber and its physical properties 
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but also to its optimum level in the formula. Secondly, it should also be considered 
that nutritional benefits are dependent on the fiber source, and, more specifically, on 
its solubility and thickening ability (Padayachee et al. 2017).

25.6  Concluding Remarks

The interest in gluten-free cereal products has increased significantly over the last 
decades. Although considerable efforts have been made in recent years to produce 
high quality gluten-free baked goods, especially gluten-free bread, technological 
and sensory quality of gluten-free products in which a viscoelastic gluten-like net-
work is developed is still far from wheat analogues, and then, consumer demands. 

Fig. 25.3 Crumb detail: images of finished breads. (a) Control, (b) pea fibre, (c) potato fibre, (d) 
fine bamboo fibre, (e) coarse bamboo fibre (f) Nutriose, (g) polydextrose (Martinez et al. 2014)
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The main reason for this is that, at the moment, there are no raw materials (proteins, 
hydrocolloids, and enzymes) capable of completely mimicking gluten functionality, 
although a combination of different ingredients or additives could help mimic this 
functionality. Yet, further deeper study is still needed.

At the moment, hydrocolloids, alone or in combination with other fibers and 
hydrocolloids, are the most used gluten substitutes both in laboratory and industrial 
scales. In order to mimic gluten functionality, attempts have also been made to use 
protein from other cereal sources, sometimes involving physical, chemical or enzy-
matic modification, but for the time being none of these proteins have been com-
mercially applied. Apart from hydrocolloids, starches, which are another major 
ingredient in gluten-free formulations, also play an important role in determining 
the rheological properties of gluten-free dough networks. Starches from different 
botanical sources contribute differently to the rheological properties of doughs due 
to variations in structural and physicochemical properties of starch granules. Among 
all starch sources, maize starch and rice flour are the most prominent starchy materi-
als in gluten-free breads. The adequate mixture of flour and starch in the formulas 
can lead to the appropriate physical interaction among dough particles (i.e. starch- 
hydrocolloid interactions) that help increase the volume of breads as well as improve 
their texture and organoleptic characteristics.

In addition, features more related to the processing variables of the baked prod-
ucts should also be considered as key elements in order to minimize the loss of 
quality in gluten-free formulations. In this way, not only adaptation of fermentation 
and baking conditions is important, but also hydration level used in gluten-free for-
mulations. Since it is known that water content markedly affects dough rheology, 
and in turn, bread volume, the appropriate dosage of water can help obtain more 
desired baked goods.

Other than polymer functionality in these products, a nutritional standpoint 
should also be considered, focusing on the utilization of starch ingredients that can 
limit the glycemic index of the product and enrich its contents of dietary fiber and 
protein, since gluten-free diets and breads, respectively, tend to be poor sources of 
these components. Given all this, food manufacturers should make strategic efforts 
to select gluten-free ingredients with optimal composition and physical properties 
that attenuate the negative effects of lack of gluten.
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Chapter 26
3D Food Printing: Perspectives

Jie Sun, Weibiao Zhou, Dejian Huang, and Liangkun Yan

Abstract Due to consumers’ growing attention to personal health, food products 
that focus on personal care, healthy concepts and functional claims are emerging as 
a new trend. This motivates a growing market for personalized healthy food, which 
aims to tailor and fabricate diet specifically based on an individual’s health condi-
tion. Traditional food preparation processes even with advanced processing tech-
nologies cannot meet such demands.

Three-dimensional (3D) food printing, also known as Food Layered Manufacture, 
can be one of the potential ways to bridge this gap. This is a digitally controlled, 
robotic construction process, which can build up complex 3D food products layer 
by layer. It aims to revolutionize food manufacturing with customized shape, color, 
flavor, texture, and even nutrition. Hence, food products can be designed and fabri-
cated to meet individual needs through controlling the amount of printing material 
and nutrition content. Foods created by 3D printing have already entered the mar-
ket. A range of 3D printing methods, platforms, materials and recipes have been 
utilized. This chapter reviews the common approaches and techniques used in food 
printing. The market challenges, technical difficulties and possible strategies along 
the pathway of commercialization are also discussed.
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26.1  Introduction

Consumers’ attitudes for food decisions are decided by four criteria: taste, cost, 
experience, convenience and nutrition (Deloitte 2015). Typical convenience foods 
enjoyed by a wide range of consumers in the market have high glycaemic index, but 
low price. Healthy concepts and functional claims are emerging as a new trend, due 
to consumers’ growing attention to personal health and food products. According to 
the 2015 American Pantry Study, 47% of consumers described themselves as “health 
conscious”, and 35% described themselves as “ingredient sensitive” (Deloitte 2015). 
It is noted that food ingredients and their effects on metabolism vary among indi-
viduals. This motivates a growing market for personalized healthy food, which aims 
to tailor and fabricate diet specifically based on an individual’s health condition.

Meanwhile, available customized food products such as frosted patterns on bis-
cuits and chocolates, letters carved into cookies, and logos painted onto food, have 
created an amazing sector in the personal gift market. Compared with foods manu-
factured in mass production, they are more nutrition controllable, but significantly 
more expensive and only available from very limited suppliers. Traditional mass 
food preparation processes, even those with advanced processing technologies, can-
not meet such personalized demands (Zoran and Coelho 2011). Some food compa-
nies are exploring alternative food preparation methods to capture and maintain 
market share, in turn providing opportunities for food preparation methods such as 
three-dimensional (3D) food printing. 3D Food Printing, also known as Food 
Layered Manufacture (Wegrzyn et al. 2012), is a digitally-controlled, robotic con-
struction process which can build up complex 3D food products layer by layer 
(Huang et  al. 2013). It has started a revolution in cooking by precisely mixing, 
depositing and cooking layers of ingredients, so that users can easily and rapidly 
experiment with different material combinations.

Foods created by 3D printing have already entered the market, although most con-
sumers may still be unaware. In the Netherlands, people have begun to use 3D printing 
in microwave pancake fabrication, and this suggests that there could be a rise in the 
popularity of 3D food printing machines, much like microwave ovens (Hadhazy 2013). 
In the below session, the history and motivation of food printing are discussed, followed 
by a comparison between food printing and robotics-based food manufacturing.

26.1.1  History

“Food synthesizer”, a very primary food printer concept, was described in the 
movie Star Trek: The Original Series in the 1960s as a “replicating machine” that 
could synthesize meals based on user requirements. The concept reveals people’s 
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desire of instantly making personalized meals and replicating exciting food 
designs. The first generation food printer concept designs was introduced to the 
general public more than 15 years. Nanotek Instruments Inc. patented a rapid pro-
totyping and fabrication method for producing 3D food objects in 2001 (Yang 
et  al. 2001), such as a customer-designed birthday cake; however, no physical 
prototype was built. Nico Kläber (Electrolux 2009) came out with a Moléculaire 
concept design in Electrolux Design Lab 2009 competition, which could print a 
multi-material customized meal using a small robotic arm. Philips Design (2010) 
proposed creating a custom- designed food product using food cartridges, and an 
interactive graphical user interface to select ingredients, quantities, shapes, tex-
tures and other properties. Massachusetts Institute of Technology (MIT) intro-
duced a digital gastronomy concept into food printer design and presented three 
conceptual designs. Each conceptual design focused on different aspects of gas-
tronomy from mixing, modelling, to transformation. These concepts seem more 
realistic compared to the previous conceptual designs, but are still far away to be 
technically feasible.

A few printing projects have been carried out (Cohen et al. 2009; Hao et al. 2010; 
Lipton et  al. 2009). For example, NASA (National Aeronautics and Space 
Administration) has award a Small Business Innovation Research (SBIR) Phase I 
contract to System and Materials Research Consultancy of Austin, Texas to develop 
a 3D printed food system for long duration space missions (NASA 2013). To obtain 
fully grown healthy snack, Chloé Rutzerveld (2014) created the concept of Edible 
Growth, where a mixture of seeds, spores and yeast is printed in the shape, and this 
structure grows organically and naturally over the course of 3–5 days.

As shown in Fig. 26.1, the current food printing process starts with designing a 
virtual 3D model. Slicing software translates this model into individual layers and 

Fig. 26.1 Overview of 3D food printing process
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finally generates machine codes for printing. After uploading the codes into a printer 
and choosing a preferred food recipe, the food printing starts.

Food printing process creates food pieces in a layer-by-layer manner, which does 
not require a high energy source to completely remove liquid ingredients from food 
composition. Fabricated layers do not need to be completely solidified, but require 
sufficient rigidity and strength to support its own weight and the weight of subse-
quent layers without a significant deformation or shape change.

26.1.2  Motivation

Food printing can support customized food design and personalized nutrition, and 
provide sustainable food supply. It can also be applied as a prototyping tool in new 
product development. The printed food pieces with customized shapes can be used 
to teach shape, taste, color and design in early child education. Printed foods with 
personalized nutrition are also very helpful for elderly people with swallowing or 
chewing difficulties (Kira 2015). These motivations are further discussed as 
follows.

26.1.2.1  Customized Food Design

Food manufacturing techniques are mainly developed for mass production, while 
creativity on shapes, structures and flavors are usually compromised. Customized 
food involves specifically hand-made skills with low production rate and high cost. 
Food printing technologies target to replace such traditional operation by providing 
a platform to experiment food design on shapes, colors and flavors automatically. 
More design solutions are generated such as customized chocolate shaping (Causer 
2009; Zoran and Coelho 2011), and personalized full-color images onto solid food 
formats (Golding et al. 2011). Figure 26.2 shows printed biscuit samples fabricated 
by our group at the National University of Singapore using materials such as flour, 
butter, sugar and egg white.

The quality of fabricated food products depend on the fabrication process rather 
than operator skills. Besides, complex food pieces can be produced in a single process. 

Fig. 26.2 Customized food design and fabrication samples at the National University of Singapore
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As such, production can be easily synchronized with customer demands. The need for 
warehousing, transportation, and packaging can be reduced significantly.

26.1.2.2  Personalized Nutrition

Besides existing nutritional preferences, the concept of personalized nutrition care 
according to a person’s dietary needs, allergies, or taste preferences is on the 
research agenda of food industries (Watzke and German 2010). Studies have 
shown that individuals respond differently to various nutrients, and they may ben-
efit more or less for particular dietary components. Only personalized nutrition 
can meet the needs and preferences in terms of individual’s health status and body-
type requirement. Netherlands Organisation for Applied Scientific Research 
(TNO) has suggested printing customized meals for seniors, athletes, expectant 
mothers through varying food component levels like protein and fat (Gray 2010). 
Elderly people suffering from dysphagia have trouble chewing and swallowing 
food. These elderly people typically get their meals in the form of an unappealing 
milkshake of pureed chicken and broccoli, and lead to loss of appetite and mal-
nourishment. Serizawa et  al. (2014) developed a 3D edible gel printer using 
syringe pump and dispenser to make soft food for the elderly who cannot swallow 
food well.

Under the traditional food supply chain, foods with personalized nutrition are 
produced with additional cost. Marketing and distributing such foods may not be 
financially viable. From a technical perspective, foods with controlled ingredient 
formulation will be much more challenging to produce (de Roos 2013). Food print-
ing can personalize nutrition through controlling the amount of food to be printed, 
and/or ingredients design. This can be achieved using food printers in house or 
service store, thus the additional cost for distribution is minimized.

26.1.2.3  Food Supply Sustainability

An increase of global population results in growing demand for food. Alternative 
ingredients extracted from algae, fungi, seaweed, lupine, and waste from the current 
agricultural and food production can be utilized as printing materials in the future. 
Using other advanced technologies, these food materials can be scaled down to a 
greater extent, and fed into food printers to fabricate novel taste and texture food 
pieces. This progress may also ease the growing demand for food production in an 
environmentally friendly and efficient manner.

In short, food printing can help move people toward alleviating starvation in 
some parts of the world and prompt healthy and natural side of manufactured food. 
However, some people are very conservative to the fabricated food pieces, and sus-
pect that applying advanced manufacturing process may lead something unnatural 
and unhealthy.
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26.1.2.4  Prototyping Tool for Small Batch Production

In the food industry, consumer demands on improving food safety, shelf life, nutri-
tional value, and reducing wastage, create a complicated scenario for food product 
design. The food industry preferred to re-developing the existing products with 
incremental changes, rather than creating a radical change in products (Winger and 
Wall 2006). This apparently ‘safe’ approach perpetuates the problem of a high food 
product failure rate at around 75% (Stewart-Knox and Mitchell 2003). To improve 
the communications between food scientists, food engineers, marketing people, dis-
tributors and consumers during the product development stage, food producers need 
to explore ingredient combination and fabricate new design samples. However, it is 
always difficult to find suitable equipment with simple design and reliable perfor-
mance for a small batch production. A promising solution is to further develop food 
printer as a prototyping tool to conduct small batch production in a cost effective 
and time efficient way. It can help to fully understand comprehensive technical 
requirements, explore ingredient combination, taste and mouthfeel prior to starting 
mass production. The fabricated food products may be used to verify consumer 
interest in a proposed design, and ingredient stability of specific designs. This could 
also help filter out a large number of design candidates that do not meet the require-
ments in a short time at acceptable cost.

26.1.3  Food Printing and Robotics-Based Food Manufacturing

Food processing often requires rapid and repetitive movements, thus applying auto-
mation in a food manufacturing process can improve its efficiency and the resultant 
food quality. Both food printing and robotics-based manufacturing can automate a 
food preparation process and reduce human workload, yet they create totally differ-
ent user experience. The former places users’ creativity and control at the center of 
the process by allowing the users to manipulate food forms and materials directly, 
and the latter aims to reduce human involvement and workload by automating vari-
ous manual processes.

Robotics-based technologies have been designed to replace labor-intensive oper-
ations, to automate individual steps or replace manual operations in household, food 
catering service and food manufacturing industries. For example, baking cookies 
robots can locate ingredients, mix them in a correct order, and place the resulting 
dough in a baking tray (Bollini et al. 2011). Motion libraries embedded into these 
robots can perform cooking tasks, through basic actions such as picking up an 
object, putting it down or pouring (Beetz et al. 2011). These technologies changed 
the way of food producing, improve food preparation efficiency, but had very little 
relevance to nutrition control and customized fabrication.

Food printing is a digital food fabrication process integrating 3D printing and 
digital gastronomy technique to manufacture food pieces. It allows users to design 

J. Sun et al.



731

and fabricate food with customized color, shape, flavor, texture and even nutrition. 
As a result, our eating experiences can go beyond taste to encompass all aspects of 
gastronomy such as food preparation, culture, economy, physics and chemistry (van 
Bommel and Spicer 2011). While, the efficiency of current food printers is too slow, 
and cannot meet consumer requirements.

Engaging consumers is also emphasized in food printer design, i.e. a convenient 
and friendly interaction between consumers and machines. Burritobot (2014) 
extruded customizable amounts of Mexican ingredients onto a pre-made tortilla to 
a user’s taste, which might become a perfect way for the fast food industry to save 
manpower cost, improve service efficiency and reduce consumer waiting time. 
Consumers in Japan may order chocolates made from a 3D scan of their face for 
Valentine’s Day (Gorkin and Dodds 2013).

Table 26.1 gives a comparison of recipes for cookies, chocolates and sugar cubes 
between food printing and robotics-based food manufacturing. The basic ingredi-
ents of cookies are quite similar including flour, sugar, egg and butter. It is the same 
case for the sugar cube recipes. For robotics-based chocolate manufacturing, raw 
materials such as cocoa, cocoa butter, full cream milk, and sugar are used for pro-
cessing. However, commercial chocolates are utilized in printing.

Substantial efforts have been made to pre-process materials suitable for printing, 
and improve their thermal stability for post-processing. Hence, the recipes used in 
printing would have to be slightly different from traditional recipes (Lipton et al. 
2010). Ingredients even with well-known material properties needed be tailored for 
each printing application. In ChocALM machine, formulations of chocolate were 
modified to meet the rheological and post-deposition fusion requirements during the 
development (Hao et al. 2010). These modified recipes may have commercial value 
in the near future, hence not much details are released in publications. Meanwhile, 
researchers from TNO had started to explore more fundamental topics such as 
 converting ingredients into tasty products for healthy and environmental concerns 
(van Bommel and Spicer 2011).

Table 26.1 Comparison of recipes in food printing and robotics-based food manufacturing

Food printing Robotics-based food manufacturing

Cookies Printable sugar cookies: Flour, 
powdered sugar, egg yolk, unsalted 
butter (Lipton et al. 2010)
Snowflake-shaped sugar cookies: 
All-purpose flour, granulated sugar, 
unsalted butter, egg and egg yolk, salt, 
vanilla extract (Bosker 2013)

Afghan biscuits: Flour, sugar, butter, 
cocoa powder, cornflakes (Bollini et al. 
2011)
Quick’N easy sugar cookies: all-purpose 
flour, sugar, eggs, vegetable oil, vanilla, 
granulated baking powder, salt (Bollini 
et al. 2011)

Chocolate Cadbury milk chocolate (Hao et al. 
2010)

Cocoa and cocoa butter, full cream milk, 
sugar, special flavoring, emulsifier 
(Gunstone and Padley 1997)

Sugar 
cubes

Sugar, sweet and sour flavored candies, 
and milk chocolates (3D Systems 2013)

Sugar, food colorings, aromatic herbs and 
spices (Labau 2014)
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26.2  Materials and Recipes

26.2.1  Available Printing Materials

The available materials for food printing can be classified into three categories: 
natively printable materials, non-printable traditional food materials and alternative 
ingredients.

26.2.1.1  Natively Printable Materials

Natively printable materials like hydrogel, cake frosting, cheese, hummus and choc-
olate can be extruded smoothly from a syringe (Cohen et al. 2009). Final products 
are fabricated with diverse taste, nutritional value, and texture. However, none of 
them are served as a main course in meals.

Some of these natively printable materials are stable enough to hold the shape 
after deposition. For example, the mixture of sugars, starch, and mashed potato was 
used as powder materials in Z Corporation powder/binder 3D printers (Southerland 
et al. 2011) to fabricate sugar teeth. The fabricated teeth were strong enough without 
further post processing. Other composite formulations such as batters and protein 
pastes may require a post-cooking process (Lipton et al. 2010), resulting in fabri-
cated structures difficult to retain their printed shapes.

26.2.1.2  Non-printable Traditional Food Material

Printability tests for traditional food materials were judged by viscosity, consistency 
and solidifying properties (Fabaroni 2007), and the most successful printable mate-
rial was pasta dough. Food like rice, meat, fruit and vegetables, largely consumed 
by people every day, are not printable by nature. To enable their capability of extru-
sion, adding hydrocolloids in these solid materials has been utilized in many culi-
nary fields. Although some solid and semi-solid foods have already been manipulated 
to become printable by gastronomic tricks, it is difficult to test and modify the 
whole list. One potential solution is to create an element set using a small group of 
ingredients which can generate a high degree of freedom on texture and flavor. 
Cohen et al. (2009) investigated on fine tuning concentration of hydrocolloids (xan-
than gum and gelatin), and achieved a very wide range of textures (i.e. 
mouthfeels).

After printing process, the majority of traditional edibles need post-deposition 
cooking, such as baking, steaming or frying. These processes involve different lev-
els of heat penetration and result in non-homogenous texture. Lipton et al. (2010) 
experimented on modifying cookie recipes for both printing and post-cooking. They 
managed to find one recipe which can print 3D models with complex internal geom-
etries and retain their shape after deep frying.
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26.2.1.3  Alternative Ingredients

Alternative ingredients extracted from algae, fungi, seaweed, lupine and insects, are 
novel sources for protein and fiber. In the ‘Insects Au Gratin’ project, insect pow-
ders mixed with extrudable icing and soft cheese were used as printing materials to 
shape food structures and make tasty pieces (Southerland et  al. 2011). Residues 
from the current agricultural and food processing can be transformed to biologically 
active metabolites, enzymes, and food flavor compounds (Silva et al. 2007; Nikitina 
et  al. 2007), as sustainable and eco-friendly printing material sources. Available 
food processing technologies can further scale down the size of alternative food 
material molecules, create more particles for an overall greater surface area, and 
improve food nutrition absorption and stability. Briefly, introducing alternative 
ingredients into food printing would aid in developing healthier (e.g. low-fat) food 
products.

26.2.2  Printing Recipes

Based on these available food materials, printing recipes can be categorized into 
element-based recipe printing and traditional recipe printing.

The element-based recipe printing uses a standard set of dispensing elements to 
control the taste, texture, flavor and nutrition of fabricated food pieces. The ele-
ments mentioned here refer to ingredients. This method was proposed in 
Massachusetts Institute of Technology (MIT) conceptual designs on Virtuoso Mixer, 
Digital Fabricator and Robotic Chef (Zoran and Coelho 2011), and a few other pro-
totype designs. Cohen et al. (2009) used a small group of ingredients to print solid 
and semi-solid foods. In their study, a wide range of textures could be achieved by 
fine tuning hydrocolloid concentration and combination, and the flavor could be 
tuned by using concentrated flavoring additives. van Bommel and Spicer (2011) 
extracted basic carbohydrates, proteins, and other nutrients from algae or insects 
and mixed them together in varied proportion to print something resembling steak 
and chicken. Such printing recipes would be an eco-friendly and sustainable solu-
tion to deal with a growing demand for food.

The traditional recipe printing works on modification of existing recipes for cus-
tomized food fabrication. Examples include fabricated food items with complex 
structure from Cornell University’s Fab@Home 3D Printer, customized chocolate 
products from Exeter University’s ChocALM machine, and edible 3D printing 
items from University of the West of England. However, the link between recipes 
and ingredient control has not been built in the current research activities.

A combination of element-based recipe printing and traditional recipe printing 
can support a food design workflow to experiment with diverse recipes. It can easily 
substitute ingredients based on nutritional contents as well as personal and social 
preferences. Leveraging on their highly customizable features and digital fabrica-
tion flexibilities would create an information-driven food culture for healthier life.
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26.3  Food Printing Technologies

Different food printing technologies are developed to process diverse food materials 
from powder form to polymers that vary in flowability. Below is a summary of 
applicable 3D food printing technologies.

26.3.1  Selective Laser Sintering/Hot Air Sintering

Both laser (as in Fig. 26.3) and hot air (as in Fig. 26.4) can be utilized as a sintering 
source to fuse powder particles and form a solid layer. TNO’s Food Jetting Printer 
(Gray 2010) applied laser to sinter sugars and NesQuik powders to build solid 3D 
objects. The sintered material formed the product part whilst the un-sintered powder 
remained in place to support the structure. The CandyFab (2007) applied a selective 
low-velocity stream of hot air to sinter and melt a bed of sugar. The fabrication 
powder bed is heated to just below the material’s melting point to minimize thermal 
distortion and facilitate fusion to the previous layer. The two sintering processes 
offer the freedom to quickly build complex food items in a short time without post 
curing. However, they are only suitable for sugar and fat based materials with 

Fig. 26.3 Selective laser 
sintering

Fig. 26.4 Selective hot air 
sintering
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relatively low melting point, and the fabrication processes as well as machine struc-
ture are complicated as many variables are involved.

26.3.2  Extrusion Based Food Printing

Extrusion is the action to force liquid/semisolid/solid materials through a die opening 
in order to create objects with desired cross sections. The extrusion process in food 
printing starts with loading of material, pushing the material out of the nozzle in a 
controlled manner, moving the material stream according to a predefined path, and 
eventually bonding the deposited layer to form a coherent solid structure. Although a 
range of 3D printing methods have been utilized for food printing, this method is the 
most widely adopted one in commercial machine designs. The ideal target of the 
extrusion-based 3D food printing is to achieve the output of the food extrusion cook-
ing physically with digitalized design and personalized nutrition control.

Table 26.2 summarizes such commercial machine designs in terms of applicable 
materials, extrusion mechanism and printed products. They usually have a compact 
size, and low maintenance cost, but are greatly limited by material choices, long 
fabrication time and delamination caused by temperature fluctuation.

Table 26.2 Comparison of commercial extrusion-based food printing machines

Company Choc edge
Natural 
machines BeeHex Barilla Dovetailed

Machine Choc creator Foodini BeeHex robot 
pizza printer

3D pasta 
printer

Nūfood 3D 
food printer

Technologies HME RTE RTE RTE HFE
Materials Melted 

chocolate
Semi-solid 
material such 
as dough

Dough, sauce 
and cheese

Durum 
wheat, 
semolina, 
water

Sodium 
solution, 
calcium 
chloride

Printhead 
number

Single 
printhead

Single 
printhead

Multi- 
printhead for 
multi-material

Dual- 
printhead 
with the same 
material

Single 
printhead

Extrusion 
mechanism

Syringe Air pressure Air pressure 
with 
multi-output

Air pressure 
with 
dual-output

Syringe

Fabricated 
products

Customized 
chocolate 
objects

Customized 
pizza and 
cookies

Customized 
pizza

Pasta Fruit

Post- 
processing

N.A. Baking Baking Boiling N.A.

Reference Choc creator 
(2014)

Foodini (2014) BeeHex (2016) Barilla 
(2015)

Dovetailed 
(2014)

HME hot-melt extrusion, RTE room temperature extrusion, HFE hydrogel-forming extrusion
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26.3.2.1  Hot Melt Extrusion (HME)

Hot-melt extrusion, also called fused deposition modeling (FDM), was firstly 
described in Crump’s work (1991). In Fig. 26.5, melted semi-solid food polymer is 
extruded from a movable FDM head, solidifies almost immediately after extrusion 
and welds to the previous layers.

Hot-melt extrusion has been applied to create customized 3D chocolate products 
(Causer 2009; Hao et al. 2010). MIT Researchers used hot melt chocolate as a dis-
pensing liquid and developed a functional prototype “digital chocolatier” (Zoran 
and Coelho 2011). In this project, compressed air was applied to push the melt 
chocolate out of chambers for customized candy fabrication. Using the hot-melt 
extrusion method, a ‘3D Food-Inks Printer’ printed 3D color images on an extruded 
base (Golding et al. 2011), while a post-cooking step was required to fuse layers 
together. Over the years, Choc Edge (Choc Edge 2014), Natural Machines (2014) 
and TNO (van der Linden 2015) have utilized HME to build 3D chocolate objects. 
Among them, Foodini from Natural Machines is considered as “microwave oven 
of the future” and an equally important staple in the average kitchen.

26.3.2.2  Room Temperature Extrusion (RTE)

RTE refers to smoothly extruding natively printable materials like dough, cheese, 
frosting, creamy peanut butter, jelly, Nutella and hummus at room temperature 
(Cohen et  al. 2009; Periard et  al. 2007; Millen 2012). RTE has been applied to 
fabricate complex confections with high repeatability, which are difficult to make 
by hand (Periard et al. 2007). Essential carbohydrates, proteins, meat purees and 
other nutrients extracted from alternative sources (algae and insects) have been 
used as printing materials in RTE (van der Linden 2015). This extrusion method 
can fabricate complex confections using a single material with high repeatability, 
which were difficult to make by hand (Periard et al. 2007). The RTE can also be 
applied for pasta printing using classical recipes (durum wheat semolina and 
water), and surface filling on pizza, cookie and graphical decoration (van der 
Linden 2015).

Fig. 26.5 Schematic 
diagram of HME
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26.3.2.3  Hydrogel-Forming Extrusion (HFE)

As shown in Fig. 26.6, HFE is the extrusion of hydrocolloid solutions or dispersion 
into a polymer/hardening/gel setting bath using syringe pipette, jet cutter, vibrating 
nozzle and similar apparatus. In general, gel droplets’ diameter is about 0.2–5 mm, 
and solution temperature control is the key to forming stable shapes in HFE.

This extrusion is critically dependent on the rheological properties of polymer and 
the gel-formation mechanism. In other words, the polymer solution should present 
viscoelastic characteristic first, and then turn into self-supporting gels prior to the 
consecutive deposited layers. HFE has been used in commercial machine designs to 
print intricate food pieces. Serizawa et al. (2014) developed a 3D edible gel printer 
using a syringe pump and dispenser to produce soft foods for elderly people with 
swallowing problems. A UK firm, Dovetailed developed a 3D fruit printer which com-
bined strawberry flavoring with a sodium rich gel, and deposited little spheres into a 
cold calcium chloride solution to create something like raspberry (Molitch-Hou 2014).

In short, many commercial machines are designed using temperature control: HME 
for chocolate printing (Choc Edge 2014), RTE for pizza and pasta printing (Alec 
2015a; Molitch-Hou 2014), and HFE for fruit printing (Molitch-Hou 2014). Some 
even crossed the boundary between RTE, HME and HFE. For example, Bocusini 
plans to control the printer head’s temperature between 20 and 70 °C to print more 
than 30 different pre-filled cartridges under six categories: confectionary products, 
bakery products, snack products, fruit and vegetable products, meat products and dairy 
products (Millsaps 2015). This breakthrough offers a wide range of printable food 
material using a single machine setup, in turn becoming more attractive for both pro-
fessional chefs and home users. It can also apply interchangeable extruders and multi-
printhead to deal with multiple-material food design and fabrication. This empowers 
consumers to take control of food design for the diversity of printing materials.

26.3.3  Binder Jetting

In binder jetting as Fig. 26.7, each powder layer is distributed evenly across the fabri-
cation platform, and a liquid binder sprays to bind two consecutive powder layers 
(Sachs et al. 1992). Before fabrication, a layer of water mist is sprayed to stabilize 

Fig. 26.6 Schematic 
diagram of HFE
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powder material and minimize disturbance caused by binder dispensing. In the edible 
3D printing project, Southerland et al. (2011) utilized sugars and starch mixtures as the 
powder and a Z Corporation powder/binder 3D printer as the platform to fabricate 
customized shapes. Binder jetting offers advantages such as fast fabrication and low 
material cost, but suffers from rough surface finish and high machine cost. In 2013, 
Sugar Lab (3D Systems 2013) used sugar and different flavor binders to fabricate com-
plex sculptural cakes for weddings and other special events. This fabrication adopted 
3D Systems’ Color Jet Printing technology, and the material and fabrication process 
met all food safety requirements. However, food items with high-sugar content and 
little nutritional value may not be attractive, which are often linked to obesity, Type-2 
diabetes and heart disease. This greatly limits this technology’s market potential.

26.3.4  Inkjet Printing

As shown in Fig. 26.8, inkjet food printing dispenses a stream of droplets from a 
syringe-type printhead in a drop-on-demand way for cookie, cake, or pastry fabrica-
tion. De Grood Innovations’ FoodJet Printer ( 2012) used pneumatic membrane 
nozzle-jets to deposit drops onto pizza bases, biscuits and cupcakes. The drops 
fallen under gravity and formed a two and a half-dimensional digital image as deco-
ration or surface fill on substrates.

The current drawbacks of 3D food printing technologies include limited use of 
ingredients and the public’s general preference for traditionally made foods. 
Besides, food safety concerns have greatly limited the applying of technologies that 
involved laser, electron beam and unsafe food additives.

26.4  Platform Design and Configuration

In this section, two types of platform design are compared: specialized food printers 
and universal 3D printers with food printing function, followed by a discussion on 
printing stage configuration.

Fig. 26.7 Powder bed 
binder jetting
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26.4.1  Specialized Food Printers and 3D Printers with Food 
Printing Function

Both specialized food printers and universal 3D printers with food printing function 
are available in the market.

To simplify a development process and shorten its development time, researchers 
have modified open source commercial 3D printers for food printing purpose. The 
Fab@Home system was one of them (Cohen et al. 2009). This machine is not spe-
cifically designed for food applications, but as a universal desktop fabricator com-
patible with food materials. MakerBot was also modified for food printing by 
installing Frostruder MK2 as a printhead (Millen 2012). These universal 3D printers 
with food printing function can help researchers quickly create 3D food shapes and 
investigate food materials’ properties. However, they are applicable to limit materi-
als and cannot support in-depth research.

These universal 3D printers with food printing function are relatively cheap, 
where the food printing is included as an additional feature. There are concerns 
about the general food safety for this type of printers, and it is difficult to certify 
them as safe. For example, bacteria can buildup in the extruder when food gets stuck 
in small cracks and spaces. Most of desktop printers are made of plastics, which 
may emit ultra-fine particles. Such toxic particles can release during the printing 
process and lead to adverse health effects.

The specialized food printers are usually built based on specific require-
ments to support fabrication related researches (Torrone 2007; Hao et al. 2010) 
such as dispensing mechanism, material property and so on. Such printers usu-
ally can give better fabrication performance, but are very expensive. For exam-
ple, Choc Creator II even under a discounted price is about US$3800, and the 
retail price of Foodini is around $1000. The components of these machines are 
fabricated using food safe materials, and are considered safe when being in 
contact with food. A component cleaning process is also designed and imple-
mented to avoid food contamination. For example, Foodini uses a re-usable 
extruder made of stainless steel, and the nozzle is easy to clean either in a dish-
washer or by hand.

Fig. 26.8 Inkjet printing
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26.4.2  Interchangeable Extruders and Multi-Printhead

Both multi-printhead and interchangeable extruders design have applied in food 
printing, which are capable of delivering multi-material fabrication with geometric 
complexity more easily than manual operation. The quality of fabricated food prod-
ucts depends more on the fabrication process rather than operator skills.

The universal 3D printers with food printing function apply interchangeable 
extruders which can be easily switched between polymer printing and food printing. 
For example, FOCUS 3D Printer from byFlow applies interchangeable extruders to 
print PLA, ABS filaments, paste food materials, and chocolate. This 3D printer can 
automatically recognise and adapt its settings to a set of interchangeable extruders 
(Grunewald 2015).

The specialized food printers also use interchangeable extruders to switch among 
food materials. As shown in Fig. 26.9, our group applied interchangeable extruders 
to fabricate multi-material butterfly cookies, where the same dough material with 
different food dyes was used to present multiple materials (Sun et al. 2015). This 
can also be utilized to replace an existing printhead with a continuous inkjet print-
head loaded with food dyes to decorate food pieces, or with special nutrients to 
create functional food.

Multi-printhead design has been used in both specialized food printers and uni-
versal 3D printers with food printing function. To achieve controlled material depo-
sition and distribution, multiple printheads are allocated to print supporting or 
fabrication materials. The data from each layer is directed to a platform controller, 
which activates the associated motors to move the corresponding dispensing head 
and control its feeding rate and deposition area. Printing multi-material from multi- 
printhead is a highly attractive feature which allows switching among material 
sources in a computer control way. The BeeHex 3D printer adapted this design to 
dispense pizza dough, sauce, and cheese individually via multiple nozzles (Garfield  
2016) for personalized pizza making. It can also be applied to test various nutrition/
ingredient combinations in a food product development process or tailor nutrition 
for individual preference.

Multi-printheads need not only multiple motors in the syringe-based extrusion or 
multi-channel output in the air pressure driven extrusion, but also the synchronization 

Fig. 26.9 Food design and 
fabrication samples at the 
National University of 
Singapore: (a) multiple 
material cookies 3D 
model, (b) actual printed 
cookies
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of these printheads’ extrusion processes (Sun et al. 2018). This would greatly increase 
the system design complexity. Customers usually expect these printers to be compact 
and fit inside a bakery or home kitchen. Hence, multi-printhead and interchangeable 
extruders are usually combined together. For a dual-printhead printer, the inter-
changeable extruders design can bring in more flexibility and maximize the diversity 
of printing materials without increasing much on the machine’s complexity.

26.4.3  Printing Stage Configuration

The multi-axis stages used in food printing include Cartesian, Delta, Polar and 
Scara configurations. The advantages and disadvantages of each configuration are 
discussed, including their applications in commercial machine designs. Some key 
factors and considerations on configuration selection are summarized after that.

26.4.3.1  Cartesian Configuration

As shown in Fig. 26.10a, the Cartesian configuration has X, Y, and Z axes for left to 
right, front to back and up and down motion, respectively. It may have a square 
stage moving along Z-axis and a printhead sitting on X-Y axis or a printhead mov-
ing along X-Z axis and a square stage sitting on Y-axis.

Many first generation food printers use this configuration, since a machine with 
this configuration is simpler to design, easier to maintain and calibrate. Examples of 
this Cartesian configuration include Choc Creator (Choc Edge 2014), Foodini 
(Natural Machines 2014), BeeHex Robot pizza printer (BeeHex 2016). Most impor-
tantly, comprehensive software and hardware resources are available to support the 
design and development work under this configuration, such as slicing software, 
printing path planning and dual printhead design. This configuration requires a large 
space for printing operation, thus it is not practical as a consumer end device. The 
moving printhead loaded with food material is also heavy, which compromises 

Fig. 26.10 Food printer configuration
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printing speed and results in a constant jerking motion when printing direction 
changes. It may result in collapse of 3D printed food pieces with large height. Last 
but not least, relatively slow printing speed in the Cartesian configuration is always 
a bottleneck to limit its application in commercial machine designs.

26.4.3.2  Delta Configuration

In Delta configuration as shown in Fig. 26.10b, a circular print stage is fixed, and the 
printhead is suspended above it by three arms in a triangular configuration. The 
number of components in this configuration is less, thus reducing maintenance and 
machine costs. Machines with Delta configuration such as Pinya3 food printer 
(Alcalde 2016) and Tytan 3D delta printer (Krassenstein 2014) are currently being 
developed towards commercialization. Compared with the Cartesian configuration, 
the Delta configuration printers are cheaper and faster, and can fabricate larger vol-
ume food piece in a shorter time period. This configuration is not so precise in posi-
tion control but is sufficient for digitalized food fabrication, which is not so 
demanding on precision. When the printhead loaded with liquid material (such as 
melted chocolate) is moving under faster speed, the acceleration/deceleration may 
cause liquid vibration within the food material feeding unit. Thus, the printing pro-
cess may become unstable. A modified Delta configuration is suggested for liquid 
material, i.e. a fixed printhead with a moving print stage.

26.4.3.3  Polar Configuration

Different from the Cartesian configuration, Polar configuration uses polar coordi-
nates to describe points on a circular grid rather than a square. As shown in 
Fig. 26.10c, a Polar food printer usually has a spinning stage, plus a print head that 
can move up-down to cover Z axis, and left-right to cover X and Y tangentially.

This configuration can achieve a perfect circle, and equal performance for all the 
direction movement with minor mechanical errors and minimum calibration. 
Examples include the XOCO 3d-printer (Michiel Cornelissen Ontwerp n.d), con-
sisting of a rotating build plate and a single pillar, and the TNO food printer (van der 
Linden 2015). This configuration is moving from conceptual stage to engineering 
designs. Machines with this configuration can build a greater volume in a higher 
speed and a smaller space than that of other configurations.

26.4.3.4  Scara Configuration

Selective Compliant Assembly Robot Arm (SCARA) has gained growing interest in 
food manufacturing industries greatly since the implementation of the FDA Food 
Safety Modernization Act (FSMA) in 2011 (Nowak 2015). This configuration is easy 
to build and has been re-purposed for 3D printing. Shown by Fig. 26.10d, it consists 
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of a robot arm moving along the X-Y plane and an additional actuator to move along 
the Z-Axis. “Sanna: the food printer of 2020”, a conceptual design from Columbia 
University (Creative Machines Lab 2016), has applied this configuration to convert 
unprocessed raw, frozen food purees into tasty, cooked and texturized dishes.

26.4.4  Consideration in Configuration Selection

Considering a limited kitchen space and busy lifestyle among urban populations, 
future kitchen devices should be enabled for fast cooking and operated within a 
compact space. Due to these requirements, factors such as the ratio of printed food 
piece volume to printer dimension, fabrication time, machine price, cleaning time 
and maintenance cost become crucial for developing commercial food printers.

An interest on Delta or Polar configuration is growing due to their larger ratio of 
printable food piece volume to printer dimension, faster fabrication time and lower 
cost. Although printing accuracy should be maintained for a reliable and repetitive 
fabrication, it is commonly less demanding in food printing than that in plastic 
material printing. This is quite different from conventional 3D printers, where the 
configuration should be selected to optimize printing accuracy. The flexibility of 
installing multiple-printhead should also be considered, due to the possible involve-
ment of multiple food materials.

Most food printers are modified from the extrusion-based plastic material 3D 
printers. The printable food materials’ density is relatively higher, which increases 
the payload of motors to drive printheads which were originally designed for plastic 
printing. Some designs even place a kitchen dish or oven plates on the printing stage 
to collect the printed food pieces directly. Hence, dynamic and kinematic perfor-
mance should be studied in the configuration selection, which is lacking in the cur-
rent projects.

26.5  Innovation on Food Piece Design

The overall perception of food design covers visual appearance, sense of touch 
(stickiness, roughness, hardness), first bite, chewing, swallowing (flow properties, 
roughness or smoothness), and residual effects on mouth. Traditional food process-
ing technologies mainly use formulation and process parameters to alter food 
design. Food printing provides greater freedom to experiment with designs in a 
manner that was previously impossible. To change mouthfeel, people can print one 
material with different patterns or modify two materials during printing to create 
new patterns. This enables users to do things such as building back the texture of an 
existing food product after changing some key ingredients to upgrade nutritional 
profile, improving the texture of an existing product to become more desirable, and 
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developing new food products with desired texture as part of the overall eating 
experience.

Food designers can also purposely feed macronutrients such as starch, protein 
and fat into the printers, and add appropriate flavors to form appealing textures. 
How to alter food design and fabrication from the perspectives of layer structure, 
appearance, nutrition and formulation is discussed as below.

26.5.1  Layer Structure and Unique Taste

The extrusion-based food printing builds 3D food pieces layer-by-layer, thus produc-
ing a staircase effect on oblique and curved surfaces. This staircase effect can be used 
to create decorative features on printed cookie and chocolate objects. Layer structure 
on pasta models (cubes, moons, and rose shapes) can decorate original designs to 
form unique styles (Alec 2015a). Along a very gradual slope, the layers with staircase 
effect create more artistic visual appearance. Layered structure from complicated 
hexagons and intricately laced patterns fabricated by CocoJet (3D Systems 2015), 
gives consumers endless possibilities for personalizing their chocolates.

This layered structure also creates a new form of chewing experience. One exam-
ple is that, in addition to customized shape, colour and flavor, people chewing 3D 
printed chewing gum can feel its layered texture in their mouths (Alec 2015b).

In taste design, Nūfood Robot can print jelly-like liquid capsules that pack 
intense flavor into unexpected shapes and textures. For example, a jelly looks like a 
strawberry, but tastes like a raspberry (Molitch-Hou 2014). The capsules contain 
only natural ingredients, which can imitate existing fruits and foods, or combine 
them to create completely new tastes. Cohen et al. (2009) has successfully simu-
lated a broad range of taste sensations using two types of hydrocolloids (xanthan 
gum and gelatine).

26.5.2  Formulation Innovation and Uplifted Nutrition Profile

Food recipes with varied formulation and ingredients can impart a variety of tex-
tural experiences. Fat based ingredients can provide lubricity or mouthcoating, 
starch based ingredients can provide viscosity, and protein based ingredients can 
provide gel and a range of textures and nutrition. Cookies loaded with large amounts 
of such ingredients enjoy by a wide range of consumers, especially kids.

Typically, a common shortbread cookie of 12 g composes of fat (¼, 3 g), sugar 
(1/3, or 4 g) and flours (~1/2) (Allrecipes n.d). With obesity and chronic diseases 
being the major health problems of modern society, there is a great need to alter 
such recipes and improve nutritional profiles. In digitalized food printing, the key 
is to upgrade the recipe of existing food products’ nutritional profile by reducing or 
eliminating undesirable ingredients, or replacing them with healthy ingredients 
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(i.e. fiber and micronutrients such as vitamins and minerals). Ingredients such as 
soluble fibre (from oats and barley) and plant proteins can be sourced to replace 
some portion of flours. Natural sweeteners can be introduced to replace sugar. 
Some vegetable oils rich in omega-3 fatty acids (e.g. Chia seed oil and flax seed oil) 
can be attempted to replace certain percentage of fats.

The above described reformulation creates a great challenge, and a compensa-
tion is needed by adding a combination of ingredients so as to maintain a desired 
rheological property suitable for printing, and build back the texture of an existing 
product. Hence, the printed food pieces’ major nutritional profile will be enhanced 
by lowering glycemic load and glycemic index while increasing the contents of 
soluble fiber, protein, and omega-3 fatty acids. FoodJet 3D Printer has used both 
pureed ingredients and gelling agents to mimic dozens of classic meals on their 
taste, whilst creating soft, pureed texture that make it easy for elderly people to 
swallow (Kira 2015).

Furthermore, personalized minor ingredients can be added in the food printing 
such as vitamins, natural colorants, plant extracts with health promotion properties 
(anthocyanins, carotenoids, betanidins, plant polyphenolic compounds), and fat or 
protein based ingredients. These will give diverse colours, texture properties and 
nutritional values to the printed food pieces.

26.5.3  Digitalized Nutrition Control

The growing need for mass customisation and healthier options, as well as calls for 
more efficient use of food resources will drive the global market for 3D food print-
ing. Biometric data about individual health condition and the corresponding com-
plex nutritional recommendations will be available in the near future. Food printing 
is a promising way to bring the benefits of personalized data-driven health to peo-
ple’s kitchen tables by offering a healthy and personalized food choice. The EU 
Personalized Food for the Nutrition of Elderly Consumers (PERFORMANCE) 
project has applied food printing to fabricate customized soft foods with tailored 
nutritional contents for elderly with swallowing or chewing difficulties (Kira 2015). 
Each meal fabricated by FoodJet 3D Printer can deliver not only the specific nutri-
ents and portions to patients on a weekly basis, but also the original dish in appear-
ance and texture, allowing the elderly to enjoy gnocchi, peas, broccoli, carrots and 
so on. This endeavour enriches the 3D printed meal to ensure a well-balanced diet, 
which has achieved positive preliminary results in some EU care homes (Kira 2015).

The food printing mechanism has freedom to portion out materials to virtually fit 
any meal plan such as specific caloric and protein portions. Figure 26.11 displays 
how a food piece’s nutrition may be personalized. The input of the food printer 
includes a 3D design file and a recipe. The volume of this design can be estimated 
using volume counting algorithms. With the information on density and volume, the 
material weight of the printed food pieces is obtained. Following this, the food 
piece’s nutrition can be calculated using the weight, ingredients list and associated 
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nutritional details. Thus, the fabricated food pieces can be digitally controlled to 
adjust the design in terms of size and recipe. The distribution of ingredients and 
their impacts on the texture and construction, and even the accurate effect of 
cooking- related chemical reactions should also be modelled, so as to make foods 
specific to users’ daily nutritional needs.

26.6  Potential Technologies, Challenges and Strategies 
along the Pathway of Commercialization

26.6.1  Potential Technologies

Besides the above-described 3D printing technologies, there is a need to bring in 
more established technologies to further enhance the printing process, such as elec-
trospinning and microencapsulation. They have been embedded into bioprinter 

Fig. 26.11 Nutrition 
control in food piece 
design
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design for structural coating and microsphere fabrication (Xu et al. 2013; Yu et al. 
2014). In food science, the applications of electrospinning and microencapsulation 
include extracting fibers and encapsulating nutrition, thus providing additional 
material sources for printing. The two technologies can also be directly integrated 
into the food printing process through multi-printhead platform, to control fibers 
and nutrition dispensing. This may be a potential way to fabricate on-demand food.

26.6.1.1  Electrospinning

Electrospinning is capable of producing thin, solid polymer strands ranging from 10 
to 1000 nm in diameter. It can generate antimicrobial nanofibers from chitin (Kriegel 
et al. 2009) and biopolymer zein nanofibers to encapsulate beta-carotene (Fernandez 
et al. 2009) for bioactive food packaging.

Electrospinning can produce food materials with controlled size and structure, 
thus generate healthier foods (lower fat, lower salt) with desirable sensory proper-
ties and ingredients with improved properties (Neethirajan and Jayas 2011). It is 
also capable to shape non-traditional food materials under multi-scale into appeal-
ing edible structures.

An integration of electrospinning and food printing may offer a possible all-in- 
one solution to fabricate food products with personalized nutrition, i.e. extracting 
fibers out of materials, encapsulating nutrients, controlling their dispensing volume 
and constructing food structures with a controlled release of the nutrients. Gray 
(2010) proposed using electrospinning to produce multiple food sub-components at 
micro-scale and further assemble them into multi-component composite structures 
for a variety of materials. Micro-scale fibers can provide structure and texture to 
food products with a pleasant taste experience, such as muscle fibers in meat, cel-
lulose fibers in vegetables, citrus fibers in low fat full taste mayonnaise. From tech-
nical perspective, the current challenge is to integrate and manipulate electrospinning 
process in food printing platform.

26.6.1.2  Microencapsulation

Simply adding ingredients to food products can improve nutritional value, but may 
compromise aroma, taste, color and texture. Also, the bioavailability of ingredients 
may suffer due to slow degradation, oxidation and reactions between ingredients 
and other food components. Microencapsulation can pack minerals, vitamins, fla-
vors and essential oils within another material for the purpose of shielding active 
ingredients from the surrounding environment (Gutiérrez and Álvarez 2017; 
Gutiérrez 2018). One of the microencapsulation approaches, electrohydrodynamic 
atomization has been incorporated into bioprinter design to generate double-walled 
microspheres for bioactive drug delivery system (Xu et al. 2013). Integrating such 
technology into food printing can be achieved by using multi-printhead system, 
where at least one printhead generates and dispenses microcapsules in the 
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fabricated food products. This would help fragile and sensitive materials survive in 
processing and packaging conditions, and stabilize the shelf life of active ingredi-
ents, and create appealing aroma release, and taste, odor and color masking. In other 
words, microcapsules containing flavor or nutritional elements would remain dor-
mant in the food and will only be released when triggered by consumers (Dunn 
2004). This method simplifies the current functional food manufacturing process, 
enhances functional ingredient stability (e.g. probiotics and bioactive ingredients) 
and realizes controlled release of flavorings and nutrients.

26.6.1.3  Digital Cooking

The current post-deposition cooking methods do not match with the digital food 
fabrication process. For example, we can print multilayer heterogeneous food pieces, 
but cook them using conventional heating methods. Thus, a digital cooking method 
is definitely required that can precisely and selectively control the food piece heating 
process so as to trigger chemical reactions. The evolution of cooked ingredients can 
change the formation of taste, aroma and color within the food pieces. This can sub-
jectively tune flavors for personal preferences with desirable taste in a repeatable 
way. The reaction products and their spatial distribution in the food pieces can be 
achieved through controlling the intensity and speed of the digital cooking.

As the ingredients are organized in a digitally determined structure, they can 
precisely control the printed food’s taste, flavor, and texture as part of the eating 
experience. However, the influence of post-deposition cooking on the essential con-
stituents of food (carbohydrates, proteins and fat) either singly or in combination is 
not clear. Further studies on how to apply digital cooking to uplift the final products, 
to support health and to design novel textures are needed. This may lead to a more 
advanced concept, which can help develop functional foods and design rational 
food pieces to reduce diet-related diseases.

26.6.2  Challenges

More and more companies and research institutes are working on improving food 
printing technologies, so as to commercialize new digital cooking devices in kitch-
ens, and promote innovative design and healthy life style. While, there are many 
challenges along the way of commercialization.

26.6.2.1  Gap between Consumer Needs and Current Functionalities

The two largest 3D printing companies invested on food printing commercializa-
tion. Stratasys filed patents towards developing a commercial chocolate printer, and 
3D Systems released ChefJet series using the Z-Corp inkjet process to produce 
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chocolate treats from powdered sugar and cocoa. Several startup companies includ-
ing Chocedge and Foodini have pursued to commercialize either 3D printed foods 
or food printers. While, most of these companies or projects are not growing fast as 
people expected before. The low fabrication efficiency and lack of healthy food 
concepts place their efforts in an unfavorable circumstance.

Food printers may potentially be used at home, small scale food production at 
shops, restaurants, bakeries, and industrial scale food production. The purchase 
consideration for home users includes selling price, maintenance cost and time, 
functionalities and convenience. The current machines have limit functions, but 
require preparing additional food materials or purchasing pre-made food capsules, 
which actually increases time, cost and steps to make daily meal.

Food printers have been used in restaurants or high-end kitchens as chef assis-
tant, to perform repetitive tasks, such as creating uniquely-shaped desserts or appe-
tizers, and to help prepare meals and speed up the preparation process. Small 
bakeries may also benefit from these machines to produce decorating food items 
partially and fully in an automatic way. In this case, the printing efficiency and 
capabilities to produce geometric complex 3D shapes for artistic presentation and 
diverse textures become critical under a simple maintenance and adjustment proce-
dure. Till now, no machines designed for industrial scale have officially been 
released. Such a printer is expected to have a large printhead array to produce hun-
dreds of food pieces at the same time with low cost and high reliability.

Another challenge on the pathway of commercialization is the long fabrication 
time which includes printing time, material pre-process and product post-process 
time. Some food materials need longer waiting time to cool down for successive 
layer printing. With the target of approaching market service, the new generation 
printers should not only save time on styling, but also cut down the time taken dur-
ing the printing process. For example, the commercial pizza printer BeeHex, 
launched in 2016, has an average fabrication time of 4 min, while it would take a 
human 9 min to perform the same task (Chew 2016).

Besides, the cost of 3D printed food products is the key factor to influence pur-
chase. It includes expenses associated with printing platforms (hardware and soft-
ware) and printing materials, labor cost, operation cost, and general overhead for 
maintaining the production facility. The current price of commercial food printing 
platforms is at least a few thousand dollars (3D Systems 2013; Choc Edge 2014), 
which is too high as a consumer product in terms of fabrication capabilities. In addi-
tion, consumers need to purchase printing materials from the platform companies 
which are more expensive than that of the similar materials in the market.

26.6.2.2  Issues from Food Material Property and Processing Technologies

For digitized recipes used in food printing, an accurate selection of materials with 
appropriate physical, chemical, rheological and mechanical properties are essential. 
The food printing process can be affected by specific gelation mechanisms (cross-
linking) and thermal properties (melting point and glass transition temperature), 
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material particle size distribution, bulk density, wettability and flowability. The food 
material properties vary among batches and suppliers. Besides, the rheology of the 
same dough material may vary when adding edible dyes. Food materials prepared 
for printing have an extremely limited shelf life, and their rheology may tend to shift 
with time. However, the current studies have not addressed these issues.

Even theoretical and experimental models can be established to explore the rela-
tionship among the food printing process, material composition, and printhead 
design, it is not cost effective to calibrate the diverse material choices. This issue 
becomes another bottleneck to develop food printing materials and recipes.

Either as a household device or industrial food processing machine, a future food 
printer should be able to replace current multi-step food processing technologies. 
While, conventional food processing technologies are unlikely to fit into a food 
printing process directly. Reformulating food manufacturing processes is essential, 
such as pre-conducting some processes (e.g. gluten formation and leavening) and 
replacing remaining processes (e.g. shaping and baking). Conceptual designs focus-
ing on mixing, modelling and transformation processes may create new food pro-
cessing technologies (Zoran and Coelho 2011). Besides, food materials’ mechanical 
and thermal properties, biological variation, microbiological and biochemical prop-
erties place additional limitations on handling and processing. Hence, process refor-
mulation and material processing will shape future printer design.

Ingredient formulations with varied combinations and manipulation conditions 
can generate various textures in products, which may go beyond a manageable 
level. A simulation model should be built to digitalize this process, including data 
quantification for each process (e.g. ingredient metering and mixing, printing, bak-
ing and so on), communication protocols between different functions or processes, 
and process predictions. Embedding such a model into food printer design can digi-
tally visualize the printing process and increase consistency in the printed products. 
However, these topics have not been explored yet.

26.6.3  Strategies on User Interface Design

Various user interfaces have been developed consisting of 3D model design, material 
selection, path planning, processing parameters selection, and template library. Efforts 
have also been spent to develop an open-access web-based template library for food 
design innovation (Lipton et al. 2010; Malone and Lipson 2007). With such user inter-
face, customers should be able to design their own food pieces, obtain design files 
online or share their designs on websites for others to download and modify.

The current consumer user interface for food printing is pretty straightforward. It 
takes input from Computer Aided Design (CAD), and relies on a CAD model to 
plan and construct food pieces. While most consumers are not capable of creating 
designs using professional CAD software. To prompt the usage of 3D Systems’ 
ChefJet series, Digital Cookbook software has been designed for users who are not 
familiar with 3D modeling software (Quick 2014).
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As shown in Fig. 26.12, this interface is expected to (1) transform designs into 
a digital 3D model with printing pathway planning and processing associated 
parameters, and (2) obtain or share design files online through a technology ser-
vice provider. This interface should also be able to demonstrate the aesthetic style 
of the food piece, and assist fine-tuning the quantity of final products and distri-
bution of ingredients prior to constructing. A growing number of makers, aca-
demics and startups have been playing with the idea of interactive user interface 
design for food printers. In the Burritobot printer (2014), consumers can play 
with sliding scales embedded in the app to calibrate the exact amount of each 
ingredient on the burrito via iOS app or a Ruby-based web app. In the near future, 
web/iOS interfaces will move to the next level by letting consumers create their 
exact meal via proxy.

Besides engaging consumers in food design and diet control, the user interface 
should support the value chain as shown in Fig. 26.12. The target is to facilitate 
ordinary users to transmit their designs to the service bureau, handle the ingredients 
sourcing from suppliers for printing preparation, and eventually arrange delivery 
services. This may radically alter food production practices by enabling companies 
to manage resources more responsibly and reduce waste across the food continuum, 
including food processors, distributors and consumers.

26.7  Conclusion

3D food printing has demonstrated its capability of making personalized chocolates 
or producing simple homogenous snacks. Currently, these applications are still 
primitive with limited internal structures and monotonous textures. It is necessary 
to develop a systematic way to investigate recipes, platform design, printing tech-
nologies and their influences on food fabrication. Food printing technology can 
manipulate food forms and materials in domestic cooking or catering service, 
which will allow efficient delivery of high quality, freshly prepared food items to 
consumers. It can also deliver personalized nutrition, new flavors, textures and 
shapes of food products.

Fig. 26.12 Schematic diagram of food design and fabrication service
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With the development of an open web-based media interface, food printers may 
form an ecology of networked machines that can order new ingredients, prepare 
favorite food on demand and even collaborate with doctors to develop healthier diets.
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Chapter 27
Sensors Based on Conducting Polymers 
for the Analysis of Food Products

Constantin Apetrei, Mateus D. Maximino, Cibely S. Martin, 
and Priscila Alessio

Abstract Quality and safety have become important food attributes within the last 
years. With the expansion of food industry and food fabrication on a big scale is not 
infrequent to found adulterant and contaminant on food, i.e. of harmful chemicals 
and microorganisms, which can cause consumer illness. Increasingly, the public 
authorities are charging the food industry to develop quality management systems 
and restructure the food inspection system to improve food quality and safety. 
However, contamination can be taking place during all steps of food manufacturing. 
For instance, even during storage, the products can experience a significant degrada-
tion in quality due to a variety of physical, chemical, and biological interactions. 
Consequently, fast and inexpensive ways to control the food freshness, contamina-
tion or adulteration are requested to keep the quality control. Thus, there is an 
increasing demand for analytical methods easily operate with highly sensitive, 
selective and accurate for determining compounds in foods in general. We present 
here a review about conducting polymers and their application on the development 
of electrical and electrochemical sensors for detection of contamination or adultera-
tion in food samples.
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27.1  Introduction

27.1.1  Conducting Polymers: A General Approach

Organic polymers are generally electrical insulators, but the conductive polymers 
behave in the exact opposite way, being able to displace a flow of electrons or ions 
in an ordered way to the length of its structure resulting in electronic or ionic con-
ductivity. Conducting polymers are a class of materials relatively new but also of 
such importance that culminated in the Nobel Prize of Chemistry of the year 2000 
for Alan J. Heeger, Alan MacDiarmid, and Hideki Shirakawa by the discovery and 
the development of electrically conductive polymers. The first report about conduct-
ing polymer was published in 1977 (Shirakawa et al. 1977a). They described “When 
silvery films of the semiconducting polymer, trans ‘polyacetylene’, are exposed to 
chlorine, bromine, or iodine vapour, uptake of halogen occurs, and the conductivity 
increases markedly (over seven orders of magnitude in the case of iodine) to give, 
depending on the extent of halogenation, silvery or silvery-black films, some of 
which have a remarkably high conductivity at room temperature”. Thenceforth, a 
great deal of work has been done studying the synthesis and development of new 
conducting polymers, its characteristics, and applications in several areas. 
Nowadays, the main conducting polymers are the polyaniline, polypyrrole, PEDOT, 
and polythiophene. Other polymers play a minor role as compared with the poly-
mers mentioned above are poly(o-phenylenediamine), polycarbazole, polyindole, 
polyfurane, and polyphenazine (Inzelt 2017). In addition, azines derivatives (dyes), 
like phenothiazines, phenoxazines and phenazines (Malinauskas 1999; Thiemann 
and Brett 2001; Schlereth and Karyakin 1995), have also been used as conducting 
polymers due to charge transfer properties.

Since the very beginning of this research field, a major point was the quest for 
useful applications of the conducting polymers. The advantages of using conducting 
polymers are based on the inexpensive, easy to synthesize and versatility due to 
their properties can be readily modulated by surface functionalization techniques 
and the use of a wide range of molecules that can be entrapped or used as dopants. 
Nowadays a wide range of application in biological areas as drug delivery systems, 
bioactuators, and tissue engineering has increased (Ravichandran et  al. 2010). 
Besides, the research and development of high-performance energy devices based 
on conducting polymers have grown with the high demand for electricity, once one 
cannot imagine the everyday life without electricity which includes the electro-
chemical power sources (Inzelt 2017). As important as the applications cited above, 
the rapid growth of the human population claims for rapid techniques to the disease 
diagnosis and food quality assessment, which are essential role developed by sen-
sors and biosensors (Kausar 2017).

In this chapter, we review and discuss the synthesis and the main techniques to 
the fabrication of electrochemical sensors and biosensors based on conducting poly-
mers for the analysis of food products.
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27.1.2  Classification of Conducting Polymers

It may be considered that there are two classes of polymeric materials that can con-
duct electricity:

• extrinsically conducting polymers
• intrinsically conducting polymers

As described above, the extrinsically conducting polymers are conventional 
insulating polymeric materials, whose conductivity increases by several orders by 
incorporating certain conductive particles in their mass (metallic powders or con-
ductive fibers, carbon black, graphene, etc.). Conductive composite materials have 
recently been obtained, in which an intrinsically conducting polymer is dispersed 
over an insulating matrix (Dai 2004).

On the other hand, intrinsically conducting polymers can conduct electricity, a 
property that is inherent to the chemical structure of the material. The most com-
monly encountered polymers belonging to this category are polyacetylene, polypyr-
role, polythiophene, and polyaniline, which have sp2 hybridization carbons on the 
main chain. This hybridization creates conjugated double and simple covalent bonds 
between the component atoms of the polymer’s main chain (Thanh-Hai et al. 2017).

This class of conducting polymers comprises the following types:

• redox-center polymers;
• electroactive ion-counter ion changing polymers;
• polymers with coordination centers for metals with redox properties;
• conjugated chain polymers.

In the first three categories of polymers, electricity is conducted by combining 
reactions of exchanging electrons between neighboring atoms that are oxidized or 
reduced and the side redox groups, by mechanisms of diffusive type. These mecha-
nisms of electronic conductivity are due to the concentration gradients between the 
oxidized and reduced atoms as well as the electric potential gradients.

The fourth group contains the conjugated chain polymers, with alternate double 
and single bonds, which have been called organic conducting polymers or more 
simply conducting polymers, among which the previously mentioned polyacety-
lene, polypyrrole, polythiophene, polyaniline and their derivatives. In these materi-
als, load transport is due to the delocalized defects on the main chain, generated by 
doping the polymer backbone (Taylor et al. 2012).

A classification of conducting polymers may also be performed according to 
their chemical composition. The conductive properties may be achieved in various 
manners, by conjugating the unsaturated carbon atom chains, the carbons, and the 
heteroatoms, or even the heteroatom chains (Bunting et al. 1997). Figure 27.1 shows 
a classification of the various types of conducting polymers.

The most common conducting polymers are the polyvinylenes, polyarylenes, 
and polyheterocycles. Polyvinylenes have good thermal stability and electric con-
ductivity. Poly (p-phenylenes), polyazulenes and poly-(phenylene vinylenes) belong 
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to the family of polyaromatic polymers. Poly(p-phenylene) was the first non- 
acetylenic polymer showing high conductivity in a doped state. Many polyheterocy-
clic polymers may be added on the list of organic conducting polymers, such as 
polypyrrole, polythiophene and polyfuran, all with a five-atom cycle, out of which 
one is a heteroatom, such as nitrogen, sulfur or oxygen (Khan et al. 2018)

Polypyrrole and its derivatives have received a lot of attention due to its rela-
tively easy synthesis, good chemical and thermal stability, and high conductivity. 
Phene and its derivatives have a high chemical and electrochemical stability in 
both doped and undoped state. Polyaniline is also an organic polymer with good 
stability and excellent conductive properties, which may be controlled by doping it 
with hydrogen ions. The alteration of the physical and electrical properties was 
also achieved by the synthesis of numerous copolymers of these monomers 
(Sahmetlioglu et al. 2009).

27.1.3  Synthesis Methods of Conducting Polymers

The most common synthesis methods of conducting polymers are:

Directly catalyzed synthesis: the method was developed by Shirakawa in 1977. The 
inner wall of a glass recipient is coated with a Ziegler-Natta catalyst (derivatives 
of aluminum alkyl and titan halogenides), and then an acetylene flux is passed 
over it, leading to the formation of a film of bright silvery polyacetylene, due to 
a catalyst excess (Shirakawa et al. 1977b).

The chemical oxidation of the monomer: an oxidant is added in a monomer solu-
tion, whose potential corresponds to the monomer oxidation potential, such as 
Fe3+ in pyrrole solutions, resulting in the formation of a black polypyrrole pre-
cipitate, or ammonium persulphate in acid aniline solution, yielding polyaniline 
(Upadhyay and Ahmad 2010).

Fig. 27.1 General classification of conducting polymers
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Electrochemical oxidation: it is a method similar to chemical oxidation, by a hetero-
geneous process, taking place on the surface of an electrode (Labaye et al. 2002).

Plasma oxidation: in this case, generating plasma initiates polymerization on the 
modifying surface (Berndt et al. 2017).

Out of precursor polymers: a precursor polymer is used, which is usually a soluble 
one, applied to the desired surface. It breaks down by heating, resulting in a gas-
eous molecule and an insoluble conducting polymer (Uemura et al. 2013).

There are also other less used methods, such as photoinitiated polymerization, 
condensation polymerizations, synthesis in the inverse emulsion, or oxidizing the 
monomer with a cathodically generated intermediary during the reduction of the 
dissolved O2 (Wan 2009).

27.1.4  Doping of Conducting Polymers

The doping phenomenon is the only and most important characteristic that distin-
guishes conducting polymers from other types of polymers. During the doping pro-
cess, an insulating or semiconductive organic polymer with low conductivity, 
usually in the range of 10−10–10−5 S ×  cm−1, turns into a polymer which is in a 
metallic conduction regime (approx. 1–104 S × cm−1). The strictly controlled addi-
tion of nonstoichiometric amounts of chemical substances leads to major changes 
in the polymer’s electric, magnetic, optical and structural properties. Doping is 
reversible, as the initial polymer can be recovered without or with minimal degrad-
ing of the polymer’s backbone. Both the doping and the undoping process presup-
pose the use of counter ions stabilizing the doped stage of the polymer, and the 
processes may be performed chemically or electrochemically. There are also transi-
tory doping methods which do not presuppose the introduction of doping ions 
(Macdiarmid and Epstein 1995).

By controlling the doping level, one may easily obtain polymer conductivity, 
between the undoped form (insulating or semiconducting polymer) and the com-
pletely doped form (highly conducting polymer). Various types of conductive wires 
and plates may be manufactured by mixing a conductive (doped) polymer with a 
conventional (insulating) polymer, and their conductivity may be adjusted by vary-
ing the relative proportions of each polymer in the mixture (Skotheim et al. 1995). 
The conductivity reached by a conducting polymer has raised an infinity of times 
when the superconductivity of regioregular poly-3-hexylthiophene was found, 
although this phenomenon was obtained only in a very thin polymer layer at very 
low temperatures (about 2K) (Bard and Rubenstein 1996).

Before discovering the protonic acid doping of polyaniline, during which the 
number of electrons associated to the polymer’s backbone remains unchanged, all 
conducting polymers were doped by redox methods. The latter presupposes adding 
or removing electrons in the π system of the main backbone by processes of oxida-
tion or reduction (Sapurina and Shishov 2012).
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Ever since polyacetylene was discovered in 1977, which may be p or n doped by 
chemical or electrochemical methods up to the metallic state, the development of 
conducting polymer field has evolved at a fast pace, leading to the discovery of a 
wide range of conducting polymers and their derivatives.

In the doped state, the backbone of a conducting polymer is a delocalized π sys-
tem. In the undoped state, the polymer may have a conjugated backbone, main-
tained in a modified form after doping, or an unconjugated backbone. An example 
is polyaniline in the basic form leucoesmeraldine, which only becomes conjugated 
after p-type doping, or an unconjugated structure as in the basic emeraldine form of 
polyaniline, which only becomes conjugated after proton doping.

27.2  Redox Doping

All conducting polymers may undergo transformations after redox doping of the p 
and n-type, by chemical and/or electrochemical processes during which the number 
of electrons associated to the polymer’s backbone is changed (Shirakawa et al. 1977b).

27.2.1  The p-Type Chemical and Electrochemical Doping

The p-type doping, which is partial oxidation of the backbone with conjugated π 
bonds of an organic polymer, was first discovered by treating trans-polyacetylene 
(trans-(CH)x) with an oxidizing agent such as iodine. The chemical process taking 
place, in this case, is shown in Fig. 27.2.
This process leads to increasing conductivity from about 10−5 S × cm−1 to about 
103 S ×  cm−1 if the polymer, before doping, has a strictly unidirectional orderly 
structure. Under optimum circumstances, the conductivities that may be obtained in 
parallel to the ordering direction are higher than 105 S × cm−1.

About 85% of the positive loads are delocalized more than 15 CH units, with the 
formation of a positive soliton. The delocalized structure of a positive soliton may 
be seen in Fig. 27.3.

Similarly, the p-type doping may also be performed by anodic electrochemical 
oxidation. The processes is based on the immersing of a trans-(CH)x film in an elec-
trolyte solution, dissolved in an organic solvent, and attaching it to the positive pole 
of a continuous current source, the negative pole being attached to an inert electrode 
immersed in the same solution. The process taking place in the case of using LiClO4 
as electrolyte is seen in Fig. 27.4.

trans-(CH)x + 1,5xy l
2

CHy+(l3)y x
Fig. 27.2 Iodine doping of 
trans-polyacetylene
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27.2.2  The n-Type Chemical and Electrochemical Doping

The n-type doping, i.e. the partial reduction of the conjugated backbone of an 
organic polymer, was also discovered by treating trans-(CH)x with a reducing agent, 
like for instance sodium naphthalene. The process that takes place is seen in 
Fig. 27.5.

Through this process the π anti-bond system is partially populated with elec-
trons, resulting in a conductivity increase up to approx. 103 S × cm−1.

The n-type doping may also be performed by cathodic electrochemical reduc-
tion, by immersing a film of trans-(CH)x in a LiClO4 solution, dissolved in tetrahy-
drofuran, and attaching to the negative pole of a continuous current source, while 
the positive pole is attached to an inert electrode immersed in the same solution. The 
process may be seen in Fig. 27.6.

All the n- or p-type doping processes achieved by chemical and electrochemical 
procedures discovered for polyacetylene and other conducting polymers involve 
doping counter-ions that are introduced in the polymer matrix to the purpose of 
stabilizing the load of the polymer backbone. The existence of the electrically 

Fig. 27.3 Delocalized structure of a positive soliton

trans-(CH)x + (xy)(ClO4) CHy+(CIO4)y x
+ (xy)e

Fig. 27.4 The electrochemical doping process of trans-polyacetylene with LiClO4

trans-(CH)x + (xy)Na+(Naft) + Naft(Na+)y(CH) x
y

Fig. 27.5 The n-type doping process of trans-polyacetylene with sodium naphthalene

trans-(CH)x + (xy)Li+ + (xy)e (Li+)y(CH) x
y

Fig. 27.6 The n-type electrolytic doping process of trans-polyacetylene with LiClO4 dissolved in 
tetrahydrofuran
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charged polymer backbone was proved spectroscopically from the special charac-
teristics of solitons, polarons, bipolarons, etc. (Feast et  al. 1996; Shirakawa and 
Macdiarmid 1977; Wöll 2009).

Polymer doping procedures have continuously developed, including processes 
where no counter ions are involved, such as photodoping or doping by electrical 
charge injection.

27.2.3  Photo-Doping

If trans-(CH)x is exposed to energy radiation higher than the energy of the forbidden 
bad, electrons are transported on this band, and the polymer becomes photodoped. 
In optimum experimental conditions, solitons are generated, which may be evinced 
spectrometrically (Balint et al. 2014). Figure 27.7 shows the photodoping process of 
trans-acetylene.

The positive and negative solitons are shown in this figure as if belonging to only 
one CH unit. In fact, they are delocalized over approx. 15 CH units. But they disap-
pear rapidly as the electrons, and the gaps recombine when irradiation is interrupted. 
If during the irradiation a potential is applied, then the electrons and the gaps are 
separated, and photoconductivity is observed (Su et al. 1979).

27.2.4  Doping by Injecting Charges

Doping by injecting charges is achieved by using a metal/insulator/semiconductor 
configuration, including a metal and a conducting polymer separated by a thin insu-
lator layer. The application of the adequate potential along the structure may pro-
vide, for instance, a loaded superficial layer called accumulation layer which has 
been extensively studied for conducting polymers. The charges resulting in the poly-
mer are present without being associated with a doping ion. The spectroscopic prop-
erties of the charged species formed in this manner may be examined in the absence 
of the doping ion. The spectroscopic studies of polyacetylene doped in this manner 

Fig. 27.7 Scheme of soliton photogeneration in trans-polyacetylene
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show the characteristics of solitons as well as the mid-gap absorption band observed 
in chemically and electrochemically doped polymers (Hosseini et al. 2017).

27.3  Non-redox Doping

This type of doping type differs from the redox doping above by the fact that the 
number of electrons associated to the polymer’s backbone is not altered during the 
doping process. However, the energy levels of the macromolecule are rearranged 
during doping. The form of emeraldine-base of polyaniline was the first example of 
doping an organic polymer towards a high conductivity regime by a process produc-
ing a stable polysemiquinonic radical-cation (Macdiarmid and Epstein 1995). It was 
obtained by treating the base emeraldine with aqueous acid solutions (Fig. 27.8), 
and this transformation determines an increase in conductivity of about 9–10 size 
orders (close to the value 3 S × cm−1) by obtaining the protonated base of emeral-
dine. Figure 27.8 shows the process of acid doping of aniline.

The mechanism of acid doping of polyaniline with hydrochloric acid is shown in 
Fig. 27.9.

Proton doping was extended to other conducting polymers, such as heteroaro-
matic polyvinylenes. In conclusion, irrespective of the manner of achieving the dop-
ing process, the number of polarons, bipolarons and solitons increases with the 
doping level (Fig. 27.10).

At high doping levels, localized polarons, bipolarons or solitons in the proximity 
of doping ions may overlap, leading to new energy bands or even the overlap of the 
valence and conduction bands, where electrons may move freely.

The global conductivity of conducting polymers includes contributions from the 
transport of intra-chain, inter-chain and inter-domain electrons (Dai 2004). The 
relative importance of the transport processes in global conductivity is not yet fully 
understood, but the main factors that influence conductivity were identified. The 
doping process is the most important factor influencing the conductivity of conduct-
ing polymers. The other factors include the orientation, crystallinity, and purity of 
conducting polymers (Kaur et al. 2015).

Fig. 27.8 Acid doping of polyaniline
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Fig. 27.9 Mechanism of acid doping of polyaniline

Fig. 27.10 Schematic 
description of polaron, 
bipolaron and soliton pair 
formation in a trans- 
polyacetylene chain by 
doping: (a) polyene; (b) 
polaron (radical-anion); (c) 
bipolaron (dianion); (d) 
soliton pair. Reprinted with 
permission (Dai 2004)
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27.4  Properties of Conducting Polymers

Besides electrical conductivity, these materials have properties related to their elec-
trochemical properties, among which the following may be mentioned:

Load storage capacity: the possibility to introduce or remove electrons in a revers-
ible manner in the conducting polymers determines the formation of polarons 
and bipolarons, thus creating a load accumulation along the polymer’s backbone, 
easily detectable by electrochemical techniques (Heeger 1985).

Electrochromic properties: these are based on the color change when the polymer’s 
oxidation state changes. Thin polymer films have different colors when they are 
in an oxidized or reduced state, due to the formation and destruction of the 
polaron/bipolaron states, and the unoccupied electronic levels between the 
valence band and the conduction band of the polymer (Brooke et al. 2017).

Electrochemiomechanical properties: they consist of the reversible variation of 
the polymer volume accompanying the processes of oxidation and reduction. 
Due to this reversibility, a mechanical movement is obtained by the electro-
chemical control of the redox processes of the polymer. This phenomenon was 
observed in 1982 by Burgmayer et  al. (1982). Okabayashi et  al. studied the 
volume change during the doping process of polyaniline, obtaining an increase 
in the volume of 120%, with applications in the field of artificial muscles 
(Okabayashi et al. 1987).

Electrocatalytic properties and catalytic selectivity in certain reactions: in 2005, 
Isaacs et al. performed electropolymerization by the continuous scanning (cyclic 
voltammetry) of tetraaminophthalocyanine on vitreous carbon electrodes using 
as solvents dimethylformamide and dimethylsulfoxide (Isaacs et al. 2005).

Corrosion-inhibiting properties: D’Elia et al. (2001) studied the electro-coating of 
poly-(o-phenylenediamine) films on steel electrodes in potentiostatic conditions, 
from o-phenylenediamine solutions in phosphoric acid, resulting in thin films, 
adhering to the electrode surface, acting as an inhibitor of steel corrosion in an 
HCl/NaCl environment (D’Elia et al. 2001).

27.5  Chemical and Electrochemical Synthesis of Some 
Conducting Polymers

27.5.1  Polypyrrole

27.5.1.1  The Chemical Synthesis of Polypyrrole

Pyrrole is a heterocycle that has high reactivity with the tendency to form polymers 
in the presence of strong acids and/or oxidants. The structure of these pyrrole poly-
mers consists of pyrrole units linked together by positions 2 and 5, as confirmed by 
the oxidative degradation of these compounds, which lead to the formation of the 
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2,5-pyrroledicarboxylic acid. Besides, the 2,5-alkyl substituted derivatives of pyr-
role do not form polymers (Ateh et al. 2006).

In acid solution and the absence of oxidants, pyrrole forms a polymer by addi-
tion, resulting in the mixture of several products, obtained under the form of a black 
precipitate. The mechanism of pyrrole polymerization is shown in Fig. 27.11.

The first stage is a redox reaction, in a homogeneous state, completely displaced 
to the right, when the condensation of two cationic radicals of pyrrole occurs. This 
condensation takes place according to a radical reaction of dimerization of the 
radical cation, Py+, followed by aromatization, resulting in a chain of PPy which 
simultaneously is partially oxidized (doped), as its oxidation potential is consider-
ably lower then pyrrole’s. To maintain electroneutrality in the polymer chains of 
PPy, the anion of the salt used as an oxidant is incorporated in its structure 
(Fig. 27.12). As a result, the polypyrrole obtained is PPy-X (where X is the incor-
porated doping anion). The general reaction resulting in the doped state polymer is 
seen in Fig. 27.12.

In this reaction, two hydrogen ions are released for each pyrrole molecule that 
forms a polymer so that the acidity of the environment increases. Due to incorporat-
ing the anion of the salt used in the PPy obtained, the use of various salts of the 
same oxidation allows for obtaining polypyrrole with a different structure and 

Fig. 27.11 Pyrrole polymerization mechanism in an oxidant environment
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properties (electrical conductivity, stability, mechanical properties, etc.). 
Polypyrrole is certainly the conducting polymer that has been studied the most, as 
it can incorporate a large number of counter-ions in its polymer matrix. Several 
salts may be mentioned, whose anions are incorporated in the polypyrrole polymer 
matrix, such as K4[Fe(CN)6], sodium para-toluenesulfonate, tetrasulfonate nickel 
phthalocyanine, decane sulfonic acid, acid sodium sulfate, ferric chloride, etc. 
(Efimov and Chem 1997; Mason and Weber 2011).

27.5.1.2  Electrochemical Synthesis of Polypyrrole

The flux of an anodic current through a solution containing a solvent, an electrolyte, 
and monomer (pyrrole, thiophene, aniline, furan, etc.) produces a polymer on the 
anode. The polymer pellicles generated through electrosynthesis are characterized 
by high electric conductivity (up to 105 S × cm−1), which is intrinsic electrical con-
ductivity of polymer backbones. Electropolymerization (or electrochemical polym-
erization) is a fast process. A few seconds after beginning the anodic polarization or 
the anodic current flux, the electrode is covered in a black film. The practical 
requirements are not restrictive, as the aqueous solutions may be handled at ambient 
temperatures and pressures. The most restrictive requirement is the inert atmosphere 
in case the synthesis of polymer films is desired for specific applications.

The mechanism of the electrochemical polymerization may be seen in Fig. 27.13.
In the previous mechanism it may be noted that at first, an initial monomer 

oxidation process occurs (1), where, by extracting one electron, a cation radical of 
the monomer is generated. The next step is a coupling reaction, i.e. joining another 
cation radical monomer (2). This union between cation radicals is followed by 
deprotonation of the dimer to regenerate the aromatic cycles. The dimer gets oxi-
dized, thus forming a new oligomeric radical cation, which may get coupled with 
another cation radical dimer forming a tetramer, or a monomer cation radical 
forming a trimer, and so on. By repeating these stages, a polymer chain is obtained, 
which is conductive in an oxidized state, with a system of delocalized π electrons 
(Gvozdenovi et al. 2014). The oxi-reduction processes of polypyrrole are shown 
in Fig. 27.14.

The application of an anodic potential to trigger this polymerization reaction 
involves a strict selection of the system components. First and foremost, the nature 
of the electrode material where the polymer is to form is of utmost importance. As 

Fig. 27.12 The general reaction of obtaining PPy in doped state, where δ is the doping or oxida-
tion degree of the polymer
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the polymer is obtained by an oxidation process, the working electrode should not 
get oxidized at the same time as the monomer. That is why the most research was 
conducted using gold, platinum or carbon electrodes.

Secondly, because polymerization is produced by oxidation and takes place 
using cationic species (cation-radical), it is very sensitive in the presence of nucleo-
philes close to the electrode surface. Thus, it was proved that when the e character 
of the solvent is important, the polymer pellicle is minimized, and that is why it is 
convenient to use aprotic solvents whose nucleophilic character is low.

Another aspect that should be taken into account regarding electropolymeriza-
tion is the electrolytic salt used. The same as in the case of the solvent, it is neces-
sary to use salts with a low nucleophilic character allowing for the formation of 
high-quality films. In any case, the use of various salts in the polymerization solu-
tion triggers important changes in the conductivity of the pellicles formed, that may 
reach up to 4 size orders (Bonifas and Mccreery 2012).

During the electro-generation of these polymers, a simultaneous phenomenon 
that occurs is the oxidation of the monomer, and also the newly formed polymer, so 
that positive charges are formed along the polymer chain. These charges make the 

Fig. 27.13 Mechanism of electrochemical pyrrole polymerization
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anions in the reaction environment enter the polymer layer, to maintain the material 
electrically neutral during the entire length of the reaction, a principle used in the 
selective polymer doping. That is why, depending on the polymer oxidation level, 
the anion content varies. It was shown that this content might be up to 35% of the 
total mass of the deposit. The determination of these parameters was carried out 
using gravimetric techniques (crystal quartz microbalance), which is very useful in 
determining the movement of ionic species in and on the polymer film surface dur-
ing the oxi-reduction processes (Torresi et al. 1995).

27.5.2  Polyaniline

Polyaniline may be synthesized both chemically (in powder form) and electrochem-
ically (as film) on the surface of an electrode.

Chemical synthesis requires three reagents: aniline, an acid (aqueous or 
organic) environment, and an oxidant. The two most widely used acid are the 

Fig. 27.14 Reversible redox processes of polypyrrole
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sulphuric acid (H2SO4) and the hydrochloric acid (HCl). The oxidizing agents 
used may be the ammonium persulphate (NH4)2S2O8), potassium dichromate 
(K2Cr2O7), cerium sulphate (Ce(SO4)2), sodium vanadate (Na3VO3), potassium 
ferrocyanide K3[(Fe(CN)6)], potassium iodide (KIO3), hydrogen peroxide (H2O2), 
etc. (Boeva and Sergeyev 2014).

Electrochemical synthesis uses an electrochemical cell with three electrodes, 
irrespective of the potential application technique: a working electrode on which the 
polymer is deposited, a counter electrode (platinum plate or wire) and a reference 
electrode (SCE or Ag/AgCl). The most common is the working electrode made of 
Pt. It may also be made of ITO, Cu, Au, carbon, etc. (Boeva and Sergeyev 2014).

The mechanism of aniline polymerization corresponds to a polycondensation. 
The first oxidation stage corresponds to the formation of a radical-cation by trans-
ferring an electron from the nitrogen atom of aniline, as shown in Fig.  27.15. 
Kinetically speaking, this stage sets the speed.

The radical cation of aniline has three forms of resonance, shown in Fig. 27.16. 
Out of these resonance forms, the para form is the most reactive, partially due to the 
important inductive effect of the substitute, and on the other hand, the absence of 
steric prevention.

The next stage (Fig. 27.17) is the radical-cation reaction and the para resonance 
form, the so-called head to tail reaction, favored in acid (aqueous or organic) envi-
ronment, corresponding to the formation of a dimer. The dimer undergoes deproton-
ation reactions with the recovery of the aromatic structure.

Then, the dimer is oxidized, forming a new radical-cation (or dication-diradical), 
as shown in Fig. 27.18.

The radical-cation formed may react with either a radical-cation of the monomer, 
or a radical-cation of the dimer, forming a trimer or a tetramer, and so on, until a 
polymer is formed (Fig. 27.19).

The electrochemical synthesis of polyaniline allows for the control of the 
polymer film morphology, as the experimental factors may be controlled fairly 
easily, and they are the ones influencing the kinetics of polymerization, as well 
as the polymer’s conductive or electrochemical properties. Thus, conductivity, 

Fig. 
27.15 Electrochemical 
oxidation of aniline

Fig. 27.16 Resonance 
structures of radical cation 
of polyaniline
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processability and thermal stability of PANI depend on the protonation degree 
and the nature of the doping ion. The size of the doping ion is important as the 
polymer is subjected to major volume changes during the doping and undoping 
processes, a phenomenon influencing the polymer’s mechanical resistance. Also, 
it has been noticed that the electroactivity of polyaniline depends on the size of 
the doping anion. The properties of polyaniline depend on the strength of the 
acid used in the polymerization reaction, as its conductivity is higher when syn-
thesized in stronger acids (Priyanka et al. 2015).

Fig. 27.17 The coupling mechanism in para position

Fig. 27.18 Electrochemical oxidation of the aniline dimer

Fig. 27.19 General scheme of aniline polymerization
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27.5.3  Poly-3-Methylthiophene

Poly-3-methylthiophene may be synthesized both chemically and electrochemi-
cally. The chemical synthesis is based on monomer oxidation, triggering its polym-
erization, using an oxidizing agent acting in solution. The various oxidizing agents 
used were FeCl3, Mg/THF, Cu/PdCl2, etc. (Fichou 2008).

The electrochemical synthesis of poly-3-methylthiophene leads to a polymeric 
film on a metallic or semiconductive electrode, by passing an electrical current 
through a solution containing the monomer, a solvent, and an electrolyte. The pel-
licles obtained are good conductors due to the intense doping with the anions of the 
electrolyte. Due to the lack of solubility in an aqueous environment, it is necessary 
to use organic solvents to start the polymerization reaction. Among the most com-
monly used solvents, there are acetonitrile, propylene carbonate, nitrobenzene, etc. 
The electrolytes used in the electrochemical synthesis of poly-3-methylthiophene 
are LiN(CF3SO2)2, KPF6, TBABF4, LiCF3SO3, etc. (Dubey et al. 1999). The mecha-
nism of polymerization is seen in Fig. 27.20.

Fig. 27.20 The polymerization mechanism for 3-methylthiophene
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The mechanism of polymerization is similar to pyrrole polymerization, includ-
ing the same stages: forming a cation-radical out of the monomer by process of 
oxidation, followed by coupling two cation-radicals, eliminating two protons to 
recover the aromatic structure. The dimer obtained is oxidized to a radical-cation, 
and so on, until a polymer chain is obtained.

In this case, attention should be given to certain peculiarities, due to the presence 
of the methyl group in the monomer, triggering the regioselectivity of the polymer-
ization reaction, and the existence of geometric isomers (Fig. 27.21).

Regarding the position of the methyl group in the polymer chain, it can be seen 
that there are different couplings between the thiophene rings: head-to-tail-head-to-
tail (HT-HT) coupling; tail-to-tail-head-to-tail (TT-HT) coupling; head-to-tail-head-
to- head (HT-HH) coupling; tail-to-tail-head-to-head (TT-HH) coupling (Fig. 27.22) 
(Skotheim 1997).

The HT-HT coupling is the most stable and abundant (>90%). The increase in the 
percentage of HT-HT couplings makes poly-3-methylthiophene have a higher order 
degree on longer distances, higher intrinsic conductivity, smaller forbidden band 
and higher wavelengths of the absorption maximum (Pern and Frank 1990).

Fig. 27.21 Geometrical 
(cis and trans) isomers of 
poly-3-methylthiophene

Fig. 27.22 Types of monomer couplings in poly-3-methylthiophene
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27.5.4  Electrochemical Sensors Based on Conducting 
Polymers for Food Analysis

Among the fabrication techniques applied to the development of sensors and bio-
sensors based on conducting polymer two has received special attention: 
Electropolymerization and Molecular Imprinted Polymers (MIP). The electropoly-
merization has the advantage of being simple and fast, and MIPs increase the sensi-
tivity and specificity of the sensors. We will discuss these two techniques below.

27.5.4.1  Electropolymerization

One of most commonly used technique to fabricate sensors is the electropolymer-
ization, through the deposition of different polymers combined with other material 
to enhance the sensibility and selectivity of the sensor. Usually, the film is deposited 
onto a conducting electrode, such as glassy carbon electrode (GCE), ITO (indium 
tin oxide) and other. The electropolymerization process leads to simple and repro-
ducible formations of polymer films and consists basically in the application of a 
range of potential over the desirable monomer solution. In general, the electropoly-
merization process for the formation of the films can be carried out by a successive 
cyclic sweep at a more positive potential range than the oxidation potential of the 
functional group, forming radical-cations and preserving monomer structure (Steter 
et al. 2008). However, the conducting polymer can also be obtained from electropo-
lymerization at a fixed potential or fixed current (potentiostatic or galvanostatic 
mode) (Apetrei and Apetrei 2013; Palmisano et al. 2000). Briefly, the electropoly-
merization mechanism is based on the interaction between the radical-cations 
(radical- cation coupling) formed from the oxidation of the monomer at high poten-
tial values (above 0.9 V) (Steter et al. 2008; Chen et al. 2008; Zhang et al. 2010). 
For example, Chen et al. (2008) described the electropolymerization of Nile Blue at 
glassy carbon electrode and their application as nitrite sensing in food samples. The 
Nile Blue conducting polymer was obtained by electropolymerization applying the 
cyclic potential sweeps from −0.60 V to +1.2 V using a 5.0 × 10−4 mol/L of Nile 
Blue solution (Fig. 27.23). The electropolymerization mechanism was ascribed to 
radical-cation coupling by the one-electron oxidation of Nile Blue monomer at 
~0.9 V. The electropolymerized Nile Blue was evaluated as nitrite sensing, showing 
a linear range from 5.0 × 10−7 to 1.0 × 10−4 mol/L of nitrite and a limit of detection 
of 1.0 × 10−7 mol/L in standard solution. The application in real food samples (sau-
sage samples) indicates effective and sensitive sensing when compared with spec-
trophotometric method (UV-vis absorption) (Chen et al. 2008).

The selectivity is a very important factor when it comes to detect or determine an 
analyte, this statement it is well represented by the work of Filik et al. (2017). They 
fabricated an electropolymerized sensor using Poly(alizarin red S) into a glassy 
carbon electrode. They performed cyclic voltammetry measurements with two ana-
lytes, caffeine, and vanillin (Fig. 27.24). In one of the measurements, they kept the 
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caffeine concentration constant and variate the vanillin concentration, and they 
obtained a constant peak for the caffeine and variable peak for vanillin. They per-
formed opposite, keeping the vanillin concentration constant and the caffeine variat-
ing, and a similar result was obtained, showing a good selectivity of the sensor. 
They also performed the determination of caffeine and vanillin in real samples, 
achieving recovery values in the range of 100–102% of vanillin in energy drink 
samples, and 97.3–99.8% of the caffeine in vanilla sugar samples. Therefore, this is 
a very interesting result, because a very simple electropolymerized film with a sin-
gle compound was enough to differentiate two analytes.

The presence of the amino acid histidine in fish muscle was evaluated in the work 
of Geto et  al. (2014). They modified the GCE with electropolymerization of the 
polymer 4-amino-3-hydroxynaphthalene (p-(AHNSA)) sulfonic acid and then 
coated with the multiwalled carbon nanotubes (MWCNTs) suspension. This assem-
bling presented a 34-fold the bare electrode response, and also showed a wide range 
in concentration during the calibration curve (Fig. 27.25). The histidine determina-
tion in real samples in fish muscles obtained recovery values between 96.6 and 
102.9%. The interference study revealed that the presence of creatine, methionine, 
phenylalanine and uric acid did not affect much the histidine peak. However, the 
presence of glycine caused a considerable interference.

Saber-Tehrani et al. (2013) reported the use of the monomer 2-aminothiophe-
nol deposited onto a gold electrode surface by self-assembly. Then, the conduct-
ing polymer was formed by potential cycling in acid media. The produced 
electrode was applied to the determination of nitrite in different samples of sau-
sage. The DPV measurements respond linearly to the increase in the nitrite con-
centration. The obtained recovery values for the nitrite in the sausage samples are 
up to 93.9–102.6%.

Fig. 27.25 (a) Cyclic voltamograms of different electrodes modified with the conducting polymer 
p-(AHNSA) and the MWCNTs in 1.0 × 10−3 mol/L of histimine in buffer solution. (b) Differential 
pulse voltamograms obtained for the p-(AHNSA)/MWCNT electrode in the range of 0.1–
100.0 μmol/L of histidine. Reprinted with permission (Geto et al. 2014)
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27.5.4.2  Molecular Imprinted Polymers (MIP)

Molecular Imprinting Technology (MIT) is basically designed to mimic the natural 
ability that some compounds have to recognize some specific materials, such as 
enzymes and antibodies. However, MIP presents a robust design and higher stabil-
ity, presenting the same capacity compared with enzyme and antibodies based sen-
sors. Due to these properties, MIT has become an important and active area of 
research made in recent years. MIT is considered a promising technique, which can 
recognize both biological and chemical molecules including amino acids and pro-
teins (Bossi et al. 2007; Morelli et al. 2010; Scorrano et al. 2011), nucleotide deriva-
tives (Longo and Vasapollo 2008), pollutants (Chapuis-Hugon 2008; Tamayo et al. 
2005) and drugs (Puoci et  al. 2007). However, here we are going to discuss the 
recent work reported in food detection and determination.

MIPs is based on the formation of a complex between an analyte (template) and 
a functional monomer. In the presence of a large excess of a cross-linking agent, a 
three-dimensional polymer network (Ramström and Mosbach 1999) is formed. 
After polymerization process, the template is removed from the polymer leaving 
specific recognition sites complementary in shape, size and chemical functionality 
to the template molecule (Fig. 27.26).

The main advantages of molecularly imprinted polymers (MIPs) are their high 
selectivity and affinity for the target molecule used in the imprinting procedure. 
Imprinted polymers compared to biological systems such as proteins and nucleic 
acids, have higher physical robustness, strength, resistance to elevated temperature 
and pressure and inertness towards acids, bases, metal ions and organic solvents. In 
addition, they are also less expensive to be synthesized, and the storage life of the 
polymers can be very high, keeping their recognition capacity also for several years 
at room temperature.

Imprinted
material

Cavity

Removal of
template

Polymer
matrix

Functional
monomer

Polymerization

Template

Self-assembly

Fig. 27.26 Generalized diagram of MIP synthesis and selective analyte interaction. Reprinted 
with permission (Sarafraz-Yazdi and Razavi 2015)
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The concern with the quality of the food is very important, and knowing that, 
probably one of the most affected products that we eat daily is meat. Also, there are 
several studies about different compounds found in different kinds of meat such as 
fish, chickens, and pigs. Wang et al. (2017) performed one of these studies, they 
prepared a sensor based on a GCE, gold nanoparticles, MWCNTs and most impor-
tantly the MIP using olaquindox (which is a compound used to increase the gain of 
weight of pigs as a desired analyte and o-phenylenediamine as the monomer (Barber 
et al. 1979). They applied the sensor described before to detect the olaquindox in a 
real sample of pork fish meat using DPV measurements. They obtained recoveries 
values up to 80.7–115.8%, with the relative standard deviation (RSD) less than 
11.4%, and also with no interference when applied with other similar materials, 
showing a good selectivity.

In another work involving pork meat, but this time using N-nitroso-l-proline as 
analyte and tetrabutylammonium perchlorate as a monomer to prepare the MIP sen-
sor into the platinum disk and a gold film (Lach et al. 2017). The results showed 
recovery values in the range of 77–118%. The MIP sensor also presented selectivity 
if applied to other interference materials such as glucose and urea (Fig.  27.27). 
Although, other materials like creatine and adrenaline presented some interference, 
due to the similar size, shape, and functional groups. As it can notice some MIP 
sensor have a better response when applies to the interferers. However, if the mate-
rial has some similar structure or functional groups, this material can fit inside the 
template just like the original analyte causing the interference to happen.

Just like solid food, beverages also suffer from the presence of some chemicals, 
when it comes to beverages determinations, some articles presented very interesting 
results. Such as the work of Pacheco et al. (2015), who fabricated a GCE modified 
with MWNTs and a MIP, using polypyrrole as the monomer to detect the analyte 
ochratoxin A in beers and wines. Ochratoxin A is one the most common toxins 
found in food and beverages; it is produced by a few species of fungus (Al-Anati 
and Petzinger 2006). Using DPV measurements they achieved recovery values in 
the range of 104–110% for beer, 84–108 for white wine and 93–98% for red wine.

Fig. 27.27 (a) Response of the MIP electrode to the presence of the template analyte in different 
concentrations and (b) the calibration plots of different interferers. Reprinted with permission 
(Lach et al. 2017)
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Some commercial drinks have dyes to generate artificial colors or even chemicals 
who simulate the taste and smell of products, such sodas. In the work of Yu et al. 
(2017) they applied a glassy carbon electrode modified with graphene oxide, silver 
nanoparticles an a MIP based on sunset yellow (template). The results presented 
recovery values in the range of 87–111% for Fanta drink, Mirinda drink, orange, and 
mango juices. The sensor presented a selectivity when applied to a coexistent ana-
lyte such as tartrazine, brilliant blue G, and ascorbic acid. However, the presence of 
amaranth caused an interference, due to the similar chemical structure.

Farming products also have issues with materials, mainly with pesticides, due to 
the widespread use of these compounds to prevent crop loss. The evaluation of pes-
ticides (glyphosate) in corn samples has been recently reported using MIP sensors. 
Xu et al. (2017) modified an ITO electrode with gold nanoparticles, Prussian blue, 
and polypyrrole as the monomer in the MIP glyphosate template. The determination 
of glyphosate in corn samples was performed by DPV measurements (Fig. 27.28), 
and achieved recovery values between 97.5 and 101%. The sensor also presented a 
satisfactory selectivity if applied with other pesticides (interferer agent).

27.5.5  Electrochemical Biosensors Based on Conducting 
Polymers for Food Analysis

A wide variety of biosensors has also been constructed during the last years (Gerard 
2002). The main advantages of biosensors are the sensitivity and selectivity to the 
detection of the molecule of interest. In food analysis, the biosensors can be used 
for detection of glucose, fructose, ethanol, sucrose, lactate, malate, galactose, 
citrate, lactose, urea, starch, etc. in food industries (Gerard 2002). However, the 
biosensor can be applied not only to control of nutritional food quality but also to 
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Fig. 27.28 Selective 
adsorption of the MIP 
electrode for detecting 
glyphosate and other 
pesticides (concentration 
1000 ng/mL). Reprinted 
with permission (Xu et al. 
2017)
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the determination of possible contaminants. The food biosensor can be a classified 
principal in two classes: enzymes biosensor and affinity biosensor (Fig.  27.29) 
(Rotariu et  al. 2016), which are based on bioreceptor or transducer type. At the 
enzymes biosensor, the sensing reaction is based on reaction catalyzed by enzymes, 
which can be used directly or immobilized in solid substrates, which the conducting 
polymers are used as good matrices and provide an appropriate environment 
(Trojanowicz and Krawczyński vel Krawczyk 1995; Kranz et al. 1998; Cooper and 
Hall 1992).

Among the conducting polymers, the derivatives of polyindole, polyaniline, 
polyacetylene, polythiophene and polypyrrole (Apetrei and Apetrei 2013; Palmisano 
et al. 2000; Cooper and Hall 1992; Bartlett and Whitaker 1987), are widely used as 
enzyme immobilization matrices. The immobilization onto conducting polymer 
surface can involve physical adsorption, entrapment, cross-linking or covalent 
bonding (Gerard 2002).

In 1986, Umana and Waller (1986) reported the simple immobilization of glu-
cose oxidase, by electropolymerization of pyrrole in the presence of the enzyme. 
The enzyme becomes entrapped by the polypyrrole film growing on the electrode 
surface. The electrodes can be used in the determination of glucose in aqueous solu-
tions for a period of up to 7 days.

Ghosh (Hazra) et al. (1998) developed a biosensor system for qualitative mea-
surement of fish freshness. Freshness is indicated by an index which depends on the 

Fig. 27.29 Types of biosensors in food analysis. Reprinted with permission (Rotariu et al. 2016)
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amount of adenosine 5′-triphosphate degradation products present in fish meat. The 
metabolites in fish tissue, hypoxanthine, inosine and inosine monophosphate were 
efficiently measured quantitatively. The biosensor system was based on amperomet-
ric method, using three electrodes composed by ferrocene carboxylic acid mediator 
incorporated conducting polypyrrole with immobilized xanthine oxidase, nucleo-
side phosphorylase, or nucleotidase enzymes. The results suggest that fish freshness 
can be monitored quantitatively with this biosensor.

Apetrei and Apetrei (2013) described a biosensor based on Tyrosinase enzyme 
immobilized onto polypyrrole film to detect tyramine. Briefly, tyramine is one of the 
biogenic amines produced by microbial activity degradation commonly present in 
fermented foods and beverages, meat, fish, seafood and dairy products (Onal 2007). 
First, the polypyrrole film was electrochemically synthesized on a Pt electrode sur-
face by applying a fixed current at 60 μA for 15 s. After that, the Tyrosinase enzyme 
solution was added onto polypyrrole film and exposed to 2.5% (v/v) glutaraldehyde 
solution. The amperometric biosensor was evaluated in tyramide standard solution 
showing a linear range of concentration from 4–80  ×  10−6  mol/L and a limit of 
detection of 5.7 × 10−7 mol/L. The analysis in the real sample (salted sauerkraut 
samples) showed an average recovery of 99.3%.

Palmisano et  al. (2000) also report the development of biosensor based on 
enzyme immobilization onto polypyrrole film. More, specifically, the authors devel-
oped a dual biosensor based on glucose and lactate oxidase onto the overoxidase 
polypyrrole film surface. Initially, the polypyrrole film was obtained by electropo-
lymerization using a constant potential at +0.7 V. After, a glucose and lactate oxi-
dase solution was added on polypyrrole film surface, keeping in room temperature 
to drying and washed before the sensing application. The dual biosensor showed a 
great response to simultaneous monitoring of glucose and lactate in tomatoes juice. 
The measurements were carried out in tomatoes juice without any pre-treatment 
with 95% of confidence level (Palmisano et  al. 2000). Based on this aspect, the 
biosensor shows advantages compared with spectrometric or chromatographic 
methods, like selectivity, direct detection using real samples without any pre- 
treatment, fast measurements and results acquisition, and the possibility of 
miniaturization.

27.5.6  Electronic Nose-Type Systems Based on Conducting 
Polymers for Food Analysis

To analyze food, networks of sensors based on conducting polymers are used, which 
make up the detection system of various electronic nose-type systems. Routine 
analyses in food quality control are one of the most promising applications of the 
electronic nose.

Several successful applications of the electronic nose were published in monitoring 
synthetic or natural aromas, as well as aroma components in various production stages. 
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Many applications of the electronic nose mentioned in specialized literature referred 
to the shelf-life in the maturation process of fruits and vegetables, from harvesting to 
consumption, dairy products, and olive oil.

Freshness is another important property in the food industry, related to product 
quality. During storage, various volatile compounds are generated, and the elec-
tronic nose has shown its potential in forecasting the deterioration of certain foods, 
especially in the case of food items that give off volatile substances due to fast deg-
radation through microbial contamination. The electronic nose was widely used to 
evaluate and classify extra virgin olive oils, according to their aromatic attributes. 
Similarly, it was used in product quality control, such as meat, oil, etc.

First papers discussed will include different aspects such as the control of the 
quality, authenticity, adulteration, falsification of different foods with electronic 
noses based on resistive sensors based on conducting polymers. In a study were 
developed to differentiate three artificial aromas: strawberry, grape, and apple. The 
sensors array was made from chemical sensors based on polyaniline films. The sen-
sors were manufactured by polymerization of aniline on interdigitated graphite 
electrodes and doped with different acids (hydrochloric acid, camphor sulfonic 
acid, and dodecylbenzene sulfonic acid). The study was demonstrated by principal 
component analysis (PCA) that the sensor array was highly effective to discriminate 
artificial aromas, thereby being a promising tool for aroma quality analysis in vari-
ous food industry sectors (Tiggemann et al. 2017).

Neely et al. (2001) used an electronic nose equipped with 14 semi-conducting 
polymer film sensors to discriminate between different types of meat. The data from 
the electronic nose was analyzed by linear discriminant analysis (LDA) method. 
The results showed that this electronic nose classified the meat types correctly, in 
agreement with the biological origin (Neely et al. 2001).

In another work, an array of sensors based on polyaniline and poly-3- 
methylthiophene were used to discriminate between olive oils of different qualities. 
The gas sensors were prepared using different electrochemical techniques (chrono-
amperometry, chronopotentiometry, and cyclic voltammetry) and to optimize the 
electrochemical conditions (polymerization potential, polymerization time, polym-
erization current, doping agent and type of substrate) to improve the performance 
characteristics. The performance characteristics of the sensors were determined by 
studying the response of the sensors to volatile organic compounds from the head-
space of olive oils samples of different qualities. The results obtained by PCA show 
that the polymeric sensors array coupled with the appropriate data analysis is able 
to discriminate among olive oils of different qualities (Guadarrama et al. 2004).

The same electronic nose was able to discriminate among Spanish virgin olive oils 
obtained from different varieties of olives and even of different geographic origins 
(Guadarrama et al. 2001). The selection and test of an array of conducting polymer sen-
sors with extra virgin olive oil samples were presented in another paper. Different poly-
meric sensors made by both electrochemical and chemical methods were developed. 
The performance characteristics of sensors were tested towards pure compounds usually 
found in the headspace of extra virgin olive oils. The compounds studied are related to 
overall sensorial characteristics of extra virgin olive oils. Different experimental set-ups 
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and procedures for olive oil volatile sampling were tested and compared. The best pro-
cedure for the practical purposes in the olive oil industry was validated in real sample 
analysis. Three different extra virgin olive oils from Italy of were distinguished with an 
array of four polymeric sensors (Stella et al. 2000).

Rañola et al. (2016) developed an array of gas sensors based on conducting poly-
mers for the discrimination of coconut oils. The sensors were fabricated through the 
electrodeposition of polyaniline, polypyrrole, and poly-3-methylthiophene on the 
gap separating two planar gold electrodes set on a Teflon substrate. The modifica-
tion in electrical resistance of the gas sensors was observed and measured after 
exposing the array to the headspace of oil samples.

The scheme of the experimental set-up is illustrated in Fig. 27.30.
Different responses were obtained for each coconut oil sample, and multivariate 

data analysis were employed for the processing of the data. The electronic nose was 
able to distinguish virgin coconut oil from refined, bleached and deodorized coco-
nut oil, flavored virgin coconut oil, homemade virgin coconut oil, and rancid virgin 
coconut oil (Rañola et al. 2016).

Another category of studies consists in the detection of gases related to the degra-
dation of foods. Matindoust et al. (2017) developed a sensor for ammonia gas based 
on polyaniline. The fabrication procedure consists of several steps. Polyaniline was 
synthesized by oxidative polymerization technique. Then, a polyaniline film was 
deposited on a printed circuit board. Finally, polyaniline microdevice was included in 
an interdigitated electrode arrays to produce the sensor for ammonia gas detection.

The response time of this sensor and humidity impact were examined for NH3 
sensitivity and compared with a commercial gas sensor (Taguchi Model 826). The 
sensor was found to have a rapid and stable linear response to NH3 in the concentra-
tion ranging from 50 to150 ppm, under room temperature operation condition. The 
sensor could be used in the detection of NH3 without variation of the signal in the 
presence of environmental humidity. The low cost, flexibility, low power consump-
tion and high sensitivity are the main benefits of this sensor. In real-time application 

Fig. 27.30 The electronic nose experimental set-up. Reprinted with permission (Rañola et al. 2016)
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conditions polyaniline based gas sensor exhibits good performance and accurate 
evaluation of food spoilage (Matindoust et al. 2017).

Siegmund and Pfannhauser (1999) used an electronic nose to study the modifica-
tions of the volatile compounds of heat-treated chicken meat during storage. The 
electronic nose detector system consists of a sensor array having 32 conducting 
polymer sensors. The signals of the sensors array were analyzed using PCA, and 
cluster analysis. The PCA data scores illustrate the differentiation of samples stored 
at different times. The results indicated a good correlation between the results 
obtained with the electronic nose with that obtained using the gas chromatography- 
mass spectrometry and gas chromatography-olfactometry (Siegmund and 
Pfannhauser 1999).

Tung et al. (2014) developed chemoresistive vapor sensors by the assembly of 
magnetic nanoparticles-decorated reduced graphene oxide with poly-(3,4-ethylene 
dioxythiophene) and poly(ionic liquid). This hybrid sensing material demonstrated 
improved sensitivity, selectivity, and reduced response time. The polymer nanocom-
posite sensor exhibited stable and reproducible signals for both polar (ethanol, ace-
tone, water) and non-polar (chloroform, dichlorobenzene, toluene) volatile organic 
compounds. These compounds are recognized as food degradation biomarkers. The 
sensor responses are well defined even at the under ppm level, and the application is 
the field of smart packaging (Tung et al. 2014).

Sotzing et al. (2000) developed chemically-sensitive resistors for the detection of 
biogenic amines, at levels of 1–10 parts per trillion in ambient air. The sensitive 
materials were composites of emeraldine salt of polyaniline with particles of carbon 
black (Sotzing et al. 2000).

The main focus of the work of Hossain et al. (2012) was on the development of 
a carbon black polymer sensor array to detect stored grain model volatiles related to 
insect secretions (benzene derivatives) and fungi (aliphatic hydrocarbon deriva-
tives). The statistical analysis was used to select polymer sensors for the array, 
which were optimum for distinguishing between the classes of compounds resulted 
from the degradation of grains (i.e., quinones, alcohols). The performance of the 
developed sensor array was suitable to demonstrate the discrimination of stored 
grain model volatiles at ambient conditions (Hossain et al. 2012).

In the work of Ridgway et  al. (1999), several wheat samples, to which were 
added flour mites (Acarus siro L.), were studied, 1–2 weeks after preparation, by a 
conducting polymer sensor based electronic nose with transient flow sampling. The 
results demonstrate the capacity of the electronic nose to detect the mites in wheat 
at concentrations of relevance to the cereal trade. Undecane was identified as the 
main compound responsible for the electronic nose response (Ridgway et al. 1999).

Steffens et al. (2010) report the development of gas sensors based on polyaniline 
doped with dodecyl benzene sulphonic acid deposited onto interdigitated line pat-
terns of graphite. The sensors exhibited different behavior related to moisture and 
also to the vapor-phase atmosphere of ethanol, acetone, n-hexane and ethyl acetate. 
Results demonstrate that sensors can detect the ripeness of banana. This technol-
ogy can be used as an accurate method for monitoring the maturation of fruits 
(Steffens et al. 2010).
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Spanier et al. (1999) developed a successful method to distinguish differences in 
and keeping-quality of the whole, fresh-cut, and minimally processed Gala variety 
apple using a commercial electronic nose based on 32 polymer sensors.

Abbey et al. (2004) developed an electronic nose conducting based on polymer 
sensor to classify onion headspace volatiles. Onion bulb quality discriminated by 
the electronic nose is related to N, S and soil type treatments, and related to their 
interactions. The chemical compounds in the onion headspace volatiles that inter-
acted with the sensor polymer are correlated with the onion qualities including fla-
vor (Abbey et al. 2004).

In conclusion, these works highlight the present-day tendency to use non- 
destructive analytical instruments to evaluate foods, proving that this technology 
(the electronic nose) has excellent potential for the quality control of foodstuffs.

The electronic nose is a useful analysis instrument in characterizing and moni-
toring products and processes in the food industry. The advantages of this technol-
ogy are mobility, speed, reliability, ease of use and price. Using the electronic nose, 
the quality of a sample is assessed without collecting data on its chemical composi-
tion or the concentration of its compounds.

The manufacturing technology of the sensors and the use of adequate software 
for the analysis of the olfactory print of food products have made fast progress, and 
many industrial applications have been developed. The challenges for the research 
in this field are related to how to increase the selectivity, sensitivity, and reproduc-
ibility of the analyses.
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calcium carbonate and formaldehyde, 351
clays, 352
CNC, 348
CNF, 351, 353
CO2 extrusion method, 352
CO2–ethanol atmosphere, 350
economic casting and leaching method, 352
exfoliated and intercalated structures, 351
freeze-drying method, 351
kaolin, 353
microstructural and mechanical  

properties, 353
nanofiller, 348, 350
nanolayered silicates, 351
nucleation effect, 351
PBS, 348, 349
PCL, 350
PLA, 351
PVA, 350
thermal degradation temperature, 350

Composites, 63
barrier properties, fillers, 77
biodegradation process, 64
micro- or nano- fillers, characteristics, 71
micro-particles, 63
tensile properties, 74
thermal properties, fillers, 80

Condensation polymerizations, 761
Condensation polymers, 610
Conducting polymers, 761, 767–771, 

776–781, 783
advantages, 758
applications, 758
characteristics, 758
classification, 759, 760
conjugated chain polymers, 759
corrosion-inhibiting properties, 767
description, 758
doping (see Doping, conducting polymers)
electricity, 759
electrocatalytic properties and catalytic 

selectivity, 767
electrochemical biosensors, 781–783
electrochemical power sources, 758
electrochemical sensors (see 

Electrochemical sensors)
electrochemiomechanical properties, 767
electrochromic properties, 767
electronic nose-type systems (see 

Electronic nose-type systems)
electronic/ionic conductivity, 758
extrinsically, 759
hybridization, 759
intrinsically, 759
load storage capacity, 767
mechanisms of electronic conductivity, 759
organic/simply, 759
poly-3-methylthiophene, 774, 775
polyaniline, 760, 771–773
polyazulenes, 759
polyheterocyclic, 760
polymeric materials, 759
polypyrrole (see Polypyrrole)
polyvinylenes, 759
synthesis and development, 758
synthesis methods, 760–761
types, 759

Conjugated chain polymers, 759
Consistency index, 537–538
Consumer awareness, 401
Contact angle, 139
Continuous retardation spectrum, 502
Core material, 425
Coupling reaction, 769
Critical micelle concentration (CMC), 273
Cross-linking, 562

alginate, 566
citric acid, as cross-linking, 561
CS (see Chitosan (CS))
DCMC, 572
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gelatin with glutaraldehyde, 571
polysaccharide, 571
potassium chloride (KCl), 569

Crystallinity index, 538
Custom-designed food product, 727
Customer-designed birthday cake, 727
Customized food design, 728, 729
Customized food fabrication, 733
Cyclodextrins (CDs), 469

D
Dairy foods

FDA, 510
food polymers, 510
milk system and polymer-protein 

interactions, 511–514
non-dairy materials, 510

Degree of hydrolysis (DH), 288
Degree of substitution (DS), 614
Delocalized π system, 762
Delta configuration, 741, 742
Dense shells, 307
Depolymerization, 534
Destabilization/stabilization mechanisms, 517

dairy colloidal/emulsion system, 517
dairy food manufacturing, 514
electrostatic attraction, 515
segregative phase separation, 514–515

Dextran, 410, 467
Diabetes, 543–544
Diarrhea condition, 545
Dietary fibers, 530
Differential scanning calorimetry (DSC), 387
Differential thermal analysis (DTA), 387
Diffusion

active agent diffusion, 153, 170
anomalous diffusion, 153, 154
coefficient and solubility coefficient, 157
Fick’s law of diffusion, 152
gas molecule transport, 156
ordinary, 152
thermal, 153
water vapor, 161

Digital chocolatier, 736
Digital cooking, 748
Digital food fabrication process, 730
Digital gastronomy concept, 727
Digital gastronomy technique, 730
Digitalized nutrition control, 745, 746
Digitized recipes, 749
Direct dispersion methodology

ethylcellulose, 594

Directly catalyzed synthesis
conducting polymers, 760

Disproportionation or coarsening, 279
Doping, conducting polymers

conductive wires and plates types, 761
controlling doping level, 761
delocalized π system, 762
insulating/semiconductive organic 

polymer, 761
non-redox doping, 765, 766
polyacetylene, 762
protonic acid doping of polyaniline, 761
redox doping (see Redox doping)
transitory doping methods, 761
and undoping process, 761

Dough rheological properties, 707
Droplet stabilization, 482
Dual biosensor, 783
Dynamic oscillatory shear tests, 487

E
Edible coatings, 212
Edible films

as “active packaging”, 150
barrier properties

cellulose, 166
chitosan, 165
collagen, 166
flour, 166
gluten, 166
improved edible film, 167, 168
myosin, 166
polysaccharides, 163
starch, 165
water vapor and gas, 164–165

biodegradable and compostable, 6
composite (see Composite edible films)
conventional packaging, 6
definition, 149
materials

food packaging, 8
food-grade plasticizers, 8
lipid, 8
plasticizer molecules, 8
polysaccharides, 7
waxes, 8

transport phenomena (see Transport 
phenomena, in edible films)

turmeric coating (see Turmeric residue 
coating)

Edible marine biopolymer coatings, 625
Edible oil structuring, 261
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Edible polymers
based hydrogel films, 553–557
categories, 2
food applications, 2
structures, 2
study of, 2
types of, 552

Egg albumen (EA), 38, 465
Egg proteins, 294, 709

albumin, 295
lysozyme, 295

Eggshell membrane proteins (EMP), 462
Electrochemical biosensors

conducting polymers
advantages, 781, 783
amperometric biosensor, 783
amperometric method, 783
description, 783
development, 783
dual biosensor, 783
enzyme, 782
enzymes and affinity biosensors, 782
enzymes biosensor, 782
freshness, 782
immobilization, 782
polypyrrole film, 783
qualitative measurement of fish 

freshness, 782
tyramine, 783
tyrosinase enzyme, 783

Electrochemical doping
n-type chemical and, 763–764
p-type chemical and, 762–763
trans-polyacetylene, 763

Electrochemical oxidation
conducting polymers, 761

Electrochemical power sources, 758
Electrochemical sensors

conducting polymers, 779–781
electropolymerization, 776–778
MIP (see Molecular imprinted 

polymers (MIP))
Electrohydrodynamic processing

advantages, 452
bioactive compounds, 448
factors

process variables and environmental 
conditions, 451–452

solutions properties, 450–451
food grade (see Food grade polymers)
fundamentals, 449–450
heat-sensitive compounds, 448
lipids, 448

nano-microstructures, 448
spray-drying, 448

Electron microscopy, 386
Electronic nose-type systems

conducting polymers
advantages, 787
applications, 783, 784
array of gas sensors, 785
carbon black polymer sensor array, 786
characteristics of sensors, 784
characterizing, 787
chemically-sensitive resistors, 786
chemoresistive vapor sensors, 786
detection of gases, 785
detector system, 786
development of gas sensors, 786
fabrication procedure, 785
freshness, 784
hybrid sensing material, 786
LDA method, 784
NH3 sensitivity, 785
non-destructive analytical instruments, 

787
onion bulb quality, 787
PCA, 784, 786
polyaniline and poly-3- 

methylthiophene, 784
reprinted with permission, 785
resistive sensors, 784
routine analyses in food quality  

control, 783
sensors array, 784
volatile compounds, 786
wheat samples, 786

Electropolymerization, 770
amino acid, 778
caffeine and vanillin concentrations, 778
conducting polymer, 776
cyclic voltamograms, 776–778
description, 776
DPV measurements, 778
food samples, 776
formations of polymer films, 776
GCE, 776, 778
mechanism, 776
monomer 2-aminothiophenol, 778
Nile Blue conducting polymer, 776
sensibility and selectivity of sensor, 776
square wave votamograms, 777, 778

Electrospinnability/sprayability, 453
Electrospinning, 380–381, 448–450, 471, 747
Electrospinning and electrospraying, 382
Electrosprayed nano-microcapsules, 451
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Electrospraying, 381, 406, 448, 449, 451, 471
Electrospun nano-microfibers, 450
Electrospun polysaccharide fibers, 454
Electrostatic attraction, 515
Electrostatic deposition method, 235
Electrostatic interactions, 285
Element-based recipe printing, 733
Emulsification, 439
Emulsification-solvent evaporation, 375–376
Emulsion gel, 482
Emulsion stability, 503
Emulsion-based coatings, 230
Emulsion-filled protein gel, 484
Encapsulation

application, 389
characterization, 358, 385
coacervation technique, 373
core materials, 357, 362
efficiency and loading capacity, 388
emulsification-solvent evaporation, 375
fluid bed coating, 374
fluidized bed coating, 375
food applications, 359, 389
in food packaging application, 390
freeze drying, 383
functions, 357
HPLC, 388
inclusion complexation, 377
micro and nanoencapsulation, 362–385
milk proteins and sugar alcohols, 384
nanoprecipitation, 378–379
particle size, 363–372
SFEE and ESE, 379
spray freeze drying, 384
supercritical fluids, 379
surface charge, 388
wall materials, 358

Encapsulation efficiency, 407, 410–413
Entropic effect, 514
Enzymatic hydrolysis, 532
Enzymes and affinity biosensors, 782
Enzymes biosensor, 782
Epichlorohydrin (ECH), 470
Epigallocatechin gallate (EGCG), 471
Equilibrium elasticity modulus, 501
Essential oils (EOs)

active packaging, 35
bovine gelatin, to microorganism growth, 35
citronella EO, to SPI films, 41
ginger EO, 36
oregano (OEO), 16, 17
Origanum vulgare EO, 44
plasticizing effect, 40

preservation effect, on pork, 42
soy protein/montmorillonite/clove, 41
thymol EOs, into zein films, 43
thymus daenensis (TD EO), 17
WPC active packaging, 37
Zataria multiflora EO, 36
and ZnO nanoparticles, 27

Ethylcellulose
AFM, 595, 596
application, 594
beta-carotene, 595
gelation capability, 595
in-vitro digestion of beta-carotene, 595
microstructure, 595
molecule configuration, 594
and oil mixture, 594
oleogel’s final mechanical and optical 

properties, 595
polymeric microstructure, 595, 596
production, 594
SD, 594
softening and mixture, 594
strength of gels, 595
structure, 594
and surfactant, 595
Tailoring properties, 595
3D network, 594

Ethylene (C2H4), 621
Ethylene diamine tetra acetic acid (EDTA), 629
Ethylene diamine/salt, 468
Evolved gas detection (EGA) techniques, 387
Expanded polystyrene (EPS) products, 329
Extrinsically conducting polymers, 759
Extrusion, 31, 32, 36
Extrusion based food printing

commercial machine designs, 735
HFE, 737
HME, 736
liquid/semisolid/solid materials, 735
range of 3D printing methods, 735
RTE, 736

Extrusion methods
alginate polymer matrix, 436
alginate–shellac, 436
ascorbic acid, 435
centrifugal (co-extrusion), 435
dropping tool and viscoelasticity, 436
melt extrusion, 435
melt injection, 435
thermoplastic polymers, 435
water-soluble polyphenol antioxidant 

extracts, 436
Extrusion technology, 332
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F
Fab@Home system, 739
Fat-control products, 635
Fat reduction, 265
Feed solution, 430
Fermentative metabolism, 233
Fibers

advantages, 714
characteristics, 714
content of starches and flours, 713
defatted rice bran, 714
fructo-oligosaccharides, 714
gluten-free diet, 713
health benefits, 713
inulin, 714, 715
monosaccharide content, 715
physical interaction, 715
quinoa bran, 714
soluble, 714
soluble fibers, 715
staling rate, 715
supply of whole grain products, 713
surface properties, 136
wheat-based products, 714

Fick’s Law, 280
Fick’s law of diffusion, 152
Film-forming solution (FFS), 108, 109
Fish gelatin (FG), 11
Fish sarcoplasmic proteins (FSP), 461
Fish skin gelatin films, 627
Flash nanoprecipitation, 378
Flow behavior index, 537
Fluid bed coating, 374
Fluidized bed coating, 375
Fluidized bed drying/coating, 438–439
Fluorescence spectroscopy techniques, 512
Foam (in)stability

coalescence, 281–282
coarsening, 280
drainage, 279
polymeric and LMW surfactants, 282
surfactant, 280

Foam drainage, 279
Foam formation

gas sparging, 278
in situ generation, 278–279
mechanical agitation, 277–278

Foam structure, 272
Foaming agents, 285
Foaming parameters, 260
Foams stabilization

colloidal particles, 257–259
gelled particles, 259–261

MCE, 260
proteins and polysaccharides, 256
protein-surfactant mixtures, 255

Foamulsions, 264
Food and Drug Administration (FDA), 407
Food applications

beverage segment, 541
bread, 540
cookies, 540–541
dietary fiber content, 540
nano-biocomposite polymers (see 

Nano-biocomposite polymers)
noodles, 542
PHGG, 539
yoghurt, 541

Food bioactive components, 382
Food gel emulsions

bipolymers, 483
droplets, 482
filled gels/composite solids, 482
gelatin (see Bovine gelatin)
gellan (see Gellan gum)
polysaccharides, 482
rheological properties, 483
shelf-life, 483
viscoelastic properties, 482, 483

Food grade polymers, 358, 454–471
globular, prolamins and phosphoproteins, 

453
hydrophobic and hydrophilic bioactive 

compounds, 453
intra/inter-molecular disulfide bonds, 453
nano- and microencapsulates, 453
polysaccharides (see Polysaccharides)
protein structure/aggregation, 453
proteins (see Proteins)

Food hydrocolloids, 2
Food layered manufacture, 726
Food manufacturing techniques, 728
Food packaging

active food packaging systems, 19
on animal proteins

casein and whey protein, milk proteins, 
36, 37

collagen and gelatin, 33–36
egg albumen, 38
keratin, 38
myofibrillar proteins, 37, 38

applications, 377
bioactive packaging, 19
BSG and OEO, edible film, 17
cellulose, 561
chitosan coating, 563
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composite films, 9
edible polymer based hydrogel films, 

553–557
function, packaging materials, 576, 577
gelatin based materials, 572
materials, 6, 330
protein and polysaccharide-based film 

formulations, 8
SP, 573
starch, 558
on vegetal proteins, 38

bitter vetch seeds, 46
canola, 45
hazelnut, 46
sesame meal, 46
soy protein (see Soy protein)
sunflower, 45
wheat gluten, 44, 45
zein, 42, 43

WPI-based edible films, 11
Food packaging applications, 377
Food packaging materials, 330
Food packaging technology, 25
Food piece design

digitalized nutrition control, 745, 746
feed macronutrients, 744
formulation and process parameters, 743
formulation innovation and uplifted 

nutrition profile, 744, 745
layer structure and unique taste, 744
visual appearance, 743

Food polymer application, 510
Food preservation, 6, 14

See also Marine biopolymers
Food printing commercialization, 748
Food printing function

specialized food printers and universal 3D 
printers, 739

Food samples, 776
Food shelf life, 26, 36, 37, 40, 46
Food supply sustainability, 729
Food synthesizer, 726
Food-borne pathogens, 6
Fossil-based biodegradable bioplastics, 63
Fourier transform infrared spectroscopy 

(FTIR), 402, 531
Freeze drying, 383, 384
Freeze-drying method, 352, 353
Fresh-cut fruit and vegetables, 213
Fructooligosaccharides (FOS), 714

functional ingredients in food industry, 660
functional properties and economic 

potential, 658

mineral absorption, 660
non-digestible carbohydrates, 658
prebiotic effect, 660
preventing colon cancer, 661
reducing lipids and cholesterol levels, 661
source and chemical structure, 658–659

Fructose units, 659
Fruit shelf life, 212
Functional carbohydrate polymers, see 

Prebiotics
Functional foods/nutraceuticals

bioavailability, 403
delivery systems

biomolecules, 404
carbohydrates, 407–410
characteristics, 404
lipids, 411–412
micro and nanotechnology, 404
proteins, 405–407
size reduction, 404

description, 402
melting point, 403
mixed delivery systems, 412–413
physico-chemical characteristics, 413
physico-chemical stability, 402–403
solubility, 403

Functional properties, biopolymers
barrier properties, 77–80
casting, 73, 74
PBAT composites, 71
PHBV composites, properties, 71
tensile properties, 74, 76
thermal properties, 80, 84
thermomechanical processes, 71

Fused deposition modeling (FDM), 736

G
Galactomannans, 532

surface properties, 136
Galactooligosaccharides (GOS)

beneficial health effects, 663–664
functional ingredients in food industry, 663
global market size, 662
source and chemical structure, 662–663

Galactose, 658
Gas chromatography (GC), 402
Gas chromatography-mass spectrometry, 786
Gas chromatography-olfactometry, 786
Gas molecule transport, in edible films,  

156, 157
Gas sparging, 278
Gastrointestinal tract (GI), 448
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Gastronomy, 731
Gas volume fraction, 272
Gelatin

amino acid concentration
bovine, 28
fish, 28

ascorbic acid/ethanolic hop extract, 36
based hydrogels, 570–572
commercial, 34, 35
description, 34
and egg albumen films, 38
EOs, 35
extrusion variables, 114
isolated, from biomass, 106
and milk proteins, 37
physicochemical interactions, 

gelatinization, 34
porcine skin, 34
and soy protein, 27
surface properties, 137
types, 34
UV-vis light barrier properties, 36
valorization, 34

Gelatin coatings, 229
Gelatin films and coatings

active antimicrobial packaging
AgNPs films, 626
bilayer composite, 625
cinnamon essential oil nanoliposomes, 

627
fish skin gelatin films, 627
food quality during storage, 625
GCG, 626
gelatin-chitosan-based edible films, 626
nano metal/metal oxides, 625
nanocomposite systems, 626
oryganum oil, 626
plant essential oils, 626
properties, 625, 626
silver carp skin gelatin-chitosan  

films, 627
with lemongrass oils, 627
Zataria multiflora essential oil, 627
ZnO nanoparticles, 627
ZnO-nanorod, 626

antioxidative packaging, 633
Gelatin-chitosan-based edible films, 626
Gelatinization, 332, 334, 695
Gelators

amphiphilic compounds/multi-component 
mixtures, 593

and gelation methodologies, 592
bio-based functional molecules, 592

biphasic emulsion-based methodologies, 
596–601

developments and the consumer  
demands, 592

direct dispersion methodology, 594–596
food applications, 604, 605
monoacylglycerides, 592
oil gelation methods, 592
oil structuring technology, 592
oleogels (see Oleogels)
polymer oleogels, 593
polymeric gelation methodologies, 593
single-component, 592
solvent exchange methodologies, 601–605
sterol-based gelators, 592
TAG’s systems, 593
3D network, 592

Gellan gum
active and inactive fillers, 494
agarose and carrageenan, 494
chain stiffness, 493
creep and recovery analysis, 499–500
food emulsion gels, 495
frequency sweep curves, 501
high and low acyl gellan gels

dynamic rheology, emulsion-filled gels, 
498–499

hydrocolloid concentration, 496
O/W gel emulsions, 497
rheological analysis, 495–497
stability of gel emulsions, 497–498
temperature dependence, viscosity, 496

hydrocolloids concentration, 503
hydrophobic groups/proteinic moieties, 

494
polysaccharides, 493, 494
relaxation spectrum determination, 

500–503
relaxation time spectrum, 495
thermal stability, 494

Gelled particles, 254
Gelling agents, 711
Generalized Voigt model, 502
Generally Recognized As Safe (GRAS),  

404, 427
Genipin, 563
Gibbs adsorption isotherm, 273
Gibbs energy, 281
Glassy carbon electrode (GCE), 776
Gliadins, 298
Globular proteins, 253, 453
Glutaraldehyde, 470
Gluten, 695
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barrier properties, edible films, 166
isolated, from biomass, 106, 107

Gluten-free baked goods, 697–716
aromatic compounds, 695
celiac group, 694
colored compounds, 695
fibers (see Fibers)
GFD, 694
GFPs, 694
hydrocolloids (see Hydrocolloids)
NCGS, 694
proteins (see Proteins)
starches (see Starches)
sugars, 695
wheat, 694
wheat flour, 694, 695

Gluten-free breads (GFBs)
characteristics, 702
characterization, 703, 709
formulations, 707
ingredient, 698
loaf volume, 711
maize starch, 697
open grain structure, 699
particles in flour-based, 701
preparation, 699, 701, 707
production, 698
proteins, 696
quality, 697, 702
reduction, 711
and regular values, 713
shelf-life, 699
starch granules types, 699
storage, 700
zein, 707

Gluten-free diet (GFD), 694
Gluten-free flours, 696, 700, 707
Gluten-free products (GFPs), 694
Gluten-free wheat starch, 697
Gluten proteins, 299, 704
Glycemic index, 703, 726
Glycosyltransferase, 656
Gold (AuNPs) nanoparticles

in nano-biocomposite polymer films, 117
Grapefruit seed extract (GFSE), 626
Green tea extract (GTE), 626
Guar galactomannan, 531
Guar gum

acid hydrolysis, 532–533
apparent viscosity, 536
composition, 535
crystallinity index, 538
enzymatic hydrolysis, 530, 532

food applications (see Food application)
guar galactomannan, 531
health benefits, 543–546
intrinsic viscosity, 535
irradiation hydrolysis, 533–534
microwave hydrolysis, 534
molecular weight, 537
physicochemical and structural  

properties, 531
shear viscosity, 536
solubility, 538
structure, 531
tensile strength, 538–539
thermal hydrolysis, 533
thermal properties, 539
ultrasound hydrolysis, 534–535
viscosity, 530
viscosity stability, 536

Gum Arabic, 410
Gut microbiota, 652

H
Hazelnuts, 46
Head to tail reaction, 772
Health and fruit quality, 212
Health benefits

appetite, 546
cardiovascular diseases, 543
diabetes, 543–544
irritable bowel syndrome, 544
laxation effect, 545–546
prebiotic effects, 545
weight management, 546

Healthier oils, 592
Heat flow density/heat flux, 151
Hexamethylene-1,6- 

diaminocarboxysulphonate 
(HDACS), 470

High performance liquid chromatography 
(HPLC), 402

High-performance anion-exchange 
chromatography (HPAEC), 659

High-performance liquid chromatography 
(HPLC), 659

High-pressure processing (HPP), 288
Homogeneous carrageenan-starch  

films, 635
Hot-melt extrusion (HME), 736
Human milk oligosaccharides (HMOS)

antiadhesive antimicrobials, 657
average concentrations ranges, 655
breast-fed infants, 656
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Human milk oligosaccharides (HMOS) (cont.)
immune modulators and brain 

development, 657–658
prebiotics effect, 656, 657
source and chemical structure, 655, 656

Hydrocolloids, 2, 308
bread volume, 710
cellulose derivatives, 711
dough rheology, 710
formula, 713
formulation, processing conditions, 710
gelling agents, 711
in GF breads, 710
GFPs, 712
health properties, 712
HPMC, 710–713
4KM, 711
levels, 711
locus bean gum, 710
manufacturing conditions, 713
nutritional implications, 713
pectins, 712
psyllium, 712, 713
response surface methodology, 710
soluble dietary fiber, 711
thickeners, 711
thickening power, 711
type of bread developed, 710
water content, 713
xanthan, 709, 710
xanthan gum, 710, 712

Hydrogel-forming extrusion (HFE), 737
Hydrogels

chemical linkages, 551
dried, 552
origin, 552
polysaccharides

alginates, 565, 566
carrageenans, 567, 569
cellulose and cellulose derivatives,  

560, 561
CS, 561–564
edible polymers, 557
pectin, 564, 565
starch, 557–559

proteins
gelatin, 570–572
hydrogels, 570
lipid compounds, 576
MP, 575
SP, 573, 574
wheat gluten protein, 574
whey protein, 573
zein proteins, 575

synthetic, 552

water absorbing capacity, 551
Hydrophilic polymers, 262
Hydrophobic poly(l-lactide) (PLLA), 599
Hydrophobicity, 284
Hydrophobins, 255, 306
Hydroxyl propyl-methylcellulose (HPMC), 

259, 598
Hydroxypropyl chitosan, 631
Hydroxypropyl distarch phosphate, 700
Hydroxypropyl methyl cellulose (HPMC), 

705, 706, 709–713
Hydroxypropyl-β-cyclodextrin  

(HPβCD), 469
Hydroxypropyl-γ-cyclodextrin  

(HPγCD), 469
Hypromellose phthalate (HP), 307

I
Inclusion complexation, 377
Indium tin oxide (ITO), 776
Industry wastes

during industrial manufacturing, 26
fishery, 37
grape tannins, 27
in phenolic compounds, 27
valorization, 34

Inkjet printing, 738, 739
In situ generation, 278–279
Insoluble fibers, 653
Intensely coloured foams, 263
International Union of Pure and Applied 

Chemistry (IUPAC), 614
Intrinsic viscosity, 535
Intrinsically conducting polymers, 759
Inulin, 659, 714, 715
Ion gelation

beads, 436
calcium caseinate, 437
external, 436, 437
hydrogels, 437, 438
hydrophobic functional compounds, 436
internal, 437
polyphenols and chlorogenic acids, 437
riboflavin microencapsulation, 438

Ionic liquids, 468
IRIS Rheo-Hub software, 488
Irradiation hydrolysis, 533–534
Irritable bowel syndrome, 544
Ispaghula, 712

J
Jamun leaves extract (JLE), 229
j-carrageenan-based film containing, 629
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K
Kaapa carrageenan, 634
Kafirin bioactive films, 17, 18
Kappa (κ)-carrageenan, 614
k-carrageenan, 517
Keratin, 38, 39
Krefting method, 613

L
Lactic acid bacteria (LAB)

and application, 199
and bacteriocin

classification, 196
and nisin, 196
and pediocins, 197

group and genera, 195
heterofermentative, 195
homofermentative, 194–195
incorporation, and/or their bacteriocins, 

199, 201
Lactobacillus, 195
microorganisms, 199
as natural preservatives, 194
and pediocins, 197

Lactobacillus, 653, 654
Lactoferrin, 293–294
Lactosamine units, 655
Lactose-rich cheese, 662
Large unilamellar vesicle (LUV), 411
Laxation effect, 545–546
Layer structure and unique taste, 744
Layer-by-layer (LBL) electrostatic deposition 

technique
application, 235
formulations, 235
fruit skin and wax layers, 234
weight loss, 234

Legume proteins, 299–304
carbohydrates and fibre, 299

Lignocellulosic fibres, 77, 84
Linear discriminant analysis (LDA) method, 784
Linear viscoelastic range (LVR), 487
Lipid compounds

based hydrogels, 576
Lipid materials, 232
Lipid-based coatings

antioxidant enzymes, 231
compatibility, 230

Lipophilic bioactive compounds, 592
Liposomes, 411
Lithium chloride/dimethyl acetamide (LiCl/

DMAc), 468
Locust bean gum (LBG), 9–11, 521, 710
Low molecular weight (LMW) surfactants, 274

Low molecular weight surfactants (LMWS), 255
Lupin proteins, 304
Lyophilization, 341
Lysozyme, 295
Lysozyme-chitosan composite films, 624

M
Maillard reactions, 289, 704
Malodors, 621
Mannanse enzyme, 532
Marine biopolymers

agar, 611
alginate/alginic acid, 612, 613
application, 610
carrageenans, 613, 614
characteristics, 609
characterization, 610
chitin, 614, 615
chitosan, 615, 616
classifications, 611
condensation polymers, 610
gelatin, 616, 617
living organisms, 609
natural biological and structural  

functions, 610
packaging materials (see Marine 

biopolymers-based packaging 
materials)

polysaccharides, 610
structure, 610

Marine biopolymers-based packaging 
materials

active and intelligent
aroma scavengers/absorbers, 621
chitosan coating, 621
CO2 generators, 621
components, 619
delay/eradicate, 619
edible coatings, 621
ethylene (C2H4), 621
functions, 620
hydroxyl groups, 620
infection/degradation, 619
malodors, 621
oxygen, 620
oxygen scavengers, 620
plasticizing action of water  

molecules, 621
resources, 619
shelf life of foodstuffs, 619

active antimicrobial packaging (see Active 
antimicrobial packaging)

active antioxidative packaging (see Active 
antioxidative packaging)
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Marine biopolymers-based packaging 
materials (cont.)

active releasers/emitters, 622
alginate gel, 617
antimicrobial activity of chitosan and 

chitosan films, 619
bio-based films, 618
chitosan films, 618
chitosan-starch film, 618
coatings, 617, 618
concept, 617
definition, 617
edible coatings, 617
edible films, 617
modified atmosphere packaging, 636
vegetables and fruits preservation, 618
WVP, 619

Mass spectrometry, 656
Mass spectroscopy (MS), 402
Mass transfer mathematical modeling, 150
Massachusetts Institute of Technology (MIT), 

727, 733
Matrix-assisted laser desorption/ionization 

time-off light mass spectrometry 
(MALDI-TOF-MS), 659

Meat systems, 620
Mentha pulegium (MEO), 629, 635
Metallic oxide nanoparticles, 76
Methylcellulose (MCE), 259
MgO nanoparticles, 67
Micro and nano capsules

characterization, 385
DSC, 387
morphology and particle size, 386
physicochemical nature, 388
SEM, 386
TEM, 386
TGA, 387
thermal properties, 387
XRD and NMR, 388

Micro- and nano-composites, 66–67
surface properties, 85, 87, 88

Micro- and nanoencapsulation techniques, 425
capsules, 426
characteristics, 440
classification, 426
components, 424
core material, 426
core/wall material, 425
edible polymers, 427, 428
emulsification, 439
encapsulation procedures, 424
extrusion, 435, 436

fluidized bed drying, 438–439
food products, 430–432
functional compounds, 424
functional foods development, 424
functional ingredients, 424
ionic gelation, 436–438
lipids, 429
polysaccharides, 427–428
proteins, 428–429
requirements

bioavailability/bioactivity, 425
cost-benefits balance, 425
delivery capacity, 425
food grade, 425
food matrix compatibility, 425
loading capacity and retention, 425
protection against chemical 

degradation, 425
spray congealing, 433–434
spray drying, 430–433
wall material, 426–427

Microbeads, 436
Microbial growth without emitting/migrating, 

622
Microencapsulation, 510, 747, 748
Microfibrillated cellulose (MFC), 351
Micro-scale fibers, 747
Microwave and ultrasonic waves, 531
Microwave and ultrasonication hydrolysis 

processes, 530
Microwave hydrolysis, 534, 535
Microwave pancake fabrication, 726
Milk fat globule (MFG), 511
Milk fat globule membrane (MFGM), 511
Milk proteins (MP), 514

based hydrogels, 575
Milk system and polymer-protein interactions

components, 511
MFG, 511
MFGM, 511

Milk/dairy
BSA, 292–293
caseins, 292
α-lactalbumin (α-lac), 291
β-lactoglobulin, 290–291
lactoferrin, 293–294
whey, 290

Mineral absorption, 660
Miscible system, 512
Modified atmosphere (MA), 228
Modified atmosphere packaging (MAP), 236, 

636
Moisture loss, 212
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Moléculaire concept design, 727
Molecular imprinted polymers (MIP)

advantages, 779
analyte and functional monomer, 779
biological and chemical molecules, 779
commercial drinks, 781
compounds, 780
design, 779
electrode, 780
farming products, 781
interference materials, 780
N-nitroso-l-proline, 780
ochratoxin A, 780
olaquindox, 780
polypyrrole, 780
pork meat, 780
properties, 779
quality of food, 780
selective adsorption, 781
solid food, 780
synthesis and selective analyte  

interaction, 779
Molecular weight, 537
Monoacylglycerides, 592
Monosaccharide content, 715
Monosaccharides, 655
Muffins, 696
Multi-printhead and interchangeable extruders 

design, 740, 741
Multivesicular vesicles (MVV), 411
Multiwalled carbon nanotubes (MWCNTs) 

suspension, 778
Myofibrillar proteins, 37, 38
Myosin

barrier properties, edible films, 166

N
Nano-biocomposite polymers

dry process, 109
extrusion

vs. casting, 112
description, 110
disadvantage, 110
mechanical and water vapor barrier 

properties, 111
in polymer industry, 110
principal variables, 110, 113–114
twin screw, 110, 112
WVP, 111

NPs
CNCs, 117, 118
CNPs, 116

CNTs, 115, 116
metal NPs, 117
mixtures of, 121
nanoclays, 118, 119
SNC, 119

physicochemical properties, 121
principal thermoforming variables, 110, 111
thermoforming, 110
wet process, 108, 109

Nano-cellulosic fibres, 67
Nano-chitosan, 624
Nanoclays, 348

in nano-biocomposite polymer films, 118, 
119

Nano-clays, 67, 74, 84, 85
Nanoemulsions, 411
Nanoencapsulation, 362
Nanoencapsulation techniques, 373
Nanofibrillated cellulose (NFC), 352
Nanoliposomes, 411
Nanometers, 348
Nanoparticles (NPs)

atomic and molecular interactions, 115
in nano-biocomposite polymer films

AgNPs and AuNPs, 117
CNCs, 117, 118
CNPs, 116
CNTs, 115, 116
nanoclays, 118, 119
SNC, 119

migration, 120–121
Nanoprecipitation, 378
Nanoprecipitation technique, 378
Nano-sized Janus particle, 255
Nanostructure lipid carriers (NLC),  

411, 412
Nanotechnology, 108, 413

biocomposite polymers (see Nano- 
biocomposite polymers)

National Aeronautics and Space 
Administration (NASA), 727

Native starches are semi-crystalline  
structures, 331

Natively printable materials, 732
Natural antioxidants

usage, 26
Natural biopolymers, 213
Natural polymers, 132
Natural proteins, 28
Natural sweeteners, 745
Newtonian fluid, 520
Nile Blue conducting polymer, 776
Nisin, 196, 197, 199, 201, 203, 205
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N-methylmorpholine N-oxide/water 
(nNMMO/H2O), 468

Non-celiac gluten sensitivity (NCGS), 694
Nondairy polymers, 511
Non-digestible food ingredients, 654
Non-equilibrium transition, 252
Non-Newtonian fluid, 520
Non-printable traditional food material, 732
Non-redox doping

acid doping of aniline, 765
conductivity of conducting polymers, 765
energy levels, macromolecule, 765
global conductivity, 765
mechanism of acid doping of polyaniline, 

765, 766
polaron, bipolaron and soliton pair 

formation, 765, 766
proton doping, 765

Non-starch polysaccharides edible coatings
application, 215–228
compounds, 215
flocculation and coalescence in the coating, 

215
moisture barriers, 215

Nuclear magnetic resonance spectroscopy 
(NMR), 402, 656

Nucleating agents, 333
Nutraceutical market, 402

O
Oats, 703
Obesity and chronic diseases, 744
Ochratoxin A, 780
Oil gelation methods, 592
Oil holding capacity (OHC) values, 604
Oil structuring technology, 592
Oil-structuring agents, 592
Olaquindox, 780
Oleogels

applications for non-polymeric, 604
applications of polymeric, 593
canola oil, 596
cellulose derivatives-based oleogels, 

598–599
Chitin (see Chitin oleogels)
development, 601–604
EC-oleogels, 595
and food, 592
ethylcellulose, 594–596
ethylcellulose-based oleogels, 595
final mechanical and optical properties, 595
in food chain, 592

forming an, 600
matrix, 593
polymer, 593
polymeric-based oleogels, 605
production, 593
solid-like characteristics, 600
types, 595

Olive oil volatile sampling, 785
Onion bulb quality, 787
Optimum adsorption, 518
Oral rehydration solution (ORS), 545
Oregano essential oil (OEO), 16
Organic/simply conducting polymers, 759
Oxygen permeability, 161, 162

P
Packaging materials, 6
Particle stabilisation

colloidal particles, 275
mixed aerated systems, 275
surface free energy, 276

Pea protein isolate (PPI), 11
Pea proteins, 300–301
Pectin, 409

based hydrogels, 564, 565
surface properties, 136

Pectin-protein systems, 314–315
Pectins, 712
Pediocins, 197, 199, 204
Personalized nutrition, 729
Petrochemical industry, 25
Petroleum-based polymers, 102
Phenolic compounds, 40
Phosphoproteins, 453
Photo-doping, 764
Photoinitiated polymerization, 761
Physical blowing agents, 333
Physical stable food matrix, 514
Physical-based storage technologies, 236
Pickering stabilisation, 257, 308, 309
Plant based proteins

soy proteins, 296
water and energy, 296

Plant cells, 230
Plasma oxidation

conducting polymers, 761
Plasma surface treatment, 142
Plasticizers, 108, 138
Plasticizing agents, 705
Plateau modulus, 490
Plateau region, 487
Platform design
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multi-printhead and interchangeable 
extruders, 740, 741

specialized food printers and universal 3D 
printers, 739

Polar configuration, 741, 742
Poly (lactic acid) (PLA), 330
Poly- hydroxybutyrate-co-hydroxyvalerate 

(PHBV), 66, 71, 74, 76
Poly(lactic acid) (PLA), 469
Poly-3-methylthiophene

chemical synthesis, 774
electrochemical synthesis

electrolytes, 774
geometrical (cis and trans) isomers, 775
HT-HH coupling, 775
HT-HT coupling, 775
organic solvents, 774
polymeric film, 774
polymerization mechanism, 774, 775
TT-HH coupling, 775
TT-HT coupling, 775
types of monomer couplings, 775

Polyacetylene, 762
Polyamide (PA)

as packaging materials, 63
Polyaniline

chemical synthesis
acid, 771
oxidizing agents, 772
reagents, 771

electrochemical synthesis
aniline, 772
application technique, 772
conductive or electrochemical 

properties, 772
coupling mechanism in para position, 

772, 773
doping and undoping processes, 773
mechanism of aniline polymerization, 

772
oxidation of aniline dimer, 772, 773
resonance structures of radical  

cation, 772
scheme of aniline polymerization,  

772, 773
Polyazulenes, 759
Polybutylene adipate co-terephthalate (PBAT) 

composites, 71
Polybutylene succinate (PBS), 66, 348
Polycaprolactone (PCL), 66, 348, 470, 599
Polyelectrolytes, 512
Polyethylene (PE)

as packaging materials, 63

Poly-ethylene oxide (PEO), 448, 470
Polyheterocyclic polymers, 760
Poly-hydroxybutyrate (PHB), 66, 77, 94
Polylactic acid (PLA), 66, 348, 470
Polymer 4-amino-3-hydroxynaphthalene 

(p-(AHNSA)) sulfonic acid, 778
Polymer oleogels, 593
Polymer stabilized food foams

edible oil structuring, 261–263
Polymer swelling, 160
Polymeric surfactants, 275
Polymer-protein-solvent ternary systems, 512
Polymers

advantageous properties, 576
from biomass, 102, 103

casein, 105
cellulose/cellulose derivatives, 104
chitin, 103
chitosan, 103
gelatin, 106
gluten, 106, 107
soybean proteins, 107
starch, 104, 105
whey protein, 105
zein, 107

biopolymer-based films, 102
classification, from natural sources, 102
nano-biocomposite (see Nano- 

biocomposite polymers)
petroleum-based polymers, 102

Polypropylene (PP)
as packaging materials, 63

Polypyrrole
chemical synthesis

acid solution, 768
polymerization mechanism, 768
redox reaction, 768, 769
salts, 768, 769
structure, 767

electrochemical synthesis
anodic polarization/anodic current flux, 

769
electrode material, 769
electro-generation, 770
electropolymerization, 770
flux of anodic current, 769
mechanism, 769, 770
monomer oxidation process, 769
oxi-reduction processes, 769
polymer oxidation level, 771
polymer pellicles, 769
polymerization, 770
reversible redox processes, 769, 771
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Polypyrrole polymer matrix, 769
Polysaccharide, 2
Polysaccharide coatings, 213
Polysaccharide-based coatings

non-starch polysaccharide-based coatings, 
215–228

starch-based coatings, 214–215
Polysaccharide-protein systems, 315
Polysaccharides

algal, 310–313
animal polysaccharides, 309
anionic

alginate, 462–465
xanthan gum, 465–466

attributes, 428
bioactive ingredients, 463–464
biological origin, 427
botanical polysaccharides, 307–309
κ-carrageenan, 428
cationic

chitosan, 470–471
cost, 7
film formulations, 8
food industry, 427
for edible films, 7
LBG/XG and glycerol concentrations, 10
mechanism, film formation, 7
neutral

CDs, 469
cellulose, 468–469
dextran, 467
pullulan, 466
starch, 467, 468

primary use, 306
proteins, 8, 313
as sacrificing agents, 8

Polysaccharides edible coatings
application, 213

Polystyrene (PS), 347
Polyurethane (PU), 347
Poly-vinyl alcohol (PVA), 66, 154, 330, 340, 

341, 348, 448, 470
Polyvinylenes, 759
Postharvest techniques, 212
Potato proteins, 304, 305
Potato starch, 697
Potential prebiotics

AXOS and XOS, 664–670
Powder bed binder jetting, 737, 738
Power Law model, 537
Prebiotic effects, 545
Prebiotic index (PI), 653
Prebiotics

bifidobacteria, 654
bifidobacterium, 653
compounds, 653
definition, 653
distribution of gut microbiota, 654
gastrointestinal flora, 652
gut microbiota, 652
gut microorganisms, 652
in vitro cultivation, 653
insoluble fibers, 653
lactobacillus, 653, 654
mice fed, 654
microbiome influence, 653
microbiomes, 652
non-digestible food ingredients, 654
OS, 654
PI, 653
potential (see Potential prebiotics)
production, 655
SCFAs, 654
short-term feeding, 654
sialyated milk oligosaccharides, 654
soluble fibers, 653
synbiotics, 654
traditional (see Traditional prebiotics)
upper GI tract, 652
β-galactosidase, 654

Precursor polymers
conducting polymers, 761

Principal component analysis (PCA), 784
Printability, polymer, 134
Printing materials, 3D

alternative ingredients, 733
natively printable materials, 732
non-printable traditional food material, 732

Printing recipes, 3D, 733
Printing stage configuration

Cartesian, 741, 742
Delta, 741, 742
Polar, 741, 742
SCARA, 741–743
selection, 743

Probiotics, 19, 20
Prolamins, 453
Propylene glycol alginate (PGA), 311
Protein and polysaccharide combinations, 

599–601
Protein stabilized foams, 253–254

food polymers, 253
LMWS, 255

Protein-based biopolymers, 284–306
foaming properties, 288
hydrophobicity, 284
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ionic strength, 286
LMW surfactants, 284
pH, 285–286
protein modification, 287–289
proteins, 285
temperature, 287

Protein-based coatings
amino acid sequences, 228
cherry tomatoes and mangoes, 229
gluten, 229
shelf life, 228

Protein-based fluid gels, 254
Protein-LMWS mixtures, 255
Protein-polymer colloidal system, 516
Protein-polymer complex, 512
Protein-polymer containing model food 

systems, 514
Protein-polymer interaction, 516
Protein-polysaccharide colloidal complexes, 

256–257
Protein-polysaccharide complexes, 257, 304
Protein-polysaccharide mixing behaviour, 256
Proteins

aldehydes, 30
alveographic analysis, 707
amino acids

chain size, 29
compositions, 28
fish gelatins, 28, 31
hydroxyproline, 28
polar, 28
protein structure, 28–30
structure modifications, 30

baking conditions, 708
batters/liquid type doughs, 696
bioactive ingredients, 455–457
bread specific volume, 708
bread volume, 704
carboxy methyl cellulose and pectin, 429
coating, 26
color of bread crust, 707
commercial gluten-free products, 704
definition, 28
disadvantages, 705
egg, 462, 709
films

and coatings, 26, 27
definition, 26
food intolerances, 7
mechanism of formation, 7
and polysaccharide-based, 8
as ‘sacrificing agents’, 8
sources, 7

food grade plasticizers, 30

functionality in GF, 705
GFB formulations, 707
GFBs, 696, 709
globular/fibrous, 31
gluten, 695, 696, 704
gluten network, 696
gluten-free flour, 696, 707
HPMC, 705
in Maillard reactions, 707
insoluble plant proteins, 709
interactions, protein-protein, 30
intermolecular interactions, 30
isoelectric point (IP), 30
lack of homogeneity, 708
Maillard reactions, 704
manufacture, films and coatings, 31–33
meat and marine

FSP, 462
gelatin, 460–461
MPC, 461

micro- and nanoencapsulation processes, 
428

milk
caseins, 460
whey, 459–460

modification, 287–289
molecules, 704
monolayer film, 253
muffins, 696
natural, 28
network, 696
nutritional value, 26
plant

API, 458–459
soy, 458
zein, 454–458

plant proteins, 708
plasticizing agents, 705
properties, 704
rheology, 704
salt exerts, 705
soluble, 709
solution pH value, 30
soy protein and gelatin, 27
structural function, 707
textural attributes, 709
α-tocopherol and ascorbic acid, 429
transglutaminase, 704
type, 708
types of hydrocolloid, 708
types of starchy materials, 708
wheat flour, 707
whey, 704
zein, 705–707
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Proteins and polysaccharides, 282
Protein-stabilized emulsion gel, 483
Pseudomonas elodea, 494
Psyllium, 710, 712, 713
Pullulan, 466
Pulsed amperometric detection (PAD), 662
Pulsed electrochemical detection (PED), 659

Q
Quasi-elastic light scattering, 512
Quinoa bran, 714
Quinoa protein-chitosan-sunflower oil  

coating, 234

R
Red Crimson grapes, 232
Redox doping

by injecting charges, 764–765
n-type chemical and electrochemical 

doping, 763–764
photo-doping, 764
p-type chemical and electrochemical 

doping, 762–763
Reformulating food manufacturing processes, 

750
Re-generated cellulose (RC), 598, 599
Reinforcing agents, 71

biodegradability, 88–94
functional properties, biopolymers (see 

Functional properties, biopolymers)
inorganic and organic, 67

Relative standard deviation (RSD), 780
Release-type active packaging systems, 622
Resistive sensors, 784
Respiratory gases and water vapor, 212
Response surface methodology, 710
Retrogradation, 695
Retrogradation/recrystallization, 332
Rheological behavior, 514
Rheology, 750
Rhodamine B (RhB), 459
Rice starches, 699
Robotic construction process, 726
Robotics-based food manufacturing

and food printing
automation, 730
ChocALM machine, 731
comparison of recipes, 731
consumers, 731
design, 730
digital food fabrication process, 730

gastronomy, 731
ingredients, 731
ingredients into tasty products, 731
motion libraries, 730
pre-process materials, 731
users’ creativity and control, 730

Room temperature extrusion (RTE), 736
Rosemary essential oil, 624
Rubber elasticity, 503

S
Saturated long-chain fatty acids, 230
Satureja hortensis (SEO), 635
Scanning electron microscopy (SEM),  

307, 309
surface characteristics, biodegradable 

polymers, 140
Scanning probe microscopy, 387
Sealability, biodegradable polymers, 133–134
Sedimentation coefficient, 537
Segregative phase separation, 512
Selective Compliant Assembly Robot Arm 

(SCARA) configuration, 741–743
Selective laser sintering/hot air sintering,  

734, 735
Sesame protein, 46
Shear viscosity, 536
Short-chain fatty acids (SCFA), 660
Sialic acid, 658
Sialyated milk oligosaccharides, 654
Silicon carbide, 67, 74
Silver (AgNPs) nanoparticles

in nano-biocomposite polymer films, 117
Single component polysaccharide 

(κ-carrageenan), 603
Slicing software, 727
Small amplitude oscillatory shear analysis, 490
Small batch production, 730
Small Business Innovation Research (SBIR) 

Phase I, 727
Small quantities and physical properties, 714
Small unilamellar vesicles (SUV), 411
Smoothing dairy matrixes, 521–523
Sodium caseinate (SC), 16
Solid lipid nanoparticles (SLN), 411, 412
Soluble dietary fiber, 711
Soluble fibers, 653, 714, 715
Soluble proteins, 709
Solvent exchange methodologies

proteins and polysaccharides
acetone and tetrahydrofuran, 601
aerogels, 601
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CO2 flow rates, 603
description, 602, 603
freeze-dried WPI aggregates, 605
heat-set WPI aggregates, 605
hydrogels, 602
hydrophobic protein, 604
large deformation properties, 602, 603
macro and microstructures, 604
mechanical properties, 602
networks, 601
nonpolar environment, 604
oleogelation, 601
parameters, 603
substitution/replacement approach, 601
swelling behavior, 602
whey protein, 601
wiry/coarser conformation, 602
WPI, 601, 602

Sorbitol, 567
Soy bean proteins, 296
Soy globulins, 297
Soy protein (SP), 458

amino acid concentration, 28
based hydrogels, 573, 574
description, 38
epoxidized soybean oil, 39
films and coatings, 40
and gelatin, 27
as globular proteins, 31
oil extraction, 38
processing methods, 39
production, 38
protein films, 40
thermal denaturation, 30

Soy protein isolate (SPI), 38
films and coatings, 39
for food packaging, 40, 41
starch nanocrystals, 39
surface properties, 137

Soybean proteins
isolated, from biomass, 107

Spanish virgin olive oils, 784
Specialized food printers and universal  

3D printers with food printing 
function, 739

Spectrophotometric method, 776
Spoilage microorganisms, 6
Sponge cakes, 301
Spray congealing, 433–434
Spray drying, 383
Spray drying method, 382, 430–433
Spray freeze drying, 384, 385
Staling rate, 715

Starch, 308, 348, 352, 409, 467, 468
Ag nanoparticles, 93
barrier properties, edible films, 165
based hydrogels, 557–559
casting method, 64
CNC, use of, 74
extrusion variables, 113
isolated, from biomass, 104, 105
PLA-PBS composites, 93
PVA-starch matrices, 84
surface properties, 134, 135
TPCS, 77, 80
TPS matrices, 85

Starch nanocrystals (SNC), 67
in nano-biocomposite polymer films, 

119–120
Starch-based coatings, 214

fruit deterioration rate, 214
potato starch, 215
strawberry fruit, 215

Starch-beeswax dispersion, 233
Starch-casein association, 518
Starches

advantage, 702
amylopectin side-chain recrystallisation, 695
antioxidant compounds, 702
architecture of amylopectin molecules, 695
availability and organoleptic 

characteristics, 701
baking process, 700
cereals, 702
characterization, 702
chemically modified starches, 699
damaged starch, 694
gelatinization, 695
GFBs, 697–699
gluten-free flours, 700
gluten-free wheat starch, 697
glycemic index, 703
granules, 695
high temperature, 695
hydroxypropyl distarch phosphate, 700
maize, 701, 702
material, 697
mechanical process of milling, 701
oats, 703
physically modified starches, 700
potato starch, 697
preparation of gluten-free products, 695
producing, 700
retrogradation, 695
rice, 699
rice flour and maize, 697
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Starches (cont.)
rice flours, 701
role of polymer, 694
sorghum, 702
structural component, 694
structural element, 695
sugars, 700
supplementation, 702
types of flour, 702
types of granules, 699
wheat, 697
wheat starch, 698, 699

Starch-milk proteins interactions, 513
Stearic acid (SA), 465
Sterol-based gelators, 592
Stokes’ s law, 515
Submicron emulsions, 411
Sucrose, 659
Sunflower protein, 45
Super Case II transport, 153
Supercritical fluid (SCF) technology, 379, 412
Supersaturation, 277
Surface-active molecules, 272
Surface free energy, 139
Surface properties, biodegradable polymers

in active packaging, 143
characteristics

AFM, 139, 140
contact angle, 139
gloss analysis, 140, 141
SEM, 140
XPS, 140

lipids, 138
plasticizers, 138
polysaccharides-based films

chitosan, 135
fiber, 136
galactomannans, 136
mechanical property, 134
pectin, 136
starch, 134, 135

printability, 134
protein-based films

bacterial proteins, 137
gelatin, 137
plant proteins, 137
soy protein isolate, 137
zein, 138

sealability, 133–134
wettability, 133

Surface tension, 272–273
Surfactants, 439
Surfactants

LMW, 274

polymeric surfactants, 275
surface tension, 272–273

Synbiotics, 654
Synthetic polymers, 359

T
Tailor-friendly polymeric compound, 594
Taylor cone, 449
Tea extracts, 632
Tea polyphenol-loaded antioxidant chitosan 

nanoparticles (TPCN), 633
Technological applications, 622

antimicrobial packaging (see Active 
antimicrobial packaging)

Tensile strength, 538–539
Texture establishment, 519–523
Thermal diffusivity, 151
Thermal hydrolysis, 533
Thermogravimetric analysis (TGA), 80, 84, 

387, 402
Thermolabile hydrophobic compounds, 503
Thermomechanical process, 71, 73
Thermoplastic corn starch matrices (TPCS), 77
Thickening agent, 519
Thickening dairy matrixes, 519–521
Thiobarbituric acid (TBA), 631
Thiobarbituric acid reactive (TBAR) assay, 634
Three-dimensional (3D) food printing

alternative ingredients, 733
binder jetting, 737, 738
challenges

consumer needs and current 
functionalities, 748–749

food material property and processing 
technologies, 749–750

concept, 726
consumers’ attitudes, 726
custom-designed food product, 727
customer-designed birthday cake, 727
customized food design, 728, 729
customized food products, 726
digitally-controlled, 726
extrusion (see Extrusion based food 

printing)
food piece design (see Food piece design)
food pieces, 728
food supply sustainability, 729
food synthesizer, 726
healthy concepts and functional claims, 726
inkjet printing, 738, 739
mass food preparation processes, 726
microwave pancake fabrication, 726
MIT, 727
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natively printable materials, 732
non-printable traditional food material, 732
personalized nutrition, 729
platform design (see Platform design)
potential technologies

applications, 747
digital cooking, 748
electrospinning, 747
microencapsulation, 747, 748

printing recipes, 733
and robotics-based manufacturing, 730, 731
robotic construction process, 726
selective laser sintering/hot air sintering, 

734, 735
small batch production, 730
stage configuration (see Printing stage 

configuration)
technologies (see 3D food printing 

technologies)
user interface design, 750, 751
virtual 3D model, 727

Thymus daenensis essential oil (TD EO), 17
TiO2 nanoparticles, 71
TNO’s Food Jetting Printer, 734
Tocopherol, 26
Traditional prebiotics

FOS, 658
GOS, 661
HMOS, 655

Traditional recipe printing, 733
Transglutaminase, 704
Transitory doping methods, 761
Trans-polyacetylene (trans-(CH)x), 762
Transport phenomena, in edible films

active packaging (see Active packaging)
heat and mass

anomalous diffusion, 153, 154
Fick’s law of diffusion, 152
Fickian and non-Fickian diffusion, 153
frying, 155
Heat flow density/flux, 151
hydrophilic polymer matrixes, 153
linear superimposition approach, 153
mass transfer, 150, 151
mass transport mechanism, 153
relaxation, 154
thermal diffusivity, 151

water vapor and gas transport  
mechanism, 158

aroma permeability, 162, 163
food quality, 156
gas molecule transport, 156, 157
Henry’s law of solubility, 157

molecular diffusion, 158
oxygen permeability, 161, 162
packaging material, 156
permeability coefficient, 157
polymer type, 158
WVP (see Water vapor permeability 

(WVP))
Triaclylglycerols (TAG’s) systems, 593
Triphasic air/oil/water emulsions, 266
Turmeric residue coating

antioxidant activity and curcuminoids 
contents, 179, 180

chemical treatment, 179
coating formulation, 179
Curcuma longa L., 178
description, 178
mechanical treatment, 178
mechanically treated (TRM) and 

chemically treated (TRC) chemical 
compositions, 179, 180

pH and titratable acidity, uncoated and 
coated bananas, 182

soluble solids and reducing sugars, 
uncoated and coated bananas, 183

titratable acidity, 181
visual aspect and skin color, uncoated and 

coated banana peels, 182, 183
weight loss, 181

Tyramine, 783
Tyrosinase enzyme, 783

U
Ultrasound and cellulase enzyme hydrolysis, 

535
Ultrasound hydrolysis, 534–535
Ultraviolet (UV) radiation, 141
User interface design, 750, 751

V
van der Waals interactions, 377
Vanillin/cyclodextrin inclusion complex 

(vanillin/CD-IC), 469
Vapor pressure of solvent, 451
Vegetal proteins, 38

amino acid concentration, 28, 29
bitter vetch seeds, 46
canola, 45
cysteine, 28
hazelnut, 46
sesame meal, 46
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