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1

Consumers prefer food products that are tasty, healthy and convenient. Encapsulation, 
a process to entrap active agents into particles, is an important way to meet these 
demands by delivering food ingredients at the right time and place. For example, 
this technology may allow taste and aroma differentiation, mask bad tasting or bad 
smelling components, stabilize food ingredients and/or increase their bioavailabil-
ity. Encapsulation may also be used to immobilize cells or enzymes in the produc-
tion of food materials or products, as in fermentation or metabolite production.

This book provides a detailed overview of the technologies used in the preparation 
and characterization of encapsulates for food active ingredients to be used in food 
products, processing, or production. This book aims to inform people, with both a 
limited and an advanced knowledge of the field, who work in the academia or R&D 
of companies on the delivery of food actives via encapsulation and on food processing 
using immobilized cells or enzymes.

The first part of the book reviews the general encapsulation technologies – food-grade 
materials and characterization methods for encapsulates.

Chapter 2 by Zuidam and Shimoni introduces the readers to the most common 
encapsulation technologies and the general criteria to select a proper encapsulation 
technology for a certain application.

Chapter 3 by Wandrey, Bartkowiak, and Harding discusses food-grade materials 
to be used for encapsulation.

Chapter 4 by Zhang, Law, and Lian describes the principle behind the methods 
used to characterize properties of encapsulates, including their applications. 
Furthermore, the release mechanism of actives from encapsulates are also described.

The second part of the book discusses encapsulates of active ingredients, i.e., 
aroma, fish oil, minerals, carotenoids, enzymes, peptides, and probiotics, for specific 
food applications. The group of actives is chosen so that they represent different 
classes of actives. This part of the book is intended to serve as a guide to a food 

Chapter 1
Introduction
Nicolaas Jan Zuidam and Viktor A. Nedović

N.J. Zuidam and V.A. Nedović (eds.), Encapsulation Technologies for Active Food  
Ingredients and Food Processing,
DOI 10.1007/ 978-1-4419-1008-0_1, © Springer Science+Business Media, LLC 2010
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scientist or developer looking for a specific solution to fulfill his or her needs. As 
encapsulation technologies may change rapidly, emphasis is laid on strategy, assuming 
that strategy does not change as fast. Most chapters include application possibilities 
of the encapsulation technologies in specific food products.

Chapter 5, written by Zuidam and Heinrich, highlights aroma or flavor encapsulates. 
Most of the food encapsulates used are aroma encapsulates. This chapter also 
discusses how encapsulates could be used to retain aroma during production, 
storage, and cooking of food products and to release aroma during eating.

Chapter 6, written by Beindorff and Zuidam, discusses fish oil microencapsulates. 
In this chapter, the authors provide an overview of possible encapsulation technolo-
gies used for fish oil and the criteria to select them for different food applications.

Chapter 7 on iron encapsulation is written by Zimmermann and Windhab, and 
covers the use of encapsulates containing iron and other micronutrients for food 
fortification of, e.g., salt and staple cereals.

Chapter 8, authored by Ribeiro, Schuchmann, Engel, Walz, and Briviba highlights the 
use of encapsulates in delivering carotenoids. Carotenoids are instable, natural pigments 
that are insoluble in water and hardly soluble in oil. Formulation of carotenoids in emul-
sions or encapsulates influences these characteristics, and improves their bioavailability.

Chapter 9 reviews the encapsulation of enzymes and peptides, including the 
different types of drying and agglomeration processes. The author, Meesters, also 
provides examples of their use in industry.

Chapter 10 discusses the encapsulation of probiotics by Manojlović, Nedović, 
Kailasapathy, and Zuidam. These living and large actives need to survive the food 
process, storage, and food intake before they can be useful. Examples of the use of 
encapsulated probiotics in food products are provided.

The last part of the book describes immobilization technologies of cells or 
enzymes for use in food processing and production.

Chapter 11, authored by Verbelen, Nedović, Manojlović, Delvaux, Laskošek-
Čukalović, Bugarski, and Willaert, shows how immobilization of yeast cells can be 
used in the fermentation of beer.

Chapter 12 reviews how encapsulation of microbial cells can be used for alco-
holic and malolactic fermentation of wine and cider. It is written by Kourkoutas, 
Manojlović, and Nedović.

Chapter 13 by Champagne, Lee, and Saucier describes how immobilization of 
cells and enzymes can be utilized in dairy and meat fermentation processes.

Chapter 14 presents the view of Breguet, Vojinovic, and Marison on the use of 
encapsulates for food bioconversions and metabolite production.

The editors are grateful to all the authors for their willingness, time, and effort in 
contributing to this book! Without their contributions, the book would not have been 
of such an outstanding quality. We would also like to thank Prof. Denis Poncelet from 
ENITIAA (France), who as President & Coordinator of Bioencapsulation Research 
Group and the EU-sponsored action COST 865, supported the idea of writing this 
book. Many authors who contributed are active in these networks. Finally, many 
thanks to the editorial staff at Springer for their valuable help throughout this project.

We hope you will enjoy reading this book and that it may help you in choosing 
the right encapsulation solution to fulfill your need!



3

2.1  Definitions and Benefits of Microencapsulates  
in Food Products

Encapsulation may be defined as a process to entrap one substance within another 
substance, thereby producing particles with diameters of a few nm to a few mm. 
The substance that is encapsulated may be called the core material, the active agent, 
fill, internal phase, or payload phase. The substance that is encapsulating may be 
called the coating, membrane, shell, carrier material, wall material, external phase, 
or matrix. The carrier material of encapsulates used in food products or processes 
should be food grade and able to form a barrier for the active agent and its sur-
roundings. Please see Chap. 3 for more information on this.

Two main types of encapsulates might be distinguished, i.e., the reservoir type 
and the matrix type (see Fig. 2.1). The reservoir type has a shell around the active 
agent. This type is also called capsule, single-core, mono-core or core-shell type. 
Application of pressure can lead to breakage of the reservoir type of encapsulates 
and thus to the release of its contents. Poly- or multiple-core type of encapsulates 
with several reservoir chambers in one particle also exist. The active agent in the 
matrix type is much more dispersed over the carrier material; it can be in the form 
of relatively small droplets or more homogenously distributed over the encapsulate. 
Active agents in the matrix type of encapsulates are in general also present at the 
surface (unless they have an additional coating, see Fig. 2.1), in contrast to those in 
the reservoir type. For simplification, Fig. 2.1 shows only spherical shaped encap-
sulates, but they can also be cylindrical, oval or irregular shaped.

N.J. Zuidam ()
Unilever R&D Vlaardingen, Olivier van Noortlaan 120, 3133 AT,  
Vlaardingen, The Netherlands
e-mail: klaas-jan.zuidam@unilever.com

E. Shimoni 
Laboratory of Functional Foods, Nutraceuticals and Food Nanoscience, Faculty  
of Biotechnology and Food Engineering, Technion - Israel Institute of Technology,  
Haifa 32000, Israel

Chapter 2
Overview of Microencapsulates for Use in Food 
Products or Processes and Methods  
to Make Them

Nicolaas Jan Zuidam and Eyal Shimoni

N.J. Zuidam and V.A. Nedović (eds.), Encapsulation Technologies for Active Food  
Ingredients and Food Processing,
DOI 10.1007/ 978-1-4419-1008-0_2, © Springer Science+Business Media, LLC 2010
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Encapsulates might also be defined by their particle size, e.g., nanoparticles, 
microcapsules, microreservoir, etc.

The possible benefits of microencapsulated ingredients in the food industry could be:

 Superior handling of the active agent (e.g., conversion of liquid active agent into –
a powder, which might be dust free, free flowing, and might have a more neutral 
smell)

 Immobility of active agent in food processing systems–
 Improved stability in final product and during processing (i.e., less evaporation –

of volatile active agent and/or no degradation or reaction with other components 
in the food product such as oxygen or water)

 Improved safety (e.g., reduced flammability of volatiles like aroma, no concen-–
trated volatile oil handling)

 Creation of visible and textural effects (visual cues)–
 Adjustable properties of active components (particle size, structure, oil- or –

water-soluble, color)
 Off-taste masking–
 Controlled release (differentiation, release by the right stimulus)–

Such benefits should overcome the following possible negatives:

 Additional costs–
 Increased complexity of production process and/or supply chain–
 Undesirable consumer notice (visual or touch) of the encapsulates in food –

products
 Stability challenges of encapsulates during processing and storage of the –

food product.

Because of these possible negatives, encapsulates should generally not be seen 
as a first option when designing food formulations. Only when other, simple 
options fail one may consider encapsulation. Nevertheless, because encapsulates 
facilitate formulations of food products that are healthier, tastier and more convenient, 
the demand for encapsulation has been growing since the last few decades (Frost and 
Sullivan 2005).

reservoir type matrix type coated matrix type

Fig. 2.1 Reservoir type (left), matrix type (middle), and coated matrix type (right) encapsulates. 
The latter is a combination of the first two. Only spherical shaped encapsulates are shown but 
other forms are also possible. Here the active is indicated in white, and the carrier material in gray. 
The active in the matrix type of encapsulates might be in the form of tiny droplets or is dispersed 
at the molecular level throughout the particle
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2.2 Encapsulation Processes

This section aims to provide a short overview of commonly used processes to 
encapsulate food active agent. It is certainly not a complete list. More details about 
these processes can be found in the references, and their use for specific applica-
tions can be found in the other chapters of this book.

Many encapsulation processes are based on making first droplets of the active (in 
gas, liquid or powder form) and these droplets are subsequently surrounded by carrier 
material in a gas or liquid phase via different physico-chemical processes (see Table 2.1 
and below). The preparation of melt extrudates, liposomes, inclusion complexation 
technologies, and the use of natural encapsulates like yeast cells (see Chap. 5) might 
be the exceptions.

Table 2.1 Overview of common microencapsulation processes

Technology Process steps Morphology
Load 
(%)

Particle 
size (µm)

Spray-drying 1. Disperse or dissolve active in 
aqueous coating solution

2. Atomize
3. Dehydrate

Matrix 5–50 10–400

Fluid bed coating 1. Fluidize active powder
2. Spray coating
3. Dehydrate or cool

Reservoir 5–50 5–5,000

Spray-chilling/
cooling

1. Disperse or dissolve active in 
heated lipid solution

2. Atomize
3. Cool

Matrix 10–20 20–200

Melt injection 1. Melt the coating
2. Disperse or dissolve active in the 

coating
3. Extrude through filter
4. Cooling and dehydrating

Matrix 5–20 200–
2,000

Melt extrusion 1. Melt the coating
2. Disperse or dissolve active in the 

coating
3. Extrude with twin-screw extruder
4. Cool

Matrix 5–40 300–
5,000

Emulsification 1. Dissolve active and emulfiers in 
water or oil phase

2. Mix oil and water phases under 
shear

Matrix 1–100 0.2–5,000

Preparation of 
emulsions with 
multilayers

1. Prepare o/w emulsions with 
lipophilic active in oil phase and 
ionic emulsifiers

2. Mix with aqueous solution 
containing oppositely charged 
polyelectrolytes

3. Remove excess of free 
polyelectrolytes (option)

4. Repeat steps 2 and 3

Reservoir 1–90 0.2–5,000
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Technology Process steps Morphology
Load 
(%)

Particle 
size (µm)

Coacervation 1. Prepare o/w emulsions with 
lipophilic active in oil phase

2. Mix under turbulent conditions
3. Induce three immiscible phases
4. Cool
5. Crosslink (optionally)

Reservoir 40–90 10–800

Preparation of 
microspheres 
via extrusion or 
dropping

1. Dissolve or disperse active in 
alginate solution

2. Drop into gelling bath

Matrix 20–50 200–
5,000

Preparation of 
microspheres via 
emulsification

1. Emulsify water with biopolymer 
in oil phase

2. Add gelling agent under shear

Matrix 20–50 10–1,000

Co-extrusion 1. Dissolve or disperse active in oil
2. Prepare aqueous or fat coating
3. Use an concentric nozzle, and 

press simultaneously the oil 
phase through the inner nozzle 
and the water phase through the 
outer one

4. Drop into gelling or cooling bath

Reservoir 70–90 150–
8,000

Inclusion 
complexation

1. Mix carrier, active and water 
together

2. Incubate and dry if necessary

Molecular 
inclusion

5–15 0.001–
0.01

Liposome 
entrapment

1. Disperse lipid molecules in water, 
with active agent in lipid or water 
phase

2. Reduce size by high shear or 
extrusion

3. Remove free active (option)

Various 5–50 10–1,000

Encapsulation by 
rapid expansion 
of supercritical 
fluid (RESS)

1. Create a dispersion of active 
and dissolved or swollen shell 
material in supercritical fluid

2. Release the fluid to precipitate 
the shell onto the active

Matrix 20–50 10–400

Freeze- or vacuum 
drying

1. Dissolve or disperse active agent 
and carrier material in water

2. Freeze the sample
3. Drying under low pressure
4. Grinding (option)

Matrix Various 20–5,000

Preparation of 
nanoparticles

Various methods, see text Various Various 0.1–1

Table 2.1 (continued)
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emulsion

product

hot, dry air

air

Fig. 2.2 Set-up of a spray-dryer with a cocurrent flow. The dried 
product is collected in a cyclone at the end

2.2.1 Spray-Drying and Agglomeration

Spray-drying is one of the oldest processes to encapsulate active agent. It is so com-
mon in foods that it is not always perceived as an encapsulate, e.g., aroma in a spray-
dried form. Spray-drying of active agent is commonly achieved by dissolving, 
emulsifying, or dispersing the active in an aqueous solution of carrier material, fol-
lowed by atomization and spraying of the mixture into a hot chamber (see Fig. 2.2 
and Barbosa-Cánovas et al. 2005; Gharsallaoui et al. 2007). During this process a 
film is formed at the droplet surface, thereby retarding the larger active molecules 
while the smaller water molecules are evaporated. Optionally, one may also spray-
dry active agent in organic solutions like acetone or ethanol; however, this is used 
much less for environmental and safety reasons (which also increase the costs).

Spray-dryers in the food industry are usually atomizing the infeed with a high-
pressure nozzle or centrifugal wheel (also called rotary atomizer) and operate with 
a cocurrent flow of air and particles to give minimal overheating of the particle. 
This latter is important if the contents are heat sensitive or somewhat volatile (as is 
the case with aromas). However, cocurrently-dried particles are likely to be more 
porous than ones prepared in the counter-current mode.

The size of the atomizing droplets depends on the surface tension and viscosity 
of the liquid, pressure drop across the nozzle, and the velocity of the spray. The size 
of the atomizing droplets also determines the drying time and particle size.

The temperature of the droplet surface corresponds at any point in the dryer to 
the “wet bulb” temperature of the gas phase surrounding the droplet as long as 
the particle surface is wet. The wet bulb temperature under standard spray-drying 
conditions is of the order of 50°C. By controlling the air-inlet temperature 
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(typically 150–220°C), the flow rate, the feed rate, the feed temperature, and 
evaporative cooling, it should be ensured that the droplet temperature never 
exceeds 100°C. This temperature might be indicated by the air outlet temperature, 
which is typically 50–80°C. The larger the spray-dryer, the longer the residence 
time of the particle in the dryer (typically 5–100 s) and hence the larger the 
maximum size of the droplets that can be dried. Atomizing nozzles are usually 
mounted to spray downward, but it is also possible to spray upward like a fountain, 
which permits somewhat larger droplets to be dried because of the larger residence 
time of the droplet.

During the drying process a film is formed at the droplet surface and the concen-
tration of ingredients in the drying droplet increases. Finally, a porous, dry particle 
is formed.

The carrier material used should meet many criteria, such as protection of active 
material, high solubility in water, molecular weight, glass transition, crystallinity, 
diffusibility, good film forming properties, good emulsifying properties, and low 
costs (Gharsallaoui et al. 2007). Examples from literature include natural gums 
(gum arabic, alginates, carrageenans, etc.), proteins (dairy proteins, soy proteins, 
gelatin, etc.), carbohydrates (maltodextrins and cellulose derivatives) and/or lipids 
(waxes, emulsifiers).

Conventional spray-dried encapsulates release their active agent immediately 
upon addition to water (which may also depend on the porosity of the particles). 
However, recent introductions of more hydrophobic and/or cross-linked carrier 
materials may provide a more gradual release upon dilution in water. Examples of 
these are denatured proteins, cross-linked proteins or cross-linked biopolymers.

Please see the reviews of Reineccius (2001, 2004), Gouin (2004), Barbosa-
Cánovas et al. (2005), Desai and Park (2005), Gharsallaoui et al. (2007) and Jafari 
et al. (2008) for further, general information about encapsulation of food active 
agent by spray-drying.

For many applications, larger particles than those produced by spray-drying (in 
general about 10–150 mm) might be desirable. This might be achieved by agglom-
eration or granulation (Barbosa-Cánovas et al. 2005; Ortega-Rivas 2005). In general, 
this can be achieved in any equipment creating random movements. An option is 
fluidized bed spray granulation (also called spray-bed-drying), in which a spray-
drying step is followed in one or two steps by a secondary agglomeration step in a 
fluid bed (Fuchs et al. 2006; see also the next section). Another option is to spray-dry 
onto another carrier powder (Fuchs et al. 2006). In both cases, the spray-dried particles 
are not fully dried after the first stage, and therefore remain sticky to facilitate 
agglomeration during the second phase. Alternatively, a binder solution (e.g., 
water) can be sprayed onto powder particles during high shear or tumbling (Litster 
2003; Barbosa-Cánovas et al. 2005), or in a fluid bed (Uhlemann et al. 2002; 
Barbosa-Cánovas et al. 2005; Ortega-Rivas 2005).

An alternative process for the preparation of large particles is pressure agglom-
eration or compaction, in which spray-dried material is compressed under high 
pressure in extruders or presses, maybe together with additional maltodextrin, into 
lumps and then crushed into small pieces of about 0.7–3.0 mm (Barbosa-Cánovas 
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et al. 2005; Ortega-Rivas 2005; Uhlemann et al. 2002). This process is useful for 
applications in which encapsulates should not segregate within food products.

2.2.2 Fluid Bed Coating

Fluid bed coating is a technique in which a coating is applied onto powder particles 
in a batch process (see Fig. 2.3) or a continuous set-up. The powder particles are 
suspended by an air stream at a specific temperature and sprayed with an atomized, 
coating material. With time, each particle will be gradually covered every time it is 
in the spraying zone. The coating material must have an acceptable viscosity to 
enable pumping and atomizing, must be thermally stable and should be able to form 
a film over a particle surface. In general, 5–50% of coating is applied, depending 
on the particle size of the core material and application of the encapsulate.

The coating material might be an aqueous solution of cellulose derivatives, 
dextrins, proteins, gums and/or starch derivatives, and the evaporation of its water 
content is then controlled by many factors such as the spray rate, the water content 
of the coating solution, the air flow, the humidity of the air inlet in the chamber, and 
the temperature of the coating solution, atomized air, and the material in the cham-
ber (Dewettinck and Huyghebaert 1999; Guignon et al. 2002; Teunou and Poncelet 
2002, 2005a). Often a so-called Würster set-up is used, in which the coating is 
sprayed in an inner column from the bottom (see Fig. 2.3, left picture). The air flow 

air outlet 

cold 
air 

coating  
solution 

filters 

atomising air 

air outlet 

air inlet coating 
solution 

filters 

atomising air 

Fig. 2.3 Fluidized bed coating is achieved by an upwards air flow through a bed of particles and 
spraying a liquid with shell material. Here a so-called Würster coating set-up is shown at the left, 
in which process the coating material is sprayed onto powder particles within an inner column 
which brings the particles into circulation. On the right, a set-up is shown in which a coating 
solution is sprayed from the top onto powder particles. Other set-ups are also possible, which 
may include bottom-spraying without the inner column, side spraying with rotating disk and 
continuous configurations
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rate is typically 80% in the center flow in the inner column and 20% in the periph-
ery, which brings the powder particles into circulation. This increases the drying 
rate and reduces agglomeration. The bottom spray reduces the distance between the 
powder and the drops of coating solution, thereby reducing the risk of premature 
drying of the coating.

Alternatively, a molten lipid can be used as a coating material which can be either 
applied from the bottom or the top (see for the latter configuration the right picture in 
Fig. 2.3). Examples of lipids used are hydrogenated vegetable oils, fatty acids, emulsi-
fiers and/or waxes. Care must be taken to prevent solidification of the lipid before it 
reaches the powder. This might be done by heating not only the storage vessel from 
which the molten lipid is pumped, but also the line, the nozzle, and atomizing air. Once 
in the chamber, the rate of congealing (solidification) is controlled by the application 
rate and the cooled, inlet air (often 10–20°C below its melting point). Product temperature 
too close to the melting temperature of the fat may result in sticky particles and thus 
agglomeration. At lower product temperature the congealing might occur before 
complete spreading so the coating might contain defects and pores.

The particles to be coated by fluid bed should ideally be spherical and dense, and 
should have a narrow particle size distribution and good flowability. Spherical 
particles have the lowest possible surface area and require less coating material for 
the same shell thickness than nonspherical ones. Sharp edges could damage the 
coating during handling. Fine and low-dense particles might face the risk of 
accumulating on the filter bags in the top of the machine.

Alternative air suspension coating technologies, e.g., pan coating, have been 
described by Teunou and Poncelet (2005b). In general, one applies a coating to make 
the powder more resistant to humidity. If desired, more than one coating can be 
applied on the powders (with increasing costs).

2.2.3 Spray-Cooling or Spray-Chilling

Spray-chilling or spray-cooling is another technology to produce lipid-coated active 
agent (Kjaergaard 2001; Uhlemann et al. 2002; Gouin 2004). The active agent might be 
soluble in the lipids, or be present as dry particles or aqueous emulsions. Firstly, droplets 
of molten lipid(s) are atomized into a chilled chamber (e.g., via nozzle, spinning disk or 
(centrifugal) co-extrusion), which results in solidification of the lipids and finally their 
recovery as fine particles. The initial set-up of spray cooling is quite similar to spray-
drying (see Sect. 2.2.1), but no water is evaporated here. In the spray-chilling technique, 
the particles are kept at a low temperature in a set-up similar to the fluidized bed spray 
granulation (see Sect. 2.2.2), on which molten lipid droplets may adhere to already hard 
lipid particles before solidification. In general, the melting point of the lipid used is in 
the range of 34–42°C for spray-chilling, and higher for spray-cooling.

Rotating disk is another atomization method for the preparation of solid lipid 
particles (Sparks and Mason 1987). A suspension of particles in molten lipid is 
spread on the disk, followed by separation of coated particles by atomization at the 
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edge of the rotating disk. The disk may be flat or bowl-shaped and can be heated. 
The drops solidify when falling from the disk. Depending on the droplet size and 
melt characteristics a certain falling height is required. The size of the particles 
depends on the core particles, melt viscosity, melt temperature, disk configuration 
and the rotational speed.

2.2.4 Melt Injection and Melt Extrusion

Carbohydrate materials can be mixed with an active when molten, at a temperature 
above 100°C, then pressed through one or more orifices (extrusion) and finally 
quenched to form a glass in which active agent have relatively little mobility. In 
general, the glass transition of encapsulates made by extrusion is between 30 and 
70°C.

Basically, two processes to encapsulate active agent in a carbohydrate melt can 
be distinguished. One is melt injection, in which the melt (composed of sucrose, 
maltodextrin, glucose syrup, polyols, and/or other mono- and disaccharides) is 
pressed through one or more orifices (filter) and then quenched by a cold, dehydrat-
ing solvent. This is a vertical, screwless extrusion process. Generally isopropanol, 
and also liquid nitrogen, is used as the dehydrating solvent. The coating material 
hardens on contact with the dehydrating solvent, thereby encapsulating the active 
(Porzio 2004). The size of the extruded strands is reduced to the appropriate dimen-
sions inside the cold solvent during vigorous stirring, thereby breaking up the 
extrudates into small pieces. Any residues of active agent on the outside will be 
washed away by the dehydrating solvent. Encapsulates made by melt injection are 
water-soluble and have particle sizes from 200 to 2,000 mm.

Encapsulation in a carbohydrate melt can also be achieved by using an extruder 
with one or more screws in a continuous process (see Fig. 2.4). This process is called 

motor

activewater

carrier
material

Fig. 2.4 Scheme of a melt extruder. Most often, extruders with two screws are preferred. Each 
section can be temperature controlled. The carrier material is commonly added via a twin screw 
feeder in the first section, and water and active can be added simultaneously or later
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melt extrusion, and it can be regarded as a process very similar to melt injection; the 
main differences are that, in general, melt extrusion utilizes screws in a horizontal 
position and that the extrudates are not surface washed. Extruders are thermome-
chanical mixers that consist of one or more screws in a barrel. Most often, double 
screw extruders equipped with sinusoidal screws (self-wiping) are preferred for 
encapsulation. It is common to characterize the extrusion screws by the length/diam-
eter (L/D) ratio, typically between 20 :1 and 40 :1. Transport of material within the 
extruder takes place by rotational, and sometimes oscillatory, movement of the 
screws. In the beginning (the feed zone), the screw design is such that a low pressure 
is generated to homogenize the feeding. In the subsequent zone(s), a gradual increase 
in pressure is achieved via the screw design to melt, further homogenize, and com-
press the exrudate. In the final part of the barrel, a constant screw design helps to 
maintain a continuous high pressure to ensure a uniform delivery rate of molten mate-
rial out of the extruder. Most of the time, the barrel is also divided into sections to 
allow for section-controlled variation in temperature. At the end of the barrel, a “pre 
die” and “die head” determine the shape of the final product (e.g., sheets, ropes or 
threads). It can be equipped with a chopper/cutter to obtain granular extrudates. 
Alternatively, these can be obtained via postpreparation equipment like grinders or 
mills, see Ortega-Rivas 2005. Extrudates can be composed of starch, maltodextrins, modi-
fied starches, sugars, cellulose ethers (like hydroxypropyl cellulose or hydroxypropyl 
methyl cellulose), proteins, emulsifiers, lipids, and/or gums. Often, melt extrudates 
for use in food products are composed of “thermoplastic” starch (Yilmaz 2003; 
Yilmaz et al. 2005). Native starch is composed of semicrystalline granules with a size 
of 1–100 mm (see also Sect. 3.2.1.1). It consists of amylose and amylopectin, both 
containing only a-d-glucose units. Thermoplastic starch is obtained by destructuring 
the semicrystalline starch via simultaneous application of heat (around 110–120°C) 
and mechanical forces. The presence of plasticizers, such as water or glycerol/poly-
ols, enables further processing. Plasticizers also influence other properties, such as 
glass transition temperature of the material, its solubility and morphology (Yilmaz et 
al. 1999 and references therein). Unmodified thermoplastic starch dissolves quickly 
in water. Modified starches that are tailor-made (using physical, chemical or enzy-
matic routes) might be used to make encapsulates more water resistant (Zasypkin and 
Porzio 2004). In addition, additives (such as plasticizers and other constituents in the 
formulation) and in situ modifications (e.g., heat treatment, surface modification, and 
induction of (local) crystallinity) might also be used to get relatively water-insoluble 
extrudates. Addition of the active ingredient might be in the mixing/dispersing zone 
of the extruder (at about halfway in the scheme of Fig. 2.4). This minimizes the residence 
time of the active ingredients and avoids the relatively high temperatures required to 
plasticize starch in case starch is still in its granular form. The active can be added as 
a gas, liquid, emulsion, or powder. Morphology of the obtained formulations will 
depend on the properties of the active agent as well as the matrix. In case the matrix 
and the active agent are compatible a single-phase morphology can be obtained, 
where the matrix behaves as a solvent. In case of incompatibility a two-phase mor-
phology is likely to be obtained. For example, lipophilic compounds may mix well 
with starch modified with hydrophobic groups, in contrast to hydrophilic ones. 
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Alternatively, pre-encapsulation and surface modification are possible. The encapsu-
lation efficiency (and the release kinetics) will depend on adequate mixing and dis-
persion of the encapsulant within the matrix. The use of emulsifiers may allow better 
control of these characteristics (Yilmaz et al. 2001). Unfortunately, the active load of 
extruded encapsulates is relatively low (typically less than 10%), which may have an 
impact on their cost-in-use.

2.2.5 Emulsification

Emulsions are kinetically rather than thermodynamically stable two-phase systems 
and ultimately, both the oil and water phase will separate. Proper formulation design 
of both phases and the interface, including choice of ingredients like emulsifiers, 
might prevent that (McClements 2005; Appelqvist et al. 2007). Emulsions are com-
monly made under high shear with, e.g., homogenizer, colloid mill, high shear mixer, 
or stirred vessel preferably equipped with baffles (see Fig. 2.5 for the latter).

Plain emulsions can be used as a delivery vehicle for either water soluble and/or 
lipophilic active agent in food products (Appelqvist et al. 2007). There are two 
considerations that must be taken into account when formulating an emulsion for con-
trolled delivery. First, the emulsion system must be (storage) stable right up to the point 

Fig. 2.5 Set-up of a stirred, double-wall vessel with 3–4 baffels and Rushton-impeller, which 
might be used for the preparation of emulsions or complex coacervates. This set-up can be used 
at both a lab scale and a factory scale
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of application. Second, on application the emulsion should behave in a manner consis-
tent for achieving the desired delivery. In many (but by no means all) cases this equates 
to the “making and breaking” of emulsions for stability and subsequent delivery.

Water soluble food active agent might be encapsulated in water-in-oil (w/o) emul-
sions or double emulsions of the type w/o/w (Appelqvist et al. 2007). 
Furthermore, oil-in-water (o/w) emulsions may affect taste (e.g., salt) by changing 
the aqueous phase volume and thus the concentration of taste molecules in water, 
and by suppressing contacts of salt with taste receptors. Lipophilic active agent 
(e.g., aroma, cartonenoids such as lycopene and beta-carotene, plant sterols, vita-
min E, dietary fats) might be protected and delivered to consumers via o/w emul-
sions (Appelqvist et al. 2007; see also Chaps. 6 and 8).

Several technologies have been developed to produce highly uniform emulsion 
droplets (see Link et al. 2004; McClements 2005), such as reduction of polydisper-
sity of already formed emulsions (including repeated fractionation and shearing 
immiscible fluids between uniformly separated plates; Mabille et al. 2003), or 
single-drop technologies like microfluidics. Monodispersed emulsions may have a 
more defined behavior and release pattern of entrapped active agent than polydis-
persed ones. This can be very important in pharmaceutics and when the emulsions 
are used as a template to make new materials for, e.g., electronics. Currently, it is 
not clear whether this would constitute a real advantage in food systems.

Oil-in-water emulsions might be dried by, e.g., spray-drying (see Sect. 2.2.1) or 
freeze-drying (see Sect. 2.2.13) to provide a powder. Such dry emulsions might be 
encapsulates or an instant formulation of beverages or other food products. 
Emulsion droplets might also be prepared during the processing of encapsulates 
(such as extrudates or co-extrusion, see Table 2.1), or act as templates for further 
processing (such as complex coacervates, microspheres or emulsions with multi-
layers; see Table 2.1 and below).

Another use of emulsions is the emulsification of molten fat or wax in water at 
a temperature above the melting temperature of the fat, followed by cooling during 
mixing (Mellema et al. 2006). This might be an alternative process to the spray-
chilling/spray-cooling process described in Sect. 2.2.3. However, if the active is 
(partly) water-soluble, then it might not be (fully) encapsulated within the fat.

2.2.6  Preparation of Emulsions with Protein and/or Biopolymer 
Multilayers

A layer around “primary” emulsions with ionic emulsifier(s) can be formed by 
adsorbing oppositely charged polyelectrolytes to form “secondary” emulsions with 
a two-layer interface. This procedure can be repeated to form emulsion droplets 
with three or more layers at their interface (Guzey and McClements 2006). Removal 
of excess free polyelectrolytes by, e.g., centrifugation or filtration between the steps 
might be necessary.
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This procedure is also called layer-by-layer (LBL) electrostatic deposition 
technique. It is a relatively new technique and its full potential is under investigation. It 
is a simple preparation technique at lab scale, but quite laborious at larger scales. Examples 
include emulsions with multilayers composed of b-lactoglobulin– ί-carrageenan, 
b-lactoglobulin–pectin, or sodium dodecyl sulfate (SDS)–chitosan–pectin.

2.2.7 Coacervation

Coacervates are made via a liquid–liquid phase separation mechanism of an 
aqueous solution into a polymer-rich phase (known as coacervate) and a poly-
mer-poor phase. According to the number of polymer type(s) present, the process 
can be identified as (simple) coacervation when only one type of polymer is 
involved or complex coacervation when two or more types of polymers of opposite 
ionic charges are present. The coacervates used to encapsulate active agent are 
most often of the complex type. Their shell is frequently composed of gum ara-
bic and gelatin. The technology was developed by National Cash Register Co. in 
the 1950s and was the basis of carbonless copy paper, the first commercial prod-
uct with microencapsulates.

Complex coacervates are commonly made from an o/w emulsion with gelatin 
and gum arabic at a 1:1 w/w ratio and at a 2–4% w/w of each polymer dissolved in 
the water phase via adjusting the pH from neutral to about 4 under turbulent condi-
tions in a stirred vessel (see Fig. 2.5) at >35°C, a temperature above the gelation 
temperature of gelatin (Gouin 2004; Lemetter et al. 2009). This creates three 
immiscible phases (oil, polymer-rich, and polymer-poor phase), and the polymer-
rich phase droplets will deposit on the emulsion surfaces because of interfacial 
sorption. Alternatively, complex coacervation can be induced by dilution instead of 
pH adjustment; oil is emulsified in a 8–11% (w/w) gelatin solution, followed by 
addition of gum arabic and dilution water (Thies 2007). Upon cooling well below 
35°C (Lemetter et al. 2009), the deposited gelatin and thus the shell will solidify. 
Factors like polymer concentrations, pH, turbulence of the system, emulsion size, 
ionic strength, and temperature affect the preparation process. After cooling, there 
is an option to crosslink the shell with, e.g., glutaraldehyde (Tabor et al. 1992; not 
allowed in Europe for food applications) or transglutaminase (Thies 2007). Finally, 
the coacervates are isolated and washed (if needed) via filtration or sedimentation 
(if their density is higher than the density of water, which depends on the relative 
amount of shell compared to the oil core) and might be dried by spray-drying or 
fluid bed drying. Optionally, gum arabic can be replaced by other negatively 
charged molecules like carboxymethylcellulose, pectin, carrageenan, alginate and 
alginate derivatives, or polyphosphate (Bakker et al. 1999; Gouin 2004; Thies 
2007), or gelatin can be replaced by whey proteins (Weinbreck et al. 2003). Gelatin 
most often has a beef or pork origin, but as a Kosher or Halal alternative fish gelatin 
might be used. Each polymer combination operates at unique conditions in terms 
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of pH, temperature, ionic strength, polymer levels, molecular weight, charge density, 
cooling rate, etc. Complex coacervates often have a very typical, oval shape.

Simple coacervation has been used less to encapsulate active agent. Examples 
are the encapsulation of o/w emulsions in gelatin where solubility is reduced by 
temperature or sodium sulfate, in 0.2 wt. % chitosan by increasing the pH with 
0.1–1.5 wt. % sodium hydroxide (Hsieh et al. 2006), and in an aqueous solution of 
hydroxypropyl methylcellulose or methyl cellulose where simple coacervation was 
induced by addition of maltodextrin (Porzio and Madsen 1997; the maltodextrin 
also functioned as spray-drying carrier material for double coating).

2.2.8 Preparation of Microspheres by Extrusion or Emulsification

Microspheres are microbeads composed of a biopolymer gel network entrapping an 
active. The microspheres are commonly prepared in the presence of the active, but 
postloading of blank microspheres containing oil droplets with, e.g., aroma is also 
an option. Calcium-alginate gel is the best known gelling system used for the prepa-
ration of gel beads to encapsulate a wide variety of active agent, such as oil droplets 
containing aroma, cells, probiotics, yeast, or enzymes to name a few. These active 
agent are relatively large in size, as smaller ones will diffuse easily through the 
porous biopolymer network. Gelation of alginate in the presence of divalent cations 
can be easily controlled and does not require heating like other gelling biopolymers 
like agarose, agar, or carrageenan. Microspheres are commonly made via two dif-
ferent routes (Krasaekoopt et al. 2003; Gouin 2004):

(a) The extrusion or dropping method: This method consists of dropping droplets of 
an aqueous solution of 0.6–4 wt. % sodium alginate and active into a gelling bath 
of 0.05–1.5 M calcium-chloride solution. The dripping tool can be simply a 
pipette, syringe, vibrating nozzle, spraying nozzle, jet cutter, atomizing disk, 
coaxial air-flow, or electric field (see Fig. 2.6 and also Zhang et al. 2007 for drop-
ping and spraying set-ups). In general, particles with a diameter between 0.2 and 
5 mm can be made depending on the dripping tool and the viscoelasticity of the 
alginate solution. Alternatively, the extrusion or dropping method can be used 
with a concentric nozzle (co-extrusion), to prepare core-shell type of encapsu-
lates with a lipophilic core and a shell of a gel network (see Sect. 2.2.9). In a 
recent study by Prüsse et al. (2008), different common bead production tech-
nologies were analyzed to check their ability to process fluids of different vis-
cosities. Each of the technologies is suitable for the production of spherical 
microspheres (800 mm in diameter) from low-viscous sodium alginate solutions 
(up to 2% w/w), whereas high-viscous alginate solutions (³3% w/w sodium alg-
inate) cannot be processed with the vibration technology anymore. With the 
electrostatic, jet cutter, and coaxial air-flow technologies microsphere production 
was possible and a narrow size distribution was always achieved. However, the 
shape of the microspheres produced by coaxial air-flow was nonspherical and 
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deformed egg-like or drop-like microspheres were obtained from 3 and 4% 
(w/w) sodium alginate solutions, respectively. In addition, extrusion technolo-
gies were compared with respect to productivity. The microsphere production 
rates of the coaxial air-flow and the electrostatic technology are very low. Thus, 
these technologies are limited to small/lab-scale applications when only a few 
grams of material have to be processed. The vibration technology exhibits up to 
50 time higher production rates than the aforementioned technologies. Vibration 
systems, thus, are suitable for lab-scale as well as larger scale applications, 
assuming that multinozzle devices are used for larger scales. The JetCutter tech-
nology is suited both for lab-scale and large- up to industrial-scale microsphere 
production. Instead of calcium-alginate, one may prepare microspheres with 
other compositions, e.g., by dropping 4% k-carrageenan into 0.3 M potassium 
chloride, or heated gelatin, agarose, or agar solution into a cold bath.

(b) The emulsion method: This technique utilizes emulsions to make microspheres. 
Several variants exist. One may add calcium chloride to an emulsion of water 
droplets of an alginate solution and active in vegetable oil. This results in the 
“break-up” of the emulsion and microbeads are formed by the gelation of the 
alginate droplets. Alternatively, both alginate and calcium (in an insoluble form 
such as calcium carbonate) can already be present in the water phase of the 
emulsion. Upon addition of an oil-soluble acid (such as acetic acid) the pH 
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Fig. 2.6 Set-ups of three different ways of making microspheres. Aqueous solution of, e.g., 
sodium alginate and active are atomized by jet-cutter (a), pipette or vibrating nozzle (b), atomizing 
disk (c), coaxial air-flow (d), or electrostatic potential (e). The droplets fall into a batch of 0.05–
1.5 M calcium chloride, resulting in instantaneous formation of calcium alginate microspheres
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decreases, liberating free calcium ions in the system and initiating the gel formation 
of alginate droplet with calcium. Delta-glucono-lactone can also be employed 
for slower gelation kinetics, if needed. Another variant of the emulsion method 
is the preparation of a water-in-oil emulsion first, with calcium ions in the water 
phase, and second, addition of an aqueous alginate solution during stirring which 
produces a phase inversion, and calcium alginate begins to deposit on the newly 
formed drops (Casana Giner et al. 2006). Another colloid might then be added 
that will deposit on the surface of the microspheres (e.g., xanthan gum) and then 
a primary surfactant is added to reduce the size of the water in the oil drops. 
Agglomeration or deagglomeration may occur (depending on the process condi-
tions) and finally the microspheres are hardened at an elevated temperature 
(75°C for 120 min). Gelling materials other than alginate can also be used in the 
emulsion technique, such as k-carrageenan (gelation upon cooling with potas-
sium ions), chitosan (crosslinking by addition of anions), gelatin (crosslinking 
by mixing with anionic polysaccharides, such as gellan gum, at neutral pH, fol-
lowed by adjusting the pH to make gelatin positively charged), and pectin 
(chemically or physically crosslinked).

The emulsion method has the advantage that it can produce smaller micro-
spheres (10 mm–1 mm) than the extrusion method (0.2–5 mm). It is also easier to 
scale-up. However, the emulsion method might be more expensive if vegetable oil 
has to be removed (and recycled), and the microspheres have to be washed sufficiently 
to eliminate the residual vegetable oil on the surface.

The presence of chelating agents (e.g., phosphate, lactate, citrate or bicarbonate) 
may interfere with the encapsulation process or alter the integrity of the calcium-
alginate gels beads added into wet products. Posthardening for long periods of time 
in a solution with the crosslinker (e.g., storage of calcium-alginate microspheres for 
1 day in 0.2 M calcium chloride solution), coating (e.g., with chitosan or poly-l-
lysine, which are both not food grade), cross-linking with cationic polymers (e.g., 
chitosan), incorporation of additives (e.g., microcrystalline cellulose, hydrophobic 
starches) in the gel network, and/or modification of oil reservoir (if applicable) 
might be applied to modify the properties of the microspheres.

2.2.9 Co-extrusion

Co-extrusion is an extrusion technology which utilizes a concentric, multifluid nozzle, 
which may be stationary, rotating, or vibrating, It can be utilized to prepare spherical 
microbeads with a hydrophobic core of active agent and a hydrophilic or hydrophobic 
shell produced by interfacial gelling (e.g., with calcium-alginate or potassium-carra-
geenan) or cooling (e.g., gelatin or fat). Different set-ups are possible:

 Some equipment (e.g., from Inotech, Brace, Nisco) utilizes a vibrating multi-fluid –
nozzle to produce 80–1,500 micrometer particles. The technology is based on 
the principle that a laminar liquid jet is broken into equal-sized droplets by a 
superimposed vibration.
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 Some other equipment is based on centrifugal co-extrusion, which leads to the –
formation of round beads at the edge of the nozzle due to Raleigh instabilities.

 The nozzle might also be submerged into a moving carrier and cooling fluid (see –
Fig. 2.7; Uhlemann et al. 2002). The submerged set-up prevents disruption of the 
shell upon contacting the cooling liquid. The capsules can be about 1–8 mm 
with typically a 70–95% load (aroma, fish oil, vitamins, freeze-dried probiotics 
dispersed in oil, etc.).

 Another option is to make use of a dual-feed spraying nozzle in combination with –
ultrasonic atomization (e.g., from Sono-Tek), which allows one to spray-dry 
immediately in the air after atomization takes place.

2.2.10 Inclusion Complexation

Molecular inclusion is the association of the active in a cavity-based material. The 
best known example is cyclodextrin (Hedges 1998; Szente and Szejtli 2004; Regiert 
2008). Cyclodextrins are cyclic oligosaccharides of 6–8 d-glucose molecules, 
which are enzymatically joined through alpha 1–4 linkages in such a way that they 
to form a ring (see Fig. 3.7 in the next chapter). Some properties of cyclodextrins 
are listed in Table 2.2. Cyclodextrins containing six, seven, or eight glucose 
molecules are referred to as a-, b- and g-cyclodextrin, respectively. Their diameters 
are about 14, 15 and 17 Å, respectively. Cyclodextrins have a lipophilic inner 
pocket of about 5–8 Å, in which an active molecule with the right size can be 
reversibly entrapped in an aqueous environment. However, this characteristic limits 
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Fig. 2.7 Set-up of submerged co-extrusion with a vibrating nozzle placed into the carrier and 
cooling oil. The cooling oil is circulating and core-shell encapsulates are isolated from the cooling 
oil by, e.g., filtration
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its loading capacity. Loading of cyclodextrins can be achieved by coprecipitation of 
the complex in aqueous solutions (essentially a laboratory method), by using a 
slurry of partially dissolved cyclodextrin (upto 45% w/w), by using a paste with 
20–30% water, or by dry mixing (Hedges 1998). Temperature, time, the amount of 
water, and the particular active and cyclodextrin control the loading rate and 
efficiency. b-cyclodextrin is the most common one. The cyclodextrins might be 
branched enzymatically to increase their water solubility. Unfortunately, the use of 
cyclodextrin might be limited by regulatory rules. In Japan, cyclodextrins are 
regarded as a natural product. In the USA, a-, b- and g-cyclodextrin have GRAS 
status. However, in the EU b-cyclodextrin is allowed in a limited number of prod-
ucts (chewing gum, potato, cereal, flour or starch based snacks, and in water-based 
flavored drinks; <1 g/kg) and a-cyclodextrin only has a regulatory status as a novel 
food since February 2007. Novel food status for the use of g-cyclodextrin in the EU 
has been filed but not given as yet.

Other examples of molecular inclusion might be the entrapment of lipids by 
amylose (see Sect. 2.3) and the use of ligand-binding proteins (De Wolf and Brett 
2000), such as the milk protein b-lactoglobulin. This protein belongs to the super-
family of lipocalins, together with retinol-binding protein and odor-binding 
proteins (Guichard 2006; Tromelin et al. 2006). b-lactoglobulin has a hydrophobic 
pocket, which binds fatty acids and aroma molecules in a pH and temperature 
dependent manner.

2.2.11 Liposome Entrapment

Liposomes consist of at least one closed vesicle composed of bilayer membranes 
which are made of lipid molecules, such as phospholipids (lecithin) and cholesterol 
(see also Sect. 3.2.3.4 and Fig. 3.19). They form when (phospho)lipids are dispersed 
in aqueous media and exposed to high shear rates by using, e.g., microfluidization or 
colloid mill. The underlying mechanism for the formation of liposomes is basically the 
hydrophilic–hydrophobic interactions between phospholipids and water molecules. 
Active agent can be entrapped within their aqueous compartment at a low yield, or 

Table 2.2 Properties of cyclodextrins (Most data taken from Regiert (2008))

a-cyclodextrin b-cyclodextrin g-cyclodextrin

Number of glucose units 6 7 8
Molecular weight (g/mol) 973 1,135 1,297
Crystal water content (wt. %) 10.2 13.2–14.5 8.1–17.7
Molecule diameter (Å) 14.6 15.4 17.5
Cavity diameter (Å) 4.7–5.3 6.0–6.5 7.5–8.3
Solubility in water at 25°C (g/mol) 14.5 1.85 23.2
Hydrolysis of a-amylase Negligible Slow Fast
Crystal water content 10.2 13.2–14.5 8.13–17.7
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within or attached to the membrane at a high yield. The particle size ranges from 
30 nm to a few microns. Small vesicles tend to aggregate or fuse and may end up 
growing into micron-size particles during storage, which might be prevented by elec-
trostatic repulsion (e.g., by addition of charged lipids in the membrane) or steric stabi-
lization. Liposomes are currently mainly studied and used as advanced, pharmaceutical 
drug carriers (Torchillin and Weissig 2003), and their use in foods (Were et al. 2003; 
Gouin 2004; Taylor et al. 2005; Kosaraju et al. 2006; Mozafari et al. 2006; Takahashi 
et al. 2007) is quite limited due to its chemical and physical instability upon storage in 
especially emulsified food products, low encapsulation yield, leakage upon storage of 
liposomes containing water-soluble active agent, and the costs of raw materials 
(Zuidam et al. 2003). Liposomes are now used as drug delivery systems. For food 
applications, however, liposomes have mainly been studied to enhance ripening of 
hard cheeses and other applications in the food industry are very limited.

2.2.12 Encapsulation by Using Supercritical Fluid Technology

Supercritical fluids exist above a critical temperature and pressure at which the 
substance’s liquid and gas phases are indistinguishable (Thies et al. 2003; Martin 
Del Valle and Galan, 2005). Their properties are intermediate to those of liquids 
and gases – liquid-like densities, gas-like viscosities, gas-like compressibility, and 
higher diffusivity and mass transfer than liquids. Many compounds can be brought 
into a supercritical state, such as water, propane, nitrogen, and carbon dioxide. The 
last one is probably the most interesting solvent for use in an encapsulation process, 
since it is environmentally friendly, it minimizes the use of organic solvent and 
water, and can be applied at reasonable pressures and temperatures (<30°C). It is 
actually applied to improve existing encapsulation processes:

 When supercritical fluid is released through a small nozzle, the abrupt pressure –
drop causes the supercritical fluid to evaporate or to transform into a much 
poorer solvent. Dissolved or swollen shell material will precipitate onto active 
agent dispersed in the supercritical fluid. This process is called Rapid Expension 
of Supercritical Solutions (RESS). Carbon dioxide is an apolar solvent, and there-
fore only shell materials like fat or wax will solubilize well in it. Hydrophilic 
proteins (e.g., gelatin) or polymers (e.g., cellulose, hydroxypropyl methylcellu-
lose) can swell in it or might be solubilized by using cosolvents.

 Spray-drying of solvents containing supercritical carbon dioxide (also called super-–
critical assisted atomization, SAA) operates at relatively low temperatures, which might 
be beneficial for temperature-sensitive materials such as proteins or volatile flavors. 
Cosolvents might also be necessary here to dissolve active agent like proteins.

 Active agent and carrier material dissolved in organic solvent may be sprayed –
into supercritical fluid, thereby extracting the solvent from the incoming spray 
droplets and coprecipictating the active agent and carrier material. This process 
is called aerosol solvent extraction (ASES).
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 Supercritical carbon dioxide might be used to dissolve lipids prior preparation –
of liposomes (see Sect. 2.2.11).

2.2.13 Freeze-Drying and Vacuum Drying

Active agent and carrier material dissolved in water can be freeze-dried to produce 
a porous, nonshrunken structure. Firstly, the sample is frozen at temperatures 
between −90 and −40°C and then dried by direct sublimation under low pressure 
and reduced temperature (between −90 and −20°C). After drying, the brittle cake 
obtained can be broken into smaller pieces by, e.g., grinding, if necessary. The use 
of relatively high amounts of cryoprotectants (like 10% milk proteins, 30% maltodextrin 
or 10% disaccharides) may help to stabilize sensitive active agent like probiotics 
(see Sect. 10.3.3) or sensitive encapsulates like liposomes (Zuidam et al. 2003).

The major disadvantages of freeze-drying are the high energy use, the long 
processing time, and the open porous structure obtained, which is in general not a 
very good barrier between the active and its surroundings. Compared to spray-drying, 
freeze-drying is upto 30–50 times more expensive (Gharsallaoui et al. 2007).

Vacuum-drying is very similar to freeze-drying, but operates at a temperature 
above the freezing point of the solvent (>0°C in case of water) and is therefore 
faster and cheaper.

2.3 Nanoparticles

The use of nanosized vehicles for the protection and controlled release of nutrients 
and bioactive food ingredients is a growing area of interest to the food science and 
technology community. The reasons for this are that nanoparticles might be 
incorporated into food products easily without sedimentation, without being 
noticed by the consumer, and/or with an enhanced bioavailability (Acosta 2009). 
The preparation of nanoparticles might be based on downsizing encapsulates 
prepared by “classical” technologies as discussed above, or by using new techniques. 
In this section, we only bring a few examples to demonstrate the potential of some of 
the techniques and concepts that evolved in recent years. For the sake of this section we 
will categorize them into lipid, protein, polysaccharide, and inorganic-based systems.

Lipid-based nanoencapsulation systems are among the most rapidly developing 
field of nanotechnology application in food systems. Lipid-based nanoencapsula-
tion systems have several advantages, including the ability to entrap material with 
different solubilities and the use of natural ingredients on an industrial scale 
(Bummer 2004; Mozafari et al. 2006; Taylor et al. 2005). Lipid-based nanocarriers 
can also be used for targeted delivery of their contents to specific areas within the 
gastro-intestinal tract or food matrix. When referring to nanoscale lipid vesicles, the 
term nanoliposome has recently been introduced (Mozafari et al. 2006) to describe 
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lipid vesicles whose diameter ranges tens of nanometres. These, so called, nanoliposomes 
have similar structural, physical, and thermodynamic properties as liposomes. 
The manufacture of nanoliposomes (as of liposomes) requires high energy for 
the dispersion of lipid/phospholipid molecules in the aqueous medium (see also 
Sect. 2.2.11). One of the most promising lipid-based nanodelivery systems for food 
applications is the development of nano-sized self-assembled liquids (NSSL) (Garti 
et al. 2005). NSSL vehicles tackle shortcomings of microemulsion systems. 
Mixtures of food-grade oils (in which two or more food-grade nonionic hydrophilic 
emulsifiers), cosolvent (polyol), and coemulsifiers that self-assemble to form 
mixed reverse micelles (“the concentrate”) can be inverted into oil-in-water nano-
droplets. This system is transformed into bicontinuous structures by dilution with 
an aqueous phase, progressively and continuously, without phase separation. These 
reversed micelles can solubilize compounds that are poorly soluble in water or in 
the oil phase. NSSLs can be used to solubilize hydrophobic substances several 
times their normal solubility. The use of solid lipid nanoparticles (SLN) and nano-
structured lipid carriers (NLC, which are structured SLN) have been developed in 
the last two decades for mainly pharmaceutical purposes (Müller et al. 2000; 
Radtke et al. 2005), but may also find their way into foods. NLCs might be prepared 
by melting lipid(s), dissolving a lipophilic agent into the molten lipid, followed by 
hot high-pressure homogenization of the molten lipid phase in the presence of 
aqueous surfactant solution at 5–10°C above the melting temperature of the lipid. 
Alternatively, one may use a cold homogenization technique, in which the lipid 
with the agent is ground into 50–100 mm microparticles and then homogenized in 
an aqueous surfactant solution at a temperature well below the melting temperature 
of the lipid (<10–20°C below the melting temperature of the lipid). The cold 
homogenization procedure might be used to prepare SLN with temperature-sensi-
tive or even hydrophilic agents. One may spray-dry such a suspension of SLN in 
the presence of a water-soluble carrier material to obtain a dried powder with a 
particle size between 20 and 100 mm (Shefer and Shefer 2003), with an option to 
entrap an extra water-soluble active in the water-soluble coating.

Protein-based nanoencapsulates: Yu et al. (2005) immobilized enzymes by 
incorporation into peptide nanotubes by enzyme engineering. Kamiya et al. (2006) 
used casein to form nano-sized protein micelles to hold hydrophobic substances. 
The group used transglutaminase to form ANS-encapsulated casein micelles with a 
particle size of 36 nm, which retained ³50% ANS when treated with trypsin 
(ANS = 1-anilinonapthtalene-8-sulfonic acid, a fluorophore). This method is useful 
for manufacturing transparent supersaturated solutions by solubilization of hydro-
phobic substances in functional foods and pharmaceuticals. Semo et al. (2007) used 
self assembled casein micelles as nanocapsular vehicle. These authors realized that 
casein micelles are in effect nanocapsules created by nature to deliver nutrients, 
such as calcium, phosphate, and protein, to the neonate. Thus, they suggested using 
casein micelles, as a self assembled system for nanoencapsulation and stabilization 
of hydrophobic nutraceutical substances for enrichment food products. Vitamin D2 
was used as a model for hydrophobic nutraceutical compounds. The reassembled 
micelles had average diameters of 146 and 152 nm without and with vitamin D2 
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respectively, similar to normal casein micelles, which are typically 150 nm on average. 
The vitamin concentration in the micelle was about 5.5 times more than in the 
serum. The use of protein–polysaccharide interaction to form encapsulation sys-
tems based on complex coacervation (see Sect. 2.2.7) was downsized to the nano-
scale by Huang and Jiang (2004). They used coacervates formed by gelatin type 
A–carrageenan complexes as inexpensive encapsulation method for the green tea 
catechin epigallocatechin gallate (EGCG) in the micro- and nanoscale level. 
Nanoparticles can also be formed by combining molecular inclusion of lipophilic 
active agent like vitamin D or docosahexaenoic acid (DHA) by b-lactoglobulin (see 
Sect. 2.2.10) with complex coacervation (see Sect. 2.2.7) by electrostatic interac-
tions between this b-lactoglobulin and polysaccharides like pectin at pH 4.5 (Zimit 
and Livney 2009, and references therein).

Polysaccharide-based nanoencapsulates: Chen and Wagner (2004) produced a 
100 nm vitamin E nanoparticle product based on modified starch that was stable in 
a beverage and did not alter beverage appearance. Particles were produced by dis-
solving starch sodium octenyl succinate in distilled water with vitamin E acetate 
added slowly and homogenized with a high shear mixer until the emulsion droplet 
size was below 1.5 mm. The crude emulsion was then further homogenized until the 
emulsion droplets reach the target particle size, and spray-dried to yield a powder 
containing about 15% vitamin E acetate. Another interesting use of starch is 
molecular entrapment by amylose based on the interaction between amylose and 
lipids, which is characterized by amylose chains forming so-called V-crystalline 
forms (Lebail et al. 2000). In this form, the amylose chain forms a helix with a large 
cavity in which low molecular weight agents can be situated. The complexes have 
high melting temperatures and the complexed material is efficiently protected from 
oxidation. The digestibility of starch is decreased by the complex formation. The 
concept was examined using conjugated linoleic acid (CLA) as a model (Lalush  
et al. 2005). Thermal analysis of the complexes showed a transition temperature of 
the complex ranging from 88 to 95°C, suggesting stability of the complexes during 
food processing. Atomic force microscopy (AFM) scanning showed that the com-
plexes had a globular structure of heterogeneous nature with an average diameter 
of 152 ± 39 nm. Stability tests showed that regardless of the complexation method 
and temperature, the complexes protect and inhibit the oxidation of the ligand. 
Enzymatic digestion of amylose-ligand complexes by pancreatic amylase showed 
that amylolytic enzymes could digest the complex, and the ligands were only 
released when the complexes were digested by amylases. This encapsulation 
method as outlined in Fig. 2.8 has been further developed to encapsulate a wide 
range of bioactive agent using continuous processes (Shimoni et al. 2007). By using 
dual feed jet homogenization, particles ranging from 400 nm to a few tens of 
microns can be produced.

Inorganic-based nanoencapsulates: Not many encapsulates are based on inorganic 
materials. One of the few examples might be silica nanoparticles obtained by sol-gel 
synthesis of silica gels in a w/o microemulsions to encapsulate enzymes (Barbé et al. 
2008; Cellesi and Tirelli 2006). However, the process published was not food-
grade, although this might be possible in theory. Another example is two-
dimensional, layered double hydroxide nanohybrids, composed of vanillic acid, 
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zinc, and aluminum oxides (molar ratios of 1.5:2:1–1.5:4:1; Hong et al. 2008). 
However, the vanillic acid release was a burst release in aqueous solutions.

2.4 Criteria to Select a Proper Encapsulation Technology

Ideally, the choice for a certain encapsulation technology should not be based on 
trial-and-error. So how does one choose?

Soluble polysaccharide - starch Bioactive chemical

Soluble dispersion

Complexation

Molecular inclusion
nano-complexes

Thermally stable
Acid insoluble

Release by
intestinal enzymes

Fig. 2.8 Schematic presentation of the preparation of amylose-ligand complexes. The ligands 
release when complexes are digested by amylases
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The first question to answer is: Which benefit would one like to achieve? The 
desired properties as mentioned in Sect. 2.1 might be based on consumer insights, 
nutritional demands, or ideas to improve food processing and storage stability.

The second question should be whether encapsulation is the right technology 
to bring the desired benefit. Encapsulation should be considered as one of the 
last options to pursue in view of the negatives mentioned in Sect. 2.1. E.g., 
delivery of the active by proper design of the food matrix might be an easier 
way to deliver the functionality. Of course, this book would not exist if we 
believe that encapsulation is a not good option in many cases. Ubbink and 
Krüger (2006) introduced a retro-design approach to select from different tech-
nologies, by first systematically analyzing the physical, chemical, and biologi-
cal properties of the active ingredient and the conditions in the food matrix. 
Based on this, the properties needed to realize the required performance are 
defined. Only then the technologies (which might be encapsulation) are selected 
to bring the desired benefit.

When one chooses encapsulation as a technology to deliver the desired benefit, 
one should consider carefully the design of the encapsulate:

 What are the physicochemical characteristics of the active?–
 Which processing conditions are used during food production or processing?–
 How will the encapsulates be stored prior to use?–
 What will be the storage conditions of the food product containing the encapsu-–

lates prior to consumer use?
 Which particle size and density are needed to have it incorporated properly in –

the food product?
 What are the trigger(s) and mechanism(s) of release?–
 What are the cost constraints?–

Based on this analysis one should consider:

 Which coating should one select?–
 Which process of encapsulation should one use?–
 Which loading should one undertake?–
 Are there any legal issues to consider?–
 What is the freedom of use and IPR status?–
 Can it be prepared at sufficient quantities, constant quality, and at the right time –

to ensure proper supply chain?

The next chapters of this book are aimed to answer these questions for specific 
active agent to be used for several product applications and food processes.
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EFSA European Food Safety Authority
FAO Food and Agriculture Organization
FDA Food and Drug Administration (US)
JECFA Joint Expert Committee Food and Agriculture
SCF Scientific Committee on Food
WHO World Health Organization
Characteristics
ADI Acceptable daily intake
DA Degree of acetylation
DE Degree of esterification
DE Dextrose equivalent
DP Degree of polymerization
DR Degree of reaction
DS Degree of substitution
GRAS Generally recognized as safe
GSFA General standards for food additives
HM High methoxylated
LM Low methoxylated
MM Molar mass
MMD Molar mass distribution
WHO World Health Organization

3.1 Introduction

A multitude of substances are known which can be used to entrap, coat, or encapsulate 
solids, liquids, or gases of different types, origins, and properties. However, only a 
limited number thereof have been certified for food applications as “generally recog-
nized as safe” (GRAS) materials. It is worth mentioning that the regulations for food 
additives are much stricter than for pharmaceuticals or cosmetics. Consequently, some 
compounds, which are widely accepted for drug encapsulation, have not been approved 
for use in the food industry. Moreover, different regulations can exist for different 
continents, economies, or countries, a problem which has to be addressed by food 
producers who wish to export their products or who intend expanding their markets.

The aim of this chapter is to present and update the existing knowledge about mate-
rials either already in use or of potential use in the encapsulation of various ingredients 
or additives used by the food industry. This chapter summarizes the materials, their 
chemical and physical properties, as well as the principal methods available to measure 
and analyze these properties. It is further intended to outline some of the basic chem-
istry which facilitates the selection of the most appropriate materials for the encapsula-
tion of a specific compound by a suitable technology. To a certain degree, some studies 
performed on specific encapsulation projects will be reviewed. The chapter will not 
deal with analyses of the economics involved and will not describe specific technolo-
gies. It will, however, refer to the legislation on food additives.
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There are already a number of excellent books and abundant publications dealing 
comprehensively with biopolymers, polysaccharides, hydrocolloids, or gums, and 
their use in the food industry. Nevertheless, the correlation of data on materials with 
specific requirements for microencapsulation is limited. The requirement to improve 
this correlation is patently clear from the conclusions of three seminal reviews 
published in 1991, 1999, and 2005 dedicated to microencapsulation in the food indus-
try (Jackson and Lee 1991; Gibbs et al. 1999; Desai and Park 2005a).

“Although microencapsulation has found applications in the food industry the 
technology remains far from being fully exploited… Exciting new techniques such as 
cocrystallization and liposome formation will improve the number and quality of 
encapsulated ingredients. Although cyclodextrins are discovered many years ago, 
their potential for flavor encapsulation was realized only recently. Cyclodextrins pro-
vide exceptional stability to oxidation and evaporative losses. Due to cost reduction 
and imminent FDA approval, cyclodextrins will likely find widespread use in foods.” 
(Jackson and Lee 1991).

“Numerous developments have been made in the field of encapsulated food 
ingredients…. Limitations in many of the encapsulation techniques have occurred 
due to high cost of production and the lack of food-grade available materials. 
Research is necessary to eliminate these limitations. Encapsulation currently is an 
art that is difficult for the food scientist to master. The food scientist does not have 
the information available in databases to enable him to make informed choices con-
cerning the most appropriate material and encapsulation process. For example, the 
appropriate blends of starches and maltodextrins as encapsulation material could 
prove highly beneficial. The development of cyclodextrins has led to new products 
with longer shelf-life, reduced volatility, and protection of heat-labile substances. 
Preliminary indications are that liposomes have many benefits for the food industry 
including protection of materials until desired release or delivery. There is a great 
deal of research that needs to be done concerning the use of liposomes in the food 
industry. Unlike the pharmaceutical industry, which can tolerate high costs, manu-
facturing costs will have to be reduced for food applications.” (Gibbs et al. 1999).

“The use of microencapsulated food ingredients for controlled-release applica-
tions is a promising alternative to solve the major problem of food ingredients faced 
by food industries. The challenges are to select the appropriate microencapsulation 
technique and encapsulation material. Despite the wide range of encapsulated prod-
ucts that have been developed, manufactured, and successfully marketed in the 
pharmaceutical and cosmetic industries, microencapsulation has found a compara-
tively much smaller market in the food industry. The technology is still far from 
fully developed and has yet to become a conventional tool in the food technologist’s 
repertoire for several reasons….development time is rather long…requires multi-
disciplinary cooperation…low margins…relative inertia of well-established corpo-
rations…understanding of the industrial constrains…” (Desai and Park 2005a).

The majority of materials used for microencapsulation in the food sector are 
biomolecules. In addition to carbohydrate polymers/polysaccharides, which 
are the most abundant of the four major classes of biomolecules, proteins and lipids 
are also biomolecules suitable for microencapsulation in the food sector. Dealing 
with the nomenclature of carbohydrates would by far exceed the purpose of this 
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chapter. The chapter, therefore, refers the reader to the appropriate IUPAC publications 
(IUPAC-IUB 1980). Table 3.1 lists groups of biomolecules, arranged according to 
their origin, which are found to be most suitable either when used alone or when 
used in combination with others for microencapsulation in the food industry. These 
will be the major topic of this chapter. In addition, a few other compounds such as 
poly(vinylpyrrolidone) and inorganic molecules will be considered.

3.2 Materials

3.2.1 Carbohydrate Polymers

Carbohydrates comprise more than 90% of the dry mass of all biomass and more 
than 90% thereof are carbohydrate polymers – polysaccharides. These natural 
homo- and copolymers are composed of sugar residues and/or their derivatives. 
Many native polysaccharides contain a small percentage of peptide residues 
remaining from their biosynthesis. However, these are normally removed during 
processing. Native polysaccharides are of enormous varieties. Moreover, they also 
form valuable sources for chemically modified materials, thus expanding their 
applicability and usefulness. Overall, polysaccharides are of tremendous economical 
importance. Their world consumption – with one of the main sectors being food – 
exceeds by far, for example, the production of all synthetic polymers.

Different protocols for the classification/designation of carbohydrate polymers can be 
found in the literature. Sometimes, however, these protocols are not consistent and 

Table 3.1 Materials suited for microencapsulation in the food industry

Origin Carbohydrate polymer Protein Lipid

Plant Starch
– Derivatives
Cellulose
– Derivatives
Plant exudates
– Gum arabic
– Gum karaya
– Mesquite gum
Plant extracts
– Galactomannans
– Soluble soybean
Polysaccharide

Gluten (corn)
Isolates (pea, soy)

Fatty acids/alcohols
Glycerides
Waxes
Phospholipids

Marine Carrageenan
Alginate

Microbial/animal Xanthan
Gellan
Dextran
Chitosan

Caseins
Whey proteins
Gelatin

Fatty acids/alcohols
Glycerides
Waxes
Phospholipids 
(Shellac)
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a combination of the classification related to the chemical structure and those related 
to the physical behavior exist. In particular, the designation as a “hydrocolloid” or 
a “gum” is not uniformly applied. Some authors use the terms as synonyms. 
Others understand gums as a subgroup of hydrocolloids. The names carbohydrate 
polymer and polysaccharide refer to the chemical structure; the designation as gum 
or hydrocolloid refers to the property that these polysaccharides hydrate in hot or 
cold water to form viscous solutions or dispersions at low concentration.

Overall, there are gums/hydrocolloids obtained by the chemical modification 
of native polysaccharides and others “harvested” from nature. The first group 

source

plantsmarine microbial/
animal

roots exudatesred
seaweed

brown
seaweed

seeds

guar
locust bean

tara

konjac arabic
tragacanth

karaya
mesquite

carrageenan alginate xanthan
gellan

dextran
chitosan

Fig. 3.1 Classification of natural carbohydrate polymers related to the source

structure

linear branched

neutral charged charged

carrageenan
alginate
xanthan
gellan

chitosan

arabic
tragacanth

karaya
mesquite
pectin
SSPS

guar
locust bean

tara
konjac
dextran

Fig. 3.2 Classification of carbohydrate polymers related to structural characteristics (Substances 
with only short side chains are considered here as principally linear. SSPS soluble soybean 
polysaccharide)
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comprises derivatives of starch and cellulose. The second group includes a number 
of complex macromolecular structures such as plant exudates. Figure 3.1 presents 
a more detailed classification of natural food-grade materials with specification 
of their origin. Figure 3.2 provides the structural information. Carbohydrate 
polymers of both groups are subject of the subsequent sections.

3.2.1.1 Starch and Starch Derivatives

Chemical Description of Starch. (CAS# 9005-25-8) The polysaccharide starch is a 
polymer of a-d-glucose with the general chemical constitution (C

6
H

10
O

5
)

n
. Starch 

consists of two constitutionally identical but architecturally different polysaccha-
ride molecules. These are essentially the linear amylose and the highly branched 
amylopectin. Normally, the amylose content is in the range of 20–30%, whereas the 
proportion of amylopectin is approximately 70–80%. The structure and composition 
varies with the source of the starch.

Amylose. (CAS# 2595-98-4) Figure 3.3 shows the principal chemical structure 
of amylose, poly[a-(1→4) anhydro-d-glucopyranose], consisting of almost exclusively 
linear molecules with a-(1→4)-linked d-glucose units, typically in the range 500–
6,000 (Murphy 2000), forming a helix. The molar mass with a relatively narrow 
molar mass distribution depends on the botanical origin and the age of the plants, 
and also on the isolation procedure and technology. The measured molar mass can 
also depend on the sample preparation and the solubilization procedure used for 
the molar mass characterization. Some references even report molar masses up to 
one million (Parker and Ring 2001).

Amylopectin. (CAS# 9037-22-3) The principal structure of amylopectin mole-
cules is shown in Fig. 3.4, side chains of about 30 d-glucose units are bonded with 
a-(1→6) linkages non-randomly at approximately every 20 to 30 glucose units 
along the chain. One amylopectin molecule may contain up to two million d-glucose 
units which is equivalent to a molar mass of approximately 4 × 108 g/mol.

Physico-chemical Characteristics of Starch. Starch is normally a white powder. 
Depending on its source, it may be odorless and tasteless. It is insoluble in cold 
water, ethanol, and most common solvents. It is naturally found radially packed in 
small grains of different shape (spherical or lentil-shaped) for which different 
ranges of size have been reported: 5–900 mm (Elias 1992), 1–100 mm (Murphy 
2000). The size distribution determines the swelling behavior. The granules have been 
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generally described as either larger and lenticular (lens-like, A-starch) or smaller 
and spherical (B-starch) (Ao and Jane 2007), with less swelling power. As the 
granules absorb water, they swell, lose crystallinity, and leach amylose. The higher 
the amylose content, the lower is the swelling power and the lower is the gel 
strength for the same starch concentration. However, a lower swelling power due to 
the high amylose content can be counteracted by a larger size of granule (Li and 
Yeh 2001; Singh et al. 2003; Chaplin 2007).

Both the amylose and amylopectin are complex macromolecules, with the 
capability of interacting intra- and intermolecularly to form ordered structures 
(Parker and Ring 2001). Amylose generally tends to wind up into a rather stiff 
left-handed single helix or forms even stiffer parallel left-handed double helical 
junction zones (Imberty et al. 1988). The helical structure is responsible for the 
specific solubility behavior. In starch, the amylose molecules are imbedded in a 
physical network of amylopectin molecules. This network prevents the amylose from 
forming a complete helical structure of the amylose.

Amylose has a very specific dissolution behavior. With hot water, amylose 
molecules dissolve as statistical coils of non-ordered segments and short helical 
parts whereas the amylopectin remains undissolved. In dilute solution, these short 
helical parts of the amylose grow relatively fast to longer helical parts, which orga-
nize laterally to form a double-stranded helix. Amylose slowly crystallizes from 
aqueous solution and becomes insoluble (retrogradation). During this process some 
of the water associated with the molecules is released. As a consequence, dried 
amyloses are no longer water soluble. In concentrated solutions of amylose, inter- and 
intramolecular association occurs with partial crystallization yielding a physical 
network – gelling of amylose (Elias 1992). The rate of retrogradation depends on 
the molar mass, concentration, temperature, and pH. The lower the temperature, 
concentration, and molar mass, the faster is the retrogradation. It is described as the 
fastest in the pH range 5–7, however, it can be retarded by salts (Rutenberg 1980).

The extended conformation of amylose causes the high viscosity of water-soluble 
starch and varies relatively little with temperature. Single helix amylose behaves 
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similarly to the cyclodextrins. It has a relatively hydrophobic inner surface that 
holds water molecules, and these can be easily replaced with hydrophobic lipid or 
aroma molecules (Chaplin 2007).

The amylopectin molecules are oriented radially in the starch granule. As the 
radius increases so does the number of branches required to fill up the space, with 
the consequent formation of concentric regions of alternating amorphous and 
crystalline structure (Chaplin 2007). Some amylopectins (for example, from potato) 
have phosphate groups attached to some hydroxyl groups, which increase its hydro-
philicity and swelling power. Intense stirring in cold water yields colloidal dispersions. 
Due to branching, no retrogradation and crystallization is observed. Amorphous 
powders are obtained by drying, which may be redispersed easily in water and do 
not really form gels.

Origin and Isolation of Starch. Starch is stored most abundantly in tubers, roots, 
seeds, and fruits, but can also be stored in leaves, stems, and pollen grains. It is 
usually possible to identify the plant source by the microscopic examination of 
grains (Buléon et al. 1998). Each grain typically contains several million amylopectin 
molecules and a much larger number of amylose molecules.

Starch is the second most abundant polysaccharide after cellulose. The sources 
and commercial isolation are shown in Fig. 3.5. Starch is supplied as comparably 
low cost products of controlled quality and ready availability. Pure amylopectin can 
be isolated from “waxy” maize starch whereas amylose is best isolated subsequent 
to specific hydrolysis of the amylopectin with pullulanase (Vorwerg et al. 2002). 
Genetic modification of starch crops has recently led to starches with both improved 
and targeted functionality (Jobling 2004; Chaplin 2007).

Starch Derivatives (Wurzburg 1995, 2006). Chemical, biochemical, and physical 
modifications of starch are known. Many functional derivatives of starch are 
marketed including cross-linked, oxidized, acetylated, hydroxypropylated, and 
partially hydrolyzed molecules. The aim of starch modification is to alter the structure 
and affect the hydrogen bonding in a controllable manner in order to enhance and 
extend the industrial applicability.

cereal grain seeds roots and tubers stems and pith

maize (corn)
wheat
rice

sorghum

potato
sweet potato

tapioca (cassava)
arrowroot

sago

commercial sources

Fig. 3.5 Commercial sources of starch
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Cross-linking replaces a limited number of hydrogen bonds between starch 
chains by permanent covalent bonds. As a result, swelling is inhibited and the 
starch offers higher heat and shear stability. In combination with the stabilization 
by introducing bulky groups, the shelf life can be improved. The starches modified 
in this way exhibit better tolerance to temperature fluctuations. Retrogradation can 
be prevented.

Hydrolysis (Blanchard and Katz 1995, 2006) is performed using 4 acids (chemical 
modification) or enzymes (selective biochemical modification) as catalysts. The 
resulting derivatives are assigned a Dextrose Equivalent (DE) value, which represents 
the degree of hydrolysis. Figure 3.6 illustrates a classification based on the DE.

Maltodextrins. (CAS# 9050-36-6) Maltodextrins are hydrolysates with a 
DE < 20. They are creamy white hygroscopic polysaccharide powders, which are 
almost tasteless or only moderately sweet and easily digestible. In the US usually 
corn or potato starch is used for the modification whereas in Europe it is commonly 
wheat. The source of maltodextrins is important for coeliacs since the wheat-
derived maltodextrin can contain traces of gluten. Overall, maltodextrin is an acid- or 
enzyme-catalyzed starch hydrolysate with M

w
 < 4,000 g/mol.

Syrups. (CAS# 8029-43-4) Starch hydrolysates with a DE > 20 are further 
subdivided into four corn syrup types (Fig. 3.4). These differ by their sweetness, 
which increases from type 1 to type 4 (Critical Data Tables 1975).

Dextrins. (CAS# 9004-53-9) The term dextrin, in its broadest sense, may refer 
to any product obtained by any method (e.g., heat, acid, enzyme) for degrading the 
starch. The physical properties of dextrins can cover a very wide range. A synonym 
used for dextrins is starch gums. The tensile strength of dextrin film is lower than 
that for starch and decreases with the degree of conversion. However, dextrin 
formulations can be prepared at higher concentrations than unmodified starch 
yielding films with higher proportions of solids, which dry faster and are thicker. 

D
ex

tr
os

e 
E

qu
iv

al
en

t 
(D

E
)

0

20

100

native starch

maltodextrins

corn syrups

glucose (dextrose)

type 1

type 2

type 3

type 4

38

58

73

Fig. 3.6 Classification of starch hydrolysates based on the dextrose equivalent (DE) value



40 C. Wandrey et al.

As an example, yellow corn dextrin is used to encapsulate water-insoluble flavors 
and oils by spray-drying (Wurzburg 2006).

Cyclodextrin. (CAS# 12619-70-4) Cyclodextrins are a family of cyclic oligosac-
charides. Degradation of amylose, amylopectin, or glycogen by diluted acids or by 
enzymes of, e.g., Bacillus macerans yields these cyclic dextrins, which are 
non-branched oligomeric cycloamyloses composed of a-(1→4)d-glucopyranoside 
units. The ring structure results from the helical segments of the polysaccharide. 
Typical cyclodextrins contain six to eight glucose monomer units. The rings are 
cone-shaped with a cavity depth of 0.7–0.8 nm. However, much larger rings have  
also been derived. Figure 3.7a–c shows the chemical structures for typical cyclodex-
trins. They are denoted as follows (Szejtli 1998):

 – a-cyclodextrin (CAS# 10016-20-3): six-sugar ring molecule, inner diameter 
0.5 nm

 – b-cyclodextrin (CAS# 7585-39-9) seven-sugar ring molecule, inner diameter 
0.6 nm

 – g-cyclodextrin (CAS# 17465-86-0) eight-sugar ring molecule; inner diameter 
0.8 nm
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Cyclodextrins form inclusion complexes (Reineccius et al. 2005; see also Sect. 2.3.10). 
Their solubility in water at 25°C differs considerably, with g-cyclodextrin being the 
best soluble (23.2 g/100 ml) followed by a-cyclodextrin (14.5 g/100 ml) and 
b-cyclodextrin (1.85 g/100 ml) (Blanchard and Katz, 2006).

Cyclodextrins are not adsorbed in the upper gastrointestinal tract. They are com-
pletely metabolized by the colon microflora (Szente and Szejtli 2004).

Polydextrose. It is also designated as (poly-d-glucose). It is a synthetic, highly 
branched polymer with many types of glycosidic linkages created by heating 
dextrose with an acid catalyst (acid-catalyzed condensation) and purifying the 
resulting water-soluble polymer. For example, melt-condensation of 89% d-glycose 
(dextrose), 10% sorbitol (d-glucitol), and 1% citric acid results in statistically 
branched polydextrose with primarily 1→6 linkage and molar masses up to 22,000 g/
mol, which is water-soluble (Elias 1992). Polydextrose is preferably used as a 
bulking agent because it is tasteless and is similar to fiber in terms of its resistance 
to digestion.

Modified starch and maltodextrin have been used for coating and encapsulation 
by several technologies including spray-drying, fluidized bed spray-drying, fluid-
ized bed granulation, compacting, and most importantly extrusion. Molecular 
inclusion is possible with cyclodextrins. Maltodextrins are cheaper than gum arabic 
and are, therefore, in some cases recommended as a partial substitute in encapsula-
tion (Shahidi and Regg 1991).

3.2.1.2 Cellulose and Cellulose Derivatives

Chemical Description of Cellulose. (CAS# 9004-39-1) Cellulose (Coffey et al. 1995, 2006) 
is a polymer of b-d-glucose. The chain units are linked by b-(1→4)-glycosidic bonds. 
In contrast to starch, where all -CH

2
OH groups are oriented along the same side of 

the molecular plane, the –CH
2
OH groups in cellulose are oriented alternating above 

and below the plane thus producing long linear chains as is demonstrated in 
Fig. 3.8. Due to the absence of side chains, cellulose molecules can arrange close 
together and form rigid structures.

Only a few cellulose molecules are pure poly(b-(1→4)-glucopyranoses). The 
majority contains a low percentage of several other glucose units. As an example, 
cotton contains approximately 1.5% xylose as well as smaller amounts of mannose, 
galactose, and arabinose. Further, approximately one –COOH group per 500–1,000 
glucose units can be found in native cellulose. These hydroxyl groups can react 
with acids to form esters and with alcohols to form ethers. Dependent on the origin, 
the degree of polymerization is in the range of 1,000–8,000 (Murray 2000), with a 
narrow molar mass distribution. Micro-crystalline cellulose is composed of 100–
300 glucose units.

Physico-chemical Characteristics of Cellulose. Cellulose is insoluble in water and 
other ordinary solvents. It is a stiff polymer with an extended rod-like conformation. 
In microfibrils, the multiple hydroxyl groups on the glucose residues bond with 
each other, holding the chains firmly together. In contrast to starch, cellulose is 
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much more crystalline. Whereas starch undergoes a crystalline to amorphous 
transition at 60–70°C in water, cellulose requires 320°C and 25 MPa to become 
amorphous in water (Chaplin 2007).

Origin and Isolation of Cellulose. Cellulose is the major structural material of 
plants. It is considered as the most abundant organic substance existing on the 
Earth. The primary cell wall of green plants is made of cellulose. Wood is largely 
cellulose, and cotton is almost (91%) pure cellulose. Other important natural 
sources are flax, hemp, jute, and straw. Acetic acid bacteria are also known to 
synthesize cellulose, as well as many forms of algae.

Derivatives of Cellulose. The hydroxyl groups of cellulose can partially or 
completely react with various reagents to produce derivatives with properties 
desired and/or required for food applications. Raw material used for the modifica-
tion is cellulose pulp obtained from wood pulp or from cotton linters, the short 
fibers of cotton. The intended properties of the derivatives govern the selection of 
the raw material type. Theoretically, all three hydroxyl groups of the anhydroglu-
cose unit can be subject to substitution. Cellulose ethers are the most important 
cellulose derivatives for food applications. Due to the limited solubility of cellu-
lose, the majority of chemical modifications are performed in the heterogeneous 
media. Products with different degrees of substitution (DS) are obtained. The DS 
describes the average number of substituted hydroxy groups per sugar unit. 
Consequently, the maximum DS is three. GRAS cellulose ethers are summarized in 
Table 3.2. Selected structures are presented in Fig. 3.9.

Overall, the ultimate properties of modified cellulose depend on the substituent 
type, its frequency, and distribution along the polymer backbone, the molar mass, 
and the molar mass distribution. Practically, also the bulk properties, granular or 
powdered, can have an impact, for example, on the solution properties. In general, 
aqueous solutions of modified celluloses are odorless, colorless, and clear. Due to 
their capability of absorbing water appropriately to the relative humidity, storage 
without contact to humidity is strongly recommended.

Methylcellulose (MC). MC (Fig. 3.9a) is a hydrophilic white powder, which dissolves 
in cold water forming a clear viscous solution. Both the higher DS and the degree 

O

H

OH
H

OH H

H

O
H
OH H

OHH

H

H O

H

OH
H

H

HO

O
H
OH H

OHH

H OH

HO

O

OH

H

n-2
2

OH

H

CH2OH CH2OH

CH2OHCH2OH

Fig. 3.8 Principal chemical structure of cellulose



433 Materials for Encapsulation

of polymerization (DP) result in lower solubility. The viscosity of MC solutions is 
reasonably stable over a wide pH range, pH 3–11. Three-dimensional gel formation 
occurs on heating above 50°C. MC of higher DS has a lower gelation temperature. 
The gels are reversible on cooling; however, a pronounced hysteresis is typical 
between heating and cooling. MC has good film forming properties and to a certain 
extent, surface activity. It is not digestible. The synthesis steps include heating of 
raw cellulose with NaOH and treatment with methyl chloride.

Hydroxypropyl methyl cellulose (HPMC). HPMC (Fig. 3.9b) is very similar to 
MC. It is supplied as white to off-white powder or granules, which swell and dis-
solve in water to form a viscous, non-ionic colloidal solution. It is also soluble in 
most polar solvents. Aqueous solutions are surface active and form films upon dry-
ing. They undergo reversible transformation from sol to gel upon heating and cooling, 
designated as reversible thermal gelation. However, the gel transition temperature 
depends on the ratio of methyl to hydroxypropyl derivatization. It can shift from 50 
to 90°C. Moreover, the gel texture also changes with increasing hydroxypropyl 
substitution. In addition, the total DS influences the solubility. Typically, HPMC 
has a molar mass higher than 10,000 g/mol, T

m
 = 220°C, and a density of 1.6 g/ml 

(Greminger and Krumel 1980).
The solutions of both MC and HPMC exhibit pseudoplastic non-thixotropic 

flow properties, which are not a function of the DS within the range of commercial 
products. Deviation from the Newtonian behavior increases with the molar mass. 
Importantly, since flow properties are dependent on the molar mass and the molar mass 
distribution of the macromolecular substance, a blend of high and low molar 
mass polymers can have different flow properties compared to a polymer having 
the same solution viscosity as the blend but having a narrow molar mass distribution. 
This holds for modified celluloses and also for other biopolymers. Concentrations 
as low as 0.001–1% are able to reduce the surface tension and the interfacial tension 
(Greminger and Krumel 1980).

Table 3.2 Food grade (GRAS) cellulose derivatives

Modification CAS E DSa or DRb

Non 9004-39-1 460
Methyl 9004-67-5 461 DS 1.3–2.6
Ethyl 9004-57-3 462 DS 2.1–2.6
Hydroxypropyl 9004-64-2 463 DR 4
Hydroxypropyl methyl 9004-65-3 464 DS (methyl) 0.9–1.8

DR (HP) 0.1–1.0
Ethyl methyl 9004-69-7 465
Carboxy methyl (Na) 9004-32-4 466 DS 0.4–1.4
Ethyl hydroxyethyl 9004-58-4 467
Crosslinked CMC 74811-65-7 468
aDS Degree of substitution – average number of substituted hydroxyl groups per saccharide 
unit; different information from different sources, widest range taken
bDR Degree of reaction – average number of reagent molecules reacted with one 
saccharide unit
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Hydroxypropyl cellulose (HPC). (Butler and Klug 1980; Picker-Freyer and 
Düring 2007) This non-ionic cellulose ether (Fig. 3.9c) is soluble in cold water. 
The viscosity of the solution can be adjusted by the degree of polymerization. Due 
to the presence of both the hydrophilic and hydrophobic groups, it becomes 
insoluble at temperatures above approximately 45°C. However, no gel is formed. 
Advantageous features include the solubility in ethanol and mixtures of ethanol 
and water, good film formation, and the high surface activity compared to most 
other hydrocolloids (Murray 2000). The films are flexible, glossy, and non-tacky 
(Butler and Klug 1980).

HPC is available in a wide range of molar mass from 6 × 104 to 1.2 × 106 g/mol. 
A high degree of reaction, DR = 4, enhances the resistance to both acid hydrolysis 
and biological degradation. HPC is compatible with a number of high molar mass, 
high-boiling waxes and oils and can, therefore, be used to modify the properties of 
these materials. The addition of HPC to wax or oil systems will increase the system 
viscosity and improve the hardness and crack resistance of coatings made thereof 
(Butler and Klug 1980). It is compatible with most water-soluble gums and resins, 
and yields homogeneous solutions with carboxymethyl cellulose (CMC), hydroxy-
ethyl cellulose (HEC), MC, gelatin, sodium caseinate, poly(ethylene oxide), carbo-
wax, guar, alginate, and locust bean gum. With anionic polymers such as CMC and 
alginate, a synergistic viscosity increase is obtained, whereas with non-ionic poly-
mers such as HEC, MC, guar gum, a lower than expected viscosity is obtained 
(Butler and Klug 1980).

Ethyl methylcellulose (EMC). It behaves like MC and HPMC. It is soluble in 
cold water and forms gels on heating. More interesting is the surface activity since 
the gels are comparably weak.

Ethylcellulose (EC). This derivative is a water-insoluble commercial thermo-
plast used for coating and controlled release applications, T

m
 = 135°C.

Sodium carboxymethyl cellulose (CMC). CMC (Fig. 3.9d) is produced by reac-
tion of cellulose with alkali and chloroacetic acid. The DP decreases slightly during 
the modification. The molar mass is typically in the range of 4 × 104–106 g/mol. The 
modification yields areas of high and low substitution. The purified product appears 
as a white to off-white, tasteless, odorless free-flowing powder.

CMC is an anionic linear polyelectrolyte, soluble in both cold and hot water. As 
typical for polyelectrolytes, the molecular conformation in aqueous solution 
strongly depends on the concentration, ionic strength, and pH. The polymer chains 
of CMC are most extended at low concentrations, low ionic strength, and high pH 
whereas with increasing concentration, ionic strength, and decreasing pH the mol-
ecules increasingly coil. At concentrations above the overlap concentration, 
thermo-reversible gels are formed in water. With heavy metals, three-valent cations, 
and the majority of polycation precipitation occurs. However, in the isoelectric 
range solubilization was observed with proteins such as soy protein and caseinate 
(Stelzer and Klug 1980).

CMC rapidly dissolves in cold water and gives clear and colorless solutions. The 
solution viscosity decreases during heating. Nevertheless, the solution behavior 
strongly depends on the molar mass and the DS. The more hydrophobic the lower 
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substituted CMCs are thixotropic, the more hydrophilic the higher substituted ones 
exhibit pseudoplastic behavior. At low pH, CMC may form cross-links through 
lactonization between carboxylic acid and free hydroxyl groups (Chaplin 2007; 
Kästner et al. 1997).

3.2.1.3 Plant Exudates and Extracts

Polysaccharide plant exudates and extracts are complex macromolecular sub-
stances. Some of them are mixtures consisting of oligomers and polymers of different 
chemical structure and/or chain architecture. Several of the materials used for food 
encapsulation are products of gummnosis and are also therefore named plant gums 
in practice.

Gummnosis is widespread in the plant kingdom. It is the result of stress condi-
tions such as wound, heat, and drought. Gums produced in response to the injury 
of the plant form a barrier at the lesion hindering the invasion by microorganisms. 
Only a few plant species are cultivated at present to provide gums for the food 
industry. Most of them belong to the Leguminosae family. Some examples of plants 
with the appropriate gum harvested thereof are listed below:

 – Acacia senegal – gum arabic (gum senegal)
 – Astragalus spp. – gum tragacanth
 – Cyamopsis tetragonolobos – guar gum
 – Ceratonia siliqua – locust bean gum

However, a wide range of exudates from other trees and shrubs are also harvested 
and consumed in their countries of origin, such as mesquite gum (Orozco-Villafuerte 
et al. 2005). These gums are generally harvested from wild growing trees.

Gum Arabic

Chemical Description of Gum Arabic (GA). (CAS# 9000-01-5) Gum arabic is a 
complex mixture of arabinogalactan oligosaccharides, polysaccharides, and glyco-
proteins. It is a branched neutral or slightly acidic substance. The chemical compo-
sition and the composition of the mixture can vary with the source, climate, season, 
age of trees, rainfall, time of exudation, and other factors. The backbone has been 
identified to consist of b-(1→3)-linked d-galactopyranosyl units. The side chains 
are composed of two to five b-(1→3)-linked d-galactopyranosyl units, joined to the 
main chain by 1,6-linkages. Both the main and the side chain contain units of a-l-
arabinofuranosyl, a-l-rhamnopyranosyl, b-d-glucuronopyranosyl, and 4-O-methyl-
b-d-glucuronopyranosyl. The latter two usually occur preferably as end-units 
(Verbeken et al. 2003). Depending on the source, the glycan components of GA 
contain a greater proportion of l-arabinose relative to d-galactose (Acacia seyal) or 
d-galactose relative to l-arabinose (Acacia senegal). The gum from Acacia seyal 
also contains significantly more 4-O-methyl-d-glucuronic acid but less l-rhamnose 
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and unsubstituted d-glucuronic acid than that from Acacia senegal (Williams and 
Phillips 2000; Williams et al. 2006; Motlagh et al. 2006; Chaplin 2007).

GA has a complicated molar mass distribution. Some authors report a mixture 
of lower molar mass polysaccharide (M

w
 » 2.5 × 105 for the major component) and 

higher molar mass hydroxyproline-rich glycoprotein (M
w
 » 2.5 × 106 for the minor 

component) (Goodrum et al. 2000; Renard et al. 2006). Others describe three frac-
tions: arabinogalactan (88.4%) with 3.8 × 105 g/mol, arabinogalactan-protein com-
plex (10.4%) with 1.45 × 106 g/mol, and a low molar mass glycoprotein (1.2%) with 
2.5 × 105 g/mol (Verbeken et al. 2003). Because it is a mixture, which varies with 
source, the exact chemical composition and molecular structures are still debated.

Physico-chemical Characteristics of Gum Arabic. Gum arabic is odorless, col-
orless, tasteless, and does not affect the odor, color, and taste of the system to 
which it is added. It is highly soluble in water and dissolves in both cold and hot 
water with concentrations up to 50 wt%. The solutions exhibit Newtonian behav-
ior at concentrations up to 40 wt% and become pseudoplastic at higher concentra-
tion. The viscosity of solutions varies strongly with the GA type, pH, and ionic 
strength. Maximum viscosity is achieved between pH 6 and 7. GA acts as protec-
tive colloid and excellent emulsifier. The adhesive property is not related to the 
viscosity (Meer 1980a). However, and rather confusingly, the molecular aggrega-
tion can cause both shear thinning and time-dependent thickening behavior at low 
shear (Sanchez et al. 2002).

GA has the ability to create a strong protective film around oil droplets (Krishnan 
et al. 2005), which results from the highly branched arabinogalactan-protein struc-
ture containing both protein and polysaccharide moieties. The hydrophobic poly-
peptides anchor the polysaccharide onto the surface of the oil droplet and the 
hydrophilic carbohydrate chains prevent the aggregation by forming a thick charged 
layer. This is quite unique. Very few polysaccharide-protein systems have a stabili-
zation mechanism comparable to GA (Nakamura et al. 2006; Kim and Morr 1996; 
Kim et al. 1996).

GA is compatible with most other plant hydrocolloids, proteins, carbohydrates, 
and modified starches. The viscosity of a solution of a mixture of GA and gum 
tragacanth tends to be lower than that of either constituent solution. Minimum 
solution viscosity was obtained for 80% gum tragacanth and 20% GA. Overall, 
when used as a fixative in the spray-drying of flavors, it forms a thin and impene-
trable film around the flavor particle, protecting it from oxidation and evaporation 
and preventing it from absorbing moisture from the air (Meer 1980a; McNamee 
et al. 1998). GA was also found to be a useful prebiotic, which promotes beneficial 
physiological effects (Phillips et al. 2007).

Origin and Isolation of Gum Arabic. Gum arabic, also called gum acacia, is the 
oldest and best known of all natural plant gums. It is a dried exudate obtained from 
the stems and branches of Acacia senegal or Acacia seyal (FAO 1999). However, 
the name is also used for other gums produced by other Acacia species (Verbeken 
et al. 2003; FAO 1995). Despite there being more than 500 species of acacia trees, 
most commercial GA is produced from Acacia senegal and Acacia seyal, which are 
grown commercially throughout the Sahel from Senegal and Sudan to Somaliland.
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Gum Tragacanth

Chemical Description of Gum Tragacanth. (CAS# 9000-65-1) Gum tragacanth is a 
complex mixture of highly branched, heterogeneous polysaccharides (Stauffer 
1980). It occurs naturally as slightly acidic calcium, magnesium, or potassium salt 
with a molar mass of approximately 8.4 × 105 g/mol. Moreover, an elongated shape 
has been described with a length of 4,500 nm and a diameter of 19 nm (Gralen and 
Karrholm 1950). Gum tragacanth consists of two components: (a) a water-swellable 
component designated as bassorin, which contains the tragacanthic acid polymer 
with a molar mass of approximately 105 g/mol (Elias 1992), and (b) a water-soluble 
component, a colloidal hydrosol, tragacanthin with a molar mass of approximately 
104 g/mol (Elias 1992). This is a neutral polysaccharide, which, at best, contains 
only small amounts (3%) of uronic acid (Aspinall and Baillie 1963) (sometimes 
there is confusion with the names). Due to the complexity of the substance, differ-
ent molecular descriptions have been reported.

Depending on the source, the ratio of the water-swellable to the water-soluble 
fraction varies. Examples are 35:65 and 60:40. The tragacanthic acid fraction has a 
higher molar mass and a rod-like molecular shape (Stephen and Churms 1995). The 
main chain is formed by (1→4)-linked d-galactose residues with side chains of 
d-xylose units attached to the main chain by (1→3)-linkages. The water-soluble 
tragacanthin is a neutral, highly branched arabinogalactan with a spherical molecu-
lar shape. Its structure probably consists of a core composed of (1→6)- and 
(1→3)-linked d-galactose with attached chains of (1→2)-, (1→3)-, and (1→5)-linked 
l-arabinose (Verbeken et al. 2003; FAO 1995).

Physico-chemical Characteristics of Gum Tragacanth. Gum tragacanth is one 
of the most acid-resistant gums. It does not degrade at low pH. It is considered 
as a bifunctional emulsifier. First, it increases the viscosity of the aqueous phase 
and secondly it lowers the interfacial tension between the oil-in-water emulsion, 
and thus eliminates the need to incorporate surface-active agents. The suspending 
properties result from the negative charges. Gum tragacanth forms viscous aqueous 
solutions even at low concentration, which exhibits pseudoplastic flow 
properties. Similar to GA, it forms a protective film around oil droplets 
(Mohammadifar et al. 2006).

Origin and Isolation of Gum Tragacanth. Gum tragacanth is a dried exudate 
obtained from the stems and branches of Astragalus gummifer Labillardière and 
other Asiatic species of Astragalus (FAO 1992b). These plants grow in the 
highlands and deserts of Turkey, Iran, Iraq, Syria, Lebanon, Afghanistan, 
Pakistan, and Russia.

Gum Karaya

Chemical Description of Gum Karaya. (CAS# 9000-36-6) Gum karaya (Meer 
1980b) is a complex, partially acetylated polysaccharide obtained as a calcium and 
magnesium salt. It has a branched structure and a molar mass up to 1.6 × 107 g/mol 
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has been reported (Le Cerf et al. 1990). The backbone consists of a-d-galacturonic 
acid and a-l-rhamnose residues. Side chains are attached by (1→2)-linkage of b-d-
galactose or by (1→3)-linkage of b-d-guluronic acid to the galacturonic acid of the 
main chain. Furthermore, half of the rhamnose residues of the main chain are 
(1→4)-linked to b-d-galactose units (Weiping 2000).

Physico-chemical Characteristics of Gum Karaya. Powdered gum karaya is 
white to grayish white. It is one of the least soluble of the exudate gums. Only 10% 
of the native gum solubilizes in cold water, increasing to 30% in hot water. After 
deacetylation, 90% dissolves in water (Verbeken et al. 2003). Gum karaya is com-
patible with other plant hydrocolloids, proteins, and carbohydrates.

Origin and Isolation of Gum Karaya. Gum karaya, sometimes known as 
Sterculia gum, is a dried exudate from the stems and branches of Sterculia urens 
Roxbourg and other species of Stericula or from the species of Cochlospermum 
(FAO 1992a). India is the largest producer of gum karaya.

Mesquite Gum

Chemical Description of Mesquite Gum. Mesquite gum is the neutral salt of a 
complex acidic branched polysaccharide. Its backbone is formed by (1→3)-linked 
b-d-galactose residues with (1→6)-linked branches, bearing l-arabinose (pyra-
nose and furanose ring forms), l-rhamnose, b-d-glucuronate, and 4-O-methyl-
b-d-glucuronate as single sugar or oligosaccharide side chains. It also contains 
a small amount of protein (0.7–5.8%) (Orozco-Villafuerte et al. 2003; Anderson 
and Farquhar 1982; Anderson and Weiping 1989; Goycoolea et al. 1997; 
Vernon-Carter et al. 2000). There is some chemical similarity with gum arabic 
(Islam et al. 1997).

Physico-chemical Characteristics of Mesquite Gum. Mesquite gum has a level 
of solubility comparable to GA. The color of the clear solutions is brown, slightly 
darker than those from GA. Hydrophobic affinity chromatography yielded five 
fractions differing in their molar masses (3.5 × 104–9.3 × 105 g/mol) and protein 
content (0.04% to about 30%). The two major fractions with >90% have protein 
contents much lower than 1% (Orozco-Villafuerte et al. 2003).

Solutions of up to 50% can be prepared. However, the increase of the viscosity 
with increasing concentration is steeper for mesquite gum in comparison to GA 
(Goycoolea et al. 1995). Mesquite gum has good film formation properties 
(Diaz-Sobac et al. 2002).

Origin and Isolation of Mesquite Gum. This gum is obtained from the mesquite 
tree (Prosopis spp.) or shrub, which grows in the southwest of the USA, Mexico, 
and other areas of the world. It is preferably harvested for local use and limited 
commercialized for local markets. Despite similar or even partially better application 
properties compared to GA, it finds either no use or limited use in industrial appli-
cations. The main reason for not using the mesquite gum in industrial applications is 
that its supply cannot be guaranteed, as all the gum is collected from wild growing 
trees (Orozco-Villafuerte et al. 2005).
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Galactomannans

Chemical Description of Galactomannans. Locust bean gum (LBG) (Gidley and 
Reid 2006) (CAS# 9000-40-2), also called carob bean gum, tara gum (CAS# 
39300-88-4), and guar gum (CAS# 9000-30-0, 9000-30-3, 9066-07-3) are galacto-
mannans. They consist of linearly (1→4)-linked b-d-mannopyranosyl units with 
single a-d-galactopyranosyl units connected by (1→6) linkages as side branches. 
The three gum types differ in the ratio of d-mannosyl to d-galactosyl. On average, 
in LBG every fourth main chain unit bears a side unit whereas in tara gum it is 
every third, and in guar gum every second main chain unit, Fig. 3.10. The actual 
ratios reported in the literature vary slightly and differ from the average. For LBG 
it is between about 3.9:1 and 3.5:1 (Hoefler 2004; Chaplin 2007). The ratio corre-
sponds to galactose weight contents of 17–26% for LBG, 25% for tara gum, and 
33–40% for guar gum (Wielinga 2000). However, the side units are highly unevenly 
distributed along the backbone. More block polymer arrangement than statistical 
distribution occurs.

Physico-chemical Characteristic of Galactomannans. The three gum types 
differ in their solubility. The solubility increases with increasing number of side 
units. While guar is fully water soluble at room temperature, the solubility of 
tara is about 70% under these conditions but is completely soluble above 70°C. 
LBG has a limited water solubility at ambient temperature. It swells below 60°C 
but becomes soluble above 60°C and fully hydrated if heated for 10 min at 80°C 
(Hoefler 2004; Seaman 1980). Average molar masses ranging from about 
1.5 × 105 to 1.5 × 106 g/mol have been reported for guar gum, having higher molar 
masses and producing higher viscosities of solutions than LBG. However, the 
isolation process, purification, solution preparation, and characterization method 
can have an impact on the molar masses obtained (Picout et al. 2001; Picout et 
al. 2002; Patel et al. 2006). The solutions of all three gum types exhibit pseudo-
plastic behavior.

Origin and Isolation of Galactomannan. LBG, tara, and guar are isolated from 
the endosperm of the seeds of the carob tree (Ceratonia siliqua), the tara shrub 
(Cesalpinia spinosa), and the guar plant (Cyamopsis tetragonoloba), respectively.

Pectins

Chemical Description of Pectins. (CAS# 9000-69-5) Pectins (May 2000; Lopez 
da Silva and Rao 2006) are high molar mass hetero-polysaccharides with at least 
65 wt% of a-(1→4)-linked d-galacturonic acid-based units. These units may be 
present as free acid, salt (sodium, potassium calcium, ammonium), naturally 
esterified with methanol, or as acid amid in amidated pectins. Furthermore, a 
range of neutral sugars such as l-rhamnose, d-galactose, l-arabinose, d-xylose, 
and small amounts of others are part of the polymer chain. l-rhamnose units 
exist exclusively as (1→2)-linked in the main chain, whereas all other neutral 
sugar residues are bond preferably at the rhamnose and galactose units to the 
main chain (Elias 1992). Pectins exhibit a very complex, non-random structure 
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with linear blocks of homo-poly(galacturonic acid), so-called smooth regions, 
and with highly branched blocks, so-called hairy regions (May 2000; Voragen 
et al. 1995).
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Pectins can differ by the degree of esterification of the carboxy groups of the 
galacturonic acid, which is in general in the range of 20–80%. Pectins with more 
than 50% esterification are designated as high-esterified (HM, high methoxylated) 
and distinguished from low-esterified pectins (LM, low methoxylated) with less 
than 50% ester groups. The molar mass depends on the pectin source and processing, 
and was reported to be in the range of 104–2 × 105 g/mol (Voragen et al. 1995). 
A small portion of the hydroxyl groups are acetylated in pectins from sugar beet, 
but not in those from citrus fruits.

Physico-chemical Characteristics of Pectins. Pectins are soluble in water but 
insoluble in most organic solvents. Aqueous solutions can be obtained up to con-
centrations between 6% and 12%, depending on the pectin type. The solutions have 
low viscosity compared to other plant gums. At low concentration, the rheological 
behavior is close to Newtonian behavior, but it shifts to pseudoplastic at higher 
concentration (Pedersen 1980).

Pectins are non-permanently negatively charged macromolecules and, therefore, 
behave as polyelectrolytes and their solution properties, and in particular gelation, 
are sensitive to pH variation and the presence of cations in the solution. Pectin solu-
tions are most stable at pH 3–4 (Voragen et al. 1995). The gelation also depends on 
the nature and the quality of the raw material but primarily on the degree of esteri-
fication. Different gelation mechanisms have been identified for pectins with high 
methoxyl content (HM) and low (LM) methoxyl content. HM pectins gel only in 
the presence of sugars or other cosolutes in the low pH range, where the acid groups 
are not completely ionized. The gel strength increases with decreasing pH. The 
interaction between calcium ions and pectin governs the gelation of LM pectins and 
depends on the proportion and arrangement of the carboxyl groups in the pectin 
chain. The reactivity increases with decreasing degree of esterification. The pres-
ence of amide groups extends the range of the calcium ion concentration where the 
LM pectin forms gels.

Origin and Isolation of Pectins. Biologically, pectins serve as a kind of cement 
for the cell wall in higher plants. They are present in fruits in variable amounts and 
qualities. The main pectin producers are located in citrus fruit producing areas in 
Europe and Latin America, where the pectins are isolated from the citrus peel, 
orange peel, and residues from the extraction of citrus juice, citrus oil, and apple 
juice. Hot aqueous mineral acid is used to extract the raw material with the objec-
tive of obtaining pectins of high molar mass at high concentration. Pectins of a wide 
range of types are offered in the market.

Soluble Soybean Polysaccharide

Chemical Description of Soluble Soybean Polysaccharide. Soluble soybean 
polysaccharide (SSPS) is mainly composed of galactose, arabinose, and galacturonic 
acid, but the chain also contains many sugars at low quantities including rhamnose, 
glucose, xylose, and fucose. The exact structure is not fully understood. An average 
molar mass of several hundred thousand has been reported, though three components 
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varying in their molar mass have also been identified (Nakamura et al. 2000). The 
negative charges, i.e., the galacturonic acid units, are located on the main backbone 
chain, whereas the shorter side chains contain neutral sugar units.

Physico-chemical Characteristics of Soluble Soybean Polysaccharide. Due to 
the negative charges in the backbone, SSPS is considered as an anionic polyelec-
trolyte. SSPS is soluble in both cold and hot water yielding solutions of relatively 
low viscosity. For comparable concentrations, the viscosity is considerably lower 
than that for guar gum or HM pectin, but up to concentrations of 30 wt% it is found 
to be higher than that for gum arabic. SSPS solutions do not gel. Moreover, the 
viscosity is only slightly affected by heat, salt, or by acidic pH variation (Furuta and 
Maeda 1999).

The adhesive and film forming properties of SSPS are excellent. Films processed 
without any additives show high resistance to tension. The films are generally 
colorless, transparent, water soluble, and edible and are suitable for coating the 
surfaces of food and food ingredients. SSPS can prevent oxidation of oils (Maeda 
2000). SSPS has the ability to stabilize protein particles at low pH without increasing 
the viscosity. It can be used as an emulsifier and as a stabilizer for emulsions.

Origin and Isolation of Soluble Soybean Polysaccharide. SSPS is extracted 
from okara, the residue after oil and soy protein extraction from soybean (Maeda 
2000). It is obtained as a powder of several varieties, which can be tailored for 
specific applications.

3.2.1.4 Marine Extracts

Seaweed can be regarded as another almost unlimited source of different types of 
polysaccharides for many industrial applications. Some of them have been found to 
be useful for encapsulation in the food sector.

Carrageenans

Chemical Description of Carrageenans. (CAS# 9000-07-1) Carrageenans (Guiseley 
et al. 1980; Piculell 1995, 2006; Imeson 2007) are a family of high molar mass 
sulfated polysaccharides, for which the individual structures strongly depend on the 
source and conditions during extraction and purification (Falshaw et al. 2001). 
Overall, the polymer chains comprise alternating (1→3)-linked b-d-galactopyrano-
syl and (1→4)-linked a-d-galactopyranosyl units. Some of the (1→3)-linked units 
occur as the 2- and 4-sulfates, whereas the (1→4)-linked units occur as the 2- and 
6-sulfates, the 2,6-disufates, the 3,6-anhydride, and the 3,6-andydride-2-sulfate 
(Perceval 1972). Carrageenans are anionic polyelectrolytes. The half-ester content 
varies from 15% to 40%. Principally, there is a possibility of a continuous spectrum 
of carrageenan types including the biological precursors, which are modified by 
processing. After extraction and isolation, only the three types k- (kappa), i- (iota), 
and l- (lambda) carrageenan are commercially available. They approach the 
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respective ideal type in chemical composition (Guiseley et al. 1980). The idealized 
repeating units of the three limiting types are shown in Fig. 3.11. Deviating from 
the idealized structures, the practical sulfate group content/dimer repeating unit is 
1.03 rather than 1.0 for k, 1.49 rather than 2.0 for i, and 2.09 rather than 3.0 for l 
(Chaplin 2007).

Several analyses have shown that carrageenans are highly polydisperse with 
typical number average molar masses in the range of 105–2 × 105 g/mol and typical 
weight average molar masses in the range of 3 × 105–6 × 105 g/mol (Piculell 1995).

Physico-chemical Characteristics of Carrageenans. Some selected properties of 
carrageenans are summarized in Table 3.3. Due to the variation in their chemical 
structure, carrageenans exhibit a wide spectrum of the rheological behavior 
(Mangione et al. 2003). Dependent on the type, they can form viscous solutions and 
also thermally reversible gels with a texture varying from soft and elastic to firm 

O
CH2OH

H
H

OHH

–O3SO

a

b

c

HH

O O

H2
C

H
H

OHH

H

H

O

O

O

O
CH2OH

H
H

OHH

−O3SO

HH

O O

H2
C

H
H

OSO3
–H

H

H

O

O

O

O
CH2OH

H
H

O
H

OH

HH

O O
CH2OSO3

–

H
OH H

OSO3
–H

H

H

O

O

H 30%
SO3

– 70%

Fig. 3.11 Repeating dimer units of limit carrageenans. (a) k-carrageenan: (1→3)-b-d-galactopyranose-
4-sulfate-(1→4)-3,6-anhydro-a-d-galactopyranose-(1→3), (b) i-carrageenan: (1→3)-b-d-galactop-
yranose-4-sulfate-(1→4)-3,6-anhydro-a-d-galactopyranose-2-sulfate-(1→3), (c) l-carrageenan: 
(1→3)-b-d-galactopyranose-2-sulfate-(1→4)-a-d-galactopyranose-2,6-disulfate-(1→3)



553 Materials for Encapsulation

and brittle as specified for the three types in Table 3.3. k- and i-carrageenans have 
the ability to form elastic gels in the presence of certain cations such as K+ and Ca2+. 
The molecular mechanism for the conformal transitions in the solution that result 
in the aggregation and gelation is still not completely understood. Comprehensive 
NMR studies have contributed to some progress.

Synergistic effects are obtained when combining carrageenans with other gum 
types. Brittle k-carrageenan gels may be softened with, for example, locust bean 
gum. i-Carrageenan has less specific ionic binding but the increased ionic strength 
allows helices to form junction zones in soft elastic gels with good freeze-thaw 
stability. l-Carrageenan is non-gelling but is the type with the highest anionic 
charge density, which causes the best solubility, extended chain conformation, and 
strong electrostatic interaction in solution (Janaswamy and Chandrasekaran 2002; 
Kara et al. 2006).

Origin and Isolation of Carrageenans. Carrageenans are prepared from red 
seaweed (Rhodophycae). Different seaweeds produce different carrageenans, for 
example, Chondrus crispus (k and l), Eucheuma cottonii (k), Eucheuma spinosum 
(i), Gigartina (k and l), Furcellaria (k and l), by extraction and subsequent treat-
ment/modification of the biological precursors m- and n-carrageenan. Seaweed 
selection, processing, and blending of different extracts can control the variations 
of the carrageenan types (Piculell 1995, 2006; Imeson 2007).

Alginate

Chemical Description of Alginate. (CAS 9005-38-3 Na) Alginate (Draget 2000; 
Cottrell and Kovacs 1980b; Moe et al. 1995; Draget et al. 2006) is a family of linear 
anionic polysaccharides, which can be considered as copolymers of (1→4) linked 

Table 3.3 Selected properties of carrageenans (Davidson 1980; Imeson 2007)

Property

Carrageenan type

Kappa Iota Lambda

Solubility in 
hot water

T > 70°C T > 70°C Soluble

Solubility in 
cold water

Na-salt soluble; from 
limited to high 
swelling of K-, Ca-, 
and ammonium salts

Na-salts soluble, Ca-salts 
give thixotropic 
dispersions

All salts soluble; 
viscous 
pseudoplastic 
solutions

Gel formation Thermo-reversible gels on cooling in the presence of 
appropriate counterions

Non-gelling

Gelation Strongest with K+ Strongest with Ca2+

Gel type Brittle with syneresis; poor 
freeze-thaw stability

Elastic, no syneresis; good 
freeze-thaw stability

pH stability Stable at neutral alkaline pH; pH = 3.5: hydrolysis of 
polymer solutions but gels are stable

Hydrolysis below 
pH 4.3

Salt tolerance Poor Good Good



56 C. Wandrey et al.

a-l-guluronic acid (G) and b-d-mannuronic acid (M) residues. The linear chains 
are composed of homopolymeric regions of G- and M-blocks interspaced with 
regions of mixed sequences, MG-blocks (Grasdalen et al. 1979). Figure 3.12 shows 
a part of a sodium alginate chain. Depending on the seaweed extract, the isolation 
process, or the biotechnological procedure, the proportion and sequential arrange-
ment of the two structural units vary widely. M and G blocks of various lengths can 
be present in the polymer chain. Consequently, for the description of the sequential 
structure not only the monomer composition (monad frequency) but also the diad 
and triad frequencies have to be known. The four diad (nearest neighbor) frequencies 
(F

GG
, F

GM
, F

MG
, F

MM
) and the eight possible triad frequencies (F

GGG
, F

GGM
, F

MGG
, 

F
MGM

, F
MMM

, F
MMG

, F
GMM

, F
GMG

) can be analyzed by NMR techniques (Grasdalen 
et al. 1979). The weight average molar mass of commercial sodium alginates 
varies from 4 × 104 to 5 × 105 g/mol. But some alginates with molar masses higher 
than 106 g/mol have also been isolated.

Physico-chemical Characteristics of Alginate. Alginate composition, structure, 
and molar mass govern the functional properties. The solubility of alginate in water 
is related to the rate of dissociation and the type of the counterion. At pH < 3, both 
the M- and G-structures will precipitate as alginic acid. However, alternating struc-
tures precipitate at lower pH values compared to the alginates containing more 
homogeneous block structures. Neutralization of the alginic acid occurs at pH > 4, 
where it is converted into its corresponding salt. Sodium alginate is an example of 
a water-soluble alginate.

The intramolecular electrostatic repulsion between the neighboring negative 
charges of each monomer unit forces alginate molecules into an extended random 
coil conformation (Smidsrød and Hang 1968). This results in highly viscous 
solutions even at relatively low alginate concentration. The dynamic viscosity 
increases exponentially with the molar mass, while the intrinsic flexibility of the 
alginate chains in solution increases in the order GG < MM < MG (Smidsrød et al. 
1973). On the other hand, the selectivity for cation binding and gel forming 
properties strongly depend on the composition and sequence. Divalent cations 
preferably bind to the G-blocks. The ability to form ionotropic gels is based on 
this selective binding of cations. Gel-like networks are also formed with the 
polycation chitosan. As typical for linear homogeneously charged polyelectrolytes, 
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the chain conformation and, therefore, the solution viscosity strongly depend on 
the ionic strength.

The rheological behavior of sodium alginate solutions depends on the concentra-
tion and the shear rate. Higher concentrated solutions exhibit pseudoplastic flow 
even at low shear rates. At lower concentrations, the Newtonian behavior is 
observed at low shear rate whereas the solutions become pseudoplastic at higher 
shear rate (Draget 2000).

Alginate as a dry powder and, in particular as a solution, is subject to degradation 
leading to rapid decrease of the chain length detectable by decreasing viscosity. 
Many microorganisms digest alginate. In a deep freezer, sodium alginate may be 
kept for several years without significant degradation.

Origin and Isolation of Alginate. Alginates are quite abundant in nature. 
Commercial sodium alginates are generally produced from marine brown algae, 
though they may also be synthesized as an exocellular material by some bacteria 
(Chapman 1980). Moreover, biosynthesis is possible yielding alginates over a very 
wide range of tailored composition (Valla et al. 1996).

3.2.1.5 Microbial and Animal Polysaccharides

Polysaccharides produced biotechnologically by bacteria are biopolymers with 
novel and partially unique functional properties. Examples, which are interesting 
for food applications are xanthan, gellan, and curdlan, though the WHO has at the 
present time certified the latter only for a few countries.

Xanthan

Chemical Description of Xanthan. (CAS# 11138-66-2) Xanthan is a high molar 
mass anionic polyelectrolyte for which the principal chemical structure is shown in 
Fig. 3.13. It occurs as a mixed salt of sodium, potassium, and calcium. Its backbone 
consists of b-(1→4)-d-glucopyranosyl units with every second unit having a trisac-
charide side chain attached at the C-3 position, one d-glucuronosyl unit between 
two d-mannosyl units. Therefore, xanthan may also be considered as consisting 
structurally of pentamers. Approximately, 40–50% of the terminal mannosyl units 
are 4,6-pyruvated. The non-terminal mannosyl units are mostly 6-acetylated.

The molar masses reported in the literature vary from 1.5 × 105 g/mol to several 
million, but are probably in the order of two million. Association phenomena 
observed for xanthan gum could explain these variations (Sworn 2000b; Morris 
1995, 2006; Cottrell et al. 1980; Elias 1992). However, a consensus of the opinion 
exists that the polydispersity is relatively low.

Physico-chemical Characteristics of Xanthan. Xanthan is soluble in cold water. 
It hydrates rapidly in cold water without lumping if properly dispersed into the 
solvent. It is considered to be mainly non-gelling. The solutions show a very 
pronounced pseudoplastic behavior. The viscosity progressively reduces with increasing 
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shear stress but instantaneously recovers after removal of the shear stress, subse-
quently returning to the initial viscosity. In general, the solution viscosity has been 
found to be stable over a wide range of pH (2–12) and temperature. The high vis-
cosity is assigned to the network formation due to the H-bonding and polymer 
chain entanglement. Two chains may be aligned to form a double helix, giving a 
rather rigid rod configuration. The conversion between the ordered double helical 
conformation and the single more-flexible extended chain may take place over 
hours between 40°C and 80°C. The shielding of the backbone by side chains could 
explain the extraordinary resistance to enzymatic degradation. Xanthan undergoes 
cryogelation (Giannouli and Morris 2003).

Contrary to the typical polyelectrolyte behavior, the addition of salt to a hitherto 
salt-free xanthan solution causes the viscosity to increase when the xanthan concen-
tration is higher than 0.15%. An increase of viscosity has also been observed when 
heating salt-free solutions, but with salt (0.1% NaCl) only minor variation of the 
viscosity is observed in the temperature range 10–90°C (Cottrell et al. 1980a).

Synergistic interaction with guar gum leads to an enhanced viscosity, whereas 
with LBG and konjac mannan soft, elastic thermo-reversible gels are obtained at 
higher concentration (Sworn 2000b).

Origin and Isolation of Xanthan. The Xanthomonas campestris bacterium produces 
the xanthan gum in a pure culture of the bacterium by an aerobic fermentation 
process in a glucose medium. Use of different strains or fermentation conditions 
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may give rise to differing degrees of actelylation and pyruvylation. Xanthan may 
contain cellulases, which prevents its use with cellulose derivatives.

Gellan

Chemical Description of Gellan. (CAS# 71010-52-1) Gellan (Sworn 2000a) is a 
high molar mass anionic polyelectrolyte. The principal chemical structure in 
Fig. 3.14 shows the tetrasaccharide repeating unit composed of one rhamnose, one 
glucuronic acid, and two glucose units. The 3-linked glucose unit is substituted 
with glyceryl at O(2) and with acetyl at O(6). It can, therefore, be designated as 
→4)-l-rhamnopyranosyl-a-(1→3)-d-glucopyranosyl-b-(1→4)-d-glucuro-
nopyranosyl-b-(1→4)-d-glucopyranosyl-b-(1→ (Chaplin 2007). Molar masses are 
in the range up to 5 × 105 g/mol. The degree of esterification depends on the produc-
tion process. Low acyl (deacetylated) and high acyl specifications are commercially 
available.

Physico-chemical Characteristics of Gellan. The solubility and solution properties 
depend on the degree of substitution and the type and concentration of ions present 
in the solution. Low acyl gellan is much more sensitive to ions and frequently a 
sequestrant has to be added for hydration, which generally takes place at tempera-
tures above 90°C. The hydration of high acyl gellan gum is less dependent on the 
concentration of ions. Heating to 85–95°C is in general sufficient to fully hydrate 
the gum. Gellan is able to withstand heating to 120°C. The viscosity increases 
with the degree of acetylation. A gellan solution may invisibly hold particles in 
suspension but, unlike other gelling agents, without significantly increasing the 
solution’s viscosity.

Thermo-reversible gelation takes place upon cooling of solutions in the presence 
of gelling cations in the case of low acyl and without gelling cations in the case 
of high acyl. The resulting gel texture depends on the degree of acetylation and 
can cover a wide range. Low acyl types form hard, non-elastic brittle gels, 
whereas high acyl types yield soft, elastic, transparent, and flexible gels. 
Comparison with other gelling agents manifests this wide range (Fig. 3.15). 
Nevertheless, the exact texture and quality of the gel is influenced by the con-
centration of divalent cations present.
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Origin and Isolation of Gellan. Gellan is prepared commercially by aerobic 
submerged fermentation from the microorganism Sphingomonas elodea 
(Chandrasekaran and Radha 1995). High and low acyl types are available as off-white 
powders differing in their degree of decetylation. The latter is obtained by alkali 
treatment prior to isolation.

Dextran

Chemical Description of Dextran. Dextrans (CAS# 9004-54-0) are mainly linear 
neutral polymers of a-d-glucose linked by a-(1→6) glycosidic bonds, which can 
have variable amounts of a-(1→3) branches. Partially, the links in the main chain 
can be a-(1→4) or a-(1→2) links instead of a-(1→6) links. The fermentation 
process governs the chain architecture, molar mass, and polydispersity. The number - 
average of the molar mass of native dextrans is in the range of 2 × 105 g/mol. Due to 
the strong tendency to associate in the aqueous solution, apparent molar masses up 
to 5 × 108 have been obtained (Elias 1992).

Physico-chemical Characteristics of Dextran. Overall, dextrans are well soluble 
in water. Non-soluble portions result from higher degree of branching.

Origin and Isolation of Dextran. Microbial fermentation processes of sucrose 
yield dextrans, which are commercially supplied as powders or solutions. The bac-
teria used determine the chain architecture.

Chitosan

Chemical Description of Chitosan. (CAS# 9012-76-4) Chitosan (Winterowd and 
Sandford 1995; Vårum and SmidsrØd 2006) is a linear polysaccharide, which can 
be considered as a copolymer consisting of randomly distributed b(1→4) linked 
d-glucosamine and N-acetyl-d-glucosamine as illustrated in Fig. 3.16; block 
arrangement has also been reported (Inoue 1997). The composition is indicated by 
the degree of acetylation (DA), the fraction of acetyl-glucosamine units. The 

Fig. 3.15 Gel texture of different gelling macromolecular 
materials demonstrating the wide range of gel texture for 
gellan gum

soft, flexible

firm, brittle

high acyl gellan
xanthan/LBG
gelatin
pectin
alginate
κ-carrageenan, agar
low acyl gellan
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molar mass depends on the source and the isolation technology, but it can reach 
values of about 5 × 105 g/mol. Lower molar masses and oligomers are obtained by 
the chain degradation under various conditions frequently yielding products, 
which differ from the composition and sequence arrangement of the parent molecules 
(Terbojevich 2000).

Physico-chemical Characteristics of Chitosan. Chitosan can be classified as a 
non-permanently charged cationic polyelectrolyte. Due to a pK

a
 value of approxi-

mately 6.5, chitosan is positively charged and soluble in acidic to neutral medium. 
The charge density and solubility depend on the DA. Only chitosan with a DA not 
exceeding 40% is soluble in acidic aqueous medium. Exceptions are oligomers, 
which have a higher solubility across a broader pH range. Chitosan forms gels with 
tripolyphosphate and alginate. Moreover, it has a very good film-forming ability 
(Domard and Domard 2002).

Origin and Isolation of Chitosan. Chitin, the main source of chitosan, has been 
evaluated to be as abundant as cellulose with an annual production of 1010–1012 tons 
in biomass (Roberts 1992). Chitosan itself is much less present in nature. It has only 
been observed in some microorganisms and certain fungi. Only very recently, the 
commercial isolation from fungi has started. The main process of the alkaline 
deacetylation of crustacean chitins remains.

3.2.2 Proteins

Proteins are natural macromolecules composed of linear chains of amino acids. The 
possible sequences and frequency of 20 existing amino acids, more precisely 19 
amino acids and one imino acid, in the chain give rise to their enormous variety. 
Proteins have a central role in all living organisms with a wide range of functions. Large 
amounts of proteins are directly used as food. The potential use for non-traditional 
applications is in the process of being extended.
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3.2.2.1 Gluten

Chemical Description of Gluten. (CAS# 8002-80-0) Gluten is a complex mixture 
of gliadins (monomeric gluten proteins) with molar masses in the range of 
3 × 104–8 × 104 g/mol (MacRitchie et al. 1990) and glutenins (polymeric gluten 
proteins) with molar masses in the range of 8 × 104 g/mol to several million (Kasarda 
1989). Gliadins and glutenins comprise about 80% of the proteins contained in 
wheat seed. Both have unusually high levels of proline and glutamine and are there-
fore designated as “prolamins” (Shewry et al. 1986).

Gliadins represent a highly heterogeneous mixture of monomeric gluten pro-
teins. Three structurally distinct groups, a-, g-, and w-types, can be distinguished 
(Shewry et al. 1986). The a- and g-types are classified as sulfur-rich prolamins, 
whereas the w-type gliandins are classified as sulfur-poor prolamins.

Wheat glutenin is a heterogeneous mixture of disulfide stabilized polymers of 
high-molar-mass glutenin subunits (HMM-GS) and low-molar-mass glutenin sub-
units (LMM-GS). More than 20 different HMM-GS have been identified so far in 
wheat varieties and new ones are being discovered frequently (Veraverbeke and 
Delcour 2002). Although LMM-GS show strong similarities with a- and g-type 
gliadins, commonly classified as sulfur-rich prolamins, they differ in one very 
important characteristic: apart from intra-chain disulfide bonds, inter-chain disul-
fide bonds that lead to incorporation of LMM-GS in glutenin polymers also occur 
in LMM-GS. In these polymers, they form covalent links with the HMM-GS that 
form a separate third class of prolamins, the high-molar-mass prolamins, which 
typically have a higher content of glycine than the other two classes of prolamins 
(Shewry et al. 1986; Veraverbeke and Delcour 2002). Estimations of the size and 
structure of glutenin subunits and polymers are highly troubled by their low solubility 
in conventional buffers and the lack of crystallinity (Bottomley et al. 1982). Despite 
progress in unraveling the complexity, the structure is still largely a matter of specu-
lation (Veraverbeke and Delcour 2002).

Physico-chemical Characteristics of Gluten. Glutenins show very low solubility 
in water due to a low content of amino acids with ionizable groups, the high content 
of non-polar amino acids and glutamine, and their high molar mass (Singh and 
MacRitchie 2001). Gliadins are soluble in distilled water but aggregate in salt solu-
tion (Van Vliet et al. 2002).

Surprisingly, few studies have been performed concerning the interfacial behavior 
of the wheat components (Örnebro et al. 2000). From studying the behavior of 
adsorbed layers of the four major wheat protein fractions at the air–water interface 
it was concluded that surface pressure increases in the order albumins < globulins < 
glutenins < gliadins (Keller et al. 1997). Further, a higher ability of gliadins to 
reduce the surface tension compared to glutenins has been found (Eliasson and 
Larsson 1993; Balla et al. 1997). Sprinkling the gluten powder on the water surface 
revealed that the film was almost completely elastic (Kokelaar et al. 1991).

Origin and Isolation of Gluten. Gliadin and glutenin exist, conjoined with starch, 
in the endosperm of some grass-related grains, notably wheat, rye, and barley. Being 
insoluble in water, they can be purified by washing away the associated starch.
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Gluten proteins are strongly associated with baked products. However, the 
unique properties of wheat proteins have stimulated an interest in their use for other 
applications than traditional ones (Örnebro et al. 2000).

3.2.2.2 Milk Proteins

Bovine milk contains, in addition to water, lactose, fat, and other minor compo-
nents, about 3.0–3.6 wt% proteins. Of this, caseins and whey proteins are the two 
major fractions. Detailed description of the milk proteins is presented in several 
reviews and book chapters (Ennis and Mulvihill 2000; Fox 1989; Fox 1992; Holt 
1992; Creamer and MacGibbon 1996).

Caseins

Chemical Description of Caseins. Caseins (from Latin caseus “cheese”) (CAS# 
9000-71-9) are the most predominant phosphoproteins found in milk. The four 
principal primary proteins of the highly heterogeneous casein fraction are summa-
rized in Table 3.4. Caseins can vary in their net charge, hydrophilicity, and metal 
binding. In milk they are present in the form of large approximately spherical 
micelles (molar mass about 108 g/mol), which can be separated from the molecu-
larly dispersed whey proteins by ultracentrifugation.

Physico-chemical Characteristics of Caseins. Caseins are extremely heat-stable 
proteins. They do not coagulate by heat. They are insoluble at their isoelectric 
point, at about pH 4.6. However, the solubility behavior varies for casein fractions 
isolated from milk. Acid caseins are insoluble in the pH range 4–5, but they become 
soluble if the pH is increased above 5.5. Solutions of 10–15 wt% having high vis-
cosity can be prepared at pH 6–7. They are also soluble at pH < 3.5, but here the 
solutions are more viscous and become even gel-like. Rennet caseins are insoluble 
at pH 7 but soluble at pH exceeding 9. Calcium caseinate is the only milk protein 

Table 3.4 Casein fractions and some characteristics typical for bovine milk (Ennis and Mulvihill 
2000)

Parameter

Caseins

a
s1

-casein a
s2

-casein b-casein k-casein

Concentration 
wt%

0.9–1.5 0.3–0.4 0.9–1.1 0.3–0.4

Isoionic pH 4.94 5.45–5.23 5.14 5.61
Molar mass 

(×10−4 g/mol)
2.36 2.52–2.54 2.4 1.9
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system reported to exhibit reversible thermal gelation. Overall, milk proteins have 
good surface active properties ranked in the order b-casein > monodispersed casein 
micelles > serum albumin > a-lactalbumin > a

s
-casein = k-casein > b-lactoglobulin. 

Surface films of sodium caseinate or b-casein have the best flexibility and lowest 
viscoelasticity compared with the films of other materials. Caseins are good fat 
emulsifiers. The water solubility of films formed from caseins/caseinates depends 
on the pH conditions used in their preparation. The water vapor permeability of the 
films depends on the protein type.

Origin and Isolation of Caseins. Caseins are generally manufactured from the 
skim milk by destabilizing the micelles. Numerous processes are known. The main 
products obtained are mineral acid casein, lactic acid casein, and rennet casein. 
Fractionation is possible and other caseinates may be obtained by different manu-
facturing processes. Spray-dried sodium caseinate is the most commonly used 
water-soluble caseinate.

Whey Proteins

Chemical Description of Whey Proteins. Whey is a by-product of cheese or casein 
production and has several commercial uses. Whey proteins primarily include 
a-lactalbumin, b-lactoglobulin, immunoglobulins, and serum albumin but also 
numerous minor proteins. The four principal proteins of the highly heterogeneous 
whey protein fraction are summarized in Table 3.5. a-Lactalbumin is a calcium 
metalloprotein with four intramolecular disulfide cross-links, for which genetic 
variants exist. b-Lactoglobulin has two intramolecular disulfide cross-links and one 
free SH group. Many genetic variants are known which vary in their degree of 
glycosylation.

Physico-chemical Characteristics of Whey Proteins. Whey proteins are globular 
proteins (Chen et al. 2006), soluble in their native forms in the ionic environment 
of milk, almost independent of pH. But they become insoluble at their isoelectric 
point (pH about 5) at very low ionic strength. In contrast to caseins, whey proteins 

Table 3.5 Whey protein fractions and some characteristics typical for bovine milk (Ennis and 
Mulvihill 2000)

Parameter

Whey proteins

a-lactalbumin b-lactoglobulin Immunoglobulins Serum albumin

Concentration 
(wt%)

0.07–0.15 0.2–0.4 0.06–0.1 0.01–0.04

Isoionic point 4.2–4.5 5.2 5.3
Molar mass 

(×10−4 g/mol)
1.4 1.8 15-90 6.6
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denature at temperatures above 70°C and become insoluble. Then they form ther-
mally irreversible gels of different quality. Solutions of non-denatured whey pro-
teins are much less viscous than caseinate solutions. They exhibit Newtonian flow 
at concentrations in the range of 4–12 wt% but become pseudoplastic in the range 
of 18–29 wt% concentration. As already mentioned for caseins, milk proteins 
exhibit good surface-active properties. Films, formed when thermally induced dis-
ulfide cross-linking takes place, are excellent gas barriers (Madene et al. 2006), 
while the incorporation of lipids reduces the water vapor permeability. Tensile 
strengths were found to be similar to synthetic films. The films were generally 
flavorless, and transparent to translucent depending on the protein source (Chen 
1995; Lee and Rosenberg 2000).

Cold induced gelation of globular whey protein (Barbut and Foegeding 1993; 
Chen et al. 2006) can be achieved by adding calcium to a preheated mixture. 
A mechanism of cross-linking carboxyl groups with calcium has been suggested 
for the gelation of prenaturated whey proteins at ambient temperature (Roff and 
Foegeding 1996; Chen et al. 2006).

Because of their flexibility and amphiphilic nature, globular proteins rapidly 
adsorb on the emulsion interface, where they self-aggregate and form continuous 
and homogeneous membranes around oil droplets through intermolecular beta-
sheet interactions (Lefèvre and Subirade 2003; Chen et al. 2006). By coating oil 
droplets with charged layers, protein films provide an electrostatic barrier against 
flocculation and coalescence.

Various procedures can yield microcapsules from whey proteins (Rosenberg and 
Lee 2004).

Origin and Isolation of Whey Proteins. Whey, the source of whey proteins, 
remains after removal of fat and caseins from milk. The following products are 
isolated: whey powders of different quality (demineralized, delactosed, and demin-
eralized-delactosed), whey protein concentrate (WPC), whey protein isolate (WPI), 
lactalbumin, and individual whey protein fractions. WPC contains a low level of fat 
and typically 35–80 wt% protein. During the isolation of WPI, the removal of fat 
and lactose is intended. The protein content becomes > 90 wt%. b-Lactoglobulin is 
the most important whey protein (Madene et al. 2006).

It is likely that the range of proteins recovered from milk will extend in the 
future. Tailoring of milk protein products to meet specific functional requirements 
for individual applications will become increasingly important. The use of milk 
protein products in emerging technologies, such as the manufacture of edible films 
(Chen 1995) and the microencapsulation of ingredients (Rosenberg and Yong 1993) 
will benefit from further development (Ennis and Mulvihill 2000).

3.2.2.3 Gelatin

Chemical Description of Gelatin. (CAS# 9000-70-8) Gelatins (Ledward 2000) vary 
widely in their size and charge distribution. However, they generally have a character-
istic primary structure determined by the parent collagen. Almost every third unit in 
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all chains is glycine, followed by proline and 4-hydroxyproline as next frequently 
occurring residues. A typical amino acid composition of type A gelatin derived from 
pigskin is (residues per 100 units): glycine 33, prolin 13, alanine 11, hydroxyproline 
9, arginine 5, serine 3.5, aspartic acid 3, lysine 3, glutamic acid 2.5, and further leucine, 
valine, phenylalanine, threonine, isoleucin, hydroxylysine, methionine, histidine, and 
tyrosine. Especially the minor components can vary, depending on the source of the 
raw material and processing technique. In type B gelatins, aspargine and glutamine are 
missing due to their conversion into aspartic acid and glutamic acid (Ledward 2000).

Gelatin is a heterogeneous mixture of single- or multi-stranded polypeptides, 
each with extended left-handed proline helix conformations and containing between 
300 and 4,000 amino acids (Chaplin 2007).

Commercial gelatins are highly heterogeneous in size. Individual molecules 
may be single chains of molar masses less than 5 × 104 g/mol or multi-strand 
polymers with molar masses of over one million. The gelatin molecules are 
subdivided into several molar mass ranges corresponding to the most com-
monly occurring sizes, with the highest molar mass range covering 3.4 × 105–
5.4 × 105 g/mol and the lowest one covering 1 × 104–2.5 × 104 g/mol. Nevertheless, 
each of these fractions is also heterogeneous with regard to the size and shape 
(Ledward 2000).

Physico-chemical Characteristics of Gelatin. Gelatins in their pure form are 
translucent, brittle solid substances, which are colorless or slightly yellow, almost 
tasteless, and odorless. Gelatins melt when heated and solidify when cooled again. 
Mammalian gelatins dissolve in hot water forming solutions of high viscosity, 
which gel on cooling below 35–40°C. Alternatively, the fish skin gelatin has a 
lower gelation temperature, typically around 5°C for cold-water fish skin gelatin. 
However, a gelation temperature of about 12°C was reported for warm-water fish 
skin gelatin (Avena-Bustillos et al. 2006). Gelatin is also soluble in most polar 
solvents. The aqueous solutions show viscoelastic flow and streaming birefrin-
gence. The solubility of the gelatin is determined by the source and the method of 
manufacture. If gelatins are put into contact with cold water, only portions dis-
solve, however, they can take up water up to 5–10 times its own weight while 
swelling to an elastic mass.

Gelatins are amphiphilic and can behave as polyelectrolytes in aqueous solution, 
depending on the pH. The isoelectric points of type A gelatins are in the range of 
pH 7–9.4, whilst type B gelatins have isoelectric points in the range of pH 4.8–5.5. 
Apart from these differences, type A gelatins usually have lower intrinsic viscosi-
ties for a given molar mass than type B gelatins. The amphiphilic nature provides 
good emulsifying property.

Gelatin gels formed on cooling of solutions with concentrations above about 
1 wt%, depending on the quality of the gelatin and the pH, are clear, elastic, trans-
parent, and thermo-reversible. On warming to 35–40°C, the gels will dissolve 
again. Whereas from dilute solutions gels with a “melt in mouth” texture are 
obtained, the gels from higher concentrated solutions exhibit elastic gum-like tex-
tures. Gelatin gels from aqueous solutions exist over only a limited temperature 
range, the upper limit being the melting point of the gel, which depends on the gelatin 
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grade and concentration, and the lower limit, the ice point at which ice crystallizes 
(Ledward 1986).

In solution, gelatins undergo a coil-helix transition followed by the aggregation 
of helices to form collagen-like right-handed triple-helical proline/hydroxyproline 
rich junction zones. Gelatin films with higher triple-helix content swell less in 
water and are therefore much stronger (Bigi et al. 2004; Chaplin 2007).

The amphotheric hydrocolloid gelatin forms complex coacervates with anionic 
polysaccharides such as gum arabic. At low pH, gelatin becomes positively charged 
and also forms coacervates with negatively charged gellan gum (Madene et al. 2006).

Fish skin gelatins (Avena-Bustillos et al. 2006) of low pyrolidine content are far 
poorer gelling agents than gelatins of similar molar mass derived from warm-
blood mammals (Ledward 2000). Nevertheless, the low water vapor permeability 
observed for warm-water fish gelatin, and particularly for cold-water fish gelatin 
films (Avena-Bustillos et al. 2006), can be advantageous for encapsulation appli-
cations to reduce water loss at low temperatures such as in refrigerated or frozen 
food systems.

Origin and Isolation of Gelatin. Gelatins do not occur naturally but are manu-
factured from collagens by processes that destroy the secondary and higher struc-
tures of collagen. The latter is the major constituent of all white fibrous connective 
tissue occurring in animals (cartilage, sinews, skin, ossein). The process of manu-
facture is very complex using hides, skins, or bones from domesticated cattle, pigs, 
and horses as preferred sources, but also fish skin is used as a source. Two principal 
processes are distinguished finally yielding two principally different types of gela-
tin: type A gelatins by acid treatment (pH 1.5–3.0) and type B by alkaline treatment 
(pH 12) of collagen. Overall, the source and the process determine the final gelatin 
properties. Numerous commercial gelatin types are available in the market.

3.2.3 Lipids

Characteristic for lipids is their general insolubility in water; they are hydropho-
bic. Lipids involve molecules and substances of large diversity and structural 
variety such as oils, fats, waxes, and phospholipids. These are widely distributed 
in nature.

3.2.3.1 Fatty Acids and Fatty Alcohols

Chemical Description of Fatty Acids and Fatty Alcohols. Two subgroups of fatty 
acids may be distinguished, saturated and unsaturated acids, which in addition can 
be of variable length. Saturated fatty acids are linear monocarboxylic acids of the 
overall formula CH

3
(CH

2
)

n
COOH. Alternatively, unsaturated fatty acids have one 

or more double bonds in their chain, giving rise to different chain configurations, 
namely cis and trans. Further, short-, medium-, and long-chain fatty acids are dis-
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tinguished, which differ in the number of carbons in the aliphatic tail, having less 
than 8, 8–14, and more than 16 carbons, respectively. In fatty alcohols, a hydroxyl 
group has replaced the carboxylic group.

Physico-chemical Characteristics of Fatty Acids and Fatty Alcohols. Short chain 
aliphatic acids are miscible in water; however, the water-solubility rapidly decreases 
with increasing chain length. The melting points of fatty acids vary over a wide range, 
with the unsaturated acids having a much higher melting point. Examples are (Beyer 
1968): palmitic acid (n = 14) 62.6°C, stearic acid (n = 16) 69.4°C, behenic acid (n = 20) 
74–78°C. At room temperature, fatty acids tend to undergo auto-oxydation.

Fatty alcohols behave as non-ionic surfactants and have emulsifying properties.
Origin and Isolation of Fatty Acids and Fatty Alcohols. Fatty acids are produced 

by the hydrolysis of the ester linkage of naturally occurring fats and oils, which are 
in general triglycerides. Glycerol is obtained as the byproduct from this process. 
Reduction of fatty acids yields fatty alcohols.

3.2.3.2 Glycerides

Chemical Description of Glycerides. Triglyceride (triacylglycerol, triacylglycer-
ide), diglyceride (diacylglycerol), and monoglyceride (monoacylglycerol) belong 
to the family of glycerides. The principal chemical structures are shown in 
Fig. 3.17. Three, two, or only one fatty acid chains are covalently bonded to a 
glycerol molecule by ester linkages. In triglyceride, the three fatty acids may be the 
same, and may differ by one or all three. Thereof, the acids may be saturated or 
unsaturated. The most common residues are those with 16, 18, and 20 carbons. The 
same holds for diglycerides. Here, the two fatty acids can be located at any one of 
the three carbon positions. In monoglyceride, the fatty acid can be located either at 
the C-1 or C-2 position.

Physico-chemical Characteristics of Glycerides. Glycerides are not soluble in 
water. Di- and monoglycerides have emulsifying properties. The melting points of 
the glycerides strongly depend on the chemical nature but also on the symmetry of 
the fatty acid residues, their distribution over the carbon positions. For example, the 
highest melting point of milk fats has the fully symmetric tristearate with T

m
 = 72°C 

(Walstra 1999).

a b c
H2C OCOR1

H2C OCOR3

HC OCOR2

H2C OCOR1

H2C OH

HC OCOR2

H2C OCOR1

H2C

HC OH

OH

Fig. 3.17 Glycerides. (a) triglyceride, (b) diglyceride, (c) monoglyceride
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Origin and Isolation of Glycerides. Triglyceride is the main constituent in 
animal fats and plant/vegetable oils. Most natural fats contain a mixture of different 
triglycerides. The heterogeneity of the mixture determines the span of the melting 
range. The commercial source of mono- and diglycerides is the same as for 
triglycerides, but total synthesis is also possible.

3.2.3.3 Waxes – Beeswax, Carnauba Wax, Candellia Wax

Chemical Description of Waxes (Parish et al. 2002). Waxes are esters of fatty acids. 
In contrast to fats and oils, the fatty acids are not esters of glycerol but of higher primary 
monovalent alcohols. The main components of beeswax (CAS# 8012-89-3) are 
triacontylpalmitate (about 75%), triacontylcerotinate (about 10%), and paraffin 
(about 15%) (Beyer 1968).

Physico-chemical Characteristics of Waxes. Waxes are practically insoluble in 
water. The color of beeswax varies from nearly white to brownish. It melts in the 
range of 62–64°C. Beeswax (Ross Waxes 2008a) is compatible with most other 
waxes and oils, fatty acids, glycerides, and hydrocarbons.

Carnauba wax (CAS# 8015-86-9) (Ross Waxes 2008b; Strahl and Pitsch 
2008a) is one of the hardest natural waxes. The melting point is in the range 
78–85°C (typically 83°C). The compatibility with other materials is similar as for 
beeswax.

Candelilla wax (CAS# 8006-44-8) (Ross Waxes 2008c; Strahl and Pitsch 2008b) 
is soluble in many organic solvents. It is light brown to light yellow, and melts in 
the range of 67–79°C. It is not as hard as carnauba wax. It is compatible with all 
vegetable and animal waxes, fatty acids, a large variety of natural and synthetic 
resins, glycerides, and hydrocarbons in certain proportions,

Origin and Isolation of Waxes. Waxes are isolated from animal and plant prod-
ucts. Beeswax is secreted by young honey bees to construct the honeycomb. 
Carnauba wax is obtained from the leaves of palm trees preferably in Brazil. 
Candellila wax is derived from the leaves of the Candelilla shrub, which grows in 
the northern Mexico.

3.2.3.4 Phospholipids – Liposomes

Chemical Description of Phospholipids. The general chemical structure of one of the 
main phospholipids or phosphodiglycerides, i.e., phosphatidylcholine, is shown in 
Fig. 3.18. Phospholipids contain two long chain fatty acids. The third hydroxyl group 
of the basic glycerol is modified with the phosphoric acid linked to a base such as 
choline or ethanolamine. Depending on the position of the phosphor-containing 
group, it is linked to the primary or secondary hydroxyl group of the glycerin, a and 
b phospholipids are distinguished (Beyer 1968). As with triglycerides, numerous spe-
cies are possible by variation of the different head groups and fatty acyl substitution 
at the first and second position of the glycerol backbone (Weiner 2002). The most 
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abundant phospholipids are lecithins (phosphatidylcholine) (Taylor et al. 2005), 
where the base is choline. The fatty acid components may be saturated or unsaturated, 
for example palmitic, stearic, oleic, linoleic, or linolenic acid. Other polar lipids are 
kephalins (phosphatidyl-ethanolamines) where the base is ethanolamine.

It has to be mentioned that the name lecithin is also used for the naturally occurring 
mixture of glycolipids, triglycerides, and phospholipids.

Physico-chemical Characteristics of Phospholipids. Phospholipids are ionic 
amphiphiles (betains). Diacyl phospholipids generally form liquid crystalline 
suspensions as long as the temperature is held at or above the phase transition. Due 
to the amphiphilic character they function well as emulsifying and dispersing 
agents (Weiner 2002). When mixed with water, they aggregate or self-assemble into 
well organized and defined structures, and bilayers. Applying energy during the 
mixing process forces the bilayer to form liposomes, which in general do not form 
spontaneously (Taylor et al. 2005). In liposomes, an aqueous interior is separated 
by one or more phospholipid bilayers from the aqueous exterior (Fig. 3.19) (Lasic 

aqueous
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aqueous
interior

Fig. 3.19 Schematic structure of a 
liposome
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Fig. 3.18 Phospholipid – phosphatidylcholine
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1998). The manufacturing techniques used and the intensity of mixing employed, 
govern the size of the liposomes. The mesoscale shape taken by the liposome is a 
balance between applied mechanical forces and the tendency to assume specific 
self-assembled structures (Winterhalter and Lasis 1993). Generally, liposomes are 
only stable for a defined period of time; i.e., they are kinetically but not thermody-
namically stable (Reineccius 1995).

One of the key parameters for liposomal systems is the so-called gel to liquid 
crystalline transition temperature, where the bilayer loses much of its ordered pack-
ing structure due to the “melting” of hydrocarbon chains of the lipids. Typically, 
longer chains, saturation of the acids, and strong head group interactions translate 
into higher phase transition temperatures. Liposomal content may leak out fast, 
especially around or above the gel to liquid crystalline temperature. In addition, 
liposomal properties and functionality depend on external parameters, such as pH 
and ionic strength of the medium (Taylor et al. 2005, see also Sect. 2.3.11).

Origin and Isolation of Phospholipids. Phospholipids are present in all ani-
mal and plant cells. Commercially, they are isolated from the egg yolk (lecithin, 
CAS# 93685-90-6) and soybean oil (lecithin, CAS# 8002-43-5) (Hsieh et al. 
2002), but are also produced from milk fat globular membrane isolated from 
buttermilk (Thompson and Singh 2006). Lecithin is commercially available at 
high purity.

3.2.4 Others

3.2.4.1 Polyvinylpyrrolidone (PVP)

PVP, 1-Ethenyl-2-pyrrolidoinone homopolymer, (CAS# 9003-39-8), for which the 
chemical structure is shown in Fig. 3.20, is a synthetic neutral polymer with molar 
masses in the range of 104–5 × 105 g/mol. PVP powder is well soluble in water and 
organic solvents. The viscosity of the solution depends on the molar mass and the 
concentration. Aqueous solutions exhibit Newtonian behavior. The good film form-
ing ability makes it an excellent polymer for coatings, which requires good tem-
perature stability (Blecher et al. 1980).

NO

n

Fig. 3.20 Chemical structure of the polyvinylpyrrolidone



72 C. Wandrey et al.

3.2.4.2 Paraffin

Paraffin (CAS# 8002-74-2) (Ross Waxes 2008d; Strahl and Pitsch 2008c) is a 
family of linear hydrocarbons with the general formula C

n
H

2n+2
. Dependent on the 

number of carbon atoms n, which can vary from 1 to about 40, they behave at 
ambient temperature as gas, liquid, or solid. Paraffin wax, the solid form, has n > 20. 
It is a white, odorless, tasteless waxy material, which is also available at food-grade 
quality. Paraffin is edible but not digestible. Melting points ranging from 48 to 95°C 
are reported by suppliers and in table books (INCHEM 2008). The source is 
petroleum but synthesis is also possible.

3.2.4.3 Shellac

Shellac (CAS# 9000-59-3) is secreted by the lac insect Laccifer lacca (Kerria 
lacca), found in the forests of northeast India, Thailand, Bangladesh, Indochina, 
and China. The secretion is collected from trees and processed in several steps to 
form shellac, which is soluble in alkaline media (ammonia, sodium carbonate, 
sodium hydroxide) and in several organic solvents. The exact chemical composition 
of shellac is unknown. It appears to be composed of a network of hydroxy fatty acid 
esters and sesquiterpene acid esters with a molar mass of about 1,000 g/mol. The 
composition is a function of the source and time of harvest. The physical properties 
of shellac may also vary. For example, the reported melting point ranges from 77°C 
to 120°C. Shellac is soluble in ethanol, methanol, glycols, glycol ethers, and 
alkaline water (Yates and Field 1960). Coatings obtained from alcoholic solutions 
are of superior durability and hardness. It is edible.

India, Thailand, and China are the main producers. The production volume is 
difficult to estimate but is assumed to be of the order of 10,000–20,000 tonnes per 
year, and increasing (Sengupta 1972; FAO 2008)

3.2.4.4 Inorganic Materials

There are several food-grade inorganic materials, which have been described as 
being useful for coatings or microencapsulation in food applications. They can be 
utilized alone or in combination with other materials. They include tripolyphosphate 
(CAS# 7758-29-4) (Desai and Park 2006), silicon oxides, or aluminum oxides 
(Amberg-Schwab et al. 2006).

3.3 Analytical and Characterization Methods

The suitability of a GRAS chemical substance for the encapsulation basically 
results from its molecular characteristics, i.e., the chemical composition, the 
molecular architecture, the molar mass, as well as the homogeneity/heterogeneity/
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polydispersity of these characteristics. Exclusively, these molecular parameters 
govern all substance/material properties including solid material properties, behavior 
of melts and solutions, and molecular interactions. Therefore, despite the fact that 
industrial interest is primarily on material properties and their correlation with the 
properties of the final products, the knowledge of molecular characteristics and 
their correlation with material properties is a prerequisite for correct material selection 
and process optimization so as to obtain the desired texture and functionality in 
food products. Table 3.6 lists material properties, which are important for encapsu-
lation materials, and molecular characteristics from which they result.

Carbohydrate polymers, proteins, and lipids are isolated and manufactured from 
natural resources. For the majority thereof, the chemical composition, structure, 
molecular dimensions, and homogeneity vary more or less, as discussed in Sect. 2 of 
this chapter. Such variation can complicate and render more difficult their application 
since sophisticated quality control procedures have to be performed continuously.

Due to the different chemical nature, molecular architecture, size, and physical 
properties of carbohydrates, proteins, and lipids, the three groups require rather 
different characterization methods and analysis techniques. Common to all is that 
separation and purification has to precede all analysis and characterization.

This section is not intended to provide comprehensive information about polysac-
charide, protein, and lipid analysis and characterization. The reader is referred instead to 
appropriate specialist literature. Each of the materials discussed in Sect. 3.2 has its own 
peculiarities. Therefore, focus will be on practical aspects of methods and techniques and 
will be limited to polysaccharides, the dominating materials of this chapter.

The most frequent situation encountered is that the materials supplier provides 
more or less comprehensive basic information/specification about the particular 
substance that has been ordered. This information can be sufficient in many cases 
for established industrial applications though can be insufficient for research as 
well as product and technology development. The basic information is usually 
restricted to the chemical structure/composition, degree of purity, and the range of 
macromolecular characteristics.

Table 3.6 Substance and molecular characteristics of macromolecular encapsulation 
materials

Substance characteristics Molecular characteristics

Solubility
Rheology of melt and/or solution
Transition temperatures (T

m
, T

g
)

Stability (pH, T)
Surface activity
Film forming ability
Gelation ability
Crystallinity
Density

Chemical composition
– Sequence of monomer units
– Homopolymer or heteropolymer
– Neutral or charged
Molecule architecture
– Linear
– Branched
– Cross-linked
– Linkage of monomer units
Molar mass/molar mass 

distribution
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Only for these basic characteristics, which are subject to variability and have practical 
relevance, will the appropriate analytical and characterization methods and procedures 
be considered here. Some characteristics, such as the type of monomer units and their 
linkage, do not change for a given polysaccharide even if the percentage or the molar 
mass varies. They can be taken as known without the need for repetitive examination.

3.3.1 Isolation and Purification

Polysaccharides suitable for encapsulation have to be isolated and purified prior to 
quantitative analysis and characterization. Impurities, which do not interfere with the 
practical application, can falsify analytical results. In addition, some of the materials 
presented here are mixtures of two or more components, which have to be analyzed 
separately. Also, the percentage of the components is of practical interest. Its variation 
may affect the rheological behavior, surface activity, or gelation behavior.

Purification methods are mainly based on physical characteristics of the 
macromolecules such as molecular size, charge, polarity, solubility, or specific 
interactions. Commonly used purification and separation techniques are: filtration, 
centrifugation, dialysis, preparative size exclusion chromatography, ion exchange 
chromatography, affinity chromatography, or electrophoresis.

3.3.2 Composition Analysis

The dramatic improvement of analytical methods during the last two decades, the 
increase of the sensitivity, precision, accuracy, and complexity, has contributed to a 
more comprehensive and better identification and quantitative determination of 
biopolymers. Nevertheless, the analysis of biopolymers still remains a challenge.

The composition analysis of polysaccharides (and also of proteins) requires 
chain degradation (chemical or enzymatic hydrolysis) as a first step, followed by 
separation of the monosaccharides released and their derivatives. Finally, the detection 
and quantification complete the analysis. Frequently, the separation, detection, and 
quantification are combined (Aspinall 1982), for example gas chromatography with 
mass spectrometry (GC-MS). Further applicable separation methods are: high-
performance liquid chromatography (HPLC), capillary zone electrophoresis, and 
some methods already listed for purification above. Preferably, spectroscopic 
methods are used for the detection and quantification including UV-VIS, spectros-
copy, infrared spectroscopy (IR, FTIR), and nuclear magnetic resonance (NMR) 
spectroscopic techniques. For specific composition analysis colorimetry, circular 
dichroism (CD), and polarimetry can be used. NMR has become the most powerful 
and non-invasive physicochemical technique for determining polysaccharide struc-
ture (Brummer and Cui 2006).

Electrochemical methods such as the acid-base titration, potentiometry, complex 
titration, and conductometry (Wandrey and Hunkeler 2002) are useful in both 
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Fig. 3.21 Scheme for polysaccharide composition analysis

identifying and quantifying charges in polysaccharides. These methods do not 
require degradation of the macromolecules.

Overall, the type of the biopolymer under investigation governs the selection of 
separation, detection, and quantification methods. Figure 3.21 illustrates the principal 
procedure of composition analysis.

3.3.3 Macromolecular Characterization

Macromolecular characterization methods serve to primarily determine the molar 
mass (MM) and/or the molar mass distribution (MMD). Commonly used absolute 
and relative methods are listed in Table 3.7, together with the parameters, which 
they deliver. Absolute methods, such as osmometry, analytical ultracentrifugation, 
light scattering techniques, or mass spectrometry directly yield the MM and/or the 
MMD. Relative methods, such as dilution viscometry, gel permeation chromatog-
raphy/size exclusion chromatography (GPC/SEC), or field-flow fractionation 
(FFF) require previous calibration in order to obtain the MM or MMD. However, 
frequently the molecular separation techniques GPC/SEC and FFF are combined 
with detectors which yield directly information about the MM and MMD. Such 
coupled, hyphenated, and multidimensional procedures have become the state-of-
the-art for the separation and analysis of macromolecules. In addition to informa-
tion about the molecular dimensions, hydrodynamic, thermodynamic, and 
conformational information also become available. Analytical ultracentrifugation 
(AUC) is particularly suitable for the macromolecular characterization of polysac-
charides (see e.g., Harding 2005).
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The macromolecular characterization of neutral polysaccharides can be performed, 
in general, in a two-component mixture, containing only the macromolecules 
and solvent. By contrast, the characterization of charged polysaccharides (poly-
electrolytes) and proteins requires more efforts. Low molar mass salt/buffer has 
to be added to the aqueous solution for sufficient electrostatic screening, allowing 
the application of the usual characterization methods as for neutral macromole-
cules. Nevertheless, such multi-component mixtures remain more complicated. 
The electrostatic interactions, which interfere with the characterization, are 
suppressed but not removed.

3.3.4 Rheological Characterization

Since the rheological behavior of polysaccharides, proteins and lipids is of particular 
importance for encapsulation processes, some consideration of this is included in 
this chapter. Very often material suppliers specify macromolecular characteristics 

Table 3.7 Macromolecular characterization methods

Method Direct With calibration/fitting

Absolute methods
Membrane osmometry M

n

Vapor pressure osmometry M
n

Analytical ultracentrifugation
 Sedimentation velocity s, r

h
M

n
, M

w
, M

z
, MMD

 Sedimentation equilibrium M
n
, M

w

Static (classic) light scattering M
w
, <s2>

z
1/2

Dynamic light scattering D, r
h

M
d
, MMD

Mass spectrometry M
n
, M

w
, M

z
, MMD

Relative methods
Dilution viscometry [h] M

v

GPC/SEC V
e

r
h
, MMD

Super critical fluid 
chromatography

V
e

MMD

Field-flow fractionation V
e

r
h
, MMD

GPC/SEC Gel permeation chromatography/size exclusion chromatography
M

n
 Number average molar mass

M
w
 Weight average molar mass

M
z
 z-average molar mass

MMD Molar mass distribution
s Sedimentation coefficient
r

h
 Hydrodynamic radius

D Diffusion coefficient
<s2>

z
1/2 z-average root mean square radius

[h] Intrinsic viscosity
V

e
 Elution volume
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in terms of the dynamic viscosity of a solution of defined concentration. This is 
critical since a solution containing a mixture of two narrowly distributed fractions, 
differing in the average molar mass, can have the same dynamic viscosity as a solu-
tion containing only one broadly distributed fraction. However, the rheological 
behavior will differ considerably.

Rheological measurements can also be very useful for facilitating the acquisition 
of knowledge about the molecular size, shape, solvent and macromolecular inter-
actions, and intermolecular network formation. Certain polysaccharides even 
exhibit a very characteristic rheological behavior due to their particular molecular 
structure and composition. Nevertheless, there are also certain generalities of the 
rheological behavior.

The rheological behavior of polymer solutions or melts depends on both the 
molecular characteristics and the concentration. There is a strong interrelation. Of 
course, the medium conditions (temperature, pH, ionic strength, type of salt ions 
present) have an impact too, however, they can be manipulated for comparison. 
Different concentration ranges have to be distinguished: first, concentrated 
solutions where polymer molecules are entangled, not separated, and form a 
network; secondly, dilute solutions where polymer molecules are separated from 
each other and molecular dimensions depend on the chemical structure, the molar 
mass, the temperature, and the quality of the solvent. The transition occurs at the 
so-called critical polymer concentration or overlap concentration c*. Below c*, neutral 
polymers in very good solvents can still slightly expand, however, retaining their 
coil conformation. In the case of polyelectrolytes, such as charged polysaccharides 
the coil expansion is much pronounced and also the electrostatic atmosphere 
around polyelectrolyte molecules becomes more extended. Under certain condi-
tions, the molecules approach a rod-like conformation. Overall, and under otherwise 
comparable conditions, the higher the molar mass, the stiffer the molecules, and 
the higher the charge density of the polymer, the lower is c*. Polysaccharide 
solutions normally exhibit Newtonian behavior at concentrations below c*, 
whereas above c* non-Newtonian behavior is usually observed.

To study the rheological behavior, dilution viscometry yielding the intrinsic 
viscosity and different techniques of rheometry are employed. The intrinsic viscosity, 
[h], can be correlated with the molar mass in a Mark–Houwink relationship 
[h] = KMa. The exponent a of such a correlation provides additional information 
about the macromolecular conformation.

Many polysaccharide solutions exhibit similar flow behavior at higher concen-
tration. Frequently, Newtonian properties with a constant zero-shear viscosity 
over a limited shear range are observed at low shear rates. With increasing shear 
rate shear thinning occurs (pseudoplastic behavior), i.e., the solution viscosity 
decreases non-linearly. There are several rheological models to describe the flow 
behavior (Rao 1999).

Overall, to understand the correlation between chemical composition and molar 
mass on the one hand and the rheological behavior on the other hand, well purified 
and fractionated polysaccharide samples of low polydispersity have to be the 
subject of correlation studies. Even if such samples will never be used practically, 
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their study is necessary for identifying reliable basic correlations, which then will 
contribute to the product development and process optimization.

3.4 Regulatory Aspects

3.4.1  Safety Evaluation of Existing and Potential Encapsulation 
Materials as Food Additives

All food additives including microcapsules must have demonstrated useful purpose 
and undergo a rigorous scientific safety evaluation before they can be approved for 
use (Saltmarsh 2000). At an international level there is a Joint Expert Committee, 
from the Food and Agriculture Organization (FAO) and the World Health 
Organization (WHO), on Food Additives (JECFA). The JECFA has been in existence 
since 1955 and serves as a scientific advisory committee to FAO, WHO, Member 
Governments and the Codex Alimentarius Commission. Its principal role is to 
assess the human health risks associated with the consumption of additives to food 
and to recommend Acceptable Daily Intake (ADI) levels. The acceptable daily 
intake (ADI) approach to toxicological evaluation was initiated by the Joint FAO/
WHO Expert Committee on Food Additives in 1961. The procedure involves 
collecting all relevant data, ascertaining the completeness of the available data, 
determining the no-effect level using the most sensitive indicator of the toxicity, the 
so-called “no-observed-adverse-effect level” (NOAEL), and applying an appropriate 
safety factor to arrive at the ADI for man. The ADI provides a large safety margin 
and is the amount of a food additive that can be consumed daily over a lifetime 
without any adverse effect on health.

The Codex Alimentarius Commission, a joint FAO/WHO activity which develops 
guidelines for food safety globally, is also drawing up new “General Standards for 
Food Additives” (GSFA), with the aim of establishing a harmonized, workable, and 
indisputable international standard for world trade. Only those additives that have 
been evaluated by the JECFA can be applied as food additives. Thanks to such strict 
regulation and thorough testing, food additives can be considered safe components 
in human diet that are contributing to the rapid evolution of the food supply 
throughout the world.

Each listed and accepted food additive specified by JECFA has its own specification 
card in the Compendium of Food Additive and Flavoring Agents Specifications 
(JEFCA 2008a), where all information and definitions related to the chemical 
composition, structure and properties are listed. Moreover, each card describes in 
detail common standardized identification methods and, more importantly, identifies 
purity requirements on an acceptable level of dry content, other chemicals including 
heavy metals, and specific microbiological criteria. Furthermore, from the 61st JECFA 
meeting even more specific information including the chemical and technological 
aspects of new or existing food additives are available to the public as Chemical and 
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Technical Assessment (CTA). The CTA reflects and emphasizes the role that the 
chemical characterization plays in the risk assessment of food additives. These 
documents provide basic information related to identity, purity, and use of the food 
additive, as related to its risk assessment. The CTAs are available at the FAO 
JECFA website (JEFCA 2008b) although there is no intention at present to publish 
in print. Furthermore, useful information on characterization methods and tech-
niques provide the Combined Compendium of Food Additive Specifications 
“Analytical Methods, Test Procedures and Laboratory Solutions, which is refer-
enced in the JECFA specifications” (JEFCA 2006).

In the EU, up until the creation of the European Food Safety Authority (EFSA), 
the safety evaluation of additives in Europe had been done by the Scientific 
Committee on Food (SCF). At present, it is the EFSA Panel on Food Additives, 
Flavorings, Processing Aids and Materials in Contact with Food (AFC Panel), who 
is in charge of this task. EU legislation requires studies investigating the range of 
intakes across a population and to address any changes in consumption patterns. 
Occasional intakes over the ADI are unlikely to cause any harm because of the 
100-fold safety margin. In Europe, the market for food products is harmonized by 
several rules for authorization and conditions for the use of additives. In 1989, the 
European Community adopted a Framework Directive (89/107/EEC) (European 
Parliament and Council Directive 87/107/EEC 1988), which set out the criteria by 
which additives would be assessed and provided for the adoption of three specific 
technical directives: Directive 94/35/EC on sweeteners; Directive 94/36/EC on 
colors, and Directive 95/2/EC on additives other than sweeteners and colors 
(European Parliament and Council Directive 95/2/EC 1995). These three direc-
tives establish the list of additives, which can be used (to the exclusion of others), 
the foods in which they can be used and any maximum levels that are appropriate. 
The purity required for these additives is laid down in directives defining specific 
purity criteria.

Regulatory information associated with already established or potential materi-
als, which can be used for encapsulation in the food sector (Table 3.8), is continu-
ously updated on the web and provided in standard bibliographies (e.g., General 
Standard for Food Additives 1995; Codex Alimentarius 2008).

3.5 Strategies for the Selection of Materials

Besides energy and water supply, food is, and will remain, one of the three major 
fundamental topics for the continuation of mankind. However, the problems of fast-
multiplying populations in developing countries causing lack of resources on the 
one hand and serious health problems in industrially developed countries due to 
wrong nutrition on the other, require innovative solutions. Moreover, increasing 
consumer health concerns associated with growing demand for healthier food is 
stimulating innovative and new product development in the food industry interna-
tionally. This development is an important factor for the expanding worldwide 
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Table 3.8 List of food additives with INS Numbers and ADIs already applied or with potential in 
encapsulation technologies (JECFA-Reviewed Food Additives) (General Standard for Food Additives 
1995)

Name INS/Ea number ADIb

Alginic acid 400 NS
Sodium alginate 401 NS
Potassium alginate 402 NS
Ammonium alginate 403 NS
Calcium alginate 404 NS
Propylene glycol alginate 405 70 mg/kg
Agar 406 NL
Carrageenan 407 NS
Locust/carob bean gum (LBG) 410 NS
Guar gum 412 NS
Gum tragacanth 413 NS
Gum arabic 414 NS
Xanthan gum 415 NS
Karaya gum 416 NS
Tara gum 417 NS
Gellan gum 418 NS
Curdlan 424 NS
Konjac flour glucomannan 425 NS
Pectins (amidated and nonamidated) 440 NS
Cyclodextrin, alpha 457 NS
Cyclodextrin, gamma 458 NS
Cyclodextrin, beta 459 5 mg/kg
Powdered cellulose 460ii NS
Methyl cellulose 461 NS
Ethyl cellulose 462 NS
Hydroxypropyl cellulose 463 NS
Hydroxypropyl methyl cellulose 464 NS
Methyl ethyl cellulose 465 NS
Sodium carboxymethyl cellulose 466 NS
Ethyl hydroxyethyl cellulose 467 NS
Cross-linked sodium carboxymethyl 

cellulose
468 NS

Sodium carboxymethyl cellulose, 
enzymatically hydrolyzed

469 NS

Beeswax, white and yellow 901 A
Candelilla wax 902 A
Carnauba wax 903 7 mg/kg
Shellac 904 A
Microcrystalline wax 905ci 20 mg/kg
Gum benzoic 906 ND
Polydextrose A and N 1,200 NS
Insoluble polyvinylpyrrolidone 1,202 NS
Dextrins, white and yellow roasted 

starch
1,400 NS

(continued)
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Table 3.8 (continued)

Name INS/Ea number ADIb

Acid treated starch 1,401 NS
Alkaline treated starch 1,402 NS
Bleached starch 1,403 NS
Oxidized starch 1,404 NS
Enzyme treated starch 1,405 NS
Monostarch phosphate 1,410 NS
Distarch glycerol 1,411 ND
Distarch phosphate 1,412 NS
Phosphated distarch phosphate 1,413 NS
Acetylated distarch phosphate 1,414 NS
Starch acetate 1,420 NS
Starch acetate esterified with vinyl 

acetate
1,421 NS

Acetylated distarch adipate 1,422 NS
Hydroxypropyl starch 1,440 NS
Hydroxypropyl distarch phosphate 1,442 NS
Starch sodium octenyl succinate 1,450 NS
Acetylated oxidized starch 1,451 NS
aINS/E International Numbering and E-number systems for food additives. The INS was prepared 
by the Codex Committee on Food Additives and Contaminants for the purpose of providing an 
agreed international numerical system for identifying food additives in ingredient lists as an alter-
native to the declaration of the specific name. An E-number signifies approval of an additive by 
the EU. To obtain an E-number, the additive must have been fully evaluated for safety by the SCF 
or the European Food Safety Authority. E stands for edible
bADI acceptable daily intake estimated by JECFA/OFAS based on animal toxicology or human 
studies; expressed as either a numerical value (mg/kg bw/day – body weight per day), or in general 
as A acceptable, NL not limited, NS not specified – very low toxicity, ND not determined

interest in the functional food (Lopez-Rubio et al. 2006). Therefore, the creation of 
novel functionalities of active ingredients in complex food matrices is of increasing 
importance for the food industry.

Traditional active ingredients are flavors, vitamins, and minerals. Relatively 
novel ones are probiotic microorganisms and various classes of bioactive com-
pounds (Ubbink and Krüger 2006). Moreover, the food industry is aware of the 
potential of particle coating technology and has identified numerous potential 
applications for its use (Werner et al. 2007). Nevertheless, compared to the pharma-
ceutical industry and medical fields, the microencapsulation, coating and embed-
ding of active ingredients is as yet much less used.

By analyzing the publications related to materials used for microencapsulation 
in the food industry, which are able to entrap/encapsulate ingredients in homoge-
neous matrices and/or capsules surrounded by protecting walls, one will realize 
that many, if not the majority, of these publications have been based on the 
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selection of materials on empirical grounds. Several materials and combina-
tions are explored on a trial and error basis in order to identify the most suitable one. 
A strictly scientific selection starting with the analysis of the targeted application 
or product has rarely been reported. Nevertheless, principal strategies become 
obvious, namely selection of the material related to the technological requirement, 
selection considering the properties of the ingredient, or selection primarily 
oriented to the final product quality.

Of course, the application of microencapsulation in the food industry can have 
various goals such as the creation of a totally new product, improvement of an 
existing product, protection of a known ingredient, improvement of an existing 
process, replacement of an existing technology, along with others. All these 
aspects will also affect the strategies for the selection of a matrix/wall material. 
Nevertheless, the fundamental knowledge of the chemistry and physico-chemical 
properties of the materials will remain the prerequisite for successful product 
development. There is no substitute for the study and detailed analysis of the 
properties of potential matrix/wall material in order to conclude or predict its 
behavior under conditions present in food formulations. However, one has to be 
aware of the specific problems that may result from the use of natural materials, 
which can vary, within certain limits, from batch to batch. Serious restrictions may 
also result from economical aspects.

3.5.1 Use of Established Materials

A number of well-established industrial technologies for the microencapsulation of 
food ingredients including appropriate material description have been summarized 
and discussed in various review papers. A representative but not comprehensive list 
of such reviews is given here: Air-suspension particle coating in the food industry 
(Werner et al. 2007), Bioactive packaging: turning foods into healthier foods through 
biomaterials (Lopez-Rubio et al. 2006), Food protein-based materials as neutraceuti-
cal delivery systems (Chen et al. 2006), Physical approaches for the delivery of 
active ingredients in food (Ubbink and Krüger 2006), Flavor encapsulation and con-
trolled release (Madene et al. 2006), Recent development in microencapsulation of 
food ingredients (Desai and Park 2005a), Liposomal nanocapsules in food science 
and agriculture (Taylor et al. 2005), Chances and limits of microencapsulation in 
modern food processing (Kruckeberg et al. 2003), Microencapsulation: industrial 
appraisal of existing technologies and trends (Gouin 2004), Cyclodextrins as food 
ingredients (Szente and Szejtli 2004), Technological challenges for future probiotic 
food (Mattila-Sandholm et al. 2002), Encapsulation in the food industry (Gibbs 
et al. 1999), Novel applications of liposomes (Lasic 1998), Fundamental aspects of 
controlled release in foods (Pothakamury and Barbosa-Cánovas 1995), 
Microencapsulation and the food industry (Jackson and Lee 1991).

Some of these papers include recommendations for the selection of materials. 
Tables 3.9 and 3.10 list recent microencapsulation studies with materials-oriented 



833 Materials for Encapsulation

Ta
bl

e 
3.

9 
E

xa
m

pl
es

 o
f 

ap
pl

ic
at

io
n 

of
 m

at
er

ia
ls

, w
hi

ch
 h

av
e 

be
en

 p
ub

lis
he

d 
re

ce
nt

ly

A
ct

iv
e

M
at

er
ia

l f
or

 e
nc

ap
su

la
tio

n
Te

ch
no

lo
gy

C
om

m
en

t
R

ef
er

en
ce

Vi
ta

m
in

s
V

ita
m

in
 C

, a
ce

ro
la

, s
yn

th
et

ic
 

as
co

rb
ic

 a
ci

d
(a

) 
M

al
to

de
xt

ri
n 

of
 

D
E

20
M

ix
tu

re
 D

E
20

/g
um

 
ar

ab
ic

 (
G

A
);

D
E

20
/G

A
 (

3:
1)

 m
os

t e
ff

ec
tiv

e 
fo

r 
vi

ta
m

in
 C

 p
ro

te
ct

io
n

(a
) 

R
ig

he
tto

 a
nd

 
N

et
to

 (
20

06
)

(b
) 

M
al

to
de

xt
ri

n 
D

E
25

, G
A

, o
r 

m
ix

 o
f 

bo
th

(b
) 

Sp
ra

y-
dr

yi
ng

(b
) 

R
ig

he
tto

 a
nd

 
N

et
to

 (
20

05
)

V
ita

m
in

 C
T

ri
po

ly
ph

os
ph

at
e/

ch
ito

sa
n

Sp
ra

y-
dr

yi
ng

Pr
oc

es
s 

op
tim

iz
at

io
n

D
es

ai
 a

nd
 P

ar
k 

(2
00

5b
, 2

00
6)

V
ita

m
in

 E
St

ar
ch

H
ig

h-
pr

es
su

re
 

ho
m

og
en

iz
a-

tio
n

B
ev

er
ag

e 
fo

rt
if

ic
at

io
n,

 n
an

op
ar

tic
le

s
C

he
n 

an
d 

W
ag

ne
r 

(2
00

4)
V

ita
m

in
 A

 a
ce

ta
te

 d
is

so
lv

ed
 in

 
co

co
nu

t o
il

hi
-C

A
P 

10
0 

(s
ta

rc
h 

oc
te

ny
ls

uc
ci

na
te

, O
SA

-
st

ar
ch

)

O
/w

 e
m

ul
si

on
, s

pr
ay

-
dr

yi
ng

E
ff

ec
t o

f 
hu

m
id

ity
X

ie
 e

t a
l. 

(2
00

7)

Fo
lic

 a
ci

d
A

lg
in

at
e-

pe
ct

in
C

oa
ce

rv
at

io
n

H
ig

h 
ef

fi
ci

en
cy

: i
m

pr
ov

ed
 s

ta
bi

lit
y 

of
 

fo
lic

 a
ci

d 
du

ri
ng

 c
he

es
e 

ri
pe

ni
ng

M
ad

zi
va

 e
t a

l. 
(2

00
6)

A
ro

m
a/

fl
av

or
E

ur
op

ea
n 

pe
ar

 a
ro

m
a

a
-c

yc
lo

de
xt

ri
n 

(C
D

),
 

G
A

, s
oy

be
an

 s
ol

ub
le

 
po

ly
sa

cc
ha

ri
de

 (
SS

PS
),

 
hi

gh
ly

 b
ra

nc
he

d 
cy

cl
ic

 
de

xt
ri

n 
(H

B
C

D
)

Sp
ra

y-
dr

yi
ng

, f
re

ez
e-

dr
yi

ng
A

ro
m

a 
co

nt
en

t v
ar

ia
tio

n 
fr

om
 

1.
35

 g
/1

00
 g

 w
ith

 H
B

C
D

 to
 

14
.1

 g
/1

00
 g

 w
ith

 G
A

; M
C

s 
w

ith
 

a
-C

D
 a

nd
 G

A
 s

ta
bl

e 
to

 1
20

°C

To
bi

ts
uk

a 
et

 a
l. 

(2
00

6)

C
yc

lo
de

xt
ri

ns
In

cl
us

io
n 

co
m

pl
ex

at
io

n
Fu

nd
am

en
ta

l d
at

a 
to

 o
bt

ai
n 

po
w

de
re

d 
pe

ar
 f

la
vo

r;
 b

es
t: 
a

-C
D

To
bi

ts
uk

a 
et

 a
l. 

(2
00

5)
O

re
ga

no
, c

itr
on

el
la

, a
nd

 
m

ar
jo

ra
m

 f
la

vo
rs

M
ilk

-p
ro

te
in

 b
as

ed
 m

at
ri

ce
s:

 
W

PC
, s

ki
m

m
ed

 m
ilk

 
po

w
de

r 
(S

M
P)

Sp
ra

y-
dr

yi
ng

E
ff

ic
ie

nc
y 

(%
 o

f 
fl

av
or

in
g 

en
tr

ap
pe

d 
in

 M
C

):
 5

4.
3%

 (
m

ar
jo

ra
m

 in
 

W
PC

) 
to

 8
0.

2%
 (

or
eg

an
o 

in
 S

M
P)

; 
pa

rt
ic

le
 s

iz
e:

 6
–2

80
 m

m
 f

or
 S

M
P,

 
2–

55
6 
mm

 f
or

 W
PC

B
ar

an
au

sk
ie

ne
 e

t 
al

. (
20

06
)

(c
on

tin
ue

d)



84 C. Wandrey et al.

Ta
bl

e 
3.

9 
(c

on
tin

ue
d)

A
ct

iv
e

M
at

er
ia

l f
or

 e
nc

ap
su

la
tio

n
Te

ch
no

lo
gy

C
om

m
en

t
R

ef
er

en
ce

L
im

on
en

e
G

um
 a

ra
bi

c-
su

cr
os

e-
ge

la
tin

Fr
ee

ze
-d

ry
in

g
1:

1:
1 

m
os

t e
ff

ic
ie

nt
K

au
sh

ik
 a

nd
 

R
oo

s 
(2

00
7)

C
ar

da
m

om
 o

il
M

es
qu

ite
 g

um
Sp

ra
y-

dr
yi

ng
H

ig
h 

fl
av

or
 r

et
en

tio
n 

of
 8

3.
6%

 f
or

 a
n 

oi
l: 

gu
m

 r
at

io
 o

f 
1:

4
B

er
is

ta
in

 e
t a

l. 
(2

00
1)

P
ro

bi
ot

ic
s

B
ifi

do
ba

ct
er

iu
m

 l
ac

ti
s

H
yd

ra
te

d 
ge

lla
n,

 x
an

th
an

 g
um

s
E

xt
ru

si
on

Su
ita

bl
e 

m
ea

ns
 f

or
 s

up
pl

yi
ng

 v
ia

bl
e 

pr
ob

io
tic

s 
to

 th
e 

fo
od

M
cM

as
te

r 
et

 a
l. 

(2
00

5)
B

ifi
do

ba
ct

er
iu

m
 P

L
1

St
ar

ch
Sp

ra
y 

co
at

in
g,

 
sp

ra
y-

dr
yi

ng
M

od
if

ie
d 

st
ar

ch
 m

ig
ht

 n
ot

 b
e 

su
ita

bl
e 

fo
r 

us
e 

as
 a

n 
en

ca
ps

ul
at

io
n 

m
at

er
ia

l f
or

 p
ro

bi
ot

ic
 s

tr
ai

ns

O
’R

io
rd

an
 e

t a
l. 

(2
00

1)

L
ac

to
ba

ci
ll

us
 

ac
id

op
hi

lu
sB

ifi
do

ba
ct

er
iu

m
. 

la
ct

is

A
lg

in
at

e/
H

i-
M

ai
ze

T
M

 s
ta

rc
h

E
m

ul
si

on
M

ic
ro

en
ca

ps
ul

at
io

n 
en

ha
nc

ed
 th

e 
su

rv
iv

al
 o

f 
pr

ob
io

tic
 c

ul
tu

re
s 

co
m

pa
re

d 
to

 f
re

e 
ce

lls
 in

 y
og

ur
ts

 
st

or
ed

 o
ve

r 
7 

w
ee

ks
, b

ut
 n

eg
at

iv
e 

in
fl

ue
nc

e 
on

 th
e 

te
xt

ur
al

 p
ro

pe
rt

ie
s

K
ai

la
sa

pa
th

y 
(2

00
6)

L
ac

to
ba

ci
ll

us
. a

ci
do

ph
il

us
 

54
7B

. b
ifi

du
m

 A
T

C
C

 1
99

4,
 

L
ac

to
ba

ci
ll

us
 c

as
ei

 0
1

A
lg

in
at

e/
C

aC
l 2/

ch
ito

sa
n

Su
rv

iv
al

 o
f 

en
ca

ps
ul

at
ed

 b
ac

te
ri

a 
w

as
 

by
 a

bo
ut

 1
 lo

g 
cy

cl
e 

hi
gh

er
K

ra
sa

ek
oo

pt
 e

t 
al

. (
20

06
)

B
ifi

do
ba

ct
er

iu
m

. b
re

ve
 

R
07

0B
ifi

do
ba

ct
er

iu
m

. l
on

gu
m

 
R

02
3

M
ilk

 f
at

, d
en

at
ur

at
ed

 w
he

y 
pr

ot
ei

ns
E

m
ul

si
on

, s
pr

ay
-d

ry
in

g
Pi

co
t a

nd
 L

ac
ro

ix
 

(2
00

4)

L
ac

to
ba

ci
ll

us
 s

p.
G

um
 a

ra
bi

c 
(G

A
),

 g
el

la
n 

gu
m

 
(G

G
),

 m
es

qu
ite

 g
um

 (
M

G
),

 
an

d 
bi

na
ry

 m
ix

tu
re

s 
th

er
eo

f

In
te

rf
ac

ia
l p

ol
ym

er
iz

at
io

n
H

ig
he

st
 v

ia
bi

lit
y 

in
 m

ic
ro

ca
ps

ul
es

 o
f 

G
A

/M
G

 m
ix

tu
re

s
Y

áñ
ez

-F
er

ná
nd

ez
 

et
 a

l. 
(2

00
8)

L
ip

id
s

C
on

ju
ga

te
d 

lin
ol

ei
c 

ac
id

 (
C

L
A

)
W

he
y 

pr
ot

ei
n 

co
nc

en
tr

at
e 

(W
PC

),
 g

um
 a

ra
bi

c 
(G

A
),

 
bl

en
d 

W
PC

/m
al

to
de

xt
ri

n 
10

D
E

 (
1:

1,
 w

/w
)

Sp
ra

y-
dr

yi
ng

W
PC

: b
es

t m
or

ph
ol

og
y 

an
d 

en
ca

ps
ul

at
io

n 
ef

fi
ci

en
cy

, l
ow

es
t 

C
L

A
 d

eg
ra

da
tio

n

Ji
m

en
ez

 e
t a

l. 
(2

00
6)

L
in

ol
ei

c 
ac

id
G

um
 a

ra
bi

c
Sp

ra
y-

dr
yi

ng
A

na
ly

si
s 

of
 th

e 
ox

id
at

io
n 

pr
oc

es
s

Fa
ng

 e
t a

l. 
(2

00
5)



853 Materials for Encapsulation
A

ct
iv

e
M

at
er

ia
l f

or
 e

nc
ap

su
la

tio
n

Te
ch

no
lo

gy
C

om
m

en
t

R
ef

er
en

ce

L
ip

id
s

V
ar

io
us

 p
ol

ys
ac

ch
ar

id
es

So
lu

bl
e 

so
yb

ea
n 

po
ly

sa
cc

ha
ri

de
, G

A
 

be
st

 w
al

l m
at

er
ia

ls
K

ik
uc

hi
 e

t a
l. 

(2
00

6)
L

ip
id

s:
 o

le
ic

 a
ci

d,
 li

no
le

ic
 a

ci
d,

 
st

ea
ri

c 
ac

id
Po

ta
to

 s
ta

rc
h,

 w
ax

y 
m

ai
ze

 
st

ar
ch

, t
ap

io
ca

 s
ta

rc
h

M
ic

ro
w

av
e 

he
at

in
g

Fa
ci

le
 p

ro
ce

ss
; f

or
m

at
io

n 
of

 a
n 

am
or

ph
ou

s 
m

at
ri

x;
 n

o 
lip

id
 

in
te

ra
ct

io
n/

re
ac

tio
n 

w
ith

 s
ta

rc
h 

m
at

ri
x

K
ap

us
ni

ak
 a

nd
 

To
m

as
ik

 
(2

00
6)

O
il

V
eg

et
ab

le
 o

il
M

al
to

de
xt

ri
n/

G
A

, 3
/2

, w
/w

Sp
ra

y- dr
yi

ng
 +

 a
gg

lo
m

er
at

io
n 

in
 a

n 
ai

r 
fl

ui
di

ze
d 

be
d

G
oo

d 
ox

id
at

io
n 

pr
ot

ec
tio

n;
 s

ui
ta

bl
e 

fl
oa

ta
bi

lit
y 

an
d 

w
et

ta
bi

lit
y 

of
 th

e 
po

w
de

rs

Fu
ch

s 
et

 a
l. 

(2
00

6)

Fi
sh

 o
il

(a
) 

M
od

if
ie

d 
ce

llu
lo

se
, s

ki
m

 
m

ilk
 p

ow
de

r, 
m

ix
tu

re
 o

f 
fi

sh
 g

el
at

in
/c

or
n 

st
ar

ch

Sp
ra

y-
dr

yi
ng

(a
) 

C
ha

ng
es

 in
 f

is
h 

oi
l s

en
so

ry
 q

ua
lit

y;
 

re
su

lti
ng

 p
ow

de
r 

w
as

 n
ot

 s
ta

bl
e;

 
ox

id
iz

ed
 in

 th
e 

pr
es

en
ce

 o
f 

ai
r;

 
st

ab
ili

ty
 m

ay
 b

e 
im

pr
ov

ed
 w

he
n 

st
or

ed
 u

nd
er

 v
ac

uu
m

(a
) 

K
ol

an
ow

sk
i e

t 
al

. (
20

07
)

(b
) 

M
et

hy
lc

el
lu

lo
se

 
(M

C
),

 h
yd

ro
xy

pr
op

yl
 

m
et

hy
lc

el
lu

lo
se

 (
H

PM
C

),
 

m
al

to
de

xt
ri

n

(b
) 

H
ig

h 
oi

l r
et

en
tio

n;
 e

sp
ec

ia
lly

 
M

C
 im

pr
ov

ed
 th

e 
st

ab
ili

ty
 a

nd
 

co
nc

en
tr

at
io

n 
in

 th
e 

po
w

de
r

(b
) 

K
ol

an
ow

sk
i e

t 
al

. (
20

04
)

M
od

if
ie

d 
st

ar
ch

Sp
ra

y-
dr

yi
ng

O
pt

im
iz

at
io

n 
of

 lo
ad

in
g

Ta
n 

et
 a

l. 
(2

00
5)

T
un

a 
o/

w
 e

m
ul

si
on

L
ec

ith
in

-c
hi

to
sa

n,
 c

or
n 

sy
ru

p
L

ay
er

-b
y-

la
ye

r 
de

po
si

tio
n 

+
 sp

ra
y-

dr
yi

ng

R
es

ul
t: 

tu
na

 o
il 

dr
op

le
ts

 in
 a

 
ca

rb
oh

yd
ra

te
 w

al
l m

at
ri

x;
 g

oo
d 

ph
ys

ic
o-

ch
em

ic
al

 p
ro

pe
rt

ie
s

K
lin

ke
so

rn
 e

t a
l. 

(2
00

6)

M
ix

tu
re

s
Fe

rr
ou

s 
su

lf
at

e 
+

 a
sc

or
bi

c 
ac

id
L

ip
os

om
es

Pr
o-

lip
os

om
e 

an
d 

m
ic

ro
-

fl
ui

di
za

tio
n

Si
ze

: a
bo

ut
 5

 m
m

Si
ze

: 1
50

–2
00

 n
m

D
em

on
st

ra
tio

n 
of

 th
e 

fe
as

ib
ili

ty
 o

f 
m

ic
ro

fl
ui

di
za

tio
n-

ba
se

d 
lip

os
om

al
 

de
liv

er
y 

sy
st

em
s 

fo
r 

la
rg

e 
sc

al
e 

fo
od

/n
ut

ra
ce

ut
ic

al
 a

pp
lic

at
io

ns

K
os

ar
aj

u 
et

 a
l. 

(2
00

6)

Ir
on

 (
fe

rr
ic

 p
yr

op
ho

sp
ha

te
),

 
io

di
ne

 (
po

ta
ss

iu
m

 io
da

te
),

 
V

ita
m

in
 A

 (
re

tin
yl

 p
al

m
ita

te
)

H
yd

ro
ge

na
te

d 
pa

lm
 f

at
Sp

ra
y 

co
ol

in
g

M
ic

ro
ca

ps
ul

es
 a

dd
ed

 to
 lo

ca
l s

al
t 

in
 M

or
oc

co
; h

ig
hl

y 
st

ab
le

 
m

ic
ro

ca
ps

ul
es

 f
or

 s
al

t f
or

tif
ic

at
io

n 
in

 A
fr

ic
a

W
eg

m
ul

le
r 

et
 a

l. 
(2

00
6) (c
on

tin
ue

d)



86 C. Wandrey et al.

Ta
bl

e 
3.

9 
(c

on
tin

ue
d)

A
ct

iv
e

M
at

er
ia

l f
or

 e
nc

ap
su

la
tio

n
Te

ch
no

lo
gy

C
om

m
en

t
R

ef
er

en
ce

O
th

er
s

C
hi

to
-o

lig
o 

sa
cc

ha
ri

de
Po

ly
gl

yc
er

ol
 m

on
os

te
ar

at
e 

(P
G

M
S)

A
pp

lic
at

io
n 

to
 c

om
m

er
ci

al
 m

ilk
C

ho
i e

t a
l. 

(2
00

6)

A
nt

ho
cy

an
in

 p
ig

m
en

ts
 o

f 
bl

ac
k 

ca
rr

ot
M

al
to

de
xt

ri
ns

: D
E

 1
0,

 D
E

 
20

-2
3,

 D
E

 2
8-

31
Sp

ra
y-

dr
yi

ng
B

es
t p

ow
de

r 
w

ith
 D

E
 2

0–
23

E
rs

us
 a

nd
 

Y
ur

da
ge

l 
(2

00
7)

Is
of

la
vo

ne
, b

-g
al

ac
to

si
da

se
M

ed
iu

m
-c

ha
in

 tr
ia

cy
lg

ly
ce

ro
l 

(M
C

T
),

 p
ol

yg
ly

ce
ro

l 
m

on
os

te
ar

at
 (

PG
M

S)

B
ot

h 
co

ul
d 

be
 m

ic
ro

en
ca

ps
ul

at
ed

 
w

ith
 f

at
ty

 a
ci

d 
es

te
rs

 a
nd

 r
el

ea
se

d 
ef

fe
ct

iv
el

y 
in

 s
im

ul
at

ed
 in

te
st

in
al

 
co

nd
iti

on

K
im

 e
t a

l. 
(2

00
6)

al
ly

l i
so

th
io

cy
an

at
e 

– 
A

IT
 

(p
at

ho
ge

ns
 in

hi
bi

to
r)

G
um

 a
ra

bi
c

A
IT

 m
ic

ro
en

ca
ps

ul
at

ed
 in

 G
A

 c
ou

ld
 

be
 u

se
d 

in
 c

ho
pp

ed
 r

ef
ri

ge
ra

te
d 

be
ef

 to
 r

ed
uc

e/
el

im
in

at
e 

E
. c

ol
i

C
ha

co
n 

et
 a

l. 
(2

00
6)

Ig
Y

W
he

y 
pr

ot
ei

n 
co

nc
en

tr
at

es
 

(W
PC

-3
4,

 5
0 

an
d 

80
);

 
w

he
y 

pr
ot

ei
n 

is
ol

at
e 

(W
PI

)

E
m

ul
si

fi
ca

tio
n,

 h
ea

t 
ge

la
tio

n
E

ff
ec

tiv
e 

fo
r 

co
nt

ro
lle

d 
Ig

Y
 r

el
ea

se
 to

 
fo

od
 s

ys
te

m
s

L
ee

 e
t a

l. 
(2

00
4)



873 Materials for Encapsulation

aspects. Table 3.11 reports about which materials can be used for which technology. 
This table may be regarded as an extension of Table 2.1 in Chap. 2. Often several 
materials are used in mixtures with other polymers. Therefore, some of the technolo-
gies listed in Table 3.11 may be applicable only if the appropriate material is 
mixed with others.

3.5.2  Identification and Definition of Criteria for Selection 
of a Material

The definition of the purpose of encapsulation is an important criterion for the selection 
of a material. The purpose could be, for example, the increase of shelf life, masking of 
taste, simplification of handling, guarantee of controlled and/or targeted release, or 
improvement of appearance. Answers to questions such as (Desai and Park 2005a):

 What functionality should the encapsulate provide to the final product?–
 Are there restrictions for the coating material?–
 Which concentration of the encapsulate has to be guaranteed?–
 Which type of release is intended?–
 What are the stability requirements?–
 Are there cost constrains?–

Table 3.10 Examples of general applications of materials

Material Application Technology Comment Reference

Hybrid polymer 
coated with 
inorganic oxide 
layer (SiOx, 
AlOx)

Barrier against 
oxygen, water 
vapor, flavor 
permeation

Sol-gel For food 
packaging

Amberg-
Schwab et 
al. (2006)

Starch – linear 
amylose

Inclusion complexes 
with a wide 
variety of flavor 
compounds; 
controlled favor 
release

Complexation Build-up and 
breakdown of 
starch flavor 
structures 
studied

Heinemann et 
al. (2005)

Whey protein 
concentrate 75

Soy oil Spray-drying Powders with 
oil content 
20–75% (w/w)

Hogan et al. 
(2001a)

Sodium caseinate Hogan et al. 
(2001b)

Beeswax, 
carnaubawax

Water-soluble 
compounds

Emulsion, solid  
or liquid 
preparation

Colorants Mellema et al. 
(2006)
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Table 3.11 Summary of the suitability of carbohydrate polymers, proteins, lipids, and a few other 
materials for principal technologies used for microencapsulation in the food industry

Material Technologies

Starch and derivatives Spray-drying, fluidized bed coating, extrusion, freeze-
drying, microwave-assisted heating

– Maltodextrins Spray-drying, fluidized bed coating, extrusion
– Syrups Fluidized bed coating, extrusion, co-crystallization
– Cyclodextrin Inclusion complexation (molecular inclusion)
Cellulose and derivatives (MC, 

HPMC, HPC, EMC, EC)
Spray-drying, fluidized bed coating, extrusion, 

emulsification/precipitation
– CMC Coacervation, microwave-assisted encapsulation
Plant exudates (GA, GT, GK, MG) Spray-drying, fluidized bed coating, extrusion, 

coacervation, freeze-drying
Plant extracts
– Guar, LBG, tara Extrusion, phase separation
– Pectins Spray-drying, coacervation,
– SSPS Spray-drying, freeze-drying
Marine extracts (carrageenans, 

alginate)
Spray-drying, extrusion, coacervation, emulsification

Microbial/animal extracts (xanthan, 
gellan, dextran, chitosan)

Spray-drying, coacervation, emulsification

Proteins Fluidized bed coating
– Gluten Spray-drying, coacervation, emulsification
– Caseins Spray-drying, extrusion
– Whey proteins Spray-drying, emulsification
– Gelatin Spray-drying, extrusion, coacervation, freeze-drying
Lipids
– Fatty acids and alcohols Fluidized bed coating, spray chilling/cooling, extrusion, 

centrifugal suspension separation
– Glycerides Spray chilling/cooling, extrusion, centrifugal 

suspension separation
– Waxes Fluidized bed coating, extrusion, emulsification
– Liposomes Liposomal entrapment
Others
– PVP Spray-drying
– Paraffin Fluidized bed coating, spray chilling/cooling
– Shellac Spray-drying
Inorganic Sol-gel transition
– CO

2
, N

2
, water Supercritical fluid technology

will further support the identification of a matrix or wall material.
Overall, materials for microencapsulation have to fulfill all or some of the following 

requirements (based on Desai and Park 2005a):

 Have good rheological properties at high concentration (if needed) and easy –
work ability during the encapsulation
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 If applicable, disperse or emulsify the active material and stabilize the emulsion –
produced

 Do not react with the material to be encapsulated–
 Seal and hold the active material within its structure during processing or storage–
 If applicable, completely release solvent or other material used during encapsu-–

lation under drying or other desolvating conditions
 Provide maximal protection of the active against environmental conditions–
 Are inexpensive–
 Are food grade and legally allowed–
 Are available at large quantities and constant quality–

Depending on the ingredient, the process, and the application the requirements for 
the matrices may be different, requiring various shapes (films, spheres, irregular 
particles), or various structures such as compact or porous, amorphous or crystal-
line, rubbery or glassy. As an example, requirements for flavor encapsulation are: 
no reactivity with the core material, a form that is easy to handle (low viscosity at 
high concentration), complete elimination of solvent, maximum protection of the 
active ingredient, good emulsion stabilization properties, and effective redispersion 
behavior (Madene et al. 2006).

Ultimately, the approval of matrix/coating material by, for example, the FDA 
(US) or the European Food Safety Authority will govern the choice of material for 
microencapsulation in the food industry.

3.5.3 Strategies

After criticizing that the choice of technology and encapsulation material is often 
based on trial and error and not on a fundamental understanding of the physical 
and chemical phenomena determining the stability, release, perception, and diges-
tion, Ubbink and Krüger (2006) proposed a strategy focusing on the desired func-
tionality in the food product. The target application at the outset needs to be 
analyzed using scientific principles including materials science, physical chemis-
try, and biophysics. It is recommended to first precisely define the functionality 
and performance of the encapsulate in the final application, then to analyze the 
physical, chemical, and biological properties of the encapsulate and the conditions 
prevailing in the matrix/capsule. This includes identifying both the conditions 
required for maintenance of the performance of the ingredient and the limits to the 
conditions set by the properties of the matrix/capsule. It is emphasized that the 
functionality is defined solely based on the analysis of the interaction of the ingre-
dient with the matrix/capsule and it does not relate at this stage to a specific tech-
nology. This concept/strategy of functionality postpones the selection of a 
technology to a later stage.

Werner et al. (2007) pointed out that the specific core and the ability of the 
coating material to impart the desirable characteristics to the product mainly 
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influence the choice of appropriate coating material. It is their opinion that, 
although the performance of the coating in the final application is crucial, the 
matching of the material to the process technology and process conditions is 
likely to be of equal importance, and yet is almost certainly overlooked in prac-
tice. Typically, a large number of coating materials must be tested in order to 
determine their suitability. There is a lack of knowledge about matching of 
encapsulate and matrix/capsule/coating properties. It was, therefore, concluded 
that in order to speed up the product development it is important to establish 
guidelines for polymer selection, and based not only on their performance in 
the final application, but also on their behavior in a coating process. There are 
attempts to predict coating properties based on physico-chemical properties of 
the coating materials, their hygroscopicity, viscosity, surface tension, and glass 
transition data. However, wet film properties rather than solution properties 
determine the coating quality. To understand the coating process, knowledge is 
required about the physico-chemical properties of both the coating solution and 
the films that form on these solutions as they dry (Dewettinck et al. 1998).

An example of a quantitative method for selecting the most suitable biopolymer 
has been given by Pérez-Alonso et al. proposing blends (Pérez-Alonso et al. 2003). 
The estimation of the activation energy of carbohydrate polymer blends provided a 
quantitative discrimination parameter for selecting the most suitable materials for 
protecting microencapsulated lipids against oxidative deterioration. However, no 
correlation with molecular parameters was considered.

Despite proposing various strategies/concepts for the appropriate selection of 
materials, which differ in some aspects, as demonstrated by the examples considered 
above, most of these strategies have in common the need for detailed analysis and 
correlation of the properties of ingredients or materials. There is no disagreement 
with this point. Interdisciplinary scientific developments at the interfaces between 
biomaterials science, physical chemistry, biophysics, and encapsulation technology 
will increasingly be incorporated (Ubbink and Krüger 2006) and will contribute to the 
progress of using microencapsulation in the food industry. In the biomedical field, the 
development of matrices for controlled release of bioactive substances (drugs) is 
already a fact and an active research area with constant improvement. This extensive 
knowledge gathered in the pharmaceutical and medical fields can be further exploited 
or rethought for the development of novel functional foods (Lopez-Rubio et al. 2006). 
Some limitations may, however, exist due to the use of not always food grade materi-
als. But there is no doubt about the technological aspects.

3.6 Concluding Remarks

This chapter demonstrates that a variety of food-grade materials is in principle 
available for use for microencapsulation of food ingredients. The previous 
Chap. 2 reported a number of technologies that are useful and applicable for this 
purpose. The challenge consists in adopting the microcapsules containing the 
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active ingredients with a maximum of functionality to the whole food matrix. To 
achieve an optimum of the key functionality, which is usually determined by the 
barrier properties of the coating/film/matrix, a detailed knowledge of the chemi-
cal and physical properties of the food-grade encapsulation material is required. 
Due to the natural origin of the majority of these materials, a certain variability 
of the molecular characteristics and composition has to be taken into account. 
This requires defined specification controlled by sophisticated analysis and 
characterization. Further, the interaction between encapsulation material and 
ingredient deserves attention. Knowing the chemical nature of both may allow a 
priori conclusions. Nevertheless, for the final application, the properties of the 
coating/capsule/barrier formed by the carbohydrate polymers, proteins, lipids, 
their mixtures, or complexes are of particular importance. Because the microen-
capsulation technology and the final environment in the food may govern these 
properties, interdisciplinary collaboration is required for optimal solutions. 
Conclusions from studies, which establish basic correlations, will be favorable 
to support the development of food innovations. Apart from this, economical 
considerations will remain crucial for the selection of the most appropriate 
encapsulant materials.
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4.1 Introduction

Food active ingredients can be encapsulated by different processes, including spray 
drying, spray cooling, spray chilling, spinning disc and centrifugal co-extrusion, 
extrusion, fluidized bed coating and coacervation (see Chap. 2 of this book). The 
purpose of encapsulation is often to stabilize an active ingredient, control its release 
rate and/or convert a liquid formulation into a solid which is easier to handle. 
A range of edible materials can be used as shell materials of encapsulates, including 
polysaccharides, fats, waxes and proteins (see Chap. 3 of this book). Encapsulates 
for typical industrial applications can vary from several microns to several millime-
tres in diameter although there is an increasing interest in preparing nano-encapsu-
lates. Encapsulates are basically particles with a core-shell structure, but some of 
them can have a more complex structure, e.g. in a form of multiple cores embedded 
in a matrix. Particles have physical, mechanical and structural properties, including 
particle size, size distribution, morphology, surface charge, wall thickness, mechan-
ical strength, glass transition temperature, degree of crystallinity, flowability and 
permeability. Information about the properties of encapsulates is very important to 
understanding their behaviours in different environments, including their manufac-
turing processes and end-user applications. E.g. encapsulates for most industrial 
applications should have desirable mechanical strength, which should be strong 
enough to withstand various mechanical forces generated in manufacturing pro-
cesses, such as mixing, pumping, extrusion, etc., and may be required to be weak 
enough in order to release the encapsulated active ingredients by mechanical forces 
at their end-user applications, such as release rate of flavour by chewing. The 
mechanical strength of encapsulates and release rate of their food actives are related 
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to their size, morphology, wall thickness, chemical composition, structure etc. 
Hence, reliable methods which can be used to characterize these properties of 
encapsulates are vital. In this chapter, the state-of-art of these methods, their prin-
ciples and applications, and release mechanisms are described as follows.

4.2 Physical Characterization Techniques

4.2.1  Characterization by Microscopy, X-ray and  
Laser Light Scattering

Physical properties of encapsulates include their size, size distribution, shape, mor-
phology and surface charge, which can be measured by commercially available 
instruments based on principles of microscopy, X-ray and laser light scattering.

4.2.1.1 Microscopy

Optical and electron microscopy have been widely used to provide important infor-
mation about size, surface topography, shell thickness and sometimes porosity of 
the shell material of encapsulates in food product. The performance and dissolution 
properties of encapsulates with active ingredients are often related to the physical 
properties.

Conventional Optical Microscopy

A standard upright optical microscope is capable of characterising structures that 
are 0.2 µm or greater as restricted by the wavelength of light. Often digital images 
or video images of a specimen are taken, followed by quantitative analysis using 
image analysis software. The size of single encapsulates can be measured. If encap-
sulates are not spherical, their shape may be characterized by a shape parameter 
circularity, which is sometimes called “roundness (RN)”, and corresponds to a 
minimum value of unity for a circle. It is defined by the following equation:

 ( )2 / 4RN P Aπ=  (4.1)

where P is the perimeter of single encapsulates and A is their cross-sectional area.

Confocal Laser Scanning Microscopy

Confocal Laser Scanning Microscopy (CLSM) can be used to produce in-focus 
images of a fluorescent specimen by optical sectioning. The fluorescent specimen 
is illuminated by a point laser source, and each volume element of the specimen is 
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associated with discrete fluorescence intensity. Images of a thick object can be 
obtained point-by-point and its three-dimensional structure can be reconstructed 
with a computer software package. For example, gelatin and gum arabic have been 
used to encapsulate an oil-based active ingredient by a complex coacervation 
process. The polymers were labelled with fluorescent markers. The spatial distribu-
tion of both gelatin and arabic gum throughout the encapsulate shell was identified 
by CLSM (Lamprecht et al. 2000). Moreover, when fluorescently labelled casein 
was added as a macromolecular model compound to the coacervation process, a 
gradiental distribution of casein in the shell materials was observed. It was found 
that casein had the highest concentration at the oil-wall interface. In another study, 
CLSM was demonstrated to be effective in studying the distribution of polymers 
and cross-linking ions in alginate-poly-l-lysine (PLL)-alginate encapsulates made 
by fluorescent-labelled polymers (Strand et al. 2003).

Transmission Electron Microscopy

Due to the limitation of optical microscopy, transmission electron microscopy 
(TEM) that is capable of resolving structures with smaller dimensions than optical 
microscopy has often been used (Mathiowitz 1999). TEM focuses electrons emitted 
by a heated filament to provide images restricted only by wavelength of electrons, 
which are approximately 0.003 nm. TEM must be operated under high vacuum to 
prevent collisions of electrons with air molecules, which can cause losses in resolu-
tion. Electromagnets are also used to provide sufficient energy to penetrate samples. 
TEM has been used as reliable microscopy to quantify the morphology and shell 
thickness of encapsulates (Xu and Du 2003; Chiu et al. 2005). Figure 4.1 shows a 
TEM micrograph of an encapsulate with a core of chamomile oil. However, this 
technique is time consuming as sample preparation can be quite tedious.

190 nm

Fig. 4.1 TEM micrograph of a melamine formaldehyde micro-capsule encapsulating chamomile 
oil (Courtesy of Ms Yue Long, University of Birmingham, UK)
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Scanning Electron Microscopy

Scanning electron microscopy (SEM) has a resolution of approximately 3 nm, 
which has the feature of simplicity in sample preparation and ease of operation. 
It has a great advantage because of its capability to analyse samples ranging in size 
from nano-metre to centimetre scale (Weiss et al. 1995; Shu et al. 2006; Yan-yu et 
al. 2006; Roueche et al. 2006). The spacious chamber and goniometer of a scanning 
electron microscope can accommodate relatively large samples as compared to a 
transmission electron microscope and provide nearly unlimited points of viewing 
with the assistance of translational, tilting, and rotary movements. Nonetheless, 
SEM does not distinguish colours as optical microscopy does and has lower resolu-
tion compared to TEM.

Environmental Scanning Electron Microscopy

Environmental Scanning Electron Microscopy (ESEM) offers several important 
advances in scanning electron microscopy. While a conventional scanning electron 
microscope requires a relatively high vacuum in the specimen chamber to prevent 
atmospheric interference with primary or secondary electrons, an environmental 
scanning electron microscope may be operated with a low vacuum (up to 10 Torr 
of vapour pressure, or one 76th of atmosphere pressure) in the specimen chamber 
and allows “wet mode” imaging, which is essential to investigate the surface 
tomography of wet encapsulates (Ren et al. 2007).

4.2.1.2 X-Ray Micro-computed Tomography

X-ray micro-computed tomography (CT) is an increasingly popular method to 
image complex three-dimensional structures with a spatial resolution in the 
micrometre range. The schematic diagram of an X-ray micro-CT system is shown in 
Fig. 4.2. The principle of this technique is by firstly acquiring X-ray images of an 
object placed between the X-ray source and the detector. Then the X-ray images are 
reconstructed and analysed using a commercially available software package. X-ray 
micro-CT offers the advantage of being a non-invasive and non-destructive testing 
method. Unlike some other testing methods, defects (including delamination, micro-
cracking, fibre fracture, fibre pullout, matrix cracking, inclusions, voids, and impact 
damage) created during the preparation of the sample, which is required to adapt to 
a particular testing environment, can be avoided (Schilling et al. 2005). In addition, 
X-ray micro-CT allows unobstructed visual access to a sample’s inner architecture 
in a completely non-destructive way and reconstructs interior structural details with 
a resolution on a scale of interest for such evaluation. It provides accurate details of 
variation of X-ray absorption within an object regardless of its structure properties 
and density gradients (Stock 1999). Previously X-ray micro-CT has been used suc-
cessfully for quantitative measurements of localised density variations in cylindrical 



1054 Characterization Methods of Encapsulates

tablets. In all cases, an important heterogeneity in density was observed with higher 
densities concentrated in the peripheral region and lower densities in the middle 
(Busignies et al. 2006). This technique was also proven to be feasible to characterize 
the irregular interconnected pore structure of actual particle beds in order to study 
the fluid transport phenomena in a filter cake (Lin and Miller 2004). Recent work 
has shown that the internal structure of a calcium shellac bead can be characterized 
(see Fig. 4.3). However, the X-ray micro-CT cannot detect fine pores such as gel 
pores less than 0.01 µm (Rattanasak and Kendall 2005) and pores in granules less 
than 4 µm in diameter (Farber et al. 2003).

4.2.1.3 Laser Light Scattering

Although microscopy combined with image analysis can be used to measure the 
size of single encapsulates, it is a relatively slow technique particularly if a large 
number of encapsulates need to be measured. For spherical encapsulates, in wet or 
dry samples, with particles in the size range of 0.02–2,000 mm, measurement of 
their size distribution can be carried out using a laser light scattering technique, 
such as Malvern particle sizing, which can measure thousands of encapsulates 
within a couple of minutes. However, the refractive indexes of the shell material 
and the suspending medium are required. A similar technique to laser light scatter-
ing called single particle optical sensing (SPOS) has also been used to measure 
particle size distribution (O’Hagan et al. 2005). SPOS is based on measurement of 
the magnitude of pulse generated by single particles passing though a small photo-
zone, illuminated by light from a laser diode or incandescent bulb, which can be 
correlated with the size of the particles. For non-spherical encapsulates or encapsu-
lates which tend to form aggregates, microscopy combined with image analysis is 

Turntable

Fig. 4.2 Schematic diagram of the X-ray micro-computed tomography system
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preferred. Recently, a technique based on focused beam reflectance measurement 
(FBRM) has been used to provide in situ/on-line characterization of non-spherical 
particles by measuring chord lengths of particles, which are converted to particle 
size and shape of the particles by a mathematical model (Li et al. 2005). However, 
the data obtained by this technique require validation.

The electro kinetic potential in a suspension with encapsulates may be charac-
terised by their zeta potential. It is a measure of the magnitude of the repulsion or 
attraction forces between encapsulates, which has a unit of mV. The value may be 
related to the storage stability of the encapsulates in suspension. In general, a 
particulate system with zeta potential smaller than −35 mV or greater than 35 mV 
tends to be stable (Legrand et al. 1999). Zeta potential can be measured by applying 
an electric field across the suspension. Encapsulates within the suspension with a 
zeta potential will migrate toward the electrode of opposite charge with a velocity 
proportional to the magnitude of the zeta potential. This velocity can be measured 
using laser Doppler anemometry. The frequency shift or phase shift of an incident 
laser beam caused by these moving encapsulates is measured as the particle mobility, 
which can be converted to the zeta potential by inputting the dispersant viscosity. 
Typical instruments for such measurement include Malvern Zetasizer Nano-Z 
(Malvern Instruments, UK).

It has been reported that the zeta-potential of polyamide encapsulates in 
suspension depends on the pH, concentration of electrolytes and surfactants in the 
suspension. Increasing the ionic strength led to a decrease in the zeta potential (Yan 
et al. 1992). Labhasetwar and Dorle (1991) measured the zeta potential of gelatin, 

300 µm

Fig. 4.3 Two-dimensional image of the central layer of a calcium shellac bead, which was 
reconstructed from pictures taken by X-ray micro-computed tomography (Law 2007)
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methylcellulose and agar encapsulates at regular intervals during ageing at 45°C. 
It was found that there was an initial sharp rise in Zeta potential followed by a 
progressive decrease. This demonstrates that zeta potential is a useful parameter to 
investigate the changes occurring in the encapsulating material of encapsulates 
during ageing. Some encapsulates can be made using a layer-by-layer deposition, 
e.g. poly-l-lysine (P-Lys) and poly-l-aspartic acid (P-Asp) onto a negatively 
charged liposome. The zeta potential of such encapsulates changed between positive 
and negative at each layer deposition (Fujimoto et al. 2007).

4.2.2 Mechanical Characterization

Different techniques have been developed to characterize the mechanical properties 
of encapsulates, which can be classified into indirect and direct methods. A cone 
and plate shearing apparatus was established to measure the mechanical strength of 
encapsulates by determining their resistance to fluid shear force (Peirone et al. 
1998). Alternatively, encapsulate strength was evaluated by determining the per-
centage of intact encapsulates remaining after being agitated with glass beads for a 
period of time (Leblond et al. 1996), or exposing them to bubble disengagement in 
a bubble column (Lu et al. 1992). The results from these indirect methods are dif-
ficult to interpret since the damage to the encapsulates depends not only on their 
mechanical strength, but also on the hydrodynamics of the process equipment, 
which is poorly understood. For semi-permeable encapsulates, an osmotic pressure 
test was implemented providing a rapid means of assessing their mechanical stabil-
ity (Van Raamsdonk and Chang 2001).

Direct methods include compression of a layer of encapsulates between two 
glass plates. Their mechanical strength was determined based on the number of 
encapsulates broken under a given applied weight on the top plate, but it was 
observed that the weight concentrated onto the largest encapsulates first caused 
them to break, followed by the smaller ones (Ohtsubo et al. 1991). Although this 
method is practically useful, it conceals (any) difference in mechanical strength 
between encapsulates within a sample. Despite being more time consuming, results 
attained from the assessment of single encapsulates is more accurate and reliable as 
compared with a sample of encapsulates because the inhomogeneity of encapsu-
lates in the sample due to their variations in size and structure can be identified 
(Schuldt and Hunkeler 2000). Direct methods on single encapsulates include the 
use of a micropipette aspiration technique or an atomic force microscope probe to 
measure the elastic properties of single encapsulates. Unfortunately, the former 
technique cannot be used to determine the force required to rupture the encapsu-
lates (Grigorescu et al. 2002), whilst the latter relies on compression of single 
encapsulates between a rigid spherical bead and a flat surface (Lulevich et al. 2003), 
which is difficult to implement. A uniaxial compression of single encapsulates was 
attempted by means of a texture analyser consisting of a penetrometer with a stress 
gauge (Edwards-Levy and Levy 1999). It provided a measure of a particle’s resistance 
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to compressive force. However, assessment of single encapsulates was often 
prevented when their size went down to mm range (Martinsen et al. 1989). The 
limitation may be overcome by using a novel micro-manipulation technique that 
offers the capability to obtain the force vs. deformation data for compressing single 
encapsulates to rupture. The schematic diagram of a micro-manipulation rig is 
given in Fig. 4.4. The principle of this technique is to compress single encapsulates 
(dry or wet) between a probe connected with a force transducer and surface of a 
glass slide or glass chamber. The force transducer is connected with a fine micro-
manipulator and its moving speed and distance can be controlled accurately. When 
single micro-encapsulates are compressed, the force imposed on them and their 
displacement are measured simultaneously. Moreover, the three-dimensional defor-
mation of the encapsulates are also measured by two video cameras (for side view 
and bottom view respectively) connected to a video recorder or a computer with 
two image capture cards. This technique was initially used to measure the bursting 
strength of single animal cells, but later explored to mechanically characterize various 
biological and non-biological particles, including micro-spheres, encapsulates, etc. 
(Zhang et al. 1991; Zhang et al. 1992; Zhang et al. 1999; Stenekes et al. 2000; Sun 
and Zhang 2001; Zhao and Zhang 2004; Chung et al. 2005).

The micro-manipulation technique has been used to measure the mechanical 
strength of encapsulates of different size, shell thickness and shell composition 
(Zhang et al. 1999; Sun and Zhang 2001, 2002; Zhao and Zhang 2004). For example, 
the mechanical properties of single melamine formaldehyde (MF) encapsulates with 
diameters of 1–12 mm were determined, including their viscoelastic and elastic-
plastic properties (Sun and Zhang 2001). It was found that the encapsulates were 
mainly elastic up to a deformation of 19 ± 1%. Beyond this point, the encapsulates 
underwent plastic deformation and were ruptured at a deformation of 70 ± 1%. 
However, the corresponding deformations at the yield point and at the rupture of 
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Fig. 4.4 Schematic diagram of the micro-manipulation rig. Permitted by Taylor & Francis
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urea-formaldehyde encapsulates were 17 ± 1% and 35 ± 1% respectively, which 
implies that urea-formaldehyde encapsulates were more brittle than melamine form-
aldehyde (Sun and Zhang 2002). Besides the shell composition, the rupture strength 
of these encapsulates depended on their size and shell thickness. From the micro-
manipulation measurements the rupture force of different encapsulates can be com-
pared by extracting information from a force-displacement curve up to the rupture. 
The curve can also be fitted with theoretical equations derived from a theoretical 
model, e.g. Lardner and Pujara’s model (Lardner and Pujara 1980; Liu et al. 1996). 
This was used to determine the intrinsic mechanical property parameters, for exam-
ple Young’s modulus, and for further mathematical modeling to determine viscous-
elastic and plastic parameters when appropriate. Such information is essential for 
quantifying the mechanical properties of encapsulates for a given sample and com-
paring the mechanical properties between different formulations.

Some encapsulates, e.g. calcium alginate beads, have certain permeabilities. 
When they are compressed, there can be a loss of liquid from the encapsulates and 
consequently their rupture force depends on the compression speed (Zhao and 
Zhang 2004; Wang et al. 2005). In order to minimise the speed-dependent behavior 
such encapsulates can be compressed at a high speed, e.g. 1,000 mm/s, which can 
be achieved using a newly developed micro-manipulation rig (Wang et al. 2005). 
This new high speed micro-compression tester, with two complementary high-
speed videos, is a powerful tool for investigating the mechanical properties of 
hydrated encapsulates at the micro-scale.

The mechanical properties of single hydrated dextran encapsulates (<10 mm in 
diameter) with a model protein drug embedded were also measured by the micro-
manipulation technique, and the information obtained (such as the Young’s modu-
lus) was used to derive their average pore size and further to predict the protein 
release rate (Stenekes et al. 2000).

For encapsulates at the submicron scale, the above described micro-manipula-
tion technique based on using conventional microscopy is not adequate to image 
single encapsulates clearly. Very recently, a novel ESEM-based nano-manipulation 
technique has been developed to characterize encapsulates at nano-scale. ESEM is 
primarily used to visualise materials on nano-scales under wet mode (Liu et al. 
2005). To enable the mechanical properties of single encapsulates on such small 
scales to be measured, a nano-manipulation device with a force transducer was 
placed in the chamber of an environmental scanning electron microscope, and was 
used to compress single encapsulates and then measure the force imposed on them 
simultaneously. The nano-manipulation technique has been applied to investigate 
the mechanical properties of melamine formaldehyde (MF) encapsulates including 
their fracture mode (see Fig. 4.5) (Ren et al. 2007).

Understanding the mechanical strength of encapsulates is essential to a wide 
range of applications in controlled release of active ingredients including food 
encapsulates. Although not much work has been done on single food encapsulates, 
it is believed that the micro-/nano-manipulation technique described is a very power-
ful and unique tool to determine the mechanical properties of encapsulates made of 
different materials and structures.
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4.2.3 Determination of Glass Transition and Degree of Crystallinity

The structure of encapsulates defines how the molecules in encapsulates are 
organised. Two parameters are often used to characterise the fine structure of 
encapsulates: glass transition temperature of encapsulates and crystallinity of 
encapsulate shell materials. These parameters may be used in designing encapsu-
lates with desirable mass transfer properties (Le Meste et al. 2002).

4.2.3.1 Glass Transition Temperature

Glass transition temperature (T
g
) is a property parameter of an amorphous material 

above which it behaves like a liquid (rubbery state) and many of the physical proper-
ties of the material change dramatically, including increase in heat capacity. 
Therefore, T

g
 can be determined by the measurement of a sudden increase in heat 

capacity with temperature, often using differential scanning calorimetry (DSC) 
(Bhandari and Howes 1999). DSC is a thermo analytical technique for measuring the 
energy required to maintain zero temperature difference between a sample and a 
reference (Hu et al. 2007). A similar technique to DSC is thermo gravimetric analysis 
(TGA), which is based on measuring weight changes associated with transforma-
tions of a material on heating (Foster and Clifford 1966), and has been used to 
identify the thermal decompositions of a copolymer (Shukla and Srivastava 2004).

Below the T
g
 the diffusion through carrier material is limited in a manner similar 

to those of a crystalline phase (glassy state). Above the T
g
 the carrier material is in 

rubbery state and the diffusion of molecules is relatively fast. This phenomenon can 
be used to design encapsulates that are storage stable below the T

g
, which triggers 

release above a certain temperature.
Understanding the glass transition temperature may also be used to control the 

pore size of encapsulate shells. For example, encapsulates can be formed by close 

a b

Fig. 4.5 A single melamine formaldehyde micro-capsule held between a force probe and a slide 
in the chamber of an environmental scanning electron microscope: (a) before compression; (b) 
after rupture. Permitted by Maney Publishing
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packing of a layer of polymer particles, e.g. poly(methyl methacrylate) (PMMA) at 
the interface of the oil/water (O/W) droplets and such systems have been called 
“colloidosomes” (Dinsmore et al. 2002). The adsorbed polymer particles were then 
swollen with further monomer and an initiator to effect further polymerisation in 
the particle shell layer, causing the particles therein to first bridge and then to grow 
into a more continuous film. This process was aided by heating the system at 105°C 
for 5 min, which is above the glass transition temperature (T

g
 = 100°C) of the poly-

mer. It was found that after heating; the particles coalesced slightly, creating 
approximately 150-nm-diameter bridges between them. The resultant colloidosome 
therefore contained a precise array of uniform holes in an elastic shell. Increasing 
the sintering time led to smaller pores: after 20 min, the particles coalesced completely 
and the holes were fully closed.

Besides, measurement of the glass transition temperature can help to understand 
interactions between the molecules of core and shell materials. Sasaki et al. (2006) 
used DSC to measure T

g
 of encapsulates consisting of calcium carbonate whisker 

as a core and crosslinked polystyrene as a shell. The crosslinked shell was found to 
show higher glass transition temperatures (T

g
) than the corresponding bulk values. 

It was also revealed that a thicker shell exhibited a lower T
g
 than a thinner shell, and 

that encapsulates without the core (hollow encapsulates) exhibited lower T
g
 than the 

corresponding core/shell encapsulates.

4.2.3.2 Degree of Crystallinity

The degree of crystallinity of the encapsulate shell materials can be characterised 
by DSC, X-ray diffraction (XRD) or nuclear magnetic resonance (NMR).

In addition to glass transition temperature, DSC can also be used to characterise 
crystalline melt temperatures. From knowledge of both the glass transition tem-
perature and crystalline melt properties, information regarding the degree of crys-
tallinity can be obtained. XRD relies on measurement of a diffraction pattern 
generated when an encapsulate specimen is irradiated with a parallel beam of 
monochromatic X-rays and the atomic lattice of the specimen acts as a three-
dimensional diffraction grating causing the X-ray beam to be diffracted to specific 
angles. The angles and intensities of the diffracted beam can be used to infer the 
degree of crystallinity. NMR is a technique based on monitoring how spinning 
nuclei with magnetic dipoles interact with an applied magnetic field and absorb 
radiation (Seamus 2003; Jonathan 2003). It was found that the spectrum of NMR 
can be separated into two components: a broad component associated with the rigid 
crystalline region and a narrow component associated with mobile non-crystalline 
regions (Montes de Oca et al. 2004). NMR is designed for structural determination 
and analytical applications.

Ricciardi et al. (2004) used DSC, XRD and NMR to measure the degree of 
crystallinity of poly(vinyl alcohol) (PVA) hydrogels, and demonstrated that these 
three methods had different accuracies, which depended on the complexity of their 
structure.
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The degree of crystallinity of polyamide capsules was estimated by XRD 
(Yoshioka et al. 2007), which were prepared from reacting diamines and diacid 
chlorides in an acetone or dioxane solution that included water, using the precipita-
tion polymerization method employing ultrasonic irradiation. They found that the 
degree of crystallinity greatly depended on the combination of the diamine compound, 
diacid chloride compound, and reaction solvent.

The permeabilities of the polyurea micro-capsules for encapsulated cyclohexane 
were determined in conjunction with the degree of crystallinity of the polymer 
forming the membranes by XRD (Yadav et al. 1997). For cyclohexane diffusion 
through the water-swollen polyurea membranes used in their work, the permeability 
ranged from 6.5 × 10−9 to 3.75 × 10−8 m/s. It was shown that the product of the 
permeability and membrane thickness varied over an order of magnitude when the 
degree of crystallinity was changed from 21% to 33%.

In another study, nano-capsules based on polyureas and polyamides were prepared 
based on polycondensation reaction of two complementary monomers and sponta-
neous formation of oil in water emulsion. It has been found that the permeability of 
the polymeric wall of polyureas and polyamides was related to its crystallinity 
(Montasser et al. 2007).

4.2.4 Flowability of Dry Encapsulates

Dry encapsulates are like powders and their flowability is important in handling and 
processing operations, such as flow from hoppers and silos, transportation, mixing, 
compression, processing and packaging (Fitzpatrick et al. 2004a, b). The standard 
techniques to characterize the flowability of powders can also be applied to encap-
sulates although attention should be paid to handling encapsulates in order to minimise 
their mechanical damage.

Regarding the methods to characterize flowability of powders, Schulze (1996a, 
b) compared 16 flowability test methods of powders and concluded that the Jenike 
shear test was the most accurate method. Shear cell techniques for measuring powder 
flow properties were pioneered by Jenike (1964). In short, the horizontal shear 
forces needed to make a powder flow are measured as a function of different 
vertical pressures. A comprehensive explanation of the fundamental of shear cell 
techniques and schematic diagram can be found in Fitzpatrick et al. (2004a) and 
Carson and Wilms (2006). In conjunction with the data obtained from a shear cell 
technique, Jenike developed a theoretical background for the flow of solids from 
silos, a tester to determine the relevant flow properties, and a design procedure 
consistent with theory, flow properties, and industrial practice. Jenike test has been 
used to determine the influence of relative humidity and temperature on the 
flowability of different food powders (Teunou and Fitzpatrick 1999). However, the 
main disadvantage of Jenike test is that it is difficult to conduct (Zou and Brusewitz 
2002). So far, there has not been much work in the public domain on the flowability 
of dry encapsulates.
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4.3 Mass Transfer

In this section, the mechanisms of mass transfer that underpin the application of 
encapsulation are discussed. The emphasis has been placed on the mathematical 
modelling and experimental characterization of the fundamental factors that affect 
mass transfer, including solute partition and equilibrium, interfacial mass transfer 
and rate limiting steps.

4.3.1 Mass Transfer Mechanisms

Release of active ingredients from encapsulates can be induced or triggered by vari-
ous methods including diffusion, mechanical rupture, melting, dissolution, hydra-
tion, enzyme attack, chemical reaction, hydrolysis, disintegration and so forth. In 
the food industry, the most commonly used method to trigger controlled release is 
by hydration. For example, the active is released from dry products when water is 
added. The release of the active from encapsulates depends on several mutually 
interacting processes such as diffusion of the flavor compound through the matrix, 
type and geometry of the particles, transfer from the matrix to the environment, and 
degradation/dissolution of the matrix material (Pothakamury and Barbosa-Canovas 
1995). The dynamics of hydration and enzymatic reactions of the matrix with saliva 
also have important effects.

The physical process of controlled release of active ingredients from encapsu-
lates can be described by diffusion and/or convection or a combination of both. The 
driving force of diffusion is the gradient in the chemical potential of the active 
ingredients between encapsulates and the surrounding environment. Convective 
mass transfer can be triggered by hydration, phase change, pH change, reaction and 
mechanical fracture of encapsulates. A good example of convective mass transfer 
is the mechanical rupture of micro-encapsulated flavor by chewing.

Other methods used to trigger controlled release include changes in pH and 
temperature. Karel and Langer (1988) reported a study on controlled release of 
enzymes from liposomes through the change in pH. Release of actives can also be 
triggered by the melting of wall material composed of lipids or waxes. Components 
such as salts, leavening agents, flavorings and nutrients are released when the shell 
is destroyed by melting. Encapsulates made of hardened fats are insoluble in water 
and the content can be released when they are subjected to shear or increased tem-
perature which melts the fat. This type of encapsulates is widely used in soup 
mixes, bakery products or high-fat products (Dziezak 1988). The release of active 
ingredients depends strongly on the heat transfer that governs the melting process. 
Yeo et al. (2005) reported a study on flavor encapsulation in complex coacervate 
encapsulates using gelatin and gum arabic. Solubility of their encapsulate shell was 
temperature dependant.

In drug delivery, osmotic trigger has also been used. Molecules such as glucose, 
hydroxyethylcellulose, glycerol, poly (ethylene glycol)s, and dextrans of different 
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molecular weights are extensively employed as osmotic agents (Santus and Baker 
1995; Verma et al. 2002). The osmotic agents form the expandable core contained 
within a semi-permeable compartment. Pharmaceutical agent held within is 
released during the expansion and disintegration of the core material. Hydrogels 
have also attracted wide research interest as controlled release devices due to their 
tunable chemical and three-dimensional physical structure, high water content, 
good mechanical properties, and biocompatibility (Langer and Peppas 2003). 
Bioresponsive, “intelligent” or “smart” hydrogels can regulate drug release through 
responding to environmental stimuli by swelling and deswelling. Various biore-
sponsive and thermoresposive hydrogels have been developed for drug delivery 
(Zhang and Chu 2002; Huang et al. 2004).

For encapsulation in food industry, much of the challenge is balancing the need 
in protecting active molecules during processing and storage (from oxidation, leaking, 
and loss by evaporation) and controlling the rate of release to achieve optimal 
effect. Drying of the encapsulates/granules to a glassy state is a well-established 
technology and various drying processes have been developed including spray drying, 
fluidized bed drying, freeze drying, extrusion and microwave drying. In a dry 
glassy state, diffusion of active molecules is prohibited. The release of the active is 
triggered when dry encapsulates are hydrated. Diffusion of active molecules in 
hydrated matrix and/or dissolved solution becomes orders of magnitudes faster.

4.3.2 Mass Transfer Properties

A major challenge in controlled release is to understand the complex interactions of 
various dynamic processes accompanying the mass transfer. In particular, the 
dynamics of heat transfer, phase change, reaction, hydrolysis and hydration all have 
profound impact on the mass transfer properties of encapsulates. Understanding 
such complex interplay that governs the active release from encapsulates is critical.

Many researchers have sought a better understanding of the effects that govern the 
release of active ingredients from complex matrices of encapsulates as this represents 
an important target in many fields, including the food industry (Guichard 2000). An 
overview of physical chemistry relevant to flavor release has been presented previ-
ously (Taylor 1998). De Roos (2000) showed that two factors control the rate of flavor 
release from products, the comparative volatility of the aroma compounds in the food 
matrix and air phase under equilibrium conditions (thermodynamic factor) and the 
resistance to mass transport from product to air (kinetic factor).

Most encapsulates have complex heterogeneous structures. A wide range of 
materials can be selected for encapsulation. Micro-encapsulates can be made of 
sugars, gums, proteins, natural and modified polysaccharides, lipids and synthetic 
polymers (see Chap. 3 of this book). For food applications, the selection is some-
what limited because food safety is an additional consideration.

Mass transfer in heterogeneous encapsulates is exceedingly complex. A number 
of studies have been reported on the diffusion in complex networks of synthetic 



1154 Characterization Methods of Encapsulates

and/or biological gels (e.g. Kosto and Deen 2005; Pluen et al. 1999; Amsden 1998; 
Fatin-Rouge et al. 2003; Johnson et al. 1996; Phillips et al. 1989; Odijk 2000; Phillips 
2000). Theoretical models proposed include hindered diffusion by hydrodynamic 
interaction, trapped diffusion by excluded structure volume and depletion theory. 
Diffusion and partition of solutes in lipid has received considerable attention.

Mass transfer in heterogeneous encapsulates depends strongly on the environ-
mental condition under consideration. A good knowledge of the physico-chemical 
interactions occurring between compounds and the main constituents of foods such 
as lipids, polysaccharides, and proteins, is required for food active control. Mass 
transfer in complex encapsulates depends not only on the diffusion property but 
also on the thermodynamic properties such as gas-liquid equilibrium (for volatiles) 
and liquid-solid equilibrium.

4.3.2.1 Gas-Liquid Equilibrium for Release of Volatiles

Gas-liquid equilibrium is an important property of mass transfer of volatiles from 
encapsulates with a liquid core and/or liquid foods. When a volatile substance is 
added to a gas-liquid system, the substance will distribute itself in the liquid and 
gas phases. At equilibrium, the partial pressure of a volatile compound in the gas 
phase is related to its concentration in the liquid solution. In dilute solution, this 
relationship is described by Henry’s law

 i ip Hx=  (4.2)

where p
i
 is the partial pressure of a volatile compound in headspace, x

i
 is the mole 

concentration in the liquid solution, and H is Henry’s constant.
For ideal gas, the partial pressure of volatile can be related to its mole fraction 

in the headspace and the atmosphere pressure by the relationship y
i
 = p

i
/P

0
. The 

other form of Henry’s law is written as

 i i i
0

= =
H

y x mx
P  (4.3)

Net flux of mass transfer between gas and liquid takes place if the gas-liquid 
equilibrium is violated.

4.3.2.2  Gas-Solid Equilibrium for Release of Volatiles and Water  
Sorption Isotherm

Another important mass transfer property of encapsulates might be gas-solid equi-
librium. The relationship is characterised by the sorption isotherm. The sorption of 
oxygen on encapsulates is related to the oxidation of lipids and other labile materi-
als. The sorption of water vapour by encapsulates has received much attention 
because of its important effect on the storage and controlled release properties. 
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Water sorption isotherm is described by water activity (a
w
), which is defined as the 

ratio of the partial pressure of water vapour at equilibrium, p
w
, to the corresponding 

saturated vapour pressure, p
sat

 w
w

sat

p
a

p
=  (4.4)

In other words, the water activity of a solid material is related to the relative 
humidity.

Water sorption isotherm of a given encapsulate system can be determined 
experimentally. Several empirical equations have been proposed. The Langmuir 
isotherm relates the water activity to adsorbed water content (q

w
) by

 w
w 0 0

1 1 1
a

θ θ βθ
 

− =    (4.5)

where q
0
 is the water content corresponding to the monolayer adsorption and b 

is a constant.
The other commonly used water sorption isotherm is the BET equation
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Water sorption isotherm has a number of effects on the mass transfer of active 
ingredient in encapsulates. Firstly, for many applications, hydration triggers the 
release of active ingredients. Secondly, water sorption isotherm has strong interac-
tion with solute diffusivity of matrix materials. Thirdly, water vapor adsorption by 
encapsulates changes the quality of encapsulates during storage and transportation.

4.3.2.3 Solute Partition and Adsorption

Emulsions and dispersions are common structures of fabricated foods. When an active 
molecule such as flavor is added to a system of two immiscible phases, the solute may 
distribute itself in the two phases to reach equilibrium. The ratio of the concentrations 
of a solute in the two phases is called the partition coefficient. The partition coefficient 
of a solute in two immiscible fluids is relatively insensitive to temperature and concen-
tration. The relationship is expressed by the following equation

 
y xC KC=  (4.7)

where K is the partition coefficients, and C
x
, C

y
 are the concentrations of a solute 

in phase X and Y respectively.
Liquid-liquid equilibrium can also be extended to describe the partition of a 

solute binding and absorption to dispersed particles of complex fluids. The binding 
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of volatile compounds to starch has been classified into two types. On the one hand, 
the flavor compound surrounded by the amylose helix through hydrophobic bond-
ing is known as an inclusion complex. On the other hand, polar interactions have 
been determined which involve hydrogen bonds between the hydroxyl groups of 
starch and aroma compounds.

Of the many immiscible liquid-liquid systems, octanol-water equilibrium is 
widely studied and has generated great interest. Octanol-water partition coefficient 
is noted as P

ow
 or K

ow
. Experimental data of octanol-water partition coefficients are 

available for a large number of chemicals. Methods have also been proposed for 
calculating octanol-water partition coefficients based on the molecular structures of 
solute. The fragment or group contribution method and atomistic method are the 
most commonly applied methods. The reader is referred to the monograph of 
Sangster (1997) for more details on the fundamental physical chemistry of octanol-
water partition, including the measurement and prediction methods.

4.3.2.4 Solute Diffusion in Complex Media

The theory of Fick’s diffusion applies to homogeneous media. The use of Fick’s 
diffusion equation to describe the mass transfer of encapsulates is an oversimplified 
view. For emulsions and dispersions, where the size of the dispersed particles is 
sufficiently small compared to that of the encapsulates, it is possible to use the 
effective diffusion coefficient which is related to the diffusion and partition proper-
ties of the continuous and dispersed phases as follows (Lian 2000)

 c dc d
e c

c dc d

(1 ) (1 )

( ) (1 )

D P D
D D

D P D

ϕ ξ ξϕ
ξ ϕ ϕ
− + +

=
+ + −

 (4.8)

where j is the volume fraction of the dispersed phase, P
dc

 the partition coefficient 
of solute between dispersed phase and continuous phase, D

c
 and D

d
 are the diffu-

sion coefficients of the solute in the continuous phase and dispersed phase 
respectively.

Thus, even for relatively simple structures of dispersions and emulsions, the 
effective diffusion property depends not only on the diffusion coefficients of the 
two phases, but also on the partition coefficient. The above effective diffusion coef-
ficient was used to predict aroma release from oil-containing gel particles dispersed 
in aqueous solution and there was a good agreement with the experimental data 
(Lian et al. 2004).

Solute diffusion in complex fluids is affected by both temperature and molecular 
size. The following Einstein-Stokes equation can be used to estimate the diffusion 
coefficient of the active (D) in carrier material:

 
6

KT
D

rπη
=  (4.9)
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where K is the Boltzman constant, T is the temperature (K), h is the viscosity (Pa s), 
and r is the hydrodynamic radius of the active. This equation shows that the diffu-
sion and thus the active release out of encapsulates increases with increasing tem-
perature, decreasing viscosity of the carrier material and decreasing molecular size 
of the entrapped active.

Solute diffusion in lipids can also be estimated using the following equation 
(Mitragotri 2002)

 ( )2
lip 0 exp 0.4D D r≈ −  (4.10)

where D
0
 is the diffusion coefficient in isotropic model hydro-carbon.

Diffusion of solute in complex networks of synthetic and/or biological gels has 
received significant attention (e.g. Kosto and Deen 2005; Pluen et al. 1999; Amsden 
1998; Fatin-Rouge et al. 2003). Theoretical models proposed include hindered 
diffusion by hydrodynamic interaction, trapped diffusion by excluded structure 
volume and depletion theory (Amsden 1998).

4.3.3 Characterizing Mass Transfer Properties

Many of the physical-mechanical-structural properties of importance to the mass 
transfer of encapsulates have been discussed in the forgoing sections, for example, 
various microscopic methods for microstructure, DCS method for phase change 
and NMR for degree of crystallinity. Methods for characterizing the equilibrium 
properties (liquid-gas, solid-gas, and liquid-liquid) can be also found elsewhere 
(Rao and Rizvi 1994). Here, only methods for characterizing the dynamic mass 
transfer process of encapsulates are discussed.

4.3.3.1 Diffusion Cell

Diffusion cell can be used for measuring the diffusion properties of composite wall 
materials of encapsulates. The system is made of a membrane of the tested composite 
material separating two liquid-filled, well-stirred compartments. One compartment 
contains solute of a known concentration, whilst the other, known as the recipient 
side, is initially free of the solute. Measuring the concentration change with time 
allows the effective diffusion coefficient, D

e
, to be obtained. The review by Westrin 

et al. (1994), concludes that the diffusion cell is a good method. However, the 
method is limited to encapsulate materials that can form thin membranes.

4.3.3.2 Release from Encapsulate Dispersion

The widely used method is to measure the release of active ingredients from encapsulates 
dispersed in a liquid media. Gentle agitation is applied to ensure good mixing and 
suspension of the dispersed encapsulates. The increase in solute concentration in the 
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liquid phase is measured to determine the release kinetics and effective diffusion 
coefficient, D

e
. Measurement can be automated and continuous, if an online analysis 

method for the active ingredient is available. The method has been generally 
regarded as an established method for measuring the release kinetics from particular 
systems, such as the flavor release from tea leaf particles (Lian and Astill 2002).

4.3.3.3 MS-Breath

MS-breath is a relative new method for in-mouth flavor release measurement. The 
method involves the use of atmospheric pressure chemical ionisation or proton 
transfer-reaction mass spectroscopy (APCI-MS or PTR-MS) to measure the real 
time release of volatile compounds from the mouth and into the nasal headspace 
during eating. Exhaled air from the nose is gently sucked into the mass spectrom-
eter where the concentrations of the volatile compounds are continuously detected 
as protonated ions. The main advantage of the MS-breath method is that it obtains 
real time release profile that can be directly correlated to sensory properties. 
However, the release of the volatile from encapsulates to the nasal headspace has 
several rate-limiting steps and a complicated mathematical model is required to 
obtain the mass transfer properties of encapsulates (Lian et al. 2004).

4.3.4 Modeling Release Kinetics

To characterize mass transfer properties of encapsulates, reliable mathematical 
models are required to predict the release kinetics and fit with experimental data. 
Modeling release kinetics is also important for designing encapsulate systems 
(material, structure, size and loading) to achieve the desired release rate. When a 
simple diffusion model is used to describe the release kinetics of solutes from 
encapsulates, mathematical equations can be derived for various shaped encapsu-
lates. For a homogeneous spherical encapsulate under infinite sink condition, the 
amount of released material is related to the size by the following Crank equation
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where M
t
 is the amount of material released from the encapsulate, M

0
 is the initial 

loading, D
e
 is the effective diffusion coefficient of solute through the encapsulate 

matrix and R is the radius of the encapsulate.
Corresponding to the early stage of release, the equation can be approximated 
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This forms the so-called penetration theory for modeling flavor release with 
repetitive surface renewal (Overbosch et al. 1991).

At longer time, (4.11) can be approximated by the following equation
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π = − −    (4.13)

This is the first-order release kinetics which has been widely used to describe 
solute release from dispersions of encapsulates. The half-time at which 50% of the 
contents of the encapsulates is released can be calculated from (4.13) as follows:
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which results in
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Equation (4.13) might also be described as:
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The term first-order equation has historically been derived from the equation:
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where n is the reaction order. Solving this latter equation for n = 1 gives the first-
order release equation. For zero-order release, one assumes that the release is not 
dependent on its concentration and therefore n = 0:
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∂ −
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∂
 (4.18)

which can also be integrated to obtain the following equation

 t

0

M
kt

M
=  (4.19)

In the latter equation, t < 1/k. Please note zero-order kinetic provides constant 
release of actives with time (see Fig. 4.6). When the active ingredient loaded to an 
encapsulate system is over saturated, the release rate of encapsulated solute to an 
infinite sink environment becomes constant.

The temperature dependence of k might be described by the Arrhenius equation:

 a g/e E R Tk A −=  (4.20)
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where A is the frequency factor, E
a
 is the activation energy, R

g
 is the gas constant.

Generally, encapsulates exhibit more complex release kinetics due to the interac-
tions with other rate limiting steps such as hydration, structural breakdown and 
enzyme attack. Even for relatively simple systems such as in-mouth flavor release 
from oil-containing gel particles, there are two rate limiting steps, the release of 
aroma from gel particle to the saliva and the release of aroma from saliva to the retro 
nasal head space (Lian et al. 2004). The release kinetics exhibits two-components, cor-
responding to a fast component and a slow component. The gel effect of particle 
size interacts with the partition properties. Only for highly hydrophobic aroma 
molecules, the change of gel particle size has the expected effect.

4.4 Conclusions

The success of a formulation/encapsulation process depends on whether the formed 
encapsulates have desirable properties, including physical, mechanical, structural 
and mass transfer properties. In this chapter, the state-of-art methods which are currently 
used for characterization of these properties are reviewed. However, it seems that 
most of the published work on the characterization of the encapsulate properties 
focused on physical and mass transfer properties. Less attention has been paid to 
mechanical characterization, and a very limited amount of work has been done on 

burst

first or multiple
order

triggered

zero order

time

% release

Fig. 4.6 Release profiles from encapsulates. Burst release is typical for soluble or broken ones. 
Release might also be triggered after a certain period of time by, e.g. pH change or addition of 
enzymes. Zero-order release is obtained with over saturated amounts of active in the core or with 
micro-capsules where the thin shell is the rate limiting step. First- or multiple-order release is 
common for matrix type of encapsulates and release due to other interactions. See also text
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structural characterization, and the relationship between these properties. In the 
future, more efforts should be made toward understanding the mechanical and struc-
tural properties, and how they are related to physical and mass transfer properties.
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5.1 Introduction

Flavor is one of the most important characteristics of a food product, since people 
prefer to eat only food products with an attractive flavor (Voilley and Etiévant 2006). 
Flavor can be defined as a combination of taste, smell and/or trigeminal stimuli. Taste 
is divided into five basic ones, i.e. sour, salty, sweet, bitter and umami. Components 
that trigger the so-called gustatory receptors for these tastes are in general not volatile, 
in contrast to aroma. Aroma molecules are those that interact with the olfactory recep-
tors in the nose cavity (Firestein 2001). Confusingly, aroma is often referred to as 
flavor. Trigeminal stimuli cause sensations like cold, touch, and prickling. The current 
chapter only focuses on the encapsulation of the aroma molecules.

Aroma consists of many volatile and odorous organic molecules. Most of them 
are in a gas or liquid state, but also some solid materials may have a distinct smell 
(e.g. vanillin and menthol). In general, aroma molecules have a low MW (often 
between 100 and 250) and can be classified as hydrocarbons, alcohols, aldehydes, 
ketones, esters, acids, sulphides, etc. Typical examples of aroma molecules are 
shown in Fig. 5.1. Most of the aroma molecules are lipophilic, but some are hydro-
philic (their logarithmic values of the octanol–water partition coefficient, log  P, 
ranges from −1 to 7). Aroma molecules can be either added to food products, 
produced during processing of the food product (the so-called processing or reaction 
flavor) or are formed during cooking of the food product. Aroma can reach the nose 
cavity directly when the food is not yet in the mouth (ortho-nasally: direct smell) or 
via the oral cavity (retro-nasally). Gas and thus aroma is transferred from the oral 
cavity to the nasal cavity via nasal airflow, which is influenced by mouth action like 
saliva production, mastication and swallowing. Aroma release from food products 
before and after eating is controlled by both thermodynamic and kinetic parameters, 
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Fig. 5.1 Molecular structures and odour of typical aroma molecules. The hydrocarbon limonene 
can be found in citrus fruits and has lemon-like odour. The alcohols menthol and geraniol have a 
mint-like and rose-like smell, respectively. In addition, menthol gives a fresh, cooling sensation. 
The aldehydes vanillin, benzaldehyde and cinnamic aldehyde have a vanilla, bitter almond-like, 
and pungent, spicy note, respectively. The acid n-butyric acid has a rancic, butter-like odour. The 
ester isoamylacetate is found in fruit and has a banana or pear odour, and the ester methyl salicy-
late is found in many plant cells (like wintergreens). The sulphide 2-methyl-3-furanthiol has a 
roasty, meaty note, and the sulphide diallyl disulphide has a characteristic garil odour. The ketones 
a-damascone have a pleasant fruity, rosy odour and 2-butanone has an acetone-like smell. The 
molecular structures and odour information have been obtained from Burdock 1994
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which depends on the aroma characteristics and on the composition and the physical 
state of the matrix. These parameters will determine the volatility of the flavor com-
pounds and their resistance to mass transfer between different phases, especially 
from the product to air (Druaux and Voilley 1997; Van Ruth and Roozen 2002; De 
Roos 2003). Proper choice of food composition and food microstructures may thus 
control aroma release during food product preparation and consumption. 
Encapsulation might be one of the tools in such a design (Porzio 2007a).

Aroma can be encapsulated to improve aroma functionality and stability in 
products. The possible benefits of encapsulated aromas are (Uhlemann et al. 2002; 
Angelich 2005):

 Superior ease of handling (conversion of liquid aroma oil into a powder, which –
might be dust free, free flowing, and might have a more neutral smell)

 Improved stability in the final product and during processing (less evaporation, –
degradation or reaction with other components in the food product)

 Improved safety (e.g. reduced flammability, no concentrated aroma oil handling)–
 Creation of visible and textural effects (visual cues)–
 Adjustable aroma properties (particle size, structure, oil- or water-dispersable)–
 Controlled aroma release (aroma differentiation, or aroma retention)–

Exact information about the annual sales of aroma delivery systems is not avail-
able. The flavor and fragrance industry had a turnover of about US$20.5 billion in 
2008 (see http://www.leffingwell.com/top_10.htm). Ubbink and Schoonman (2003) 
assumed that about half of this turnover is flavor, and that about 20–25% of all 
flavors are estimated to be sold in an encapsulated form (US$1.4–1.7 billion in 
2001 and 2–2.5 billion in 2008). However, Campanile (2004) estimated that the 
total market for aroma delivery systems was only half of this value, i.e. at about 
$750 m in 2002. He also claims that it is growing faster than the aroma market. 
About 80–90% of the encapsulates are spray-dried ones, 5–10% are prepared by 
spray-chilling, 2–3% are prepared by melt extrusion and 2% are prepared by melt 
injection (Ubbink and Schoonman 2003; Porzio 2004, 2007b, 2008). Other type of 
encapsulates contribute <1% to all encapsulates.

The current chapter first reviews the general concept and benefits of aroma 
encapsulation, then the existing encapsulation technologies and finally provides 
recommendations for the use of the different encapsulation technologies for several 
types of food products.

5.2 Mechanisms of Aroma Release Out of Encapsulates

Aroma is often diluted in a co-solvent, which may affect the encapsulation process 
(Porzio 2004). Propylene glycol and ethanol are hydrophilic solvents used with, 
e.g., fruit aromas (low molecular weight esters, aldehydes and alcohols), and frac-
tionated coconut oil or medium-chain triglycerides are used with more hydrophobic 
aromas.
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Morphology of the encapsulates will depend on the aroma properties as well as 
the carrier material. The majority of aroma molecules are lipophilic and may not 
mix well with hydrophilic carrier material; they will then be present as oil droplets. 
In case a more hydrophobic carrier material is used, aroma may mix well with the 
carrier material and then single-matrix morphology is obtained. The latter morphol-
ogy might also be obtained when entrapping water-soluble aroma molecules 
(like vanillin) in hydrophilic carrier materials.

In general, the diffusion through carrier material decreases with increasing 
molecular size (steric hindrance, related to molecular weight), decreasing vapor 
pressure (volatility) and increasing log  P of the aromas (Goubet et al. 1998). In 
carbohydrate carrier materials, the order of retention was in the order of alco-
hols > ketones = esters > acids, but many exceptions to this order were found (Goubet 
et al. 1998). This indicates that not only the presence of chemical groups is influ-
encing the retention, but also other characteristics like polarity may play a role here; 
the higher the polarity the lower the retention.

The molecular weight of the coating material, its conformation, its chemical 
composition and its physical state can all influence the barrier properties. Higher 
molecular weight of the carrier material will limit aroma diffusion as was, e.g., 
found for maltodextrins (Goubet et al. 1998). However, for the highest degree of 
polymerization lower aroma retention was found, probably due to lower degrees of 
interactions between aroma and carrier material. When an amorphous coating 
material is in a glassy state, molecules may have little relative mobility, similar to 
those of a crystalline phase (Goubet et al. 1998; Ubbink and Schoonman 2003; 
Soottitantawat et al. 2004; Carolina et al. 2007). The glassy state is characterised 
by a so-called glass transition temperature (T

g
). Below the T

g
 the diffusion through 

carrier material is limited in a manner similar to those of a crystalline phase (glassy 
state), in contrast to temperatures above the T

g
 when the carrier material is in rub-

bery state. The T
g
 increases with higher MW of carbohydrate (Ubbink and 

Schoonman 2003). However, low MW matrices provide better storage stability in 
the glass transition than high MW matrices, since the first have a lower residual 
open and a closed porosity (Ubbink and Schoonman 2003). Usually, a compromise 
has to be made between a high T

g
 of the carrier material (which is favored by high 

MW material) and low porosity (which increases with the use of low MW materi-
als). The T

g
 decreases with increasing percentages of plasticisers and exposure to 

relatively high humidity (the T
g
 of amorphous solid water is at −135°C). When the 

water content of the carrier material increases and the holding temperature is for 
some time above the T

g
, the carrier material may have sufficient mobility to associ-

ate and crystallise and this results in forcing out of aroma and thus aroma loss 
(Goubet et al. 1998). Benczédi (2002) stated that mass transport of aromas is also 
affected by polymer cross-linking or plasticization, as induced by temperature or 
partial pressure of water. Hildebrand’s solubility parameters for aromas and poly-
mers could be useful to predict their compatibility. The lack of compatibility 
between lipophilic aromas and hydrophilic carrier material may indicate the 
chances of success of hydrophilic carriers as encapsulation carriers.
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Release rate of each aroma compound might be fitted to Avrami’s equation 
(Desai and Park 2005):

 R =  exp ( – (kt)n) (5.1)

where R is the retention of the aroma compounds during release, t is the time, n is 
the parameter representing the release mechanism, and k is the release rate constant. 
The Avrami’s equation has originally been used to describe crystal growth of poly-
mers. The parameter n has a value of 1 for first-order kinetics and 0.54 for diffusion-
limiting reaction kinetics. Taking a logarithm of both sides of (5.1) twice gives:

  ln ( – ln R) = n ln k + n ln t (5.2)

Using (5.2), one can determine the parameter n as the slope by plotting ln(−ln R) 
against ln t, and the release rate constant k from the interception at ln t = 0. Please 
see Chap. 4 for more information on release kinetics.

5.3 Encapsulation Technologies for Aroma

Table 5.1 summarises most common aroma encapsulation technologies currently 
available in the open literature. This section will discuss each technology in more 
details below. Final recommendations for their use in several types of application 
in food products are provided in the next paragraph.

5.3.1 Spray-Drying

Spray-drying is one of the oldest processes to encapsulate aroma. It is so common 
in foods to use aroma in a spray-dried, fine powder form that one often tends to 
forget it is a form of encapsulation. About 80–90% of the encapsulated aroma is 
prepared by this method (Ubbink and Schoonman 2003; Porzio 2007b). This is, 
however, not so obvious since aroma compounds evaporate faster than water. 
Spray-drying of aroma is achieved by dispersion of the aroma in an aqueous solu-
tion of carrier material, followed by atomization and spraying of the emulsion into 
a hot chamber (see Fig. 2.2). The co-current, hot air stream has a predetermined 
temperature within the 160–220°C range, which heats the droplets almost instanta-
neously to 100°C (Porzio 2007b). During this process a film is formed at the droplet 
surface and the concentration of ingredients in the drying droplet keeps increasing, 
thereby retarding the larger aroma molecules while the smaller water molecules 
continue to diffuse to the exterior at a considerable rate (Ré 1998; Ubbink and 
Schoonman 2003; Porzio 2004, 2007b; Jafari et al. 2008). The final powder con-
sists of dry particles containing a dispersion of fine aroma droplets and having a 
particle size of 10–150 mm.
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The carrier material of spray-dried aroma should ideally have (Ubbink and 
Schoonman 2003; Reineccius 2004; Porzio 2004; Jafari et al. 2008):

 A high degree of solubility–
 Limited viscosity at 35–45% (w/w) in water–
 Good emulsifying properties–
 Good film forming and drying properties–
 A non-hydroscopic character–
 A bland taste–
 Should be non-reactive–
 Should protect the aroma from oxidation–
 Should be available at low cost–

Examples of carrier material used for spray-drying are mono- and disaccharides, 
maltodextrin, corn syrup solids, modified starches (such as n-octenylsuccinic 
anhydride-substituted (OSA or OSAN) starches), gums (such as gum arabic or 
larch gum), milk or soy proteins, hydrolysed gelatin, and combinations thereof. 
Often, a blend of carrier material is used to obtain both emulsifying properties (e.g. 
with modified starches or gum arabic) and prevention of oxidation via the forma-
tion of a glassy state (e.g. with sugars or hydrolysed starches; see also Sect. 5.2). 
The carrier material is mixed with aroma in preferably deionised water and then 
emulsified, prior to spray-drying. One should use the highest infeed solids level 

Table 5.1 Aroma encapsulates and their load, particle size, morphology and release mechanism

Technology Load (%)
Particle size 
(mm) Morphology

Release mechanism 
based upon

(Fluidised) Spray- 
drying

10–50 10–400 Droplets in matrix Dissolution

Granulation/
agglomeration/
compaction

5–40 200–3,000 Droplets in matrix Dissolution

Fluid bed coating 10–50 200–5,000 Droplets in matrix Dissolution
Spray-chilling/cooling 10–20 20–200 Matrix Diffusion, heat
Melt injection 5–25 200–2,000 Droplets in matrix Dissolution
Melt extrusion 5–40 300–5,000 Droplets in matrix Swelling + dissolution, 

heat
Complex coacervates 20–90 10–800 Core with wall Diffusion
Microspheres 20–40 10–800 Matrix of droplets Diffusion, dissolution
Co-extrusion 70–95 800–8,000 Core with wall Diffusion, heat
Yeast cells 1–70 25–30 In cell membrane Diffusion, heat
Cyclodextrin 8–10 0.002 Molecular inclusion Dissolution
Silica particles 5–50 10–1,000 Matrix Diffusion, heat
Co-crystallization/

co-precipitation
Various Various Crystals Dissolution

Please see the end of Sect. 5.1 for estimations of the relative contributions of each technology to 
the commercial market
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possible (35–40% range); this will result in fast formation of the semi-permeable 
film around the droplet surface during atomization (Reineccius 2004). Especially 
highly volatile aroma components are much better retained with increasing infeed 
solid level (Charve and Reineccius 2009). However, increasing the solid level too 
much may result in non-dissolved material and increased viscosity, which may slow 
down the formation of the film at the droplet surface during atomization and thus 
promote aroma losses. So there might be an optimum solids level. One may 
encounter relatively low pH’s of about 3 when using OSA-starches, due to associ-
ated n-octenylsucinnic acid group, which may cause degradation of acid-sensitive 
flavors like citral or acetal (Porzio 2004, 2007b).

The retention of aroma upon spray-drying highly depends on the type of aroma. 
In general, the less volatile, the larger the molecular size (related to molecular 
weight), and the lower the polarity, the higher the retention of aroma components 
upon spray-drying (Goubet et al. 1998; Jafari et al. 2008). Volatile aroma com-
pounds like acetaldehyde, diacetyl, dimethylsulphide and ethanol might partially be 
lost upon spray-drying. One may compensate for these losses by using higher initial 
levels of these molecules before spray-drying or by post-blending them upon spray-
drying at optimal process and carrier conditions (Porzio 2007b). The retention of 
lipophilic aroma upon spray-drying increases with decreasing emulsion size (opti-
mal below 1–2 mm; Soottitantawat et al. 2003), increasing emulsion stability during 
the spray-drying process (Liu et al. 2000, 2001; Jafari et al. 2007a, 2008), and 
larger powder particle size (Jafari et al. 2007b, 2008). For hydrophilic aromas there 
might be an optimal emulsion size at 2–3 mm, depending on the type of aroma 
(Soottitantawat et al. 2003). Hydrophilic aromas might also be entrapped by spray-
drying water-in-oil-in-water double emulsions, with aroma trapped within the inner 
water droplets prior to spray-drying (Brückner et al. 2007).

The drying process should bring the carrier material in a glassy state, which 
properties might be improved by addition of low MW carbohydrates (such as sug-
ars, corn syrup solids and/or polyols) at 10–35% of the total carrier formula (Porzio 
2004; see also Sect. 5.2 for more information about glassy state and about the effect 
of low MW carbohydrates on porosity). The glassy state will also prevent sticking 
of encapsulates to the spray-dry chamber. In general, the ratio carrier material to 
aroma is about 4:1 (w/w). Higher ratios generally results in better aroma retention 
during spray-drying, which is related to an increased diffusion path length to the 
surface of the droplet/particle. The use of cyclodextrin might be another way to 
enhance aroma retention during spray drying (Shiga et al. 2004; Yoshii et al. 2005) 
(see also Sect. 5.3.11). Most of the aroma loss during spray-drying is probably 
occurring during the stage when water in the droplet exceeds its boiling point and 
bubbles are bursting from the interior of the droplet to the outside just before the 
particle structure is set (Ré 1998; Reineccius 2004; Jafari et al. 2008). Water solu-
bility of aroma may also influence aroma loss, due to its ability to diffuse with the 
water through the droplet during the spray-drying process (Ré 1998).

The storage stability of spray-dried aromas is typically between 6 and 12 months, 
and generally shows a semi-logarithmic decay with time and a dependence on 
moisture and temperature. The glassy state of the carrier material limits caking and 
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enhances aroma retention upon storage (Soottitantawat et al. 2004; Carolina et al. 
2007). This latter may also be improved by the use of lipid coatings or OSA-modified 
starches like Capsul and especially Hi-Cap 100 (Soottitantawat et al. 2005a, b; 
Baranauskienė et al. 2005, 2007; Krishnan et al. 2005; Vaidya et al. 2006; 
Kanakdande et al. 2007). Vaidya et al. (2006) found that a 4:1:1 blend of gum ara-
bic/maltodextrin/Hi-Cap 100 offered a better protection of cinnamon oleoresin 
upon storage for 6 weeks at 25°C than gum arabic alone. However, blends of gum 
arabic and maltodextrin or gum arabic and Hi-Cap 100 could not provide the pro-
tection offered by gum arabic alone. The same result was found for cumin oleoresin 
by the same research group (Kanakdande et al. 2007). When using gum arabic with 
or without maltodextrin as the carrier, Soottitantawat et al. (2005a) observed that 
the aroma stability upon storage improved when the powder particle size (typically 
between 10 and 150 mm) and emulsion size increased, probably due to a reduced 
surface area. However, this was not found with Hi-Cap 100. Shiga et al. (2001) 
found that limonene in a spray-dried powder with b-cyclodextrin was more stable 
than without, but this was not found for ethyl n-hexanoate.

Charve and Reineccius (2009) found better retention over storage time with 
higher infeed solids of gum arabic or modified starch, which was attributed to 
changes in particle structure (e.g. less porous). However, this was not found when 
using soy or whey protein isolate as the carrier material. The use of proteins (soy 
or whey protein isolate, or sodium caseinate) provided better limonene protection 
upon storage than gum arabic or modified starch, most likely due to limited oxygen 
permeability and thus prevention of oxidation. However, these carrier materials 
turned brown upon storage within 1 week, which was probably caused by Maillard 
reaction between (E)-2-hexanal and the protein.

The advantages of spray-drying are

 Continuous production: the dried particles can be collected continuously at the –
bottom of the spray-dryer

 Easy operation: constant quality is possible when drying conditions are held con-–
stant and it can be automated

 Low cost–
 Historically, a lot of experience with this technique–
 Wide choice of carrier material and equipment–

A disadvantage of spray-drying might be that very volatile aromas (fresh top-notes 
like ethyl acetate, for example) can be (partially) lost during the process (Reineccius 
2004), thereby changing the balance of some flavor. Furthermore, some aromas 
might be oxidised during the spray-drying process. Due to their small size, spray-
dried aroma powders might fall through a tea bag and are therefore not preferred 
for this application (Porzio 2004). In general, spray-dried aromas are water-soluble, 
which might either be desirable or not. For example, in chewing gum the aroma is 
spray-dried to allow faster release of the aroma upon hydration in the mouth than 
when it is in the gum matrix (De Roos 2003). However, spray-dried aroma 
powders dissolves quickly in water-containing food products and can then not 
provide a controlled release benefit over non-encapsulated aroma during cooking 
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or eating. A delayed release of spray-dried aroma in water might only be achieved 
when the carrier material has been irreversibly changed during the preparation 
process. An example is protein denaturation (Porzio 2007b).

5.3.2 Agglomeration or Granulation

For some applications, larger aroma particles than those produced by spray-drying 
(in general about 10–150 mm) might be desirable. An option is fluidised bed spray 
granulation (also called spray-bed-drying), in which a spray-drying step is followed 
by a secondary agglomeration step to produce larger particles of about 0.3–0.9 mm 
in one (Schleifenbaum et al. 2000) or in two steps (De Roos et al. 2001). Another 
option is to spray-dry onto another carrier powder (Trophardy 2007a). In all cases, 
the spray-dried particles are not fully dried after the first stage, and therefore remain 
sticky to facilitate agglomeration during the second phase.

Alternatively, a binder solution (e.g. water) can be sprayed onto spray-dried 
product within a fluid bed (Uhlemann et al. 2002). The high moisture levels that 
remain for a relatively long period of time can result in some volatile losses. The 
somewhat larger particles will have less oil exposed to the surface of the particles. 
(This does not necessarily correlate with better shelf-life (Buffo et al. 2002).)

An alternative process for the preparation of larger aroma particles is pressure 
agglomeration or compaction, in which spray-dried aroma is compressed under 
high pressure together with additional maltodextrin into lumps and then crushed 
into small pieces of about 0.7–3.0 mm (Uhlemann et al. 2002; Barnekow and Fexer 
2007). These type of particles are useful for applications in which the aroma encap-
sulates should not be separated from the food products (e.g. in tea bags).

The effect of granulation/agglomeration/compaction on aroma release in use is 
very small and will be comparable to spray-dried particles prior this treatment (see 
Sect. 5.3.1).

5.3.3 Fluid bed Coating

Fluidised bed coating is a technique in which a coating is applied onto powder 
particles suspended in air (see Fig. 2.3 and Sect. 2.2.2). The powder particles might 
be aroma encapsulates obtained via another encapsulation technique (e.g. spray-
drying). The coating material can be a fat or a wax, which will then solidify on the 
surface of the aroma encapsulates (Uhlemann et al. 2002; Cho and Park 2002). This 
might be useful to provide aroma release upon heating. An alternative way of 
applying a fat coating was disclosed in patent by Popplewell and Porzio (1998), 
which states that fat-coated encapsulates can be prepared by (1) mixing the encap-
sulates with molten fat to obtain a slurry, and (2) cooling the slurry to obtain a solid 
mass in which the active agent is dispersed in solid fat. Ethylcellulose might be 
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present in the molten fat and the solid mass can be milled or grinded to reduce its 
particle size.

Fluid bed coating might also be achieved by spraying powder particles with 
aqueous polymer solutions, which will leave a polymer film onto the powder 
particles after water evaporation. Examples of such coatings are cellulose deriva-
tives (e.g. ethyl cellulose, methyl cellulose, hydroxypropyl cellulose, hydroxy-
propyl methyl cellulose 8), gums, proteins, or shellac. In general, these coatings 
will solubilise in water, unless they react with the powder to form an insoluble 
film. An example of this might be spraying of an aqueous mixture of limonene, 
starch and alginate or pectin onto a powder mixture of starch and calcium glucon-
ate in a fluid bed (Trophardy 2007b; see also Sect. 5.3.8). Daragh and Stone 
(1975) disclosed in their patent double encapsulation of volatile flavors by coat-
ing flavor in lipid particles (made by spray-chilling, see next section) with a 
water-soluble material (gum arabic or dextrin). These encapsulates were added to 
butter or margarine, and the inventors claimed superior flavor when one of these 
two products was used to bake cookies or cake.

The primary advantage of fluid bed coating is that it can modify the surface 
properties of the aroma encapsulates, e.g., thermal release properties or additional 
aroma protection. Disadvantages are the relatively long coating times (which may 
easily take 2–20 h in a batch process) and the substantial amount of coating materials 
needed to ensure complete covering (depending on the application and particle size 
of the core material). These two disadvantages may make fluid bed coated 
encapsulates relatively costly.

5.3.4 Spray-Chilling/Spray-Cooling

Spray-chilling or spray-cooling is a technology to produce lipid particles with 
aroma. About 5–10% of all aroma encapsulates are prepared by this technique 
(Porzio 2004, 2007b, 2008). It is a similar process as spray-drying (see Sect. 2.2.1 
and 5.3.1), but no water is evaporated here and the air used is cold or refrigerated. 
First, a molten lipid–aroma mixture is prepared, atomised as fine droplets into a 
chilled chamber (e.g. via nozzle, spinning disk or (centrifugal) co-extrusion), then 
solidified and finally recovered as fine particles (Uhlemann et al. 2002; Gouin 
2004; Porzio 2004). The resulting particles consist of a fine dispersion of liquid 
aroma in fat crystals. Optionally, the aroma might be spray-dried (Bush Boake 
Allen Ltd 1973) or encapsulated in a microsphere prior spray-chilling (Coyne et al. 
2005). In general, the melting point of the lipid used is in the range of 34–42°C for 
spray-chilling, and higher for spray-cooling. The aroma is released when the lipid 
material becomes liquid above its melting point. This trigger is often utilised during 
processing or cooking. One should realise that lipophilic aroma might diffuse rela-
tively easily through fat crystals; therefore it is usually not recommended for appli-
cations that require long shelf lives (Popplewell et al. 2003).

An alternative process to spray-chilling/spray-cooling might be emulsification 
of molten fat or wax in water at a temperature above the melting temperature of the 
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fat, followed by cooling during mixing. However, the part of aroma that is in the 
water phase will not be encapsulated within the fat. One may spray-dry this suspen-
sion of fat particles in the presence of water-soluble matrix material to obtain a 
free-flowing powder (see Sect. 5.3.1), which is also claimed in a patent by Shefer 
and Shefer (2003).

5.3.5 Melt Injection

Carbohydrate materials (like sucrose, maltodextrin, glucose syrup, polyols, modi-
fied starches, other mono- and disaccharides) can be mixed with aroma and emulsi-
fiers when molten at 110–140°C, then pressed through one or more orifices 
(at 1–7 bar) and finally quenched to form a glass. This process is based upon the 
confectionary hard candy procedure, and is called melt injection or vertical, screw-
less extrusion. The extrusion is usually carried out into a cold, dehydrating organic 
solvent, commonly isopropanol (IPA). The coating material hardens on contacting 
the isopropanol, thereby encapsulating the aroma as finely dispersed droplets in a 
solid matrix (see Fig. 5.2). The size of the extruded strands is reduced to the appropriate 
dimensions inside the cold solvent during vigorously stirring, thereby breaking up 
the extrudates into small pieces. Any residual aroma is removed from the surface 
of the encapsulate by the isopropanol, thereby preventing oxidation of the non-
encapsulated aroma (which is especially important when for example citrus oils are 
to be encapsulated (Ubbink and Schoonman 2003; Porzio 2004, 2008)). If the 
aroma components are sensitive towards oxidation, the melt injection process can 
be carried out under nitrogen. Isopropanol is by far the most used cooling solvent. 
However, it is flammable and its vapor is regarded as a hazardous waste requiring 
specialised equipment for handling and storage. An alternative might be the use of 
liquid nitrogen as the cooling solvent (Subramaniam et al. 2006).

About 2% of all aroma encapsulates are made by melt injection (Porzio 2004, 
2007b, 2008). This technology is used by, e.g., Firmenich as ‘Durarome®’. 
Interestingly, the same technology has been used by them to encapsulate fish oil 
(Valentinotti et al. 2006; see also Chap. 6). Durarome® products from Firmenich are 
rod-shaped with a typical particle size between 200 and 2,000 mm, and the aroma 
loading is between 5 and 25%. The carrier material used in melt injection is com-
monly water-soluble, and can be sensitive to humidity (depending on composition 
and particle size). The use of low MW carbohydrate for the preparation of 
Durarome® products results in relatively low porosity (see Sect. 5.2) and enhanced 
barrier properties and thus decreases the oxidation of aroma compounds upon stor-
age. One may add anti-caking agents as tricalcium phosphate or pyrogenic silica to 
keep the powder free-flowing during storage.

Bohn et al. (2005) found that the average glass transition temperature (T
g
; see 

also Sect. 5.2) of a rapid dissolving Durarome® with 4–5 wt% water decreased 
rapidly from 46°C to about −50°C upon humidification. Durarome® products’ T

g
 

responded similarly to pure freeze-dried amorphous sucrose upon humidification. 
The release of benzaldehyde at 25°C was triggered when the T

g
 was below −5°C 
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after exposure at a relative humidity of 60% or higher (this value might be different 
for other aroma components). As seen in other studies, the release occurred at a 
temperature above the T

g
, but not at that temperature. Please note that other 

Durarome® products may behave differently upon exposure to high relative humid-
ity, since the stability towards humidity and the dissolution rate of Durarome prod-
ucts can be modulated through a selection of the encapsulation matrix and particle 
characteristics.

Bouquerand et al. (2004) from Firmenich described that incorporation of 
3.3 wt% agar agar in a Durarome composed of 57 wt% maltodextrin, 30 wt% aroma 
and 8 wt% water (patented by McIver et al. 2002) resulted in Fickian diffusion-
controlled, first-order aroma release due to the formation of a hydrogel. If no agar 
was used, a faster, zero-order release was found due to gradual dissolution/erosion. 
The authors could model the aroma release when the diffusion of water into the 
encapsulates was taken into account.

Fig. 5.2 Scanning electron micrograph of a Durarome® product in which the aroma is encapsu-
lated as finely dispersed droplets in a solid matrix. This picture has been kindly provided by 
Firmenich S.A., Geneva
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5.3.6 Melt Extrusion

Aroma can also be encapsulated in a carbohydrate melt by using an extruder with 
one or more screws in a continuous process (see Sect. 2.2.4 and Porzio 2004, 2008). 
Melt extrusion can be regarded as a very similar process as melt injection; the main 
differences are that in general melt extrusion utilises screw(s) in a horizontal posi-
tion and that the extrudates are not surface washed. First, a dispersion of aroma in 
a melt of carbohydrates with water as a plasticizer is formed within such an 
extruder, then expelled under high pressure through a die to form sheets, ropes or 
threads of different dimensions (depending on the die geometry), and finally an 
amorphous or solid glass is formed upon rapid cooling by air or cold bath. The 
extrudate can be broken into smaller pieces by cutting with a rotating knife imme-
diately after the die or by grinding after the cooling step. The extruder has screws 
which are designed to melt, further homogenise and compress the extrudate, and 
may have section-controlled variation in temperature (melt temperatures are gener-
ally about 105–125°C). In general, the aroma melt extrudates have a dense structure 
and their glass transition is between 30 and 70°C. Extrudates can be composed of 
starch, maltodextrins, modified starches, sugars, cellulose ethers (like hydroxypro-
pyl cellulose or hydroxypropyl methyl cellulose), proteins, emulsifiers, lipids and/
or gums. One of the most widely used food polymer material is starch. So-called 
thermoplastic starch is obtained by destructuring starch via the simultaneous appli-
cation of heat (around 110–120°C) and mechanical forces in the extruder (Yilmaz 
2003; Yilmaz et al. 2005). The presence of plasticisers, such as water or glycerol/
polyols, enables further processing and properties of the extrudates, such as the 
control of the glass transition temperature of the material, its solubility and mor-
phology (Yilmaz et al. 1999 and references therein; Ubbink and Schoonman 2003). 
If one would like to delay the dissolution of melt extrudates in water, one may use 
relatively high molecular weight polymers and process these at higher temperature 
and/or plasticiser content (Ubbink and Schoonman 2003). Modified starches that 
are tailor-made (using physical, chemical or enzymatic routes) might also be util-
ised to make extrudates more water-resistent (Zasypkin and Porzio 2004). In addi-
tion, additives (such as plasticisers and other constituents in the formulation) and in 
situ modifications (e.g. heat treatment, surface modification, and induction of 
(local) crystallinity) might be used (Yilmaz et al. 2005). Polymers which form a 
hydrogel upon hydration (like cross-linked gelatin or gluten, instant starch and 
sodium alginate in the presence of calcium) might also be used in melt extrudates 
to provide a controlled release of the flavor, e.g., upon eating a lemon-flavored 
chewy candy (Henson et al. 2006).

Encapsulation of aroma via melt extrusion can be achieved by adding it in the 
mixing/dispersing zone of the extruder (at about halfway the screw(s), see Fig. 2.4). 
This minimises the residence time of aroma and avoids too long exposure to the 
relatively high temperatures required. The aroma can be added as an oil, an o/w 
emulsion or in a spray-dried form. Alternatively, pre-encapsulation and surface 
modification are possible. Morphology of the obtained formulations will depend on 
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the properties of the ingredients as well as the matrix (see Sect. 5.2). The encapsula-
tion efficiency (and the release kinetics) will depend on adequate mixing and dis-
persion of the aroma within the matrix. The use of emulsifiers may allow better 
control of these characteristics (Yilmaz et al. 2001).

Some aroma loss during encapsulation may happen when the extrudate is 
expelled under high pressure through the die out of the extruder (flashing due to the 
pressure drop) and during the grinding of the extrudates. One may prevent this by 
cooling at high pressures (20–30 atmospheres) till the carrier material is in the glassy 
state (Fulger and Popplewell 1994). Due to their highly dense structure, extruded 
aroma encapsulates have in general very good stability and are therefore often used 
in dry beverage systems (e.g. tea bags) to prevent volatile losses and oxidation 
during storage. Carrier modifications might improve aroma survival in aqueous 
products. Unfortunately, the aroma load of such extruded encapsulates is relatively 
low (typically less than 10%), which may have an impact on their cost in use.

Aroma release from melt extrudates will occur upon water uptake or dissolution 
of the melt extrudates. As seen above with melt injection, the aroma release from 
melt extrusion occurs at a temperature well above the T

g
 of the carrier material. 

Blake et al. (2003) even stated that aroma loss did not correlate particularly well 
with the T

g
 when melt extrudates took up moisture dynamically (within a few 

hours). At 20°C the bulk of aroma only released when the moisture content became 
20% and the T

g
 of the extrudates had dropped far below 20°C.

Several major flavor houses commercialise aroma encapsulates made by melt 
extrusion technologies. About 2–3% of all aroma encapsulates are produced by 
melt extrusion (Porzio 2004, 2007b). Aroma melt extrudates are in general water-
soluble. Therefore, such extrudates are usually stable in dry food products but not 
in water-containing ones.

5.3.7 Coacervates

Coacervates are made via a liquid–liquid phase separation mechanism of an o/w 
emulsion into a polymer-rich phase (known as coacervate) and a polymer-poor 
phase (see Sect. 2.2.7, Soper 1995 and Thies 2007). According to the number of 
polymer(s) present, the process can be identified as (simple) coacervation when 
only one polymer is involved or complex coacervation when two or more polymers 
of opposite electric charges are present. The coacervates used to encapsulate aroma 
are most often of the complex type.

The shell of complex coacervates is commonly composed of gelatin and gum 
arabic, and can be crosslinked with, e.g., glutaraldehyde (not allowed in Europe for 
food applications) or transglutaminase (Soper and Thomas 1998). Optionally, the 
gum arabic can be replaced by other negatively charged molecules like carboxy-
methylcellulose, pectin, alginate, alginate derivatives or polyphosphate (Meyer 
1992; Gouin 2004; Bakker et al. 1999). Gelatin might be replaced by whey proteins 
(Weinbreck et al. 2003). Fish gelatin might also be applied for Halal use 
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(Subramaniam and Reilly 2004). Each system has its own optimal operating 
conditions. For example, complex coacervates might be made from an aroma in an 
o/w emulsion with gelatin and gum arabic at a 1:1 w/w ratio and at a 2% w/w of 
each polymer dissolved in the water phase. The pH is then adjusted from neutral to 
about 4 under turbulent conditions in a stirred vessel at >35°C, a temperature above 
the gelation temperature of gelatin (see Fig. 2.5; Gouin 2004; Lemetter et al. 2009). 
This creates three immiscible phases (oil, polymer-rich and polymer-poor phase), 
and the polymer-rich phase droplets will deposit on the emulsion surfaces due to 
interfacial sorption. Alternatively, complex coacervation can be induced by dilution 
instead of pH adjustment from a 8 to 11% (w/w) gelatin solution (Thies 2007). Upon 
cooling well below 35°C (Lemetter et al. 2009), the deposited gelatin and thus the 
shell will solidify and can be crosslinked by glutaraldehyde or transglutaminase 
(Thies 2007). Complex coacervates might also be postloaded with aroma by solvent 
(Thies 2007). Aroma components to be encapsulated are dissolved in ethanol and 
then mixed with in water swollen complex coacervates under agitation for several 
hours, followed by ethanol removal.

An example of simple coacervation has been given by Hsieh et al. (2006). They 
emulsified citronella oil in the presence of 0.2 wt% chitosan and increased the pH 
with 0.1–1.5 wt% sodium hydroxide to form a shell of chitosan around the emulsion 
droplets. After washing twice with distilled water, the dispersion of the encapsulates 
was improved by incubation with coconut oil amphoteric surfactant for 10 days. The 
resulting microcapsules were dried in a vacuum oven. The aroma released out of 
dried microcapsules within a few hours (depending on the temperature). Interestingly, 
the authors suggest that the structure of the chitosan wall shrinked once the micro-
capsules were thermally pre-treated at 80°C. Another example of simple coacerva-
tion is disclosed in a patent by Porzio and Madsen (1997); coacervation of 
hydroxypropyl methylcellulose or methyl cellulose was induced by addition of 
maltodextrin, which also functioned as a spray-drying carrier material.

Less than 1% of aroma encapsulates are composed of complex coacervates 
(Porzio 2007b). Release out of complex coacervates might be achieved by pressure, 
heat or water dissolution. It is more the oil (the co-solvent) than the aroma that is 
encapsulated in complex coacervates, and aroma is in equilibrium with the 
entrapped oil and the outside (Malone and Appelqvist 2003; see also the next 
section). The load of aroma can be very high (20–90%), and might be adjusted to 
match the density of a liquid food product. (The shell is heavier than water, and the 
oil is lighter.)

5.3.8 Microspheres

Microspheres are biopolymer gel microbeads which may have embedded oil drop-
lets. These matrix-type of encapsulates are obtained by gelling a biopolymer form-
ing a network around oil droplets in water. In general, microspheres are made via the 
extrusion/dropping method or via the emulsion method (see Sect. 2.2.8 and Fig. 5.3). 
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In the latter case, one has to start with a double emulsion (o/w/o) before gelation of 
the polymer. The main gelling system used is based on calcium alginate gels (see for 
example Chang and Dobashi 2003; Bouwmeesters and De Roos 1998; Soper et al. 
2004), but other systems might be applied as well: potassium – k-carrageenan, agarose, 
gelatin, gellan gum, agar, etc. Aroma-containing microspheres are prepared either in 
the presence of aroma in oil droplets (which may partition partly in the continuous 
oil phase when using the emulsion method) or by post-loading of dry microspheres 
containing blank oil droplets in the presence of trace amounts of water (Bouwmeesters 
and De Roos 1998; Ubbink and Schoonman 2003). The aroma load by post-loading 
usually ranges from 10 to 30 wt%.

400 µm 

100 µm 

Fig. 5.3 Fluorescence confocal laser scanning micrograph (CLSM) of calcium alginate micro-
spheres containing oil droplets with aroma. The pictures have been kindly provided by our col-
league Han Blonk from the Advanced Measurement and Imaging Department of Unilever R&D, 
Vlaardingen
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The emulsion method offers the advantage of providing smaller microspheres 
(25 mm to 1 mm) than the extrusion method (1–5 mm). It is also easier to scale-up. 
However, the emulsion method is also more expensive especially when scaling-up, 
since the vegetable oil has to be removed (and possibly recycled), and the micro-
spheres have to be washed sufficiently to eliminate the residual oil on the surface.

Recently, Trophardy (2007b) disclosed a method to prepare microspheres by 
fluid bed coating of biopolymers on reactive powder. For example, an aqueous 
mixture of limonene, starch and alginate or pectin was sprayed onto a powder 
mixture of starch and calcium gluconate in a fluid bed (see also Sect. 5.3.3). This 
resulted in insoluble encapsulates with an aroma load of about 10–50% and a 
particle size of 100–2,000 mm.

Aroma itself is not encapsulated into microspheres, but it is more the oil emulsion 
droplets inside the microspheres that are retained (Malone and Appelqvist 2003; the 
same is true for aroma in complex coacervates, see above). Aroma is interacting 
with the oil emulsions and is in equilibrium with hydrophobic environments outside 
(if present). The retention of aromas within the microspheres is controlled by both 
their initial lipophilic medium, consisting of triglyceride oil, and the porosity of the 
gel matrix surrounding the oil droplets. In a water-containing food application, for 
example, the (swollen) gel network increases the path-length through which the 
aromas must diffuse before coming under the influence of advective conditions 
existing in the environment outside the microspheres. The higher the density of the 
gel network, the slower the release. This explains why slower aroma release is found 
with increasing alginate and calcium concentrations and with increasing cross-
linking time (see, e.g., Chang and Dobashi 2003). Unfortunately, the biopolymer 
concentration cannot be increased a lot since a too high viscosity of this solution is 
hindering the preparation process of microspheres.

The aroma release performance of microspheres described above is usually not 
better than coacervates capsules in terms of retention during cooking. Nevertheless, 
microspheres are in general more robust than coacervates and can sustain harsh 
food processing conditions. In low water content food applications, one may expect 
a good retention of aroma since the biopolymer gel might not be in swollen state 
(reduced network porosity); increased aroma retention has been shown for example 
with alginate microspheres when baking crackers (De Roos 2003).

Aroma release out of microspheres might be delayed by coating with lipids (by 
spray-chilling, see Coyne et al. 2005), or by the use of microcrystalline cellulose 
(Soper et al. 2004) or hydrophobic starches in the gel network (Bouwmeesters and 
De Roos 1998).

5.3.9 Co-extrusion

Reservoir type of encapsulates (see Fig. 2.1) can also be made via co-extrusion with 
the use of a multifluid nozzle consisting of concentric tubes (see Sect. 2.2.9 and 
Angelich 2005). Some equipment (e.g. from Inotech, Brace, Nisco) utilises a 
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vibrating nozzle to produce 150–8,000 mm particles. The technology is based on the 
principle that a laminar liquid jet is broken into equally sized droplets by a 
superimposed vibration (see Fig. 2.6b). Another option is to make use of a dual-
feed nozzle in combination with ultrasonic atomization (from, e.g., Sono-Tek) or 
centrifugal co-extrusion.

Co-extrusion can be utilised to prepare microbeads with a core of aroma and a 
shell produced by interfacial gelling (e.g. calcium alginate, potassium – k carra-
geenan) or cooling (e.g. gelatin or fat) (Schleifenbaum et al. 2006; Mangos et al. 
2007). If gelatin is used as the shell (typically at 70–90 wt%) one may use 
30–10 wt% plasticiser, e.g., glycerol or propylene glycol (Schleifenbaum et al. 
2006).

Cooling is often done via so-called submerged co-extrusion (Morishita et al. 
1984; Schleifenbaum et al. 2006). This technique allows one to co-extrude an aque-
ous polymer solution that gels on cooling at the outer-side and an (aroma) oil to be 
encapsulated at the inner-side through a vibrating, multi-fluid nozzle that is sub-
merged into a moving carrier and cooling fluid (see Fig. 2.7). The submerged set-up 
prevents disruption of the shell upon contacting the cooling liquid. The capsules 
can be 0.8–8 mm with 70–95% load. Optionally, the capsules can be coated with 
sugar, chocolate or fat (Kamaguchi et al. 2001; Wonschik et al. 2005).

Co-extruded aroma encapsulates may have a similar aroma retention perfor-
mance as complex coacervates and microspheres. However, they commonly have a 
thin shell and are relatively large, which may make them more sensitive to shear 
than the other two types of encapsulates. Last but not least, the processing costs are 
quite high, which may limit their use for food applications.

5.3.10 Yeast Cells

Yeast cells (e.g. baker’s yeast) can be laden with aroma essential oil by simply 
incubating these two compounds in water under gentle stirring (Bishop et al. 1998; 
Normand et al. 2005; Heinrich 2006; Dardelle et al. 2007). An example is shown 
in Fig. 5.4. The passive diffusion of aroma across the cell wall and the cytoplasmic 
membrane of yeast cells probably relies on its relative affinity for the internal lipid 
phase of the yeast cell (Bishop et al. 1998). The internal cell matter is simultane-
ously displaced with the uptake of aroma, which is emulsified by internal lipids. 
Yeast cell capsules can be seen as relatively natural aroma encapsulates since only 
natural ingredients are used and the process itself is also fully natural.

The plasma membrane appears to be the major permeability barrier to the diffu-
sion of aroma essential oil into the yeast cells. The requirements for the aroma 
molecules to pass through the hydrated phospholipid bilayer are to be lipophilic 
enough (log P between 0.5 and 4) as well as small enough in size (Crothers and 
Nelson 2006). Active agent with a MW less than 1,000 can generally be encapsu-
lated. The chain length cut-off is about 12 atoms of carbon in a straight chain; this was 
also verified by us when investigating yeast-encapsulated ginger aroma compounds 
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Fig. 5.4 Fluorescence confocal laser scanning (Nile Blue staining at 0.1% w/v)/phase contrast 
micrographs of yeast cells with (a) no added aroma (original baker’s yeast) and (b) after encapsu-
lation of limonene essential oil during 4-h incubation at 40°C (loading ca. 32% w/w) (Heinrich 
2006). The pictures have been kindly provided by our colleague Han Blonk from the Advanced 
Measurement and Imaging Department of Unilever R&D, Vlaardingen

(Heinrich 2006, 2007). Furthermore, the fluidity of the plasma membrane can be 
manipulated simply by changing the temperature to alter the encapsulation rates of 
aroma compounds as well as the encapsulation kinetics (Bishop et al. 1998). For 
example encapsulating aroma essential oils at 60°C is more efficient than at 40°C, 
but also more costly especially since incubation has to last for a few hours for suf-
ficient aroma loading. Equally the release of aroma compounds, also diffusion-
controlled through the cell membrane, is faster at 60°C than at 20°C (Heinrich 
2006, 2007).

Under dry conditions aroma release rates are considerably low, and at up to A
w
 

of around 0.7 hardly any aroma is released; release appears to be largely limited by 
the mass transfer in the yeast cell wall (Bishop et al. 1998). Dardelle et al. (2007) 
even claim that aroma encapsulated in yeast cells in a dry state leaked out only at 
temperatures above 243°C (no proof provided). Upon rehydration this limitation no 
longer holds and release out of yeast cells is no longer limited by their cell walls 
but only by their phospholipid membranes. So aroma release from yeast is only 
extremely slow when the yeast is not hydrated (in dry state or in oil). When the 
yeast capsules are fully hydrated the aroma release is still very slow in purely aque-
ous systems and depends on the applied temperature to the system (see, e.g. 
Fig. 5.5). It has been shown with baker’s yeast cells in water that encapsulated 
limonene or ginger aromas, for example, are releasing faster (higher aroma release 
rate) at higher temperatures (temperature was increased from 10 to 60°C; Heinrich 
2006, 2007). Surprisingly, the aroma release rate was found to be constant and 
equal to the release rate at 60°C for temperatures of 60–82°C (higher temperatures 
were not studied). Flavored rice and pasta are typical examples of applications that 
can benefit from the yeast encapsulation technology (Dardelle et al. 2007). 
However, it was also shown that, as soon as triglyceride fats and/or emulsifiers are 
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Fig. 5.5 Sesquiterpenes aroma release intensity profiles, measured by APCI-MS, of yeast-
encapsulated ginger essential oil (continuous line) and free ginger oil (dotted line), both dispersed 
in pure water and heated at a constant temperature of 65°C. Aroma concentration was 100 ppm in 
both samples

present in the final application, aroma stability in yeast capsules (during storage or 
during cooking) is severely impacted. Therefore in many food applications this 
technology has some performance limitations. Another area of applications where 
yeast capsules are expected to perform well is dry food products (low A

w
) that do 

not require water for cooking.
It is also believed that yeast cell capsules have an additional unique property of 

specific in-mouth delivery (Dardelle et al. 2007). The mechanisms that are believed 
to be involved here are a first adhesion of yeast capsules into the oral mucosa (via 
strong interactions between residual chitosan on the surface of the cells and the 
mucin protein from the mucus layer), followed by a fusion of the lipophilic aroma 
compounds onto the lipophilic surface of the keratinised areas of the mucosa.

Aroma in yeast cells is commercialised by Firmenich under the trade name 
‘Thermarome’ under exclusive license from Micap Ltd., and often provided in a 
spray-dried form.

5.3.11 Cyclodextrins

Cyclodextrins are cyclic oligosaccharides of 6–8 glucose molecules, which are 
formed by enzymatic modification of partially hydrolysed starches. b-cyclodextrin 
is the most common one (Kant et al. 2004; Reineccius et al. 2004, 2005; Szente and 
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Szejtli 2004; see also Sect. 2.2.10). The cyclodextrins might be branched enzymatically 
to increase their water solubility (Ajisaka et al. 2000). Cyclodextrins have a 
lipophilic inner pocket, in which an aroma molecule with the right size can be 
entrapped via hydrophobic interactions (so-called molecular inclusion). The entrap-
ment is usually carried out by dissolving cyclodextrin in limited amount of water, 
followed by addition of aroma under vigorous stirring. A temperature of 60–80°C 
might be used to facilitate dissolution of cyclodextrin and complex formation. 
Unfortunately, the loading of aroma into cyclodextrins is limited. For example, only 
97 mg of lemon oil could be entrapped by 1 g of b-cyclodextrin after spray- or 
vacuum-drying of a paste (Bhandari et al. 1999). The load of other aromas varies 
in most cases between 8 and 10% (Szente and Szejtli 2004). Yoshii et al. (2006) 
found for several aromas an aroma/cyclodextrin molar ratio between 0.4 and 1.4. 
The binding is reversible and release of hydrophobic volatiles from cyclodextrins 
in aqueous systems is similar to that observed with emulsions (Kant et al. 2004), 
which indicates that the effect of cyclodextrin is diminished in the presence of an 
excess of emulsions. Cyclodextrin may protect aroma against oxidation, light- or 
heat-induced degradations and evaporation (Szente and Szejtli 2004). Freeze-dried 
flavor – b-cyclodextrin complexes retained flavor better and had a higher oxidative 
stability upon storage than spray-dried flavors using a maltodextrin, gum arabic, 
N-Lok, and gelan gum mixture at a 30/26.4/39.6/4 (w/w) ratio (Cho and Park 
2009). The oxidative stability might be due to the fact that the flavor – b-cyclodex-
trin powder was less hygroscopic than the spray-dried flavor powder. Yoshii et al. 
(2006) found that addition of cyclodextrins for the retention of aromas in boiling 
water might only have a small effect in comparison to that at room temperature.

About 1% of all aroma encapsulates are based on the use b-cyclodextrin (Porzio 
2004, 2007b, 2008). A typical application includes protection of unstable aromas 
in beverages (e.g. lemon flavoured teas). Cyclodextrins are also used to improve 
aroma retention during spray-drying (Shiga et al. 2004; Yoshii et al. 2005) or manu-
facturing of extruded snack food (Yuliani et al. 2004; 2006a). Unfortunately, the use 
of cyclodextrins might be limited by regulatory rules. In the US b-cyclodextrin is 
on the GRAS list since 1998, at a 2% level in numerous food products (Szente and 
Szejtli 2004), and also a- and g-cyclodextrins have a GRAS status. Within the EU 
b-cyclodextrin is only allowed in chewing gum, potato and water-based flavoured 
drinks (see http://www.codexalimentarius.net/gsfaonline/additives/index.html). 
Only in February 2007, a-cyclodextrin got a novel food status and the one for 
g-cyclodextrin has not been granted yet.

5.3.12 Silica Particles

Amorphous silicas are used to adsorb aroma prior to further encapsulation, e.g., 
within fluid bed coating (see Sect. 5.3.3 and Redd and Sell 1997) or extrusion (Rasp 
et al. 2000).

A new technology to encapsulate aroma is the use of porous sol-gel made silica 
(Veith et al. 2004a, b, 2005). Hydrolysis of tetraethyl orthosilicate was performed 
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for 48 h at ambient temperature, and then neutralised to induce gelation. At pH 6 
an aroma mixture was added and after further neutralization gelation took place. As 
the porosity decreased, aroma molecules were entrapped more efficiently in the 
silica particles. The retention performance at ambient temperature decreased from 
alcohols > aldehydes ³ esters > terpenes as with polar organic matrices (Veith et al. 
2004b). Open sol-gel made silica particles showed an increased retention with 
increasing aroma load, while denser silica matrices had a maximum retention with 
increasing load. The aroma release was within 5–20 min in absolute ethanol at 
25°C (Veith et al. 2004a). Further research will be necessary to estimate the full 
potential of food grade silicas in food products.

5.3.13 Co-crystallization/Co-precipitation

Co-crystallization or co-precipitation involves spontaneous cryztallization or pre-
cipitation, in which aroma (or other actives) can be entrapped. This technology is 
not often used (much less than 1% of all aroma encapsulates; Porzio 2004, 2007b, 
2008), but discussed here to give a complete overview of aroma encapsulation 
possibilities.

For instance, supersaturated sucrose syrup at a temperature above 120°C can 
form spontaneous crystals upon cooling. Aroma can be added at the time of crystal-
lization, thereby being encapsulated (see Madene et al. (2006) and references 
therein). The crystal structure of sucrose can be modified to form aggregates of 
very small, water soluble crystals that incorporate the aromas either within the 
crystals or by entrapment.

Recently, water-insoluble aroma complexes were made by co-precipitation of an 
emulsion of aroma oil in an aqueous solution of sodium caseinate by bringing the 
system to the isoelectric point (Yuliani et al. 2004, 2006b; Begum 2005). Lemon oil 
was used as a model aroma compound at 5, 10, 15, 20 and 25% (w/w). It was emul-
sified in a sodium caseinate solution, followed by precipitation of the emulsion at 
pH 4.5. The wet precipitate granules were fluid bed dried to obtain the encapsulated 
product in a dry granular form. Grinding provides a free-flowing powder. The cap-
sules are edible and water-insoluble. The retention of lemon aroma in dried capsule 
was maximum (77.5% total oil) at 15% oil level. The total oil retained in the encap-
sulated powder granules from precipitation method were comparable to that 
retained by the conventional spray drying method which produces water-soluble 
encapsulated powder. The same group also studied the used of these encapsulates 
in extruded model food products composed of corn starch. They found improved 
aroma retention upon extrusion of the food product (Yuliani et al. 2006b), but it was 
lower than that obtained with cyclodextrin (see Sect. 5.3.11 and Yuliani et al. 
2006a). These capsules might be more sensitive to shear during extrusion than 
aroma–cyclodextrin complexes, and the presence of sodium caseinate material also 
influenced the properties of the extrudates and process parameters.
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Another example from the literature is the co-precipitation of aroma and zein, a 
water-insoluble protein. Zein nanospheres have been proposed as novel drug deliv-
ery systems, and only recently as novel encapsulates for the delivery of essential oil 
(Parris et al. 2005). Zein nanospheres contained 10–20% essential oil and were 
prepared by dissolving 250 mg of oil and 1.0 g of zein in 15 ml of 85% ethanol, 
followed by rapid dispersion of this solution into 40 ml of water containing 0.01% 
silicone fluid. The resulting opaque solution was then freeze-dried. Fifty per cent 
release was obtained within 4–5 h at 37°C and at pH 7.4 (with or without pepsin). 
Nanoparticles of 2-dimensional, layered double hydroxide nanohybrids composed 
of vanillic acid, zinc and aluminium oxides were recently made by co-precipitation 
of aqueous solutions containing vanillic acid, zinc nitrate 6-hydrate and aluminium 
nitrate 9-hydrate at molar ratios of 1.5:2:1 to 1.5:4:1 via titration of sodium hydrox-
ide to a pH of 8 (Hong et al. 2008). The entrapment of vanillic acid was based on 
electrostatic interaction and about 33–39% of vanillic acid could be entrapped. 
However, the vanillic acid release was a burst one in aqueous solutions.

5.4 Applications of Aroma Encapsulates

Aroma might be encapsulated to provide superior handling during production, 
improved safety, creation of visible and/or textural effects, proper incorporation of 
aroma into the food product, improved stability and/or controlled aroma release 
(see also Sect. 5.1). Selecting the best encapsulation system for a specific aim(s) 
depends on various criteria, as already outlined in Sect. 2.4. In general, efficacy of 
aroma encapsulates is a delicate balance between shelf-life stability and release at 
the desired moment and place. Stability of the aroma encapsulates during prepara-
tion of the food product prior use, costs of the technology, scaling up, IPR and legal 
aspects are important aspects to consider as well.

5.4.1  Aroma Retention During Production and Storage  
in Food Products

Unfortunately, the studies about incorporation and storage stability of aroma encap-
sulates in food products are limited. Most studies focus on aroma release upon appli-
cation or on storage stability of aroma encapsulates as such (not incorporated into 
food products). Nevertheless, this paragraph will discuss some general guidelines.

Basically all encapsulation technologies discussed in the previous section may 
provide superior handling and improved safety by the conversion of liquid aroma 
into a powder. If these are the only benefits obtained, one may choose the cheapest 
option (i.e. spray-drying).
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If one would like to create visible and/or textural effects (e.g. coloured particles), 
the particle size should be large enough to be noticed by consumers by eye or in the 
mouth. In general, particles above 50 mm are noticeable in the mouth and below 
they may not, depending on the hardness of the capsules and the contrast between 
this property and the one of the food matrix. For example, large particles will be 
easily noticed by eye or in the mouth in a drink, but not in a food bar.

Of course, aroma encapsulates should be properly incorporated into the food 
products. For food powders, this means that the aroma encapsulates are homoge-
neously distributed. The particle size of aroma encapsulates might be adjusted to 
avoid segregation in a food powder by proper choice and design of the encapsula-
tion process or by post-treatment via agglomeration or compaction. For example, 
spray-dried aroma might fall out of tea bags. To avoid this, one may utilise melt 
extrudates or (pressure) agglomeration to get larger aroma particles that will stay in 
the tea bags. For food liquids, one may utilise small encapsulates that are not 
noticeable by consumers and that do not sedimentate. An example is the use of 
cyclodextrins in beverages. However, cyclodextrins will not be useful when a fat 
phase is present in the beverage (e.g. milk), since then aroma will migrate quickly 
into the fat.

Stability of aroma during processing of food products might be another benefit 
of using encapsulates. Most encapsulates are relatively stable upon mixing with dry 
food powders and storage in closed packages (A

w
 < 0.3), although care might be 

taken for high shear during powder streams and processing steps in the factory. 
Large particles may, e.g., be ruptured by the rolling process used in making stick 
gum (Angelich 2005). Smaller particles are more shear resistant.

In principle, aroma encapsulates can be added to liquid food products as a dry 
powder or as a slurry. In juices, encapsulates might not be noticed due to the pres-
ence of natural dispersed material. Sedimentation of encapsulates might be pre-
vented by matching the density of the liquid food product. In addition, care must 
be taken not to destroy encapsulates (especially large capsules and/or reservoir type 
of encapsulates) during processing of liquid foods, especially during emulsification 
steps requiring high shear.

If the food products contain a reasonable amount of water, encapsulates with 
water soluble carrier material (such as (poly-)saccharides, maltodextrin, (modified) 
starches, gums, and proteins) will dissolve. Encapsulates with such a carrier mate-
rial (prepared by, e.g., spray-drying) cannot deliver any further benefit of aroma 
retention. (Cyclodextrins might be the exception if no fat is present, see above.) The 
use of coatings that are water-insoluble, e.g. with hard fat or wax coatings, might 
be an alternative, although osmotic forces may lead to rapid aroma release if the 
core is water-soluble and cracks in the coating exist (Ubbink and Schoonman 
2003). Another challenge here is that aqueous food products will generally be pas-
teurised to guarantee microbiological safety and then the hard fat or wax coatings 
will usually melt during such a heat treatment. In such cases, post-addition of such 
encapsulates after the preparation process of food products (which increases costs) 
or encapsulates with coating that do not dissolve in water and do not melt upon 
heating might be an option (e.g. cyclodextrins if no fat is present or encapsulates with 
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a matrix based on cellulose derivatives). The following literature findings exem-
plify what kind of improved aroma stability by encapsulation can be achieved dur-
ing processing:

 – b-Cyclodextrin (see Sect. 5.3.11) or sodium casein precipitates (see Sect. 5.3.13) 
have been used to retain d-limonene upon extrusion cooking with starch, which 
is widely used to manufacture snack foods (Yuliani et al. 2004, 2006a, b).

 Reineccius et al. – (2004) found a flavour retention benefit with b-cyclodextrin as 
well upon preparation of hard candy, fruit leathers, and angel food cake.

 Flavor in yeast cells survived the processing conditions of granular cooking aids –
and kept their controlled release benefit (Bonnet 2006).

 Campanile – (2004) claimed that fluid bed coated encapsulates can resist process-
ing conditions in typical sugar confectionery (10 min at 120–130°C for, e.g., 
hard boiled candies) or gum systems (up to 40 min at 80°C for, e.g., wine gums 
or aerated chews).

 Improved aroma retention was found when using aroma in complex coacervates –
upon coating of cereal samples with berry or citrus flavored molten sugar solu-
tion of 100°C, followed by 10 or 20 min drying in a convection oven at 79°C 
(Soper 1995).

 The use of melt extrudates with a high glass transition temperature in a hard –
candy production showed better aroma retention than melt extrudates composed 
of a standard blend of dextrins and sugars (Popplewell et al. 2003).

Aroma encapsulates in dry food powders (A
w
 < 0.3) may increase aroma stability by 

preventing reactions with other food components in the products, degradation or 
evaporation. For example, Soper (1995) showed improved berry aroma retention 
when using complex coacervates upon storage of sugar coated ready-to-eat cereal 
for 10 weeks at 40°C. Oxidation-sensitive aroma like citrus oils might have a better 
shelf-life in encapsulates prepared by melt injection or melt extrusion than prepared 
by other methods because of their barrier properties to oxygen (Ubbink and 
Schoonman 2003). Aroma evaporation might occur via sorption or permeation 
through the packaging material into the open atmosphere (López-Carballo et al. 
2005) or by opening the pack. Encapsulation may prevent such evaporation or 
migration processes.

Upon storage of dry food products in closed packages, aroma might migrate 
from encapsulates via the gas phase into other hydrophobic pockets of the food 
matrix (e.g. oil, starch, etc.). Encapsulates which do not have aroma present on their 
surface by design and carrier material with a high glass transition temperature (T

g
), 

prepared for example by melt extrusion or fluid bed coating, may be especially 
useful for stabilization of labile aroma molecules under dry conditions. The glassy 
state of carrier material limits caking and enhances aroma retention upon storage. 
Moisture uptake (A

w
 > 0.3) through the package or by opening might increase leak-

age and/or oxidation of aroma in, e.g., spray-dried form, since water will decrease 
the T

g
 of the carrier material (see Sect. 5.2). The increase of aroma release might 

occur at a temperature well above the T
g
 (the difference depends on the aroma 

molecule), but probably not at that T
g
 temperature (Bohn et al. 2005). This increase 
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will depend on the physico-chemical characteristics of both the carrier material and 
the aroma. Moisture damage may be prevented by using encapsulates with more 
hydrophobic carrier materials (including spray-dried ones and lipid coated ones), 
with complex mixtures of carbohydrates which do not easily crystallise (Ubbink 
and Schoonman 2003) and/or with highly dense structures (e.g. melt extrudates, see 
Popplewell et al. 2003).

Aroma encapsulates in liquid food products might be less storage stable. 
Encapsulates with water-soluble coatings dissolve and are therefore not storage 
stable. Complex coacervates, microspheres, cyclodextrins or yeast cells with aroma 
are only storage stable in aqueous food products if no fat and/or emulsifiers are 
present. For example, aroma in dried coacervates composed of gelatin and gum 
arabic was completely recovered in the fat phase upon storage in margarine 
(Unilever, unpublished results). Encapsulates with coating that are water-insoluble 
might be an alternative for aqueous food products if they can be post-added or 
survive pasteurization (see above). Furthermore, lipophilic aroma may diffuse 
through the fat, therefore lipid-coated encapsulates are not recommended for appli-
cations that require long storage. Encapsulates in oil-based products without water 
might use oil-insoluble coatings, which are often water-soluble ones (such as 
(poly-)saccharides, maltodextrin, (modified) starches, gums, and proteins). Within 
Unilever one has found that simple spray-dried aroma is very well retained in the 
powder particles upon storage in sunflower oil for over 1 year at ambient tempera-
tures (unpublished results). Only very volatile aroma molecules like acetaldehyde 
leaked partly out of the encapsulate. So, volatile aroma might migrate from encap-
sulates into the oil phase upon storage. Small additions of water to the oil resulted 
in immediate release of the aroma. Dardelle et al. (2007) found no significant 
aroma release from dry yeast capsules after 15 days of incubation in oil (in contrast 
to wet yeast cells).

5.4.2 Aroma Retention During Cooking

Only encapsulates with a good stability during production and storage until use (see 
previous section) will be able to deliver a controlled release benefit in application. 
Although this seems very obvious, it is often overlooked. Aroma release benefits 
from encapsulates in food products are often claimed without checking this pro-
cessing and storage stability requirement. Possible controlled release benefits 
during cooking (baking, boiling, frying, grilling, etc.) are improved aroma differen-
tiation, aroma burst or aroma retention.

Aroma differentiation by encapsulation means that the aroma perception of a 
product might change during cooking. In theory this might be used during cooking 
(e.g. to signal that the meal is ready), but this is difficult to achieve in practice. Most 
often, aroma differentiation is used to give an aroma burst when the food product 
is dissolved, e.g., upon addition of a tea bag with tea and aroma encapsulates into 
hot water.
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Improved aroma retention can be achieved by delayed release from encapsulates 
during the cooking process. This means that (1) encapsulates should not dissolve 
quickly during cooking and (2) that the aroma diffuses only slowly with time out 
of encapsulates. Ideally, encapsulates should be of the reservoir type (see Fig. 2.1) 
to provide long retention, since only they can provide sustained (zero-order) release 
(see Chap. 4). Alternatively, matrix type of encapsulates (see Fig. 2.1) with a mul-
tiple order release close to zero-order might provide a release profile similar to the 
desired one. After release out of encapsulates, aroma may then diffuse further into 
the open atmosphere, depending on the affinity between the food product and its 
environment (see for this latter Druaux and Voilley 1997, and Van Ruth and Roozen 
2002; De Roos 2003). Upon cooking under liquid conditions (boiling, frying, etc.) 
aroma release out of encapsulates should probably be based on diffusion or slow 
dissolution, since other release mechanisms (see Chap. 4) provide either too slow 
release (erosion), too fast release (burst release by fast dissolution, melting, or 
breakage), or are not applicable (enzymatic release).

To meet the first requirement mentioned above, encapsulates should be com-
posed of water-insoluble carrier materials when cooking in water (boiling), and 
they should be composed of oil-insoluble carrier materials when cooking in oil 
(frying). The oil-insoluble carrier material might be the ones that are water-soluble. 
Please see the previous section for more information on such compositions. Melting 
of lipid coatings upon cooking might be used as a trigger for aroma release.

Open literature provides some examples on improved aroma retention upon 
cooking:

 Soper – (1995) showed improved aroma retention when using complex coacer-
vates in dough upon baking for 10 min at 177°C.

 Increased aroma retention upon baking was also found when using alginate –
beads or complex coacervates during baking of crackers (De Roos 2003). 
During preparation of hard bakery products, a lot of water is evaporated. 
Especially hydrophilic flavor will evaporate too, which can be prevented by 
encapsulation.

 Daragh and Stone – (1975) prepared a water-soluble coating (gum arabic or dex-
trin) onto flavor in lipid particles. This double-coating was made by spray-
chilling of lipid particles containing flavor, followed by fluid bed coating (see 
Sects. 5.3.3 and 5.3.4, respectively). These encapsulates were added to butter or 
margarine, and the inventors claimed superior flavor when one of these two 
products was used to bake cookies or cake. A disadvantage of this technology 
might be that these encapsulates need to be added after the pasteurization step 
of the butter or margarine (post-addition, which means extra costs) and will 
probably be noticeable by consumers due to their particle size.

 Redd and Sell – (1997) from M-Cap Technologies filed a patent which disclosed 
a wax and fat coating of diacetyl butter applied on synthetic amorphous silica. 
The product was intended for use with microwaved popcorn and was designed 
to effect release of the aroma at a temperature above 66°C, but below the pop-
ping temperature of the corn. The product made in this manner is capable of 
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retaining the diacetyl for up to 4 h at 60°C and releases the flavoring material at 
a temperature above 66°C when it is heated in a microwave. Shelf life of the 
encapsulated product in contact with unpopped popcorn containing 5% moisture 
was claimed to be at least 3 months.

 Fluid bed coated encapsulates with a coating that was solubilising in water at –
100°C in about 7 min provided slow release of aroma upon boiling and thus 
more retention than a spray-dried mixture (Doorn and Campanile, 2006). 
However, this will not be the case when fluid bed coating is performed with 
coatings that dissolve rapidly in water or with hard fat (since hard fat will melt 
during boiling).

 The use of cyclodextrin in boiling water had only a small effect on aroma reten-–
tion compared to that one at room temperature (Yoshii et al. 2006). This agrees 
with the finding that the presence of b-cyclodextrin in spray-dried flavor did not 
affect the flavor release upon boiling in water or during rice cooking (Shiga 
et al. 2003).

 Coyne et al. – (2005) entrapped pizza aroma in microspheres which then were 
lipid-coated by spray-chilling (see Sects. 5.3.4 and 5.3.8, respectively). Frozen 
pizzas with these encapsulates had a much stronger pizza aroma upon 3 min 
heating in a microwave. The inventors claimed that the aroma release could be 
triggered by absorbance of the microwave energy by the aqueous droplets in the 
inner part of the microcapsules (in the microspheres), which would then expand 
and fracture the fat barrier. Melting of the lipid material upon heating may also 
contribute to the release.

 A similar approach in which cookie aroma was released from fat particles on the –
surfaces of cookies during microwave heating was disclosed by Gaonkar and 
Ludwig (2005). The fat particles were applied on top of cookies by spraying a 
molten mixture of 5–40% aroma in ethanol and/or polypropylene glycol, 
medium chain fatty acid triglyceride (like glycerol tridecanoate fat) and high 
melting fat (like hydrogenated soybean oil) at about 70°C. The medium chain 
fatty acid triglyceride (35–75% of total fat) solubilised the aroma and the high 
melting fat (25–65%) provided structure. The fat particles protected the aroma 
from degradation during storage, and released aroma upon heating for 10 s in a 
microwave oven at 1,100 W. Those cookies had a pleasant flavor upon eating.

5.4.3 Aroma Release During Eating

Aroma that remains fully encapsulated will not be perceived in the mouth. Only 
aroma that has already released prior to eating or releases during eating will be 
perceived. For example, Reineccius et al. (2004) found that improved flavor reten-
tion by the use of b-cyclodextrin upon preparation of hard candy, fruit leathers, or 
angel food cake did not always result in improved sensory perception. They attrib-
uted this to poor aroma release from the inclusion complex during consumption.

Aroma release out of encapsulates during eating might be triggered by chewing, 
dissolution or dilution by water from the saliva, or by enzymes in the saliva.
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In seasonings, a spray-dried aroma might be released when the food product 
(e.g. a snack) with the seasoning is eaten (Porzio 2004).

In chewing gum, the aroma can be encapsulated by spray-drying to allow faster 
(De Roos 2003) or slower aroma release upon hydration and chewing in the mouth 
than when the aroma is in the gum matrix. A flavor burst might occur when aroma 
and sweetener are entrapped within water-soluble encapsulates (such as spray-dried 
ones) or when the encapsulates burst upon chewing. For example, small gelatin 
capsules provide an aroma burst upon chewing (Uhlemann et al. 2002), although 
care must be taken that the capsules will not be broken during production. Aroma 
retention or differentiation in chewing gums might be obtained with aroma 
entrapped in relatively water-insoluble encapsulates, which might be spray-dried or 
fluid bed coated ones (Campanile 2004; Angelich 2005). Please see especially 
Angelich (2005) for more information on encapsulates in chewing gum and other 
confectioneries.

Complex coacervates or microspheres have been used by Unilever researchers to 
control the release of lipophilic volatiles in the mouth during eating (Malone et al. 
2003; Malone and Appelqvist 2003). The complex coacervates and microspheres 
entrapped oil droplets containing aroma, which were termed ‘microstructured emul-
sions’ by them. It should be noted that the authors stated that it is the oil and not the 
aroma that is encapsulated. The oil droplets in the microstructures are enveloped in 
a gel phase, creating a static diffusion layer around the oil droplets. This increases 
the path-length through which the aroma must diffuse before coming under the 
influence of the advective conditions existing within the bulk of the product during 
eating. The result of these structures was to inhibit the rate at which the lipophilic 
aroma components replenish the continuous phase and reduce the rate of aroma 
release into the headspace. In this way, one could demonstrate a reduced aroma 
release from low fat systems similar to aroma release from high fat systems. A 
model for describing the aroma release from gel particles was developed by Lian et 
al. (2004). The model relates release rates to the composition (oil/water phase vol-
ume), particle size and the oil–water partition coefficient of the aroma, and takes into 
account the resistance to mass transfer in both the particle and the bulk liquid phase. 
It was possible to make microstructured emulsions from a range of biopolymer gels 
including calcium-alginate, gellan, gelatin, agar and starch and complex coacervates 
composed of gelatin/gum arabic. This provides the option to design particles that 
demonstrate controlled breakdown under physiological conditions during eating 
(Malone et al. 2003). Unfortunately, the particle size of the complex coacervates or 
microspheres used have to be relatively large (70–3,000 mm; the larger the better) to 
give an effect on aroma release rates, which limits their application.

5.5 Future Developments

The need for food products that are tasty, healthy (less sugar, less fat, and incorpora-
tion of nutrients which may often have an off-taste) and convenient will continue to 
demand improved aroma delivery systems. Furthermore, improved delivery systems 
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may better overcome possible negatives already mentioned in Sect. 2.1, i.e. decreased 
costs, applicable in current processing and supply chain design, not noticed by con-
sumers (visually or via mouthfeel) and more stable upon storage.

Improved aroma delivery systems might be achieved by modifying existing 
encapsulation processes (by choosing new carrier materials and new processing 
conditions), by developing new ones or by combining existing ones (as was done 
before by addition of cyclodextrin in the spray-drying or extrusion process, or by 
spray-chilling of microspheres). Furthermore, with the improvement of aroma 
encapsulates flavorists may need to adjust the aroma composition to make complete 
use of their potential (see also Porzio 2007a), in combination with other learnings 
from multisensory studies (Sijtsema et al. 2002). Last but not least, more studies 
about the incorporation, storage stability and release of aroma encapsulates in food 
products are needed to facilitate their success in the market.
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6.1 Introduction

6.1.1 Marine Oils

For those fortunate to live near rivers, lakes and the sea, fish has been part of their 
diet for many centuries, and trade in dried fish has a long history. The important 
fishing industry developed when fishermen started to fish over wider areas of the 
seas and when improvements in freezing facilities allowed storage at sea, and sub-
sequent distribution to urban consumers. For many, fresh fish and fried fish are now 
a part of their standard diet.

The original medicinal use of fish oils began with cod liver oil in the 1780s in 
England for arthritis and rheumatism. By the 1800s, it was used to prevent rickets. 
The prevention of rickets also depended on the vitamin D content. Fish oil contains 
several special types of fatty acids, the so called long-chain polyunsaturated fatty 
acids (LCPUFA, with more than 20 carbon atoms). The chemical structures of 
selected long-chain and other PUFAs are shown in Fig. 6.1.

Omega-3 fatty acids are those that have the first double bond at the third carbon-
carbon bond from the terminal methyl group of the carbon chain, the omega (chem-
ists normally start counting from the other side, the alpha). In Fig. 6.1, the omega-3 
fatty acids are a-linolenic acid (ALA), eicosapentaenoic acid (EPA), and docosa-
hexaenoic acid (DHA). Omega-6 fatty acids are those which have the first double 
bond at the sixth place from the end, here linoleic, g-linoleic, and arachidonic acids. 
The characteristics of the omega-3 fatty acids are described in more detail below, 
since most people have a shortage of these (Garg et al. 2006).
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6.1.2 Omega-3 Fatty Acids

ALA is an essential fatty acid, which means that it is necessary to human health but 
cannot be manufactured by the body (Van Seeventer and Systermans 2006). Hence, 
ALA must be obtained from food. ALA is highly concentrated in certain plant oils 
such as flaxseed oil and to a lesser extent in canola, soy, perilla, and walnut oils. 
ALA is also found in wild plants, such as purslane (Claytonia perfoliata). Once 
ingested, the body converts ALA into EPA and DHA, the two types of omega-3 
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Fig. 6.1 Chemical structures of oleic acid and selected PUFAs
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fatty acids more readily used by the body. ALA is the only omega-3 fatty acid found 
in vegetable products (Garg et al. 2006). The unique biochemical structure of ALA 
is important and helps to make it a key player in immunity, vision, cell membranes, 
and the production of hormone-like compounds.

EPA and DHA are polyunsaturated fatty acids that can be found in marine prod-
ucts (20–40% of the total fat contents) and algae (40% DHA and EPA). Both are 
important fatty acids that enter the body through consumption of marine products, 
fortification, or as ALA. A number of studies have been conducted to determine the 
role these fatty acids play in maintaining a healthy mind and body (Garg et al. 2006). 
Currently, more and more studies suggest that omega-3 fatty acids lower the risk of 
cardiovascular disease, some forms of cancer, and play a key role in brain develop-
ment (Garg et al. 2006; Kolanowski and Laufenberg 2006; Eilander et al. 2007). 
However, due to their highly unsaturated nature they are very sensitive to lipid 
oxidation. This leads to an entire scale of off-smells and off-tastes, varying from 
grass- and bean-like, to cardboard- and fish-like flavors.

6.1.3 Composition of Different Sources of Fish Oil

The fatty acids of fish oil vary according to fish species. Table 6.1 presents the fatty 
acid composition of different fish oils. Fish oil is a by-product of fish meal produc-
tion, and is obtained by filtration of cooked fish, followed by several purification 
steps, such as de-acidification to remove free fatty acids, bleaching to remove color 
and oxidation products, and deodorization to remove fish off-flavors. Optionally, 
the LCPUFA content can be concentrated, and anti-oxidants such as vitamin E are 
added subsequently (Kolanowski and Laufenberg 2006).

Of the fatty acids mentioned in Table 6.1, the saturated group (SAFA, mainly 
myristic and palmitic acids) is obtained from the fish diet, but it can also be biosyn-
thesized by marine animals, if and when required. The mono-ethylenic fatty acids 
(MUFA, mainly palmitoleic, oleic, and eicosenoic acids) can also be biosynthe-
sized by them. Many species of phytoplankton produce the highly unsaturated EPA 
(C20:5) and DHA (C22:6). Accordingly, these are passed up the animal food chain, 
and conserved as desirable fatty acids at each step. The leading countries producing 

Table 6.1 Fatty acid profile (in %) of various fish species

Species Herring Tuna Sardine Cod liver Menhaden Salmon Mackerel

SAFA 26 33 29 19 34 21 25
MUFA 54 18 31 50 24 29 47
EPA (C20:5) 10  6 22 11 15 13 7
DHA (C22:6)  6 26  9 12 10 18  8
LC omega-3 16 32 33 23 25 31 15

Data are taken from Firestone 1999. Values are averages, and may, for example, depend on 
the time of the year and region
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fish oil are Peru and Chile, followed by Denmark, the United States, Iceland, and 
Norway. The main fish species in Peru and Chile are anchovy, jack mackerel, 
Pacific mackerel, and sardine, while those in north-western Europe are capelin, 
Atlantic horse mackerel, sandeel, herring, and cod (Klootwijk 2006). New types of 
fish oils include salmon oil from Norway and tuna oil from Thailand and Australia. 
They are generally high quality oils that provide a useful source of omega-3 fatty 
acids (Gunstone 2004).

6.1.4 Food Fortification with LCPUFA

Growth in humans requires new cells and new membranes that are built up by 
phospholipids, for which EPA and DHA are necessary, the latter also reflecting 
development of vision and muscle control. The dietary recommendation for 
LCPUFA is still under debate; it varies with the various health organizations and 
also depends on disease prevention. The recommended daily doses of EPA and 
DHA for adults may vary from 180 to 500 mg for prevention of heart diseases, to 
1,000 mg for decrease in mental illness (Garg et al. 2006; Kolanowski and 
Laufenberg 2006). According to the FDA in 2000, the daily intake of EPA and 
DHA should not exceed 3.0 g. Recently, the European Food Safety Authority 
(EFSA) recommended as the daily dose 250 mg of EPA and DHA  and 2 g of ALA. 
However, the average amount of omega-3 fatty acids in a Western style diet is about 
0.15 g per day, which is far below the recommended level. Food fortification with 
LCPUFA may fill this gap, since it is not likely that all consumers will start eating 
two to three fish servings a week to meet the recommended minimum doses.

6.2 Lipid Oxidation

As mentioned above, unsaturated fatty acids are sensitive to oxidation. The oxida-
tion of lipid proceeds by a free radical mechanism, which can be described in terms 
of initiation, propagation, and termination processes (Chan 1987; Angelo 1992; 
Frankel 1996).

6.2.1 Initiation Reaction

The oxidation process can be initiated by a number of factors, including heat, UV 
radiation, ionizing radiation, or catalyzed-breakdown of peroxides (lipohydroperoxide 
or hydrogen peroxide). Metal-catalyzed oxidation (also called autoxidation) is the 
most relevant for foods, since trace elements are always present in raw ingredients.

Hydrogen peroxide might be formed in a metal ion-catalyzed reaction with 
oxygen:
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 ( ) 22
2 2O Fe Fe O

++  + ⇒    

 ( ) 2 3
2Fe O H Fe HOO •

+ + +  + ⇒ +   

 2 2 22HOO• H O  O⇒ +  

The hydrogen peroxide thus formed can be broken into hydroxyl radicals. These 
radicals initiate the oxidative chain.

 2 3
2 2H O  Fe HO •  HO  Fe+ − ++ ⇒ + +  

 3 2
2 2H O  Fe HOO •  H  Fe+ + ++ ⇒ + +  

  2HO • LH L •  H O+ ⇒ +

Followed by:
In the presence of metal ions, fatty acid hydro-peroxides generate the corre-

sponding alkoxyl radicals:

 
2 3LOOH Fe LO •  HO Fe+ − ++ ⇒ + +  

 
3 2LOOH  Fe LOO •  H  Fe+ + ++ ⇒ + +  

Followed by the initiation of a new chain (chain branching):

 
2LO •  H L LOH  HL •+ ⇒ +  

LH represents the fatty acid chain residue with an allylic proton. In this reaction, 
the role of Fe2+/Fe3+ can also be fulfilled by copper ions or any other transition 
metal that can give a one-electron redox reaction. Iron and copper are the most 
common metals involved in lipid oxidation in foodstuff.

The initiation reaction when oil or fat is subjected to high temperature is com-
pletely different.

Under these circumstances, cleavage of peroxides takes place, leading to an 
alkoxy or hydroxyl radical. These can both initiate radical chains.

 ( )ROOH RO • • OH with R L or H⇒ + =  

6.2.2 Propagation

The propagation reaction is predominantly a radical chain reaction. The peroxide radi-
cals react with the weak allylic and bisallylic C–H bonds, which react further as:

 2L •  O LOO •+ ⇒  
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 LOO •  LN LOOH L •+ ⇒ +  

The first reaction takes place very fast, and the oxygen level should be very low 
to prevent this reaction from happening.

6.2.3 Termination

The propagation reaction will continue until one of the following termination reac-
tions occur:

 2LOO • LOO• LOOL  O+ ⇒ +  

 LOO • L• LOOL+ ⇒

 L • L• L L+ ⇒ −

2LOO • LOO• L L  L OH  O+ ⇒ = + − +

These reactions lead to formation of dimers, polymers, ketones, and alcohols. 
At the beginning of the oxidation process, when oxidation proceeds at a low 
pace before becoming exponential, these reactions are of little importance since the 
concentration of radicals is low.

6.2.4 Formation of Off-Flavor

The primary products of the oxidation reaction described above are lipohydroperox-
ides and lipoperoxides. These compounds do not contribute to any off-flavor. The 
off-flavor is due to the homolytic or heterolytic cleavage of these primary products 
into the so-called secondary oxidation products. These secondary oxidation products 
consist of volatiles (aldehydes, alkanes, and ketones) which are responsible for 
(fishy) off-flavor (Jacobsen 1999; Van Ruth and Roozen 2000; Jónsdóttir et al. 2005; 
Velasco et al. 2006; Kolanowski et al. 2007; Shen et al. 2007).

6.2.5 Prevention of Lipid Oxidation

To prevent or slow-down the lipid oxidation, the following can be done (McClements 
and Decker 2000; Appelqvist et al. 2007):
 Prevent the initiation reaction from occurring (see Sect. – 6.2.1)
 Reduce the oxygen concentration (see Sects. – 6.2.1 and 6.2.2)
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 Add anti-oxidants (to scavenge radicals, and thus terminate the oxidation reaction –
similar to those shown in Sect. 6.2.3)

 Lower the storage temperature–
 Scavenge metal ions (iron or copper) using sequestrants in the water phase, if –

present (see Sect. 6.2.1)
 Exclude light (see Sect. – 6.2.1)

The speed of the above mentioned reactions also depends on the initial quality and 
subsequent handling of the raw materials, and on the food structure and composi-
tion. For example, oxidation in a water-in-oil emulsion might differ from that in an 
oil-in-water emulsion, the use of positively charged emulsifiers and thickeners of 
the interfacial layer of emulsions may repel metal ions, etc. (McClements and 
Decker 2000; Appelqvist et al. 2007). Alternatively, microencapsulation can reduce 
oxidation (discussed in the subsequent sections).

6.3 Microencapsulation Technologies of Fish Oil

6.3.1 Requirements

Fish oil can be encapsulated to prevent off-flavor (Garg et al. 2006) by:

 preventing contact between oxygen and fish oil,–
 preventing contact between metal ions and fish oil,–
 preventing direct exposure to light, and–
 trapping off-flavor.–

These conditions can be achieved by the entrapment of the fish oil in a glassy state. 
Below the glassy state, the molecules in amorphous materials have little relative 
mobility. Within glassy state microencapsulates, it is possible to entrap volatiles 
like aroma (see Chap. 5), and maltodextrin powder with internal voids can be 
loaded with pressurized gas above its glass transition temperature and is then 
cooled to trap the gas (Zeller et al. 2006). Thus, this indicates that the exclusion of 
oxygen and entrapment of volatile off-flavors might be possible. Of course, the 
inclusion of oxygen from air during the microencapsulation process should be 
avoided as much as possible. Another advantage of microencapsulation might be 
the conversion of a liquid into a powder, which may ease the handling during supply 
chain or incorporation into food powder products. However, a common feature of 
many fish oil microencapsulates is that they disintegrate or dissolve in aqueous 
food products, and will therefore not be storage stable in many food products. 
Insolubility of microencapsulates in aqueous products may therefore be an impor-
tant requirement, although this may lead to sandiness and consumer notice. Another 
important prerequisite of microencapsulation is that the fish oil will be bio-available 
upon consumption, which might be a concern if the microencapsulates do not dissolve 
or disintegrate in gastro-intestinal fluids. Without being bio-available, addition of it 
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to food products is of no use, as claims about the physiological functionality of the 
fish oil cannot be made. These two aforementioned requirements, that is, stability 
upon storage and high bio-availability in the human gastro-intestinal tract, are 
somewhat contradictory in nature.

The next sections will first discuss the water-soluble microencapsulates and then 
the water-insoluble ones.

6.3.2 Water-Soluble Microencapsulates

6.3.2.1 Spray-Drying

Spray-drying is one of the oldest methods of microencapsulation in the food indus-
try, and it is used most frequently to prepare fish oil microcapsules. In  principle, an 
aqueous dispersion of an oil-in-water emulsion containing carrier material dis-
solved in the water phase is converted into a dry powder by spraying the feed into 
hot dry air resulting in moisture evaporation (see also Chap. 2). It is a one-step, 
continuous particle processing operation involving drying. Spray-drying normally 
contains the following stages: atomization, air contact, evaporation, and product 
recovery. The drying of the spray proceeds until the desired moisture content in 
the dried particles is obtained and the product is then recovered from the air. The 
resulting dried product conforms to powders, granules, or agglomerates, the form 
of which depends upon the physical and chemical properties of the feed, the dryer 
design, and the operation. Relatively low spray-drying temperatures are advanta-
geous to minimize the lipid oxidation (Baik et al. 2004; Drusch and Schwarz 
2006). The use of nitrogen instead of air to dry the dispersion can also be applied, 
but it increases the costs. Other options are two step processes where the particles 
are not dried completely during the first step but thereafter. Examples are further 
drying of spray-dried material on a moving belt with a Filtermat spray dryer or in 
a fluidized bed, or spray-drying of powder onto another carrier powder (like 
maltodextrin).

For example, maltodextrin, glucose syrup, proteins, sugars, gums, pectin, modified 
cellulose (e.g., hydroxypropyl methylcellulose or methylcellulose), and/or modified 
starch (e.g., octenylsuccinate-derivatized starch) can be used as a carrier material 
(Keogh et al. 2001; Kagami et al. 2003; Jónsdóttir et al. 2005; Tan et al. 2005; 
Drusch et al. 2006a, b; Drusch and Schwarz 2006; Kolanowski et al. 2004; 
Kolanowski et al. 2006; Drusch 2007; Drusch et al. 2007). Silica derivatives and 
tricalciumphosphate can be added to improve flowing properties of the powders 
(Drusch et al. 2006a). The fish oil loading of microencapsulates obtained via spray-
drying varies from 1 to approximately 60 wt%. The particle size of these microcap-
sules varies from 10 to 400 µm. The higher the powder particle size, the higher the 
retention of fish oil (Jafari et al. 2007).

Although the spray-drying technology is commonly used, it has certain disad-
vantages. The spray-drying process may induce oxidation and the fish oil may have 
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a limited shelf life due to the porous structure of the obtained spray-dried powder, 
and thus high access of air to the oil (Hogan et al. 2003; Kolanowski et al. 2006; 
Kolanowski et al. 2007). Kolanowski et al. (2006, 2007) even concluded that their 
spray-dried fish oil was less stable upon storage against oxidation than fish oil. 
However, this is not a common finding and might be due to the process conditions 
applied and/or materials used.

Encapsulates with a larger particle size might be more storage stable than those 
with a smaller particle size (Fang et al. 2005). Not only the temperature, but also 
the high moisture content affects the shelf life of spray-dried fish oil (Baik et al. 
2004; Fang et al. 2005; Drusch et al. 2006a). This is probably because of a decrease 
in the glass transition temperature to values below the storage temperature, leading 
to relatively higher mobilities of molecules and reaction rates. Further improve-
ments might be obtained by cross-linking of the carrier material prior to spray-
drying, for example, by Maillard reaction of proteins (sodium caseinate, whey 
protein isolate, soy protein or skim milk powder) with carbohydrates (glucose, 
dried glucose syrup, or oligosaccharides) at 60–100°C for 30–60 min (Sanguansri 
and Augustin 2001; Augustin et al. 2006; Luff 2007). It is not clear if these 
improvements in storage stability were because of changes in powder morphology 
and/or anti-oxidative action of Maillard products. This product is commercialized 
under the name Driphorm by Nu-Mega. Another improvement might be obtained 
by the induction of simple coacervation (see also Sect. 6.3.3.1), addition of malto-
dextrin (with or without gum Arabic) into an emulsion of fish oil and hydroxypropyl 
methylcellulose (HPMC) prior to spray-drying (Ke-Gang et al. 2005). The addition 
of anti-oxidants, such as tocopherol or Trolox C, to the oil prior to spray-drying 
might also increase the storage stability of spray-dried fish oil (Hogan et al. 2003; 
Baik et al. 2004), although it may act as a pro-oxidant at high concentrations 
(Kolanowski et al. 2006). Serfert et al. (2009) found that a combination of anti-
oxidants, that is, tocopherol, ascorbyl palmitate, and rosemary extract retarded the 
autoxidation significantly upon storage. However, the use of trace metal chelation 
like citrem did not affect this, although it improved the storage stability of the emul-
sion prior to spray-drying.

The shelf life of spray-dried fish oil can be enhanced by packing the fish micro-
encapsulates alone or in food powders under nitrogen or vacuum in metalized packing 
material (Kolanowski et al. 2007).

6.3.2.2 Melt Injection

The melt injection process is based on the mixing of fish or vegetable oil in a starch 
matrix with anti-oxidants, sugars, emulsifiers, and water at a temperature above 
100°C. The mixture is then extruded through a filter and collected in a bath filled 
with cold organic solvent (e.g., with iso-propanol or liquid nitrogen; Valentinotti et 
al. 2006; Subramaniam et al. 2006; see also Sects. 2.2.4 and 5.3.5). The cold 
organic solvent solidifies the sugar matrix and transforms it into a glassy state mate-
rial which is then washed with a terpene (e.g., with limonene) to remove the surface 
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oil present. This gives maximum protection to the microencapsulated oil against 
oxidation, resulting in no unpleasant odour or taste development during dry storage. 
The storage conditions are important as at a high water activity (A

w
 >0.3) the glassy 

sugar structures may start to disintegrate.
The fish oil load within microencapsulates prepared by melt injection is relatively 

low (10–20 wt%) and the particle size varies from 200 to 2,000 µm.
Figure 6.2 shows two confocal scanning laser microscopic (CSLM) images of a 

sugar extrudate with fish oil included. The images clearly show that the oil droplets, 
represented by light spheres, are well distributed through the whole matrix of the 
microencapsulate. This type of fish oil microencapsulate is protein free (and thus 
no gelatin), a feature that distinguishes it from other microencapsulate types.

6.3.2.3 Extrusion

Fish oil can also be encapsulated into a formable mixture or dough by using an 
extruder with one or more screws in a continuous process (Van Lengerich et al. 
2004; Van Lengerich et al. 2007a, b; see also Sect. 2.2.4 of this book). The extru-
sion process is done at relatively low temperatures (below 30°C) and low pressures 
(500–5,000 kPa), in contrast to the melt extrusion process to encapsulate aroma 
(see Chap. 5). This can be achieved by using relatively high amounts of plasticizer 
(15–35 wt% water and 10–20 wt% of glycerol). First, emulsions using protein 
(such as sodium caseinate, wheat protein, or whey protein isolate), gum, or modified 

50 µm200 µm

Fig. 6.2 CSLM images of Duralife® from Firmenich. The fish oil microencapsulate was embed-
ded in low acryl embedding material and colored with a Nile blue solution. Sectioning of the 
embedded material was done using a microtome. Two laser lines from the argon/krypton laser 
were used to excite the fluorochrom Nile blue. The light spheres depict the fish oil droplets. The 
pictures were kindly provided by Ellen Drost (Unilever Research & Development Vlaardingen) 
and the Duralife® microencapsulates were obtained from Firmenich, Switzerland
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starch as an emulsifier were prepared, and then mixed into 45–75 wt% of matrix 
materials (flours, starch, proteins, gums, etc.) with relatively high amounts of 
plasticizer (water and glycerol) and 0.5–4 wt% of an acidic anti-oxidant (ascorbic 
acid or erythorbic acid) using a twin screw extruder with a barrel temperature 
between 5°C and 10°C. The anti-oxidant is claimed to scavenge any oxygen before 
it can reach the fish oil, and hence, is not added to the emulsion phase in an attempt 
to avoid deleterious interactions between the protein and the acidic anti-oxidant. 
Flavor might be added to mask any off-flavor of fish oil, titanium dioxide or zinc 
oxide might be used as a whitener, and a flow agent such as starch might also be 
added. The extrudate is shaped by the die geometry (operating at 15–30°C) and can 
be cut immediately after extrusion or granulated by grinding or milling afterwards. 
The particle size of the extrudate will in general be around 0.5–2 mm. The water 
level of the extrudate (15–35 wt%) can be reduced by rotary or fluid bed drying to 
a water activity of less than or equal to 0.7 to increase the shelf life stability. The fish 
oil load is relatively low (typically 10–25%). Optionally, the particle can be coated 
with protein, starch or fat via, for example, pan coating. Alternatively, the fish oil 
can be added in an encapsulated (e.g., spray-dried) form when preparing food 
products by extrusion (Diguet et al. 2005).

6.3.2.4 Submerged Co-extrusion

Another type of extrusion technology is the so-called submerged co-extrusion, based 
on the simultaneous dropping of an oil droplet and shell material through a vibrating, 
concentric nozzle in a stream of cooling oil (see Sect. 2.2.9). The shell material may 
consist of gelatin or other polysaccharides and glycerol (as a plasticizer), and the fat 
content of the obtained particle is approximately 90 wt% (Sunohara et al. 2000). 
This patent of Sunohara et al. also discloses the use of an intermediate layer gelatin 
layer with citric acid to prevent insolubility with time due to interactions of unsatu-
rated fatty acid with gelatin. The obtained capsules may have a relatively high fish 
oil load of about 70–95 wt% and a particle size between 0.8 and 8 mm. This technol-
ogy is currently used by Morishita Jintan, Japan.

6.3.2.5 Cyclodextrins

Cyclodextrins are cyclic oligosaccharides of six to eight D-glucose molecules, 
which are enzymatically joined through alpha 1–4 linkages in such a way that they 
to form a ring (see Sect. 2.2.10 and Fig. 3.7). Cyclodextrins containing six, seven, 
or eight glucose molecules are referred to as a-, ß-, and g-cyclodextrin, respec-
tively. They may reduce the off-flavor perception by either forming a complex with 
LCPUFA or absorption of off-flavors. Schmid et al. (2001) disclose in their patent 
that the fish oil could form a complex with g-cyclodextrin in water during stirring 
under a nitrogen atmosphere, and excluded from light at 45°C for 24 h. The result-
ing paste was filtered to remove water and then dried under vacuum at 50°C for 
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48 h. The fish oil did not oxidize for more than 24 h upon storage at 100°C under 
air when using g-cyclodextrin, in contrast to the use of a- or ß-cyclodextrins. The 
fish oil loading was 15–40 w/w% of g-cyclodextrin, and higher loads resulted in 
more oxidation. This product is now marketed as OmegaDry® by Wacker Chemical 
Corporation, using refined menhaden oil stabilized with mixed natural tocopherols 
and/or tert-butylhydroquinone. The powder particle size is 100 µm max.

6.3.3 Water-Insoluble Microencapsulates

6.3.3.1 Complex Coacervation

Coacervation is a method in which a solution is separated into a phase with a lot of 
polymers and a phase with hardly any polymers. In the case of one polymer, one 
speaks about “simple” coacervation (Ke-Gang et al. 2005; see also Sect. 6.3.2.1). 
Complex coacervation involves two or more polymers, and is most commonly used. 
One of the colloids is usually gelatin or whey proteins, while the other is an oppo-
sitely charged colloid, like gum arabic, sodium polyphosphate, or carboxy methyl 
cellulose. Coacervation is started by making an emulsion of oil droplets in the aque-
ous colloidal solution. By decreasing the pH, the phase separation of the solution in 
a polymer-rich and a polymer-poor phase is obtained, and the polymers precipitate 
on the interface of the oil droplets. Because the reaction is reversible and the poly-
mers dissolve again if the pH is increased, hardening of the polymer layers might be 
necessary. This can be done by heat treatment and consequently de-naturation of the 
protein gelatin, or by cross-linking of the protein chains by glutaraldehyde or trans-
glutaminase (see also Sect. 2.2.7). The release of ingredients may be controlled by:

 varying the amount or type of cross-linking material,–
 varying the amount or ratio of the colloids,–
 varying the wall-to-content ratio,–
 using alternatives for the colloids with somewhat different properties,–
 process conditions during preparation.–

Complex coacervates may have a fish oil load of about 40–90 wt% and a particle 
size between 10 and 800 µm, depending on the materials and process conditions 
used.

Lumsdon et al. (2005) found that complex coacervates composed of gelatin or 
ß-lactoglobulin, gum arabic, starch, and cross-linked with glutaraldehyde could 
decrease the oxidation of fish oil. Complex coacervates containing fish oil can be 
present in two different morphologies: mono- and poly-nucleated format (see 
Fig. 6.3). The first type consists of a single oil droplet core surrounded by a hydro-
colloid shell, whereas the second type consists of a multi-oil droplet core surrounded 
by a common hydrocolloid shell (Yan 2003), here composed of gelatin and poly-
phosphate. The complex coacervates might be double coated by repetition of the 
complex coacervation process (Yan et al. 2004) or by entrapment in another glassy 
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matrix (e.g., composed of maltodextrin and modified starch) by spray-drying, 
spray-granulation, or melt extrusion (Bouquerand et al. 2007) to enhance the storage 
stability and to prevent the dissolution in the mouth. Interestingly, complex coacer-
vation has also been used to prepare ~100 µm nanoparticles composed of DHA, 
ß–lactoglobulin, and pectin (Zimit and Livney 2009). First, 0.22 mM DHA mol-
ecules interacted with 0.05% ß–lactoglobulin (1:2 molar ratio), and then 0–0.6 wt% 
pectin was added and the pH adjusted to pH 4.5 with hydrochloric acid. These 
nanoparticles were colloidal stable and transparent in an aqueous solution, and 
protected DHA against oxidation. However, their load is quite low compared to 
other microencapsulates.

A modified coacervation process was recently published by Gan et al. (2008). 
Soy protein isolate (SPI) was preheated at 95°C for 30 min and cooled to room 
temperature to promote de-naturation of SPI, followed by emulsification with fish 
oil and the emulsifier SPAN 80. The emulsion was subsequently treated at pH 5 
and 40°C with transglutaminase. The obtained coacervates were filtered and freeze-
dried. After freeze-drying, the powder were dry-mixed with sucrose or ribose and 
heated at 80°C for 1 h to induce cross-linking by Maillard reactions. The freeze-
dried samples were less sensitive towards oxidation than fish oil at 50°C. No or 
small effect was obtained by the transglutaminase treatment. The use of ribose, 
however, delayed the oxidation of fish oil, most likely due to release of anti-
oxidative Maillard reaction products during heating and a slower rate of gas 
permeability through the capsules.

10 µm25 µm

Fig. 6.3 CSLM images of two types of complex coacervates. The left side shows a mono-nucle-
ated type with sunflower oil and on the right a poly-nucleated type of complex coacervate with 
fish oil is shown. In the CSLM picture, the light sphere depicts the oil core of complex coacervates 
and the dark circle around is the protein wall material. The images were kindly provided by Ellen 
Drost (Unilever Research & Development Vlaardingen) and the microencapsulates were obtained 
from the International Special Products, United Kingdom (left picture) and Ocean Nutrition 
Canada, Canada (right picture)
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Protein cross-linking of complex coacervates may have profound consequences 
for the structure of food proteins, and the subsequent properties of the final product. 
Cross-linking involves the chemical reaction of a bifunctional reagent, such as 
glutaric dialdehyde (1,5-pentanedial) with two amino acid residues (arginine or 
lysine) in the same protein, in adjacent subunits, or in two proteins that associate 
with each other. Although this reaction looks quite simple, a large variety of subse-
quent reaction pathways may be involved in this cross-linking. It is generally 
assumed that glutaric dialdehyde cross-linking of proteins takes place through reac-
tion of the aldehyde groups of glutaric dialdehyde (II) with e-amino groups of 
arginine or lysine residues (Tabor et al. 1992). According to these authors, the effect 
of cross-linking on the oxidative stability is rather limited. The amino acids 
involved in the cross-linking reaction (arginine and lysine) are only a small percent-
age (<10%) of the total amount present. Studies performed to investigate the com-
plex mechanism of cross-linking reveal that glutaric dialdehyde cross-linking is a 
process resulting in the formation of a large variety of cross-linked entities. 
Although isolation and characterization of these products would seem to be the 
most direct approach to understanding the mechanism of glutaric dialdehyde cross-
linking, the complex nature of the reactions involved suggests the difficulty of this 
approach. Furthermore, reaction time, glutaric dialdehyde concentration, tempera-
ture, and pH are very important parameters influencing the subsequent reaction 
pathways. Unfortunately, the chemical cross-linking with glutaric dialdehyde is 
legally not allowed to be used in foods in the European community.

Another way of cross-linking is through the use of enzymes. Transglutaminase 
is an (microbial) enzyme that connects glutamine and lysine residues with the 
release of NH

3
. It is safe to be used in food products. Transglutaminase can be used 

for cross-linking several proteins, like gelatin, casein, whey protein, and certain soy 
proteins.

Not only is the need of protein cross-linking for use in complex coacervates a 
disadvantage of this technology but also the common use of gelatin in this micro-
encapsulation product can give rise to difficulties with either Kosher or Halal status 
of the food matrix. Due to the fact that most gelatin used for complex coacervation 
is obtained from pig skin, these status problems can easily arise. Of course, an 
alternative source of gelatin is available, for example, from beef, poultry and fish, 
but in most cases they are more expensive than the gelatin from the pig.

6.3.3.2 Microspheres

An example of fish oil encapsulation in microspheres is the use of calcium alginate 
as an encapsulation material. Alginate is a polysaccharide, which is obtained by 
extraction from brown algae. The use of alginate as an encapsulation material is 
based on the capacity of alginate to bind di- and trivalent ions (except with Mg2+) 
resulting in gel formation. The most common way to form alginate beads is to drop 
an alginate solution (1.5–4 wt%) into a calcium chloride solution (50 mM–1.5 M). 
The beads are formed instantaneously. Blatt et al. (2003) used this microencapsulation 
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procedure followed by an additional coating of hydropropyl cellulose on the dried 
beads via fluid bed coating.

The Norwegian company Denomega Nutritional Oils sells fish oil encapsulates 
in microspheres with the Austrian encapsulation company GAT. They are prepared 
by first making water-in-oil emulsions, with calcium in the water phase. The addi-
tion of an aqueous alginate solution during stirring produces a phase inversion, and 
calcium alginate begins to deposit on the newly formed drops (Casana Giner et al. 
2006). Another colloid is then added that deposits on the surface of the micro-
spheres (e.g., xanthan gum) and then a primary surfactant is added to reduce the 
size of residual water in the oil drops. Agglomeration or deagglomeration may 
occur (depending on the process conditions), and finally the microspheres are hard-
ened at elevated temperature (75°C for 120 min). These microspheres might be 
relatively small (1–30 µm) and may have a load between 20 and 50 wt%. The GAT 
encapsulates are claimed to protect the fish oil against oxidation and degradation 
during food processes and release their contents below a pH of 3.5 (e.g., in the 
stomach) (Thueringer 2009). The encapsulates can also be used to entrap, for 
example, water-soluble active agents like vitamin C, by maximising the residual 
water phase in the oil droplets during the preparation process.

The use of cross-linked, isolated soy proteins is another example of the use of 
microspheres for fish oil entrapment (Cho et al. 2003). These microspheres were 
prepared by making a duplex emulsion of fish oil-in-water-in-corn oil, in which the 
protein is cross-linked with transglutaminase to entrap the fish oil. A reduction in 
oxidation of the microencapsulated fish oil was found compared to non-encapsu-
lated fish oil upon storage for up to 14 days at 50°C. Microspheres with fish oil can 
also be prepared by dropping emulsions composed of 20 wt% fish oil, 1 % chitosan, 
and 10 wt% maltodextrin or 20 wt% fish oil, 1 wt% chitosan, and 1 wt% whey 
protein isolate via ultrasonic atomization into a sodium hydroxide solution 
(Klaypradit and Huang 2008). The basic solution solidifies the chitosan and after 
centrifugation, filtering, washing with distilled water, and freeze-drying, micro-
spheres with entrapped fish oil droplets and with a particle size of about 8–10 µm 
were obtained.

6.3.3.3 Calcium Carbonate Capsules

The production of calcium carbonate capsules is based on the electrostatic adsorp-
tion of calcium carbonate particles on the negatively charged oil surface of a fish 
oil-in-water emulsion during stirring (Nakahara et al. 2006). Salts, proteins, thick-
ening, and/or stabilising agents might then be added, followed by freeze- or spray-
drying. An anti-oxidant in the oil is also used. The advantage of calcium carbonate 
shells is that it only dissolves at low pH. This low pH condition can be achieved in 
the human body only when the food matrix, containing the calcium carbonate 
encapsulates, is present in the stomach. A scanning electronic microscopic image 
of a calcium carbonate microcapsule containing fish oil is presented in Fig. 6.4. 
These encapsulates have been commercialized by the KITII Corporation under the 
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name Calshell. The particle size of Calshell is approximately 20 µm which is rather 
small compared to other types of encapsulates. This can be an advantage because 
these small particles will not be noticed. Optionally, the particle size can be 
enlarged. Also, the fish oil loading of Calshell, which is approximately 30–40 wt%, 
is favorable when compared with other types of fish oil encapsulates. According to 
the supplier information, less fish off-flavor is produced when Calshell encapsu-
lates are used in a food matrix (compared to the free oil), and the capsules are high 
temperature and pressure resistant. Unfortunately, this technology is currently 
rather expensive.

6.3.3.4 Emulsions with Protein or Polymer Shell

The oxidation of emulsion depends on the food structure and composition, for 
example, water-in-oil emulsion, oil-in-water emulsion, emulsifiers, and composi-
tion of the aqueous phase (McClements and Decker 2000; Appelqvist et al. 2007). 
Also, the type and charge of emulsifiers may influence oxidation. Anionic emulsi-
fiers attract positively charged metal ions such as iron, which brings them closer to 
the lipid phase and enhances oxidation. Positively charged emulsifiers (such as 
proteins) may repel metals and reduce oxidation, unless they have a metal-binding 
capability (such as sodium caseinate). In addition, a protein layer may protect oil 

Fig. 6.4 A scanning electron microscope image of a Calshell microcapsule containing fish oil. 
Courtesy of KIITI Corporation
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by steric hindrance and/or free radical scavenging properties, and excess of proteins 
in the bulk may scavenge metals.

Further reduction might be achieved by the formation of layers around emul-
sions. The use of a single layer composed of sodium caseinate cross-linked with 
transglutaminase could not inhibit lipid oxidation (Kellerby et al. 2006). The use of 
two layers, which were composed of lecithin and chitosan, resulted in a slight inhi-
bition of oxidation (Ogawa et al. 2003; Klinkerson et al. 2005a). These emulsions 
were prepared by first making a so-called primary emulsion with lecithin, and then 
mixing this emulsion with a solution of a positively charged chitosan (Klinkerson 
et al. 2005a, b). These two-layered emulsions could be freeze- or spray-dried after 
addition of corn syrup solids to improve the oxidative stability (Klinkerson et al. 
2005b; Klinkesorn et al. 2005c; Klinkerson et al. 2006; McClements and Decker 
2005, 2007; Shaw et al. 2007). Corn syrup solids also improve the physical stability 
of the emulsions against other food processing conditions such as salt, thermal 
processing, chilling, and freezing. The addition of the chelator ethylenediaminetet-
raacetic acid (EDTA) and mixed tocopherols further improved the oxidative stability 
of dried emulsions. Surprisingly, the oxidation was more rapid at 11% and 33% 
relative humidity than at 52%, which might be due to the sugar crystallization or 
formation of Maillard products.

Further inhibition of lipid oxidation may be achieved with multi-layered inter-
faces around oil droplets in oil-in-water emulsions, which may also enable their 
application as a controlled release system or triggered release system (Guzey and 
McClements 2006; McClements and Decker 2005). For example tuna oil-in-water 
emulsion droplets (particle size 0.2–1 µm) can be prepared by first emulsification 
with a food-grade anionic surfactant such as lecithin or fatty acid salts (so-called 
primary emulsion), followed by incubations with a cationic bio-polymer such as 
chitosan (so-called secondary emulsion), and then with an anionic bio-polymer such 
as pectin (so-called tertiary emulsions). One may repeat these alternative incubations 
to adsorb another cation/anion bilayer on the emulsion, although care must be taken 
to prevent the agglomeration due to the presence of excess free polyelectrolyte.

An increase in the oxidative stability has been reported by Guzey and 
McClements (2006) when using emulsions with a SDS-chitosan-pectin wall. This 
can be related due to the repulsion of iron ions by the chitosan layer and/or physi-
cally shielding of the iron ions by the multi-layers.

The lipids in the multi-layered emulsions might be bio-available (Park et al. 
2007). However, applications of this technology in food matrixes remain difficult 
because chitosan is not a food grade ingredient in the USA and Europe and is only 
allowed in food supplements and pharmaceutical applications. Furthermore, chito-
san has no Kosher or Halal status because it is obtained from crustaceans.

6.3.3.5 Coated Microencapsulates

Powder with fish oil (e.g., obtained by spray-drying) might be coated with a lipid 
layer to prevent oxidation upon storage. Ponginebbi and Publisi (2008) disclosed in 
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their patent that fish oil powder in the presence of 0.5% silica flow aid could be 
coated in a fluid bed by spraying with molten 30% (w/w) hydrogenated palm wax. 
Presence of the lipophilic anti-oxidant L-ascorbic acid 6-palmitate in the lipid coat-
ing improved the oxidation stability of these microencapsulates upon storage better 
than the presence of the hydrophilic anti-oxidant Gravinol-T. A similar lipid coat-
ing might also be used by spray-chilling of 25–33 wt% spray-dried fish oil in mol-
ten lipid (Subramanian et al. 2008).

6.4 Analytical Characterization of Fish Oil Microencapsulates

6.4.1 Chemical Composition

Fish oil microencapsulates can be analyzed with several routine analytical tech-
niques to measure the amount of protein, fat, moisture, and inorganic matter (ash 
content). Please see “method collections” from American Oil Chemists’ Society 
(AOCS), Association of Analytical Communities (AOAC) or pharmacopeia for 
more details. In short, protein levels in foods are calculated from the total nitrogen 
content determined using the Dumas or Kjehldahl method. Fat is determined gravi-
metrically after acid hydrolysis of microencapsulates and extraction using petro-
leum ether. Moisture is determined from the weight loss of the sample during 
heating in a microwave oven. The ash content is determined gravimetrically by 
heating the sample in an open vessel to 550°C under air to constant weight. The 
remaining carbohydrate content of microencapsulates can then be calculated by 
subtraction of protein, fat, inorganic matter, and water contents from 100%. Not 
only is the total amount of fat in microencapsulates (the loading) important, but also 
the knowledge on the presence and level of the so-called surface oil is informative. 
Surface fish oil is easily oxidized, because it is located on or just in the outer shell 
of microencapsulates. Indeed, Velasco et al. (2006) concluded that free fish oil and 
microencapsulated fish oil oxidized differently, probably due to differences in the 
oxygen availability between encapsulated oil globules. In general, the level of sur-
face oil should be as low as possible. However, the amount of surface oil alone 
cannot be used to predict shelf-lives of microencapsulated fish oil (Drusch and Berg 
2008). The amount of surface oil can be determined by mild extraction with hexane 
or petroleum ether if they do not dissolve microencapsulates (as is the case with, 
e.g., spray-dried ones; Velasco et al. 2006; Drusch and Berg 2008).

Not only is the fat content of microencapsulates important, but also the fatty acid 
composition of the microencapsulated fat. Also, the percentage of DHA and EPA 
in the fat phase and the ratio between these two ingredients are important from the 
nutritional perspective. Especially, when a nutrient or health claim is made on the 
label of the product, the amounts of DHA and EPA must be specified. Furthermore, 
it is important to measure the percentage of other polyunsaturated fatty acids, 
mono-unsaturated fatty acids (mainly oleic acid), and saturated fatty acids (pre-
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dominantly, myristic, palmitic, and stearic acid). Ideally, the level of saturated fatty 
acids should not exceed the acceptable value, and should be in accordance with the 
current nutritional recommendations. Standardized gas chromatographic methods 
can be used for the fatty acid analysis.

Very important with regard to the initiation of fish oil oxidation are the amounts 
of both iron and copper in microencapsulates. These metals can be present in the 
fish oil or in the carrier material. For food safety reasons, the levels of the trace 
elements mercury, lead, arsenic, and cadmium are also important. Fish oil may 
contain high amounts of heavy metals due to the pollution of oceans and seas, for 
example, gelatin can be high in trace metals both from the source (bone, skin) and 
the process chemicals (acids, lye).

6.4.2 Physico-Chemical Characteristics

Particle size of micoencapsulates can be measured by standard techniques like laser 
scattering or particle image analyzer (O’Hagan et al. 2005 and references therein). 
Microscopic observations with either conventional light or confocal scanning laser 
techniques can obtain very useful information about the size, distribution of sizes, 
and structure of the microcapsule. CSLM can be combined with staining techniques 
that allow staining of either the hydrophobic core or the hydrophilic shell of the 
microencapsulate (see Figs. 6.2 and 6.3). Microencapsulates can be visualized 
either from a dispersion in water if the microencapsulate does not dissolve in 
water (e.g., cross-linked complex coacervates), or from a dry powder. Scanning 
electron microscopy might be used to study the details of the morphology (see 
Fig. 6.4).

6.4.3 Stability Testing

A more instrumental technique is the measurement of the oxygen head space con-
centration and the amount of secondary oxidation products formed. The decrease 
of the head space oxygen concentration in a sealed bottle containing a certain 
amount of fish oil powder dissolved or dispersed in an aqueous solution is a good 
indication of the oxidative stability of the fish oil. Oxygen consumption reflects the 
propagation step in the lipid oxidation cascade. Head space oxygen concentration 
in sealed bottles and their variation over time can easily be measured with an oxygen 
analyzer, in combination with an air pressure measurement.

The measurement of secondary oxidation products (e.g., aldehydes, ketones, and 
alcohols) requires more sophisticated analytical equipment. The formation of these 
volatile products during time can be followed by the static headspace gas chroma-
tography (Van Ruth and Roozen 2000; Jónsdóttir et al. 2005). Key off-flavor 
compounds are hexanal, acetaldehyde, trans-2-pentenal, pentanal, propanal, 
propenal, etc. There might be a good correlation between the oxygen consumption 
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over time and the formation of secondary oxidation products (but not always), 
because both might be part of the same lipid oxidation cascade.

Standardized application tests where fish oil powder is dispersed in, for example, 
warm milk and directly consumed can give good indications of taste and fishy off-
flavor. Of course, these organoleptical observations are from a consumer point of 
view the most important ones to make choices between different fish oils and their 
microencapsulates.

In most cases instrumental and organoleptical analyses of the fish oil microen-
capsulate give the same conclusion regarding the oxidative stability. However, 
contradictory results can sometimes be obtained.

6.5 Selection of Fish Oil Microencapsulates

Currently, both fish oil and fish oil microencapsulates are widely used in food 
applications (bread, orange juice, cereals, bars, etc.). Microencapsulation broadens 
the scope of application of sensitive fish oil in diverse food applications by enhanc-
ing the stability. A large set of different fish oil microencapsulates is currently 
available in the market. Roughly, these microencapsulates can be categorized in 
different groups according to the percentage of oil loading, species of fish oil which 
reflects in the amount of EPA and DHA, and the type of used microencapsulation 
technology. The combination of these three parameters results at the end in a price 
indication of the microcapsule. A selected list of fish oil microencapsulate suppli-
ers, their commonly used microencapsulation technique, and some characteristics 
are presented in Table 6.2. Most of the listed suppliers use the well-known spray-
drying technology to produce fish oil microencapsulates.

To select the type of fish oil microencapsulate suitable for a certain food applica-
tion type from the list of commercial microencapsulates or own developments is a 
challenge. The following criteria might be relevant:

 quality and safety of the fish oil (including the absence of off-flavors, pesticides, –
EPA/DHA ratio, and high EPA and DHA content),

 physico-chemical characteristics of the microencapsulates,–
 stability during supply chain, processing, and/or storage in a food product –

(which may depend on the composition of the food matrix and packaging),
 bio-availability of the fish oil,–
 commercial available quantity,–
 costs,–
 legal status (food grade and, e.g., the use of cross-linking agents), and–
 availability in Halal or Kosher quality.–

In general, one has to consider the fact that the microencapsulated fish oil is more 
expensive than native fish oil. As a golden standard, it is therefore advised to test 
always as a first option the use of native fish oil and only if this does not give an 
acceptable end product, consider the use of a microencapsulated version. For 
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Table 6.2 Commercially available fish oil microencapsulates

Supplier Trade name Technology
Water 
soluble?

Expected price 
range

Arjuna, India Zepufa Spray-dried powder Yes Low
BASF, Germany Dry n-3 Spray-dried gelatin/

caseinate/sugar matrix 
with a starch coating

Yes Low

DSM, The 
Netherlands

Ropufa Spray-dried cornstarch-
coated matrix of gelatin 
and sucrose

Yes Low

The Wright  
Group, USA

Supercoat  
Omega-3

Spray-dried starch/ 
protein matrix

Yes Low

National Starch, 
USA

Novomega Spray-dried powder  
based on modified 
starch and soy protein

Yes Low

Kievit, The 
Netherlands

Vana-Sana Spray-dried powder 
produced by spraying 
on a moving belt

Yes Low

Nu-Mega, 
Australia

Driphorm Spray-dried powder  
with Maillard  
products

Yes Low

Wacker,  
Germany

OmegaDry Complexation with 
g-cyclodextrin in  
water, followed by 
vacuum drying

Yes Middle

Firmenich,  
Suisse

Duralife Melt injection with  
matrix based on 
maltodextrin and  
sugar

Yes Middle

Ocean Nutrition 
Canada, 
Canada

Meg-3 Dried complex  
coacervates of  
gelatin and 
polyphosphate

No Middle

KITII  
Corporation, 
Japan

Calshell Calcium carbonate 
precipitation

Only at  
low pH

High

Morishita Jintan, 
Japan

Submerged co-extrusion Yes High

Denomega, 
Norway

Denomega GAT 
100

Calcium alginate 
microspheres prepared 
via duplex emulsions 
and phase inversion

No Middle

example, as an alternative to microencapsulation one may also use an edible coating 
of zein and fish oil on cookies, cereals, or fruit piece (Bello et al. 2007).

Much depends on what the structure of the food matrix is. For example, is it a 
dry product or in a liquid form? Water-soluble microencapsulates will dissolve 
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rapidly in aqueous food products and can therefore not give further protection. 
Presence of different macro- and micro-nutrients may also influence the oxidative 
stability of fish oil. For example, the presence of vitamin C (ascorbic acid) may act 
as an anti-oxidant or as a pro-oxidant (Gunstone 2004). Sometimes, only for supply 
chain and logistic reasons, companies decide to select microencapsulated fish oil 
for application in their products instead of the use of native fish oil.

Spray-drying is generally the cheapest option available; submerged co-extrusion 
and calcium carbonate capsules are available at relatively higher costs. The price 
range of the other microencapsulation technologies in Table 6.2 might be more in 
the middle of these two extremes. The prices of the several commercial microen-
capsulates vary widely, and depends on many factors (including fish oil and mate-
rial costs, cost structure of the company, processing costs, and volume of sales). 
Hence, one should consider these price estimates as only indicative.

6.6 Future Developments

Currently, there are a lot of different types of fish oil microencapsulates that are 
commercially available. When looking at different food applications the following 
requirements of fish oil microencapsulate are currently missing:

 better resistance to oxygen burden and more proof for prevention of oxidation –
and off-flavor formation in food products,

 water-insoluble microencapsulates that are storage stable in an aqueous food –
product and do not sediment,

 evidence for bio-availability of fish oil from especially water-insoluble –
microencapsulates.

Future research might be aimed at filling these gaps and improving existing tech-
nologies further by choosing new carrier materials and new processing conditions. 
One may make use of similar technologies as used for the microencapsulation of 
aroma (see Chap. 5), and/or combine existing ones. For example, one may spray-
chill microspheres.
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7.1 Micronutrient Deficiencies

Iodine, vitamin A and iron deficiencies are important global public health problems, 
particularly for preschool children and pregnant women in low-income countries 
(World Health Organization 2000). These deficiencies are mainly due to monotonous, 
poor-quality diets that do not meet nutrient requirements. In countries where existing 
food supplies and/or limited access fail to provide adequate levels of these nutrients in 
the diet, food fortification is a promising approach. Co-fortification of foods with iron, 
iodine and vitamin A may be advantageous due to beneficial interactions of these 
micronutrients in metabolism. Studies in animals and humans have shown that iron 
deficiency anemia (IDA) impairs thyroid metabolism (Zimmermann et al. 2000a, 2000b; 
Hess et al. 2002a, 2002b). Vitamin A deficiency may exacerbate anemia through 
impairment of iron metabolism (Semba and Bloem 2002). Vitamin A, together with 
iodine, may reduce thyroid hyperstimulation and risk for goiter (Zimmermann 
et al. 2007). These micronutrient interactions strongly argue for multiple micro-
nutrient fortification. However, food fortification with iron is not straightforward.

7.2 Encapsulation of Iron

The main advantage of Fe encapsulation is that it may allow addition of Fe compounds 
of high bioavailability to difficult-to-fortify food vehicles, such as cereal flours, 
milk products and low-grade salt (Zimmermann 2004). Fe encapsulation may 
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decrease Fe-catalyzed oxidation of fatty acids, amino acids, and other micronutrients 
that can cause adverse sensory changes and decrease the nutritional value of these 
foods (Schrooyen et al. 2001). Also, it may reduce interactions of Fe with food 
components that cause color changes and lower Fe bioavailability, such as tannins, 
polyphenols and phytates (Hurrell 2002).

A number of encapsulated Fe compounds are in development or commercially 
available. These include forms of ferrous sulfate, ferrous fumarate, ferric pyrophos-
phate, and elemental Fe (see next section). Water-soluble coating materials, such as 
maltodextrin and cellulose, typically do not provide adequate protection against 
iron oxidation in moist environments. Therefore, most encapsulated Fe compounds 
are coated with hydrogenated oils that provide an effective water barrier at relatively 
low cost. These hard fat encapsulates can be prepared by fluid bed coating, or spray 
chilling/spray cooling (see Chap. 2 of this book).

A new concept goes beyond regarding microcapsules as a container from which 
functional components can be released in a controlled manner within the gastro 
intestinal tract. The new principle focuses on microcapsules as microreactors 
containing subcapsules with two or more functional components, which chemically 
or physically interact in a synergistic manner concerning the objective to be 
achieved. With respect to micronutrient encapsulation, typical synergistic reactions 
between the micronutrient component and the reaction partner component are the 
suppression of oxidation and complexation, but it could as well be a synthesis reaction 
generated by the functional molecules. The major objective of this approach is the 
improvement of bioavailability and the reduction of functional component losses 
during storage, preparation and perception.
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Fig. 7.1 The Multicapsule (MCAPS) concept showing schematically (i) the des-integration of 
MCAPS (M) including sub-capsules (Si, SSi) and encapsulated functional components (FCs) on 
the gastro intestinal track and (ii) controlled release and interaction of the FCs in a microenviron-
ment at the intestinal wall
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Figure 7.1 gives a schematic view of a multi-microcapsule morphology and its 
stepwise structure degradation in the digestive process (Windhab 1999, 2004).

The processing of multi-microcapsules comprises the operations of dispersing 
(1), mixing (2) and spray chilling or spray drying (3). Details are given in the fol-
lowing stepwise description :

1. Dispersing: The dispersing step can be divided into two sub-steps : (1a) 
Dispersing of functional components within a watery or lipid fluid phase and 
(1b) Dispersing/emulsifying the liquid functional component dispersion/solu-
tion (received from 1a within another non-miscible fluid phase, thereby forming 
a duplex emulsion).
 The dispersing steps include formation of interfacial structures to stabilize the 
interface. Subsequent to each dispersing step, partial solidification of the disperse 
fluid phase(s) is desirable to support structure stability for the next processing 
step (Windhab et al. 2005).

2. Mixing – I Two or more emulsion systems processed according to 1a/b and con-
taining at least two different functional component dispersions/solutions are 
gently mixed such that the disperse phase structures are mostly kept.

3. Spray Chilling/Spray Drying The multiple emulsion/dispersion system resulting 
after mixing step 2 will be spray chilled (3a) or spray dried (3b) in order to 
receive a powder end product. In case of an o/w/o multiple emulsion/dispersion, 
multiple phase structure spray chilling will be applied and lead to lipid coated 
hydrophilic capsules with lipid sub-capsules (o/w/o-MCAPS). In the case of 
reverse phase arrangement, the respective water soluble phase- coated w/o/w-
MCAPS are received from spray drying (Windhab and Wagner 1994).
 To incorporate the multi component capsules generated within processing steps 
1–3 into a food system, another mixing step has to be added.

4. Mixing – II: Mixing of MCAPS into food matrices can be done with powder 
mixers (4a) if powdery component mixtures are provided for application, such as 
e.g., in the case of triple-fortified salt (example given below).
 In case of embedding the MCAPS into a more complex food matrix, another 
fluid mixing device can be applied, such as an extruder system (4b) as has been 
demonstrated for highly viscous wheat or rice flour-based dough systems.

Figure 7.2 gives a schematic view of an arrangement of the four processing opera-
tions (1–4) considered. In Fig. 7.3 powder particles with embedded MCAPS are 
shown.

For each of the processing operations (1–4) the processing parameters have to 
be adjusted such that specific structure criteria (A–D) are fulfilled, allowing the 
required encapsulation quality to be achieved. These are:

A. Disperse structures with small size distribution.
B. Homogeneous distribution of the disperse phases within the respective bulk 

phase entities.
C. Negligible structure degradation during subsequent processing steps.
D. Structure stability on shelf life time scale under typical environmental conditions.
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Fig. 7.2 Schematic drawing of the Multicapsule (MCAPS) processing steps: pre-mixing (i), 
dispersing (ii), spray processing (chilling or drying) (iii) and MCAPS-food matrix mixing/shaping 
(extrusion) (iv)

Fig. 7.3 Powder MCAPS with embedded multiple capsule structures (a) and different morpholo-
gies of the disperse sub-capsule phase (b, c) in the liquid state containing functional components

To improve processing conditions with respect to these criteria, new process 
design tools (mPRO: Micro-Fluidics + CFD based Process Design) have been intro-
duced and innovative processing devices (e.g., ROtating MEmbrane dispersing 
device (ROME)) derived (Schadler and Windhab 2006). For MCAPS processing, 
the Rotating Membrane dispersing device (ROME) has proved to be a crucial tool 
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to achieve adjustable disperse drop/capsule structure size distributions under gentle 
mechanical processing conditions (Müller-Fischer et al. 2007).

Figure 7.4 gives an insight into a micro-fluidics crossflow channel as used for 
membrane emulsification investigations. Figure 7.5 demonstrates a small pilot scale 
Rotating Membrane device (ROME) for continuous multiple capsule emulsion 
processing.

The crossflow field is adjusted by the rotational velocity of the membrane cylinder. 
Disperse drops are generated at the rotating membrane surface by feeding the disperse 
fluid phase through a hollow shaft into the membrane cylinder and pressing it 
through the membrane pores with trans-membrane pressures DP

M
 in the range of 

about 0.5–5 bars, depending on mass flow rate dm/dt and dynamic viscosity 
function h(dv/dr). The continuous (bulk) fluid phase is pumped axially through the 
annular gap between the rotating membrane cylinder and the concentric cylinder 
housing. The interplay of interfacial tension between disperse fluid phase, continuous 
(bulk) fluid phase and membrane surface with the flow shear stresses generated by 
the concentric cylinder rotational flow field, determines the critical drop/capsule 
size which is detached from the membrane surface.
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For multiple emulsification/encapsulation processing ROME devices can be 
arranged in series. However, a first dispersing step for simple emulsification can 
also be carried out within alternative dispersing devices like Micro-Fluidizer/high 
pressure homogenizer, rotor/stator disperser or ultrasound disperser. In the second 
multiple emulsion dispersing step, the ROME device proved clearly advantageous 
compared to conventional dispersing devices. Due to the uniform and gentle 
mechanical dispersing treatment in the ROME device, disperse multiple emulsion 
structures were not destroyed (e.g., by re-coalescence), even up to very high dis-
perse phase fractions of 50–60 Vol%.

7.3 Bioavailability

However, the effect of encapsulation per se on Fe bioavailability is a concern. 
Several factors may influence Fe bioavailability from encapsulated products, 
including capsule material, ratio of capsule material to Fe, and the technology and 
process used for encapsulation. The relative bioavailability (RBV) of a series of 
encapsulated Fe compounds has been tested in rat Hb repletion tests (Hurrell 1985; 
Hurrell et al. 1989). The Hb repletion test measures the bioavailability of Fe compounds 
based on their ability to increase hemoglobin (Hb) in anemic rats, relative to ferrous 

simple
emulsion

multiple emulsion

a

b

c

Fig. 7.5 Rotating membrane dispersing device (ROME): schematic view of multiple emulsion 
dispersing process (a), membrane cylinder (b) and patented lab/pilot-scale commercialized 
ROME device (by Kinematica AG, Littau-Luzern, Switzerland) (c)
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sulfate. The compounds were obtained from Durkee (Cleveland, Ohio, USA) and 
had a 40:60 ratio of capsule material: FeSO

4
∙H

2
O. As shown in Table 7.1, the RBV 

of ferrous sulfate encapsulated with hydrogenated soybean oil, hydrogenated palm 
oil, or mono- and diglycerides was comparable to that of ferrous sulfate. Ferrous 
sulfate encapsulated with maltodextrin showed a nonsignificant reduction in RBV 
compared to ferrous sulfate. Ethyl cellulose encapsulated ferrous sulfate (Eurand 
International, Milan, Italy) was also tested (20:80 capsule:substrate ratio), and had 
33% higher RBV. The RBV of ferrous sulfate encapsulated in hydrogenated soy-
bean oil (Balchem, Slate Hill, NY, USA) varies between 78 and 99, depending on 
the capsule material and the capsule:substrate ratio (Table 7.1) (D. Barclay, 
Nestec Ltd., personal communication, 2003). Ferrous sulfate encapsulated in 
hydrogenated soybean oil at a 50:50 capsule:substrate ratio showed an RBV equiv-
alent to nonencapsulated ferrous sulfate. However, there was a 20% reduction in 
RBV when the capsule:substrate ratio was increased to 67:33. Also, there was a 20% 
reduction in RBV when the capsule was modified to include glycerol-monostearate 
and tricalcium phosphate.

The relative bioavailability (RBV) of encapsulated forms of ferrous fumarate 
was also tested in rat Hb repletion tests (D. Barclay, Nestec Ltd., personal com-
munication, 2003) (Table 7.2). Ferrous fumarate encapsulated in hydrogenated 
castor oil (Biodar, Yavne, Israel) at 70:30 and 60:40 ratios of capsule: substrate, and 
encapsulated in hydrogenated soybean oil (Balchem) at a 40:60 ratio had RBVs 
equal to non-encapsulated ferrous sulfate. However, ferrous fumarate encapsulated 
in carnauba wax (Westreco, Marysville, Ohio, USA) had a RBV of only 66% com-
pared to ferrous sulfate. In a separate study, the RBV of ferric ammonium citrate 
was equivalent to ferrous sulfate, but when encapsulated with hydrogenated palm 
oil in a 60:40 ratio, its RBV was decreased by 25%.

Table 7.1 Relative bioavailability (RBV) of encapsulated forms of ferrous sulfate as measured 
by the rat hemoglobin repletion test

Form Fe contenta RBVb

Ferrous sulfate∙H
2
O (nonencapsulated) 33 102 ± 5

Ferrous sulfate encapsulated
 In ethyl cellulose (20:80 ratio of capsule:Fe SO

4
∙H

2
O) 27 133 ± 10

In 40:60 ratio with:
 Part. hydrogenated soybean oil 20 114 ± 7
 Part. hydrogenated palm oil 20 95
 Mono- and diglycerides 20 116 ± 7
 Part. hydrogenated soybean and cottonseed oil 20 79
 Maltodextrin 20 87
 In 50:50 ratio with part. hydrogenated soybean oil 16.7 99
 In 50:50 ratio with part. hydrogenated soybean oil (44% hydro. soy oil, 

5% glyceromonostearate, 1% tricalcium phosphate)
16.7 78

 In 67:33 ratio with part. hydrogenated soybean oil 10.9 81
aAs percent
bAs mean or mean ± SEM
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The bioavailability of encapsulated ferric pyrophosphate (FePP) was evaluated 
by Wegmuller et al. (2003) The hemoglobin (Hb) repletion method in weanling rats 
(Forbes et al. 1989) was used to compare the relative bioavailability (RBV) of FePP 
with a mean particle size (MPS)  »  2.5 mm to the same compound encapsulated in 
hydrogenated palm oil at a capsule:substrate ratio of 60:40. The encapsulated FePP 
was produced by spray cooling. The capsule was made of hydrogenated palm oil 
(Nutriswiss) containing 1% lecithin (Loders Croklaan). The palm oil was heated to 
85°C and a suspension containing the FePP was made. This was then passed 
through a screw pump (Scheerle) into a stainless steel spraying tower, atomized 
using air as the second medium, and cooled with liquid nitrogen. The RBV compared 
with ferrous sulfate was calculated by the slope-ratio technique. The RBV was 43% 
for encapsulated MPS  »  2.5 mm, significantly lower than the nonencapsulated 
FePP compounds (69%).

The variable RBV reported in these studies demonstrates the importance of testing 
the bioavailability of new encapsulated Fe compounds in rat Hb repletion studies 
before they can be recommended for use in food fortification (Zimmermann 2004).

7.4 Food Fortification with Encapsulated Iron

7.4.1 Sensory Testing in Cereals

Encapsulated Fe was dry mixed into precooked wheat flour (10 mg/100 g) and the 
samples were stored at 37°C for 3 months (Hurrell 1985). The compounds tested 
were ferrous sulfate encapsulated with hydrogenated soybean oil, hydrogenated palm 
oil, mono- and diglycerides, maltodextrin, or ethyl cellulose. All the compounds 
performed as well as electrolytic Fe and an unfortified control. They did not cause fat 
oxidation as measured by pentane generation, nor did they generate off-flavors as measured 

Table 7.2 Relative bioavailability (RBV) of encapsulated forms of ferrous fumarate and ferric 
ammonium citrate as measured by the rat hemoglobin repletion test

Compound RBVa

Ferrous fumarate 101 ± 7
Encapsulated ferrous fumarate
 In hydrogenated castor oil (30% ferrous fumarate)
 In hydrogenated castor oil (40% ferrous fumarate)

103 ± 9
111 ± 10

 In hydrogenated soybean oil (60% ferrous fumarate) 98 ± 10
 In carnauba wax 66 ± 6
Fe ammonium citrate 107
Encapsulated ferric ammonium citrate in hydrogenated palm oil (60% capsule: 40% 

ferric ammonium citrate)
82

aAs mean or as mean ± SEM
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by a taste panel. However, when prepared at temperatures above the melting points 
of the capsules (52–66°C), the encapsulated Fe compounds produced green-gray 
color changes in porridges made with hot water and wheat flour. Ferrous sulfate 
encapsulated in either hydrogenated soybean oil or mono- and diglycerides was dry 
mixed into a wheat cereal at 10 mg and 50 mg/100 g, and the samples were stored at 
37°C for 3 months (Hurrell et al. 1989). Both compounds performed as well as 
electrolytic Fe and an unfortified control. Ferrous sulfate encapsulated with ethyl cel-
lulose, dry mixed into a rice cereal at 18.5 mg Fe/100 g and stored at 37°C for 3 
months, also performed as well as carbonyl Fe and the control (Hurrell et al. 1989).

7.4.2  Ferrous Sulfate and Ascorbic Acid Encapsulated  
in Soy Lecithin Liposomes

If liquid food products are to be fortified with Fe, liposome technology can be used 
(Schrooyen et al. 2001). A series of studies in Argentina reported on the bioavail-
ability of ferrous sulfate (6.6% Fe) with ascorbic acid (2%) encapsulated in soy 
lecithin liposomes in a fluid suspension (SFE-171, BioferTM) (Boccio 1997). The 
bioavailability of SFE-171 was comparable to that of nonencapsulated ferrous sulfate 
in animals and humans. Absorption of SFE-171 given with milk was not signifi-
cantly different from ferrous sulfate or ascorbate given with water, but was greater 
than ferrous sulfate given with milk (p < 0.01). The authors suggested that encapsu-
lation of the Fe improved its bioavailability by reducing its interaction with protein, 
calcium, and other milk components (Boccio 1997).

In a series of further absorption studies in rats, the absorption of SFE-171 was 
comparable to or greater than ferrous sulfate when given with different meals. In 
humans (n = 29) without IDA (mean Hb 16.8 ± 1.4; serum ferritin 113 ± 74 mg/L), 
mean absorption ± SD of SFE-171 given with 250 ml of milk (6.6% Fe) was 
10.4 ± 4.9%. In an uncontrolled study, preschool children with Fe-deficiency anemia 
(n = 10, mean age 23.1 ± 8.9 months) received a daily milk portion (250 ml) fortified 
with SFE-171. All the subjects receiving the fortified milk attained normal Hb con-
centrations; the mean number of days required was 50.7 ± 19.2 (Boccio 1997).

An alternative approach to fortify milk with encapsulated Fe is the use of ferric 
ammonium sulfate coated with polyglycerol monostearate (Kwak et al. 2003). The 
microencapsulates were made by spraying a heated (50°C) solution of polyglycerol 
monostearate with ferric ammonium sulfate (3:1 up to 20:1 w/w) into a solution of 
0.05% Tween 60 at 5°C. The organoleptic properties of milk fortified with this 
encapsulated compound were superior to milk fortified with other Fe compounds; 
lipid peroxidation in the milk was reduced by using the encapsulated Fe. 
Microcapsules containing FeCl

3
 or FeSO

4
 plus ascorbic acid coated with hydroge-

nated milk fat or stearine have been used to fortify cheese (Jackson and Lee 1992); 
the stearine-coated Fe caused less oxidation of fat in cheese compared to those 
fortified with nonencapsulated Fe (Jackson and Lee 1992).
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7.4.3 Emulsifications of Ferric Pyrophosphate

SunActive FeTM (Taiyo Kagaku Co., Ltd., Yokkaichi, Mie, Japan) is a commercially 
available (but relatively expensive), patented form of ferric pyrophosphate (FePP). 
It contains micronized FePP (mean particle size 0.3–0.5 mm) stabilized using emul-
sifiers including polyglycerol esters and hydrolyzed lecithin. It is available in liquid 
form (12% Fe) and as a powder (8% Fe). It remains in suspension in liquid products 
and can be used to fortify dairy-based products, such as milk, drinkable yogurts and 
soymilk. In rats, the RBV of dispersible SunActive FeTM is similar to ferrous sulfate 
(Sakaguchi et al. 2004). Several stable isotope studies in humans have reported Fe 
absorption rates of 15–25% for rice, 63–83% for infant cereals and 94% for a milk-
based drink (Fidler et al. 2004; Moretti et al. 2006).

7.4.4  Encapsulated Ferrous Fumarate Plus Ascorbic Acid  
As “Sprinkles” in Ghana

Encapsulated ferrous fumarate has been used successfully in complementary food 
fortification. In a feeding trial, anemic infants in Ghana received a daily sachet of 
“sprinkles” containing ferrous fumarate encapsulated in hydrogenated soybean oil 
(80 mg elemental Fe) (Descote ferrous fumarate 60 Ultra, Particle Dynamics, St. Louis, 
USA) (Zlotkin et al. 2001). The sachets also contained ascorbic acid (50 mg) and 
were mixed into complementary foods at homes just before feeding. A second 
group received ferrous sulfate drops 3 times/d for 2 months (total daily dose: 
40 mg elemental Fe). In both groups, there was a significant increase in serum 
ferritin and Hb concentrations from baseline to the end of treatment, and the 
change in Hb concentrations was not significantly different between groups. 
Despite the presence of ascorbic acid in the sprinkles, the bioavailability of Fe 
appeared to be lower from the sprinkles than from the drops. This may have been 
due to the fact that the sprinkles were mixed with food, which may have inhibited 
Fe absorption relative to the drops that were taken without food. The authors 
suggested that improved safety and ease of use may favor the use of sprinkles to 
deliver Fe (Zlotkin et al. 2001). Subsequent studies have shown the efficacy of 
sprinkles containing a lower dose of Fe (12 mg) as encapsulated ferrous fumarate 
(Hirve et al. 2007).

A stable isotope study compared the Fe absorption from sprinkles containing 
encapsulated ferrous fumarate or non encapsulated ferrous fumarate, mixed into 
rice-based and wheat-based complementary foods in non-anemic infants (Liyanage 
and Zlotkin 2002). The absorption of the ferrous fumarate was significantly reduced 
by encapsulation. A subsequent isotope absorption study tested sprinkles contain-
ing encapsulated ferrous fumarate plus ascorbic acid added to a maize-based 
porridge in infants (Tondeur et al. 2004). Mean Fe absorption was 4.5% in iron-
sufficient infants and 8.3% in those with iron-deficiency anemia.
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7.4.5  Dual Fortified Salt with Encapsulated Ferrous  
Sulfate and Iodine

Although dual fortification of salt with iodine and Fe could be an effective fortifica-
tion strategy, ensuring iodine stability and Fe bioavailability in dual fortified salt 
(DFS) is difficult. Water-soluble Fe compounds, which are the most bioavailable, 
react with moisture and impurities in salt and produce unacceptable color changes. 
Moreover, in the presence of ferrous ions and oxygen, the iodine in DFS is unstable 
due to catalytic oxidation of iodate or iodide to I

2
. Insoluble Fe compounds, such 

as elemental Fe powders or Fe phosphate compounds, cause fewer sensory changes 
but may be so poorly absorbed as to be of little nutritional value. Encapsulated Fe 
has excellent potential for overcoming unwanted sensory changes and iodine losses 
in salt, while maintaining high bioavailability (Zimmermann et al. 2003).

A DFS containing encapsulated ferrous sulfate was tested in rural villages in the 
Rif Mountains of northern Morocco (Zimmermann et al. 2003). Because the local 
diet was high in phytic acid and low in ascorbic acid, estimated non-heme Fe bio-
availability was only 0.4–4.3%. Local salt was dual fortified with 25 mg iodine/g 
salt as (non-encapsulated potassium iodide) KI and 1 mg Fe/g salt as ferrous sulfate 
hydrate encapsulated with partially hydrogenated vegetable oil (Cap-Shure 
FS-165E-50, Balchem, Slate Hill, NY, USA), or fortified with iodine only (Iodized 
Salt, IS). The encapsulated Fe compound contained 50% FeSO

4
∙H

2
O. After storage 

for 20 weeks, there were no significant differences in iodine content between the 
DFS and IS.

The efficacy of the DFS was evaluated in a randomized, double-blind trial in 
iodine-deficient 6–15 year-old children (n = 377). Each participating family shared 
a 2 kg monthly salt portion for 9 months. Mean Hb and all indices of Fe status 
significantly increased in the DFS group compared to the IS group at 40 weeks. The 
prevalence of IDA and Fe-deficiency without anemia was sharply lower in the DFS 
group at 40 weeks. Although the DFS was well accepted, Fe encapsulation did not 
entirely prevent color changes. During the dry season, when the moisture content 
of the local salt was low (<1%), there was no significant color difference between 
IS and DFS. However, during the damp winter season, when the moisture content 
of the local salt was high (~3%), the DFS developed a yellow color during storage. 
Although the partially hydrogenated vegetable oil capsule is water resistant, some 
loss of capsule likely occurred from abrasion during mixing. When the salt mois-
ture content was high, the ferrous Fe was oxidized in the presence of water and 
oxygen and precipitation of yellow-brown ferric hydroxide occurred.

The DFS demonstrated good bioavailability without an enhancer, despite the 
high phytic acid content of the diet. To fully liberate Fe encapsulated in partially 
hydrogenated vegetable oil requires lipase digestion in the proximal duodenum. 
This brief delay in Fe appearance may reduce Fe binding to inhibitory substances 
(such as phytic acid) in the stomach and upper duodenum, and thereby potentially 
increase Fe absorption, although this has not been directly tested. Although a stable 
and efficacious DFS could provide new opportunities for controlling iron deficiency, 
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the cost-effectiveness of this approach remains to be determined. Current cost esti-
mates for encapsulated ferrous sulfate are 4–7× that of non-encapsulated ferrous 
sulfate, but the price could fall if production is on a large scale. Because perfor-
mance of encapsulated Fe may vary depending on climate, salt quality and diet, the 
authors suggested that more studies were needed in other countries under local 
conditions (Zimmermann et al. 2003).

7.4.6  Fortification of Salt with Encapsulated Fe: Stability  
and Acceptability Testing

In the Morocco intervention trial described above (Zimmermann et al. 2003), salt 
containing ferrous sulfate encapsulated with hydrogenated soybean oil was effective 
in reducing the prevalence of anemia, but it caused a yellow color in the salt during 
the damp winter season. Therefore, Wegmuller et al. (2003) tested the potential of 
various encapsulated Fe compounds as salt fortificants. In temperate Morocco and 
tropical Côte d’Ivoire, native salt was dual fortified with iodine and 15 different 
encapsulated Fe compounds were commercially available or in development 
(Table 7.3). In Morocco, the fortified salts were prepared using unground, unwashed 
salt from a local cooperative. In Côte d’Ivoire, the fortified salts were prepared 
using unwashed imported Senegalese salt. Tests were done comparing the 
following:

Ferrous sulfate to encapsulated ferrous sulfate (seven different capsule •	
materials)
Ferrous fumarate to encapsulated ferrous fumarate (six different capsules)•	
Ferric pyrophosphate to encapsulated micronized ferric pyrophosphate•	
Electrolytic Fe to encapsulated electrolytic Fe•	

The salt fortification level chosen for the different Fe compounds was equivalent 
to 1 mg of Fe as ferrous sulfate/g salt, considering the estimated RBV of the Fe 
compounds compared to ferrous sulfate (Hurrell 2002). All DFS and an IS control 
were stored in loosely woven high-density polyethylene bags, and in transparent 
low-density polyethylene bags. The color and iodine content were measured at 
baseline and after storage for 1, 2, 4 and 6 months. Color changes were evaluated 
using reflectance colorimetry. Acceptability of the salt color was judged at 4 
months by standardized interviews comparing 100 g DFS and IS samples side-by-
side on white backgrounds.

For almost all compounds, encapsulation did not prevent adverse sensory 
changes. There was a rapid and marked color change in many of the DFS, particu-
larly the ones fortified with forms of elemental Fe and ferrous sulfate. In general, 
the color change in Morocco was greater than in Côte d’Ivoire. Color instability 
was likely the result of the formation of ferric oxides of Fe with a rusty orange 
color, and the formation of I

2
 which has a dark brown color. Two of the salts forti-



1997 Encapsulation of Iron and Other Micronutrients for Food Fortification

Table 7.3 The color and acceptability of local salt fortified with encapsulated iron compounds in 
Morocco and Côte d’Ivoire

Fe compound Capsule material/additives Fe [%] Producer
Color in stored salt 
after 2 months

Electrolytic
Electrolytic Fe None 10 OMG Americas Unacceptable dark 

brown
Electrolytic Fe Partially hydrogenated 

soybean oil
70 Balchem Unacceptable dark 

brown
Pyrophosphate
Fe pyrophosphate None 21 Lohmann Acceptable pale 

beige
Fe pyrophosphate Dextrin, glycerol esters of 

fatty acids, hydrolyzed 
lecithin

8 Taiyo Kagaku Acceptable pale 
beige

Fumarate
Fe fumarate None 33 Lohmann Unacceptable 

orange pink 
brown

Fe fumarate Partially hydrogenated palm 
oil

16 Lohmann Unacceptable 
orange pink 
brown

Fe fumarate Hydrogenated soybean oil 20 Watson Foods Unacceptable 
orange pink 
brown

Fe fumarate Cellulose derivative 28 Bio Dar Unacceptable 
orange pink 
brown

Fe fumarate Granulated with dextrin, 
cellulose, SHMP, coated 
with soy stearine

12 MI Acceptable pale 
gray + dark 
flecks

Fe fumarate Wax matrix 18 Particle 
Dynamics

Acceptable pale 
gray + dark 
flecks

Fe fumarate Mono- and diglycerides 21 Particle 
Dynamics

Unacceptable 
orange pink 
brown

Sulfate
Fe sulfate None 29 Lohmann Unacceptable 

yellow brown
Fe sulfate Partially hydrogenated 

soybean oil
17 Balchem Unacceptable 

yellow brown
Fe sulfate Mono and diglycerides 15 Bio Dar Unacceptable 

yellow brown
Fe sulfate Cellulose derivative 27 Bio Dar Unacceptable 

yellow brown
Fe sulfate Partially hydrogenated palm 

oil
23 Lohmann Unacceptable 

yellow brown
Fe sulfate Partially hydrogenated oil 20 Watson Foods Unacceptable 

yellow brown
Fe sulfate Soy stearine 20 MI Unacceptable 

yellow brown
Fe sulfate Stearic acid 20 Particle 

Dynamics
Unacceptable 

yellow brown
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fied with encapsulated ferrous fumarate were judged acceptable at 4 months. One 
was encapsulated in soy stearine and granulated with dextrin, cellulose and sodium 
hexametaphosphate (SHMP). Its color stability was likely to be at least partly due 
to the presence of a stabilizing agent, SHMP (Narasinga Rao 1985). The other fer-
rous fumarate that performed well and showed only a slight color change was 
encapsulated in an edible wax matrix, but the bioavailability of the Fe in this edible 
wax capsule has not been tested.

Two forms of encapsulated ferric pyrophosphate with small particle size showed 
promise as a salt fortificant; their color in the DFS was acceptable, and at 4 months, 
the DFS retained 92 and 56% of their original iodine content in Morocco and Côte 
d’Ivoire, respectively, similar to iodized salt. Their color and iodine stability may 
be due to the fact that Fe phosphate compounds are insoluble in water and only 
poorly soluble in dilute acid, which reduces their reactivity, even in salt with a high 
moisture content.

The findings of this study suggest currently available encapsulation techniques 
for Fe do not sufficiently reduce moisture penetration and/or Fe solubility when the 
encapsulated Fe is mixed into salt. Mechanical abrasion of the capsules during 
mixing may also contribute by damaging capsules and exposing and/or freeing Fe. 
Also, the Fe in these compounds may not be fully coated by the encapsulation 
process. Spray cooling is typically referred to as “matrix” encapsulation, because 
the particles are aggregates of the iron compound buried in the fat matrix, while 
“true” encapsulation is usually reserved for processes leading to core/shell type 
microcapsules. A matrix encapsulation process leaves a significant proportion of 
the active ingredients lying on the surface of the microcapsules or sticking out of 
the fat matrix, thus having direct access to the environment and generally releasing 
their content easily (Gouin 2004). The strong binding of the ingredient to the fat 
matrix can prevent the release of the ingredient even though the fat matrix is melted 
and/or damaged during processing (Gouin 2004).

7.4.7 Fortification of Salt with Encapsulated Ferrous Fumarate

A new formulation of encapsulated, agglomerated ferrous fumarate (EFF) has been 
developed by the Micronutrient Initiative (Ottawa, Canada). The encapsulation pro-
vides a physical barrier between iodine and the salt, its impurities and the ferrous 
fumarate. The EFF premix includes encapsulated ferrous fumarate with a soy stear-
ine coating made in a fluidized bed, which was then agglomerated with titanium 
dioxide, hydroxypropyl methylcellulose (HPMC), and sodium hexametaphosphate 
(SHMP). The acceptability and efficacy of this premix, when added to iodized salt, 
was recently tested in school children in rural southern India with low iron stores. 
Local salt fortified with the EFF caused color changes in local foods when added 
during cooking, and the EFF segregated in the salt when the moisture content was 
low. However, the iodine content of the salt was stable and the EFF was efficacious 
in a household-based feeding trial over 10 months, where body iron stores were 
significantly increased in iron-deficient children (Andersson et al. 2008).
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7.4.8 Triple Fortification of Salt with Iron, Iodine and Vitamin A

In remote, rural areas of subsistence farming in Africa and Indonesia, salt is one of 
the few regularly purchased food items and therefore is often the only suitable food 
vehicle for food fortification (Hess et al. 1999; Melse-Boonstra et al. 2000). 
Because salt is consumed daily at fairly steady levels even by low socio-economic 
population groups, it could be a promising food vehicle for triple fortification with 
iodine, Fe, and vitamin A. Adding vitamin A to salt is particularly challenging, due 
to its fat solubility and its instability in the presence of oxygen and other oxidizing 
agents, particularly when exposed to light and heat. Encapsulation of vitamin A and 
iodine could protect them from interactions with salt impurities, light, air, and 
moisture. Fortification of salt with a single dry mix containing these three micro-
nutrients may be simpler and less expensive compared to separate addition into 
different food vehicles.

In a series of studies (Zimmermann et al. 2004; Wegmueller et al. 2006), triple 
fortified MCAPS (see Sect. 7.2) containing iron, iodine and vitamin A for salt forti-
fication were produced and tested. Spray cooling was chosen for the production of 
the microcapsules because of the desirable coating characteristics produced by the 
technique, and because spray cooling is currently the least expensive encapsulation 
technology (Gouin 2004). Fully hydrogenated palm fat was chosen as coating mate-
rial due to its high melting point (63°C) for several reasons: (a) the sprayed capsules 
need to resist high temperatures encountered during storage and transport of salt in 
tropical climates; (b) its hydrophobic properties prevent the entrance of water and 
reduce reactions between different core ingredients; and (c) fat is an ideal matrix for 
fat-soluble vitamin A due to the stabilization and the delay of oxidation of the vita-
min. Lecithin was added to the molten palm fat together with the Fe to reduce the 
viscosity of the suspension and enable a capsule:substrate ratio of 60:40.

The particle size of the microcapsules was set according to the average particle 
size of the salt to be fortified (approximately 1.5 mm). A small mean particle size 
of »100 mm was chosen for the capsules to increase van der Waals forces with the 
larger salt crystals and thereby reduce segregation in the salt. An additional consid-
eration was the need to maintain an adequate volume–surface ratio in order to 
protect the ingredients, but not interfere with the release kinetics of the nutrients 
from the capsules to maintain bioavailability.

For the production of the microcapsules, ferric pyrophosphate (FePP) (»21% Fe) 
with a mean particle size (MPS) of 2.5 mm (Dr. Paul Lohmann, Emmerthal, 
Germany) was used. KIO3 was chosen over KI because it is less reactive with ferric 
forms of iron. Reagent-grade potassium iodate (KIO3) (Riedel-de Haen, Hannover, 
Germany) was chosen as the iodine source. The KIO3 was ground to a smaller 
particle size (<10 mm) before spraying, using a laboratory bead mill K8 (Bühler, 
Uzwil, Switzerland). An oily form of vitamin A was used due to its solubility in the 
fat matrix, its higher stability and lower costs compared to dried forms (Dary and 
Mora 2002). The vitamin A fortificant used was liquid retinyl palmitate 1.7 M IU/g, 
stabilized with 10 mg of BHT/million IU (BASF ChemTrade GmbH, Burgbernheim, 
Germany).
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The ferric pyrophosphate (40% w/w) and lecithin (1% w/w) were stirred into 
molten palm fat (80–90°C) and than filled into a heated tank above a rotary pump. 
This tank was continuously stirred to avoid sedimentation of the Fe particles and 
then, just before spraying, the iodine and retinyl palmitate were added. Before 
spraying, the mixture contained a ratio of Fe:iodine:retinol of 100 mg:2 mg:5 mg 
per g mixture. To minimize losses of iodine and retinol due to heat, light and/or 
oxidation, the final suspension was immediately sprayed into a pre-cooled tower 
through a two-fluid nozzle with heated air of »90°C as the second medium. Liquid 
nitrogen was sprayed into the middle zone of the tower to cool and rapidly solidify 
the atomized particles. The capsule:substrate ratio of the produced microcapsules 
was 60:40. The mean particle size was »135 mm.

Figure 7.6 shows a light microscope image of the microcapsules (100× magni-
fication). The spherical particles have a smooth surface characteristic of spray 
cooled or spray chilled products because there is no mass transfer by evaporation 
as in spray drying (Shahidi and Han 1993). There is a relatively wide range of particle 
size. The presence of agglomerates is likely due to the particles being insufficiently 
solidified during settling in the spraying tower. Figure 7.7 shows a SEM micro-
graph of the surface of microcapsules at two different magnifications. Crystals of 
the palm fat can be seen on the capsule surface. Small capsules have fewer fat crystals 
on the surface than larger ones, most probably due to the shorter solidification time 
for small capsules. To visualize the internal structure, microcapsules were broken 
(Fig. 7.8). The large crystals of the palm fat can be recognized on the surface of the 
cross section, but the individual nutrient components are not visible on the surface 
or in the cross section.

The microcapsules were tested as a salt fortificant in rural northern Morocco 
(Zimmermann et al. 2004), where deficiencies of iron, iodine and vitamin A are 
common and salt is regularly consumed at a level of 5–15 g/d. Using local salt, 
iodized salt (IS) was prepared by adding KIO

3
 at a concentration of 25 mg I/g salt, 

and triple-fortified salt (TFS) was prepared using microcapsules at a concentration 
of 2 mg Fe, 25 mg I, 60 mg vitamin A/g salt, and stored for 6 months. Although there 
was no significant color change in the IS and TFS over 6 months of storage, there 
was a slight difference in color between the TFS (light beige) and the IS (milky 
white) after mixing. This resulted in an absolute color difference measured by reflec-
tance colorimetry of (∆E) of »9. Although Wegmuller et al. (2003) reported that 
fortified salts with ∆E < 10 compared to IS were considered acceptable in interviews 
at local African markets, an improvement in salt color should be a future goal in the 
refinement of the encapsulation process. Because fats crystallize in various forms 
that exhibit very different crystal sizes, hydrophobicities and densities (Gouin 2004), 
refinement of the crystallization during production and storage could help prevent 
discoloration due to reactions of the Fe compound with the salt matrix.

The spraying process resulted in iodine and vitamin A losses of approximately 
40% and 30%, respectively. Additional losses of iodine after storage for 6 months 
were »20% in both the TFS and IS. The retinyl palmitate used in the experiments 
was surprisingly stable during storage, with losses of only 12% after 6 months 
(Table 7.4). This was likely due to the hydrogenated fat acting as an excellent 
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Fig. 7.6 Sprayed microcapsules containing iron, iodine and vitamin A designed for salt fortification 
analyzed by light microscopy (100× magnified)

Fig. 7.7 (a, b) Surface of microcapsules containing iron, iodine and vitamin A designed for salt 
fortification analyzed by SEM micrographs: (a) 700× magnified, picture width: 154 mm and (b) 
5,000× magnified, picture width: 21.6 mm

barrier to oxygen. However, vitamin A and iodine losses during production of the 
capsules were high, and the encapsulation process should be improved to reduce 
these losses, particularly for vitamin A, which is expensive. Producing the micro-
capsules in an oxygen-free area and without direct light could be the next step. 
In this study, the losses are anticipated by overage before spraying at a ratio of iron 
1 mg: iodine 15 mg:vitamin A 50 mg, to achieve the final target ratio for fortification, 
that is: iron 1 mg:iodine » 12 mg:vitamin A » 30 mg.
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Fig. 7.8 Inner structure of a broken microcapsule containing iron, iodine and vitamin A designed 
for salt fortification analyzed by SEM micrographs (700× magnified, picture with: 154 mm)

Table 7.4 Color, iodine and vitamin A concentration in iodized salt (IS) and triple fortified salt 
(TFS) containing iron, iodine and vitamin A after storage for 0, 2, 4 and 6 months and fortification 
level before storagea

Vitamin A Iodineb Color

mg/g salt mg/g salt Lightnessc DE
ab

d,e

TFS IS TFS IS TFS TFS/IS

Fortification levelf 100 25 40
0 month 69.7 ± 7.1 27.4 ± 3.8 25.7 ± 3.0 80.9 ± 0.88 79.82 ± 0.26 9.01 ± 1.05
2 months 74.5 ± 3.2 18.6 ± 2.1 22.2 ± 6.1 80.3 ± 0.45 79.87 ± 0.31 9.17 ± 0.07
4 months 69.4 ± 2.7 21.0 ± 3.1 26.5 ± 3.7 80.7 ± 1.01 79.73 ± 0.38 9.02 ± 0.28
6 months 61.2 ± 4.5 19.4 ± 1.4 20.6 ± 0.9 80.3 ± 0.75 79.59 ± 0.11 9.02 ± 0.52
aValues are means ± SD (n = 3)
bSignificant main effect of time, P < 0.001 (ANOVA)
cLightness scale: 0 = black, 100 = white
dDE

ab
 absolute color difference between TFS and IS

eSignificant main effect of fortification, P < 0.001 (ANOVA)
fIodine and vitamin A added before spraying for TFS and I added at mixing for IS

Once these stability and acceptability tests were complete, we compared the 
efficacy of the TFS and IS in a randomized, double-blind trial. The subjects were 
6–14-year-old children. Each participating family was provided with 2 kg of salt at 
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the beginning of each month for 10 months to supply all household needs. There 
were significant improvements in iron, iodine and vitamin A status in the TFS 
group, and a reduction in the prevalence of anemia and vitamin A deficiency. 
Although this trial showed the feasibility of triple fortifying salt using encapsula-
tion, the price increment for a triple-fortified salt would be high and a significant 
barrier to its implementation.

7.4.9  Dual Fortification of Wheat Flour with Encapsulated 
Ferrous Sulfate and Iodine

For iron fortification of low extraction wheat flour, the WHO recommends both 
nonencapsulated and encapsulated iron compounds (World Health Organization 
2006). If ferrous sulfate is used, it may need to be encapsulated to avoid sensory 
problems during long-term storage (Hurrell 2002). However, commercially available 
products cannot be used by most flour mills because their particle size is too large 
to pass the sieves used during milling. Salt iodization is the preferred strategy for 
iodine prophylaxis. But it is ineffective where salt is not the major condiment (e.g., 
in Southeast Asia, where it is replaced by soy and fish sauce) or where the presence 
of multiple small salt producers makes installation of fortification infrastructure 
difficult. In these situations, alternate vehicles for iodine should be explored. For 
example, in rural areas of North Africa, India and Pakistan, wheat flour is a staple 
food and is centrally processed, while salt is provided by many small local producers. 
For these reasons, Biebinger et al. (2008) recently developed and tested the efficacy 
of microcapsules containing ferrous sulfate and iodine specifically designed for 
wheat flour fortification. A spray-cooling process was used to package micronized 
ferrous sulfate and potassium iodate into small dense microcapsules of hydrogenated 
palm oil (mean particle size »40 mm) (Fig. 7.9). The capsule to substrate ratio was 
approximately 50:50; the mean ± SD iron and iodine content of the capsule was 15.7 ± 0.4% 
and 0.45 ± 0.02%, respectively. During spraying, mean iodine losses were »25%; the 
baking process produced no measurable iodine losses.

The microcapsules were used to fortify wheat-based biscuits with 10 mg iron 
and 150 mg iodine per serving, and their efficacy was compared to a non-fortified 
control in a randomized feeding trial in young Kuwaiti women. The fortified biscuits 
were indistinguishable in taste and color from the unfortified biscuits. In the group 
receiving the microcapsule-fortified biscuits, body iron stores and urinary iodine 
concentration increased, and the prevalence of iron deficiency was reduced by 
nearly half. This is the first report showing the efficacy in humans of wheat flour 
fortification with encapsulated ferrous sulfate. The authors estimated that 11% of 
the iron from the encapsulated ferrous sulfate was absorbed. This value is similar 
to that from a study in Thailand using unencapsulated ferrous sulfate, where »11% 
of the administered iron dose was absorbed after a comparable time frame of 20 
weeks (Zimmermann et al. 2005). This suggests the encapsulation of the ferrous 
sulfate used in the study did not adversely affect its bioavailability. However, 
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because the vehicle was a baked snack, heating during cooking likely melted most 
if not all of the capsule and released its contents before consumption.

An innovation of this study was the production of dense microcapsules small 
enough to pass the sieve sizes of 325 mesh, widely used in the milling industry, 
without compromising iron bioavailability or sensory qualities. Commercially 
available encapsulated ferrous sulfates are typically too large (>100 mm) to pass 
through these sieves. The use of micronized dried ferrous sulfate and an optimized 
spray-cooling method made it possible to reduce microcapsule particle size and yet 
ensure an adequate surrounding physical barrier. Future refinements in the encap-
sulation process for wheat flour fortification should be directed toward: (a) further 
reduction in the amount of iron exposed on the capsule surface to reduce potential 
adverse sensory changes in stored flours or fortified products without compromis-
ing desirable particle size and iron bioavailability; (b) reduction of iodine losses 
during processing of capsules; and (c) potential addition of an enhancer of iron 
absorption, such as vitamin C or EDTA, to the capsule. The feasibility of adding 
encapsulated ferrous sulfate to wheat flour on a national scale, including issues of 
production, cost, distribution and storage, require further investigation.

7.5 Final Considerations

Iron (Fe) encapsulation has the potential to help overcome several major challenges 
in Fe fortification of foods. It may decrease unwanted sensory changes and reduce 
interactions of Fe with food components that lower Fe bioavailability. However, the 

Fig. 7.9 Structural appearance of the fat-based microcapsules containing iron and iodine 
designed for wheat flour fortification, analyzed by scanning electron microscopy (SEM): (a) 
1,000× magnified, picture width: 107 mm and (b) 4,000× magnified, picture width: 27 mm
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effect of encapsulation per se on Fe bioavailability is a concern. Studies comparing 
encapsulated ferrous sulfate, ferric ammonium citrate and ferrous fumarate in most 
often hard fat to non-encapsulated compounds indicate that a ratio of capsule:substrate 
£50:50 is unlikely to decrease the relative bioavailability (RBV) of the Fe. 
Encapsulated ferrous fumarate given with ascorbic acid as a complementary food 
supplement has been shown to be efficacious in anemic children. Salt has been suc-
cessfully fortified with microcapsules containing ferric pyrophosphate, iodine and 
vitamin A. In order to fortify salt with soluble Fe compounds, further refinements in 
capsule design are needed to increase resistance to moisture and abrasion. 
Encapsulated ferrous sulfate specifically designed for wheat flour fortification has 
been shown to be efficacious in improving iron status in young women. More studies 
evaluating the potential efficacy of encapsulated Fe in staple cereals (wheat and 
maize flours) are needed. A potential barrier to the use of encapsulated forms of Fe 
in staple food fortification is the relatively low melting point of the hard fat capsules, 
which may cause unwanted sensory changes during food preparation. Process costs 
for encapsulation can be high, and unless they can be reduced, may limit applica-
tions. Further research is needed to determine which encapsulation technologies are 
most effective in ensuring iron bioavailability from encapsulated compounds.
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8.1 Introduction

Carotenoids are natural pigments, which are synthesized by microorganisms and 
plants. More than 600 naturally occurring carotenoids have been found in the nature. 
The main sources of carotenoids are fruits, vegetables, leaves, peppers, and certain 
types of fishes, sea foods, and birds. Carotenoids may protect cells against photosen-
sitization and work as light-absorbing pigments during photosynthesis. Some carote-
noids may inhibit the destructive effect of reactive oxygen species. Due to the 
antioxidative properties of carotenoids, many investigations regarding their protective 
effects against cardiovascular diseases and certain types of cancers, as well as other 
degenerative illnesses, have been carried out in the last years (Briviba et al. 2004; 
Krinsky et al. 2004; Kirsh et al. 2006). A diet rich in carotenoids may also contribute 
to photoprotection against UV radiation (Stahl et al. 2006). In vitro studies have 
shown that carotenoids such as b-cryptoxanthin and lycopene stimulate bone forma-
tion and mineralization. The results may be related to prevention of osteoporosis 
(Kim et al. 2003; Yamaguchi and Uchiyama 2003; 2004; Yamaguchi et al. 2005).

Carotenoids are very sensitive to heat, oxidation, and light, due to their unsatu-
rated chemical structures (Fig. 8.1). They are almost insoluble in water and only 
slightly oil soluble at room temperature (about 0.2 g/L

oil
), but their solubility in oil 
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increases greatly with increasing temperature (Ax et al. 2001). It has been found 
that only a minor part of the carotenoids in raw fruits or vegetables is absorbed in 
the intestines, probably due to the fact that carotenoids in the nature exist as crystals 
or are bound in protein complexes. In contrast, carotenoids dissolved in vegetable 
oils show a higher bioavailability (Parker 1997).

Incorporation of carotenoids into micro and nano structures may influence their 
solubility and crystallinity. After formulating carotenoids into such particulate systems, 
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they may be easily delivered into cellular compartments, improving their bioavailability. 
The carotenoids considered in this chapter are b-carotene, lycopene, astaxanthin, 
lutein, and zeaxanthin (Fig. 8.1) which have been applied for food coloration, and 
human nutrition due to their antioxidant biological property.
b-carotene is the most widespread of all carotenoids. It is responsible for the 

orange–yellow color of carrot, palm fruit, pumpkin, mango, acerola, yellow cassava, etc. 
b-carotene has provitamin A activity. It is an apolar, bicyclic carotenoid that con-
tains 11 conjugated double bonds. The chemical structure of b-carotene is account-
able for its high antioxidative activity. b-carotene supplementation may reduce 
risks of heart disease deaths and stimulate proliferation and differentiation of osteo-
blast cells (Buijsse et al. 2008; Sahni et al. 2009). Köpcke and Krutmann (2008) 
have recently reported that dietary supplementation of humans with b-carotene may 
protect against sunburn.

Lycopene also belongs to the group of carotenoids. It shows a very high quench-
ing rate of reactive singlet oxygen, due to its apolar and acyclic molecular structure. 
Lycopene is a natural red pigment mainly found in tomato, tomato products, and 
lycopene-carrots. Epidemiological evidence has suggested that lycopene can protect 
individuals from colorectal cancer (Vrieling et al. 2007), and men from prostate 
cancer (Schwarz et al. 2008).

Astaxanthin exist in salmon, lobster, fish eggs, crabs, trout, fish eggs, and fla-
mingo. Its molecule has two cyclic end groups with polar groups, similar to lutein 
and zeaxanthin.

Lutein and zeaxanthin are isomers found in various foods including green leafy 
vegetables, fruits, and marigold flower. They show identical chemical formulas with 
different position of a double bond in one of the end rings. They are present in the 
human retina. Christen et al. (2008) have shown to possibly reduce the risk of devel-
oping cataracts by a diet rich in these carotenoids. Zeaxanthin might be effective to 
prevent age-related macular degeneration (AMD) (Sajilata et al. 2008).

With modern methods of encapsulation technology, solubility, stability, and 
bioavailability of carotenoids can be considerably improved (Hoppe et al. 1986; 
Horn and Rieger 2001; Ax 2003; Ribeiro and Schubert 2004; Engel et al. 2005; Ribeiro 
et al. 2005a, 2006a, 2008; Schuchmann et al. 2005; Auweter et al. 2006; Flanagan 
and Singh 2006; End et al. 2007; Feldthusen et al. 2007; Garti and Aserin 2007; 
Garti et al. 2007; Leuenberger 2007; McClements et al. 2007). In order to achieve 
optimized physical and chemical stability, and bioavailability of carotenoids in 
these advantageous formulations, innovative processes for their production have 
been developed and investigated, which will be discussed in this chapter.

8.2 Processes to Encapsulate Carotenoids

Since carotenoids are very expensive, some cost-effective processes are desirable to 
produce carotenoid formulations, in order to reduce the capital cost of the final 
products. The challenge for manufactures is to formulate easy-to-disperse powders, 
colloidal dispersions, emulsions, or suspensions, which are suitable for various 
applications.
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Optimization of processing conditions may prevent carotenoid oxidation and 
isomerization, and improve its solubility to achieve satisfactory bioavailability. 
Choice of optimal process, emulsifier(s), and other ingredients are the most 
important variables to achieve droplets size and desired color for each application. 
As differences in particle size may also give rise to variations in color shade, a 
good process control is essential during the manufacture of coloring-formulations 
(Müller and Tamm 1966; Runge et al. 1998; Lüddecke et al. 2004a).

8.2.1 O/W Emulsions

Oil-in-water (O/W) emulsions containing carotenoids dissolved in finely dispersed 
oil droplets (Fig. 8.2) can be produced using various emulsification processes. This 
type of formulations may increase absorption of these substances in vitro and in 
vivo. For preparing carotenoid-loaded O/W emulsions, the carotenoid is dissolved 
in a vegetable oil or in an apolar solvent at elevated temperatures, and subsequently 
emulsified with an aqueous phase containing an emulsifier to stabilize the droplets. 
Carotenoids in the forms of fine droplets show a better water dispersibility com-
pared to those in bulk form.

Submicron-sized oil droplets allow for a supersaturation of carotenoid molecules 
in O/W emulsions (Schweikert and Kolter 1997; Ax 2003). There are two reasons 
for this as follows:

(1)  There is a lack in crystallization germs or seed crystals after emulsification 
(Bunnell et al. 1958)

(2)   The concentration of saturation is significantly increased within small droplets 
(Mersmann et al. 2005) as described by (8.1):

oil

water-based
continuous phase-

vegetable oil

aqueous
phase

carotenoid molecules dissolved in vegetable
oil: free molecules, over-saturated

food base: e. g. drink
emulsifier

Fig. 8.2 Microstructure of carotenoid-loaded O/W emulsion-based products
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Herein c is the saturation concentration as a function of droplet radius r, c* the 
saturation concentration for droplets of infinite radius (r → ∞ or planar flat inter-
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Submicron-sized, vegetable oil-based emulsion droplets are stable against sedi-

mentation and coalescence over long storage time and thus account for stable, 
homogeneous, and water-dispersable products. In their production, however, some 
hurdles have to be taken. Fine carotenoid O/W emulsions have been prepared by 
various methods, such as high-pressure homogenizers, as well as membrane and 
microchannel emulsification processes, and phase inversion temperature (PIT) 
method. These will be described here.

8.2.1.1 High-Pressure Homogenization

Challenges in the production of high-pressure homogenized submicron-sized caro-
tenoid-loaded emulsions involve the adaptation of temperature profiles and resi-
dence times in each operational unit to the kinetics of carotenoid molecule solution, 
their degradation and crystallization as well as to the kinetics of droplet breakup, 
stabilization by interfacial active material and coalescence.

The process line as developed by Ax (2003) and patented in 2005 (Feldthusen 
et al. 2005) involves the unit operations of (1) carotenoid molecule solution, (2) 
emulsion premix preparation, (3) high-pressure-homogenization, and (4) emulsion 
droplet stabilization (Fig. 8.3).

Fig. 8.3 Principle of carotenoid-loaded O/W emulsion preparation with unit operations involved 
(Ax, 2003) (Courtesy of Shaker Verlag)
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For the dissolution of carotenoid molecules in vegetable or middle-chained 
triglycerides (MCT) temperatures above 100°C are required (Fig. 8.4). At these 
temperatures dissolution time is limited to some seconds. High temperatures result 
in structural changes, as depicted by Fig. 8.5. With increasing dissolution tempera-
ture a higher amount of diverse cis-isomers are found after dissolving all-trans 
isomers of carotenoid molecules in oil and emulsifying them. Therefore, temperatures 
should be decreased as fast as possible. Most easily this is realized by quenching 
the carotenoid loaded oil with a cold emulsifier solution, being the continuous 
phase of the emulsions. In these emulsion premix droplets the carotenoid molecules 
are oversaturated as their radius is too high for stabilizing them in the dissolved 
state [see (8.1)]. Droplet sizes have to be reduced without retention time.

High-pressure homogenization is the ideal mechanical process for producing 
droplet sizes below 1 µm. High-pressure homogenizers have been traditionally used 
in the dairy industry. These machines are operated continuously at throughputs up 
to several thousands L/h. They consist essentially of a high-pressure pump and a 
homogenizing nozzle. The pump creates the pressure, which is then transferred 
within the nozzle to kinetic energy being responsible for droplet disintegration. 
Droplet elongation, deformation, and break-up in high-pressure homogenization 
nozzles are mainly due to elongational and shear stresses as well as inertia turbulent 
and cavitational stresses acting at the interfaces. Recent developments in high-
pressure homogenizing concentrate on nozzle design (Schuchmann 2005, 2007; 
Schubert 2005). Examples of new homogenizing nozzles (Fig. 8.6) are opposing 
jets, for example, Microfluidizer® (Cook and Lagace 1985, 1990), jet dispersers 
(Hovestad et al. 2000), and a simple orifice valve (Stang 1998) as well as developments 
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Fig. 8.4 Dissolution of carotenoid molecules in MCT oil: carotenoid concentration as a function 
of dissolution temperature and time t (Ax 2003) (Courtesy of Shaker Verlag)
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based on it (Kolb 2001; Freudig 2004; Aguilar et al. 2004, 2008; Scheid and 
Buchholz 2005; Köhler et al. 2007, 2008).

The design of the homogenizing nozzle influences the flow pattern of the emul-
sion in the nozzle and hence droplet disruption (Stang et al. 2001). In Fig. 8.7, the 
elongational rate and the kinetic turbulent energy are given for a relatively simple 
but efficient homogenization nozzle consisting mainly of a simple round valve 
(Köhler et al. 2008).

Droplet elongation, deformation, and break-up are realized within milliseconds. A 
huge new interfacial area is created which has to be covered and stabilized by newly 
adsorbing emulsifier molecules. The adsorption kinetics has to follow break-up kinet-
ics as droplet collision rates are quite high in emulsions of reasonable disperse phase 
contents (as, for example above 30 vol% in carotenoid emulsions). Therefore at least 
one emulsifier of small molecular mass and easy molecular structure has therefore to 
be added, for example, Tween® 20. This emulsifier is responsible for droplet stabiliza-
tion against re-coalescence within the homogenization nozzle. For O/W emulsions 
containing carotenoids additional emulsifiers are usually added being required for 
long-term shelf-life stability and bioavailability (see Sect. 8.3).
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Fig. 8.6 Recent developments in high-pressure homogenizing: New homogenizing nozzles for 
efficient droplet disruption (Schuchmann 2007)
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Droplet size distribution depend on oil type (viscosity), emulsifiers applied 
(dynamic interfacial tension), homogenizing nozzle geometry, and homogenization 
pressure. An example is given in Fig. 8.8.

The carotenoid molecules themselves do not show any relevant interfacial 
activity and do not change droplet viscosity to a relevant amount. Thus droplet 
disruption is not influenced by dissolved carotenoid molecules (Fig. 8.9). Absorption 
spectra depict that carotenoid molecules are mainly found in their molecular dis-
solution status within droplet of submicron size range (Fig. 8.10) (Ax 2003; Velikov 
and Pelan 2008).

Solid lipid nanodispersions can also be produced by high-pressure homogeniza-
tion by melting the lipid at least 10°C above its melting point. Since these kind of 
particles show a lipid core in solid state, they may provide controlled release of 
encapsulated lipophilic molecules (Farhang 2007). Hentschel et al. (2008) have 
successfully applied high-pressure melt-emulsification to encapsulated b-carotene 
into solid lipid nanodispersions, which particle sizes were smaller than 1 mm.

8.2.1.2 Dead-End Membrane Emulsification

The membrane emulsification process offers the opportunity to produce emulsions 
with narrow droplet size distribution without high mechanical stress at low energy 
input (104–106 J/m3) compared to conventional mechanical methods (106–108 J/m3) 
(Schubert and Engel 2004). Membranes usually applied in separation processes 
have been successfully used for emulsification as well. However, this new field of 
application has just been recently explored (Vladisavljević and Williams 2005, 
2006).

Fig. 8.8 Droplet size distributions (volume density distribution) of lycopene emulsions (premix 
and high-pressure homogenized at different pressure p

H
) (Ax, 2003) (Courtesy of Shaker Verlag)
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Fig. 8.9 Mean droplet diameter (sauter diameter) of O/W emulsions without carotenoid mole-
cules or loaded with astaxanthin or lycopene, respectively. Varied parameter: Homogenization 
pressure (Ax 2003)

Fig. 8.10 Absorption spectra of carotenoid molecules different formulations: dissolved in 
n-hexane, formulated in submicron-sized O/W emulsion droplets at a concentration well above 
saturation concentration compared to pure crystals and formulated in liposomes (Ax 2003) 
(Courtesy of Shaker Verlag)

Premix membrane emulsification is a relative new emulsification process that 
was developed by Suzuki et al. (1998). In this process, emulsions are produced by 
pressing a pre-emulsion through a membrane. Defined characteristics of different 
membranes render this process very flexible. Depending on their pore size and the 
membranes being hydrophobic or hydrophilic, water-in-oil (W/O) or oil-in-water 
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Fig. 8.11 Schematic process for producing O/W emulsions containing carotenoids by premix 
membrane emulsification (Courtesy of Wiley-Blackwell Publishers)

(O/W) emulsions with different droplet sizes can be produced. The characteristics 
of membrane emulsification, like low energy input and narrow droplet size distribu-
tion, add to other advantages of the premix emulsification compared to direct 
membrane emulsification, like the facility to clean and disinfect, and high flux. This 
makes the premix membrane emulsification process very promising and well suited 
for life science applications.

Ribeiro et al. (2005b) have investigated the effect of repeated premix membrane 
processing on the microstructure of astaxanthin-loaded O/W emulsions at pressures 
between 5 and 15 bar and dispersed phase fractions between 10% and 40% (Fig. 8.11). 
For studying the effect of repeated premix membrane emulsification on emulsion 
microstructure, the premixes were emulsified three times using the same membrane 
made of polyamide 6,6. Increased pressure and number of repetitions of the emulsi-
fication process resulted in narrower droplet size distributions (Fig. 8.12) and smaller 
Sauter mean diameters (d

3,2
). Astaxanthin degradation and particle-size distributions 

were investigated after certain storage times. No coalescence was observed.

8.2.1.3 Microchannel Emulsification

Several studies on microfluidic channels used as an emulsification process have 
been carried out in the last 10 years. Microchannel (MC) emulsification is a relatively 
new technique to produce emulsions with a very narrow droplet size distribution 
(Kawakatsu et al. 1997; Kikuchi et al. 2000; Sugiura et al. 2001; Kobayashi and 
Nakajima 2006). The fact that narrow droplet size distributions is achieved, without 
applying strong mechanical forces, makes MC and membrane emulsification inter-
esting methods for shear sensitive components. MC emulsification can be used for 
producing monodispersed emulsions with a coefficient of variation of less than 5%. 
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Fig. 8.12 Influence of the repeated premix membrane emulsification on droplet size distributions 
(f = 0.4; DP = 10 bar)

In this way, microfluidic channel is the most appropriate emulsification process to 
control the droplet sizes and droplet size distribution of emulsions.

Monodisperse O/W emulsions containing b-carotene has been produced by MC 
emulsification (Ribeiro et al. 2006a; Neves et al. 2008a; 2008b). The scheme of the 
process for producing O/W emulsions is shown in Fig. 8.13. The microfluidic 
channels setup consists of a uniformly sized MC arrays manufactured on silicone 
microchip, a module, accessory for supplying the continuous and disperse phases, 
and a microscope video system, which enables the observation of emulsification 
behavior. A grooved, and an asymmetric through-holes with a slit and circular 
channels of surface-oxidized, silicon-based microfabricated devices were used for 
preparing the emulsions. Because of oxidation treatment, MC plates possess nega-
tive charge on their surfaces. The grooved type consists of an array of microfluidic 
channels and a slit-like terrace, which produces droplets in a relatively low through-
put between 0.01 and 0.1 mL/h. The asymmetric straight-through microchannel 
plate used consists of channels with a diameter of 10 mm and slits with a length of 
50 mm in longer line and 10 mm in shorter line. The flow rate of the continuous and 
disperse phases were 20 mL/h and 0.5 mL/h, respectively. Laminar flow rates of 
disperse and continuous phases are very important, independent variables for con-
trolling the droplet size (Vladisavljević et al. 2006). Sucrose laurate was used as the 
emulsifier.

Figure 8.14 shows images of b-carotene droplets generation during and after 
MC emulsification using grooved (a) and straight-through (b) types, respectively. 
As can be seen, MC emulsification with well-defined channels provides formation 
of monosized O/W emulsions containing lipophilic compounds, such as b-carotene. 
Monodispersed droplets with an average diameter of approximately 9 mm and 
27 mm, and coefficient of variation of about 5.0% and 2.6%, could be produced 
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using grooved and asymmetric straight-through MC plates, respectively. Due to the 
hydrophilic surface of the silicon-oxidized microchannel plate, b-carotene-loaded 
O/W emulsions could be successfully prepared. Total b-carotene concentration in 
the oil phase was 3.3 g/L

oil
. Because of added a-tocopherol, b-carotene concentra-

tion remained unchanged for more than 3 weeks. Emulsions were chemically and 
physically stable for at least 5 months at 4°C.

8.2.1.4 Phase Inversion Temperature Method

Oil-in-water (O/W) emulsions containing ethoxylated non-ionic emulsifiers may 
undergo a phase inversion to water-in-oil (W/O) emulsions upon heating. At the 
phase inversion the hydrophilic and lipophilic properties of the emulsifier are bal-
anced, resulting in minimum interfacial tensions between oil and water phases. This 
temperature-induced phase inversion is utilized in the so-called PIT method. This 
technique is a thermodynamic phenomenon that produces nanodispersed bluish trans-
parent O/W emulsions with narrow droplet size distributions (Engels et al. 1995).

Non-food-grade, nanosized carotenoid-loaded O/W emulsions were success-
fully produced using cetostearyl poly(oxyethylene (12) glycol) and glyceryl 
monostearate as the emulsifying agents by PIT method (Ribeiro and Schubert 
2004). Dycapryl ether was used as the oil phase. The PIT emulsion was prepared 
conventionally by heating up to 74°C and subsequently rapid cooling down to 
25°C. The total astaxanthin and lycopene concentration was around 0.3 and 3.5 g/
L

emulsion
. No detectable degradation of lycopene and astaxanthin was observed 
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Fig. 8.13 Scheme of the microfluidic channels for monosized droplet formation
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during a month of storage. The Sauter mean diameter of the finely dispersed drop-
lets was around 80 nm and droplet size distributions were between 40 and 200 nm, 
as determined by means of laser diffraction combined with polarization intensity 
differential scattering (PIDS) technology (Fig. 8.15). These data suggest that PIT 
emulsions could be an excellent vehicle for delivering carotenoids.

8.2.1.5 High Internal Phase Emulsions (HIPE)

The continuous phase of an O/W emulsion can be extracted through centrifugation 
or evaporation under vacuum. This yields a transparent, gel-like cream which can be 
stored and later redispersed in water. The oil droplet deforms into polyhedral struc-
tures, separated by extremely thin films of emulsifier, which can be redispersed in 
water. Thus, the cream is called highly concentrate emulsion or “biliquid foam”.

Ribeiro et al. (2005a) have produced biliquid foams containing carotenoid 
in submicron size. Fine emulsions were prepared by mixing vegetable oil with 
aqueous solutions of Tween® 20 and Xanthan by high-pressure homogeniza-
tion (Fig. 8.16). The average droplet diameter was controlled by changing the 

a

b

Fig. 8.14 Images of the droplets formation during and after emulsification process using two 
different types of MC plates: (a) grooved and (b) asymmetric straight-through
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Fig. 8.15 Droplet size distribution of lycopene O/W emulsion and sample appearance

Fig. 8.16 (a) Schematic procedure for producing biliquid foams, (b) appearance of the samples
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emulsifier-to-oil ratio. It could be set in the range from 100 to 800 nm by 
choosing the concentration of the disperse phase between 10% and 50%. The 
aqueous phase of the emulsions was removed by centrifugation. After centrifu-
gation, the cream turns into a biliquid foam with an oil volume fraction up to 
0.99, which shows a transparent and elastic (gel-like) structure. After centrifu-
gation the droplet still retained their integrity and did not coalesce. The most 
important factors that have been identified are the physical properties of the 
continuous and dispersed phase as viscosity and the droplet size distribution 
before and after centrifugation.

8.2.2 Liposomes

As described in Chap. 2, liposomes consist of a molecular double layer that sepa-
rates an inner, watery phase from the outer, continuous watery phase. Except from 
the inner part of the spherical particle not being “empty” but filled with a watery 
phase, the structure of liposomes could best be described as hollow spheres. With 
both the inner and outer phase of liposomes being hydrophilic, the system seems to 
be suited for encapsulation of water soluble active agents.

A closer look into the structure of the shell of these hollow spheres, the molecu-
lar double layer, reveals the opportunity for the formulation of lipophilic and 
amphiphilic active agents in a dissolved state in this system (Senior 1987). For 
applications in food systems, the molecular double layer of liposomes is made of 
phospholipid molecules, commonly known as lecithins, of high purity. Upon hydra-
tion and input of mechanical energy, these molecules arrange themselves in double 
layers with their lipophilic parts oriented towards the center and their hydrophilic 
parts making up the outer surface of the double layer. Since, at the edge of these 
double layers, the inner, lipophilic part gets into contact with the watery phase, the 
free energy can be reduced by the formation of hollow spheres, that is, liposomes. 
With a lipophilic active agent present during the formation of the double layer and 
the liposomes, it can be incorporated into the double layer’s lipophilic core. There, 
it is dissolved in the lipophilic parts of the phospholipid molecules.

A formulation of lipophilic active agents in liposomes can be advantageous for 
several reasons. First of all, the active agent is formulated as a solution, thus exhib-
iting a high bioavailability. Furthermore, since liposomes form spontaneously upon 
hydration of the phospholipid, they have a good physical stability over time. 
Depending on the process chosen for production, their size can be adjusted even to 
diameters below 100 nm so that the water-dispersible formulations have an almost 
clear appearance (Fig. 8.17). Several processes for production of liposomes are 
described in literature (Lasic 1993; Winterhalter and Lasic 1993).

For the formulation of lipophilic active agents in liposomes in general, the 
active agent has to be dissolved in the substance that will later, upon hydration, 
build the double layer. The solubility of carotenoids in any phospholipid fraction 
at ambient conditions is by far too low in order to achieve reasonable carotenoid 
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concentrations in the final product. Although solubility can usually be increased at 
elevated temperatures, this method is unsuitable for reaching sufficient carotenoid 
concentrations. Phospholipids decompose at approximately 180°C before a satis-
factory concentration of carotenoids can be achieved. Therefore, a solvent which 
is capable of solving reasonable concentrations of both the phospholipid and the 
active agent, that is, the carotenoid, must be found. Above that, as will be described 
in a later step, the solvent’s vapor pressure in the temperature range up to approxi-
mately 100°C should be high enough for allowing its removal from the solution 
under reduced pressure.

The processes for production of liposomes known from literature could be 
adapted for the production of carotenoid-loaded liposomes as described by Ax 
(2003) and in the following. Having selected an appropriate solvent, a solution of 
phospholipids, the active agent, and, if necessary, an antioxidant, is prepared. From 
this solution, the solvent is extracted, for example, in a rotary evaporator, until a 
semi-solid concentrated solution is obtained, which is usually the case at a solvent 
concentration of approximately 60%. By means of introducing mechanical energy 
and high shear, this solution is dispersed in water. In this step, liposomes form spon-
taneously. In order to obtain the desired liposome size distribution, this dispersion is 
subjected to high-pressure homogenization, for example, in a microfluidizer. Any 
excess solvent is then extracted from the formulation by nitrogen-stripping. The 
resulting liposome dispersion has a clear appearance if the size of the liposomes is 
below 100 nm, which can be achieved by applying a homogenization pressure of 
1,000 bar or higher, depending on the homogenization valve (Ax et al. 2000).

Solvents identified as suitable for producing carotenoid-loaded liposomes are 
chloroform or tetrahydrofuran (THF). Carotenoid concentrations in the final 

Fig. 8.17 Carotenoid-loaded liposomes formulation and appearance of liposomes containing 
lycopene (Ax 2003) (Courtesy of Shaker Verlag)
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liposome-dispersion are reported to have reached 0.3 mmol/L at a phospholipid 
concentration of 10%. The remaining solvent concentration was below 0.05%. By 
comparison of the absorption spectra of carotenoids dissolved in hexane and for-
mulated in liposomes, it could be proven that the carotenoids existed in a dissolved 
state in the double layer of liposomes (see Fig. 8.10; Ax 2003).

The maximum achievable concentration of active agents in liposomes greatly 
depends on their polarity that determines their position in the double layer. Less 
polar carotenoids like b-carotene and lycopene tend to accumulate in the core of the 
double layer, whereas more polar structures will orient their polar groups away 
from the double layer’s center. Therefore, higher concentrations of polar carote-
noids than of less polar ones can be incorporated into liposomes (Grolier et al. 
1992; Socaciu et al. 2000; Barenholz et al. 2006).

The need for organic solvents with rather well-specified properties renders production 
of liposomes for food applications difficult if not impossible. Above that, the highly 
purified lecithin essential for the formation of double layers and liposomes is very 
expensive compared to most food ingredients used in concentrations around 10% 
in formulations for active agents in food systems. Until now, only cell culture studies 
have been carried out in order to measure the bioavailability of carotenoids from 
liposomes. In these trials, the bioavailability from liposomes was superior to most 
other formulations like O/W emulsions. Due to the high specific surface of the 
disperse liposome-system, this is not surprising. However, levels of bioavailability 
of carotenoids in O/W emulsions stabilized with certain emulsifier systems by far 
exceeded those reported for carotenoids in liposomes. Bioavailability and stability 
issues will be further dealt with in Sect. 8.3.

8.2.3 Production of Nanoparticles by Precipitation

Nanoparticles containing carotenoids can be produced by precipitation and conden-
sation processes with remarkable droplet size from 100 to 300 nm (Horn 1989; 
Paust 1991, 1994; Horn and Lüddecke 1996; Auweter et al. 1999; Köpsel 1999; 
Horn and Rieger 2001; Lüddecke & Schweikert, 1999; Lüddecke et al. 2004b). 
There are three different methods applied for producing carotenoid-loaded organic 
nanoparticles: Emulsification evaporation, emulsification diffusion, and solvent-
displacement methods. Emulsification evaporation technique is applied when an 
apolar organic solvent is used. Solvent-displacement method is appropriated when 
a polar solvent (acetone, ethanol) is used as the dispersed phase to produce O/W 
nanoemulsions containing carotenoids. The nanodroplets formation process is 
related to the decreasing droplet size due to the rapid diffusion of solvent to the 
aqueous phase. Emulsification diffusion method, which uses amphiphilic solvent 
(benzyl alcohol, ethyl acetate) as the dispersed phase, could also be successfully 
applied to produce nanoemulsions containing carotenoids with remarkable narrow 
droplet size distributions and small droplets size. Solvent-displacement and emul-
sification diffusion methods are very low energy-input processes.
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Ribeiro et al. (2008) have produced non-food grade nanoparticles containing 
b-carotene by interfacial deposition of the biodegradable polymers, poly(d,l-lactic 
acid) (PLA) and poly(d,l-lactic-co-glycolic acid) (PLGA), following displacement 
of acetone from the organic phase towards the aqueous phase (Fig. 8.18). In this 
kind of formulation, the polymer assumes the function of protective colloid, provid-
ing physico-chemical stabilization of the nanodispersed particles. The total b-caro-
tene concentration in the dispersed phase was about 150 mg/L. The results showed 
that polymer-encapsulated b-carotene nanodispersions, with approximately 100% 
entrapment efficiency, could be prepared by the solvent-displacement method. 
Sauter mean diameters of the nanodroplets were found to hardly vary using gelatin 
or Tween® 20 as emulsifiers, with a d

3,2
 of about 70 nm and narrow particle size 

distributions in both cases (Fig. 8.19). After freeze-drying, the particles were resus-
pended in water, showing no changes in the droplet sizes and their distribution.

Chu et al. (2007) have prepared milk protein-stabilized b-carotene nanodisper-
sions using acetone. Particles stabilized by sodium caseinate have shown a bimodal 
size distribution from 13 to 171 nm. Morphological experiments confirmed the 
presence of particles stabilized by casein micelles and submicelles, which 88% of 
the b-carotene precipitated was stabilized by submicelles. Similar research work 
has been patented by Auweter et al. (2006), where carotenoids were suspended in 
an azeotropic isopropanol/water mixture. Temperature and pressure were applied 
for allowing the complete dissolution of carotenoid crystals. The homogeneous 
organic solution was mixed with sodium caseinate solution. Nanoparticles around 
100 nm were produced, then filtered and freeze-dried.

Bortlik et al. (2005) patented a highly bioavailable whey protein-based formula-
tion which may be applied to encapsulate carotenoids. Polar organic solvent were 
used for dissolving the active molecule. When lycopene was encapsulated into the 

Fig. 8.18 Schematic representation of the spontaneous formation of b-carotene nanoparticles by 
solvent displacement method
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whey protein matrix, called “lactolycopene”, it exhibited similar bioavailability in 
plasma and buccal mucosa cells in humans compared to tomato paste (Richelle 
et al. 2002).

Solvent evaporation technique has been used to microencapsulate astaxathin in 
a chitosan matrix cross-linked with glutaraldehyde (Higuera-Ciapara et al. 2004). 
Microcapsules were chemically stable over a storage time of 8 weeks.

These methods show some advantages, such as spontaneous particle formation, 
consequently low energy input, high entrapment efficiency, and high reproducibility.

8.2.4 Nanoparticles Produced by RESSAS Method

Rapid expansion of supercritical solution into aqueous solution (RESSAS) is a novel 
process for producing and stabilizing nanoparticles in aqueous solution. Stable 
suspension of carotenoid nanoparticles can be produced by RESSAS. In this method, 
a mixture of a poorly water soluble substance and a supercritical fluid, such as trif-
luormethane (CHF

3
), carbon dioxide (CO

2
), or nitrous oxide (N

2
O), is expanded into 

an aqueous solution containing a surfactant, which may impede growth and/or 
agglomeration of nanoparticles which can happen due to collisions in the capillary 
nozzle into the expansion chamber (Fig. 8.20) (Türk and Lietzow 2004).

Astaxanthin particles below 300 nm have been formed by RESSAS process 
using supercritical CO

2
 (p

c
 = 74 bar, T

c
 = 31°C) (Fig. 8.21), although their particles 

show a very low concentration in the aqueous solution containing Tween® 20. 
Similar results have been observed after production of astaxanthin nanoparticles 
using supercritical CHF

3
, and N

2
O. According to Horn and Rieger (2001), carote-

noids show poor solubility in supercritical fluids, and they may also promote caro-
tenoid oxidation. Sakaki (1992) investigated the solubility of b-carotene in 
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Fig. 8.20 Schematic RESSAS process (diameter of the capillary nozzle = 50 µm)

Fig. 8.21 SEM images of astaxanthin nanoparticles and appearance of the sample

supercritical CO
2
 and N

2
O at different pressure (9.64–29.5 MPa) and temperature 

(308–323 K) ranges. The maximal solubility of b-carotene in supercritical CO
2
 and 

N
2
O was about 5.3 and 66 g/m3 at 29.5 MPa and 323 K, respectively.

8.2.5 Carotenoid Formulation Using Cyclodextrins

Cyclodextrins are able to serve as host molecules to encapsulate many food ingre-
dients (Shahidi and Han 1993; Hedges et al. 1995), including carotenoids as well 
(Matioli and Rodriguez-Amaya 2003; Reuscher et al. 2004; Blanch et al. 2007). 
Complex inclusion of carotenoid with (the non-food grade) hydroxypropyl-b-cy-
clodextrin can also be successfully produced (Yuan et al. 2008). Cyclodextrins can 
be used to increase solubility of active molecules and improve their absorption, 
protect against light and oxygen, and may prevent off-flavor.

Supercritical fluid extraction and a conventional method using an amphiphilic 
organic solvent were used for entrapping lycopene into cyclodextrin molecules. 
Better encapsulation yield was observed by the conventional method using solvent 
(94% vs. 68%). b-Cyclodextrin–lycopene complex was chemically and physically stable 
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over 6 months (Blanch et al. 2007). Reuscher et al. (2004) coated g-cyclodextrin–lutein 
complexes with a vegetable oil or a biopolymer (e.g., hydroxypropyl methylcellu-
lose) to enhance their stability against oxidation. g-Cyclodextrin complexes contained 
approximately 5–25% carotenoid. They also claim that the cellular uptake of lutein 
was much higher from a cyclodextrin complex than when using micelles or lipo-
some formulations.

Anantachoke et al. (2006) have established a method using a spinning disk 
device to produce controlled size nanoparticles containing b-carotene with maximal 
mean diameter of 82 nm. Either a- or b-cyclodextrin or sulfonato-calixarenes were 
used as stabilizer. Nanoparticles stabilized by cyclodextrins can be easily applied in 
food products.

An innovative carotenoid self-assembled rigid-rod b-barrel has been developed 
by Baumeister and Matile (2000). Carotenoids were entrapped in a hydrophobic 
interior of rigid-rod lipocalin, composed by oligo(p-phenylene) peptides. The 
encapsulation stoichiometry of peptides:carotenoid was 4:1 or 1:1 for b-carotene or 
astaxanthin, respectively.

8.2.6 Encapsulation of Carotenoids in Carbon Nanotubes

A hypothesis supported by a recent study has shown that degradation of b-carotene 
can be delayed after its encapsulation into the cavity of single-walled carbon nano-
tubes (SWCNT) (Yanagi et al. 2006). Although SWCNT cannot be applied in 
foods, the technique may contribute to other types of application of carbon nano-
tubes as carrier system of active molecules.

8.2.7 Encapsulation of Carotenoids in Microspheres

The entrapment of carotenoids in microspheres has not been frequently reported in 
the literature, most likely since it might not be the best choice to improve carote-
noid stability and bioavailability.

Furcellaran beads have been reported as an efficient matrix to encapsule b-carotene 
(Laos et al. 2007); however, a low concentration of b-carotene has been achieved 
in this system. Beads were produced by furcellaran gelation. First, hot furcellaran 
solution (4–8%) with sea buckthorn juice was dropped into a 1.3 M salt solution 
containing either CaCl

2
 or KCl, allowing its complete gelation. Afterwards, the 

spherical gel beads (d = 4.6 mm) were filtered and washed. KCl solution provided 
firmer gel beads than CaCl

2
 solution.

Dunaliella salina, a pink micro-algae rich in b-carotene, was encapsulated in 
calcium alginate beads and rapidly dried by fluidized bed (Leach et al. 1998). The 
dry process caused isomerization of all-trans carotenoids, which is expected due to 
temperature sensitivity showed by carotenoids in general. Alginate concentration 
played an important role on carotenoid stability over storage time.
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Kittikaiwan et al. (2007) have developed a novel encapsulation method using 
chitosan (80 mol% deacethylation) to encapsulate Haematococcus pluvialis, a rich 
source of astaxanthin. H. pluvialis beads were coated five times with chitosan 
solution forming multilayers of chitosan film. Chitosan capsules containing the 
algal have shown uniform shape with diameters from 0.35 to 0.5 cm and 100 mm 
film thickness. Storage studies on chemical stability have proven that chitosan as 
wall material can prevent degradation of astaxanthin.

8.2.8 Production of Microcapsules by Drying Processes

Drying can also be considered as an important unit operation to transform moist or 
fluid carotenoid formulations into dry solids. It allows the production of carotenoid-
microcapsules of a certain structure, size, and shape (Horn et al. 1985; 1988; 
Cathrein et al. 1991; Vilstrup et al. 1997). Colombo and Gerber (1991) have 
reported several drying processes to encapsulate carotenoids and fat-soluble vitamins, 
such as drum-cooling and spraying processes. In this section, the use of spray-
drying and freeze-drying to obtain dry carotenoid formulations are discussed in 
more detail.

8.2.8.1 Spray-drying

Rodríguez-Huezo et al. (2004) have successfully produced dried O/W and W/O/W 
multiple emulsions containing oleoresin from red chilies and marigold petals by 
spray drying. Gellan and mesquite gum, maltodextrin, and gum arabic were used as 
wall materials. Morphological studies have shown microcapsules with large central 
voids when W/O/W emulsions were prepared with high solid contents (35%); they 
have shown inner and outer particles sizes (d

4,3
) of 1.5 and 34 mm, respectively.

Reuscher et al. (2004) spray-dried complexes of lutein and g-cyclodextrin, fol-
lowed by spraying with a hydroxypropyl methylcellulose coating or dispersion in 
oil. They claimed enhanced stability of the carotenoid against oxidation by these oil 
or biopolymer coating.

Spray-dried lycopene-loaded O/W emulsion stabilized with a gum arabic and 
sucrose mixture (8:2) has been studied as photostabilizer of vitamins A and D3 in 
skimmed milk (Montenegro et al. 2007). Vitamins degradation has slowed down by 
45% in presence of lycopene formulation.

Loksuwan (2007) has encapsulated b-carotene into three different wall materials: 
Acid-modified and native tapioca starch, and maltodextrin. Use of modified tapioca 
starch provided higher retention of b-carotene (82%) during spray drying pro-
cess and resulted in a wider particle size distribution (75–150 mm) but smaller 
particle size than native tapioca starch and maltodextrin. Chen et al. (2004) have 
patented a spray-dried formulation in which carotenoids and other fat-soluble mol-
ecules have been successfully entrapped in a carbohydrate matrix. Another patent 
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(Leuenberger et al. 2006) describes the process for preparing beadlets containing 
lipophilic compounds, for example carotenoids. Emulsions stabilized by gelatin 
were produced and converted to dry powder using spray drying. Afterwards, the 
gelatin matrix in the coated particles was cross-linked by exposure to radiation. In 
another process, after preparing emulsions, a cross-linking enzyme was added, then 
emulsions were spray-dried and the gelatin matrix was cross-linked by incubating.

Lycopene macrocapsules with a combination of gelatin and sucrose as wall mate-
rials have been produced by Shu et al. (2006). Emulsions were previously prepared 
by high-pressure homogenization and then spray-dried. Encapsulation yield and 
efficiency varied with the ratio of core and wall (M

core
/M

wall
), ratio of gelatin and 

sucrose (M
g
/M

s
), homogenization pressure, temperatures during drying process, and 

lycopene purity. The highest values of encapsulation yield and efficiency found were 
about 91% and 82%, respectively. Lycopene slightly degraded after spray drying.

Santos et al. (2005) have encapsulated paprika oleoresin in either a combination 
of rice starch/gelatin or arabic gum microcapsules with particle sizes of 20 mm or 
16 mm, respectively. Rice starch/gelatin as wall materials resulted into porous 
microparticles, which provided low effective barrier against carotenoid oxidation.

New combinations of carbohydrates and proteins have also been investigated to 
encapsulate carotenoids. For example, Feldthusen et al. (2005) firstly dissolved 
astaxanthin in organic solvent and then mixed it with an aqueous phase containing 
one of the following combinations: trehalose/sodium caseinate, lactose/sodium 
caseinate, lactose/soy bean protein, or glucose syrup/sodium caseinate. Afterwards 
the dispersions were spray-dried and the dried product contained 10–25% astaxan-
thin. Polysaccharides, such as acacia gum, pectin, cellulose, cellulose derivates, 
and/or modified polysaccharides, are other examples of wall materials of microcap-
sules containing carotenoids (Leuenberger et al. 2008). Milling and spray-drying 
processes were used for the preparation of the encapsulated systems.

8.2.8.2 Freeze-Drying

b-Carotene encapsulated in a trehalose-gelatin matrix with and without magnesium 
chloride (MgCl

2
) by freeze-drying was studied by Elizalde et al. (2002). First, a 

coarse b-carotene-loaded O/W emulsion was prepared using a rotor-stator system, 
and then it was frozen in liquid nitrogen (−190°C) before freeze-drying. Although 
MgCl

2
 was added to delay trehalose crystallization and improve microcapsule sta-

bility against enzymes, no positive effect was observed. Amorphous phase played 
an important role on carotenoid stability, and a noncrystallized sample showed 80% 
retention of b-carotene for at least 6 months. Crystallization of the sugar matrix was 
intimately related to the loss of b-carotene.

Chiu et al. (2007) reported an interesting encapsulation study done with 4.8% 
lycopene extract from tomato pulp waste. 4.5% Gelatin and 10% poly(g-glutamic 
acid) (g-PGA) were applied as carrier matrix. Results showed that microcapsules 
around 39 mm were obtained, and freeze-drying caused a loss of 23.5% lycopene. 
As expected, different pHs affected the total lycopene release and isomers profile.
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In another example, using a combination of drying processes, O/W emulsion 
containing b-carotenoid stabilized by low methoxylated pectin was atomized into 
aqueous solution of calcium salts. The microgels were then centrifuged and freeze-
dried to yield the final product containing about 2% of b-carotene (Carle et al. 
2004). Desobry et al. (1997) compared three drying processes to encapsulate 
b-carotene with maltodextrin. Before drying, b-carotene was dispersed in 40% 
maltodextrin solution and high-pressure homogenized three times at 253 MPa. 
Spray, drum, and freeze-drying provided particle sizes of approximately 30 mm, 
105 mm, and 80 mm, respectively. These processes operate at different residence 
times and temperatures, consequently distinct dried structures were obtained. The 
highest b-carotene degradation (14%) was observed with drum-drying. Freeze-
drying provided less loss of the carotenoid, about 8%.

8.3 Carotenoid Product Formulations

A wide range of processes to encapsulate carotenoids have been previously dis-
cussed in Sect. 8.2. Nutritional enhancement of food products with carotenoids will 
only be useful if they are able to be taken up by the body.

The bioavailability of carotenoids might depend on the following:

(a)  Chemical and physical stability of the carotenoids upon storage within the food 
product

(b) Stability of the carotenoids during the gastro-intestinal tract passage
(c) Uptake by intestinal cells

The next sections will review these three aspects, using emulsion and liposome 
formulations as examples.

8.3.1  Chemical and Physical Stability of Carotenoids  
in Food Formulations

Experiments investigating both physical and chemical stability of carotenoid emulsions 
have been carried out. Droplet size and its distribution is an important characteristic 
of carotenoid dispersions, which is associated with many properties, such as shelf-life 
stability, homogeneity, creaminess, viscosity, carotenoid bioavailability, and color. 
Small oil droplets with supersaturated carotenoids may be kept stable over long storage 
time (Figs. 8.22 and 8.23), as well as liposomes (Matsushita et al. 2000).

Food products containing carotenoids and providing health benefits by improving 
antioxidant levels in individuals, so-called “functional foods”, are, for example, 
beverages, breads, candies, cookies, dairy products (ice-cream, cheddar cheese, 
etc.), dry cake mix, salad dressings, macaroni products, mayonnaise, savory, shorten-
ings, soups, and spreads (Bauernfeind et al. 1958; Bunnell et al. 1958; Garnett et al. 2003; 
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Leuenberger 2007; Manz 1967; Santipanichwong and Suphantharika 2007; 
Upritchard et al. 2003). When carotenoid emulsion-based formulations are mixed 
with products as foods, they have to remain stable even under chemical and physi-
cal conditions changed.

The kinetics of carotenoid degradation follows a first-order kinetic model 
(Henry et al. 1998; Ax et al. 2003). Chemical stability of lycopene-loaded O/W 
emulsions is given in Fig. 8.24, as an example. The carotenoid formulations were 
diluted in three different products: skimmed milk, orange juice, and water (control). 
Three different emulsifiers were used in these investigations. It was found that 
lycopene stability strongly depends on the food system (Fig. 8.25). In orange juice 
(pH < 4.5), the lycopene was particularly stable, whereas in milk (pH ≅ 6.6) and 
water (pH 7), respectively, lycopene concentration decreased quite fast. Stability of 
lycopene did not depend on the emulsifier type. Addition of a-tocopherol to the 
dispersed oil phase, however, allowed for prolonged lycopene stability in all three 
food systems (Fig. 8.26). Antioxidants can be used to protect O/W emulsions 
against degradation over a long period of time. As can be seen in Fig. 8.27, coales-
cence of oil droplets was not observed in any of the systems investigated over 3 
weeks (Ribeiro et al. 2003).

O/W emulsions containing lycopene and vitamin C, and stabilized by Tween® 
20 was also applied in full- and low-fat yogurt, 3.8% and 1.5% fat, respectively. 
The initial concentration of lycopene in each dairy product was 10 mg/L. It remains 
stable for 3 weeks in the full-fat yogurt, however, approximately 20% of lycopene 
degradation could be observed in the low fat one over the same storage time.

Fig. 8.22 Emulsion stability: Variation of emulsion droplet size (sauter diameter) over 1 year 
storage time. d

3,2o
 = initial sauter diameter
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Fig. 8.23 Carotenoid stability in O/W nanoemulsions: Concentration of different carotenoids in 
nanoemulsions as a function of storage time and a-tocopherol concentration
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Fig. 8.24 Influence of food matrix on the chemical stability of lycopene without a-tocopherol. 
C = concentration and C

0
 = initial concentration. The bars represent standard deviations (Ribeiro 

et al. 2003) (Courtesy of Wiley-Blackwell Publishers)

By combining emulsifiers a positive influence on carotenoid stability in nanoe-
mulsion-based formulations was found. Ribeiro et al. (2006b) have shown decreased 
lycopene and astaxanthin degradation in O/W emulsions stabilized with a combina-
tion of emulsifiers, especially for a combination of a whey protein isolate and a 
sugar ester, compared to emulsions prepared with a single emulsifier.
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Fig. 8.25 Appearance of the three model systems after incorporation of O/W emulsion containing 
lycopene and after 3-weeks storage. Emulsifier: Tween® 20

Fig. 8.26 Influence of tocopherol content and food matrix on lycopene stability in O/W emulsions 
during storage at 4°C. C = concentration and C

0
 = initial concentration. The bars represent standard 

deviations (Ribeiro et al. 2003)

Physical stability of carotenoid loaded nanoemulsions includes stability against 
droplet coalescence and flocculation or aggregation. Droplets can be stabilized 
against these by steric hindrance of long emulsifier molecules adsorbed at the inter-
faces and/or by electrical charges. The droplets zeta-potential is a measure of stabilizing 
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electrostatic interaction forces between the droplets. The droplet zeta-potential of 
O/W emulsions containing lycopene, prepared with combination of whey protein 
isolates (BiPro®, BioZate®), with either Tween® 20 or sucrose laurate (L-1695), two 
non-ionic emulsifiers, as a function of pH is shown in Fig. 8.28. At the lowest pH 
the droplets had a relatively high positive zeta-potential because the pH was below 
the isoelectric point of the whey proteins. When the pH was increased, the magni-
tude of the positive charge on the droplets decreased. Eventually the zeta-potential 
of the droplets became zero (isoelectric point at a pH between 4 and 5). A further 
increase in pH caused the droplets to gain a net negative charge.

Droplet aggregation of the O/W emulsions was observed to occur around the 
isoelectric point (pH 4–5). Figure 8.29 shows the lycopene-loaded O/W emulsions 
in different pH ranges (2–9) 4 and 24 h after changing the pH, respectively. 
Droplet agglomeration could be observed after 24 h in samples at pH 4. Droplet 
flocculation/aggregation caused a significant increase in the creaming of the drop-
lets in the emulsions. Aggregation and creaming stability of whey protein stabi-
lized emulsions has been previously found to depend strongly on pH (Phillips et 
al. 1994). Emulsion droplets were highly susceptible to aggregation near the iso-
electric point of the whey proteins because of the relatively low electrostatic repul-
sion between the droplets. Samples prepared with astaxanthin showed the same 
physical and chemical stability behavior. The droplet size of the emulsion contain-
ing lycopene and using the emulsifiers L-1695 and BioZate® is shown in the 
Fig. 8.30 in a pH range between 2 and 9. The measurements were carried out 4 h 
after changing the pH. It can be seen that droplet sizes increased around the iso-
electric point, which means that the emulsions were unstable at this pH due to 
droplet agglomeration.

8.3.2  Stability of Carotenoid Formulations During Passage  
Through the In Vitro Gastro-Intestinal Tract

The in vivo efficacy of formulations containing functional ingredients depends on 
the one hand, on the stability of the emulsions during processing and storage, and 
on the other hand, on their behavior while passing through the gastro-intestinal 
tract. After oral ingestion of the emulsions, the chemical and enzymatic conditions 
in the stomach and small intestine can lead to extensive chemical and physical 
changes in the emulsion system and thereby influence the absorption of the active 
substance at the area of resorption. To simulate the influence of the physiological 
conditions during digestion, a model system (Fig. 8.31) was used. This model 
consists of a stomach section and a small-intestine compartment. Simulated gas-
tric, biliary, and pancreatic secretions are introduced into the corresponding com-
partment. The pH is monitored and controlled to the specific values for the 
stomach and small intestine. The temperature is kept at 37°C. As a basis for the 
preparation of the digestive secretions the systems described by Minekus (1998) 
and the German Institute for Standardization (DIN 19738 2004) (see Table 8.1) 
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Fig. 8.28 Droplet zeta-potential as function of the pH for O/W emulsions containing lycopene

were adopted. To study the effect of digestion on the stability of different formula-
tions, two test samples were investigated: an emulsion stabilized by Tween® 20 
and a sample of liposomes composed of Phospholipon 80®, both containing lyco-
pene (Ax 2003).
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As an indicator of the stability of the formulations against aggregation or coales-
cence, particle size distributions and zeta potential were measured. For carotenoid 
emulsions, the zeta potential changed from −35 mV at the beginning to about 
−20 mV after stomach incubation. The zeta potential of liposomes increased from 
−60 mV to −20 mV. In Fig. 8.32, particle size distributions of untreated carotenoid 
emulsions and liposomes as well as formulations after incubation are shown. 
No significant change in droplet size distribution after processing in the stomach 
was observed in any of the investigated carrier systems.

Under the conditions in the small intestine, dispersed lipid systems were 
disintegrated under the influence of pancreatic lipase enzymes. Addition of pancre-
atic lipase to the emulsion led, as a result of lipolysis, to a prompt decline in pH. 
The appearance of the emulsions changed from opaque to translucent, they dark-
ened in color, and viscosity changes occurred. All these observations indicate that 

2 3 4 5 6 7 8 9 10pH

Fig. 8.29 Appearance of diluted astaxanthin-loaded O/W emulsions stabilized by sucrose laurate 
(L-1695) + BioZate® after changing the pH and over 24 h. In both figures, the emulsion on the left 
is the emulsion with pH 2.0. The pH increases successively from left to right, with the emulsion 
with pH 9.0 on the right
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the dispersed oil droplets were destroyed. Liposome incubation under the conditions 
of the upper intestine resulted in a comparatively slow reaction. The liposome 
formulation became more transparent and acquired a more viscous, gel-like 
consistency.
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8.3.3 Bioavailability and Cellular Uptake of Carotenoids

Intestinal carotenoid absorption in human depends on a number of factors such as 
the carotenoid species, molecular linkage, the amount of carotenoids consumed in 
a meal, the matrix in which the carotenoid is incorporated, effectors of absorption, 
the nutrient status of the host, genetic factors, host-related factors, and the interac-
tion of these factors (Castenmiller and West 1998; Parada and Aguilera 2007).

This complexity is responsible for the large inter-individual variability in bio-
availability and plasma concentration of carotenoids observed in many intervention 
studies.

Fruit and vegetables and their products are the major dietary source of carote-
noids. In plant tissue, carotenoids are localized in cellular plastids, where carote-
noids are associated with light-harvesting complexes or crystalline structures. 
Carotenoids are generally insoluble in water. In the small intestine carotenoids are 

Table 8.1 Modeling of the gastrointestinal conditions

Stomach Intestine

Temperature (°C) 37 37
pH 1–5 7–9
Dilution 

(dispersion:secretion)
3:5 1:4

Electrolyte NaCl; KCl; 
KH

2
PO4

NaCl; KCl; 
CaCl

2
⋅2H

2
O; Bile 

acid
Enzyme Pepsin Pancreatin
Incubation time (h) 3 5
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extracted from the food matrix, solubilized in bile acid micelles and absorbed by 
the enterocytes. The intracellular localization, form of carotenoid (free, protein-
bound, crystalline), and intactness of the plant cellular matrix are important determinants 
of carotenoid bioavailability. There are pronounced differences in the relative bio-
availability of carotenoids from different fruit and vegetables and their products, for 
example, the consumption of fruits resulted in plasma concentrations of b-carotene 
which were six times higher than those found after consumption of green leafy 
vegetables (de Pee et al. 1998). Disruption of the plant tissue matrix by mechanical 
homogenization or thermal treatment enhances the bioavailability of carotenoids 
(Gärtner et al. 1997; Porrini et al. 1998). Physico-chemical properties of carotenoid 
species are also important for bioavailability. The bioavailability of lutein, which is 
more polar than b-carotene, is fivefold to ninefold higher than that of b-carotene 
from vegetables such as spinach. Dietary fat (3–5 g per meal) and endogenous 
emulsifiers (bile acids) are necessary to incorporate carotenoids released from the 
food matrix into mixed micelles. It appears that 3–5 g of fat is sufficient for caro-
tenoid absorption (van het Hof et al. 2000). All these factors which depend on food, 
food treatment and composition, secretion of digestive enzymes and bile acids into 
the small intestine make it difficult to predict the plasma concentration (relative 
bioavailability) for an individual person on the basis of his/her fruit and vegetable 
consumption. The same amount of fruit and vegetables can result in plasma con-
centrations with a difference of one order of magnitude. Carotenoid formulations, 
such as emulsions, supply carotenoids, fat, and emulsifiers in a matrix from which 
carotenoids can be directly taken up by enterocytes or easily incorporated into 
mixed micelles. Such formulations could allow better control of the bioavailability 
of carotenoids.

In vitro cell culture models make it possible to investigate the uptake of carote-
noids by intestinal cells and to avoid the effects of some factors which are difficult 
to control: efficacy of food matrix disruption, solubilization of carotenoids, and 
incorporation into mixed micelles (Briviba et al. 2001).

There are several ways to solubilize carotenoids in water in order to investigate 
the cellular uptake or effects of carotenoids in cell culture model systems. 
Carotenoids dissolve readily in apolar solvents such as chloroform, acetone, or tet-
rathydrofuran (THF). THF is often used to solubilize carotenoids in water. A final 
concentration of 0.5% (v/v) of tetrahydrofuran in water is high enough to solubilize 
most of carotenoids at concentrations of up to 10 µM (Bertram et al. 1991). This 
THF concentration usually did not affect viability in most cell lines. Cells incubated 
with astaxanthin delivered in THF at the same concentration as b-carotene (10 µM) 
showed about a 50-fold higher amount cellular amount of astaxanthin, as detected 
by HPLC. These observations were also confirmed by confocal resonance Raman 
microspectroscopy image analysis – a strong Raman signal of astaxanthin but no 
detectable signal of b-carotene was found in cells (Briviba et al. 2006).

Incubation of HT 29 cells with O/W emulsions prepared using Tween® 20 as an 
emulsifier and loaded with 10 µM b-carotene or astaxanthin resulted in an increase 
in the cellular concentration of carotenoids. A slight dependence of the cellular caro-
tenoid concentration on droplet size was observed (Fig. 8.33). The cellular uptake of 
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astaxanthin and b-carotene from O/W emulsions was comparable. The cellular 
uptake of carotenoids from emulsions depends on the emulsifiers used. Whey pro-
teins combined with Tween® 20 or sucrose laurate significantly increased carotenoid 
(astaxanthin, lycopene) uptake from emulsions (Ribeiro et al. 2004; Ribeiro et al. 
2006b). Effective cellular uptake of carotenoids (astaxanthin, b-carotene, lycopene) 
from carotenoid-enriched liposomes prepared from phosphatidylcholine was 
observed. Carotenoid uptake from liposomes was more effective than from Tween® 
20 emulsions, but comparable to or lower than that derived from whey protein/
Tween® 20 emulsions (Fig. 8.34). Thus, the uptake of carotenoids by the intestinal 
cells depends on carotenoid, species, carrier type (emulsions, liposomes), and the 
chemical ingredients of the formulation (e.g., whey proteins). HT 29 cells line were 
treated with cell culture medium supplemented with either carotenoid-enriched O/W 
emulsions with emulsifier Tween® 20 (Em-Tw) or emulsions with a combination of 
two emulsifiers Tween® 20 and whey protein isolate (Em-Tw-wp) or liposomes 
(Lip). The whey protein isolate used was BioZate®. Cell culture medium was 
replaced daily. Cellular levels of carotenoids were estimated after incubation for 
72 h. Carotenoids were extracted and determined by reversed-phase HPLC.

8.4 Final Considerations

This chapter has shown a wide range of process to encapsulate carotenoids. Optimal 
powder or liquid carotenoid formulations allow the production of a physically/
chemically stable and bioavailable structure after their preparation, storage, and 
application in food systems. These requirements are very important for delivering 
the carotenoid into the gastro-intestinal tract, and later for being absorbed. 
Encapsulation of carotenoids may meet these requirements. Other criteria to select 
the right type of encapsulates might be food grade processes, easiness of produc-
tion, application in dry or liquid products, clarity/transparence of liquid product, 
large volume production, costs, IPR situation, etc. The ideal encapsulation process 
and type of formulation will depend on specific application, market requirement, 
and current regulations.
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9.1  General Introduction

A large part of formulated peptides and proteins, e.g., enzymes used as food ingredients, 
are formulated in a liquid form. Often, they are dissolved in water to which glycerol 
or sorbitol is added to reduce the water activity of the liquid, thus reducing the change 
of microbial growth. Still, there are reasons to formulate them in a solid form. Often, 
these reasons are stability, since a dry formulation is often much better than liquid 
formulations, and less transportation cost, since less mass is transported if one gets 
rid of the liquid; however, most of the times, the reason is that the product is mixed 
with a solid powder. Here, a liquid addition would lead to lump formation.

Additional issues that play a role when formulating these products in a solid form 
are, for example, allergenicity, dust reduction, dosing accuracy, and dissolution.

Stability in a solid formulation is often much better than in a liquid formulation, 
since the water activity is low. Often, stabilizers are added to the solid forms to 
protect the proteins against denaturation.

The problem of using powdered proteins is that people can get allergic to these 
proteins when exposed to them for a long period of time or to high concentrations 
of them. Most of the time, the places of high risk are the factories where these 
proteins are produced or handled. By encapsulation or granulation, the tendency to 
form dust loaded with proteins is greatly reduced, and safe products can be 
obtained. Peptides often show little to no allergic reactions, since the molecules are 
too small to induce an allergic reaction.

When dosing these solid formulations, the dosing accuracy may be an issue. 
This means that the content of the active ingredients needs to be such that a homo-
geneous mixture can be obtained which gives the right application behavior. This 
can be achieved in many ways. Simple granulates may be mixed with powders in 
blenders, but products can also be made into tablets which should contain the right 

G.M.H. Meesters 
DSM Food Specialties, P.O. Box 1, 2600 MA Delft, The Netherlands 
e-mail: gabrie.meesters@dsm.com

Chapter 9
Encapsulation of Enzymes and Peptides

Gabrie M.H. Meesters

N.J. Zuidam and V.A. Nedović (eds.), Encapsulation Technologies for Active Food 
Ingredients and Food Processing,  
DOI 10.1007/978-1-4419-1008-0_9,  © Springer Science+Business Media, LLC 2010



254 G.M.H. Meesters

amount of product to perform a certain behavior, reaction or allow for an accurate 
release profile in time.

Also, the concentration in a solid formulation may need to have the required 
homogeneity in a powder mixture. For example, when an enzyme formulation 
with a high concentration is mixed with a chicken feed mixture, it needs to be of a 
concentration that each chicken will get the right amount of product each day and 
well spread over the day. This means that each feed pellet needs to have the activity 
present and not one out of every 50 pellets that will be eaten by a chicken. This can 
be achieved by adding inert material to the solid formulation.

When the peptides or proteins need to dissolve quickly in the application, these 
solid products can be made instant in their dissolution behavior. This means that 
they wet and dissolve quickly in water by simple stirring. In many cases, the wettabil-
ity of these powders is poor, and by granulation in the right way, the dissolution can 
be enhanced enormously.

Instant properties of a product are associated with the four phases that occur after 
pouring a powder on a liquid surface. These phases are the following (Schubert 1993):

(a) Penetration of the liquid into the pore structure owing to capillarity. The ease of 
penetration is called wettability.

(b) Sinking of the particles or portions of the powder into the liquid, sinkability.
(c) Dispersion of the powder in the liquid, dispersibility.
(d) If the substance is soluble, dissolution of the particles in the liquid, solubility.

The four phases take place in the sequence indicated, with occasional overlapping of 
two phases. For a powder with good instant properties the four phases are completed 
within a few seconds (for a height of the powder material of 10 mm) (Schubert 1981, 
1993). The phases are governed by different physical laws and can be influenced in 
different ways.

9.2  Types of Techniques Used to Encapsulate or Granulate

There are several techniques that are used to granulate and encapsulate proteins and 
peptides. The simplest way is by spray-drying combined with agglomeration. Other 
main techniques are fluid bed techniques, high and low shear granulation, and 
extrusion. Also techniques of encapsulating enzymes in liquid matrices like lipo-
somes or gels like alginate and carrageenans are used. These techniques will be 
discussed below.

9.2.1  Spray-Drying and Combined Granulation

The technique of spray-drying and combined granulations is shown in Fig. 9.1. It is 
also called multi-stage drying or integrated spray-drying. The technique is mostly used 
for the production of solid protein and peptide formulations. Material is sprayed 
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into the spray-dryer, where it is dried to single particles. These single particles collide 
with particles which are recycled from the integrated or connected fluid bed. Since 
these drying particles get sticky during drying, they form agglomerates with 
already dried ones. Often they recycle several times to reach the desired particle 
size. The advantage of this technique over simple single stage drying is that the 
product is free flowing, which makes dosing easy and it has very good instant 
properties. These instant properties are important since many proteins and peptides 
have very poor wettability. This also means that water does not wet the particles 
easily. Since these particles are quite porous, the capillaries formed in these 
agglomerates enhance the uptake of water by the capillary sorption. This makes the 
wetting surface much larger, the particle fall apart when wetted from the inside, and 
do not form lumps. With the selection of a spray-dryer there are three main design 
variables that influence final product properties. They are selection of the atomizer, 
most suitable airflow pattern and the drying chamber design. Several operating 
conditions parameters are also important. Design rules that establish the final 
product properties qualitatively are not yet available. Figure 9.2 shows schemati-
cally how these granules are formed. Due to the larger size of these agglomerates, 
the formation of dust is greatly reduced as well. This make the handling of these 
powders less dangerous, but care still needs to be taken, since these agglomerates 
are fragile and may break during handling though, thus giving rise to formation of 
some dust particles.

To get the right amount of protein in the final formulation, so one can dose the  
right amount in the final application with the right distribution of activity, diluents can 
be introduced in the spray-drying section. This is often referred to as co-drying. Here 

liquid feed

hot air

product

Fig. 9.1 Typical multistage dryer. Liquid is sprayed in a tower and agglomerated and dried in 
several places in the system (courtesy of GEA/Niro, Denmark, www.niro.com)
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a dry powder, e.g., maltodextrins, (modified) starches, flour and salts are often used. 
This diluents can be added to the spray-liquid which is sprayed into the tower (but 
this may increase viscosity, or make the proteins precipitate), but most of the time 
these diluents are blown into the drying chamber as solids. The protein-loaded drop-
lets will stick to these diluents and form mixed products. Of course blending the 
protein solids with inert material can be done in a mixer after the granulation step, but 
here the product and the diluents may segregate, since no physical bond is formed.

9.2.2  High Shear Granulation

In high shear granulation one mixes a powder with a liquid, and often a binder is 
used as well. This is schematically given in Fig. 9.3. By using high shear granula-
tion, much denser particles are formed than by using spray-drying. They have the 
advantage of being much stronger, which makes the handling much safer, since less 
dust will be formed. These granules usually dissolve not as quickly as the powders 
from the spray-dried and agglomerated units. Dissolution times are still one to a 
few minutes though. Figure 9.4 gives a typical example of a high shear granule.

High shear granulation is used by the company Novozymes in Denmark as their 
most important formulation technology to granulate their enzymes. These enzymes are 
used, e.g., in detergents, as food and feed additives, and as paper and pulp processing 
aids. Since the enzyme is dispersed through the whole particle, dust formed during 
handling will contain enzymes, which may induce allergic reactions. To prevent this, 
the high shear granules are subsequently coated to protect the granules against attrition 
during product handling. Coating may take place in a high shear granulator, but most 
of the time the coating is applied by fluid bed coating. The coating reduces dust forma-
tion and enhances the storage stability of the enzymes as well.

When using the peptides and proteins as the solid in this process, one first needs 
to get the powder in a dry form, after which this powder is wetted again in a high 

Fig. 9.2 Schematic description of particle formation (courtesy of Glatt GmbH, Binzen, Germany, 
www.glatt.de)
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shear mixer and dried for a second time. Water needs to be evaporated twice, which 
is not very efficient. The other option is to administer the proteins and peptides as 
the liquid used in the high shear process. The powder used in this case is then an 
inert diluent. The drawback here is that only limited amount of liquid can be added 
to the powder mixture for high shear granulation. When too little liquid is added, 
there will be no agglomeration taking place. When on the other hand too much 
liquid is added, the powder will be over-wetted, resulting in a mud-like mixture. 
This means that there is a minimum and maximum amount of liquid that can be 

Fig. 9.3 Schematic drawing of high shear granulation process. Due to the high shear a compacted 
“snowball” structure is obtained (courtesy of Glatt GmbH, Binzen, Germany, www.glatt.de)

Fig. 9.4 Typical example of a high shear granulate (courtesy of Glatt GmbH, Binzen, Germany, 
www.glatt.de)
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added to the powder. This operating window depends strongly on the powders used 
and may vary from less than 10% (w/w) to more than 50% (w/w). A typical enzyme 
formulation is given in Table 9.1.

When the primary reason for using the high shear techniques is just to make 
granules with high protein content, usually the solid is the protein. On the other 
hand, when high potent proteins like enzymes are granulated, the amount added to 
the granules is important for dosing accuracy; then the protein is often in the liquid 
form used in high shear granulation.

Figure 9.5 shows two different types of batch high shear granulator, and Fig. 9.6 
shows a continuous high shear granulator. Both systems are used in the food industry. 
The pharmaceutical industries typically use the batch systems, often the types with 
a vertical shaft. In the food but also in the non-food and non-pharmaceutical 
industries like the fertilizer industries a lot of large continuous high shear granulators 
are used.

a b

Fig. 9.5 Batch high shear granulator horizontal axis (a), and vertical axis (b) (courtesy of Lödige 
GmbH, Paderborn, Germany (a), www.loedige.com and Glatt GmbH, Binzen, Germany (b) www.
glatt.de)

Compound Wt%

Enzyme powder
Binder (e.g., PVP, sugars)
Water-soluble salts
Water-insoluble salts
Coconut mono-ethanol-amide
TiO

2

water

5–30
1–10
40–60
5–20
4–7
0–4

Table 9.1 Novo-Nordisk high shear granulation 
formulation (Markussen and Schmidt 1977)
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9.2.3  Low Shear Granulation

Low shear granulation is a technique where a solid powder (mixture) is mixed with 
a liquid where there is short contact time and the mixing is not so intense. Here 
rather open granules are formed with good instant properties (see Fig. 9.7). 
Contrary to spray-drying where the protein is often present in the liquid form, in a 
low shear granulator the solid contains the protein.

A typical example of a low shear granulator is given in Fig. 9.8, the so-called 
Flex-o-mix of Hosokawa. The Flex-o-mix is a continuous system. The powder falls 
down a tube where a mixing device is present. The liquid is sprayed in between the 
mixer blades and mixed with the powder while falling down the tube. This tube is 
made of flexible material, which is moved by rollers. This prevents buildup of 
material at the walls of the granulator. Typical residence times in the mixer are 
1–5 s. The resulting product is a wet agglomerated product; with a relative low bulk 
density compared to e.g., high shear granulates, but comparable to or slightly higher 
compared to multi stage drying. The bulk density can be changed by adjusting the 
amount of liquid that is added per weight of powder proceeding through the device. 
The wet product is dried in a fluid bed dryer, which is fed directly from the 
Flex-o-mix which is placed most of the time on top of the drier. As is shown in 
Table 9.2, mixtures of powders can be agglomerated into mixed solid systems 
which do not segregate, and in the formulation shown in Table 9.2, here the cocoa 
powder is easily dispersed into milk or water, resulting in a ready to drink cocoa milk. 

Fig. 9.6 Continuous high shear granulator (Lödige, Paderborn, Germany www.loedige.com)
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a b

Fig. 9.8 The Hosokawa Flex-o-mix (courtesy of Hosokawa, Doetinchem, The Netherlands)

Table 9.2 Typical formulation of instant Cocoa powder as made in a 
Flex-o-mix, where mainly sugar, cocoa powder and milk powder are 
premixed and agglomerated with water (courtesy of Hosokawa, 
Doetinchem, The Netherlands, www.hosokawa.com)

Component For use in milk [w/w%] For use in water [w/w%]

Sugar
Cocoa powder
Milk powder
Flavorings
Thickeners
Emulsifiers
Vitamins

78
19
0
<1
<1
<1
3

39
28
31
<1
<1
<1
2

Fig. 9.7 Typical product from a low shear granulation process (courtesy of Hosokawa, Doetinchem, 
The Netherlands, www.hosokawa.com)
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The products from the Flex-o-mix also possess good dosing properties which 
makes them very suitable for use in vending machines. In spray-dryers similar 
instant forms can be made, but usually not so many different components are granulated 
together as can be done in this low shear system.

9.2.4  Fluid Bed Agglomeration

In fluid bed agglomeration a powder is fluidized in a fluid bed into which a binder 
liquid is sprayed. This binder liquid wets the solid particles and forms bridges 
between the particles. Due to the drying of the air, these liquid bridges dry and 
solidify, thus gluing the particles together. This is schematically given in Fig. 9.9.

Like in spray-drying and agglomeration and low shear granulation as in the 
Flex-o-mix, the product is of relative low bulk density and shows good instant 
behavior. Fluid bed agglomeration can be done in a batch or continuous system, as 
is shown in Fig. 9.10. Figure 9.11 shows a typical fluid-bed agglomerate. The open 
structure can be clearly seen, giving the product very good instant properties.

9.2.5  Low Pressure Extrusion and Spheronization

Low pressure extrusion is a technology which was already used in the late 1960s 
and early 1970 by Novo Nordisk to encapsulate their enzyme granules (Nielsen and 
Markussen 1971). The technology was used in the late 1990s by Gist-Brocades, 
The Netherlands (now DSM) and others to encapsulate their feed enzymes 
(Barendse et al. 1998; Harz et al. 2000).

Fig. 9.9 Schematic drawing of the particle formation in a fluid bed agglomeration process (courtesy 
of Glatt GmbH, Binzen, Germany, www.glatt.de)
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Fig. 9.10 Two types of continuous fluid bed agglomeration. Left a continuous fluid bed system 
with top spray nozzle systems of Glatt, on the right the Advanced Granulation Technology (AGT) 
system of Glatt which includes a classifier in the middle of the circular fluid bed system (courtesy 
of Glatt GmbH, Binzen, Germany, www.glatt.de)

Fig. 9.11 Typical example of fluid bed agglomerate (courtesy of Glatt GmbH, Binzen, Germany, 
www.glatt.de)
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In a wet massing step, powder and liquid are mixed. The protein can either be 
part of the solids or can be dissolved in the liquid. The material is intensively mixed 
to obtain a wet mass. This wet mass is pressed through a dye plate in an extruder, 
forming strings of wet material (spaghetti-like), see Fig. 9.12.

These strings are emptied in a spheronizer, which is a rotating plate where these 
strings are broken into small particles. These particles are rounded off and compacted 
to form spherical to rounded-off ones as shown in Fig. 9.13.

These wet particles are further dried in a fluid bed dryer, and can be coated with 
a protective coating if desired. Figure 9.14 gives a schematic drawing of the 
mechanism.

A typical recipe of a formulation made by low pressure extrusion and spheroni-
zation is given in Table 9.3 and Fig. 9.15 shows the formed particles based on this 
recipe.

A simpler but similar technique is reported by Öngen et al. (2002). They report 
the encapsulation of an a-amylase into a starch matrix, the substrate of the enzyme. 
This would allow a slow release of the enzyme upon water take up. The starch was 
a pre-gelatinized potato starch. The dry encapsulated enzyme was obtained by 
kneading the starch in a kneader at about 80ºC. The enzyme was dosed in to the 
kneader as a liquid (solution in water). The resulting mass was cooled down and 
grinded into smaller particles. The enzyme concentration in the final product was 
reported up to 8% (w/w) on dry base of starch. The activity was released when 
wetting the particles, due to the degradation of the starch by the enzyme. Typical 
times reported of full release of the enzyme activity were in the range of hour to days. 
This formulation was also used to modulate flavor release from starch matrixes via 
a-amylase controlled degradation (Yilmaz et al. 2002).

Fig. 9.12 Schematic drawing of a Bextruder BX of Hosokawa Micron, which can be used to 
extrude wet powders (courtesy of Hosokawa Micron, The Netherlands, www.hosokawa.com)
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Fig. 9.13 Shape change as function of spheronization time showing the rounding off of the extrudates 
(courtesy of Hosokawa Micron BV, The Netherlands, www.hosokawa.com)

Fig. 9.14 Schematic drawing of the extrusion process (top). The lower drawing shows in detail 
the spheronizing of the particles (courtesy of Glatt GmbH, Binzen, Germany, www.glatt.de)
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9.2.6  Encapsulation in Gel Systems

Anjani et al. (2007) describe a technique where a liquid in which a protease is 
dissolved, is mixed with an alginate, pectin or к-carrageenan polymer solution. By 
dropping this mixture in a CaCl

2
 solution, the drops of polymer solution containing 

the enzyme forms a gel bead, thus encapsulating the enzymes. They used a nozzle 
to form uniformly size droplets in the range of 0.5–2 mm (see also Meesters 1992 
and Heinzen 1995). Figure 9.16 shows a typical setup which is used to make these 
gel beads. Scaled up versions are available as well.

The gel particles formed by using this technique can be further processed. They 
can be dried and additionally coated with a wax, a polylysine or polylactate coating. 
In the above mentioned paper of Anjani et al. (2007), applications are found in the 
area of accelerating of cheese ripening. Here the enzyme is slowly released in the 
curt and enhances the flavor formation.

Kailasapathy and Lam (2005) describe the formation of similar gel beads but here 
they use a water-in-oil emulsification process to prepare gellan or k-carrageenan 
beads with protease. This process is already described by Magee and Olsen (1981).

Fig. 9.15 Sample of the final coated Natuphos® enzyme granules (courtesy of DSM-Food 
Specialties BV, Delft, The Netherlands)

Compound Wt%

Enzyme liquid
Starch
Stabilizing salts
Outer PEG-6000 coating

15–30
65–80
0.1–5
1–10

Table 9.3 The Nathuphos® formulation as developed by 
Gist-Brocades (now DSM) used in an extrusion and spher-
onization set up (Barendse et al. 1998; Harz et al. 2000)
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9.2.7  Liposome Technologies

Liposomes are used to encapsulate many types of molecules. They can also be applied 
to encapsulate protein such as enzymes. Walde and Ichikawa (2001) reported an 
extensive literature review on the use of liposome technology to encapsulate enzymes. 
They specify the types of enzymes encapsulated as such and the applications of use 
(mainly in the biomedical field or for acceleration of cheese ripening).

Liposomes are lipid vesicles formed from amphiphilic molecules which aggregate 
in water, forming a sphere. The liposome can be built out of a single or many layers 
of amphiphilic, polymolecular shells (lamellae). Sizes of the liposomes range from 
typically 10–100 nm for a single shell liposome to several micrometers for multi-
layered liposomes. The enzyme is entrapped in the aqueous inter-lamellar spaces of the 
liposome during the preparation process. The encapsulation efficiency of enzymes 
depends on the preparation method and conditions used. Generally it is more 
difficult to entrap large enzymes in small liposomes than small enzymes. The 
enzyme may interact with the lipid vesicles, which may increase its encapsulation 
efficiency (but also may induce vesicle aggregation). The more the layers, the more 
stable the liposome might be. Liposomes are relatively stable in liquid systems, but 
entrapped enzymes may leak out upon storage. Also the long-term stability of the 
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Fig. 9.16 System to produce uniformly sized droplets of alginate, which are gelated in a CaCl
2
 

containing bath (courtesy of Inotech Biosystems International Inc., Switzerland, www.inotechintl.
com). 1 = syringe pump, 2 = nozzle, 3 = vibration unit, 4 = pulsation unit, 5 = reaction vessel, 6 = filters, 
7 = pump, 8 = by-pass unit, 9 = stirrer, 10 = filtration unit, 11 = capillary, 12 = collection unit, 
13 = stroboscope, 14 = frequency generator, M = motor
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liposomes themselves can be an issue due aggregation of the vesicles or hydrolysis 
and/or oxidation of the lipid components. Scale up of liposomal technologies is not 
always easy. Membrane extrusion techniques are reported in the overview using 
pore of ~100 nm to produce large quantities of liposomes.

9.3  Conclusions

Most of the dry formulations of peptides, proteins and enzymes are granulated into 
a product fit for its use in application. Instant properties, strength, controlled 
release, size, etc. determine the technique which should be applied to get these 
required properties into the final product. A large variety of techniques are devel-
oped by several companies, which have grown into mature techniques. Since scale 
up is not always that easy and the product properties should be as required, piloting 
is required to fine tune the specifications. Most equipment suppliers have piloting 
facilities available and master the right scale-up rule.

Liquid formulations of proteins and enzymes are often simple mixtures of an 
enzyme concentrate with glycerol or sorbitol as main components. For certain 
application (like cheese ripening), more sophisticated formulations like the lipo-
some technology or gel matrices might be used. These technologies were initially 
developed in the pharmaceutical world, but are now expanding in the other fields 
like food as well. Cost and scale up are still the main issues which are limiting the 
use of these types of technologies in the nonpharma fields.
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10.1 Probiotics From Research to Consumer

The history of the role of probiotics for human health is one century old and several 
definitions have been derived hitherto. One of them, launched by Huis in’t Veld and 
Havenaar (1991) defines probiotics as being “mono or mixed cultures of live micro-
organisms which, when applied to a man or an animal (e.g., as dried cells or as a 
fermented product), beneficially affect the host by improving the properties of the 
indigenous microflora”. Probiotics are living microorganisms which survive gas-
tric, bile, and pancreatic secretions, attach to epithelial cells and colonize the 
human intestine (Del Piano et al. 2006). It is estimated that an adult human intestine 
contains more than 400 different bacterial species (Finegold et al. 1977) and 
approximately 1014 bacterial cells (which is approximately ten times the total num-
ber of eukaryotic cells in the human body). The bacterial cells can be classified into 
three categories, namely, beneficial, neutral or harmful, with respect to human 
health. Among the beneficial bacteria are Bifidobacterium and Lactobacilli. The 
proportion of bifidobacteria represents the third most common genus in the gastro-
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intestinal tract, while Bacteroides predominates at 86% of the total flora in the adult 
gut, followed by Eubacterium. Infant-type bifidobacteria B. bifidum are replaced 
with adult-type bifidobacteria, B. longum and B. adolescentis. With weaning and 
aging, the intestinal flora profile changes. Bifidobacteria decrease, while certain 
kinds of harmful bacteria increase. Changes in the intestinal flora are affected not 
only by aging but also by extrinsic factors, for example, stress, diet, drugs, bacterial 
contamination and constipation. Therefore, daily consumption of probiotic prod-
ucts is recommended for good health and longevity. There are numerous claimed 
beneficial effects and therapeutic applications of probiotic bacteria in humans, such 
as maintenance of normal intestinal microflora, improvement of constipation, treat-
ment of diarrhea, enhancement of the immune system, reduction of lactose-intoler-
ance, reduction of serum cholesterol levels, anticarcinogenic activity, and improved 
nutritional value of foods (Kailasapathy and Chin 2000; Lourens-Hattingh and 
Viljoen 2001; Mattila-Sandholm et al. 2002). The mechanisms by which probiotics 
exert their effects are largely unknown, but may involve modifying gut pH, antago-
nizing pathogens through production of antimicrobial and antibacterial compounds, 
competing for pathogen binding, and receptor cites, as well as for available nutri-
ents and growth factors, stimulating immunomodulatory cells, and producing 
lactase (Kopp-Hoolihan 2001).

Probiotics can be delivered commercially either as nutritional supplements, 
pharmaceuticals or foods. A large number of probiotic products are available in the 
market in the form of milk, drinking and frozen yoghurts, probiotic cheeses, ice-
creams, dairy spreads and fermented soya products. Also, special freeze-dried 
pharmaceutical dietary preparations are available in the form of tablets, but the 
marketing as a pharmaceutical product requires long, complex and costly research, 
and a demonstration of a well-defined therapeutic target. Together with prebiotics, 
probiotics are often consumed as functional foods, demonstrated to be effective for 
the treatment or control of several diseases. Prebiotic substances, such as lactulose, 
lactitol, xylitol, inulin and certain non-digestive oligosaccharides, selectively 
stimulate the growth and activity of, for example, bifidobacteria in the colon 
(Zubillaga et al. 2001). Most widely and commercially used probiotic species are 
Lactobacillus (L. acidophillus, L. casei, L. fermentum, L. gasseri, L. johnsnli, L. 
lactis, L. paracasei, L. plantarum, L. reuteri, L. rhamnosus, L. salivarius), 
Bifidobacterium (B. bifidum, B. breve, B. lactis, B. longum), Streptoccocus (S. ther-
mophilus) species, yeasts and molds (Saccharomyces boulardii). The presence of a 
specific enzyme, the fructose-6-phosphate-phospoketolase (F6PPK) in bifodobac-
teria, is the main criteria to distinguish them from Lactobacillus.

International standards (e.g., from the International Dairy Federation) require that 
products claimed to be ‘probiotic products’ contain a minimum of 107 viable probiotic 
bacteria per gram of product or 109 cells per serving size when sold, in order to pro-
vide 106–8 cells/g feces. However, many products failed to meet these standards when 
they are consumed. This is due to death of probiotics cells in food products during 
storage, even at refrigerating temperatures. Consequently, industrial demand for tech-
nologies ensuring stability of bifidobacteria in foods remains strong, which leads to 
the development of immobilized cell technology to produce probiotics with increased 
cell resistance to environmental stress factors (Doleyres and Lacroix 2005).
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This chapter will briefly review the isolation and selection of probiotic strains, 
and then focus on the use of several microencapsulation techniques to protect 
probiotics. The use of these microencapsulates in several food applications and 
their future developments are then discussed.

10.2 Isolation and Selection of Probiotic Strains

The isolation of potential probiotic strains proceeds from animal or human planktonic 
flora, or adhesive bacteria (adhered on the surface of the epithelial cells and 
interacting with the intestinal mucosa and surfactants). This can be achieved by 
preendoscopic biopsies or brushing. The procedure of brushing is more physiological, 
less invasive, requires optimal intestinal preparation and permits the withdrawn of 
almost complete planktonic flora. After a strain has been isolated, and purified to 
obtain a pure culture, it must be taxonomically classified. The identification of a 
strain is performed by comparison of rDNA gene sequences with those available in 
the GeneBank database. The minimum DNA genomic similarity of 70% and a 16 S 
rRNA sequence similarity of 97% are required to recognize a probiotic strain. After 
taxonomic classification, growth curves are developed and duplication parameters 
are determined for the specific strain. The presence of plasmid DNA is also 
assessed during the preliminary stage in order to obtain information on the genomic 
stability of the strain. As a general rule, the presence of plasmids is not a reason to 
discard the strain as a potential probiotic, but the role of this extra-chromosomal DNA 
in establishing phenotypes relevant for the technological and probiotic properties 
must be assessed (Del Piano et al. 2006).

A probiotic strain must be resistant to stomach and upper intestine microenvi-
ronment, to be able to reach the colon and be effective by conferring health benefits 
to the host. Therefore, in vitro studies are conducted to test the survival of a potential 
probiotic strain to gastric, bile or pancreatic juices. The survival of a strain depends 
on both strain characteristics and intestinal juice type (simulated gastric, bovine or 
pig bile and various types of animal pancreatic extracts).

Except the stability, the safety of a novel and existing starter, and probiotic cultures 
must be evaluated. There was a constant requirement for antibiotic resistant probiotics 
in the past few decades. This, on the other hand, led to the prevalence of multi-drug 
resistant strains that caused diseases in humans. The establishing of a safety profile 
implies determination of strain resistance to a wide variety of common classes of 
antibiotics and subsequent confirmation of non-transmission of drug resistance 
genes or virulence plasmids. Ideally, probiotic bacteria should exhibit tolerance to 
antimicrobial substances, but should not be able to transmit such resistance to other 
bacteria (Charteris et al. 2000; Kheadr et al. 2004; Moubareck et al. 2005). Although 
studies on safety of probiotics are necessary, in general most of Lactobacillus and 
Bifidobacterium strains are recognized as safe and have long history of safe use in 
foods or present in normal human intestinal microflora. Cases of infection pathologies 
or allergic reactions caused by probiotics or food substances employed for their 
processing are very rare.
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Since probiotic bacteria are very sensitive to the environmental factors, stability 
tests are a prerequisite to define conditions under which they should be produced and 
stored. Stability of probiotics depends on many factors, including the genus, species, 
strain biotype and the formulation, as well as parameters such as temperature, water, 
pH, osmotic pressure, mechanical stresses and oxygen. Especially, the viability of 
lactic acid bacteria is jeopardized after freezing. Therefore, a strain must be tested on 
growth conditions during fermentation (alkali used to neutralize pH), harvesting con-
ditions (cell washing, medium in which cells are re-suspended after concentration) 
and freezing conditions (cryoprotectants, freezing temperature, rate, duration).

Last but not least, the health benefits of potential probiotics strains should be 
assessed. Some potential health benefits, ranging from maintenance of normal 
intestinal flora to anti-cancer effects, have already been mentioned in the previous 
section. However, such benefits might be very strain-specific, are relatively small 
(compared to drugs) and may be affected by the food matrix. Long-term clinical 
studies with many people are therefore required to get fully proven health effects, 
especially when people are generally healthy.

10.3 Microencapsulation Technology for Probiotics

10.3.1 Protection Needs of Probiotics

During the time from processing to consumption of a food product, probiotics in 
that food product need to be protected against the following:

Processing conditions, like high temperature and shear.•	
Desiccation if applied to a dry food product.•	
Storage conditions in the food product on shelf and in-home, like food matrix, •	
packaging and environment (temperature, moisture, oxygen).
Degradation in the gastrointestinal tract, especially the low pH in stomach (rang-•	
ing from 2.5 to 3.5) and bile salts in the small intestine.

Microencapsulation technologies have been developed and successfully applied to 
protect the probiotic bacterial cells from damage caused by the external environment 
at the conditions mentioned above.

Encapsulation technology is widely used for various food applications such as 
stabilizing food compounds, controlling the oxidative reactions, sustained or con-
trolled release of active ingredients (probiotics, minerals, vitamins, phytosterols, 
enzymes fatty acids and antioxidants), masking unpleasant flavors and odors, or to 
provide barriers between the sensitive bioactive materials and the environment (see 
other chapters of this book). Encapsulation technology is based on packing solid, 
fluid or gas compounds in milli-, micro- or nano-scaled particles which release 
their contents upon applying specific treatments or conditions (e.g., heating, salva-
tion, diffusion and pressure). Sealed capsules are coated with semipermeable, 
spherical, thin, strong membrane around the solid or liquid core. A coating can be 
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designed to open in specific areas of the human body and microcapsules can gradu-
ally release active ingredients. For engineering probiotic containing capsules, a 
coating is usually employed which can withstand acidic conditions in the stomach 
and bile salts from the pancreas after consumption. In this way, the protection of 
the biological integrity of probiotic products is achieved during gastro-duodenal 
transit, which is a prerequisite for delivery of a high concentration of viable cells to 
the jejunum and the ileum. Probiotics should ideally be released in segments of the 
gastrointestinal tract where Peyer’s patches and other mucosa-associated lymphatic 
tissues are found that are said to play a critical role in immunostimulation (Rescigno 
et al. 2001). Since encapsulates should provide protection of sensitive microorganism 
against harsh conditions in the gut environment, the produced particles should be 
tested on swelling, erosion, disintegration in simulated gastric/intestinal fluids prior 
to industrial and real-life applications. Another purpose of microencapsulation of 
probiotic bacteria is to stabilize them, that is, to ensure prolonged viability during 
storage. The so-called stabilization of microorganisms means providing metabolic 
activity after storage and intake by a new host (Viernstein et al. 2005). An average rate 
loss found for sophisticated formulations under excellent storage conditions is one log 
unit of cell number reduction per year, which still means a loss of 90% per year.

There are two main problematic issues when considering microencapsulation of 
probiotics: (1) the size of probiotics (between 1 and 5 mm diameter) which immedi-
ately excludes nanotechnologies, and (2) difficulties to keep them alive. The most 
common techniques currently used for microencapsulation of probiotics will be pre-
sented in this section (Sect. 10.3) and their application in food products in Sect. 10.4.

10.3.2 Spray-Drying

Microencapsulation by spray-drying is a well-established technique suitable for 
large-scale, industrial applications: a liquid mixture is atomized in a vessel with a 
nozzle or spinning wheel and the solvent is then evaporated by contacting with hot 
air or gas. The resulting particles are collected after their fall to the bottom. Spray-
drying is probably the most economic and effective drying method in industry. It can 
be used for dehydration of materials and/or encapsulation. However, to our best 
knowledge spray-drying has not been developed commercially for probiotics for food 
use yet, because of low survival rate during drying of the bacteria and low stability 
upon storage. The conventional procedure requires exposing of cells to severe tem-
perature and osmotic stresses due to dehydration, which results in relatively high 
viability and activity losses immediately after spray-drying and most likely also 
affects storage stability. Main parameters that affect these include the following:

Type of strain: One strain survives spray-drying much better than the other. 
Preferably stationary phase cultures should be used (Corcoran et al. 2004).

Drying temperature: The logarithmic number of probiotics decreases linearly 
with outlet air temperature (in the range of 50–90° C) of the spray-dryer (Brian and 
Etzel 1997; Chavez and Ledeboer 2007), and to a lesser extent with the inlet air 
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temperature (typically in the range of 150–170° C). An optimal outlet air tempera-
ture might be as low as possible (using a low feed rate, also allowing low inlet air 
temperatures like 80° C); however, one should take care that the powder obtained 
has been dried sufficiently at such low temperature conditions. Alternatively, a 
second drying step in, for example, a fluid bed (Meister et al. 1999) or vacuum oven 
(Diguet 2000; Chavez and Ledeboer 2007) might be applied.

Drying time: The shorter the heating time, the better the viability of probiotics. 
Optimal drying time, however, is affected by the droplet size of the atomized liquid, 
which is influenced by viscosity and flow rate of the feed solution.

Type of atomization: High shear must be avoided during atomization, and the air 
pressure applied might also influence the droplet size and thus the optimal drying 
time.

Carrier material: Typically a mixture of about 20% (w/v) (dairy) proteins and/
or carbohydrates are used, which may be in the glassy state at storage temperatures 
to minimize molecular mobility and thus degradation. Examples include skim milk 
powder (SMP), non-fat dry milk solids (NFDM), soy protein isolates, gum arabic, 
pectin, (modified) starch, maltodextrin and sugars.

Osmotic, oxidative and mechanical stresses should be minimized, during both 
spray-drying and rehydration. Antioxidants and osmoprotectants might be included 
in the carrier material. Furthermore, the use of ‘pre-stressed’ bacteria may improve 
survival. Desmond et al. (2001) found that heat-adapted (52°C for 15 min) or salt-
adapted (0.3 M NaCl for 30 min) Lactobacillus paracasei had a, respectively, 
18-fold or 16-fold greater viability upon spray-drying than controls.

Storage conditions: Survival of probiotics is optimal at low water activity 
(<0.25) and low temperatures. Oxygen and light might be detrimental, so a nitrogen 
or vacuum-sealed package with a proper barrier function should be selected.

Unfortunately, the conditions need to be optimized for each different type of 
probiotic strain, and a good survival upon spray-drying may not indicate a good 
survival upon storage in a spray-dried form.

Picot and Lacroix (2004) spray-dried fresh and freeze-dried bifidobacteria in the 
presence of an o/w emulsion composed of anhydrous milk fat and an aqueous solu-
tion of 10% heat-denaturated whey protein isolate. This resulted in the production 
of water-insoluble microcapsules (<100 µm). However, the viability of the probiotics 
was low and slightly better results were obtained in the absence of the milk fat (26 
or 1.4% survival for fresh Bifidobacterium breve R070 and Bifidobacterium longum 
R023, respectively, in the absence of fat; the experiments with freeze-dried ones 
resulted in survival rates <1%). The authors used a relatively high outlet temperature 
of 80° C, which might be the cause of the low survival found upon spray-drying. 
Another reason for the low survival might be the sensitivity of their probiotics 
towards the spray-drying process. The authors claim higher storage stability in 
yoghurt (+2.6 log cycles after 28 days at 4° C) and survival in gastrointestinal (GI) 
tract of the encapsulated probiotics (+2.7 log cycles) compared to free ones.

Crittenden et al. (2006) also spray-dried probiotics in the presence of an o/w 
emulsion, but combined this with Maillard reaction products between protein and 
carbohydrates to improve film-forming and oxygen-scavenging properties of the 
shell. First, emulsions were prepared of canola vegetable oil, caseinate, fructo-
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oligosaccharides (a prebiotic), dried glucose syrup or resistant starch, and heated 
to 98° C for 30 min to promote Maillard reactions. The emulsion was then cooled 
to 10° C, probiotics were added and finally this mixture was spray-dried. Final 
formulations of the dried powders were 8% (w/w) probiotics, 32% (w/w) oil, 
20% (w/w) caseinate, 20% (w/w) fructo-oligosaccharides and either 20% (w/w) 
dried glucose syrup or 20% (w/w) resistant starch. The encapsulated probiotics 
were more stable upon storage at 25° C and 50% relative humidity than non-
encapsulated ones. The encapsulated probiotics were also more stable in in vitro 
gastrointestinal tract conditions.

10.3.3 Freeze- or Vacuum-Drying

Freeze-drying is performed by freezing probiotics in the presence of carrier material 
at low temperatures, followed by sublimation of the water under vacuum. In this 
way, water phase transition and oxidation are avoided. The addition of cryopro-
tectants helps to retain probiotic activity upon freeze-drying and stabilize them 
during storage. Many investigators have used SMP as the major drying medium, but 
other compounds like fructose, lactose, mannose, monosodium glutamate, sorbitol 
(Champagne et al. 1991; Carvalho et al. 2002, 2003, 2004a, b), trehalose (Garcia 
De Castro et al. 2000), 30% maltodextrin (Brian and Etzel 1997) and a mixture of 
20% soy protein isolate and 20% maltodextrin (Chavez and Ledeboer 2007) have 
also been used as protective additives in recent investigations. The obtained dried 
mixture can be grounded (Picot and Lacroix 2003) and the final particles are of a 
wide size distribution and with a low surface area.

Freeze-dried probiotics are well stable upon storage, especially at low tempera-
tures and in an inert atmosphere (nitrogen or vacuum). In general, the choice of 
optimal water content (in the order of 3–8%) is a compromise between high 
survival rates immediately after drying (more survival at higher water contents) and 
low inactivation upon storage (more survival at low water contents although not 
necessarily at 0%). The decrease in survival of freeze-dried bacteria under vacuum 
may follow first-order kinetics and the rate constants can be described by an 
Arrhenius equation (King et al. 1998). Extrapolation from results obtained at higher 
temperatures allows one to predict the degradation at any selected temperature. 
Based on the study of King et al. (1998) one can calculate that at 70, 60, 50, 20 and 
4° C, a 50% reduction in cell viability of freeze-dried Lactobacillus acidophilus in 
originally 4.15% glycerol, 10% NFDM and 0.53% CaCO

3
 and with a final moisture 

content of 3% is obtained after 0.2 h, 50 h, 9.6 days, 5.2 × 106 days and 1.3 × 1010 days, 
respectively. The Arrhenius relationship might be affected by phase transition (if 
any) and atmosphere (oxidation by oxygen may not follow first-order kinetics). 
Maybe water content will play a role as well.

Not much is known about the rehydration medium. When probiotics suspended 
in water are freeze-dried, the rehydration medium has a considerable effect on 
viability (Champagne et al. 1991). The situation is more complex when a better 
drying medium has been used. The rehydration medium must be free of RNase and 
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probably near a neutral pH. Different temperature effects have been reported, 
depending on the type of strain. It has been recommended to rehydrate the culture 
back to the volume it had prior freeze-drying. Long rehydration periods might be 
detrimental as the bacteria themselves might form inhibitory compounds.

Unfortunately, freeze-drying is a very expensive technology [about 4–7 more 
expensive than spray-drying (Chavez and Ledeboer 2007)]. However, freeze-drying 
is one of the least harmful drying methods of probiotics and is therefore probably 
most often used to dry probiotics, also as a standard to compare with other drying 
techniques. Most freeze-dried probiotics only provide stability upon storage and 
not or limited in the gastrointestinal tract. An exception might be freeze-dried 
probiotics from Cell Biotech in Korea, which are called Duolac™ (http://www.
cellbiotech.com/sub06/img/duolac.pdf). Bacteria with a soy protein coating (most 
likely made by a precipitation process prior freeze-drying) get a further polysac-
charide coating (= dual coating) and are then freeze-dried in the presence of cryo-
protectant. After grinding, the particle sizes are around 125–250 µm. Cell Biotech 
claims that the coating material shrinks and coagulates together at stomach pH to 
protect lactic acid bacteria. The coating material dissolves in the small intestine due 
to its neutral pH conditions, but it should still protect the bacteria for bile salts.

Some years ago, a new starch-based technology for probiotic microencapsula-
tion was developed by VTT Biotechnology (Myllarinen et al. 2000, using freeze-
drying; O’Riordan et al. 2001, using spray-drying). Both steps, the bacterial 
production and their encapsulation were preformed in one batch process (Myllarinen 
et al. 2000). Starch is a dietary component, having an important role in the colonic 
physiology. Starch consists of two types of molecules, amylose and amylopection 
(see Chap. 3). There are different forms: starch entrapped within food matrix, 
granular starch structure and retrograded starch formed after food processing. In the 
VTT technology large potato starch granules (50–100 mm), enzymatically treated 
to obtain a porous structure, were used as a carrier. The enzyme attacked the inside 
of the granules, making them porous. Subsequently, amylose, the linear polymer of 
starch was solubilized, cooled and precipitated over the bacteria-filled starch 
granules. The strength of adhesion of bifidobacteria to starch granules varied for 
different starches (Crittenden et al. 2001). Finally, the whole product together with 
the growth media was freeze-dried to a powder form. Different amylases (bacterial, 
malt, fungal, pancreatic) have been tested using a range of conditions to establish 
the optimal method to produce internal hollows for the encapsulating bacteria 
inside starch granules. Several probiotic strains have been used in starch encapsula-
tion studies. In addition, the viability of encapsulated bacteria stored at room 
temperature was at least 6 months and when frozen, at least 18 months. The capsule 
material appeared to be resistant to intestine milieu in in vitro and in vivo studies. 
A new, interesting approach is to use starch granules that naturally form aggregates, 
such as small barley starch granules (Mattila-Sandholm et al. 2002).

Vacuum drying is a similar process as freeze-drying, but it takes place at 0–40° C for 
30 min to a few hours. The advantages are that the products are not frozen, which pre-
vents freezing damage and energy consumption, and that the drying is fast. King and 
Su (1993, 1995), and King et al. (1998) used controlled low-temperature vacuum dehy-
dration (CLTVD) to dry Lactobacillus acidophilus at about 0° C. This temperature was 
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maintained by a controlled combination of shelf heating and vacuum adjustment in a 
freeze-dryer. Vacuum drying at about 40° C resulted in poor survival numbers. At about 
0° C the bacterial survival upon CLTVD was just slightly lower than the one upon 
freeze-drying (King and Su 1995). A lower decrease in viability of Lactobacillus aci-
dophilus with time was found when 0.57% CaCO

3
 and 4.1% glycerol was added to the 

growth medium and 10% NFDM prior CLTVD (King and Su 1995; King et al. 1998). 
The freeze-dried or CLTVD-dried bacteria could be stored at 5 or –20° C for more than 
120 days without much degradation, in contrast to storage at room temperature. Based 
on the study of King et al. (1998) one can calculate that at 70, 60, 50, 20 and 4° C, a 
50% reduction in cell viability of vacuum-dried Lactobacillus acidophilus in originally 
4.1% glycerol, 10% NFDM and 0.57% CaCO3 and a final moisture content of 3% is 
obtained after 0.5 h, 4 h, 22 h, 999 days and 7.5 × 104 days, respectively.

10.3.4 Fluid Bed Coating

In spray-coating techniques, the core material needs to be in a solid form and is kept 
in motion in a specially designed chamber, either by injection of air at the bottom 
(fluid bed coating, see also Sect. 2.2.2 of this book) or by rotary action (e.g., pan 
coating). Solid forms of probiotics can be obtained by spray-drying or freeze-drying 
(see previous sections). A liquid coating material is sprayed through a nozzle over the 
core material in a hot environment. The film formation then begins, followed by 
successive wetting and drying or solidification stages which result in a solid, homog-
enous layer on the surface of a core. The small droplets of the sprayed liquid contact 
the particle surface, spread on the surface and coalesce. The spray liquid, also referred 
as shell, wall or coat material can be a solution, a suspension, an emulsion or a melt. 
Any edible material with a stable molten phase can be sprayed at high deposition 
rates, allowing coatings with a thickness of 100 mm up to 10 mm. The coating mate-
rial can be injected from many angles and this influences the properties of the coating. 
In Fig. 10.1 three fluid bed coating technologies are presented, principally differing 
in the type of air fluidization employed and the site in the vessel where the coating 
material is sprayed: the top spray-, the bottom spray- and the tangential spray-coating. 
The probiotic bacteria are presented in fine powder particles prepared by traditional 
methods (fermentation, concentration, freeze-drying and granulation). The coating 
material is introduced into the vessel under compressed air. In food applications the 
coating of probiotics is mostly lipid based (e.g., waxes, fatty acids and specialty oils), 
but proteins (e.g., gluten and casein) or carbohydrates (e.g., cellulose derivatives, car-
rageenan and alginate) can also be used (Champagne and Fustier 2007).

Spray-coating technique is suitable for particles with a diameter from 50 mm to 
5 mm. Product quality characteristics depend on numerous variables, which affect 
different steps of the process. The film characteristics, through the evaporation or 
congealing rate, are function of fluidization air velocity, temperature and humidity 
(Jacquot and Pernetti 2004; Sect. 2.2.2 of this book). The coating homogeneity and 
success are influenced by the stickiness of the coating material, the wettability of 
particles by the coating liquid and the operating conditions. The thickness of the 
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final film coat is determined by the number of coating cycles (passages of the 
particles in the coating zone). An adequate choice of the coating material (with 
respect to viscosity and hygroscopicity), and control of the operating conditions, 
such as the particle velocity and bed moisture content, prevent collision between 
particles and agglomeration. During the spraying process bubbles might form due 
to shear and be trapped in the coating film, which affects porosity, permeability and 
mechanical properties of the shell layer.

In the top fluid bed coating mode, the spray liquid and the air flow are counter 
current (Fig. 10.1a) and the distance between powder particles and liquid droplets 
are relatively large. Therefore, there is a risk of spray liquid drying or solidifying 
before they coat the particles. Particles should travel fast to prevent agglomeration 
and the liquid droplets should be small enough to sediment on the core and create 
dense coating film. In practical applications, the motions of fluidized core particles 
are random, resulting in a nonuniform coating. In the bottom fluid bed coating, the 
spray liquid is introduced in the vessel through spray nozzles placed at the bottom, 
thus in the concurrent direction with the air flow (Fig. 10.1b). Würster (1950) 
improved the device by adding a cylindrical partition centrally placed and an air 
distribution plate. This improved device brings the powder particles in circulation 
and enables dense and homogenous coating. Collisions between spray liquid 
droplets and powder particles are increased, resulting in higher coating efficiency, 
lower droplets drying or solidifying before they coat the particles and minimal risk 
of agglomeration. In addition, the production capacity of the Würster coating 
device is increased compared to a conventional top spraying coating system. 
The tangential fluid bed coating device is also called rotary spray-coating system 
(Fig. 10.1c). A rotary disk, placed at the bottom of the chamber, maintains a complex 
fluidization pattern and the particles movement is influenced by centrifugal force, 
air stream and gravity (Jacquot and Pernetti 2004). The coating liquid is brought in 
tangentially, while air streams pass through the gap between the rotor disk and 
inside chamber wall, maintaining fluidization of the core particles. As with bottom 
spray device, the achieved coating is homogeneous. The main disadvantage of the 

Fig. 10.1 Fluid bed coating methods for the microencapsulation of probiotics. (a) Fluid bed top 
spray-coating; (b) Fluid bed bottom spray-coating with the Würster device; (c) Fluid bed tangen-
tial spray-coating. Adopted from publications of Champagne and Fustier (2007) and Jacquot and 
Pernetti (2004)
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technique is the high shear stress applied to the particles, thus it is limited to sturdy 
and resistant materials.

Fluid bed coating is among all, probably the most applicable technique for the 
coating of probiotics in industrial productions, since it is possible to achieve large 
batch volumes and high throughputs. As written above, most coatings used are lipid 
based. Commercially available encapsulates include Probiocap™ of Lallemand 
(Institut Rosell, see http://www.lallemand.com/HNAH/eng/probiotics.shtm; Makhal 
and Kanawjia 2003; Durand and Panes 2001). These particles are made by fluid bed 
coating of freeze-dried probiotics with low melting lipids, around 250 µm in size, 
and developed by Lallemand in collaboration with Balchem (see http://www.
balchem.com/encapsulates and Wu et al. 2000).

10.3.5 Spray-Cooling

In spray-cooling, a molten matrix with low melting point containing the bioactive 
compound is atomized through a pneumatic nozzle into a vessel (see also Sect. 2.3.3 
of this book). This process is similar to spray-drying with respect to the production 
of fine droplets. However, it is based on the injection of cold air into the vessel to 
enable solidification of the gel particle rather than on hot air which dries the droplet 
into a fine powder particle. The liquid droplet solidifies and entraps the bioactive 
product. Spray-cooling is considered as the least expensive encapsulation technol-
ogy and offer few advantages over other encapsulation techniques. It may expand 
the range of matrices used. Further, it is possible to produce very small particles. 
However, so far it has been used rarely for probiotics (rather more suitable for 
encapsulation of other food ingredients, like water-soluble vitamins, fatty acids, 
antioxidants, fatty acids, yeasts, enzymes), since other technologies are easier to 
establish in laboratories. One example is the spray-cooling of a slurry of freeze-
dried probiotics and molten lipids (e.g., 60–75% stearic acids at 60° C), which was 
atomized by a rotary disk in a cooling chamber to give 75–300 µm encapsulates 
(Rutherford et al. 1993). The contact time of the freeze-dried probiotics should 
remain very short, but no details about the survival rate of freeze-dried probiotics 
at 60° C were given by the inventors. Section 10.3.3 may indicate more about the 
storage stability of freeze-dried probiotics at this high temperature, assuming that 
molten lipids have no further detrimental effect on probiotics.

10.3.6 Encapsulation of Probiotics in Microspheres

10.3.6.1 Gel-Particle Techniques

Probiotics can be encapsulated in microspheres (gel beads or polymeric matrix beads), 
often coated with an outer layer which may be designed to dissolve under specific 
conditions allowing release of the encapsulated bacteria (Anal and Singh 2007). 
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Polymeric matrices are utilized mainly to protect probiotics against low pH and high 
bile concentrations, but they also ease handling and allow propagation of the pro-
biotics in application.

Extrusion or emulsification techniques may be applied to produce spherical polymer 
beads ranging from 0.3 to 3 mm in diameter (Krasaekoopt et al. 2003). The first step 
in both techniques is mixing of bacterial culture with a polymer solution to create 
bacteria-polymer suspension (Fig. 10.2), which is then extruded through a needle to 
produce droplets collected in a bath where gelation occurs (ionotropic or thermal), 
or dispersed in a continuous phase applying mixing to create stable w/o emulsion.

Extrusion is the oldest and the most common approach to making capsules with 
hydrocolloids, and might be achieved by simply dropping an aqueous solution of 
probiotics into a gelling bath. Extrusion bead production techniques (like electro-
static, coaxial-air flow, vibration, atomization or jet-cutter) are based on applying the 
additional force to generate smaller spheres compare to those produce by simple 
dropping; the size of the particles can be adjusted by choosing needle diameter and 
manipulating the distance between the outlet and the coagulation solution and elec-
tric or piezzo parameters. Extrusion technology is more popular than emulsion 
technology due to its simplicity, easy to handle with the equipment, low cost at small 
scale and gentle formulation conditions ensuring high retention of cell viability. The 
main problem with respect to their applications on probiotics is the relatively large 
particle size, although it is possible to generate microspheres of very narrow size 
distribution.

microcapsule with probiotic
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Fig. 10.2 Gel-particle technologies for the microencapsulation of probiotics
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In the emulsion technique, a small volume of cell-polymer suspension (discon-
tinuous phase) is added to a large volume of a vegetable oil (continuous phase) such 
as soybean oil, sunflower oil, canola oil or corn oil. In some studies, white light 
paraffin oil (Rao et al. 1989) and mineral oil (Groboillot et al. 1993) have been 
used. The mixture is homogenized to form a water-in-oil (w/o) emulsion. In some 
cases emulsifiers are added to form more stable emulsions, since these agents lower 
the surface tension of droplets leading to smaller spheres. The most common 
emulsifier used is Tween 80 at low concentrations. Once the emulsion is formed, 
solidification occurs after the addition of an adequate solidifying agent to the 
emulsion. In the emulsion procedure, adjustment of agitation speed and phase ratio 
enables production of the targeted bead size. The size of the beads can vary between 
25 mm and 2 mm. The double emulsion technique (water-in-oil-in water, w/o/w), a 
modification of the basic technique in which an emulsion is made of an aqueous 
solution in a hydrophobic wall polymer can also be appropriate for incorporation 
of probiotics (Shima et al. 2006). The relative viability of the encapsulated micro-
bial depends on operating parameters, such as inner phase volume ratio and the 
median diameter of the oil droplets.

The obtained polymer beads with entrapped microbials can be further intro-
duced into a second polymer solution to create a coating layer which provides an 
extra protection to the cells and/or gives sensorial properties to the product. Another 
way to perform coating is to use co-extrusion devices, where beads formation and 
wrapping occur simultaneously (see Sect. 10.3.7). Coating can be performed with 
cationic polymers, such as polyethylenimine, polypropyleneimine, chitosan or 
combination of these. However, these polymers have no or limited food grade sta-
tus. Formation of the membrane around the beads results in stronger microcapsules 
and minimized cell release.

Storage stability of obtained microspheres can also be enhanced by fluidization 
drying or by freeze-drying using cryoprotective additives like skimmed milk with or 
without 5% saccharose and/or 0.35% ascorbic acid (Goderska and Czarnecki 2008).

10.3.6.2 Encapsulation of Probiotics in Alginate

Alginate is the most widely used encapsulation matrix for various food-grade and 
non-food compounds. Alginate is used in the form of a salt of alginic acid. Alginates 
are naturally derived linear copolymers of 1,4-linked b-d-mannuronic acid (M) and 
a-l-guluronic acid (G) residues (Martinsen et al. 1989; Gombotz and Wee 1998; 
Sect. 3.2.1.4 of this book). The ratio and sequential distribution of uronic acid resi-
dues, along the length of the alginate chain, vary in alginates of different origins (brown 
seaweeds, certain bacteria) (Martinsen et al. 1989; Gombotz and Wee 1998). There is 
no regular repeat unit in alginate polymers, and the chains can be described as a 
varying sequence of regions which usually denotes as M blocks, G blocks and MG 
blocks. Aqueous solutions of polysaccharides form hydrogels in the presence of diva-
lent Ca2+ ions via ionic interactions between the acid groups on G blocks and the 
gelating ions. As a result, calcium alginate gels are physically cross-linked polymers 
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with mechanical and hosting properties dependant on the alginate composition. The 
mechanism of calcium-induced alginate gel formation occurs due to orderly align-
ment of the alginate polymers which interact with divalent cations such as cal-
cium, where calcium ions occupy the space between two alginate polymers like an 
egg placed inside an egg box and is known as “egg box” gelling mechanism 
(Smidsrod and Skjak-Braek 1990; Skjak-Braek et al. 1986).

Both techniques (extrusion and emulsion) can be applied to generate calcium 
alginate microspheres. In the emulsion technique, the addition of an oil-soluble 
acid, such as acetic acid, reduces the alginate pH from 7.5 to approximately 6.5, 
enabling initiation of gelation with Ca2+ (Poncelet et al. 1993).

The survivability of probiotic cultures in calcium alginate beads in general 
depends on many factors, such as concentration of alginate and gelation solution 
(CaCl

2
), the duration of gelation and cell concentration (Chandramouli et al. 2004; 

Lee et al. 2004; Lee and Heo 2000; Sheu et al. 1993). For example, the survival of 
Lactobacillus casei increased proportionately with increasing alginate concentra-
tions from 2% to 4% (Mandal et al. 2006). The probiotic strain L. acidophilus 
encapsulated in Ca–alginate beads showed higher survival level under different 
conditions compared to the non-encapsulated cultures. The viability of encapsulated 
bacteria in simulated gastric fluid appeared to increase with the increase in bead 
size. Lee and Heo (2000) proposed a model to express the influences of gel concen-
tration, bead size and initial cell numbers on the survival of bifidobacteria in calcium 
alginate beads in in vitro gastrointestinal conditions. While large alginate beads 
(>1 mm) get rough textural structure in the real microbial feed solution, small capsules 
(<100 mm) allow fast and easy diffusion of water and other molecules in and out of the 
matrix (Truelstrup Hansen et al. 2002). Out of nine different strains of Bifidobacterium 
spp encapsulated in calcium alginate spheres, only the strain B. lactis Bb-12 was 
found to be resistant to low pH and bile salts (Truelstrup Hansen et al. 2002). The 
loaded, 20–70 mm in diameter calcium alginate microspheres were produced by 
emulsification procedure using 2% alginate and showed good stability of Bb. 12 
after storage up to 16 days in various surrounding media (CaCl

2
, milk, yoghurt, sour 

cream) and for 1 h in simulating gastric fluid (37° C, pH 2.0). However, the small 
alginate spheres could not provide good protection to the other, more acid-sensitive 
bifidobacteria strains against low pH or upon storage in milk.

Selmer-Olsen et al. (1999) found that addition of protective solutes was very 
important when drying Lactobacillus helveticus CNRZ 303 in calcium alginate 
beads by a fluid bed. The bacteria fall in viability when the water content decreased 
below 100% (w/w). The best survival upon drying was found in the presence of 
adonitol (a sugar alcohol derived from ribose) and non-fat milk solids (respectively, 
71% and 57% survival after drying to 20–30% water content). These were also the 
best for survival upon storage. Rehydration conditions also affected the survival 
rate; best results were obtained by Selmer-Olsen et al. (1999) when the cells were 
rehydrated in cheese whey permeate between 20 and 30° C and pH 6–7.

In vitro laboratory studies have shown that with alginate hydrogel microcapsules, 
the release of the probiotic bacteria can be accomplished by shaking the gel beads 
in 0.1 M phosphate or citrate buffer solutions in a laboratory stomacher blender. 
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The calcium ions holding the alginate polymers are pulled out of the beads due to 
their affinity for hydroxyl ions and hence the orderly gel structure disintegrates and 
releases the probiotic bacteria. This method of release of the bacteria is used to 
determine the encapsulation efficiency (Chandramouli et al. 2004).

Coated alginate microcapsules approve to have better protective characteristics 
compared to uncoated ones. Krasaekoopt et al. (2004) encapsulated three different 
probiotic strains in alginate particles coated with three types of materials (chitosan, 
sodium alginate and poly-l-lysine) and determined that chitosan-coated alginate 
beads provided the best protection for the strains L. acidophilus 547 and L. casei 01, 
while sensitive B. bifidum ATCC 1994 did not survive the acidic conditions of gas-
tric juice. Chitosan, a positively charged polyamine, forms a semipermeable mem-
brane around a negatively charged polymer such as alginate. This membrane does 
not dissolve in the presence of Ca2+ chelators or antigeling agents and thus enhances 
the stability of the gel (Smidsrod and Skjak-Braek 1990). As a consequence, the cell 
release is lowered down to 40% (Zhou et al. 1998). Low-molecular-weight chitosan 
diffuses more readily into the calcium alginate gel matrix resulting in a denser mem-
brane than with high-molecular-weight chitosan (McKnight et al. 1988). A whey 
protein and pectin conjugation has also been used as a protective membrane around 
calcium alginate beads (Guérin et al. 2003). Protein–alginate composite beads were 
covalently bound by a transacylation reaction (Levy and Edwards-Levy 1996). The 
reaction involved the formation of amide bonds between protein and alginate, pro-
ducing a membrane on the bead surface, which resisted gastric pH and pepsin activ-
ity. The bifidobacteria immobilized in the mixed gel were more resistant to simulated 
gastrointestinal tract conditions (Guérin et al. 2003).

Except conventional polymers, polysaccharides (fructo-oligosaccharides, isomalto-
oligosaccharides) and peptides may also be used as an outer coating layer (Chen et al. 
2005). Introducing an additional enteric coating (made from methacrylic acid copo-
lymer, which is not food-grade) together with the outer coating layer (mixture of 
sodium alginate and hydroxypropyl cellulose in the weight ratio 9:1) enabled 104- to 
105-fold increase in cell survival in simulated gastrointestinal tract fluids. In addition, 
the use of the non-food grade toluene diisocyanate as a cross-linking agent provided 
membranes which were more resistance to breakage (Hyndman et al. 1993).

The release of encapsulated probiotic bacteria from calcium alginate and 
chitosan-coated-alginate–starch encapsulates (CCAS) under ex vivo and in vivo 
conditions have been reported (Iyer et al. 2004, 2005). In these studies, the release 
profiles of different bacteria, L. casei strain Shirota (LCS) and green fluorescent 
protein (GFP)-tagged Escherichia coli K12 (E. coli GFP+ K-12), from encapsu-
lates were investigated in porcine gastrointestinal contents by an ex vivo method. 
In another study by the same authors, calcium alginate and CCAS encapsulates 
were fed to mice and bacterial release at different sites in the gastrointestinal tract 
was monitored for up to 24 h. In the latter experiment, LCS was used as a model 
probiotic strain because of the specific selective media used that allowed differen-
tiation of the inoculated bacteria from food and from the gastrointestinal tract 
microbiota. The results showed that there was no detectable release of encapsulated 
bacteria from the capsules in the acidic gastric contents. In contrast, there was a 
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complete release of E. coli within 1 h of incubation in the small intestinal contents 
(pH 6.5–6.8) at 37° C, while it took nearly 8 h to completely release the E. coli in 
the colon contents (pH 6.9) under similar conditions. In the case of LCS, there was 
no significant release of LCS in gastric porcine contents (pH 2.5) even after 24 h 
of incubation. There was a complete release of LCS in the ileal contents (pH 6.8) 
after 8 h of incubation. As in the ileum, there was a complete release of LCS from 
capsules in colon contents, but it took approximately 12 h. The results reported 
indicate that while there was a complete release of E. coli GFP+ from calcium 
alginate encapsulates within 1 h in porcine ileal contents ex vivo, it took approxi-
mately 8 h to completely release LCS from CCAS capsules. The difference between 
the release of E. coli and LCS was reported to be due to the chitosan coating of the 
capsules. E. coli GFP+ was encapsulated with alginates while alginate capsules 
containing LCS were coated with chitosan polymer. It can be said that microencap-
sulation in alginate gel beads with or without coating effectively minimizes the 
bactericidal effects of the gastric pH and maximize the number of encapsulated 
bacterial cells reaching the ileum and subsequently to the colon.

10.3.6.3 Encapsulation of Probiotics in k-Carrageenan

Carrageenan is a natural polysaccharides isolated from marine macroalgae, commonly 
used as food additives (see Sect. 3.2.1.4). Carrageenan dissolves at high tempera-
tures (60–80° C) in concentrations of 2–5% (Klein and Vorlop 1985). Dispersion 
of the carrageenan gel into small droplets has to be carried out at elevated tempera-
tures (40–45° C) and gelation occurs during cooling procedure down to room tem-
peratures. After the beads are formed, K ions in the form of KCl are used to stabilize 
the gel, prevent swelling or to induce gelation (Krasaekoopt et al. 2003). Audet et al. 
(1988) reported inhibitory effect of KCl on some bacteria such as Streptococcus 
thermophilus and L. bulgaricus. The presence of monovalent ions such as Rb+, Cs+, 
and NH

4
+ makes stronger gels (Tosa et al. 1979). Lactobacillus acidophilus survived 

freezing, freeze-drying and storage in a freeze-dried form much better in 3 mm 4% 
(w/v) k-carrageenan gel beads made in 0.3 M KCl than free cells (Tsen et al. 2002). 
Locus bean gum in ratio to carrageenan of 1:2 significantly increases the strength of 
the gel through specific interaction of its galactomannan chains with carrageenan. 
Carrageenan/locus bean gum mixture has been frequently tested for microbial 
encapsulation (Audet et al. 1990, 1991; Ouellette et al. 1994; Doleyres et al. 2002a, 
b, 2004). Encapsulated cells proliferate in high biomass concentration in dairy prod-
ucts and exhibited increased tolerance to stresses, such as freeze-drying, hydrogen 
peroxide and simulated gastrointestinal conditions.

10.3.6.4 Encapsulation of Probiotics in Chitosan

Chitosan is a positively charged, linear polysaccharide formed by deaceylation of 
chitin (see Sect. 3.2.1.5). It is water soluble below pH 6 and forms a gel by ionotropic 
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gelation. The terms chitin and chitosan refer not to specific compounds, but to two 
types of copolymers containing the two monomer residues anhydro-N-acetyl-d-
glucosamine and amino-d-glucosamine, respectively. Chitin is a polymer of 
b-(1,4)-2-acetamido-2-deoxy-d-glucopyranose and one of the most abundant 
organic materials. Chitosan, a polycation with amine groups, can be cross-linked by 
anions and polyanions, such as polyphosphates (Anal and Stevens 2005), 
[Fe(CN)

6
]4− and [Fe(CN

6
)]3− (Anal and Singh 2007), polyaldehydrocarbonic acid 

(Klein and Vorlop 1985), and sodium alginate (Anal et al. 2003). It is an important 
biomaterial in food and pharmaceutical applications due to its favorable properties, 
such as good biocompatibility, biodegradability and non-toxicity. However, chito-
san’s food-grade status is not clear in many countries and does not taste well in a 
free form. Furthermore, it exhibits inhibitory effects on different types of lactic acid 
bacteria (Groboillot et al. 1993). Thus, chitosan is mainly used as coating for con-
ventional alginate gel beads (Krasaekoopt et al. 2003, 2004; Lee et al. 2004; Zhou 
et al. 1998; see also Sect. 10.3.6.2). Various chitosans (different molecular weights) in 
combination with alginate can be used to achieve high cell loadings (up to 1010 cfu 
g−1, Zhou et al. 1998). Nevertheless, the viability of the encapsulated microorganisms 
depends on the way by which chitosan cross-links with alginate (whether they 
interact and form matrix together, i.e., chitosan is the inner polymer or chitosan 
creates an outer layer around alginate sphere, i.e., chitosan is the outer polymer). 
Calcium alginate–chitosan microcapsules can be made by one- or two-step processes, 
based on the presence or absence of Ca2+ in the receiving chitosan solution (Lacík 
2004). The beads can be prepared in a way to differ in a level of homogeneity of 
the alginate concentration gradient through the cross-section of the bead by addition 
of sodium chloride to the calcium chloride solution. Capsules’ mechanical strength 
and permeability strongly depend on the process of capsule preparation (Gaserod 
et al. 1998, 1999). In the one-step process (in the absence of Ca2+ in chitosan solution), 
chitosan is located only at the interface, as a thin-alginate–chitosan membrane 
with a weak mechanical resistance. The capsules were much stronger when the 
two-step protocol was used. This difference between two protocols of capsule for-
mation is due to the ability of chitosan to penetrate through the membrane (Lacík 
2004). The kinetics of membrane formation and the capsule parameters (like 
thickness, permeability and mechanical strength) depend on the concentration of 
components, molar masses of both, alginate and chitosan, reaction time, pH and 
ionic strength. Sprayed particles coated with chitosan are recommended as impres-
sively effective vehicles in delivering viable bacterial cells to the colon and stable 
shells during refrigerated storage.

10.3.7 Submerged Co-extrusion

Seamless capsules containing probiotics are available from Morishita Jintan Co. 
Ltd in Japan. These capsules are composed of three layers: a core of freeze-dried 
probiotics in solid fat (m.p of 35° C), with an intermediate hard fat layer (m.p. of 
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40° C) and a gelatin–pectin outer layer (Asada et al. 2003, and http://www.jintan-
world.com). They are made with a concentric, multi-nozzle via a submerged co-
extrusion technique (see also Sect. 2.3.9 of this book). The size of the capsules is 
quite large (1.8–6.5 mm) and the technique is relatively expensive, which may be a 
barrier for use in many food products. Capsules with different bifidobacteria and 
lactobacillus strains are available, and these reach the intestine alive without being 
too much affected by stomach acid or oxygen. Other actives, such as fish oil, vita-
min C and iron sulfate might be encapsulated as well in these kind of capsules.

10.3.8 Twin Screw Extrusion

Some publications have also shown that probiotics can be processed in a twin screw 
extruder at moderate pressures and low temperatures. Example, Van Lengerich 
(1999) disclosed that pellets with Lactobacillus acidophilus can be prepared by 
twin screw extrusion. First, cookies were ground and this flour was fed into the 
extruder at 4 kg/h, followed by mixing with water and citrus juice (7/1 w/w) at 
0.8 kg/h, and feeding in the next barrel of the extruder a preblend of 0.118 kg 
of probiotics, 0.375 kg of vegetable fat and 0.188 kg of vegetable oil at 0.75 kg/h. 
The extruder was operating at 150 rpm, 45 bar and 20° C, and equipped with a 
20 × 1 mm die. The product temperature reached 31° C, and the pellets were dried 
afterwards in a convection batch dryer for 1 h at 30° C to 5.9% moisture. Optionally, 
pellets can be coated with a 25% shellac solution in alcohol to give 5–10% shellac 
coating. The patent claims that the starch should have been preprocessed (i.e., 
mixed and heat treated) to avoid gelatinization of the starch and provide a pleas-
antly taste and texture. Van Lengerich (2000) also entrapped Lactobacillus acido-
philus in 0.5–1 mm pellets by feeding into a twin screw extruder semolina/wheat 
gluten 70/25 (w/w) at 2.5 kg/h, vegetable oil at 0.29 kg/h, water at 0.06 kg/h and 
20% (w/w) Lactobacillus acidophilus at 0.82 kg/h. All barrels of the extruder were 
kept at 21° C, and a screw speed of 67 rpm and a die with 40 circular openings of 
0.5 mm each were used. The temperature of the product remained in this way below 
40° C. After extrusion, the pellets were dried for about 30 min under vacuum or 
carbon dioxide to prevent access of oxygen. Jongboom-Yilmaz (2002) disclosed in 
her patent that probiotics can be extruded in destructurized potato starch and/
or sugar at 100 rpm, 13–17% torque, 8–17 bars and 33–38° C (die temperature). 
Ten percent of glycerol might be added as a plasticizer, which improved the 
survival of probiotics during the process and afterwards during storage.

10.3.9 Compression Coating

Recently, compressing coating has been developed as a promising technique which 
permits the stabilization of lyophilized cells during storage (Chan and Zhang 2002, 
2004; Ubbink et al. 2003). This technique involves compressing dried cell powder 
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into a core tablet or pellet with a 10 mm die, and then compressing coating material 
around the core to form the final compact. The compressed cell pellet should be 
positioned on the center of the die before the rest of the coating material is poured 
on the top of it and the punch applied, as shown in Fig. 10.3. In this way, two coat-
ings may be formed: one enteric and the other an outer coating layer. Investigations 
of the bacteria immobilized by this procedure showed very good results with regard 
to cell protection against gastrointestinal tract in in vitro studies. Sodium alginate 
or pectin can be used as coating material with the addition of a binder compound 
(such as hydroxypropyl cellulose) to make a more rigid compact (Chan and Zhang 
2002). Alternatively, 50% flour, 25% maltodextrin and 25% semi-humid pet food, 
or direct compressible starch, or 50% lactose and 50% maltodextrin can be used 
(Ubbink et al. 2003). An additional outer coating can be applied by dipping the 
pellets in a barrier solution or by fluid bed coating [e.g., using dipping in a melt 
of fat or fluid bed coating using an aqueous solution of 15% Sepifilm LP010 
(= hydroxypropyl methylcellulose + 10% stearic acid)] (Ubbink et al. 2003). Above 
90 MPa, the viability of microbial culture after the compression to form a pellet, 
gradually decreased with the pressure applied during compression procedure 
(upper punch pressure) (Chan and Zhang 2002). Since the compression pressure 
could have harmful effects on the cells during compaction, careful selection of a 
pressure which will be employed is needed. Pellets with probiotics might be useful 
as pharmaceuticals, food supplements or feed.

10.4 Food Applications

10.4.1 Challenges for Probiotics in Food Products

A number of technological challenges exists to successfully incorporate probiotics 
into foods and to maintain their viability:

1. Stability of probiotics during processing and storage. Processing of probiotic 
foods may involve mild heat treatment (e.g., low temperature and long-term pasteuri-
zation), pumping, homogenizing and stirring (incorporating air), freezing (frozen 

coating material cell

Fig. 10.3 Compression coating of cells (Chan and Zhang 2004)



288 V. Manojlović et al.

products), addition of ingredients that can be antimicrobial (e.g., salt in cheese 
manufacture), drying (osmotic dehydration, e.g., powdered foods), packaging 
(oxygen ingress through packaging during storage), unfavorable storage conditions 
(e.g., post-acidification in yoghurt or presence of oxygen), large ice crystals for-
mations (e.g., thawing and freezing of stored ice-cream) and the possible develop-
ment of anti-microbial compounds secreted by the starter cultures during 
fermentation. In the past, culture companies select probiotic strains to withstand 
these conditions; however, the recent trend has been for these companies to focus 
the selection of strains on the basis of health-enhancing and therapeutic effects. 
Therefore the latest probiotic strains may have lost their ability to withstand unfa-
vorable processing and storage conditions. Hence the viability of probiotic bacte-
ria is of paramount importance in the marketability of probiotic incorporated 
products. In the development of functional foods, microencapsulation is espe-
cially used for incorporation and protecting viable cells into the products.

2. Protection in the gastrointestinal tract and controlled release of probiotics in the 
intestines. Most of the probiotics cannot stand the acid in the stomach (ranging 
from pH 2.5 to 3.5), and also the bile salts in the small intestine might be harmful. 
Microencapsulation and also components of the food matrix (like fat) may provide 
protection of probiotics against these harsh conditions. In addition, it is impor-
tant that bacterial cells end up in large numbers in areas of the gastrointestinal 
tract where they are beneficial. Controlled release of bacterial cells from micro, 
encapsulates at the target site is therefore critical. It is beneficial for encapsulated 
bacteria to be released in the small intestine, where Peyer’s patches exist, to 
activate the immune system. Therefore the polymers used as shell material for 
microencapsulation should be able to protect the bacteria in the acidic stomach 
and release the bacteria under the alkaline conditions in the small intestine. Many 
reports show that microencapsulation in, for example, alginate or pectin based 
beads can be used for controlled release of bioactive substances (Champagne 
and Kailasapathy 2008). Other examples are fat coated ones (see below).

3. Clinical proof of health effects of the food product containing the probiotics. The 
food matrix may affect the health benefit(s) of probiotics and ideally clinical 
studies using the final food product application should be performed to demon-
strate them.

Co-encapsulation of probiotic cultures with certain food ingredients may be beneficial 
in two ways. First, it enables introducing multiple bioactive compounds. In addition, 
with the right selection of compounds, probiotic beneficial activity can be enhanced, 
prolonged or complemented by interactions between cells and co-encapsulated ingre-
dients. Co-encapsulation can be performed by adding the second bioactive ingredient 
to the polymer solution, polymerizing solution or coating solution. Co-encapsulation 
with prebiotics, antioxidants, peptides or immune-enhancing polymers is becoming 
especially attractive in future perspectives. It has been determined that at least 3 g 
of prebiotics in a sample is needed to cause detectible activity improvement of 
the probiotic culture in the gastrointestinal tract (Krasaekoopt et al. 2003). This 
high amount is hardly possibly to achieve in real-life microencapsulation systems. 
On the other hand, some other compounds are active in much lower concentrations. 
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A combination with antioxidants is especially beneficial, due to the extending of 
probiotic stability in the gut and during storage caused by the effect of an antioxidant. 
Bioactive peptides, like bacteriocins, could enhance or complement the antimicrobial 
activities of probiotic bacteria.

Not only co-encapsulation, but also the presence of (ingredients in) a food 
product may improve the viability of probiotics (Ross et al. 2005), for example, by 
feeding the probiotics during storage, by the presence of probiotics which can be 
consumed during storage or upon consumption, by neutralizing partly the low pH 
in the stomach or by ‘hiding’ of probiotics in the food matrix during passage 
through gastrointestinal tract.

There are two classical ways of bacterial culture distribution in supply chains. One 
way is the storage and delivery of fresh, concentrated, chilled or frozen probiotic 
cultures for direct use. This has the advantage of very limited loss of viability, but the 
limit of a short storage time, similar to milk products. For fresh products containing 
probiotics, storage time is usually limited to 4 up to 6 weeks under refrigerated condi-
tions. In fresh dairy products, the probiotics may multiply upon storage, even at low 
temperatures (except if the products get frozen), and may compensate for some probi-
otic deaths. The use of semipermeable encapsulates might be then a good option; feed 
is able to penetrate slowly into the encapsulates and the shell is still able to protect 
the probiotics against some harsh (sub-lethal) conditions in the gastrointestinal tract.

Another way of bacterial culture distribution in supply chains is the storage and 
delivery of dried probiotics, optionally in combination with microencapsulation 
techniques, which give microorganisms more stability and flexibility. The demands 
for probiotic stability are quite large when they do not multiply in the food product 
upon storage, as is often the case in non-dairy products, or when longer storage times 
are required. Probiotic viability in a food product depends on, for example, pH, 
storage temperature, oxygen levels, presence of competing microorganisms, presence 
of inhibitors (Mattila-Sandholm et al. 2002), and these factors are even more impor-
tant when probiotics do not multiply. Bringing probiotics in a dormant state, by 
drying in the presence of additives and optionally coating them with an impermeable 
barrier during storage, might be a way to meet the demands for probiotics stability. 
For the food and pharmaceutical industries, a period of 1 year is often a minimum 
requirement to supply a marketable dry probiotic product. Capsule fillings, sachets 
and tablets with dried probiotics are very popular among consumers and inexpensive 
to produce, thus manufactured in the pharmaceutical or food supplement area. 
Application of dormant probiotics in both dry and liquid food products is possible, 
as discussed below in the following subsections which exemplify the potential of 
using microencapsulates containing probiotics in food products.

10.4.2 Yoghurt

It has been reported that microencapsulation using calcium-induced alginate–starch 
polymers (Godward and Kailasapathy 2003; Sultana et al. 2000), potassium-induced 
k-carrageenan polymers (Adhikari et al. 2000, 2003) and whey protein polymers 
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(Picot and Lacroix 2004) have increased the survival and viability of probiotic 
bacteria in set and stirred yoghurts during storage. Kailasapathy (2006) reported 
that incorporation of calcium-induced alginate–starch microencapsulates containing 
probiotic bacteria (L. acidophilus and B. lactis) did not substantially alter the overall 
sensory characteristics of yoghurts. Microencapsulation also appears to provide 
anoxic regions inside the encapsulates thus reducing oxygen trapped inside the 
encapsulates which prevented the viability losses of oxygen-sensitive strains 
(Talwalkar and Kailasapathy 2003, 2004) in addition to protecting the cells against 
the detrimental effects of the acid environment in the yoghurt. McMaster et al. 
(2005) also showed increased oxygen tolerance by bifidobacteria in gel beads. The 
efficiency of microencapsulation in protecting the probiotic bacteria, however, 
depends on the oxygen sensitivity of the bacteria and the dissolved oxygen levels 
in the product. The addition of starch as a filler material in the alginate capsule 
matrix (Sultana et al. 2000), co-encapsulation with prebiotic substances such as inulin 
(Iyer and Kailasapthy 2005), or coating the microbeads with chitosan (Krasaekoopt 
et al. 2006) appear to improve the viability of probiotic cultures. A filler material 
used in preparing microencapsulated probiotic cultures is, for example, Hi MaizeTM 
starch. Because of its cross-linked structure it will swell and absorb water but it will 
not gelatinize fully during pasteurization of yoghurt mix. This swollen starch therefore 
will contribute to increased viscosity and firmness. The formation of exopolysac-
charides by the yoghurt starter cultures and probiotic cultures may contribute to 
prevention of syneresis and an increase in viscosity, combined with a better mouthfeel. 
The exopolysaccharides produced during fermentation may themselves form natural 
encapsulant for the yoghurt and probiotic bacteria.

The encapsulates above are semipermeable, and protect the still active probiotics 
against harsh conditions (oxygen, low pH of around 4). Another approach has been 
disclosed by Tessier (2005), who used granules composed of dormant, dehydrated 
lactic acid bacteria and coated with a solid fat in fermented milk (e.g., yoghurt, but 
also other liquid foods were claimed). The granules were coated on a fluidized bed 
in a 50/50 (w/w) mixture of stearic acid and palmitic acid, and had an average 
particle size between 150 and 200 µm. The encapsulated probiotics had no effect on 
the fermentation by other, non-encapsulated bacteria. Larger granules (1–3 mm) 
can also be used (Shin et al. 2002), but then the granules must have a density very 
close to that of the yoghurt. Furthermore, one may need to place the granules first 
at the bottom of the container prior to the filling of it with the yoghurt, which is a 
considerable manufacturing constraint.

10.4.3 Cheese

Among the traditional dairy foods, cheddar cheese has a markedly higher pH 
(4.8–5.6) than fermented milks and yoghurt (pH 3.7–4.3) and thus help in providing 
a more stable medium to support the long-term survival of acid-sensitive probiotic 
bacteria (Stanton et al. 1998). The metabolism of various lactic acid bacteria in 
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cheddar cheese results in anaerobic environment within a few weeks of ripening, 
favoring the survival of probiotic bacteria (Van den Tempel et al. 2002). Furthermore, 
the matrix of cheddar cheese and its relatively high fat content offers protection to 
probiotic bacteria during passage through gastrointestinal tract (Vinderola et al. 
2002). Thus it appears that microencapsulation may be only marginally beneficial 
in protecting probiotic bacteria in cheddar cheese. However, compared to yoghurt, 
cheddar cheese has a longer ripening, storage and shelf life during which the pH 
decrease, making the cheese acidic in nature during ripening. The combination of 
long maturation periods and acidic conditions could make it difficult for probiotic 
bacteria to survive during the 6–12 month ripening period. Additionally, compared 
to yoghurts, cheddar cheese also contains starter and non-starter lactic acid bacteria 
which may affect the survival of probiotic bacteria.

Dinakar and Mistry (1994) reported improved survival of B. bifidum in cheddar 
cheese over a 6 month ripening period. Gardiner et al. (2002) reported improved 
and increased survival as well as an increased growth rate of L. paracasei in 
cheddar cheese after 3 months of ripening. Similar results have been reported by 
McBrearty et al. (2001), Godward and Kailasapathy (2003) and Darukaradhya 
(2005). Cheese containing encapsulated Bifidobacterium was shown to possess 
similar flavor, texture and appearance compared to the control (Dinakar and Mistry 
1994; Desmond et al. 2002). Kailasapathy and Masondole (2005) have reported 
that production of feta cheese incorporating encapsulated probiotic bacteria 
(L. acidophilus and B. lactis) is technologically feasible; however, selection of 
probiotic strains that are acid and salt tolerant and produces exo-polysaccharides as 
well as using food polysaccharides as shell materials for encapsulation will allow 
the production of a better quality feta cheese with greater survival rate of probiotic 
bacteria and an improved texture.

10.4.4 Frozen Desserts

Several studies have reported that probiotics entrapped in alginate or carrageenan 
beads have greater viability following freezing in dairy desserts (Kebary et al. 1998; 
Sheu et al. 1993; Godward and Kailasapathy 2003; Shah and Ravula 2000). In the 
manufacturing of frozen ice milk, probiotics microencapsulated with 3% calcium 
alginate are blended with milk and the mix is frozen continually in a freezer. The 
incorporation of microencapsulated probiotics has no measurable effect on the 
overrun and the sensory characteristics of the products with 90% probiotic survival 
(Sheu et al. 1993). Addition of encapsulated cultures (L. acidophilus and B. infantis) 
did not show any effect on the amount of air incorporated into the ice-cream 
(Godward and Kailasapathy 2003). The high fat content of ice-cream and the neu-
tral pH of dairy desserts may be the main factors responsible for the additional 
protection provided to probiotic bacteria. However, the addition of cryoprotectants 
such as glycerol (Sheu et al. 1993; Sultana et al. 2000) seems to improve the viability 
of probiotic bacteria during freezing of the dairy desserts. The milk fat in ice-cream 
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formulations may also act as an encapsulant material for probiotic bacteria during 
the homogenization of the ice-cream mix. The high total solids in ice-cream mix, 
including the fat (emulsion), may provide protection for the bacteria (Kailasapathy 
and Sultana 2003). However, full-fat ice-cream offered no extra protection for 
probiotic bacterial cultures (L. acidophilus LAFTITM L10, B. lactis BLC-1 and 
L. casei subsp paracasei LCS-1) over the low-fat product during storage, with 
the low-fat formulation showing improved survival of all three cultures during the 
freezing process (Haynes and Playne 2002).

10.4.5 Powdered Formulations

In powdered milk products, the challenge is to protect the probiotics from the exces-
sive heat and osmotic degradation during spray-drying. Improved viability upon 
conjointly spray-drying of milk and probiotics might be achieved by the use of a 
second drying step in two fluidized bed compartments operating at 60–90° C and a 
last, third compartment to cool to about 30° C (Meister et al. 1999).The addition of a 
thermoprotectant such as trehalose (Conrad et al. 2000) may help to improve the 
viability during drying and storage. Some studies have examined the stability of 
encapsulated probiotics in dried milk. Incorporation of the soluble fiber gum acacia 
into a milk-based medium prior to spray-drying the probiotic L. paracasei enhanced 
its viability during storage, compared with milk powder alone (Desmond et al. 2002). 
However, not all soluble fibers enhanced the probiotic viability during spray-drying 
of milk or milk powder storage, for example, inulin and polydextrose did not influ-
ence the viability (Corcoran et al. 2005). Freeze-drying of probiotics in micro-encap-
sulated hydrogel beads seems to be more stable than non-encapsulated ones during 
yoghurt incubation at room temperature (Kailasapathy and Sureeta 2004; Capela et 
al. 2006). Spray-coating of a freeze-dried culture seems to be more effective for addi-
tional protection (Siuta-Cruce and Goulet 2001). When a lipid coating is used, it may 
form a barrier to moisture and oxygen entry into the microcapsules. The nature of the 
packaging materials (e.g., yoghurt packaging) including their oxygen scavenging 
capacity, together with addition of antioxidants, desiccants, etc., may need to be con-
sidered for effective protection of probiotic cells during storage (Hsiao et al. 2004).

10.4.6 Meat Products

While dairy products are the most commonly used food vehicles for delivery of 
probiotics, their use in meat is not reported widely (Incze 1998; Chap. 13). Meat 
emulsion for the manufacture of small goods such as dry fermented sausages with 
their low water activity, pH, curing salts and competing starter culture organisms 
presents a challenging environment for the survival of introduced probiotics during 
processing. When Lactobacillus plantarum and Pediococcus pentosaeccus were 
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immobilized in alginate micro capsules, the fermentation rate was much rapid with 
the encapsulated cells (Kearney et al. 1990). The rapid fermentation performance 
of the immobilized cells was caused by available nutrients (i.e., skim milk) and 
more protective re-hydration environment within the alginate capsules. Similar 
results can be obtained when microencapsulated probiotics are incorporated into a 
meat fermenting product mix. Muthukumarasamy and Holley (2006) showed that 
microencapsulated Lactobacillus reuteri can be used in dry fermented sausages 
to ensure that a desirable level of probiotic organisms is maintained in the final 
product at consumption without altering the sensory quality of these traditional 
small goods. In this study, alginate microcapsules prepared by either emulsion or 
extrusion were added to the salami batter (meat ingredients, starter cultures, cure mix, 
spice mix and salt) at 1% (w/w). The batter was stuffed in casings, transferred to a 
smoke house and allowed to ferment at 26° C and 88% relative humidity for 24 h, to 
reach pH less than 5.3. Fermentation was followed by drying at 13° C and 75% relative 
humidity for 25 days. It has been shown that L. casei cells when microencapsulated 
in alginate beads were more resistant to heat processing at 55–65° C (Mandal et al. 2006). 
This was also demonstrated when microencapsulated alginate beads containing 
cultures were heat treated to 55° C for 15 min; the encapsulated cells showed more 
stability than free cells in MRS broth acidified to pH 5.0 (Lemay et al. 2002). These 
data suggest that probiotic cells microencapsulated in alginate gel beads could be 
used in meat processing which require moderate heat treatments. For meat small 
goods where a meat emulsion is initially prepared (e.g., salami, sausages) the high 
fat in the system may also envelop the alginate gel particles containing the bacterial 
cells to provide additional protection to heat during processing.

10.4.7 Fermented Plant-Based (Vegetarian) Probiotic Products

With regard to plant-fermented products, probiotics are most frequently incorporated 
into soy products (Wang et al. 2002), although interest is increasing in the use of pro-
biotics in fermented cereals (Charalampopoulos et al. 2003; Laine et al. 2003) and 
vegetable pickles (Savard et al. 2003). For stabilization of bifidobacteria during a 
traditional African-fermented corn product, the bacterial cells were encapsulated 
in mixed polymer (gellan/xanthan) beads (McMaster et al. 2005). Microencapsulation 
improved the survival of L. rhamnosus subjected to freezing in a cranberry juice con-
centrate and during storage of the frozen product (Reid et al. 2006). Microencapsulation 
can be of benefit to the stability of probiotic cultures; however, the way the bacteria 
are grown, harvested and dried for subsequent industrial use can be as important in 
promoting the viability of the cultures in food systems as the microencapsulation 
itself. Although the probiotic bacteria show good stability in products having a low 
water activity such as peanut butter (a

w
 = 0.24), spray-coating of L. rhamnosus using 

hard fat and incorporating into peanut butter formulations (incubated at 21° C), 
showed decreased cell viability (Belvis et al. 2006). In bakery applications, stabilizing 
viability of probiotics is a challenge, due to the high temperature treatment during 
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processing. Microencapsulation by spray-coating in hard fat did not improve the 
survival and stability of added lactobacilli during bread-making (Belvis et al. 
2006). However, microencapsulation in a whey protein particle was reported to be 
effective at enhancing the survival of probiotic lactobacilli during the heat treatment 
applied during biscuit manufacture (Reid et al. 2006).

10.4.8 Mayonnaise

Bifidobacterium bifidum and Bifidobacterium infantis survived only for 2 weeks in 
mayonnaise at pH 4.4 and 5° C (Khalil and Mansour 1998). However, within 
calcium alginate beads they survived for 12 and 8 weeks, respectively. This also 
resulted in lower total bacterial, yeast and mold counts. The mayonnaise containing 
encapsulated bifidobacteria also had a higher titratable acidity (due to acid produc-
tion of the surviving bifidobacteria) and lower thiobarbituric acid (TBA, a measure 
for oxidation) values. These lower TBA values might be due to lower lypolytic 
activity as a result of lower bacterial, yeast and mold growth in the presence of 
the encapsulated bifidobacteria. Finally, the sensory properties were improved by the 
use of encapsulated bifidobacteria.

10.5 Future Perspectives

Despite the lack of industry standardization, and potential safety issues, there is 
obviously considerably potential for the benefits of probiotics. Ongoing basic 
research will continue to identify and characterize existing strains of probiotics, 
identify strain-specific properties, determine optimal doses needed for the aspired 
results, and assess their stability through processing and digestion. Parallel with the 
basic research, gene and industry-centered research are essential. Gene technology 
plays a role in developing new strains, with gene sequencing allowing an increased 
understanding of mechanisms and functionality of probiotics. The assessment of 
the industrial feasibility of a microencapsulation technology is mandatory for 
providing cost-effective, large-scale quantities of a probiotic product for specific 
clinical and/or commercial use. There are sequential steps, which from the identi-
fication of a possible probiotic strain, through laboratory tests, investigations in 
animal models and finally in humans, leads to its production and marketing.

The therapeutic effect of probiotic bacteria and their use in preventive medicine 
is increasingly being reported. As clinical evidence of the beneficial effects of 
probiotics accumulate, the food, nutraceutical and pharmaceutical industries will 
formulate new and innovative probiotic-based therapeutic products. New innova-
tive ways of administering, delivering and controlled-releasing of probiotics will be 
developed in the near future. In addition to food and nutraceutical products, personal 
products, sports and health products, and cosmetics containing specific strains of 
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probiotics are currently being either developed or planned and more innovative 
products will be developed in the future. Designer probiotic products delivering 
specific therapeutic strains will be the next phase of development. This will include 
food, pharmaceutical and nutraceutical products. These products may take the form 
of tablets, pills, re-constitutable single-serve sachet products, or convenient packs 
with instructions on how to prepare and administer them. Some food companies 
have already developed formulations to prepare probiotic yoghurts in the kitchen at 
home using a yoghurt maker.

An important issue in the development of functional foods is the stability and 
functionality of bioactive cultures. The viability of probiotic bacteria is important 
for their efficacy and a large number of reports have shown that many probiotic-based 
food products do not have the cell numbers in recommended number of viable cells 
(Iwana et al. 1993; Rybka and fleet 1997; Shah et al. 1995; Vinderola et al. 2000; 
Shah et al. 2000). Microencapsulation is an effective way of protecting and improving 
the viability of probiotic bacteria. It has been shown that non-protected cells con-
sumed in a dried form have lower recovery levels in stools than those consumed in 
milk or cheese (Saxelin et al. 2003). The high viability losses that occur when free 
cells in a powder enter the stomach explains why microencapsulation is beneficial 
for the functionality of probiotics in nutraceuticals (Champagne and Fustier 2007). 
Microencapsulation or enteric-coated probiotic nutraceuticals may deliver the 
recommended number of viable cells. Microencapsulation offers the potential to 
reduce the adverse effects on probiotic viability of the food and gastrointestinal 
tract environment as well as during food or nutraceutical processing, storage and 
consumption. A number of efficient shell materials and controlled release trigger 
mechanisms have been developed in microencapsulation and this trend will con-
tinue, particularly with reference to food grade materials and the controlled and 
targeted release of probiotic bacteria in the gastrointestinal tract. For example, 
spray-drying of probiotics is not commercially used for probiotics yet (as far as we 
know), but this may change in the future and it might be combined with shell mate-
rials that do not only protect probiotics in a dry state but also in the gastrointestinal 
tract. Co-encapsulation with prebiotics, antioxidants, peptides, or immune-enhanc-
ing polymers might also be further explored. Furthermore, more research is needed 
of the stability and release of microencapsulated probiotics in food products.

The biological activity of probiotic bacteria is due in part to their ability to attach 
to enterocytes and thereby prevent binding of pathogens. The attachment of probiotic 
bacteria to receptors on the cell surface of intestinal epithelial cells can activate 
signaling processes leading to the synthesis of cytokines that affect the function of 
mucosal lymphocytes. Many of these receptors, such as, glycosphingolipids, manno-
sylated glycoproteins and TOLL, are already utilized by pathogens. This could be 
used to develop designer probiotic bacteria by coating with the selected receptor 
compound and targeting and directing the probiotic bacteria to areas in the gastro-
intestinal tract, such as the Payer’s patches (small intestine) for maximum activation 
of the immune system. Further selection of suitable receptor polymers and microen-
capsulation can also help to direct the probiotic bacteria to access areas of medical 
interest such as tumors in the colon. More research is needed to study the adhesion 
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properties of probiotic bacteria and the selection of polymers that can trigger 
successful adhesion to targeted intestinal cells and to design these polymers as 
capsular wall materials or coatings. This could achieve targeted delivery of probiotic 
bacteria to various sites within the gastrointestinal tract.

In addition to efficacious capsular wall materials or coatings, cell loading of the 
capsules is an important challenge. Capsules larger than 20–50 µm may influence 
the texture of the food products and hence the overall sensory characteristics. 
However, the microbial cells are already 1–5 µm in size and therefore could limit 
the cell loading within the capsules. Another challenge is to improve the heat resis-
tance of these probiotic cells. There appears to be no commercial probiotic product 
available that is stable at high temperatures. Discovering or manipulating strains 
that are heat stable and developing new heat-insulating-encapsulating systems are 
two of the major challenges in this area of functional food development.

The sensory aspects of foods are critical in the acceptance of new products. Food 
scientists have generally tried to prevent sensory changes related to the addition 
of probiotics (Champagne et al. 2005), but in many instances there are no major 
changes in texture or organoleptic quality that significantly affect the sensorial prop-
erties of food (Kailasapathy 2006). An emerging marketing strategy is to develop 
food products that clearly show the microcapsules (possibly colored) distributed 
within the product. Then microencapsulation could also become a future marketing 
tool for the food and nutraceutical industry.
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11.1 Introduction

Beer production with immobilised yeast has been the subject of research for 
approximately 30 years but has so far found limited application in the brewing 
industry, due to engineering problems, unrealised cost advantages, microbial con-
taminations and an unbalanced beer flavor (Linko et al. 1998; Brányik et al. 2005; 
Willaert and Nedović 2006). The ultimate aim of this research is the production of 
beer of desired quality within 1–3 days. Traditional beer fermentation systems use 
freely suspended yeast cells to ferment wort in an unstirred batch reactor. The pri-
mary fermentation takes approximately 7 days with a subsequent secondary fer-
mentation (maturation) of several weeks. A batch culture system employing 
immobilization could benefit from an increased rate of fermentation. However, it 
appears that in terms of increasing productivity, a continuous fermentation system 
with immobilization would be the best method (Verbelen et al. 2006). An important 
issue of the research area is whether beer can be produced by immobilised yeast in 
continuous culture with the same characteristic as the traditional method.
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In beer production, as opposed to a process such as bio-ethanol production, the 
goal is to achieve a particular balance of different secondary metabolites rather than 
the attainment of high yields of one product. Any alterations of the fermentation 
procedure can thus have serious implications on the flavor profile. At present, only beer 
maturation and alcohol-free beer production are obtained by means of commercial-
scale immobilised yeast reactors, because in these processes no real yeast growth is 
required. Immobilised cell physiology control and fine-tuning of the flavor com-
pounds formation during long-term fermentation processes remain the major challenges 
for successful application of immobilised cell technology on an industrial scale. The 
key factors for the implementation of this technology on an industrial level are carrier 
materials, immobilization technology and bioreactor design.

The purpose of this chapter is to summarise and discuss the main cell immobi-
lization methods, process requirements, available carrier materials and bioreactor 
designs aimed for better yeast physiology control and fine-tuning of the flavor for-
mation during beer fermentation process. Further, it will provide an overview on the 
latest important breakthroughs, accomplished in understanding of the effects of 
immobilization on yeast physiology, metabolism and fermentation behaviour.

11.2 Carrier Materials and Design

11.2.1 Cell Immobilization Methods and Carrier Materials

Generally, immobilised cell systems can be classified into four categories based on 
the physical mechanism of cell localisation and the nature of the support mecha-
nisms: “attachment to a surface,” “entrapment within a porous matrix,” “containment 

Fig. 11.1 Classification of immobilised cell systems according to the physical localisation and 
the nature of the micro-environment (Willaert and Baron 1996)
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behind a barrier” and “self aggregation” (Karel et al. 1985; Willaert and Baron 
1996) (Fig. 11.1). For beverage (and other food) applications, special attention 
must be paid to the selection of approved, food grade compounds or to the preven-
tion of any leakages of undesired compounds into the beverages.

Cell immobilization by adsorption to a support material is a very popular 
method, because it is a simple, cheap and fast method. Micro-organisms adsorb 
spontaneously on a wide variety of organic and inorganic supports. Binding of cells 
occurs through interactions such as Van der Waals forces, ionic bonds, hydrogen 
bridges or covalent interactions. Microbial cells exhibit a dipolar character and 
behave as cations or anions, depending on the cell type and environmental condi-
tions such as pH of the solution. Furthermore, cell physiology has a significant 
influence on the strength of the adhesion. Various rigid support materials are avail-
able mainly aimed at applications in packed-bed reactors. Diethylaminoethyl 
(DEAE)–cellulose supports have been successfully used on industrial scale for the 
production of alcohol-free beer and maturation of green beer (Lommi 1990). It is 
an inert, non-dissolving cellulose matrix, which has a non-uniform granular shape. 
Yeast cells are immobilised by ionic attraction. Compared to porous supports, the 
biomass loading capacity of DEAE–cellulose is considerably lower. Other selected 
materials are presented in Table 11.1.

Cell immobilization in porous matrices can be performed by two different 
basic methods. In the first method, indicated as gel entrapment, the porous matrix 
is synthesised in situ around the cells to be immobilised. In the second method, 
cells are allowed to move into a preformed porous matrix. Generally, both meth-
ods provide cell protection from the fluid shear and higher cell densities as com-
pared to surface immobilization are reached. A drawback of these systems can be 
mass transfer limitations. However, understanding of mass transfer phenomena 
within entrapment matrices may allow one to simultaneously provide different 
conditions at the carrier surface and in the interior, which could be attractive for 
co-immobilization of different cell types performing consecutive processes 
(Willaert et al. 1999).

Over the last 30 years, most of the research concerning the immobilization of 
living microbial cells was focused on gel entrapment. Natural polysaccharides (e.g., 
alginate, chitosan, pectate and carrageenan), synthetic polymers (e.g., polyvinylal-
cohol, PVA) and proteins (e.g., gelatin, collagen) can be gelled into hydrophilic 
matrices under mild conditions, allowing cell entrapment with minimal loss of 
viability. As a result, very high biomass loadings can be achieved. Gels are mostly 
used in the form of spherical beads with diameters ranging from about 0.3 to 5 mm. 
However, a disadvantage of gels is their limited mechanical stability. It has been 
frequently observed that the gel structure is easily destroyed by the growth of the 
cells and carbon dioxide production. Moreover, calcium alginate gels are weakened 
in the presence of phosphates (which is present in wort). Long-term use of calcium 
alginate beads in continuous production (maturation) of beer resulted in loss of 
bead 3D-structure due to high phosphate contents in the wort/beer. However, several 
methods have been proposed for reinforcement of gel structures. For example, calcium 
alginate gel can be strengthened by reaction with polyethyleneimine, glutaraldehyde 
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Table 11.1 Carrier materials and reactor types for some selected beer fermentation processes 
using immobilised cells

Carrier material Reactor type Reference

Flavor maturation
Calcium alginate beads Fixed bed Shindo et al. (1994)
DEAE-cellulose beads Fixed bed Pajunen and Grönqvist (1994)
Polyvinyl alcohol beads Fixed bed Smogrovicová et al. (2001)
Porous glass beads Fixed bed Linko et al. (1993), Aivasidis (1996)
Alcohol-free beer
DEAE-cellulose beads Fixed bed Collin et al. (1991), Lommi (1990)
Porous glass beads Fixed bed Aivasidis et al. (1991)
Silicon carbide rods Monolith reactor Van De Winkel et al. (1991)
Acidified wort
DEAE-cellulose beads Fixed bed Pittner et al. (1993)
Main fermentation
Calcium alginate beads
Calcium alginate beads

Gas lift
Fixed bed

White and Portno (1979), Onaka et al. 
(1985), Ryder and Masschelein (1985), 
Nedovic et al. (1993), Nedovic et al. 
(1997)

Ryder and Masschelein (1985)
Calcium pectate beads Gas lift Smogrovicová et al. (1997), Smogrovicová 

and Dömény (1999)
k-Carrageenan beads Gas lift Mensour et al. (1996), Mensour et al. 

(1997), Decamps et al. (2004)
Ceramic beads Fixed bed Inoue (1995)
Corncobs Gas lift Brányik et al. (2006a)
DEAE-cellulose beads Fixed bed Kronlöf et al. (1989), Andersen et al. 

(1999)
Gluten pellets
Gluten pellets

Fixed bed
Gas-lift (external-

loop)

Bardi et al. (1997)
Manojlović et al. (2008)

Kieselguhr (diatomaceous 
earth)

Fixed bed Narziss and Hellich (1971), Moll et al. 
(1973), Virkajärvi and Pohjala (2000)

Polyvinyl alcohol beads Gas lift Smogrovicová et al. (2001)
Polyvinyl alcohol Lentikats® Gas lift Smogrovicová et al. (2001), Bezbradica  

et al. (2007), Bugarski & Nedović 
(2007)

Polyvinyl chloride granules Fixed bed Moll et al. (1973)
Porous glass beads Fixed bed Virkajärvi and Krönlof (1998), Virkajärvi 

and Pohjala (2000)
Porous chitosan beads Fluidised bed Unemoto et al. (1998), Maeba et al. (2000)
Self-aggregation using super-

flocculent yeast
Continuous stirred 

tank reactors
Coutts (1957), Linko et al. (1997)

Silicon carbide rods Monolith reactor Van De Winkel et al. (1993); Andries  
et al. (1996)

Spent grains Gas lift Brányik et al. (2002, 2004a)
Stainless steel fibre cloth Gas lift Verbelen et al. (2006)
Stainless steel wire spheres Fluidised bed Cross and Mavituna (1987)
Wood chips Aspen
Wood chips Beech

Fixed bed 
Fixed bed

Pajunen et al. (2001)
Linko et al. (1997), Kronlöf and Virkajärvi 

(1999)
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cross-linking, addition of silica, genepin and polyvinylalcohol, or by partial drying 
of the gel (Willaert and Baron 1996). For beer production, a food grade reinforce-
ment method should be used. Gel or polymeric matrix beads (usually spherical in 
shape) could be further coated with an outer layer to create (micro)capsules. In 
those, the solid core may also be dissolved within the capsule to create the liquid 
media for cells. However, micro-encapsulation is generally too expensive to be used 
in beer production and only suited for non-growing cells (Raymond et al. 2004). 
Another approach is to contain cells within a compartment separated by a preformed 
membrane such as hollow fibre and flat membrane modules. Entrapment behind 
preformed membranes represents a gentle immobilization method since no chemical 
agents or harsh conditions are employed. Usually polymeric microfiltration or ultra-
filtration membranes were used, although other types of membranes were also 
investigated, such as ceramic, silicone or ion exchange membranes. Mass transfer 
through the membrane is dependent on the pore size and structure as well as on the 
hydrophobicity/hydrophilicity and surface charge.

Unlike the in situ formed gels, preformed porous supports can be inoculated 
directly from the bulk medium. In these systems, cells are not completely separated 
from the effluent, similarly as in the adsorption method (Baron and Willaert 2004; 
Mavituna 2004). Cell immobilization occurs by attachment to the internal surfaces, 
self-aggregation and retention in dead-end pockets within the carrier material. 
Ideally, the colonised porous particles should retain some void spaces for flow so 
that mass transport of substrates and products could be achieved by both molecular 
diffusion and convection, avoiding mass transfer limitations. However, fluid flow 
within the support can be realised only if cell adhesion is not very strong so that 
excessive biomass could be washed out from the matrix. When high cell densities 
are obtained, convection is no longer possible and the particles behave as dense cell 
agglomerates with high diffusion limitations. Yet the cell densities represented per 
unit of support volume are lower than those achievable by gel entrapment since the 
preformed porous matrix material takes up significant volume fraction. As com-
pared to the in situ gel particles, preformed porous carriers provide better mechani-
cal properties and higher resistances to compression and disintegration.

Cell immobilization behind or within a porous barrier includes systems with a 
barrier formed around cells such as microcapsules, and systems with cells con-
tained within a compartment separated by a preformed membrane such as hollow 
fibre and flat membrane modules. However, micro-encapsulation is generally too 
expensive to be used in beer production and only suited for non-growing cells 
(Raymond et al. 2004).

Cell immobilization by self-aggregation is based on the formation of cell clumps 
or floccules, which can be naturally occurring as in the case of flocculent yeast 
strains (or can be induced by addition of flocculating agents). It is the simplest and 
the least expensive immobilization method.

Yeast flocculation is a reversible, asexual and calcium dependent process in 
which cells adhere to form flocs consisting of thousands of cells (Stratford 1989; 
Bony et al. 1997; Jin and Speers 1999). Many fungi contain a family of cell wall 
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glycoproteins (called “adhesines”) that confer unique adhesion properties (Teunissen 
and Steensma 1995; Guo et al. 2000; Hoyer 2001; Sheppard et al. 2004). These 
molecules are required for the interactions of fungal cells with each other (floccula-
tion and filamentation) (Teunissen and Steensma 1995; Lo and Dranginis 1998; 
Guo et al. 2000; Viyas et al. 2003), with inert surfaces such as agar and plastic 
(Gaur and Klotz 1997; Lo and Dranginis 1998; Reynolds and Fink 2001; Li and 
Palecek 2003) and with mammalian tissues/cells (Cormack et al. 1999; Staab et al. 
1999; Fu et al. 2002; Li and Palecek 2003). They are also crucial for the formation 
of fungal biofilms (Baillie and Douglas 1999; Reynolds and Fink 2001; Green et al. 
2004). The adhesin proteins in S. cerevisiae are encoded by genes including FLO1, 
FLO5, FLO9 and FLO10 (Verstrepen et al. 2004). These proteins are called floc-
culins (Caro et al. 1997), because these proteins promote cell–cell adhesion to form 
multicellular clumps that sediment out of solution. The FLO1, FLO5, FLO9 and 
FLO10 genes share considerable sequence homology. The member proteins of the 
adhesin family have a modular configuration that consists of three domains (A, B 
and C) and an N-terminal secretory sequence that must be removed as the protein 
moves through the secretory pathway to the plasma membrane (Hoyer et al. 1998). 
The N-terminal domain (A) is involved in sugar recognition (Kobayashi et al. 
1998). The adhesins undergo several post-translational modifications. They move 
from the endoplasmic reticulum (ER), through the Golgi and pass through the 
plasma membrane and find their final destination in the cell wall where they are 
anchored by a glycosyl phosphatidylinositol (GPI) (Teunissen et al. 1993; Bidard 
et al. 1994; Hoyer et al. 1998; Bony et al. 1997). The GPI anchor is added to the 
C-terminus in the ER and mannose residues are added to the many serine and threo-
nine residues in domain B in the Golgi (Udenfriend and Kodukula 1995; Bony 
et al. 1997; Frieman and Cormack 2003; De Groot et al. 2003). The FLO1 gene 
product (Flo1p) has been localised at the cell surface by immunofluorescent 
microscopy (Bidard et al. 1995). The amount of Flo proteins in flocculent strains 
increased during batch yeast growth and the Flo1p availability at the cell surface 
determined the flocculation degree of the yeast. Flo proteins are polarly incorpo-
rated into the cell wall at the bud tip and the mother–daughter neck junction (Bony 
et al. 1997). The transcriptional activity of the flocculation genes is influenced by 
the nutritional status of the yeast cells as well as other stress factors (Verstrepen et 
al. 2003a). This implies that during beer fermentation, flocculation is affected by 
numerous parameters such as nutrient conditions, dissolved oxygen, pH, fermenta-
tion temperature, and yeast handling and storage conditions.

Continuous beer fermentation technology, using yeast flocculation and cell recy-
cling, has been successfully exploited over almost 40 years by Dominion Breweries 
in New Zealand (Coutts 1957; Pilkington et al. 1998; Van de Winkel and De Vuyst 
1997). This fermentation system consists of a hold-up vessel followed by two 
stirred tank fermentors for the primary fermentation. Subsequently, the flocculent 
yeast cells are separated from the green beer in a conical settler by gravity. Yeast is 
then recycled back into the hold-up vessel to increase the cell density and to achieve 
better control of the fermentation rates.



30911 Bioprocess Intensification of Beer Fermentation Using Immobilised Cells

11.2.2 Carrier Selection

Various cell immobilization carrier materials have been tested and used for beer 
production. Selection criteria are summarised in Table 11.2. Depending on the 
particular application, reactor type and operational conditions, some selection cri-
teria will be more appropriate. Examples of selected carrier materials for particular 
applications are tabulated in Table 11.1.

In one of the first ICT process for continuous beer fermentation, kieselguhr 
(diatomaceous earth) was selected as carrier material (Narziss and Hellich 1971; 
Moll et al. 1973). Later on, alginate hydrogel encapsulation became popular 
(e.g., White and Portno 1979; Hsu and Bernstein 1985; Onaka et al. 1985; Curin 
et al. 1987; Shindo et al. 1994; Nedovic et al. 1997; Nedovic et al. 2001; Nedovic 
et al. 2004). In addition, some new hydrogel materials were introduced, like 
k-carrageenan, pectate gels and polyvinyl alcohol (PVA) (e.g., Mensour et al. 1996; 
Pilkington et al. 1999; Smogrovicová and Dömény 1999; Raymond et al. 2004; 
Nedovic et al. 2005a). The main advantage of the hydrogel entrapment method is 
the attainment of extremely high cell loadings and – consequently – providing high 
fermentation rates. However, in some cases cell proliferation and activity can be 
limited by low mass transfer rates within the matrices. The reduced cell growth in 

Table 11.2 Selection criteria for yeast cell immobilization carrier materials for beer production 
(Nedovic et al. 2005b)

High cell mass loading capacity
Easy access to nutrient media
Simple and gentle immobilization procedure
Immobilization compounds approved for food applications
High surface area-to-volume ratio
Optimum mass transfer distance from flowing media to centre of support
Mechanical stability (compression, abrasion)
Chemical stability
Highly flexible: rapid start-up after shut-down
Sterilisable and reusable
Suitable for conventional reactor systems
Low shear experienced by cells
Easy separation of cells and carrier from media
Readily up-scalable
Economically feasible (low capital and operating costs)
Desired flavor profile and consistent product
Complete attenuation
Controlled oxygenation
Control of contamination
Controlled yeast growth
Wide choice of yeast
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immobilised conditions can result in an insufficient free amino nitrogen consumption 
and as a consequence an unbalanced flavor profile of the final beer (Curin et al. 
1987; Hayes et al. 1991). Recently, cheap carrier materials have been investigated 
since the use of these materials avoids the costly regeneration of used immobiliza-
tion matrices. Wood chips showed good performance and the use of this material 
reduced the total investment cost by one third compared to more expensive carriers 
(Kronlöf et al. 2000).

An alternative preformed support material, based on spent grains, has been pro-
posed recently for yeast cell immobilization for primary beer fermentation in an 
air-lift bioreactor (Brányik et al. 2001; Brányik et al. 2002; Brányik et al. 2004a; 
Brányik et al. 2004b; Brányik et al. 2006a). This is an interesting carrier for cell 
immobilization, since spent grains are a waste by-product from the brewing pro-
cess. Recently, corncobs were also investigated as carrier material (Brányik et al. 
2006a).

11.3 Bioreactor Design

In bioreactors for beverage production, immobilised cells are either mixed with 
suspended carriers or fixed on carrier particles or large surfaces. Beer production is 
based on the utilisation of yeast cells, while the acidification of wort employs lactic 
acid bacteria. Reactor configuration is related to the choice of cell carrier and vari-
ous modifications and combinations of stirred tank, packed-bed, fluidised-bed, 
gas-lift and membrane reactors were proposed for different phases in beer produc-
tion (Table 11.1). Critical issues related to the selection of reactor type and configu-
ration are supply and removal of gases and solutes in the liquid phase and removal 
of excess biomass formed.

Most studies have been made in packed-bed bioreactor. Packed-bed bioreactors 
are characterised by a simple design, consisting of a column, which is packed with 
biocatalyst. The liquid flow is close to plug regime causing low shear rates. This 
enables usage of various, even fragile materials for cell immobilization (Obradovic 
et al. 2004). In packed-bed fermentors, high mass transfer restrictions, accumula-
tion of carbon dioxide, non-uniform temperature profiles, flow channelling and 
stagnant zones were observed during primary fermentation. Therefore, different 
approaches for the adaptation of immobilised systems were investigated in order to 
correct the final beer quality. Packed-bed reactors have been selected for the pro-
duction of alcohol-free or low-alcohol beers and for enhanced flavor maturation 
using immobilised cells. In these applications, conditions are anaerobic and yeast 
growth is limited. Preformed carrier materials are selected. Immobilization of cells 
can be by adsorption (e.g., DEAE-cellulose beads) or a combination of adsorption 
and entrapment (e.g., porous glass beads). These carrier materials need to be 
mechanically strong to withstand the high pressures in packed-bed reactors. 
However, the use of mechanically week materials, such as hydrogels, can be limited 
to lower bed heights and liquid flow rates due to possible compression of beads.
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In the fluidised-bed bioreactors, particles with immobilised cells are fluidised in 
the liquid up-flow, while gas can be optionally supplied. As a consequence of par-
ticle fluidisation, moderate local mixing is established providing better mass and 
heat distribution with more uniform liquid flow throughout the reactor volume, as 
compared to packed-bed reactors. It is difficult to maintain low-density particles in 
fluidisation and prevent their washout. Particle movements and collisions in the 
fluidised state result in moderate shear stresses and abrasion, creating a need for 
relatively mechanically stable supports. The scaling up of fluidised-bed bioreactors 
meets problems due to the difficulties in controlling the bed expansion and may 
encounter hydrodynamic problems. In stirred tank reactors high aeration resulted in 
less balanced aroma profile of the final product. Beers produced in fluidised and 
stirred-tank fermentors had high concentrations of diacetyl, and low of higher alco-
hols and esters (Okabe et al. 1992; Mensour et al. 1997).

Gas-lift reactors are especially attractive since they apply pneumatic agitation 
with no mechanical devices. They are based on liquid circulation which can be 
effectively tuned to achieve an adequate flow regime, and optimal external mass 
transfer. Gas-lift reactors can be constructed as internal loop or external loop configu-
ration. In general, the flow in the riser and down-comer section can be described as 
plug flow with axial dispersion (Obradovic et al. 2004). A gas-lift reactor that was 
introduced in beer fermentation studies by a Serbian group (Nedovic et al. 1993) 
retains the advantages of fluidised-beds, such as high loading of solids and good 
mass transfer properties and it is particularly suitable for applications with low-
density carriers (Nedovic et al. 1997, 2004, 2005a, b). Efficient mixing and low 
shear rates make gas-lift reactors suitable for all types of immobilization materials.

As compared to conventional reactor types, the design of membrane reactors is 
relatively more complex and more expensive, mainly due to the high cost of the 
membrane material. Membrane reactors provide simultaneous bioconversion and 
product separation. A special design of a multichannel loop bioreactor has been 
used by the Belgian company Meura (Tournai) for production of lager and ale, and 
acidified wort (Masschelein et al. 1994). Yeast cells are immobilised in porous 
sintered silicon carbide rods perforated with 19 or 37 channels for fluid flow. This 
immobilization method can be regarded as containment behind a preformed barrier, 
and as entrapment in a porous preformed support.

11.4  The Impact of Immobilised Yeast Cell Systems  
on Beer Flavor

An overview of the flavor formation of various systems for the primary fermenta-
tion of beer demonstrates that flavor formation is dependent on the bioreactor sys-
tem and carrier material (Willaert and Nedovic 2006). The mechanisms of the 
formation of these compounds in beer fermentation by freely suspended cell 
systems and changes that usually occur when immobilised systems are used, are 
explained in the following paragraphs.
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11.4.1 Secondary Fermentation Using Immobilised Yeast Cells

One of the objectives of the maturation of green beer is the removal of diacetyl, an 
unwanted aroma compound. This vicinal diketone has a very low threshold (0.08–
0.15 ppm) and imparts a buttery aroma to the beer (Wainwright 1973). During the 
primary fermentation, diacetyl is produced as a by-product in the synthesis pathway 
of isoleucine, leucine and valine (ILV pathway) (Fig. 11.2). Because the formation 
of a-acetolactate is related to the amino acid metabolism, more a-acetolactate will 
be produced with increasing yeast growth. Because brewer’s yeast does not possess 
a-acetolactate decarboxylase activity, a-acetolactate is excreted from the cell and 
non-enzymatically converted to diacetyl by an oxidative decarboxylation. This step 
is the rate-limiting step and proceeds faster at high temperature and lower pH. 
Subsequently, diacetyl is re-assimilated in the yeast cell, which possesses the neces-
sary enzymes (reductases) to reduce it to the flavor inactive acetoin and further to 
2,3-butanediol (Bamforth and Kanauchi 2004). The reduction can occur fast when 
sufficient yeast is present.
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α-acetolactate α-acetolactate
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diacetyldiacetyl
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Fig. 11.2 Schematic presentation of the formation, re-assimilation and reduction of diacetyl. The 
grey oval shape represent a yeast cell, and the smaller circle its daughter cell
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The traditional maturation process is performed at a low temperature and low yeast 
concentration, resulting in a very long maturation period of 3–4 weeks. Nowadays, 
several strategies have been developed to accelerate the diacetyl removal (Willaert 
2007). However, using immobilised cell technology, this period could be further 
reduced to a few hours. Two continuous maturation systems have been implemented 
industrially so far: one at Sinebrychoff Brewery (Finland, capacity: 1 million hl per 
year) and another system, developed by Alfa Laval and Schott Engineering (Mensour 
et al. 1997). They are both composed of a separator (to prevent growing yeast cells in 
the next stages), an anaerobic heat treatment unit (to accelerate the chemical conver-
sion of a-acetolactate to diacetyl, but also the partial directly conversion to acetoin), 
and a packed-bed reactor with yeast immobilised on DEAE-cellulose granules or 
porous glass beads (to reduce the remaining diacetyl), respectively (Yamauchi et al. 
1995). Later on, the DEAE-cellulose carriers were replaced by cheaper wood chips 
(Virkajärvi 2002). Recently, the heat treatment has been replaced by an enzymatic 
transformation in a fixed-bed reactor, in which the a-acetolactate decarboxylase is 
immobilised in special multilayer capsules, followed by the reduction of diacetyl by 
yeast in a second packed-bed reactor (Nitzsche et al. 2001).

11.4.2  Alcohol-free or Low-alcohol Beer Using Immobilised 
Yeast Cells

The main objective during fermentation of alcohol-free beer is the reduction of wort 
carbonyl flavors by the activity of alcohol dehydrogenases of yeast, without the 
formation of alcohol (Van Iersel et al. 1999). Traditionally, alcohol-free beer is 
being produced by arrested batch fermentations. An alternative method is the 
removal of alcohol by using membrane, distillation or vacuum evaporation pro-
cesses, although these have the disadvantage that the production cost is increased. 
Controlled ethanol production for low alcohol or alcohol-free beers has been suc-
cessfully achieved by partial fermentation using immobilization reactors. The 
reduction of the wort aldehydes can be efficiently achieved by a short-contact time 
with the immobilised yeast cells. The process is performed at a low temperature to 
avoid undesirable cell growth and ethanol production and to maintain a good long-
term yeast viability (Van Dieren 1995). A disadvantage of this process is the low 
production of desirable esters. Bavaria Brewery (the Netherlands) is using a 
packed-bed immobilised yeast bioreactor with a production capacity of 150,000 hl 
alcohol-free beer per annum (Mensour et al. 1997).

11.4.3 Primary Fermentation with Immobilised Yeast

During the main fermentation of beer, not only ethanol is being produced, but also 
a complex mixture of flavor-active secondary metabolites, of which the higher (or 
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fusel) alcohols and esters are the most important. In addition, diacetyl and some 
sulphury compounds can cause off-flavors. Since this complex flavor profile is 
closely related to the amino acid metabolism and consequently to the growth of the 
yeast cells, differences in the growth metabolic state between freely suspended and 
immobilised yeast cell systems are most probably responsible for the majority of 
alterations in the beer flavor. For that reason, it is important that the physiological 
and metabolic state of the yeast in conventional batch systems is mimicked as much 
as possible during the continuous fermentation with immobilised yeast. In the con-
tinuous mode of operation, cells are not exposed to significant alterations of the 
environment, influencing the metabolism of the cells and consequently the flavor. 
Hence, the microbial population of continuous systems lacks the different growth 
phases of a batch culture. To imitate the batch process as much as possible, plug-
flow reactors or a series of reactors can be used. As can be assumed, both the 
continuous mode of operation and the immobilization of yeast cells can influence 
the beer flavor.

11.4.3.1 Nutrient Uptake

An increase of glucose uptake and ethanol formation during glucose fermentation 
using immobilization systems is often stated (Navarro and Durand 1977; Doran and 
Bailey 1986; Galazzo and Bailey 1990). In conventional beer fermentations, a 
sequential uptake of the wort sugars is observed. First glucose, sucrose and fructose 
are taken up. After the uptake of glucose, the main wort sugar maltose (60–70%) is 
assimilated. Finally, maltotriose is slowly taken up (Hammond 1995). In immobil-
ised yeast systems, alterations in the sugar uptake can occur, which can result in an 
altered beer taste (Van De Winkel et al. 1993; Willaert et al. 1999).

In a normal batch fermentation, the amino acids of the wort are categorised 
based on the sequential uptake pattern (Jones and Pierce 1964). Amino acids of 
Group A (arginine, asparagine, aspartic acid, glutamic acid, lysine, serine and 
threonine) are immediately taken up, while the uptake of amino acids of Group B 
(histidine, isoleucine, leucine, methionine and valine) is delayed. Amino acids of 
Group C (alanine, glycine, phenylalanine, tyrosine and tryptophan) are only taken 
up when Group A amino acids are depleted in the medium. Proline (Group D) is 
not utilised by the yeast. In immobilised yeast systems, the uptake pattern often 
differs from that of the traditional pattern (Ryder and Masschelein 1985; Shen et al. 
2003a). Because amino acid metabolism is closely associated with flavor com-
pounds, altered nitrogen uptake can have significant effects on beer flavor. Less 
uptake of amino acids were reported in a continuous packed-bed reactor (Ryder and 
Masschelein 1985). This was circumvented by using a fluidised bed reactor, sug-
gesting that mass transfer limitations affected the nitrogen uptake (Cop et al. 1989). 
In a batch reactor with yeast immobilised on stainless steel fibre cloth, the final 
utilisation of Group A, B and C amino acids was more complete than in the stan-
dard free cell system (Shen et al. 2003a). In the system, described by Pajunen et al. 
(2001), little FAN (“Free Amino Nitrogen”) was taken up by the cells, due to non-
growth conditions, causing a high beer pH. Dunbar et al. (1988) reported that a 
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continuous free cell system was characterised by a different uptake pattern than that 
proposed by Jones and Pierce (1964) for batch fermentations.

11.4.3.2 Higher Alcohols

The most important higher alcohols are isoamyl alcohol (3-methyl-1-butanol) and 
2-phenyl ethanol which can be found around their threshold concentrations (60–70 
and 25–125 ppm, respectively) in lager beer. Other aliphatic alcohols can also con-
tribute to the alcoholic aroma of the beer (Meilgaard 1975). The aromatic alcohol 
2-phenylethanol has a sweet rose-like aroma and is believed to mask the dimethyl 
sulphide (DMS) perception (Hegarty et al. 1995). Higher alcohols are synthesised 
by yeast during the fermentation via the catabolic (Ehrlich) or anabolic pathways 
(Genevois) of the amino acid metabolism (Chen 1978). In both pathways a-keto 
acids are formed, which are decarboxylated to aldehydes and further reduced (by 
an alcohol dehydrogenase) to higher alcohols. Higher alcohols are mainly produced 
during the active growth phase of the fermentation and are therefore influenced by 
each factor affecting the yeast growth, such as high levels of nutrients (amino acids, 
oxygen, lipids, zinc), increased temperature and agitation (Landaud et al. 2001).

The influence of immobilised cell systems on the production of higher alcohols 
differs from system to system. At the same degree of attenuation in batch and 
immobilised systems, the differences can be most probably ascribed to different 
levels of amino acid utilisation and yeast growth. In immobilised systems with 
enhanced or similar FAN uptake levels, the formation of higher alcohols was higher 
or equal to batch systems (Kronlöf et al. 1989; Shen et al. 2003a). Decreased higher 
alcohol production rates by immobilised as opposed to free-cell systems were 
attributed to limited cellular growth. The use of entrapped yeast was most of the 
time associated with FAN uptake limitations (Ryder and Masschelein 1985; 
Smogrovicová and Dömény 1999). However, new technologies introduced some 
new inclusion carriers with adjusted shape and size to overcome internal mass 
transfer restrictions, which gave similar higher alcohol concentrations compared to 
a conventional process (Nedovic et al. 2005a).

There is a trend of increased propanol yields, compared to isobutanol (Fig. 11.3). 
According to Pajunen et al. (2001), the overproduction was the result of a more 
active a-ketobutyrate pathway, which could also explain the increased concentra-
tions of the vicinal diketone 2,3-pentanedione. Alternatively, continuous inflow of 
the amino acid threonine could be causing the stimulation of propanol production, 
as threonine is the precursor of propanol in the catabolic pathway (Chen 1978).

11.4.3.3 Esters

Esters are the most important flavor compounds in beer, since their low flavor 
thresholds can be crossed in lager beers. The major esters in beer are ethyl acetate 
(solvent-like, threshold: 33 ppm), isoamyl acetate (banana, threshold: 1.4 ppm), 
ethyl caproate (apple, threshold: 0.2 ppm), ethyl caprylate (apple, threshold: 0.9 ppm) 
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and phenylethyl acetate (rosey, threshold: 3 ppm) (Meilgaard 1975). They are desirable 
components of beer when present in appropriate quantities. Esters are produced by 
yeast during the growth phase (60%) and the stationary phase (40%). They are 
formed by the condensation reaction between acetyl/acyl-CoA and higher alcohols 
catalysed by the alcohol acyltransferases of the yeast (Peddie 1990) (Fig. 11.4). 
Furthermore, it has been shown that the balance between ester-synthesising 
enzymes and esterases, which hydrolyse esters, might be important for the net rate 
of ester accumulation (Fukuda et al. 1998). Fundamentally, two factors determine 
the rate of ester formation: the availability of the two substrates (acetyl/acyl-CoA 
and fusel alcohols) and the activity of the enzymes. Ester formation is therefore 
influenced by temperature, hydrostatic pressure, growth rate, dissolved oxygen, 
fatty acids, carbon source and nitrogen concentration (Fig. 11.4, for a review, see 
Verstrepen et al. 2003b).

Immobilised yeast systems give variable amounts of esters, depending on the 
type of the system and operational conditions. However, the overall tendency in 
most continuous systems indicates a somewhat reduced ester formation (Fig. 11.4). 
It can be suggested that the most important factor affecting the ester formation is 
the oxygen availability during the fermentation, because immobilization itself 
stimulates the expression of ATF1 (Shen et al. 2003b). Low oxygen concentrations, 
due to mass transfer limitations, trigger the formation of esters, by a direct effect 
upon the gene expression and by an indirect effect on substrate availability 
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mentation systems using immobilised yeast systems compared to corresponding conventional, 
batch beer fermentation systems [data based on Brányik et al. (2006b), with permission]
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(more acetyl-CoA is available for ester synthesis instead of fatty acid synthesis) 
(Masschelein et al. 1985; Van Iersel et al. 1999; Shen et al. 2003a; Shen et al. 2003b). 
High oxygen concentrations, due to continuous aeration of the wort in the reactor, 
result in poor ester formation (Virkajärvi et al. 1999; Wackerbauer et al. 2003).

Generally, the ester synthesis is a sensitive process, which is rather difficult to 
control, due to numerous influencing factors involved. The selection of an optimal 
yeast strain or the use of genetically modified strains could ameliorate the ester 
profile of beer, made by immobilised cell technology.

11.4.3.4 Diacetyl

In most cases, the amount of diacetyl formed by immobilised systems is much 
higher than in young beers of traditional free cell systems (Ryder and Masschelein 
1985; Kronlöf et al. 1989; Van De Winkel et al. 1993; Brányik et al. 2006a). This 
has been explained by the following:

– Increased expression of Ilv2 enzyme (acetohydroxy acid synthetase) due to 
immobilization, resulting in increased a-acetolactate concentrations (Shindo 
et al. 1994).

– Alterations in the amino acid metabolism, caused by cell immobilization itself 
(Ryder and Masschelein 1985; Shindo et al. 1993; Shen et al. 2003a).
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– Enhanced uptake of amino acids, due to rapid yeast growth, causing valine 
depletion and anabolic formation of the amino acid, resulting in increased 
a-acetolactate concentrations. The excess yeast growth is often a result of over-
aeration (Brányik et al. 2006a).

– Continuous inlet of amino acids of Group A, which inhibit the uptake of valine 
(Dufour and Devreux 1986).

– Short residence times, meaning that the slow oxidative decarboxylation from 
a-acetolactate to diacetyl and thus the reduction of diacetyl by the yeast is 
incomplete (Okabe et al. 1994).

– Increasing the concentration of immobilised cells and prolonging the residence 
time leads to lower diacetyl concentrations (Shindo et al. 1994; Pajunen et al. 
2001; Brányik et al. 2006a).

However, without lowering the fermentation rate, other strategies are possible to 
suppress these excessive diacetyl concentrations during continuous fermentation:

– Addition of the missing enzyme a-acetolactate decarboxylase, which is com-
mercial available, to the wort (Hanneman 2002).

– Optimization of FAN-content, especially the valine concentration, of the wort 
(Pajunen et al. 2001; Petersen et al. 2004).

– The use of genetically modified yeast, encoding the a-acetolactate decarboxy-
lase or overexpressing the ILV5 gene, encoding the acetohydroxy acid reductoi-
somerase enzyme in the rate-limiting step of the ILV-pathway (Linko and 
Kronlöf 1991; Hammond 1995).

11.4.3.5 Control Strategies

The optimization of temperature, wort gravity, feed volume and wort composition 
seems to be an important tool for the control of the flavor-active compounds forma-
tion in immobilised beer fermentation systems (Table 11.3) [for a recent review of 
these effects, see Willaert and Nedovic (2006)]. Many researchers have concluded 
that the optimization of aeration during continuous fermentation is essential for the 
quality of the final beer (Virkajärvi et al. 1999). Oxygen is needed for the formation 
of unsaturated fatty acids and sterols, needed for growth (Depraetere et al. 2003). 
However, excess oxygen will lead to low ester production and to excessive diacetyl, 
acetaldehyde and fusel alcohol formation (Okabe et al. 1992; Wackerbauer et al. 
2003; Brányik et al. 2004a). It is possible to adjust the flavor of the produced beer 
by ensuring the adequate amount of dissolved oxygen by sparging with a mixture 
of air, nitrogen or carbon dioxide (Kronlöf and Linko 1992; Brányik et al. 2004a). 
However, it remains difficult to predict the right amount of oxygen, because the 
oxygen availability to the immobilised yeast cells is dependent of external and 
internal mass transfer limitations.

Finally, the reactor design, the carrier and yeast strain can also have a dominant 
effect on flavor formation (Cop et al. 1989; Linko, et al. 1997; Smogrovicová and 
Dömény 1999; Tata et al. 1999; Virkajärvi and Pohjala 2000).
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11.5 Conclusions

The main benefit of immobilised cell technology (ICT) in the beverage industries 
is rendering high-productivity continuous fermentation feasible. Although research 
on immobilised cells is now approximately 30 years old, difficulties encountered in 
pilot-plant and full industrial-scale fermentation processes have not been solved 
yet. In fact, engineering problems linked to choice of the carrier and reactor design 
are complicated by the effects of immobilization on the flavor profile of the final 
product. Incomplete knowledge of the effects of immobilization on the physiology 
of brewers’ yeast will lead to incomplete and partially empirical use of immobilised 
cell technology for processes based on alcoholic fermentation. These processes are 
very complex, linked to various side reactions important for flavor formation and 
final product quality.

Ongoing basic research is continuing to explore new materials as potential car-
riers for microbial cells and to identify and characterise changes in cell physiology 
and metabolism upon immobilization. Mass transfer limitations and process control 
are still issues that have to be resolved in order to obtain consistent quality of the 
beer. The assessment of the industrial feasibility of the immobilised fermentation 
technology is mandatory for providing cost-effective, large-scale applications. 
Since scale up is not always that easy and the beer quality should be as desired, 
piloting is required to fine tune the specifications. Manipulating yeast strains that 
have been genetically modified to develop an ability to produce excessive amounts 
of one and/or lower amounts of another flavor compound is another direction in the 
area of fermentation technology development.
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Table 11.3 Some operational parameters and their impact on flavor in immobilised beer fermen-
tation systems

Parameter Impact on flavor Reference

Temperature Increased diacetyl, higher alcohols and 
esters concentrations

Smogrovicová and Dömény 
(1999)

Wort gravity Increased acetaldehyde; similar higher 
alcohols and esters

Virkajärvi et al. (2002)

Feed volume Controlling attenuation, enhancing 
diacetyl removal

Pajunen et al. (2001)

Wort composition Optimal FAN levels lower diacetyl 
concentration

Pajunen et al. (2001); 
Petersen et al. (2004)

Dissolved oxygen Increased concentrations of diacetyl, 
acetaldehyde and higher alcohols; 
decreased esters levels

Kronlöf and Linko (1992)
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12.1 Introduction

Wine- or cider-making is highly associated with biotechnology owing to the traditional 
nature of must fermentation.. Nowadays, there have been considerable developments 
in wine- or cider-making techniques affecting all phases of wine or cider production, 
but more importantly, the fermentation process. It is well-known that the transforma-
tion of grape must by microbial activity results in the production of wine, and the 
fermentation of apples (or sometimes pears) in the production of cider. In this process, 
a variety of compounds affecting the organoleptic profile of wine or cider are synthe-
sized. It is also common sense that in wine- or cider-making, the main objective is to 
achieve an adequate quality of the product. The technological progress and the 
improved quality of the wines or ciders have been associated with the control of tech-
nical parameters. Herein, cell immobilization offers numerous advantages, such as 
enhanced fermentation productivity, ability for cell recycling, application of continu-
ous configurations, enhanced cell stability and viability, and improvement of quality 
(Margaritis and Merchant 1984; Stewart and Russel 1986; Kourkoutas et al. 2004a).

The objective of the present chapter is to analyze and assess data on the impact of 
immobilization technologies of viable microbial cells on the alcoholic and malolactic 
fermentation (MLF) of wine and cider. The immobilized biocatalysts are evaluated 
for their scale-up ability and their potential future impact in industrial application is 
highlighted and assessed. Handicaps associated with maintenance of cell viability and 
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fermentation efficiency during preservation and storage, constraining the industrial 
use of immobilized cell systems are discussed.

12.2 Cell Immobilization Methods

12.2.1 Prerequisites for Cell Immobilization

Various materials are available for cell immobilization. However, not all carriers are 
considered suitable for food production. The main prerequisites that should be 
fulfilled by cell immobilization supports include:

1. A large surface of the immobilization support, with functional groups for cells to 
adhere to,

2. Easy-handling and regeneration of the immobilization support,
3. Cost-effectiveness of the support and immobilization process,
4. Acceptance of immobilization support by the consumers and avoidance of nega-

tive effects on the final food product (e.g., off-flavor formations),
5. Retention of immobilized cell viability,
6. Avoidance of negative effects of cell immobilization on biological and meta-

bolic activity of immobilized cells, and
7. Food-grade purity of the immobilization support.

12.2.2 Effects of Cell Immobilization

Cell immobilization might cause desirable or undesirable alterations in the metabo-
lism of cells (Melzoch et al. 1994; Norton and D’Amore 1994; Walsh and Malone 
1995). It might affect cell growth and physiology (Melzoch et al. 1994; Jamai et al. 
2001), metabolic activity (Navarro and Durand 1977; Buzas et al. 1989; Hilge-
Rotmann and Rehm 1990; Jamai et al. 2001), stress tolerance (Nolan et al. 1994; 
Norton and D’Amore 1994; Lodato et al. 1999), cells survival and viability 
(Argiriou et al. 1996; Kourkoutas et al. 2003a) and flavor formation (Bakoyianis et 
al. 1993; Bardi et al. 1997). It has been difficult to predict the type and magnitude 
of these possible metabolic changes due to immobilization as a number of param-
eters are involved, such as mass transfer limitations by diffusion (Webb et al. 1986), 
changes in the cell morphology and oxygen uptake (Shirai et al. 1988), altered 
membrane permeability (Brodelius and Nilsson 1983), media components defi-
ciency (Chen et al. 1990), surface pressure and osmotic pressure changes 
(Vijayalakshmi et al. 1979), contacts between cells in limited space (Shuler 1985), 
etc. For example, immobilization of Saccharomyces cerevisiae resulted in increased 
ethanol production and glucose consumption, higher ploidy and RNA content 
(Doran and Bailey 1986), lower internal pH value (Galazzo et al. 1987) and altered 
glucose catabolic pathways compared to free cells in suspensions, and in increased 
enzyme activity and therefore productivity (Galazzo and Bailey 1990).
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12.2.3 Advantages of Immobilized Cell Systems

The advantageous effects of immobilization applications could be summarized in 
the following:

1. Prolonged activity and stability of the immobilized cells, since the immobilization 
support may act as a protective agent against physicochemical changes (pH, 
temperature, heavy metals, solvents, etc.),

2. Higher cell densities than usually achieved, resulting in higher productivities 
and increased substrate uptake and yield,

3. Increased tolerance to high substrate concentration and final product inhibition,
4. Reduced risk of microbial contamination attributed to high cell densities and 

enhanced fermentation activity,
5. Ability for low-temperature fermentation and/or maturation for certain food 

products,
6. Ability for regeneration and re-use,
7. Versatility in the selection of bioreactors,
8. Ability for continuous operation bioreactor systems, and
9. Reduction of maturation times in certain circumstances.

12.3 Alcoholic Fermentation by Immobilized Cells

Cell immobilization in alcoholic fermentation is a rapidly expanding research area 
because of its attractive technical and economic advantages compared to the con-
ventional free cell system (Sakurai et al. 2000; Sree et al. 2000; Shindo et al. 2001; 
Lu et al. 2002). However, for industrial wine and cider production it is important to 
identify a suitable support for cell immobilization that meets the prerequisites 
named above and results in overall improvement of the sensory characteristics of 
the final product. Another criterion that is sought after in an immobilized system is 
the suitability for use in low temperature fermentations, since low temperature 
fermentation leads to an improved quality product.

12.3.1 Alcoholic Fermentation of Wine Using Immobilized Cells

Immobilization supports have been grouped into four categories (Kourkoutas et al. 
2004a):

1. Inorganic supports,
2. Organic supports,
3. Membrane systems,
4. Natural supports and cell aggregates.
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12.3.1.1 Inorganic Supports

Kissiris (a cheap, porous volcanic mineral found in Greece, similar to granite, 
containing 70% SiO

2
, 13% Al

2
O

3
, and other inorganic oxides) was successfully 

used as immobilization support of S. cerevisiae for wine production in both batch 
(Kana et al. 1989) and continuous bioreactor systems (Bakoyianis et al. 1992; 
Bakoyianis et al. 1993). Kissiris-supported biocatalyst showed increased ethanol 
productivity and biocatalytic stability for about 2.5 years during successive pres-
ervations at 0°C (Argiriou et al. 1996). Similar studies involved g-alumina in the 
form of porous cylindrical pellets as immobilization support for wine making 
(Kana et al. 1989; Loukatos et al. 2000).

Although inorganic supports offered many advantages such as abundance, 
enhanced fermentation productivity and cost effectiveness, they were considered 
inappropriate for wine-making because they are characterized as unsuitable materi-
als for human nutrition. Nevertheless, they seem to have a potential in production 
of alcohol (Bakoyianis and Koutinas 1996; Koutinas et al. 1997) or distillates 
(Loukatos et al. 2003), as mineral residues do not distill.

12.3.1.2 Organic Supports

Organic immobilization supports mainly include those composed of polysaccharides or 
other polymers. The most popular polysaccharides proposed in wine fermentation are 
alginates (Suzzi et al. 1996; Silva et al. 2002). Calcium alginate was used for immobi-
lizing Candida stellata alone or in combination with S. cerevisiae to enhance glycerol 
formation in wine (Ciani and Ferraro 1996). The same immobilized biocatalyst along 
with an inoculum of S. cerevisiae was used at pilot scale and under non-sterile condi-
tions, in order to control wild microflora (Ferraro et al. 2000). Most efforts have focused 
on application of alginates for the secondary fermentation of sparkling wines (Fumi 
et al. 1988; Busova et al. 1994; Colagrande et al. 1994). In fact, application of immobi-
lized cell technology in the production of sparkling wines is the only case to have been 
commercially available, imitating the traditional Champagne method.

However, gel-like supports discourage scale-up and industrial applications, 
since they are mechanically unstable in high-capacity bioreactors. In addition, it is 
difficult to attain consumer acceptance, in case they are not of food-grade purity 
(e.g., polyvinyl alcohol).

12.3.1.3 Membrane Systems

References concerning the use of membrane systems in wine and cider production 
are scarce in literature. In a previous study, a single-vessel membrane bioreactor 
was found unsuitable for continuous dry wine production, as high levels of unfer-
mented sugars were reported (Takaya et al. 2002). However, a double-vessel con-
tinuous membrane configuration resulted in sugar content  < 4 g/L, which was 
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considered satisfactory for dry wine-making. Additionally, wine productivity in the 
latter was 28 times higher compared to batch systems.

12.3.1.4 Natural Supports and Cell Aggregates

Food-grade natural immobilization supports, such as delignified cellulosic materials 
(Bardi and Koutinas 1994), gluten pellets (Bardi et al. 1996), and brewer’s spent 
grains (Mallouchos et al. 2007), were successfully used for ambient and low-
temperature wine-making, resulting in improved profiles of volatile by-products 
(Bardi et al. 1997; Mallouchos et al. 2002; Mallouchos et al. 2003). The commercial 
potential of immobilized yeast on gluten pellets and delignified cellulosic material 
was evaluated by the production of freeze-dried biocatalysts without using a pro-
tecting medium during freezing and freeze-drying (Iconomopoulou et al. 2002; 
Iconomopoulou et al. 2003). The freeze-dried immobilized biocatalysts retained 
high viability and showed long operational stability during low-temperature 
wine-making. The possibility of storage of freeze-dried immobilized biocatalysts 
for long time intervals without any loss of cell viability and fermentation activity 
is of crucial importance for industrial application.

The use of fruit pieces in developing an immobilized biocatalyst that would 
meet all the required prerequisites was an obvious alternative. Fruit pieces are of 
food-grade purity, cheap, abundant and could be easily accepted by consumers. 
Apple (Kourkoutas et al. 2001), quince (Kourkoutas et al. 2003b) and pear pieces 
(Mallios et al. 2004) were proposed as immobilization supports due to ease in the 
immobilization technique and to the distinctive aromatic potential and improved 
sensory characteristics of the produced wines. The immobilized yeasts resulted in 
rapid fermentations, as wine production was effective in 12 h at 30°C and in 4 
days at 10°C (Kourkoutas et al. 2003b). Apple-supported biocatalyst was able to 
reactivate and ferment after successively increased periods of storage (up to 120 
days) at 30°C (Kourkoutas et al. 2003a). The ability of storage at ambient tempera-
ture for such long time periods is considered very attractive for the industrialization 
of the process.

Apple pieces were also used as support for immobilizing Kluyveromyces marxi-
anus IMB3 for high-temperature wine-making at 45°C (Kourkoutas et al. 2004b). 
The fermented grape must contain 3–4% alcohol and special types of semi-sweet 
wines were produced by the addition of potable alcohol.

Additionally, fruit-based biocatalysts were found suitable for continuous wine-
making (Kourkoutas et al. 2002a, b; Mallios et al. 2004), as the immobilized bio-
catalyst showed high operational stability up to 95 days (Kourkoutas et al. 2002a).

Taking into account that grape skins are the principal undesired solid wastes of 
the wine-making process and raisins are directly related to the main raw material 
of wine, their use as immobilization supports was an interesting approach 
(Mallouchos et al. 2002; Tsakiris et al. 2004a, b). They were both found suitable for 
low-temperature fermentation and a positive influence on wine aroma was evident. 
The main advantage, however, is that the grape skins and the extracted residues of 
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raisins from wineries and potable producing plants, which are difficult to dispose 
of, could be alternatively beneficially exploited.

Natural immobilization of single microorganisms, such as flocculating yeasts 
and cell aggregates forming pellets or solid microspheres, offer practical potential-
ity as the metabolic state of the immobilized cells may remain unaltered, since 
artificial immobilization techniques may induce cell damage. This is the simplest 
and the least expensive immobilization method. However, interactions among cells 
are not easily controlled and cell aggregates are very sensitive to conditions usually 
dominating in fermentors. In Saccharomyces cereivisiae, a number of proteins 
called flocculins (Caro et al. 1997) are responsible for cell–cell adhesion and for-
mation of aggregates.

A novel technique of co-immobilization a filamentous fungus and a flor yeast 
avoiding chemical crosslinkers or external supports was recently reported (Peinado 
et al. 2005; Peinado et al. 2006). The technique was based on reproducing condi-
tions adequate for a forced symbiosis of Penicillium and Saccharomyces cereivi-
siae. As a result, formation of hollow biocapsules with walls composed of mycelium 
and trapped yeast cells was obtained after killing of Penicillium by the ethanol 
produced. The mycelium walls enclosed an inner space partially occupied by yeast 
cells. The yeast biocapsules were successfully used in must fermentation producing 
wine with increased acetaldehyde and isobutanol, but reduced ethyl acetate and 
acetoin contents compared to free cells fermentation.

12.4 Cell Immobilization and Malolactic Fermentation

MLF is a difficult and time-consuming process that does not always proceed favor-
ably under the natural conditions of wine. Traditional MLF is used worldwide to 
produce high-quality wines, although delay or failure is not an unusual outcome. 
During MLF l-malic acid is converted to l-lactic acid and carbon dioxide by 
malolactic bacteria, principally of the genera Oenococcus, Pediococcus and 
Lactobacillus. Lactic acid is “less acidic” than malic acid, as it is a mono-acid 
compared to the two-acid malic acid. Consequently, total acidity is decreased during 
MLF (deacidification).

MLF usually results in microbial stability (Lonvaud-Funel 1995) and in 
improvement of the organoleptic properties. Besides deacidification, it induces a 
dramatic change in the organoleptic quality of wines, since the characteristic taste 
of malic acid disappears. MLF is usually encouraged by wine-producers in cold 
climates where ripe grapes contain a high malic acid content resulting in too acidic 
wines, in instances where it is required enhanced microbial stability (i.e., prior 
bottling), and in situations where the flavorful by-products (such as diacetyl) are 
essential in order to provide the recognizable sensory notes desired in certain wine 
types. MLF is crucial for wines originating from Burgundy (especially for 
Chardonnay variety), as well as for heavy red wines, as such originating from 
Bordeaux. However, MLF is not always advantageous, as in wines with very low 
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total acidity; it may cause a further reduction affecting both flavor and biological 
stability (Lonvaud-Funel 1995; Versari et al. 1999). Hence, it should be discour-
aged and may even be considered destructive in grapes from warm regions having 
small amounts of malic acid, in wines of poor microbial stability, and in wines 
where by-products of MLF may provide an unpleasant character.

During recent years several attempts have been proposed to induce biological 
deacidification of wines by involving the use of immobilized cells on various matri-
ces. The use of immobilized lactic acid bacteria (LAB) for controlling MLF is 
desirable, as it offers the following advantages:

1. As spontaneous MLF is time consuming and growth of malolactic bacteria 
microflora depends on physicochemical properties and composition of wine 
(e.g., fatty acids, ethanol and SO

2
 may inhibit growth of malolactic bacteria), cell 

immobilization techniques aim to increase tolerance of malolactic bacteria.
2. The use of immobilized malolactic bacteria results in higher cell densities and 

hence, acceleration of the process.
3. The use of selected cultures results in development of characteristic organoleptic 

properties (Maicas et al. 1999).
4. The immobilized cultures allow reuse of cells and favor application of continu-

ous process (Lonvaud-Funel 1995; Kosseva et al. 1998; Maicas et al. 2001).

The first efforts involved immobilization of Lactobacillus casei cells in polyacryl-
amide gels (Diviès and Siess 1976; Totsuka and Hara 1981; Rossi and Clementi 
1984). Nevertheless, the proposed technology was practically restricted to laboratory 
use, since industrial application of the immobilized biocatalysts was never attempted 
due to safety regulations. The use of alginates (Spettoli et al. 1982; Naouri et al. 
1991) hardly offered an alternative, because they proved mechanically unstable in 
long term industrial applications (e.g., when exposed to high pressures).
k-Carrageenan, a naturally occurring polysaccharide isolated from sea wood, 

was used as support for immobilizing several LAB species, including Lactobacillus 
and O. oeni (formerly Leuconostoc oenos) cells (McCord and Ryu 1985; Crapisi 
et al. 1987a, b). Lactobacillus sp. cells were immobilized in 2% k-carrageenan gel 
and subsequently used in a continuous-flow bioreactor to promote and control 
MLF. The immobilized cells showed enhanced operational stability in malic acid 
metabolism with the addition of 5% purified bentonite to the matrix and conversion 
rates up to 53.9% were reported (Crapisi et al. 1987a). The half-life of the bioreactor 
was extended to 46 days, while the minimum retention time for MLF accomplish-
ment was decreased to about 2 h. Kosseva et al. (1998) reported an approximate 
30% degradation of malic acid using immobilized L. casei cells on calcium pectate 
gels and chitopearls with an operational stability up to 6 months. The degradation 
of malic acid obtained using the immobilized cells was twice as high as compared 
to that obtained with the free cells. In another study, the possibility of using immo-
bilised O. oeni cells on positively charged cellulose sponge [diethyl (DE) or dieth-
ylaminoethyl (DEAE) cellulose] for MLF of wine was investigated in a semi- 
continuous bioreactor (Maicas et al. 2001). The first 24 h, malic acid was almost 
completely metabolized, while in subsequent fermentations a drastic reduction of 
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malolactic activity was evident. Recently, Lactobacillus casei ATCC 393 cells 
immobilized on delignified cellulosic material (DCM) were used for MLF of wine 
(Agouridis et al. 2005). As the repeated MLF batches proceeded, the activity of the 
immobilized biocatalyst was reduced from 80 to 2%. Acetic acid content was 
slightly reduced or remained stable and concentrations of the higher alcohols 1-pro-
panol, isobutyl alcohol and amyl alcohol were decreased by 84, 23 and 11%, 
respectively, resulting in improved quality.

12.5 Cell Immobilization in Cider-Making

Cider-making is a complex process requiring two successive fermentations: (a) the 
alcoholic fermentation, and (b) the MLF. During cider production, the reduction of 
beverage acidity by bacteria inducing MLF is generally recognized as an important 
phase for flavor development. Therefore, attempts have been focused on simultaneous 
alcoholic and MLF.

A sponge-like material was proposed to immobilize both S. cerevisiae and L. 
plantarum for carrying out fermentation and partial maturation of cider (Scott and 
O’Reilly 1996). The sponge’s open porous network promoted extensive and rapid 
surface attachment of the microorganisms. Fermentations carried out with immobi-
lized yeast and sequential addition of LAB enhanced fermentation rate and had a 
positive effect on flavor development. In another study, a bi-reactor composed of an 
alcoholic fixed immobilized Saccharomyces bayanus bed bioreactor coupled to a 
second fixed immobilized Leuconostoc oenos bed bioreactor was used for dry as 
well as sweet ciders by controlling dilution rate of the influent (Simon et al. 1996). 
Malic acid metabolism and acetaldehyde content in cider produced by Saccharomyces 
cerevisiae and immobilised L. oenos was temperature dependent, while concentrations 
of ethyl acetate and methanol were influenced by the type of L. oenos inoculation 
(Cabranes et al. 1998). Co-immobilization of Saccharomyces bayanus and L. oenos 
in Ca-alginate matrix was proposed for simultaneous alcoholic and MLF of apple 
juice in a continuous packed bed bioreactor (Nedovic et al. 2000). The continuous 
process resulted in faster fermentation compared to the traditional batch process, 
whereas a reduction of higher alcohols and an increase in diacetyl, attributed to the 
altered metabolism of immobilized cells was evident. Production of soft or dry 
cider was possible by controlling the feeding flow rates. Cells of Oenococcus oeni 
immobilized in alginate beads resulted in reduced ethyl acetate and acetic acid 
content when used as starter culture to conduct MLF of cider compared to the free 
cells system (Herrero et al. 2001).

The situation of conducting alcoholic and MLFs simultaneously by the same 
microorganism has been sought after by wine scientists. The first attempts involved 
transferring DNA encoding the malolactic enzyme from Lactobacillus delbrueckii to 
Saccharomyces serevisiae (Williams et al. 1984). Later on, a S. cerevisiae strain was 
generated containing the metabolic machinery for malate degradation, which was able 
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to grow at pH values  < 2.9 (Volschenk et al. 1997). However, the use of a novel yeast 
replacing all malolactic procedures is doubtful, but in no case efforts aiming at the 
accomplishment of such a splendid achievement should be distracted. Although there 
are some arguments concerning concurrent conduction of the two fermentations, it is 
not uncommon, especially among wine manufacturers in California (Kunkee 1997), 
who usually inoculate wine must with both malolactic bacteria and yeast.

12.6 Bioreactors in Wine and Cider-Making

Although there have been tremendous research activities, the main drawbacks 
constraining industrial application of immobilized bacteria for MLF apparently are: 
(a) inactivity of malolactic enzyme at wine pH (Colagrande et al. 1994), (b) instability 
of the required cofactor NAD which is particularly unstable in wine (Colagrande 
et al. 1994; Diviès et al. 1994), and (c) inhibition of LAB and MLF due to the high 
ethanol content (Rossi and Clementi 1984; Crapisi et al. 1987a). Nevertheless, they 
have already been widely studied at pilot plant production sizes. A summary of the 
main immobilization systems proposed for alcoholic and MLF of wine and cider 
is presented in Table 12.1. Although the high number of proposed immobilization 
supports and the advantages associated with the use of immobilized cells, industrial 
application is still limited. There are only a few attempts  aimed at the application 
of immobilized cell technologies in wine and cider-making on a large scale 
(Colagrande et al. 1994; Diviès et al. 1994). Most of these efforts concern production 
of sparkling wine, and secondary MLF of wine. A wide range of fermentors varying 
shape and technical design are nowadays available to provide preferred flow/mixing 
and external mass transfer characteristics during processing. However, in the majority 
of wine and cider-making studies, packed bed configuration has been used, operating 
in batch, and in fewer cases, continuous mode on lab-to-pilot scale. The reason is a 
simple design, consisting of a column which is packed with the immobilized bio-
catalyst. However, for possible industrial applications, the use of mechanically 
unstable materials, such as hydrogels, should be limited to lower bed heights. 
Furthermore, packed-bed bioreactors are linked to several engineering problems 
associated with mass transfer limitations, accumulation of evolved gas (which can 
be in high concentrations mortal to living cells and reduces the useful volume), 
formation of preferential paths or channeling (causing concentration and temperature 
gradients), excessive pressure drop, as well as short circuiting and clogging.

In a recent study, a modification of packed-bed fermentor, a multi-stage fixed-bed 
tower (MFBT) bioreactor has been proposed for batch and continuous wine-
making (Sipsas et al. 2009). It consists of a vertical cylindrical tank with five packed 
sections containing freeze-dried immobilized cells on gluten pellets. The MFBT 
bioreactor resulted in higher alcohol productivity compared to fermentations carried 
out in a packed-bed bioreactor and showed high operational stability. A relatively 
small (5,000–10,000 L) MFBT bioreactor (Fig. 12.1) (Loukatos et al. 2000; Koutinas 
et al. 1997) is proposed for the industrialization of immobilized cells in wine-making, 
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as handling of the support at this scale could be performed without any problems, 
while cell immobilization could be carried out in the bioreactor. Application of the 
MFBT bioreactor at industrial scale eliminates insufficient mass transfer and enables 
support division, especially when mechanically unstable supports are used in order 
to minimize high pressures, which may result in support destruction and reduction 
of fermentation activity. Experiments concerning long term storage of the immobi-
lized biocatalysts (Kourkoutas et al. 2003a) are very promising, since the preparation 
of new biocatalyst, emptying and filling of the bioreactor could be avoided when 
industrial production is halted. Taking into consideration the above discussion of 
technical problems, the scale-up of the proposed technology seems feasible.

Future research efforts should be directed towards application of other types of 
reactors (such as fluidized or gas-lift) already approved in beer production. A recent 
study was focused on the use of a membrane bioreactor for MLF of ethanol con-
taining media (Lovitt et al. 2006).

12.7 Conclusions

Microbial cell immobilization can improve the efficiency of fermentation of alco-
holic and MLF and the quality of the fermentation products. The selection of 
the suitable carrier and bioreactor system is a challenge and many issues should be 
taken into account, such as product quality, safety and stability, processing, invest-
ment and operating costs, as well as matters of legality (food grade purity, the use 
of cross linking agents, etc.). It is obvious that in alcoholic fermentation process a 
high number of technologies (cell adsorption, entrapment, and flocculation) and 
immobilization materials (both organic and inorganic) may have a positive impact 

Fig. 12.1 Schematic diagram of MFBT 
bioreactor
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on cell metabolism. The ability of storage for long time periods of freeze-dried 
immobilized biocatalysts produced by food-grade natural materials is considered 
very attractive for the industrialization of the process. Packed-bed reactors are still 
the first choice in the industrial sector, mainly due to the simplicity of the design 
and in combination with natural supports (such as fruit-based or cellulosic materials) 
seem to have potential in scale-up. The use of mechanically unstable materials, 
such as hydrogels, depends on innovations on the design of packed-bed columns 
(e.g., multiple sections are usually applied for biocatalysts division). Therefore, 
problems related to high pressures and insufficient mass transfers are minimized. 
Investment cost and difficulties in scale up are still the main issues constraining 
application of other bioreactor types in the fermentation processes.

In wine and cider production, the development of a fine taste is an undisputable 
goal and thus control of MLF is an important step. Immobilization in either gels or 
cellulosic materials aims to increase tolerance of malolactic bacteria and to accelerate 
the process. In cider-making, attempts have been focused on simultaneous alcoholic 
and MLF by co-immobilization of two different species or by the same microorganism, 
usually after genetic modification. Production of soft or dry cider is possible by 
controlling the feeding flow rates.

The main drawback inhibiting industrial use of immobilized biocatalysts for 
fermentation processes is related to maintenance of cell viability during produc-
tion and storage, especially when production is halted, as wine and cider products 
are season dependent. Further application will depend on research results upon 
preservation of immobilized cells, as well as development of processes that can be 
readily scaled-up. Thus, research should be oriented towards the evolvement of 
reliable preservation and storage techniques that could be easily adopted by the 
industrial sector.
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13.1 Introduction

Historically, we can find fermented products in almost all cultural backgrounds 
around the world. Notably, there are many different milk or meat-based foods and 
this chapter will focus on them (Kosikowski 1982; Wood 1998). Cheese, yoghurt, 
sour cream, kefir, or cultured butter are probably the most common fermented dairy 
products, but many regional varieties exist (Farnworth 2004). Fermented meats are 
typically found as dry sausages (Lüke 1998). Yeasts are mostly involved in the 
manufacture of bread and alcoholic beverages, which are basically cereal- or fruit-
based products. In fermented meat and milk, the main microorganisms used are the 
lactic acid bacteria (LAB). Yeast and molds are rather involved in ripening. 
Therefore, the LAB will constitute the main focus of this chapter.

In addressing the potential of immobilized cell technology (ICT) or immobilized 
enzyme technology (IET) in dairy and meat fermentations or enzymatic processes, we 
will consider a wide scope of “immobilization” procedures. Therefore, for the purpose 
of this manuscript, ICT and IET will include adsorption of enzymes or bacteria on 
surfaces as well as microentrapment or encapsulation in particles of various natures.

In the dairy and meat sectors, lactic starters are now inoculated, which plays a 
major role in standardizing characteristics of a product. As a rule, starter cultures 
are added to milk or meat as free cells. However, there are two instances where 
encapsulated cultures are used commercially (production of LAB and yoghurt), and 
many potential applications have been proposed. One aim of this chapter is, there-
fore, to present the current practices with respect to immobilized LAB as well as 
opportunities for expanded use.
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In the last 15 years, probiotic cultures have also been added to foods for their health 
benefits. Probiotics can be described as “live microorganisms which, administered in 
adequate amounts, confer a beneficial physiological effect on the host” (Araya et al. 
2002). Adding probiotic bacteria to foods presents a variety of challenges (Champagne 
et al. 2005). Similarly, protective cultures may be used to improve the safety of a product 
and its shelf life by competitive exclusion (Hammes and Hertel 1998; Eie et al. 2007). 
How immobilization (or encapsulation) can be helpful in improving the stability of 
probiotics and protective cultures in fermented foods will be examined. Please see 
Chap. 10 also for more information on the microencapsulation of probiotics.

Although the LAB constitute the cornerstone of dairy and meat fermentations, 
some processes also include enzymes. Rennet and lipases in cheese manufacture 
represent the best examples. As for the LAB, the enzymes are typically added in 
free form. But there are circumstances where encapsulation prior to use in the 
manufacturing process can be very useful and this will also be addressed.

It must be mentioned that many fermentation processes of meat or dairy by-
products have been developed, notably, whey fermentation for bioproducts (for 
example, ethanol or organic acids). ICT has extensively been used for the produc-
tion of such bioproducts (Norton and Vuillemard 1994). However, these fermenta-
tions are designed to generate specialty products or ingredients, and the milk or 
dairy components are not typically reintroduced into the fermented product. Since 
there are no fermented foods involved in such applications, this chapter will not 
address ICT/IET of this type of specialty ingredients in great detail.

High fructose corn syrup and amino acids are the best known examples where 
IET is used commercially in food processes (Cheetham 1988; see also Chap. 14 of 
this book). In the dairy sector, enzymes with potential applications include catalase, 
glucose oxidase, alkaline phosphatase, lysozyme, glucose isomerase, lactoperoxi-
dase, superoxide dismutase, and sulfhydryl oxidase (Fox 1993; Lee 1996), but the 
principal immobilization of lactases, lipases, and proteinases will be discussed.

Several free enzymes are utilized for meat applications (Table 13.1), but the use 
of encapsulated enzymes in fermented meat products is largely under-studied. On 
the other hand, (micro) encapsulation techniques are used for other purposes 
(Table 13.2). The use of bromelain and papain for meat tenderization is well docu-
mented but to our knowledge, none are used encapsulated (Toren 2007). Several 
enzymes, notably proteinase and lipase have also been tested for the acceleration 
of dry fermented sausage production but again as free molecules (Naes et al. 1994; 
Blom et al. 1996). It is nonetheless interesting to mention here that even before 
muscle is converted to meat, enzymes are added to animal feeds to improve their 
nutritional and metabolic efficacy. Enzymes used for that purpose represent 6% of 
the whole enzyme market (Anonymous 2003). The use of phytase to reduce phos-
phorous emission in the environment from animal feces has been commercially 
used notably in pig and fish production (Haefner et al. 2005). Although phytase 
must be released in the gut to be effective, some are encapsulated to provide a 
protective effect during the processing steps (Benchabane et al. 2004).

Immobilization requires a specific processing step which adds to the costs. Therefore, 
there must be a clear advantage to carry out immobilization of the bioactive components. 
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It can be an economic advantage or it can be that the ICT/IET solves a problem 
which is encountered when using free cells or enzymes. Having this in mind, the 
current chapter will not be subdivided into various classes of dairy products or 
enzymes, but rather on the basis of problems which are solved by ICT/IET or by 
advantages which are provided by the technology.

13.2 For the Production/Inoculation of Lactic Cultures

The application of ICT for the production of concentrated cultures is indirectly 
linked to milk or meat fermentations because it initially targets the supplier of cul-
tures used at the dairy or meat processing plants. Indeed, fermented meat and dairy 

Table 13.1 Examples of enzymes used in various meat related applications

Application Enzymes References

Tenderization Bromelain
Papain
Ficin
Actinidin

TenderIn™ World Technology 
Ingredients

Toren (2007)

Restructured meat and 
improvement of 
homogenate gel 
microstructure

Fibrinogen
Trombin
Transglutaminase
Tyrorinase

Fibrimex®, ex Sonac Loenen
Tseng et al. (2006)
Lantto et al. (2007)

Fish protein solubilization Bacterial whole cells Venugopal (1994)
Enzymatic additives for 

better feed conversion
Phytase
Amylase
Fibrozyme®

Vergpro®

Anonymous (2003)

Table 13.2 Examples of microencapsulation technologies used for various meat processing 
applications

Materials Technology Matrix Purpose References

Meat pigment Spray-drying Carbohydrate Color retention Shahidi and Pegg 
(1991)

Volatile meat 
flavor

Entrapment Starches Flavor retention You-Jin et al. (2003)

Acidulant, 
antioxidant, 
salts

Spray-drying 
or fluidized 
bed spray-
coating

Lipid based 
coating; cores 
of variable 
composition

Direct  
acidification

Lemay et al. (2002b), 
Meatshure®, 
ex Balchem 
Corporation

Antimicrobials Various packaging 
film

Safety and shelf  
life improve-
ment

Kerry et al. (2006)

Bacteriophage Under patent 
application

Safety by control-
ling pathogens 
in animal 
through feed

Murthy (2007)
GangaGen Life 

Sciences Inc.
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industries tend to rely on specialized suppliers for their cultures. At these suppliers’ 
production plants, many technological steps in the production process of the lactic 
cultures are detrimental to the cell viability – oxygen during fermentation, centrifu-
gation or filtration pressures, freezing, or drying. Furthermore, some processing steps 
require expensive equipment (centrifuges, filtration units, and freeze-drying units) 
that ought to be optimized. One of the two known current industrial applications of 
ICT is the production of lactic/probiotic concentrated cultures in order to address 
these problems. Basically, cells are micro entrapped into gel particles and added to 
the growth medium (Fig. 13.1). Two techniques for the immobilization of lactic 
cultures in gels are available, i.e., extrusion and emulsion techniques, and a descrip-
tion of the two is presented in Table 13.3. If one wished to (1) carry out the entrap-
ment procedure directly into the fermentation medium, (2) remain on a small scale, 
or (3) carry out a coating step with chitosan, then the extrusion method is best. 
Otherwise, the emulsion technique seems more appropriate.

The cells grow within the gel particles and the concentrated biomass is obtained 
simply by recovering the particles. Populations close to 1011 CFU/mL of gel are 
obtained with mesophilic organisms (Champagne et al. 1992), particularly if fer-
mentations conducted under continuous culture technology are practiced (Prevost 
and Divies 1987), but are slightly lower with thermophilic starters (Table 13.4). 
Once the ICT cultures are recovered, they can be sold to food processors and used 
in the microencapsulated form in the fermented meat or milk products.

However, there are also disadvantages to this biomass production technology for 
the culture suppliers. A bead-production step must be added in the concentrated 
starter/probiotic production process. Secondly, overall yields can be lower (Table 13.4). 
With Lactococcus lactis, the total bead-entrapped population in the fermentor 

Probiotic bacteria Gel bead Fermentor / bioreactor

Lactose

Lactic acid

Colony
entrapped
in the gel

bead Free cell
(released)

Cell
multiplication

in gel bead 

DryingDrying

InoculationInoculation

Recovery without
centrifugation or

filtration

Recovery without
centrifugation or

filtration

Fig. 13.1 Production of concentrated suspensions of lactic or probiotic cultures in gel beads 
(Champagne 2006)
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represented only 25% of that obtained in free-cell fermentation produced in similar 
conditions and, in the ICT system, free cells represented about half of the popula-
tion in the fermentor (Morin et al. 1992). This was also observed with thermophilic 
cultures (Champagne et al. 1993). Third, some lactobacilli do not grow well in 
alginate gels (Lamboley et al. 2003).

A feature specific to cultures grown in gel beads is that most of the biomass is 
located on the surface, principally because of mass-transfer limitations of substrates 
and fermentation products. Cells are therefore released from the beads into the sur-
rounding medium (Champagne et al. 1993). Although this feature is undesirable 
when the ICT process is used for biomass production, as described above for the 
industrial manufacturers of starters/probiotics, it becomes desirable when, for 
example, a dairy plant wishes to use the system for continuous inoculation of 
milk.

This property led to the second ICT starter process – continuous inoculation of 
milk. In this inoculation approach, the dairy-based substrate is continuously 
injected in a bioreactor containing gel particles harboring the bacterial cultures 

Table 13.3 Comparative features of extrusion and emulsion techniques for gel entrapment for 
biomass production of lactic cultures (adapted from Krasaekoopt et al. 2003)

Parameter Extrusion Emulsion

Polymers Alginate, carrageenan, whey 
protein

Alginate, carrageenan, agar, 
gelatin

Technical feasibility Difficult to scale up Easy to scale up
Simplicity High Low
Done in the fermentation 

medium itself
Yes No

Add a coat to the bead Yes May be difficult
Survival of microorganisms 5–95%, depending on pH of 

CaCl
2
 solution

80–95%

Size of bead Gravity only: 1–5 mm. 
Electromagnetic, or 

vibrating systems, 
rotating disk: 100 mm to 
1 mm

25 mm to 2 mm

Table 13.4 Production of Lactobacillus rhamnosus by ICT in alginate beads

Treatment
Content in 
fermentor

Population (CFU) per 
mL or g

Total population in 
fermentor (CFU/L)

Free cell-control 1,000 mL 3.0×109 3.0×1012

Immobilized cell system
In the beads (immobilized) 50 g 3.0×1010 1.5×1012

In the broth (free cells) 950 mL 1.1×109 1.0×1012

Data taken from Champagne et al. (2007)
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(Lamboley et al. 2001). As cells are released from the particles, the medium exiting 
the bioreactor becomes strongly inoculated. After an adaptation period of a few 
days, the continuous inoculation by multiple-strain mesophilic cultures is achieved, 
and strain ratios have been shown to be stable up to 53 days (Lamboley et al. 1997). 
The same phenomenon was demonstrated with yoghurt cultures (Prevost and 
Divies 1985). Thus, an important feature of this ICT process is standardization of 
strain ratios in milk inoculation. This obviously is very helpful in ensuring repro-
ducible fermentation rates and constant quality of the finished product.

The strain ratios of a mesophilic cheese mixed starter cultures can be adjusted 
by changing the pH of the medium, the dilution rate of milk, the bead content in the 
bioreactor or the incubation temperature. In response to pH or temperature param-
eters, the strain ratios in the ICT system followed patterns similar to free-cell cul-
tures. Thus, lowering the pH of the medium below 6.0, and increasing the incubation 
temperature above 32°C, tends to be more detrimental to Lactococcus lactis ssp. 
cremoris than to Lactococcus lactis ssp. lactis (Lamboley et al. 1997). The great 
advantage of this technique is that bulk starter preparation can be eliminated. Thus, 
the ICT technique is a much more economical method for milk inoculation than the 
traditional starter technology preparation processes, and even more economical 
compared to the direct inoculation procedure with frozen or freeze-dried cultures. 
Furthermore, the technique can potentially be used to inoculate milk with probiot-
ics such as bifidobacteria (Doleyres and Lacroix 2005).

However, an important disadvantage of the continuous inoculation ICT tech-
nique is the potential attacks of the released cells by bacteriophages. Indeed, bead-
entrapped cells in the bioreactor are protected against phages (Steenson et al. 1987), 
but not the free cells released into the milk. Milk for cheese making is not sterilized 
and bacteriophages from raw milk can survive pasteurization. Therefore phages in 
raw milk can contaminate the bioreactor and implant themselves (Macedo et al. 
1999). Hence, in considering the application of ICT for milk inoculation, a certain 
number of parameters must be examined. First, the technology appears to be better 
adapted to yoghurt manufacture, rather than cheese production, because (1) the 
yoghurt milk is heated at temperatures which destroy bacteriophages prior to fer-
mentation, and because (2) the thermophilic cultures used in yoghurt processing are 
simply less prone to bacteriophage attack than mesophilic LAB used in cheese 
making. Another aspect to consider is the problem related to the storage of the 
beads when the plant is not manufacturing fermented milks. Data show that the 
beads can be stored for 48 h at 4°C in peptone water, but a reactivation/stabilization 
period of 4 h is recommended. Finally, many studies examining the ICT continuous 
inoculation process were carried out in supplemented whey media, and it is to 
be expected that the use of different medium might influence the behavior of the 
cultures.

ICT-based continuous inoculation of milk can actually reduce the overall fer-
mentation times. In yoghurt and cheese making batch processes, milk is typically 
inoculated between 1 and 5×107 CFU/mL. In ICT bioreactors designed for continuous 
milk inoculation, the dilution rate (D) can be adjusted to generate much higher free 
cell populations in the effluents than the populations initially found after inoculation 
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in batch processes. Thus, for a yoghurt culture, an effluent population of 1×108 CFU/
mL can be achieved at D = 10 h−1 (Prevost and Divies 1988b) and even higher popu-
lations are reached at lower D values (Prevost and Divies 1988a). Obviously, higher 
inoculation rates results in shorter fermentation times (Prevost and Divies 1985). 
The same strategy was applied to a mesophilic starter culture, resulting in a 50% 
shorter fermentation times for a fresh cheese (Philadelphia, “fromages frais”) or 
sour cream type fermentations (Prevost and Divies 1987).

It is noteworthy that the ICT continuous inoculation technique not only serves 
to stabilize strain inoculation, but the cells released from the beads have different 
properties and physiology compared to free cells. It is known that cells growing 
at high cell density in biofilm have increased resistance to adverse environmental 
conditions (Bower and Daeschel 1999). ICT cultures are exposed to comparable 
high cell density environments. Hence, it can be hypothesized that cells of 
LAB released from the beads should be less sensitive to a variety of residual 
antibiotics or sanitizers in milk than are the traditional free cells (Doleyres and 
Lacroix 2005). This property has not yet been exploited and deserves further 
examination.

13.3 For Shorter Fermentation Times

13.3.1 Immobilized Cells

As mentioned previously, ICT inoculation can reduce the fermentation time in fer-
mented milks. Contrary to the dairy sector, there is little research on encapsulation 
of starter, probiotic or protective cultures in meat fermentation (Työppönen et al. 
2003; Saucier and Champagne 2005). As a rule, the specific acidifying rate of free 
cells is higher than that of ICT cultures in alginate gel beads (Champagne et al. 
1992) because of mass transfer limitations. However, there is one instance where 
this was not observed. Kearney et al. (1990) carried out meat fermentation with free 
and immobilized cultures of Lactobacillus plantarum and Pediococcus pentosa-
ceus. The fermentation time required to obtain a pH of 5.0 was reduced from 45 to 
28 h with the alginate-encapsulated cells. The authors suggest that the greater fer-
mentation performance of the ICT culture was linked to the microenvironment 
enabling greater availability of nutrients (i.e., skim milk) and more protective 
hydration conditions within the beads. It is well known that the composition of the 
hydrating medium will influence the viability of the cultures (De Valdez et al. 
1985). Since dry sausage formulations contain salts and other antimicrobial agents 
which are detrimental to the viability of the cells, it is not surprising that the 
microenvironment in the gel particles during hydration might be more favorable, 
for greater viability, than in the batter itself as free cells. Furthermore, a drying 
process, to various water activity levels, is often carried out after the fermentation 
step to improve shelf life.
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13.3.2 Immobilized Lactase or Proteases

Lactase (b-d-galactosidase) converts lactose into glucose and galactose. The major 
applications of lactase have been in fluid and powdered milk to alleviate lactose mal-
digestion and to improve milk sweetness (Lee 1996). In Asia where lactose intoler-
ance is predominant, lactase treatment is compulsory to manufacture yogurt or 
cheese. Lactose is also a hygroscopic sugar that has a strong tendency to absorb fla-
vors and odors and causes many defects in refrigerated foods such as crystallization 
in dairy foods, development of sandy or gritty mouth feel (Panesar et al. 2006).

With respect to fermented milks, in addition to its health benefit for the popula-
tions which do not digest lactose well, lactose hydrolysis would have the following 
benefits: (1) faster acidification rates by LAB (Gaudreau et al. 2005), (2) higher 
viable counts (Shah et al. 1997) and (3) synthesis of oligosaccharides as prebiotics 
(Hung et al. 2001).

Various systems have been designed for immobilized lactase: permeabilized 
cells in alginate beads (Genari et al. 2003), immobilization on cellulose (Roy and 
Gupta 2003), boronate- or chelate-epoxy beads (Pessela et al. 2003) or chitin beads 
(Illanes et al. 2000), as well as corn grits (Siso et al. 1994).

Although numerous hydrolysis systems have been investigated, only a few of 
them have been scaled up with success. Centrale del Latte of Milan, Italy, utilized 
the SNAM Progetti technology process which makes use of a neutral lactase from 
Saccharomyces (Kluyveromyces) lactis entrapped in cellulose triacetate fibers. 
Sumitomo Chemical, Japan, has developed an immobilized b-d-galactosidase 
preparation of fungal origin on the rugged surface of an amphoteric ion-exchange 
resin of phenol formaldehyde polymer and this technology was used by Drouin 
Cooperative Butter Factory for producing pasteurized milk and hydrolysed whey 
(Honda et al. 1993). A rotary column reactor has been developed by Snow Brand’s 
factory that could be used as a stirred tank reactor and a packed bed reactor, since 
this apparatus may be used in both types of processing. Pasteurization of immobi-
lized b-d-galactosidase using glycerol or propylene glycol was effective without 
inactivation of b-d-galactosidase. Major problems associated with the immobilized 
enzyme system still are microbial contamination, protein adherence and channeling. 
Therefore, for long-term operations, using immobilized enzymes, periodic washing 
and medium pasteurization are indispensable during operation.

In summary, in deciding if IET should be adopted for a process of lactose hydro-
lysis of milk used for lactic fermentations, one must ascertain if at least one of the 
following benefits can be obtained: less lactose maldigestion problems, higher 
acidification rates, higher populations and increased oligosaccharides levels. 
However, since scale up presents many challenges, the IET process has only been 
commercially applied to unfermented milk(s).

Proteinase treatment of milk has also been shown to be beneficial to the subse-
quent acidification rate in yoghurt cultures (Hemantha-Kumar et al. 2001). 
However, no proteolytic IET are reported in the literature for specific improvements 
in fermented milk(s).
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Protease immobilization could also be used for a continuous coagulation process. 
The major proteinase used in dairy is rennet. Immobilization techniques have 
been investigated for recycling rennet, other milk clotting enzymes and microbial 
chymosin. Cheryl et al. (1975) used a continuous coagulation system for milk using 
pepsin and rennet in porous and alkylamine glass incorporated into a fluidized-bed 
reactor with the overall superior performance. Other continuous cheese-making 
process using an immobilized rennet enzyme reactor through a spiral flow path has 
been patented (Goldberg and Chen 1989). In this process, spiral flow path is formed 
by a spirally wound microporous sheet containing the immobilized rennet. Anprung 
et al. (1989) found that the most active immobilized rennin resulted from using 
50-mesh river-bed sand as a carrier by covalent bonding that retained 82.6% of its 
original activity after 4 months.

13.4 For Accelerated Flavor Development

Two immobilized systems are available: attenuated cells and encapsulated enzymes. 
Both are available on the market and potential users must contact suppliers for 
benefits and limits.

Since LAB contain the main enzymes for cheese ripening and lactose hydroly-
sis, they are a logical source for “encapsulated” enzymes. However, adding more 
starter cells affects the technological process (acidification rate, final pH) which 
can be undesirable. One option is to reduce the acidification property (attenuation) 
of the cultures while maintaining the enzymatic components active. Contrary to 
proteinases which are located at the cell surface, peptidases are intracellular con-
stituents. The literature shows that the extent of LAB autolysis affects the levels of 
various peptides in cheese extracts (Azarnia et al. 2006). Therefore, attenuated 
cultures can be seen as adsorbed or encapsulated enzymes, a sophisticated form of 
IET and its success requires two components: (1) a process to control the acidifying 
ability of the cultures, and (2) the autolysis ability to release the enzyme into the 
cheese matrix during ripening. Experience shows that attenuating the cultures in 
itself is difficult (Law 1999), and autolysis is variable as well (O’Reilly et al. 2002). 
Nevertheless, some of these problems have been overcome and there are commer-
cial products in the market (Law 1999).

Since many reactions are required to generate cheese flavor, it is unlikely that a 
single enzyme can possibly generate all the flavor compounds required for a typical 
cheese flavor profile. Consequently, the development of an adequate flavor might 
require microencapsulation in multi-enzymes systems (Azarnia et al. 2006). 
Peptidases seem to be critical components in the effectiveness of these accelerated 
ripening systems, but proteinases can also be present (Kheadr et al. 2000). The 
addition of unencapsulated proteases for ripening directly into the milk has two 
major drawbacks: (1) proteolysis begins too early which can affect gel structure 
or yields, and (2) it is estimated that 95% of the added enzyme is actually lost in 
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the whey (Law 1999). This has led to a number of studies which have examined 
encapsulation for accelerated cheese ripening (Table 13.5). Microencapsulated 
peptidases seem particularly promising (Kailasapathy et al. 2006). Although, some 
microencapsulation methods of cheese ripening have been effective, their industrial 
use remains limited because other approaches are available to cheese manufacturers, 
such as inoculation with specialty cultures (Azarnia et al. 2006).

Lipases are added into many type of cheeses (e.g., Romano, Provolone, 
Parmesan, Feta) to modify flavors. They have traditionally been added as free 
enzymes. However, as for ripening enzymes, losses occur in the whey. As men-
tioned previously, many reactions are involved in the development of Cheddar 
cheese flavor; one research team in particular has added microencapsulated lipase 
in combination with various proteases in order to generate multiple flavor elements 
(Kheadr et al. 2003). In general, cheeses made with a mixture of microencapsulated 
lipase and bacterial proteases were preferred to control cheeses. Even microencap-
sulated lipase alone benefits Cheddar cheese ripening (Kheadr et al. 2002).

13.5 For Protection During Food Processing

13.5.1  For Protection of Cells During Fermentation  
and Drying in Specialty Sausages

Probiotic bacteria are mostly added to dairy products, but there are novel applica-
tions for these cultures, and addition to dry sausages has been proposed (Työppönen 
et al. 2003). In one study, free or alginate-microencapsulated cells of Lactobacillus 

Table 13.5 Some enzyme encapsulation techniques for accelerated cheese ripening

Encapsulation matrix/
technology Effectiveness/benefit References

Liposomes – phospholipids − Pure lipids may be too 
expensive for economic 
viability

− Prevented bitter off-flavors

Law (1999)
Kheadr et al. (2000), (2003)

Gum beads composed of 
alginate, carrageenan, 
pectin, etc.

− 50% encapsulation efficiency, 
90% recovery in cheese

− Increased proteolysis but  
no effect on sensory

Kailasapathy and Lam (2005)
Anjani et al. (2007)

High melting point milk fat 
particles prepared by spray 
coating

− 40% encapsulation efficiency, 
74% recovery in cheese

− Slower enzyme release than 
gums

Kailasapathy and Lam (2005)

Water-in-oil emulsions − 80–90% encapsulation 
efficiency

− Eightfold increase in diacetyl 
concentration during ripening

Magee and Olson (1981)
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reuteri were added to the meat batter and viability followed during processing. 
Following the fermentation and drying periods, free cell counts dropped by 2.6 log 
units, whereas alginate-microencapsulated L. reuteri were reduced by approxi-
mately 0.5 log (Muthukumarasamy and Holley 2006). Furthermore, no significant 
difference in sensory quality was found between the control and sausages contain-
ing either unencapsulated or microencapsulated L. reuteri. This is another example 
where one of the concerns of the use of ICT cultures, i.e., negative impacts on sen-
sory properties, did not occur. Unfortunately, while micro-encapsulation increased 
survival of L. reuteri and Bifidobacterium longum, it reduced their inhibitory action 
against Escherichia coli O157:H7 (Muthukumarasamy and Holley 2007).

13.5.2 For Enhanced Survival of Cells to Heating

In dairy processes, starters are always added to milk after heat treatment if one is 
applied. In meat fermentation, the raw batter is not heat treated prior to fermentation. 
So, the meat must be of excellent microbial quality in order to have an optimal con-
trol of the fermentation process. In fresh cheeses, a typical pasteurization treatment 
is applied (73°C for 15 s), but in yoghurt, the heat treatment is usually above 85°C. 
Free cells of LAB cannot survive these processes, so attempts were made to improve 
heat resistance using encapsulation techniques. Mandal et al. (2006) showed that 
Lactobacillus casei cells microencapsulated in alginate particles were more resistant 
to heat processes at 55–65°C. It was also found, in a MRS broth acidified to pH 5.0, 
that LAB encapsulated in alginate beads were more resistant to a heat treatment of 
55°C for 15 min than were free-cells (Lemay et al. 2002a). Limited data suggest that 
microencapsulation of LAB in spray-coated particles could even be better than alg-
inate beads; Goulet and Wozniak (2002) report enhanced survival of spray-coated 
lactobacilli to heat treatment at 50°C for up to 7 h in a simulated dry food process.

All these data point to enhanced survival of ICT or encapsulated cultures to 
moderate heating treatments. In practice, however, this enhanced survival is still not 
sufficient to enable inoculation prior to the higher heat treatment (73–95°C) used 
in dairy processes. With respect to meats, unexpectedly, when alginate-microencap-
sulated Lactobacillus casei were added in an acidified chicken meat model, the 
improved resistance conferred in the broth model did not extend to the solid matrix 
(Lemay et al. 2002a). In a more recent study, the efficacy of alginate-microencap-
sulated LAB to survive various heat treatments applied in sausage processing was 
confirmed by Muthukumarasamy et al. (2006). These data demonstrate the poten-
tial of microencapsulation in gel particles for enhanced survival of lactic culture to 
a thermal processing step, but that the food matrix itself can affect the results.

13.5.3 For Enhanced Survival of Cells to Freezing

Fermented milks can be frozen and are termed “frozen yoghurt” or “frozen des-
serts.” In some instances, probiotic bacteria are included in the dairy mix. Freezing 
LAB or probiotics in unfermented media generates losses in viability ranging from 
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10 to 90% as a function of strain and conditions (Champagne et al. 2005). Thus, in 
deciding if ICT is useful one must examine the stability of the selected probiotic 
strain. If viability losses are greater than 90% (1 log) then ICT cultures become 
economically advantageous. The high total solids level in ice cream mix including 
fat (emulsion) may provide some protection to the cells (Kailasapathy and Sultana 
2003). However, viability losses are greater with fermented products (Laroia and 
Martin 1991). Thus, a 1 log reduction in Bifidobacterium longum viable counts was 
observed following freezing in a low acid yogurt (pH 5.85) but a 2 log reduction 
was recorded when the pH was 4.47 (Modler and Villa-Garcia 1993). Hence, the 
low pH of fermented milks enhances the detrimental effect of freezing.

Many studies in various dairy desserts show that probiotics microencapsulated 
in alginate or carrageenan beads have lower viability losses following freezing 
(Sheu and Marshall 1993; Shah and Ravula 2000). This is particularly evident when 
cryoprotectants, such as glycerol, are added in the gel particles (Sheu et al. 1993). 
Microencapsulation enables the use of such protective compounds in the beads, 
without having to add them to the ice milk mix, where they would most likely affect 
sensory properties. Therefore, the microenvironment provided by beads seems to 
be a critical aspect for a successful application and this is particularly the case with 
low pH fermented products.

Unfortunately, this approach also has its drawbacks. With large beads, an effect 
on the texture of the fermented foods is to be expected which, in a number of appli-
cations, is undesirable. In frozen desserts, it was found that gel particles had to be 
30 mm in diameter or less in order to avoid a detectable effect on texture (Sheu 
et al. 1993). Grinding the ICT beads after a freeze-drying step could generate such 
particle sizes (Lemay et al. 2002a) but the effect on sensory properties requires 
further investigation.

13.5.4 For Protection Against Bacteriophage Attack

Bacteriophages are viruses which attack specifically prokaryotic cells including 
lactic cultures. Extensive bacteriophage development during a lactic fermentation 
significantly affects acidification rates and can even provoke a complete stop in acid 
production (Fig. 13.2). Therefore, they are a constant concern in cheese making 
plants. At the dairy plant level, means to protect starter cultures against bacterio-
phage infection typically include plant design and production set up (preventing 
cheese whey from contaminating milk), starter tank design and operation, culture 
rotations, use of direct vat set (DVS) cultures and sanitation. It was shown that LAB 
in alginate beads are protected from bacteriophages (Steenson et al. 1987) and that 
acidification is maintained in phage-contaminated milk (Fig. 13.2). Interestingly, 
phage counts increased during the fermentation, presumably on released cells or on 
those growing at the surface of the beads. Although, this ICT property would theo-
retically be of great value to the industry, commercial application is still lacking. 
This might be due to the lower specific activity of ICT cultures (Champagne et al. 



35713 Immobilization of Cells and Enzymes for Fermented Dairy or Meat Products

1992) or to the potentially detrimental effect on texture resulting from the presence 
of the beads. This being said, the data showing phage protection were obtained on 
rather large beads (1–2 mm in diameter) and it remains to be determined if the 
smaller particles could also enable satisfactory acidification in the presence of 
phages. Reducing particle size diminishes the benefits of microencapsulation on 
survival to freezing (Sheu et al. 1993). So, it can be questioned whether the same 
would occur with phage protection.

All data on phage protection have been obtained with alginate as the matrix. In 
some countries there might be legislations that prohibit the use of non-dairy ingre-
dients. In this instance, extrusion particles made from whey protein instead of alg-
inate (Reid et al. 2005) may be considered.

In fermented meats, bacteriophages are not so much of a concern mainly because 
the phage particles do not spread easily in a solid matrix and therefore limits the 
viral infection. Hence, the benefit of ICT towards phage attacks would not be of 
great value in meat products.
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13.6 For Improved Stability of Cells During Storage

Although attractive, the trend of adding probiotic cultures to fermented milk is facing 
several challenges including maintaining the viability of the cells in the product and 
in the gastrointestinal tract (Muthukumarasamy et al. 2006; see also Chap. 10). The 
same statement applies to protective cultures used to improve food safety by means 
of competitive exclusion and production of inhibitory compounds (ex. bacteriocin). 
Since viability of probiotics is considered critical in their functionality and because 
there are numerous reports of their viability losses in fermented dairy products 
(Champagne et al. 2005), many studies have examined the benefits of microencap-
sulated probiotic cultures during the storage of fermented milk products and passage 
into the gastrointestinal tract (Muthukumarasamy et al. 2006). With respect to 
enhanced stability, the ICT benefits are not convincing in frozen products (Sheu et 
al. 1993) or cheese (Gobbetti et al. 1998; Kailasapathy and Masondole 2005). As for 
survival to the freezing process itself, in deciding if ICT is useful one must examine 
the stability of the given probiotic strain. If viability losses are greater than 90% 
(1 log) then ICT cultures become economically advantageous. However, a very dif-
ferent picture is obtained in yoghurt-like products. Although there are discrepancies, 
most teams report increased viability of probiotics when they are microencapsulated 
in gel beads (Adhikari et al. 2000; Anjani et al. 2004). It was assumed that microen-
capsulated cells were better protected against acidity, but Talwalkar and Kailasapathy 
(2003) observed that the benefits of microentrapment only occurred when there is 
oxygen present in the medium. Microencapsulation thus appears to provide a 
microenvironment having reduced oxygen levels, which prevent viability losses to 
oxygen-sensitive strains (Talwalkar and Kailasapathy 2004). Data from McMaster 
et al. (2005) also show an enhanced degree of oxygen tolerance by bifidobacteria in 
gel beads. Thus, ICT is clearly beneficial in fermented milk products to improve 
storage stability of probiotic and protective cultures.

In one study, the addition of probiotic cultures either in the free or encapsulated 
state did not significantly affect appearance and color, acidity, flavor and after taste 
of the yogurts during storage. There were, however, significant differences in tex-
ture (smoothness) of the yoghurts (Kailasapathy 2006). In one current commercial 
ICT application, encapsulated bifidobacteria are added as beads into yoghurt. They 
can be easily detected both visually and in the mouth feel. In this application the 
use of capsules is clearly stated on the label, and ICT almost appears as a marketing 
benefit for product differentiation.

13.7 For the Inhibition of Undesirable Flora

Catalase decomposes hydrogen peroxide into oxygen and water. In some pro-
cesses, hydrogen peroxide is added to raw milk to activate the lactoperoxidase-
thiocyanate preservation system (Boots and Floris 2006). Catalase is then added 
to remove the residual peroxide. It would therefore seem logical to have an 
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immobilized enzyme system to remove peroxide from milk in a continuous 
fashion.

Lysozyme is marketed to prevent clostridia overgrowth and gas production in a 
certain number of ripened cheeses, particularly the “swiss-type” varieties. It also has 
potential for the preservation of other foods including meats (Bower et al. 1998).

Although microencapsulated antimicrobials are used in bakery, to our knowledge, 
no immobilized catalase or microencapsulated lysozyme has been used for these 
purposes so far. Should the lysozyme negatively affect the lactic cultures, then spray-
coating with a fat which would only melt at a cooking stage of the cheese making 
process could be considered. Spray-coating is typically carried out by spraying a coat-
ing material (e.g., fat-based) in a fluidized bed system on a core powder containing 
the cell or enzyme components (Fig. 13.3). It is not cell immobilization process as 
such, but rather an encapsulation technology. In some applications, it is more appro-
priate to use coated bioactives than to use microentrapped or immobilized ones.

13.8 Conclusions

It can be seen that immobilization of cells and enzymes has the potential to address 
many problems in food processing. However, particular conditions are often required 
before one can consider ICT or IET and a summary of those which were presented 
throughout the chapter is presented in (Table 13.6). Some processes are already used 

Fig. 13.3 Various systems which enable the spray-coating of cultures in a fluidized bed system
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Table 13.6 Conditions to choose ICT or IET bioactives over free-cell of free enzymes in 
fermented dairy or meat products

Application Condition

All applications Encapsulation or immobilization adds to the 
cost. There must be one of the following 
benefits:

− Protecting the stability ingredient
− Enhanced functionality of the ingredient
− Enhanced retention of the ingredient in the 

end-product
− Product differentiation

Biomass production of starter cultures − A strain is difficult to produce with 
traditional processing methods

− ICT confers a functionality (protection 
against phages or GI conditions, stability 
during storage)

Continuous inoculation of milk with starter 
or probiotic cultures

− Milk is heated to destroy phages (ex. 
yoghurt)

− Cultures are less prone to phage attack 
(processes which do not generate whey, 
thermophilic cultures)

− Specialty cultures are to be added 
(probiotics)

− Few production interruptions occur 
(weekends)

− Need for cultures having specific 
functionalities generated by immobilization

Meat fermentations − With alginate particles
Attenuated cells for flavor enhancement − Cultures must autolyse in the given cheese 

matrix (process, pH, salt level etc.) to 
release enzymes

Survival to heating − For foods that are heterogeneous in 
appearance or texture

− Encapsulation by spray-coating is more 
efficient than immobilization into alginate 
bead for this application

− Encapsulation by spray-coating with a fats 
having high melting point temperatures 
is preferable if one whishes release of the 
contents at a given temperature

Protection against bacteriophage attack − With whey-based particles
− In ripened cheeses because beads can 

dissolve
Survival to freezing
Stability of probiotics during storage

− If a strain shows unacceptable viability 
losses (>1 log) to the freezing process or 
and/or over the storage period

Inhibition of undesirable flora − Spray-coated with fats in fluidized bed 
systems with compounds which enable a 
triggered delivery of the compounds at a 
late stage of processing
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commercially, particularly with flavor acceleration, stability of probiotics and protec-
tive cultures in foods. In the future, it can be expected that technological applications 
of ICT or IET will increase, as novel benefits will also appear. Thus, immobilization 
(encapsulation) of probiotics may not only have technological benefits, but may also 
improve the functionality of the cultures by enabling improved survival of the gastric 
environment as well as controlled release of the cells in the gastro-intestinal tract 
(Muthukumarasamy et al. 2006). Similarly, protective culture survival to antimicro-
bial systems used in food requires further investigation. Valuable enzymes which 
could have beneficial health effects, such as a- or b-d-galactosidases (for soy or milk 
carbohydrates, respectively), could also benefit from encapsulation in the same fashion. 
Thus, continued research in ICT and IET is warranted not only to improve techno-
logical processes and the safety of foods, but also to enhance the functionality of 
valuable bioactive ingredients in functional foods.
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14.1 Introduction

The control of production costs in the food industry must be very strict as a result 
of the relatively low added value of food products. Since a wide variety of enzymes 
and/or cells are employed in the food industry for starch processing, cheese making, 
food preservation, lipid hydrolysis and other applications, immobilization of the 
cells and/or enzymes has been recognized as an attractive approach to improving 
food processes while minimizing costs. This is due to the fact that biocatalyst 
immobilization allows for easier separation/purification of the product and reuti-
lization of the biocatalyst. The advantages of the use of immobilized systems are 
many, and they have a special relevance in the area of food technology, especially 
because industrial processes using immobilized biosystems are usually characterized 
by lower capital/energy costs and better logistics. The main applications of immo-
bilization, related to the major processes of food bioconversions and metabolite 
production, will be described and discussed in this chapter.

Immobilization of cells permits higher cell densities to be attained in bioreac-
tors, and thus results in higher enzyme productivity (Krisch and Szajani 1996). The 
immobilization of either cells or enzyme to achieve the enzymatic process makes 
re-utilization and continuous operation possible, and also precludes the need to 
separate the active biocatalyst from the surrounding medium following the process. 
Encapsulation of whole cells instead of pure enzyme often leads to better enzyme 
stability as well as cofactor regeneration. These advantages can drastically reduce 
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production costs, thereby enabling large-scale application of cells. Enzymes, and 
cells producing the enzymes, have been immobilized by various methods, such as 
gel entrapment, physical absorption and covalent attachment on various supports 
(Katchalski-Katzir 1993).

The selection of the immobilization method and support depends on the 
 biocatalyst (enzyme or microorganism) and on the bioprocess itself (aerobic or 
anaerobic, production of small soluble metabolites or macromolecules). Hydrogels, 
such as calcium-alginate, k-carrageenan, calcium-pectate, sepharose, dextrans and 
others are frequently used for cell immobilization by entrapment (Santoyo et al. 
1996). Their interaction with the biomass and possible effects on the cell 
 morphology and metabolism are relatively well known and diffusion coefficients 
for small organic molecules in hydrogels are relatively high. Immobilization of 
whole cells can protect them, and the associated enzyme activities, from shear 
forces resulting in higher viability and bioconversion rates, particularly for con-
tinuous and long-term applications. Although biomass is efficiently retained with 
the entrapment technique, the immobilization of proteins (enzymes) in hydrogels 
is often difficult due to leaching (exodiffusion) resulting from the relatively small 
spatial molecular volume when compared with the microparticle porosity. 
Hydrogels, and the production of beads under aseptic conditions, are costly, and 
may limit their use on an industrial scale. A major problem in using hydrogel 
beads is their chemical and mechanical stability in culture media over prolonged 
operational times. Cell growth can clog the pores of hydrogels, or cause rupture of 
the material. Stability of the beads may be increased by cross-linking, for example, 
with glutaraldehyde or complexation with poly-l-lysine (Leng et al. 2006). This, 
however, introduces additional mass transfer resistance, and may also introduce 
cytotoxicity issues. Entrapped cells are normally grown in packed-bed, 
 fluidized-bed, gas-lift, or stirred tank reactors (Bodalo-Santoyo et al. 1999; 
Hernandez et al. 2001; Talabardon et al. 2000).

Surface immobilization by adsorption has the advantage of being very simple to 
carry out. In order to increase cell loads and make them comparable to entrapment 
techniques, highly porous materials, such as pretreated cellulose, are frequently used. 
(Tisnadjaja et al. 1996). A disadvantage of this method is the relatively low interaction 
between the support and the biocatalyst, resulting in biomaterial release to the surround-
ings. However, when using adsorbed cells, there is no additional mass transfer barrier 
as in the case of the entrapped or encapsulated cells. A serious problem in using cells 
immobilized by adsorption in submerged cultures is the mechanical damage to the cells 
caused by the abrasion between the carrier particles. This may be avoided by the use of 
solid state fermentations in which the cells are immobilized on a solid carrier.

Covalent binding, between a functional group of the biocatalyst and the support, is 
a technique used for immobilization of enzymes (Bodalo-Santoyo et al. 1999). Many 
different types of support are used, including cotton cloth, chitosan, alginate, silica 
hydrogel and agarose to name but a few. The release of enzyme to the surroundings 
is thus drastically reduced compared to physical adsorption techniques, which 
extends the duration of the process and also reduces the cost since the loss of 
 biocatalyst is reduced.
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14.2 Reactor Design for Immobilized Biocatalysts

Immobilized biocatalysts are generally quite stable, they are indeed frequently more 
stable than non-immobilized forms. This observation has enabled the design and 
construction of reactors that can be adapted to immobilized cells/enzyme (Fig. 14.1).

Current reactors for submerged immobilized biocatalysts include stirred-tank, 
packed-bed, fluidized-bed, gas-lift and stirred-tank reactors with a recycling device 

Fig. 14.1 Bioreactor design used with immobilized biocatalyst
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operating in batch, fed-batch continuous and perfusion (continuous with cell 
recycle such as by the incorporation of a microfiltration/ultrafiltration membrane) 
modes (Katchalski-Katzir 1993). Common reactors for solid state fermentation 
include packed-bed reactors, hanging sheet reactors, rotating disk and external 
recirculation column reactors.

Stirred tank reactors are commonly used for processes with cells entrapped in 
hydrogels or adsorbed on the surface of solid porous beads for both aerobic and 
anaerobic processes. They provide good mixing conditions but are limited by the 
rheological properties of the immobilization support suspension in the culture 
medium, as well as by relatively high shear stress and abrasion that may damage 
the immobilization support and the cells growing on their surface.

Packed-bed reactors consist of columns filled with the fixed layer of biocatalyst 
immobilized by entrapment or by adsorption. These reactors provide high cell densities 
and high volumetric productivities. The shear stresses are low, which makes the culture 
of filamentous fungi possible. However, a major problem with packed-bed columns is 
due to mass and heat transfer limitations, which may reduce the performance of the 
reactor significantly. Oxygen supply may also be difficult in packed-bed reactors. The 
use of feed that contains insoluble matter, as well as cell growth, may lead to clogging 
of the reactor. Reactor maintenance between operation cycles is complicated.

Fluidized-bed reactors are a modification of packed-bed reactors, in which the 
energy needed for mixing is provided by the flow of medium introduced at the base 
of the reactor. Through this way, shear stresses are significantly reduced compared 
to mechanically stirred reactors. Fluidized-bed operation is normally used for 
hydrogel-entrapped cell cultures, although the abrasion of cells on the surface of 
the solid beads may pose a problem. However, as the density of hydrogels is only 
slightly higher than that of water, the maximum applicable velocity is low, which 
in turn limits the efficiency of mixing and mass transfer.

An improvement to fluidized-bed reactors can be achieved using gas-lift operation 
to achieve microparticle fluidization. Such reactors are normally cylindrical with an 
aspect ratio of between 6 and 12, and may incorporate an inner draft tube. A gas 
(air or oxygen in the case of aerobic cultures) is introduced at the bottom of the 
reactor within the draft tube. The resulting reduction in medium density, combined 
with the gas velocity, results in the medium rising, and entrains the movement of 
the microparticles. De-gassing at the liquid/headspace interface results in an increase 
in fluid density and gravitation-induced downward flow. This results in better mixing 
conditions than in the equivalent fluidized-bed systems, although scale-up of gas-lift 
reactors may be complex.

Hanging-sheet reactors consist of a sheet of fabric with immobilized cells hanging 
in a vertical chamber. The substrate is introduced at the top of the reactor and moves 
down through the action of gravity. This set-up provides a good oxygen supply and 
low shear stress (little mechanical damage to the cells), and is therefore very useful 
for aerobic bioprocesses with filamentous fungi. The medium viscosity is very 
much improved compared to submerged fungal cultures since the cells are mostly 
retained in the solid phase. High product concentrations can be achieved. However, 
this reactor design is susceptible to high concentration and temperature gradients. 



37114 Encapsulates for Food Bioconversions and Metabolite Production

Local temperature gradients caused by the heat transfer limitations and the heat 
released by cell metabolism may cause the drying of mycelium, even when water-
saturated air is supplied. Together, these problems may result in a significant reduction 
in volumetric productivity.

Rotating disk reactors are an improvement of the hanging sheet systems. The 
reactor is normally a horizontal cylinder with disks (or drums) attached to a central 
rotating axis. The reactor is partially filled with nutritive medium, so that the mycelium 
immobilized on the rotating element is periodically submerged in the medium and 
exposed to the air (or oxygen).

External immobilized column reactors with re-circulation consist of two connecting 
vessels of different dimensions filled with culture medium which is continuously 
re-circulated through the system. The smaller vessel is filled with the immobiliza-
tion support, which is generally a cellulose fiber material. The operation begins 
with a batch culture of cells in the larger vessel, until the desired biomass concen-
tration is reached. At this point, the recirculation pump is turned on and the broth 
is forced through the immobilization column, where cells are retained by adsorp-
tion. This design allows for long-term operation, since the immobilized biomass is 
constantly renewed by the free cells growing in the larger vessel. Immobilization is 
straightforward and the reactor can be operated in batch or continuous mode. As a 
result of continuous flow of culture broth through the immobilization column, clogging 
may be a problem for long-term operation.

These relatively new types of reactor have the following advantages over other 
methods (Katchalski-Katzir 1993): (1) they allow high biocatalyst loading; (2) they 
prolong enzyme activity or cell life; (3) they have the ability to be used in recycle 
mode; (4) they can be used with high flow rates; (5) they operate with reduced capital 
and operating costs; (6) they have reduced energy requirements; (7) they produce less 
waste products; (8) they generally have high yields; (9) they are readily scalable.

Furthermore, automatization of the process leads to considerable reduction of 
operating costs, mainly through reduced enzyme levels and labor costs resulting 
from the higher production yields achieved.

The choice of reactor is generally defined by the process under consideration. 
Thus, batch processes might involve direct enzyme addition to the substrate (e.g., 
whole milk), since they will not be recycled, whereas continuous processes (e.g., 
glucose production) will require microencapsulates which are physically robust, 
from which the enzyme does not leach over the duration of use, in which the 
enzyme is stable under the conditions of pH, temperature and ionic strength 
employed and which can be operated at the required scale. Pre-requisites are that 
the enzyme be adsorbed or immobilized throughout the microencapsulate matrix, 
that the loading density is as high as possible, that the porosity of the microencap-
sulates allows both substrates and products to diffuse readily through them to avoid 
undue mass transfer limitations and product inhibition. Thus, the choice and scale 
of reactor will depend on (1) how much enzyme is required to carry out the process 
in the desired time (process kinetics); (2) the mechanical stability of the microen-
capsulates, since there are significant shear forces associated with stirred tank reac-
tors and certain types of fluidized-beds. For packed-bed applications the flow rate, 
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and thus kinetics, will be dictated by the pressure drop across the packed-bed, 
 consequently elastic hydrogel matrices are less suited to these types of reactors; (3) 
the density of the microencapsulates, since hydrogels have a specific density only 
slightly higher than that of the reaction medium in most cases, therefore would be 
unsuitable for use in fluidized-beds unless ceramic or inert inorganic particles are 
co-immobilized to achieve a density which avoids wash-out; (4) whether the process 
is batch, fed-batch or continuous, with or without enzyme recycle; (5) whether puri-
fied enzymes or whole cells are used. In general, purified enzymes would be used 
for continuous processes to avoid excessive cost associated with enzyme consump-
tion; (6) the productivity required. Generally continuous processes provide much 
higher rates of substrate conversion than batch or fed-batch processes; however, 
this must be counter-balanced by the requirement for sufficient enzyme concentra-
tion and residence time in the reactor to allow complete conversion, while avoiding 
product accumulation to inhibitory levels.

14.3 Sugar Conversions

In everyday terminology, sugar refers to sucrose, also referred to as “table sugar”, 
“saccharose” or “dextrose”, and is mainly used to alter the flavor (sweetening) and 
properties (preservation, texture) of food and beverages. Commercially produced 
table sugar is derived from sugarcane or sugar beet. More specifically, the term 
sugar refers to carbohydrates which may be mono-, di- or poly-saccharides.

Monosaccharides are the simplest carbohydrates, with the general chemical 
structure (CHO)

n
. They consist of a single sugar moiety, are generally colorless, 

water soluble and crystalline solids, some of them having a sweet taste. 
Monosaccharides are classified by the number of carbon atoms they contain, the 
major families being pentoses and hexoses. In the food industry, the most common 
monosaccharides are glucose, fructose and galactose, which are hexoses. 
Monosaccharides are the building blocks of disaccharides such as sucrose (common 
sugar) or lactose (milk sugar) and polysaccharides (such as cellulose and starch).

14.3.1 Glucose Production

Glucose, in crystalline form or in syrups, is largely required in the food industry to 
sweeten beverages (Wang et al. 2007) or to adjust the physico-chemical properties 
of food products, especially for confectionary. Commercially, glucose is generally 
produced through enzymatic hydrolysis of starch. Many crops are used as a source 
of starch, such as maize, rice, wheat and potato. The first step for starch hydrolysis 
is a heat treatment (1–2 h at 100°C), in the presence of amylase to allow starch solu-
bilization and to lead to the formation of oligosaccharides containing 5–10 glucose 
units. After heating, a second enzyme is added to hydrolyze the oligosaccharides 
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into glucose units. This second step is termed “saccharification” (Rebroš et al. 
2006), and the most commonly used enzyme is glucoamylase.

Another possibility to produce glucose is through the enzymatic hydrolysis of 
sucrose to glucose and fructose through the action of invertase, a relatively expen-
sive enzyme compared to amylases and glucoamylases (Altinok et al. 2006). 
Immobilization of amylase, glucoamylase and invertase enzymes has been shown 
to be essential for the economic production of glucose, particularly glucose syrups, 
since (1) the enzyme may be re-used a number of times or used continuously; (2) 
it is relatively easy to separate the product from the reaction medium; (3) it is 
 relatively easy to recover the enzyme; and (4) there is generally an improvement in 
enzyme stability (Rebroš et al. 2006; Wang et al. 2007).

Industrial processes using such immobilized biosystems are generally 
 characterized by lower capital and energy costs (Rebroš et al. 2006). Due to the low 
added value of glucose for use in the food industry, the minimization of costs is 
essential (Karaa et al. 2005). In the case of glucose production, the enzymes may 
be immobilized to increase process efficiency. Moreover, immobilization has been 
reported to lead to changes in the pH and temperature profiles of the enzymes and 
to enhance pH and thermo-stability (Brijak 2003). The methods generally used for 
immobilization of the enzymes, including adsorption, entrapment, chemical cross-
linking and covalent attachment, are non-exhaustively listed in the Table 14.1. 

Table 14.1 Enzyme immobilization techniques for the production of glucose

Technique Principle References

Adsorption Montmorillonite clay support Sanjay and Sugunan (2007)
Zirconia support Reshmi et al. (2007)
Alumina support Reshmi et al. (2006)

Entrapment Calcium-alginate beads Ertan et al. (2007)
Konsoula and Liakopoulou-

Kyriakides (2006)
Dey et al. (2003)

Chitosan-alginate Sankalia et al. (2007)
Acrylated epoxidized soybean resin Kahraman et al. (2006)
Polyacrylamaide gels Raviyan et al. (2003)
Agar gels Stefanova et al. (1998)

Cross-linking Cross-linking with glutaraldehyde Hamerska-Dudra et al. (2007)
Chemically activated poly 

(2-hydroxyethyl methacrylate) 
beads

Altinok et al. (2006)

Bonding between enzyme ester 
groups and N-(acryloxy)-
succinimide

Chen et al. (1998)

Amide bonds between amino groups 
of protein and phtaloyl chloride 
functionalized glass beads

Kahraman et al. (2007)

Condensation of the epoxy groups of 
glycidyl methacrylate with amino 
groups of enzyme

Danisman et al. (2004)
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Adsorption is a relatively easy and fast process; however, it often results in 
 significant enzyme leaching and loss. This may be overcome by covalently linking 
the enzyme and support. However, care must be taken to achieve high enzyme 
 loading without significant loss of activity.

The main problem with enzyme entrapment in a matrix is due to diffusional 
limitations, mainly diffusion of substrate to the enzyme, or of the product from the 
matrix to the surrounding. This results from the hydrolytic enzymes being subject 
to feedback (competitive) inhibition by the products (glucose) of the reaction. Thus, 
while entrapment allows for protection of the enzymes, allowing constant activity 
over long periods of time, it is essential to use small microparticle sizes with excellent 
fluid dynamics within the reactor to achieve high conversion rates.

Thus, the nature of the polymer matrix is generally less important than the 
requirement for small, monodisperse microencapsulates which are mechanically 
robust, such that they can be employed in a wide range of reactors such as stirred-
tank, packed- and fluidized-beds at high liquid velocities. The matrix must provide 
the chemically defined support necessary to adsorb or immobilize the enzyme to 
achieve the desired loading density (specific activity, units/gram or volume of 
microencapsulate), while providing a high porosity and low mass transfer resis-
tance (high rates of diffusion of substrates and products). Adsorption onto inor-
ganic support matrices (Table 14.1) generally provides lower enzyme loadings 
than other techniques, due to the limited surface available, but has the advantage 
of having a high specific density which allows them to be used in a wide range 
of reactors due to their physical stability (Sanjay and Sugunan 2007; Reshmi  
et al. 2007). Enzyme desorption can be a problem when used for continuous pro-
cesses, and the presence of enzyme on the surface of the particles makes them 
susceptible to shear forces. Entrapment can have the advantage of physically 
retaining the enzyme within a defined porosity matrix; however, it can be diffi-
cult to produce microencapsulates with high enzyme loadings due to the exodif-
fusion of the enzyme from encapsulates during the production process (Ertan  
et al. 2007). For example, when using alginate, the enzyme would be mixed with 
the sodium alginate solution and extruded into a calcium chloride bath. The rate 
of calcium complexation, and therefore gelation, of the alginate is rapid but even 
so >50% of the enzyme added will exodiffuse and not be retained within the 
calcium alginate microencapsulates. Another difficulty is related to the mechani-
cal properties since hydrogels deform and change properties and porosity as a 
function of pH and ionic strength, resulting in abrasion and increased porosity, 
and leading to enzyme loss.

Chemical cross-linking to microencapsulates is best suited for long-term 
mechanical strength, such as required for continuous processes, with high 
enzyme loading (Hamerska-Dudra et al. 2007; Chen et al. 1998). These have the 
lowest loss of enzyme through exodiffusion, providing that a suitable immobili-
zation chemistry can be found which minimizes activity loss, through enzyme 
denaturation.
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14.3.2 Fructose Production

Fructose, an isomer of glucose, has a sweet taste similar to cane sugar, but with a 
“fruity aroma”. It is naturally found in many foods, such as fruits, honey, some 
vegetables (beets, sweet potatoes, onions, etc.). Fructose is the sweetest naturally 
occurring sugar, and is estimated to be twice as sweet as glucose, and 50% more 
than sucrose. This sugar has the property to enhance flavor, color and product 
 stability, and is thus widely used instead of sucrose for the sweetening of foods and 
beverages. Moreover, fructose has a Generally Recognized As Safe (GRAS) status, 
and is thus a safe alternative sweetener, which is of great advantage to the food 
industry (Singh et al. 2007), particularly due to its beneficial role for diabetics and 
its low cariogenic nature. As a result the demand is ever increasing, and efficient 
production requires development.

There are two principle processes for fructose production. The first involves the 
enzymatic hydrolysis of sucrose to glucose and fructose through the action of 
invertase, followed by the isomerization of glucose into fructose using glucose 
isomerase (Singh et al. 2007). The latter is the final step in the production of High 
Fructose Syrups, which is traditionally performed in packed-bed reactors using 
immobilized glucose isomerase (Brijak 2003; Salehi et al. 2005). Once again the 
main advantages of using immobilized glucose amylase are that they allow reuse of 
the enzyme and continuous operation and while avoiding enzyme contamination of 
the processed product. Moreover, the pH and temperature dependence of immobi-
lized glucose isomerase is lowered, leading to more stable and controlled processes.

The second common way to produce fructose is through the degradation of 
 inulin, a reserve carbohydrate found in the roots and tubers of many plants. Inulin 
is a polyfructan consisting of linear chains of b-2,1-linked d-fructofuranose termi-
nating at the reducing end with a glucose residue. The enzymatic degradation of 
inulin molecules by inulinase allows the production of syrups containing more than 
75% d-fructose (Nakamura et al. 1995). To allow the continuous production of 
fructose from inulin, the use of inulinase in an immobilized form in packed-bed 
column reactors is used. As with processes using amylases and glucoamylases, the 
immobilization methods are numerous and based on similar techniques, such as 
adsorption on a macroporous support (Gupta et al. 1992), cross-linking or covalent 
bond formation between the support and the enzyme (Brijak 2003; Nakamura et al. 
1995; Singh et al. 2007), or entrapment in a polymer matrix (Gill et al. 2006).

14.3.3 Lactose Production

The main carbohydrate present in milk is lactose, a disaccharide composed of one 
galactose and one glucose unit. Lactose is poorly soluble, and not very sweet, and 
is also not easily digested by a significant fraction of the population. Lactose 
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intolerance is caused by low levels of b-d-galactosidase (commonly named 
lactase) in the digestive system, and the consequent inability to digest this 
disaccharide.

Lactase is used to hydrolyze the lactose present in milk, in order to obtain glucose 
and galactose, which may find many applications in the food industry. Lactose is 
known to readily crystallize, particularly at concentrations exceeding 20–25%, which 
limits certain processes in the dairy industry. As a consequence, the treatment of milk 
(or milk products) with this enzyme reduces the lactose content, thereby avoiding the 
solubility and/or crystallization problems, while simultaneously increasing the sweet-
ness. Moreover, it is known that cheese ripening is accelerated using hydrolyzed milk 
(Panesar et al. 2006). Finally, treatment of milk with lactase enables consumption of 
milk products by lactose-intolerant people. Lactose in milk and cheese whey may 
also be hydrolyzed using the same enzyme, thus converting whey into a sweet syrup 
which can then be used in the confectionary, dairy, baking and soft drink industries, 
in a similar way to glucose and fructose syrups obtained from sucrose or starch. 
Hydrolysis of whey lactose has the added advantage of converting a low-grade waste 
product from the dairy industry, having a BOD in the range 30,000–50,000 mg/L 
to a higher added value product. More recently, the enzymatic hydrolysis of whey 
lactose has also been proposed for the production of bioethanol.
b-d-galactosidase (lactase) can be obtained from a wide variety of sources, such 

as microorganisms, plants and animals. Generally, microorganisms are preferred, 
since they are easier to handle, and offer a higher production yield. Commercially 
available lactases generally originate from yeasts, fungi or bacteria (Mahoney 
1997), with the optimal conditions of enzyme activity highly dependant on the type 
of microorganism. The difficulty and expense related to the release of active 
enzyme in high yield from cells and the cost of purification are major constraints 
affecting further industrial applications.

To overcome this problem, immobilization and encapsulation offer several ways 
to improve the process economics: (1) by immobilization of cells producing lactase 
in a bioreactor to achieve higher enzyme yields; (2) by immobilization of lactase 
for the hydrolysis of lactose to high yields and at high rates; (3) by immobilization 
of whole cells (containing lactase) to directly achieve lactose hydrolysis at reduced 
costs, compared to the use of purified enzyme.

For example, in the simplest process, b-d-galactosidase is added directly to 
whole milk, and when the hydrolysis of lactose has attained the desired level, the 
enzyme is deactivated by heat treatment. Since the enzyme is denatured and cannot 
be re-used, the resulting operating costs are very high. One solution is the  hydrolysis 
of skimmed milk with immobilized lactase followed by the addition of cream to 
adjust the fat content (Hirohara et al. 1981).

Lactase and cells producing this enzyme have been immobilized by various 
methods, such as gel entrapment, physical absorption and covalent attachment on 
various supports. Successful applications based on physical adsorption of lactase (or 
cells producing lactase) have been designed, using different kinds of carrier, such 
as cotton cloth (Sharma and Yamazaki 1984), chitosan (Champluvier et al. 1988), 
polyvinyl chloride (Bakken and Hill 1990) and silica (Bakken and Hill 1992).
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The advantage of immobilizing whole cells instead of pure lactase for the direct 
hydrolysis of lactose is that enzyme activity is conserved, and beads are mechani-
cally stable and protect cells in the reactor where the reaction takes place. This is 
generally achieved through entrapment of microorganisms in a gel matrix.
b-d-galactosidases can be used in many different applications in order to hydrolyze 

lactose in milk, whey and whey permeate. The choice of the technology, immobili-
zation method, support, enzyme or cell strain depends on the conditions (pH, 
temperature, continuous vs. batch) under which the process is undertaken and is similar 
to that described for glucose production in Sect. 14.3.1.

14.4  Use of Immobilized Cells for the Production  
of Organic Acids

14.4.1 Lactic Acid

Lactic acid is extensively used in the food industry as a preservative, antioxidant or 
acidifier. In recent years, it became interesting as a primary material for the produc-
tion of biodegradable plastics. Although it is possible to produce by chemical 
synthesis, over 95% of the world lactic acid production is through biotechnological 
processes. The use of microorganisms for the production of lactic acid has the 
advantage that stereochemically pure d- or l-lactic acid may be produced. Lactic 
acid is readily produced using lactic acid bacteria, which readily ferment lactose 
present in significant amounts in whey, a by-product of the cheese industry. The use 
of immobilized Lactobacillus casei, Lactobacillus delbrueckii and Rhizopus oryzae 
for lactic fermentation has been reported.

Lactobacillus casei, immobilized in calcium-pectate beads (Panesar et al., 
2007), or PEI coated porous glass (Poraver) beads (Senthuran et al. 1999), was used 
for fermentation of whey or enriched whey permeates. Due to the good stability at 
low pH, calcium-pectate gels can be used as a carrier for lactic acid production over 
prolonged periods of time. In a laboratory, batch reactor up to 33 g/L of lactate was 
produced with 95% yield over 30 h per batch. As a result of the high stability of the 
beads, up to 16 batch cultures could be performed, with virtually no loss of conversion 
yields or rates (Panesar et al. 2007).

Lactic acid production by Lactobacillus casei immobilized by adsorption on Poraver 
beads has been reported using an external column reactor. Both freely suspended cells 
and adsorbed cells in the external column are active and contribute to the bioconversion 
of lactose. The high volumetric productivity was shown to be the direct result of the 
action of the immobilized cells, rather than an eventual increase in suspended cell density 
compared to submerged cultures. Lactate concentrations of up to 90 g/L were attained 
using this system, during a fermentation time of about 30 h (Senthuran et al. 1999).

Lactobacillus delbrueckii can be used for lactic acid production from glucose. 
Cells entrapped in calcium-alginate beads have been used for the conversion of corn 
cob residue, a cheap and abundant residue from xylose production. This residue is a 
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porous cellulosic material that can be hydrolyzed enzymatically to yield a glucose 
solution. Addition of wheat bran hydrolyzate improves culture performance. After 
48 h of batch culture up to 49 g/L of lactate with 95% conversion could be achieved, 
and 12 successive batches were possible. In a continuous culture with immobilized 
cells an increase in dilution rate increased the productivity, but reduced the yield and 
the residual concentration. It was suggested that a compromise dilution rate of 
0.13 h-1 could be used to give a 92.4% yield and 44.2 g/L lactate concentration.  
A simultaneous saccharification and fermentation process can be used to avoid the 
feedback inhibition of enzymes used for cellulose hydrolysis. Enzymatic breakdown 
of cellulose is compatible with the lactic acid fermentation in terms of pH and tem-
perature, and authors propose two coupled reactors with re-circulation. The hydro-
lysis product is pumped from the enzymatic reactor through a filter to the 
immobilized cell reactor for the lactic acid fermentation. In this way 55.6 g/L lactic 
acid concentration is achieved in 60 h, with a yield from cellulose of 91%. This 
could be improved by performing a fed-batch fermentation involving multiple addi-
tions of cellulose substrate and hydrolytic enzymes. In this way, 108 g/L lactate 
could be produced in 90 h with 88% yield from cellulose.

The use of another cheap cellulosic material, called loofa sponge or vegetable 
sponge, as a support for the immobilization of filamentous fungi for lactic acid 
production has been described. The material is cut into pieces, washed and auto-
claved, then used for the immobilization of Rhizopus oryzae. This is achieved by 
inoculating the reactor with spores and cultivating the mycelium during 24 h. The 
fermentation was conducted in shake flasks. Growth on enriched rice starch hydro-
lysate medium yielded 81 g/L of product in 10 h. The immobilized mycelium could 
be reused several times, with the reactor performance falling from cycle to cycle. 
After ten cycles, volumetric productivity fell by half, and the final lactic acid 
concentration to about 20 g/L (Ganguly et al. 2007).

14.4.2 Citric Acid

Citric acid is a common food additive especially in soft drinks, mainly as an acidi-
fier, but also as a preservative and an antioxidant. It is often used as part of a for-
mula for effervescent tablets. Nowadays it is produced in biotechnological 
processes, most frequently using Aspergillus niger strains, although Yarrowia lypo-
litica has been identified as a potential producer of citric acid in high concentrations 
from glycerol, a by-product from biodiesel production.

Citric acid production using Aspergillus niger entrapped in calcium-alginate 
beads (Bayraktar and Mehmetoglu 2000; Demirel et al. 2005), polyacrylamide gel 
(Horitsu et al. 1985; Wang and Liu 1996), adsorbed on cellulose materials (Sakurai 
et al. 1997; Sankpal et al. 2001; Tisnadjaja et al. 1996), or adsorbed on polyurethane 
(Lee et al. 1989; Ricciardi et al. 1997; Wang 2000) has been reported. Alginate 
entrapment of fungi for citric acid production is normally done by suspending 
conidiaspores in Na-alginate and extruding this suspension into a CaCl

2
 solution  
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(Bayraktar and Mehmetoglu 2000; Demirel et al. 2005; Gupta and Sharma 1994; 
Hamamci et al. 1988; Tsay and To 1987). Fermentation using entrapped filamen-
tous fungi proved to be difficult because of filamentous growth and clogging of the 
pores of the gel, but also because of the physical damage to the beads caused by the 
growth (Demirel et al. 2005). In addition citric acid is often used as a dissolving 
agent for alginate gels as a result of its ability to form stable chelates with Ca2+ ions, 
which results in reduction of bead stability during the fermentation. Addition of 
silicone oil to the fermentation enhances O

2
 supply thus increasing productivity, but 

the re-usability of alginate immobilized mycelia is reduced even further (Ates et al. 
2002). Generally speaking, very low productivity and citric acid concentrations 
could be achieved using alginate beads with 2–3 g/L formed after 4 days, with 
practically no re-usability of the beads (Bayraktar and Mehmetoglu, 2000; Demirel 
et al. 2005).

Gupta and Sharma (1994) described a double horizontal reactor with combined 
submerged Ca-alginate immobilized and surface stabilized A. niger cells. The set-
up allowed very good productivities and yields on sugarcane molasses but, due to 
complex operation, was not implemented industrially.

The use of a rotating disk reactor with A. niger immobilized on polyurethane 
foam disks allowed eight batches with no loss of activity (Wang 2000), and production 
of up to 85 g/L in 96 h with about 72% product yield.

Sankpal et al. (2001) investigated different set-ups and modes of operation of 
bioreactors containing A. niger mycelium immobilized on a woven cotton or in 
submerged culture. Immobilized cell culture was performed in a hanging sheet 
reactor with a spirally wound woven cotton placed in a cylindrical chamber with a 
constant supply of humidified air, and the nutritive medium dripped on the top of 
the mycelium support. The nutritive medium used in the experiments was either 
rich medium containing sucrose as the main carbon source or sugar cane juice. 
Immobilization increased the volumetric productivity and yield as compared to 
submerged cultures. Continuous mode of operation increased productivity, even 
further while maintaining the high citric acid yield. Four repeated batches with no 
reduction of performance yielded 60 g/L citric acid in each 9 h cycle. However, as 
biomass increases, the specific productivity is reduced. When operated in continu-
ous mode, a residence time of 20 h resulted in nearly 100% conversion of the 
50 g/L sucrose, to yield 65 g/L citrate in the exiting medium (the product is some-
what concentrated due to evaporative concentration). Sugar cane medium can be 
used, but some technical difficulties related to irregular and thick mycelium growth 
causing mass transfer limitations were noted (Sankpal et al. 2001).

Due to its ability to convert both galactose and glucose to citric acid, the yeast 
Candida guilliermondii has been used for the production of citric acid from whey 
hydrolyzates. Tisnadjaja et al. (1996) demonstrated the use of sawdust as a cheap 
material for adsorption of yeast cells and operation in a bubble column reactor. 
They used rich medium with glucose as carbon source, and attained much higher 
volumetric productivities, but lower yields and specific productivity, compared to 
suspension cultures. This may have been the result of a low culture pH. The final 
citrate concentration was lower than 10 g/L.
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Adsorption on synthetic porous cellulose beads, and cultivation on rich medium 
containing glucose in submerged culture in shake flasks resulted in 60 g/L citric 
acid, but only 50% yield. In addition, re-usability was poor, with less than half the 
citric acid concentration achieved after the second of two consecutive 8-day batch 
runs (Sakurai et al. 1997).

14.4.3 Gluconic Acid

Gluconic acid is a product of the oxidation of glucose, which is used extensively as 
a pH regulator in food industry. Aspergillus niger, grown on low nitrogen- containing 
medium, has been reported to convert glucose to gluconic acid. Sankpal et al. 
(1999) described a system for continuous gluconic acid production using hanging 
sheet reactors with the mycelium immobilized on a woven cotton cloth hung in a 
chamber with controlled humidity, temperature and air flow. The defined culture 
medium, containing glucose as carbon source, was dripped onto the top of the cloth. 
A tenfold increase in productivity, compared to a submerged culture, with a final 
product concentration of up to 125–140 g/L, was reported. Falling conversion rates 
and yield could be partially overcome by increasing the residence time progres-
sively. It was noted that when aerated, mycelium growth was uneven resulting in an 
uneven nutrient and air supply and severe reduction of the overall volumetric pro-
ductivity. If a pure oxygen stream was used instead of air, mycelium grows evenly 
and continuous operation of up to 60 days was possible. The inherent problem of 
pH, concentration and temperature gradients, which might reduce reactor perfor-
mance, could be solved by careful process design and optimization.

14.4.4 Acetic Acid and Other Carboxylic Acids

Acetic acid is one of the most important organic acids with broad use in the food 
industry, as acidifying additive and/or preservative. Although most of the market 
demand for acetic acid is satisfied by chemical synthesis, all of the acetic acid used 
in the food industry must be of biological origin and is produced using acetogenic 
bacteria. Of the other major carboxylic acids, propionic acid is used as a food pre-
servative in the form of sodium salt, while butyric acid is used as a flavoring addi-
tive, either in free or in ester forms.

The laboratory-scale production of acetic acid using entrapped Acetobacter aceti 
cells in calcium-alginate beads and cells adsorbed on cellulose beads has been 
reported (Krisch and Szajani 1996). After 70 h of culture on rich medium with 
glucose and ethanol as substrates, up to 30–34 g/L could be attained using both 
immobilization systems, which is comparable to free cell fermentations. It was also 
shown that immobilization improved culture tolerance to suboptimal temperatures 
and pH, although no data were reported for long-term operation.

The anaerobic homofermentative bacterium Clostridium formicoaceticum is 
capable of converting fructose from corn syrup and other fructose containing 
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substrates to acetic acid in high yields and with good specific productivity. 
External fibrous-bed columns containing spirally wound terry cloth were used in 
an experimental set-up for adsorption of Clostridium formicoaceticum. A com-
parison of batch, fed-batch and continuous modes of operation revealed that cell 
immobilization gave higher yields, volumetric productivities and acetate concen-
trations. Up to 78 g/L of acetate could be achieved with fed-batch fermentations 
using such immobilized cells (Huang et al. 1998).

An external column reactor set-up was also used for a mixed-culture fermentation 
of whey permeate using Clostridium thermolacticum and Clostridium thermoauto-
trophicum co-immobilized by adsorption on cotton fabric (Talabardon et al. 2000). 
Being a heterofermentative bacterium, Clostridium thermolacticum is capable of 
converting lactose almost entirely to lactic acid under growth-limiting conditions. 
Clostridium thermoautothropicum is a homoacetogen that can assimilate lactate 
and produce acetic acid. The yields and productivity of the co-immobilized co-
culture were relatively low with only 25 g/L acetate produced. The authors suggest 
that process optimization might improve performance, with the use of cheap sub-
strates rendering the process economically viable even with lower yields. Both of 
the microorganisms used are sporogenous bacteria, which means that, theoretically, 
the process could be stopped and re-continued depending on the availability of 
whey supply (Talabardon et al. 2000). A similarly conceived co-culture of homolactic 
Lactobacillus lactis and homoacetogenic Clostridium formicoaceticum has been 
used for the conversion of whey lactose or corn meal hydrolyzate to acetic acid 
with almost 100% yield and 76 g/L of product (Huang et al. 2002).

Huang et al. (2002) used a fibrous-bed reactor for the fermentation of hydro-
lyzed corn meal for the production of acetic, propionic and butyric acids. P. acidi-
propionici was used for propionic acid production, and Clostridium tyrobutylicum 
for butyric acid production. Propionic acid could be produced on enriched whey, 
glucose medium and corn syrup hydrolyzate, with immobilization increasing volu-
metric productivity, while maintaining the yield resulting in up to 40 g/L propi-
onate. Butyric acid could also be produced on glucose medium and pentose-containing 
corn meal hydrolyzate with immobilized Clostridium tyrobutylicum giving higher 
yields compared to free cell fermentations, with significantly increased volumetric 
productivity, reactor performance and with a final concentration of up to 45 g/L 
(Huang et al. 2002; Zhu et al. 2002). All three processes could be operated continu-
ously for several months, even with corn meal hydrolyzate, which has a high con-
tent of insoluble material. No column fouling was observed, probably as a result of 
the way that the cotton fabric was packed, with sufficient space between the winding 
layers for the insoluble particles to pass through.

14.5 Amino Acids

Amino acids are the building blocks of proteins, being one of the three largest 
groups of nutrients. The daily nutritional requirement for amino acids is met by the 
intake of proteins which are hydrolyzed during digestion. However, some amino 
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acids have important applications in the food industry, such as the artificial sweetener 
aspartame (aspartyl-phenylalanine-1-methyl ester) which is produced from aspartic 
acid and phenylalanine. Sodium glutamate, or mixtures of amino acids, is often 
used as flavor enhancers. Depending on the use and on the particular amino acid, 
production of amino acids is normally done by (1) enzymatic conversion of precur-
sors to the desired product, for example, l-Asp production from fumaric acid using 
the aspartase from Escherichia coli; (2) hydrolysis of readily available and cheap 
proteins followed by extraction of the desired amino acid; (3) fermentation meth-
ods; or (4) chemical methods (DL-methionine is produced by chemical synthesis 
from raw materials such as acrolein, hydrocyanic acid and methyl mercaptan).

14.5.1 Production of Amino Acids Using Immobilized Whole Cells

Chao et al. (1999) immobilized recombinant Escherichia coli, which overproduces 
aspartase, aspartate aminotransferase or aromatic amino acid aminotransferase, in 
calcium-alginate beads and used these immobilized cells for the simultaneous pro-
duction of phenylalanine and aspartic acid from phenylpyruvic acid, fumaric acid and 
ammonia. The beads were treated with glutaraldehyde and hexamethylenediamine in 
order to enhance their mechanical resistance. Fermentation in shake flasks resulted in 
product yields that were comparable to those of free cell cultures though a reduced 
specific productivity was observed, indicating mass transfer limitations or loss of 
viability. Immobilized preparations could be re-used for up to six cycles with virtually 
no activity loss for either of the products (Chao et al. 1999). Longer duration cultures 
led to rupture of the beads. However, long time operation using recombinant organisms 
was also limited by the genetic instability of the recombinant strain.

Recombinant Escherichia coli expressing transaminase, for the production of 
l-Phe from phenylpyruvic acid, was immobilized in k-carrageenan beads as a whole 
cell catalyst for the production of l-phenylalanine from l-aspartic acid and phe-
nylpyruvate (Leng et al. 2006). The treatment of cells with 0.05% glutaraldehyde 
prior to immobilization enhanced enzyme activity and operational stability. The gel 
cubes, containing immobilized cells, were used in packed-bed reactors operating in 
both batch and continuous modes. A conversion yield of about 90% was obtained in 
batch mode, falling to 88% after ten repeated batches with the same immobilized 
cells. When operated in continuous mode with a residence time of 10 h, 20.6 g/L of 
product could be obtained. After 40 days of continuous operation the conversion was 
still higher than 88%. A mutant Pseudomonas strain, selected for low l-cystein des-
ulfhydrase activity, was entrapped in calcium-alginate beads and used to produce 
l-cystein by the enzymatic conversion of the chemically synthesized precursor, 
DL-2-amino thiazoline 4-carboxylic acid. The presence of sorbitol in the feed 
increased the stability of the enzymes. The developed process comprised two 
packed-bead columns in series, followed by an ion-exchange column for separation 
of l-cystein. The residual l-cystein degrading enzyme was responsible for 23% 
product loss. In the presence of 40% sorbitol in the feed at 37°C, 60% of the conversion 
was maintained after 1,000 h of continuous cultivation (Ryu et al. 1997).
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Calcium-alginate bead entrapment of a Pseudomonas sp. which expresses 
aminoacylase was used for the production of l-alanine by the enzymatic, stereo-
specific deacetylation of a chemically produced an N-acyle derivative. The produc-
tion process must be performed under non-growing conditions otherwise cells used 
the N-acyle alanine for biomass formation, thus reducing the product yield. Cells 
were immobilized in k-carrageenan beads (Santoyo et al. 1998), or calcium-alg-
inate beads cross-linked with glutaraldehyde (Hernandez et al. 2001; Santoyo et al. 
1996). Total conversion was attained after approximately 5 h with up to 4 g/L of 
l-alanine produced in batch mode using k-carrageenan beads. However, less than 
6 h of continuous operation was possible with k-carrageenan beads because of 
physical damage to the beads. Experiments with alginate showed lower conversion, 
probably because the process was not optimized. Continuous cultures with alginate 
beads were possible; however, after 48 h only 82% of the activity was conserved 
due to loss of enzyme activity, rather than cell leakage or damage to the beads. Pre-
treatment of the alginate beads with up to 20 mM glutaraldehyde solution increased 
the half-life of the enzymatic activity, and even resulted in increased activity, while 
higher glutaraldehyde concentrations were found to inhibit the enzyme.

The possibility to use cyanobacteria (a mutant of Anabaena Sp-287) immobilized 
in calcium alginate beads for the overproduction of d-Ala and l-His has also been 
investigated (Thomas and Shanmugasundaram 1992). The use of microorganisms 
capable of fixing atmospheric nitrogen and releasing either NH

3
 or amino acids 

would be expected to make the process more cost effective. However, technical 
difficulties, such as correct illumination, still hinder the use of photosynthetic micro-
organisms in industrial biotechnology.

Tryptophan production from serine and indole using whole recombinant trypto-
phanase-overproducing Escherichia coli cells immobilized in k-carrageenan beads 
has been described (Mateus et al. 2004). The reaction was conducted in a simple 
stirred vessel and up to 10 mM l-tryptophan could be obtained in about 2 h, with 
almost 100% conversion.

14.5.2 Amino Acid Production Using Immobilized Enzymes

N-acetyl-amino acid racemase and l- or d-aminoacylase can be used for the separation 
of amino acid stereoisomers. Chemically synthesized N-acetyl derivatives of an 
amino acid can be stereoselectively deacetylated and the produced l- or d-amino acid 
readily separated from the precursor using standard chromatographic methods. The 
remaining N-acetyl derivative is racemized using the racemase enzyme, and the pro-
cess is repeated. N-acetyl-amino acid racemase and aminoacylase have been immo-
bilized on a number of supports (Tokuyama and Hatano 1996; Tsai et al. 1992). Very 
good yields and operational stabilities were obtained with these immobilized prepara-
tions, with half-lives of 10–30 days and the initial yield of close to 100%.

Bodalo-Santoyo et al. (1999) described a reactor with fluidized- and packed-
beds, containing enzymes immobilized by covalent linkage on controlled pore 
glyceryl glass for separation of D,l-valine from chemically produced N-acyl valine, 
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using enantio-specific hydrolase, the unhydrolyzed d-isomer chemically  racemized. 
The system could be operated in packed-bed and fluidized-bed modes, although 
conversion dropped after 10 h.

Oikawa et al. (1999) described a system with two packed-bed columns containing 
immobilized enzymes (glutamate racemase and l-glutamate oxidase) for the pro-
duction of d-glutamate from l-glutamate. The enzymes were immobilized on 
Chitopearl 2505 and 2506 by adsorption followed by glutaraldehyde cross-linking. 
The process was divided into two phases (and two columns) such that both enzymes 
could operate under optimal conditions. As a result there was negligible loss of 
activity after 10 days of continuous operation (Oikawa et al. 1999).

Co-immobilization of d-amino acid oxidase and catalase on glutaraldehyde-
agarose beads for the production of a-ketoglutaric acid (AKG) from D,l-alanine, 
or for separation of alanine enantiomers have been described (Buto et al. 1994; 
Fernandez-Lafuente et al. 1998). Catalase was used to remove the H

2
O

2
 and prevent 

oxidative damage to the system. A maximum AKG yield of 86% was obtained, due 
to part of the AKG formed being converted to the oxidation product phenyl acetic 
acid. Immobilization clearly increased the stability of the enzymes, with virtually 
no loss in activity after re-using the beads 20 times. Proteases may be immobilized 
in agarose gels (Pedroche et al. 2006, 2004) for protein digestion and production of 
hydrolyzates for food supplements and for medical purposes.

14.6 Hydrolysis of Triglycerides

14.6.1 Lipases in Food and Flavor Making

As described previously, the use of enzymes to improve traditional chemical processes 
for food manufacture has been extensively studied and developed in the past few 
years, due to the technological and economical advantage they offer. Most lipase-
mediated food processes embody biocatalysis of lipase, especially fats and oil 
(Jachmanian et al. 1997). During storage, important changes arise from the hydro-
lysis of triglycerides catalyzed by lipases, leading to the formation of fatty acids. 
Esters of short chain fatty acids are extremely important aroma compounds, and are 
hence important compounds for the characteristic flavor of products. Moreover, it 
is often desirable to alter the fatty acid composition of naturally occurring triglycerides 
in fat with the required melting characteristics.

The modification of fats and other lipids may be achieved through (1) hydroly-
sis, (2) esterification, (3) inter or trans-esterification. All of these reactions are cata-
lyzed by lipases (Wisdom et al. 1984). Inter-esterification processes consist in 
promoting an uncontrolled migration of fatty acid groups between the triglyceride 
molecules (Mukherjee and Kiewitt 1996). This process allows the formation of fats 
suitable for use in emulsions, margarine, artificial creams and ice-creams (Benjamin 
and Pandey 1998). A known application of this technology is the production of a 
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cocoa-butter substitute from palm oil, where palmitoyl moieties are replaced by 
stearoyl groups (Katchalski-Katzir 1993). The esterification process allows the 
formation of short and medium chain esters, which are known to be flavor mole-
cules, which are of great use for food flavoring.

Fermentation is induced by microorganisms, which also have lipolytic activity. 
As a consequence fermented food from fruits, vegetable, cereals, oilseed and meat 
is also affected by this process. The addition of lipase to these preparations can also 
be an alternative to alter the taste of these products, especially in terms of acidity 
(Katchalski-Katzir 1993).

The cost of microbial production of lipase is often prohibitive. Hence, processes 
that do not require the presence of lipase in the final product are more economic if the 
lipase is immobilized, and therefore re-cycled a number of times. The choice of  
the support for lipase immobilization is of central importance since it determines 
the enzymatic activity. Since lipase acts on organic products, the types of support 
are different than for reactions taking place in aqueous conditions. Several applica-
tions use diatomaceous earth (diatomite) as a support for lipase immobilization, 
while others use porous silica-based supports (Wisdom et al. 1984). The method 
used to immobilize the enzyme usually involves precipitation of the lipase from 
solution onto the support surface. Precipitation is induced by addition of chilled 
acetone as precipitant. Thus the enzyme remains associated with the support and is 
unable to dissolve in either the organic solvent, water or aqueous solution. The 
immobilized enzyme can then be re-used, allowing the process to run continuously, 
which significantly decreases the production costs.

14.7 Conclusions

Immobilization of both cells and enzymes is an important tool in the food industry 
for carrying out specific bioconversions and for the formation of metabolites. 
Indeed as a result of the increasing need for so-called – white and green 
 biotechnologies – increasing numbers of bioconversions and/or molecular synthesis 
in the food industry are carried out using natural biocatalysts. In the case of prod-
ucts such as yoghurt, cheese and the like, whole microbial cells may be added to 
the food material during processing, since they are ultimately found in the product. 
On the other hand, many situations arise where purified enzymes are used to carry 
out specific reactions within the process. Since enzymes are relatively expensive 
and by their nature subject to loss of activity and denaturation under many of the 
environmental conditions found in food processing, the ability to encapsulate the 
enzymes has resulted in a significant stimulation to their use. This is due to encap-
sulated enzymes enabling (1) the design of continuous processes with increased 
productivity; (2) re-use of the enzymes over many weeks or indeed months, 
 resulting in lower enzyme consumption; (3) increased stability and activity of 
enzymes for bioconversions, which allows extended use; (4) higher enzyme and cell 
densities which result in the maintenance of viability/activity for metabolite 
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 production; (5) physical protection of the enzymes and cells from mechanical shear 
forces found in reactor conditions.

In order to achieve this, enzymes and cells may be adsorbed onto the surface of 
particles, where the particles have a higher specific density than hydrogels, and 
thereby may be used in fluidized-bed systems, and where the loading density is 
limited by the available surface area. In cases where the enzymes have a relatively 
large molecular weight, or where whole cells are used, and require protection from 
the denaturing forces found under the process conditions used, then entrapment in 
a range of polymers is most suitable. However, these polymers have relatively high 
porosity and low mechanical stability and cannot be used in packed-bed operation 
at high flow rates or where enzyme leaching is a problem. Where significant stability 
is required it is essential to covalently cross-link the enzymes to the polymers in such 
a way as to retain activity over extended periods. However, the range of polymers, 
reactor types and immobilization methods and chemistries means that it is now 
possible to tailor the encapsulation technique to almost any process in order to get 
the optimum activity, stability and cost.
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A
Acetic acid, production, see Food 

bioconversions
Agar, 138, 308

Microspheres, 16–17, 107, 142, 155, 373
Gel texture, 60
Regulatory aspects, 80

Agarose, microspheres 16–17, 142, 368, 384
Agglomeration, 7, 8, 16, 18, 85, 175, 177, 230, 

239, 234, 256–262, 278
Aroma encapsulation, 132, 135, 150
See also Granulation

Alcoholic fermentation, see Beer 
Fermentation, or Wine and cider 
making

Alginate, 45, 61
Description, 34–35, 55–57
Coacervates, 15, 83, 140
Co-extrusion, 18, 144
Compression coating, 287
Emulsions, 84, 88
Fluid bed coating, 277
Gel texture, 60
Melt extrusion, 139
Microspheres, 6, 16–18, 84, 88, 103, 109, 

142–143, 153, 155, 174–175, 181, 
232, 265–266, 281–285, 288–291, 
293–294, 305–306, 309, 330, 
333–334, 336, 349, 351–352, 
354–357, 360, 368, 373–374, 
377–380, 382–384

Spray-drying, 8, 88, 136
Regulatory aspects, 80

Allyl isothiocyanate, 86
Aluminum oxides, 25, 72, 87, 149
Amino acid production, see Food 

bioconversions
Amylase, 25, 263, 276, 347, 372–373, 375
Amylose, 25, 38, 40, 276

Description, 36–38
Nanoparticles, 20, 24–25, 87

Amylopectin, 12, 36–38, 40
Analytical methods

For materials, 72–78
Physical properties, 102–112

Aroma, encapsulation 127–160
Applications,

Release during eating, 154–155
Retention during cooking, 152–154
Retention during production and 

storage, 149–152
Agglomeration / Granulation, 132, 135, 150
Benefits, 129
Coacervates, 132, 140–141, 151–153, 155
Co-crystallization/Co-precipitation, 132, 

148–149
Co-extrusion, 132, 143–144
Cyclodextrins, 20, 40, 83, 88, 132–134, 

146–148, 150–152, 154, 156
Fluid bed coating, 132, 135–136, 143, 147, 

151, 153–155, 347
Melt extrusion, 132, 139–140, 151–152, 263
Melt injection, 132, 137–138, 151
Microspheres, 132, 141–143, 152–153, 155
Release mechanism, 113–121, 129–131
Silica particles, 132, 147–148, 153
Sol-gel, 87
Spray-chilling/cooling, 129, 132, 136–137, 

143, 153–154, 156
Spray-drying, 40, 47, 83–84, 129, 

131–135, 139, 146–147, 149–152, 
154–156, 347

Supercritical fluid, 21
Yeast cells, 132, 144–146, 151–152

Astaxanthin, 212–213, 216–217, 220–221, 223, 
230–234, 237, 239, 241, 244–246

Atomizing disk, 16–17
Avrami’s equation, 131

391
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B
Baffles, 13
Beer fermentation, 303–325

Bioreactor design, 306, 310–311
Carrier materials, 309–310
Cell immobilization methods, 304–308
Immobilised yeast, 303–319

Beeswax,
Description, 69,
Emulsions, 87
Regulatory aspects, 80

b-carotene, 14, 212–213, 219, 222–223, 
228–235, 244–246

b-D-galactosidase, see Lactase
b-lactoglobulin,

Description, 64–65
Coacervates, 172
Inclusion Complexation, 20
Nanoparticles, 24, 173
Emulsions, 15

Bioconversion, see Food bioconversion
Bioreactor design,

Beer fermentation, 306, 310–311
Dairy fermentation, 347–351
Food bioconversions, 369–372
Wine and cider making, 327–343
See also Fixed bed reactor, Fluidised bed 

reactor, Gas lift reactor, Hanging 
sheet reactor, Monolith reactor, 
Packed-bed reactor, or Stirred tank 
reactor

C
Calcium carbonate capsules, 175–176, 

181–182
Candellia wax,

Description, 69,
Regulatory aspects, 80

Carbohydrates, 131, 133, 152, 234, 361, 372
Description, 34–61
Fluid bed coating, 277
Melt extrusion, 11, 139
Melt injection 11,
Spray-drying 8, 169, 274
See also Alginate, Carrageenan, Cellulose, 

Starch, Gum, Pectin, or 
Polysaccharide

Carboxymethyl cellulose,
Description, 44–46,
Coacervation, 15, 88, 140, 172
Regulatory aspects, 80

Carnauba wax,
Description, 69,

Emulsions, 87
Fluid bed coating, 193–194
Regulatory aspects, 80,

Carotenoids, encapsulation, 211–252
Applications of encapsulates, 235–246
Cyclodextrins, 231–233
Emulsions, 214–226, 234–246

High-pressure homogenizatin, 
215–219, 224–226

Membrane emulsification, 219–221
Microfluidics, 221–223
Phase inversion temperature,  

223–224
Freeze-drying, 229, 234–235
Liposomes, 220, 226–228, 232, 235, 

240–243, 246
Microspheres, 232–233
Nanoparticles, 228–232

Supercritical fluid, 230–231
Spray-drying, 233–234
See also b-carotene or Lycopene,

Carrageenan,
Coacervation, 15, 24, 88
Co-extrusion, 18, 144
Description, 34, 35, 53–55
Emulsions, 88
Fluid bed coating, 88, 277
Gel texture, 60
Spray-drying, 8, 88
Microsperes, 15–18, 142, 265, 284, 289, 

291, 305–306, 309, 333, 349, 354, 
356, 368, 382–383

Nanoparticles, 24
Regulatory aspects, 80

Caseins, 45, 174
Coacervates, 103
Co-precipitation, 148, 151
Description 34, 63–65
Emulsions, 176–177
Extrusion, 88, 170
Fluid bed coating, 277
Nanoparticles, 23–24, 229
Spray-drying, 87, 88, 134, 169, 181, 234, 

274–275
See also Dairy proteins

Catechin, 24
Cell immobilization methods,

Beer fermentation, 304–308
Wine and cider making, 328–329

Cellulose, 80, 188, 201, 305–306, 333. 336, 
352, 368, 371, 380

Description, 34, 41–42
Derivatives, 59, 151, 199

Description, 42–46,
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Emulsion, 88
Extrusion, 88
Fluid bed coating, 9, 88, 135–136, 277
Melt extrusion, 12
Regulatory aspects, 80
Spray-drying, 8, 85, 88, 108, 234
See also Carboxymethyl cellulose, 

Ethyl cellulose, Ethyl hydroxyethyl 
cellulose, Ethyl methyl cellulose, 
Hydroxypropyl cellulose, 
Hydroxypropyl methyl cellulose, 
Methyl cellulose, 
Hydroxyethylcellulose,

Enzymatic hydrolysis, 378
Melt extrusion, 139
Microcrystalline, 18, 143
Regulatory aspects, 80
Spray-drying, 234

Chitosan, 146
Coacervates, 16, 88, 141
Description, 34–36, 60–61
Emulsions, 15, 85, 88, 177
Microspheres, 18, 56, 84, 175, 230, 233, 

281, 283–285, 290, 305–306, 336, 
348, 368, 373, 376

Spray-drying, 83, 88
Cider making, see Wine and Cider making
Citric acid, production, see Food 

bioconversions
Coacervation, 88

Aroma, 132, 140–141, 151–153, 155
Complex coacervation, 15–16, 83
Description, 6, 15–16
Fish oil, 172–174, 181
Nanoparticles, 24
Simple coacervation, 16

Co-crystallization/Co-precipitation, 88
Aroma, 132, 148–149

Co-extrusion,
Aroma, 132, 143–144
Description, 6, 18–19
Microspheres, 16
See also Submerged co-extrusion

Compaction, 8, 132, 135, 150, 287
Complex coacervation

see Coacervation
Confocal Laser Scanning Microscopy  

(CLSM or CSLM), 102–103, 142, 
170, 173, 179

Conjugated linoleic acid (CLA), 24, 84
Core-shell encapsulate, see Reservoir type 

encapsulate
Crosslinking, 15, 18, 142, 169, 172–174, 230, 

306, 368, 373–375, 384

Crystallinity, 8, 12, 37, 62, 73, 101, 111–112, 
118, 139, 152, 212

Curdlan, 57, 80
Cyclodextrin, 38,

Aroma, 20, 40, 83, 88, 132–134, 146–148, 
150–152, 154, 156

Carotenoids, 231–233
Description, 19–20, 33, 40–41
Fish oil, 171–172, 181
Regulatory aspects, 20, 80

D
Dairy fermentation, 345–361

Bioreactor design, 347–351
Emulsions, 354
Fluid bed coating, 359–360
Liposomes, 354
Microspheres, 348–352, 354, 358
See also Lactase or Probiotics, Applications

Dairy proteins,
Description, 63–65
Freeze-drying, 22
Spray-drying, 8, 83, 132, 274
See also b-lactoglobulin, Caseins, Whey 

Proteins
Dextran, 88, 109, 113, 368

Description, 34, 35, 60
Dextrins, 9, 136, 151, 153, 199–200

Description, 39–40,
Regulatory aspects, 80
See also Cyclodextrin or Maltodextrin

Double emulsions, 14, 133, 142, 175, 181, 
189, 192, 281

Docosahexaenoic acid (DHA), 24, 161–164, 
173, 178, 180

See also Fish oil
Duplex emulsions, see Double emulsions

E
Eicosapentaenoic acid (EPA), 161–164, 178, 180

See also Fish oil
Electrostatic field, 16–17
Electron microscopy, 103–104, 110, 176, 

179, 206
Emulsions, 48, 65, 84, 86–89, 112, 148, 292, 356

Carotenoids, 214–226, 234–246
Coacervation, 15, 140–141, 172–173
Dairy fermentation, 354
Description, 5, 13–14,
Fish oil, 167–168, 171–173, 175–177
Fluid bed coating, 277
Freeze-drying, 234–235
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Emulsions (cont.)
Melt extrusion, 12, 139, 171
Microfluidics/Microchannel, 14, 190–191, 

221–223
Microspheres, 17–18, 141–143, 175, 

280–282, 293, 348–349
Multilayers, 5, 14–15, 85, 176–177
Spray-drying, 7, 24, 83, 131, 133–134, 

233, 274–275
see also Micropheres or Double emulsions

Encapsulation
Benefits, 4, 33, 129, 167, 187–188, 213, 

253–254, 272, 288–289, 305,
Definitions, 3
Disadvantages, 4
Processes, general overview, 5–6
Selection, 25–26

Enzymes, encapsulation, 253–268
Extrusion, 261, 263–264
Fluid bed agglomeration, 261–262
Granulation, 256–261
Liposomes, 113, 266–267, 354
Microspheres, 16, 265–266
Nanoparticles, 23–24
Spray-cooling, 279
Spray-drying, 254–256
See also Amylase, Food bioconversions, 

Dairy fermentations, Lactase, 
Lipase, or Meat fermentations,  
or Protease, Transglutaminase

Ethyl cellulose (EC),
Description, 45,
Extrusion, 88
Fluid bed coating, 88, 135–136, 193–195
Regulatory aspects, 80
Spray-drying, 88, 136

Ethyl methyl cellulose (EMC), 45, 88
Extrusion, 88

Enzymes, 261, 263–264
Fish oil, 170–171
Probiotics, 286
see also Melt extrusion, Melt injection, 

Micropheres or Co-Extrusion

F
Fat, see Lipids
Fatty acid, 69–70, 161–164, 384

Description, 34, 67–68
Extrusion, 88
Fish oil, 161–164, 165, 178,
Fluid bed coating, 10, 88, 277
Spray-chilling, 88
Spray-cooling, 88, 279

Fatty alcohol, 34, 67–68, 88

Fick’s diffusion, 117, 138
Fish oil, 161–185

Analysis, 178–180
Calcium carbonate capsules, 175–176, 

181–182
Complex coacervates, 172–174, 181
Cyclodextrins, 171–172, 181
Description, 161–164
Emulsions, 167–168, 171–173, 175–177
Extrusion, 170–171
Fluid bed coating, 175, 178
Food fortification, 164
Melt injection, 137, 169–170, 181
Microspheres, 174–175, 181
Oxidation, 164–167, 169, 182
Selection of encapsulates, 180–182
Spray-chilling, 178
Spray-drying, 85, 168–169, 181–182
Submerged co-extrusion, 19, 171, 173, 

177–178, 181–182
Fixed bed reactor, 306, 313, 335
Flavor, 127

Formation, 265, 303–304, 306, 309–319, 
328, 332–334, 353–354, 358, 360, 
380, 382, 384–385

see also Aroma, encapsulation
Flowability, 10, 101, 112
Fluid bed agglomeration, 85

Description, 8
Enzymes, 261–262

Fluid bed coating, 88,
Aroma, 132, 135–136, 143, 147, 151, 

153–155, 347
Description, 5, 9–10,
Fish oil, 175, 178
Iron, 188, 193, 194, 199
Microspheres, 143, 175
Probiotics, 277–279, 287, 290, 

292–294
Fluidised bed reactor, 306, 310–311, 314
Folic acid, microencapsulation, 83
Food bioconversions, 367–389

Amino acids, 381–384
Bioreactor design, 369–372
Carrier materials, 373–375
Organic acids

Acetic acids, 380–381
Citric acid, 378–380
Gluconic acid, 380
Lactic acid, 377–378

Sugar conversions, 372
Glucose production, 372–374
Fructose production, 375
Lactose production, 375–377

Triglycerides, hydrolysis, 384–385
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Freeze-drying, 14, 83, 84, 88, 173, 175, 331, 
348, 356

Carotenoids, 229, 234–235
Description, 6, 22
Probiotics, 275–277, 281, 284, 292

Fructose production, see Food bioconversions

G
Galactomannans,

Description, 34, 50–51
See also Locust bean gum, Tara gum or 

Guar gum
Gas lift reactor, 306, 310–311, 338, 368, 

369–370
Gas-liquid equilibrium, 115
Gas-solid equilibrium, 115–116
Gelatin, 45

Coacervation, 15–16, 24, 88, 103, 113, 
140–141, 144, 152, 155, 172, 
174, 179

Co-extrusion, 18, 171, 286
Gel texture, 60
Description, 34, 65–67
Emulsions, 234
Extrusion, 88, 286
Freeze-drying, 84, 88, 234
Melt extrusion, 139
Microspheres, 17–18, 106, 155, 305, 349
Nanoparticles, 24, 229–230
Spray-drying, 8, 85, 88, 132, 181, 234
Supercritical fluids, 20

Gellan gum,
Coacervation, 67, 88
Description, 34–35, 59–60
Emulsions, 88
Microspheres, 18, 84, 142, 155, 265, 293
Interfacial polymerization,
Regulatory aspects, 80,
Spray-drying, 88, 233

Gel beads / particles, see Microspheres
Glass transition / Glassy state, 8, 11–12, 90, 

101, 110–111, 114, 130, 132–133, 
137, 139–140, 151, 167, 169, 274

Gluconic acid, production, see Food 
bioconversions

Glucose production, see Food bioconversions
Glutaraldehyde, 15, 140–141, 172, 230, 305, 

368, 373, 382–384
Gluten, 39

Coacervation, 88
Description, 34, 62–63,
Emulsion, 88
Extrusion, 286
Fluid bed coating, 277

Melt extrusion, 139
Pellets with immobilised cells, 306, 331, 

335, 337
Spray-drying, 88

Glycerides, 129
Description, 34, 68–70
Emulsions, 216
Extrusion, 88
Fluid bed coating, 193–195, 199
Hydrolysis, 384
Spray-chilling/cooling, 88

Granulation, 8, 41, 132, 135, 173, 277
Enzyme and peptides, 253–262
see also Agglomeration

Guar gum, 45, 53, 58
Coacervation, 88
Description, 35, 46, 50–51
Extrusion, 88
Fluid bed coating, 88
Freeze-drying, 88
Regulatory aspects, 80
Spray-drying, 88

Gum, description 34–35
See also other Gums in this list.

Gum acacia
See Gum arabic

Gum arabic, 41, 67
Coacervation, 15, 88, 103, 113, 140–141, 

152, 155, 172
Description, 34–35, 46–47
Extrusion, 88
Fluid bed coating, 88, 153
Freeze-drying, 84, 88, 147
Interfacial polymerzation, 84
Regulatory aspects, 80
Spray-drying, 8, 84–86, 88, 132, 134, 169, 

233, 274, 292
Gum karaya,

Coacervation, 88
Description, 34, 35, 48–49
Extrusion, 88
Fluid bed coating, 88
Freeze-drying, 88
Regulatory aspects, 80,
Spray-drying, 88

Gum tragacanth, 47
Coacervation, 88
Description, 35, 46, 48
Extrusion, 88
Fluid bed coating, 88
Freeze-drying, 88
Regulatory aspects, 80,
Spray-drying, 88

Gum senegal
See Gum arabic
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H
Hanging sheet reactor, 370–371, 379–380
Hydrocolloid, description 34
Hydroxypropyl cellulose (HPC),

Description, 44–45
Emulsion, 88
Extrusion, 88
Fluid bed coating, 88, 287
Melt extrusion, 12, 139
Microspheres, 283
Regulatory aspects, 80,
Spray-drying, 88, 136

Hydroxypropyl methyl cellulose (HPMC),
Coacervation, 16, 141
Description, 43–45,
Emulsions, 88
Extrusion, 88
Fluid bed coating, 88, 200, 232–233, 287
Melt extrusion, 12, 139
Regulatory aspects, 80,
Spray-drying, 85, 88, 136, 168–169
Supercritical fluid, 21

I
Inclusion complexation, 83, 88

Description, 6, 19–20,
See also Cyclodextrins

Interfacial polymerization, 84
Iodine, encapsulation, 85, 187, 197–198, 200–207
Iron, encapsulation 85, 187–209

Bioavailability, 192–194
Fluid bed coating, 188, 193, 194, 199
Food fortification, 194–206

Cereals, 194–195
Liquid foods, 195–196
Salt, 197–205
Sprinkles, 196–197
Wheat flour, 205–206

Rotating Membrane device, 191–192
Spray-chilling/cooling, 188–190, 194, 

200–201, 205–206

J
Jet-cutter, 16–17, 280

K
Konjac gum, 35, 38, 80

L
Lactase, 270, 346, 352, 376–377

Lactic acid, production, see Food bioconversions
Lactose production, see Food bioconversions
Laser light scattering, 75–76, 105–106
Layer-by-layer technology

See Emulsions, multilayer
Lecithin, 20, 85, 177, 194–196, 199, 201–202, 

237, 240
See also Phospholipids or Liposomes

Lipase, encapsulation, 346, 354, 384–385
Liposomes, 82, 85, 88

Carotenoids, 220, 226–228, 232, 235, 
240–243, 246

Dairy fermentation, 354
Description, 6, 20–21, 33, 69–71
Enzymes, 113, 266–267, 354
Freeze-drying, 22
Iron, 195
Nanoparticles, 23
Supercritical fluid, 22

Lipid, 20, 38, 113, 118, 177
Description, 34, 67–71
Co-extrusion, 18
Emulsion, 13–14, 84
Fluid bed coating, 10, 88, 135–136, 

152–154, 178, 277, 279, 292, 347
Melt extrusion, 12, 88, 139
Nanoparticles, 22–23, 219
Oxidation, 164–168, 176–177, 179–180, 195
Spray-cooling/chilling, 5, 10, 88, 136, 143, 

178, 189, 279
Spray-drying, 8, 84, 86
See also Phospolipids, Fatty acid, Fatty 

alcohol, Fish oil, or Glycerides
Liquid-liquid equilibrium, 116–117
Locust bean gum, 45, 55

Description, 35, 46, 50, 51,
Extrusion, 88
Gel texture, 60,
Regulatory aspects, 80

Lutein, 212–213, 233, 244
Lycopene, 211–213

Cyclodextrin, 231
Emulsions, 14, 216–217, 219–220, 223, 

225, 233–234, 236–240, 242, 246
Freeze-drying, 234
Liposomes, 227–228
Nanoparticles, 229
Spray-drying, 233–234

M
Malolactic fermentation (MLF), see Wine and 

cider making
Maltodextrin, 130, 167, 175, 188, 193–194, 287
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Agglomeration/Granulatin, 135
Coacervation, 16, 141,
Description, 39, 41
Extrusion, 88
Fluid bed coating, 88
Freeze-drying, 22, 235, 275
Melt extrusion, 12
Melt injection, 11, 137–138, 181
Spray-drying, 8, 16, 83–86, 88, 132, 134, 

147, 150, 152, 168–169, 173, 233, 
235, 274

Marine extracts, see Alginate or Carrageenan
Mass transfer, 21, 110, 113–122, 129, 145, 155, 

202, 305, 307, 309–311, 314–316, 
318–319, 328, 335, 338, 349, 351, 
368, 370–371, 374, 379, 382

Matrix type encapsulate, 3–4, 113, 121, 
141, 153

Meat fermentations, 345–347, 351, 354–357, 
360–361

Fluid bed coating, 347
Microspheres, 354–357, 360
Spray-drying, 347

Mechanical strength, 101, 107–110, 285, 374
Melt extrusion,

Aroma, 132, 139–140, 151–152, 263
Description, 5, 11–12

Melt injection,
Aroma, 132, 137–138, 151
Fish oil, 137, 169–170, 181
Description, 5, 11

Mesquite gum (MG),
Coacervation, 88
Description, 34, 35, 46, 49,
Extrusion, 88
Fluid bed coating, 88
Freeze-drying, 88
Interfacial polymerization, 84
Spray-drying, 84, 88, 233

Methyl cellulose (MC),
Coacervation, 16, 141
Description, 42–44
Extrusion, 88
Fluid bed coating, 88, 136
Melt extrusion, 12
Regulatory aspects, 80
Spray-drying, 85, 88, 136

Methyl ethyl cellulose, see Ethyl Methyl 
Cellulose

Microfluidics, 14, 190–191, 221–223
Microscopy, 102–104, 109, 203
Microspheres

Aroma, 132, 141–143, 152–153, 155
Carotenoids, 232–233

Dairy fermentation, 348–352, 354, 358
Enzymes, 16, 265–266
Fish oil, 174–175, 181
Meat fermentation, 354–357, 360
preparation via extrusion, 6, 16–18, 84, 

280, 349
preparation via emulsification, 6, 17–18, 

280, 349
Probiotics, 84, 279–285, 289–294, 48, 

354–355, 356
Milk proteins, see Dairy proteins
Modified starch, see Starch
Monolith reactor, 306

N
Nanoparticles, 6, 22–23

Carotenoids, 228–232
Enzymes, 23–24
See also Cyclodextrins, Liposomes

O
Octenysuccinate (OSA) starch, 

see Starch
Oil, see Emulsions or Lipids
Organic acid, see Food bioconversions,

P
Packed-bed reactor, 305, 310–311, 313–314, 

334–335, 339, 352, 368–372, 375, 
382, 384, 386

Paraffin, 69, 72, 88, 281
Particle size

Overview encapsulates, 4–6, 26, 132
Measurements, 105–106

Pectin,
Coacervates, 15, 83, 140
Description, 35, 50–52
Emulsions with multilayers, 15, 177
Fluid bed coating, 138, 143, 287
Gel texture, 53, 60
Microspheres 18, 143, 235, 265, 283, 

288, 354
Nanoparticles, 24, 173
Regulatory aspects, 80,
Spray-drying, 88, 168, 234, 274
Submerged co-extrusion, 286

Peptides, 232, 283, 288–289, 295, 353
See also Enzymes, microencapsulation

Phospholipids, 20, 164, 227, 354
Description, 34, 69–71
See also Lecithin or Liposomes
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Plant exudates and extracts, see 
Galactomannans, Gum Arabic, 
Gum karaya, Gum tragacanth, 
Pectin, or Soluble soybean 
Polysaccharide

Polyphosphate, 15, 140, 172, 181
Polysaccharide, 74–75, 77

Description, 34–35
Nanoparticles, 24–25
See also Carbohydrate and Gum

Polyvinylpyrrolidone (PVP), 71, 80, 
88, 258

Probiotics encapsulation, 269–302
Applications

Cheese, 290–291
Fermented plant-based products, 

293–294
Frozen Desserts, 291–292
Mayonaisse, 294
Meat products, 292–293
Powdered formulations, 292
Yoghurt, 270, 274, 282, 288–290, 295
Compression coating, 286–287

Fluid bed coating, 277–279, 287, 290, 
292–294

Freeze-drying, 275–277, 281, 284, 292
Isolation and selection, 271–272
Microspheres, 84, 279–285, 289–294, 348, 

354–355, 356
Protection needs, 272–273, 287–289
Spray-cooling, 279
Spray-drying, 84, 273–276, 292, 295
Submerged co-extrusion, 19, 

285–286
Twin screw extrusion, 286
Vacuum-drying, 276–277
See also Dairy fermentation or Meat 

fermentation
Protease, encapsulation, 265, 352–354, 384
Protein,

Coacervation, 15, 88
Description, 34, 61–67
Emulsions, 14
Extrusion, 88, 170–171
Freeze-drying, 22
Fluid bed coating, 9, 88, 277
Inclusion complexation, 20
Melt extrusion, 12
Nanoparticles, 22–24
Spray-drying, 8–9, 88, 136, 168
Supercritical fluid, 22
See also b-lactoglobulin, Dairy proteins, 

Enzymes, encapsulation, Gelatin,  
or Soy protein

R
Release kinetics, 113–121, 131

See also Mass transfer
Reservoir type encapsulate, 3–6, 16, 18–19, 

101, 143, 150, 153
Retinyl palmitate

See Vitamin A

S
Safety, 4, 129, 347

Of materials, 78–79
Scanning electron microscopy (SEM), see 

Electron Microscopy
Selection

Of microencapsulates, 25, 167–168
Of materials, 79–90

Shellac,
Description, 34, 72
Fluid bed coating, 136, 286
Microspheres, 104–105
Regulatory aspects, 80
Spray-drying, 88

Silica / Silicon oxide, 24, 72, 87, 307, 368, 
376, 385

Aroma, 132, 147–148, 153
Powder flow aid, 137, 168, 178

Skim milk powder (SMP), 83, 85, 169, 
274–275

Sodium carboxymethyl cellulose
see Carboxymethyl cellulose

Sol-gel, 24, 87, 88, 147–148
Soluble soybean polysaccharide (SSPS),

Description, 34–35, 52–53
Spray-drying, 83, 85, 88

Soy protein (isolate), 34, 45, 53, 174
Coacervation, 173
Freeze-drying, 88, 275–276
Microspheres, 175
Spray-drying, 8, 88, 132, 169, 181, 274

Spinning disk, see atomizing disk
Spray-bed drying, 8, 85, 255, 347
Spray-chilling / cooling, 85, 88

Aroma, 129, 132, 136–137, 143,153–154, 156
Description, 5, 10–11
Fish oil, 178
Iron, 188–190, 194, 200–201, 205–206
Probiotics, 279

Spray-drying, 24, 83–87, 88, 347
Aroma, 40, 47, 83–84, 129, 131–135, 139, 

146–147, 149–152, 154–156, 347
Carotenoids, 233–234
Coacervates, 15–16, 141, 173
Cyclodextrin, 40, 147



399Index

Description, 5, 7–8
Emulsions, 14, 233–234
Enzymes, 254–256
Fish oil, 85, 168–169, 171, 173, 177–178, 

181–182
Iron, 189
Meat fermentation, 347
Probiotics, 84, 273–276, 292, 295
Supercritical fluid, 21

Starch, 276
Coacervation, 172
Compaction, 287
Description, 34, 36–39
Extrusion, 88, 151, 171, 265, 287
Fluid bed coating, 9, 88, 143
Freeze-drying, 88
Hydrolysis, 372, 376, 378
Melt extrusion, 12, 139, 148, 263
Melt injection, 169
Microspheres, 283, 289–290
Modified starch, 18, 24, 38–39, 41, 80–81, 

85, 88, 152
Octenylsuccinate anhydride (OSA) starch, 

24, 83, 132–134, 136, 152, 173
Nanoparticles, 24–25, 83
Regulatory aspects, 80–81
Spray-drying, 12, 83–85, 136, 150, 168, 

181, 233–234, 256, 274–275
See also Amylose, Amylopectin, 

Cyclodextrin, Maltodextrin, Syrups, 
or Dextrin

Stirred tank reactor, 306, 308–311, 352, 368–371
Submerged co-extrusion,

Aroma, 144
Description, 19
Fish oil, 171, 181–182
Probiotics, 19, 285–286

Sugar conversions, see Food bioconversions
Supercritical fluid, encapsulation, 88

Aroma, 21
Carotenoids, 230–231
Description, 6, 21–22

Syrups,
Co-crystallisation, 88, 148
Description, 39
Extrusion, 88
Fluid bed coating, 88
Melt injection, 137
Spray-drying, 85, 132–133, 168

T
Tara gum,

Description, 35, 50, 51,

Extrusion, 88
Regulatory aspects, 80

Transglutaminase, 15, 23, 140–141, 172–175, 
177, 347

Transmission Electron microscopy (TEM), 
103–104

Triglycerides, see Glycerides or Food 
bioconversions

Tripolyphosphate, 61, 72, 83

U
Ultrasonic atomisation, 19, 144, 175

V
Vacuum drying,

Aroma, 147
Description, 6, 22
Fish oil, 181
Probiotics, 276–277

Vibrating nozzle, 16, 18–19, 144, 
171, 349

Viscosity measurements, 76–78
Vitamin A, encapsulation 83, 85, 187, 

201–205
Vitamin C, encapsulation, 83, 85, 175, 206, 

286
Vitamin D, encapsulation, 23–24
Vitamin E, 14, 24, 83

W
Wax, 45, 113, 150, 153

Description, 34, 69,
Emulsions, 14, 87, 88
Extrusion, 88
Fluid bed coating, 10, 88, 135, 178, 

193–194, 199–200, 265, 277
Regulatory aspects, 80
Spray-chilling/cooling, 136
Spray-drying, 8
Supercritical fluid, 21
See also Beeswax, Carnauba wax, or 

Candellia wax
Whey protein (isolate),

Coacervation, 15, 140, 172, 174
Description, 34, 63–65
Extrusion, 170
Emulsions, 86, 88, 237, 239, 246
Microspheres, 175, 283, 289, 294,  

349, 357
Nanoparticles, 229–230
Spray-drying, 84, 87–88, 134, 169, 274



400 Index

Wine and cider making, 327–343
Alcoholic fermentation, 329
Bioreactor design, 335–338
Carrier materials / Supports, 330–332
Cell immobilization methods, 328–329
Malolactic fermentation, 327, 332–339

Würster coating, 9, 278

X
Xanthan gum,

Coacervation, 88
Description, 34, 35, 57–59
Emulsions, 88, 224
Gel texture, 60
Microspheres, 18, 84, 175, 293
Regulatory aspects, 80,
Spray-drying, 88

X-ray micro-computed tomography, 104–106

Y
Yeast cells

Aroma, 132, 144–146, 151–152
Immobilisation for beer fermentation, 

303–319
Immobilisation for wine and cider making, 

331–339
For glucose production, 379

Yoghurt,
Production, 345, 350–351, 355, 

358, 360
See also Probiotics, applications

Z
Zeaxanthin, 212–213
Zeta-potential, 106–107, 238–241
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