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Preface

Dietary trends, nutritional recommendations and more stringent labeling regulations
are placing increasing demands on the food industry. On the other hand, an
understanding of food materials science and its impact on food processing and
product development, and extending the understanding to nutrient delivery and
gastric engineering for optimal performance in the gastrointestinal tract, provides
significant new opportunities and challenges for food manufacturers. The interest in
a broader food and health context at the interface of food science, food engineering,
nutritional sciences, biological sciences, medicine and science in general has
coincided with much research for mining and identification of numerous hydro-
philic and lipophilic bioactive compounds. Food materials science has also been
developed to a stage where food materials can be designed and produced to protect
sensitive components, preserving their stability and controlled delivery in complex
food products. Such rationally designed delivery systems must meet high safety and
efficacy requirements and regulations, as well as economic viability criteria and
consumer acceptance.

The present book introduces technologies and ways to engineer delivery systems
for the stabilization of bioactive components in food ingredients and foods. The
book also highlights and reminds readers about the importance of understanding
physicochemical aspects of food stability at low water or low temperature condi-
tions. Bioactive or nutraceutical components play a major role in the impact of food
on health, but to ensure their optimal performance, food engineers and those
involved in the development of processes and products must carefully consider
extraction from raw materials, incorporation in foods, protection, stability during
processing, shelf life and digestion, as well as release bioaccessibility and
bioavailability in delivery. The present book discusses various topics, including
Recovery Technologies for Lipophilic Bioactives (by C. Saldanha do Carmo, A.T.
Serra, C.M.M. Duarte); Recovery Technologies for Water-soluble Bioactives:
Advances in Membrane-based Processes (by Alfredo Cassano); Industrial
Production of Active Probiotics for Food Enrichment (by Sai Swaroop Dalli,
Bijaya K. Uprety and Sudip K. Rakshit); Microencapsulation Technologies
(by M.A. Augustin and L. Sanguansri); Nanoencapsulation Technologies
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(by Yoav D. Livney); Encapsulation Efficiency and Capacity of Bioactive Delivery
Systems (by Sinéad B. Bleiel, Robert K. Kent and André Brodkorb);
p-Lactoglobulin-Based Nano and Microparticulate Systems for the Protection and
Delivery of Bioactives (by Fatoumata Diarrassouba, Ghislain Garrait, Gabriel
Remondetto and Muriel Subirade); Crystallization (by Nicolas Verhoeven, Tze
Loon Neoh, Takeshi Furuta, and Hidefumi Yoshii); Freezing and Freeze-drying (by
Y1j6 H. Roos); Spray Drying of Bioactives (by Zhongxiang Fang and Bhesh
Bhandari); Protective Performance of Delivery Systems in Production, Shelf Life
and Digestion (by Stephan Drusch and R. Wilde); Food Extrusion (by Zeki Berk),
Non-thermal Stabilization Processes (by Gustavo Barbosa-Canovas); Chemical
Stability: Browning and Oxidation (by Naritchaya Potes and Yrjo H. Roos); and
Improvement of Bioaccessibility and Bioavailability: From Molecular Interactions
to Delivery Systems (by Maarit J. Rein and Marcia da Silva Pinto). These chapters
cover general properties of food systems and technologies available for long-term
stabilization of food ingredients and foods as delivery systems.

Our book aims to provide students, researchers and food professionals in general
with information and insights essential for the successful design, production and
utilization of food as a vehicle for delivering health-promoting components, without
compromising the pleasure of the culinary experience. The contents extend to
bioaccessibility and bioavailability of compounds, which represents an expanding
future area of gastronomic and nutritional engineering of foods.

Cork, Ireland Y1jo H. Roos
Haifa, Israel Yoav D. Livney
July 2016
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Chapter 1
Recovery Technologies
for Lipophilic Bioactives

C. Saldanha do Carmo, A.T. Serra and C.M.M. Duarte

Abstract The market for natural bioactive ingredients is one of the most attractive
at the moment, and natural lipophilic compounds of various structures and func-
tionalities provide excellent molecules for the production of nutraceuticals, func-
tional foods, and food additives. The use of these products in various commercial
sectors and the consumer demand for “natural”, together with increasingly strict
environmental regulation related to the use of organic solvents, particularly with
products for human consumption, have created a great challenge for the natural
ingredients industry. In order to address the need for safer and healthier foods and
to offer competitive products aimed at meeting consumer expectations, many sci-
entists and manufacturers are making genuine efforts to explore new “green sus-
tainable processes” for obtaining bioactive ingredients. In this chapter, both
conventional and new alternative techniques for the isolation of high-value lipo-
philic bioactives from different natural matrixes are presented. One new technology,
supercritical fluid extraction (SCFE), is reviewed in greater detail. The practical
issues associated with each extraction method are also discussed, as well as the
potential for upscaling of the technology.

Keywords Lipophilic bioactive compounds - Conventional and Non-conventional
extraction - Supercritical CO, extraction
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1.1 Introduction

Nowadays, there is increasing evidence concerning the physiological, nutritional,
and medicinal benefits to human health from various natural products, as well as the
possible harmful effects of the use of certain synthetic products. The market for
bioactive natural ingredients is among the most attractive at the moment, and
natural lipophilic compounds of various structures and functionalities provide
excellent molecules for the production of active ingredients for functional foods and
food additives (e.g., preservatives, flavours, or colourants).

Extracts from natural sources play an important role, and the different parts of
plants such as seeds, leaves, flowers, berries, bark, and roots represent the major
sources of natural extracts, although some extracts may be obtained from animal
sources.

In order to address the need for safer and healthier products and to compete in
meeting consumer expectations, manufacturers must adopt the most suitable pro-
cedure for producing the natural ingredients. Conventional extraction involves the
use of solid—liquid techniques that typically rely on organic solvents, which present
several drawbacks, including toxic residues, chemical transformation of extracts,
and toxic wastes. This has led to the development of more innovative approaches
for the production of the desired compounds. The selection of an extraction method
is dependent on the type of compound to be extracted, and it should take into
account the potential for scaling up of the technology.

The aim of this chapter is to summarize and provide an overview of the main
lipophilic bioactives and their characteristics, sources, and methods of extraction
from natural matrices. As supercritical carbon dioxide extraction has been shown to
be an effective “green” alternative for organic solvent-based extraction of non-polar
compounds, supercritical fluid technology will be discussed in greater detail.

1.2 Lipophilic Bioactives

Lipophilic bioactives constitute a wide range of substances with a variety of
functions, including flavour, antimicrobial, antioxidant, and several health-
promoting properties. The group of lipophilic bioactives is very diverse in terms
of molecular properties (e.g., molecular weights, structures, functional groups,
polarities, and charge), leading to different physicochemical and physiological
properties including solubility, physical state, rheology, optical properties, chemical
stability, surface activity, and bioactivity (McClements et al. 2007).

The most important classes of lipophilic bioactives are briefly presented below,
including their physicochemical characteristics, bioactivity, and main sources. The
chemical structures of various bioactives are schematically presented in Table 1.1.
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Table 1.1 Chemical structure of some bioactives [PubChem database (Kim et al. 2015)]

Bioactives Structures
Carotenoids
B-carotene
Lycopene H H H H H H H H
Lutein
Zeaxanthin
2 2 = I ¥
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PUFAs " Y
I ' g
P “
DHA /L%/\ . EPA
Tocopherols ﬁ ; /
a-tocopherol vo B-tocopherol
1 )&3
G /I\/\/\/\/I\ T~
y-tocopherol 5-tocopherol
Squalene
H H
Squalene
Essential oils g
/"\ry .»”’
| | "
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1.2.1 Carotenoids

Carotenoids, the most significant and extensive group of pigments found in nature
(Brunner 2005a), are a large group of lipophilic compounds that give a range of
colours in foods from yellow to red. Furthermore, it has been strongly suggested
that consuming carotenoid-rich foods reduces the risk of several types of disease,
including cancer (Ziegler 1989; Gerster 1993; Astorg 1997), cardiovascular disease
(Bendich 1994; Kohlmeier and Hastings 1995; Mayne 1996; Sesso et al. 2005;
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Riccioni 2009), age-related macular degeneration (Seddon et al. 1994), cataracts
(Jacques and Chylack 1991; Snodderly 1995; Mayne 1996; Olmedilla et al. 2003),
diseases related to low immune function (Bendich 1994; Chew 1995; Meydani et al.
1995), and other degenerative diseases (Stahl and Sies 2005; Perera and Yen 2007).

Carotenoids are polyenes consisting of 3-13 conjugated double bonds and
sometimes six carbon ring structures at one or both ends of the molecule
(Cavalcanti et al. 2013). They can exist in cis and trans forms, but cis isomers are
less stable than the trans forms due to stoichiometric conformation. Thus, the
majority of natural carotenoids are in the all-frans configuration (McClements et al.
2007). Based on their structure, carotenoids are divided in two classes: (i) carotenes,
which are pure polyene hydrocarbons containing only carbon and hydrogen atoms,
and include acyclic lycopene and bicyclic - and a-carotene; and (ii) xanthophylls,
containing oxygen in the form of hydroxyl (lutein), epoxy (violaxanthin), and oxo
(canthaxanthin) groups (Sajilata et al. 2008). The most abundant pigments in nature
are B-carotene, lycopene, lutein, and zeaxanthin (de Paz et al. 2012).

Carotenoids are found in a large variety of natural sources: vegetables, animals,
bacteria, yeast, and microalgae. About 90 % of the carotenoids in the human diet
and body are B- and a-carotenes, which are commonly found in yellow-orange
vegetables and fruits; o-cryptoxanthin is present in orange fruits, lutein is provided
by dark green vegetables, and lycopene is obtained from tomatoes and their
by-products (Rao and Rao 2007).

The carotenoids are the main dietary source of vitamin A precursors and
antioxidants (de Paz et al. 2012). Although B-carotene is the main compound with
pro-vitamin A activity, any carotenoid with at least one unsubstituted P ring, such
as o-carotene or B-cryptoxanthin, has the added advantage of being able to be
converted to vitamin A. Even though lycopene is a carotenoid with no pro-vitamin
A activity, it is an important antioxidant and free radical scavenger (Pingret et al.
2013). Processed foods are frequently fortified with carotenoids such as lycopene to
increase their nutritive value and/or enhance their attractiveness (Wang and Weller
2006). The major sources of lycopene are ripe tomatoes, and tomato products and
by-products (skins and seeds) (Burton-Freeman and Reimers 2011).

1.2.2 Polyunsaturated Fatty Acids (PUFAs)

The polyunsaturated fatty acids (PUFAs) contain more than one double bond in
their structure. PUFAs can be classified into various groups by their chemical
structure: methylene-interrupted polyenes, conjugated fatty acids, and other
polyunsaturated fats. The methylene-interrupted polyenes comprise the ®-3
essential fatty acids (hexadecatrienoic acid, o-linolenic acid, stearidonic acid,
etc.), ®-6 fatty acids (linoleic acid, y-linolenic acid, eicosadienoic acid, etc.), and
-9 fatty acids (oleic acid, erucic acid, mead acid, etc.). The conjugated fatty acids
have two or more conjugated double bonds, for example, linoleic acids (rumenic
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acid) and linolenic acids (B-calendic acid). Pinolenic acid and podocarpic acid are
examples of other PUFAs (McClements et al. 2007).

There is an extensive body of scientific literature supporting the positive effects
of ®-3 fatty acids on human health. Important natural sources of ®-3 PUFA are
marine organisms (fish, seafood, algae, and other marine sources) directly or
indirectly fed from marine phytoplankton, the primary producer of ®-3 in the
trophic chain (Rubio-Rodriguez et al. 2010), and selected seed plants and other
marine sources (Sahena et al. 2009b). Consumption of ®-3 fatty acids can reduce
the risk of heart disease (Hooper et al. 2006) and high blood pressure
(Lungershausen et al. 1994), prevent blood clots, protect against cancer, and alle-
viate depression (Von Schacky et al. 1999). With regard to w-6 fatty acids, they are
often used to develop pharmaceutical drugs and for the treatment of atherosclerosis,
asthma (Hodge et al. 1998; Oddy et al. 2004), arthritis (Geusens et al. 1994),
vascular disease, thrombosis (Yamashita et al. 2005), immune-mediated inflam-
matory disorders (Fritsche 2006), and cancer (Cunnane 2003; Simopoulos 2002,
2008). Unlike ®-3, the ®-6 and ®-9 fatty acids are not classified as essential fatty
acids, as they can be synthesized by the human body from unsaturated fatty
acids. Among all compounds, particular attention has been focused on
concentrates of EPA (all-cis-5,8,11,14,17-eicosapentaenoic acid) and DHA
(all-cis-4,7,10,13,16,19-docosahexaenoic acid) due to their pharmaceutical value
(Cavalcanti et al. 2013).

1.2.3 Tocopherols and Tocotrienols

Tocopherols constitute a class of chemical compounds that includes various
methylated phenols. Tocopherols are extremely valuable compounds because of
their vitamin bioactivity and antioxidant capacity (Lee et al. 2000). They are
abundant in seeds and leaves of plants. y-Tocopherol is present at high concen-
trations in seed oils (olive, sunflower, corn, and soybean) and o-tocopherol in leaf
lettuce (Cavalcanti et al. 2013).

Vitamin E includes both tocopherols and tocotrienols that occur in groups of four
(o, B, v, o) lipophilic antioxidants synthesized by photosynthetic organisms. The
isomer with the highest vitamin E activity is a-tocopherol, and it has become an
important additive in numerous food products. However, although it has a number
of biological properties, it can cause indigestion, thus affecting its bioavailability in
the intestine. Many biological functions related to tocopherol consumption have
been identified, including relief of stress (Liu 2005) and premenstrual symptoms
(London et al. 1983), prevention of cellular damage (Marubayashi et al. 1986),
improved blood circulation (Kunisaki et al. 1998), tissue regeneration (Andiran
et al. 2000), and intermittent claudication (Haeger 1974). Additionally, the
antioxidant activity of tocopherols is associated with inhibition of membrane lipid
peroxidation and the elimination of reactive oxygen species (Folmer et al. 2009).
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1.2.4 Phytosterols

Phytosterols and phytostanols, the saturated form of phytosterols, are steroidal
compounds similar to cholesterol but of plant origin. They vary only in their carbon
side chains and/or presence or absence of a double bond (Ostlund 2002). Vegetable
oils and vegetable oil-containing products are rich sources of phytosterols
(Cavalcanti et al. 2013). Large-scale isolation of phytosterols is conducted mainly
in two major raw materials, vegetable oils and tall oil (Fernandes and Cabral 2007).

The most common phytosterols in the human diet are B-sitosterol (65 %),
campesterol (30 %), and stigmasterol (3 %). Among phytostanols, the most com-
mon in the human diet are sitostanol and campestanol, which together constitute
about 5 % of dietary phytosterols (Cavalcanti et al. 2013). They are known to
reduce low-density lipoprotein (LDL) serum cholesterol levels (Jones et al. 1997),
and thus foodstuffs containing phytosterols are widely used as a dietary therapeutic
option for reducing plasma cholesterol and the risk of atherosclerosis (Moghadasian
and Frohlich 1999). Grain products, vegetables, fruits, and berries are not as rich in
phytosterols as vegetable oils, but they can also be significant sources due to their
high consumption, reaching 150—450 mg/day (Cavalcanti et al. 2013).

Phytosterols play a major role in several areas, including pharmaceuticals
(production of therapeutic steroids), nutrition (anti-cholesterol additives in func-
tional foods, anti-cancer properties), and cosmetics (due to their anti-inflammatory
activity, which is an interesting property for anti-ageing products).

1.2.5 Squalene

Squalene (2,6,10,15,19,23-hexamethyl-2,6,10,14,18,22-tetracosahexaene) is a
biosynthetic precursor to all steroids (He et al. 2001). Squalene is a symmetrical
30-carbon polyprenyl compound containing six prenyl units. Shark liver oil
(Squalus spp.) is considered the richest source of squalene, and it is an intermediate
metabolite in the synthesis of cholesterol. In humans, about 60 % of dietary
squalene is absorbed and distributed in all tissues, being one of the major com-
ponents in human epidermis lipids. Its major function is acting as an antioxidant,
protecting the skin from lipid peroxidation (Briganti and Picardo 2003).

It is hypothesized that the lower risk of various cancers associated with high
olive oil consumption could be due to the presence of squalene (Smith 2000).
Research has also suggested that squalene has chemopreventive effects against
colon cancer (Rao et al. 1998), and it has been recognized as having cholesterol-
lowering effects (Smith et al. 1998; Kelly 1999) (Khor and Chieng 1997).

The traditional source of squalene is primarily shark (Centrophorus squamosus)
and whale (Physeter macrocephalus) liver oils (Jahaniaval et al. 2000).
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1.2.6 Essential Oils

Essential oils contain an important group of bioactive organic compounds that are
responsible for the aroma and are involved in the defence mechanisms of many
plants. EOs contain 85-99 % volatile and 1-15 % non-volatile components. The
volatile constituents are a mixture of terpenes, terpenoids, and other aromatic and
aliphatic constituents of low molecular weight. Terpenes are made from combi-
nations of several five-carbon-base (C5) units called isoprenes. The main terpenes
are the monoterpenes (C10) and sesquiterpenes (C15). Terpenoids are terpenes
containing oxygen. Monoterpenes, formed from the coupling of two isoprene units,
are the most representative molecules, constituting 90 % of the EOs. Aromatic
compounds are derived from phenylpropane. Aldehydes (cinnamaldehyde), alco-
hols (cinnamic alcohol), phenols (eugenol), methoxy derivatives (anethole, estra-
gole), and methylenedioxy compounds (myristicin, apiole) are examples of their
aromatic components (Sanchez-Gonzalez et al. 2011).

These compounds can be stored in several organs, such as flowers (orange,
bergamot), leaves (lemongrass, eucalyptus, and menthe), bark (cinnamon), wood
(sandalwood, rosewood), rhizomes (curcuma, ginger), fruits (star anise, fennel), and
seeds (nutmeg) (Pereira and Meireles 2010).

Essential oils generally have a broad spectrum of bioactivity owing to the
presence of several active ingredients that work through various modes of action.
Known for their antiseptic—i.e., bactericidal (Friedman et al. 2002), virucidal
(Garcia et al. 2003), and fungicidal (Ranasinghe et al. 2002)—and medicinal
properties and their fragrance, they are used in embalmment, for food preservation,
as antimicrobial (Burt 2004) and analgesic remedies, sedatives, anti-inflammatory
(Silva et al. 2003) and spasmolytic (Sadraei et al. 2001) agents, and as a local
anaesthetic (Bakkali et al. 2008). These properties have made essential oils an
attractive candidate for use as ingredients in cosmetics, food, and pharmaceutical
products (Pereira and Meireles 2010).

1.3 Methodologies for Extraction of Lipophilic Bioactives

Various extraction procedures have been used for the recovery of bioactive com-
pounds from natural matrices. These include both conventional and
non-conventional methods.

1.3.1 Conventional Extraction Techniques

Soxhlet extraction, hydro-distillation, and maceration with an alcohol-water mix-
ture or hot fat are conventional techniques applied for the extraction of nutraceu-
ticals from natural matrices using heat and/or agitation (Wang and Weller 2006;
Azmir et al. 2013).
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The Soxhlet extractor was first proposed in 1879 by Franz Ritter von Soxhlet, a
German chemist, and it has since been widely adopted as a standard technique and
the primary reference for assessing the performance of new extraction alternatives
(Wang and Weller 2006; Azmir et al. 2013). With the exception of the extraction of
thermolabile compounds, Soxhlet extraction is a generally well-established method,
with performance exceeding that of other conventional extraction techniques.
Briefly, a small amount of dry sample is placed in a thimble filter, which is then
placed in a thimble holder above a distillation flask containing the solvent of
interest. When the liquid reaches the overflow level, a siphon aspirates the solution
passing through the thimble holder and unloads it back into the distillation flask,
carrying extracted solutes into the bulk liquid. In the solvent flask, solute is sepa-
rated from the solvent using distillation. The solute is left in the flask, and fresh
solvent condensed by reflux after evaporation is passed back into the plant
solid bed. The operation is repeated until complete extraction is achieved
(Wang and Weller 2006; Azmir et al. 2013). The main criticism with this method is
the length of time required to complete the process (Luque de Castro and
Priego-Capote 2010).

Hydro-distillation is another traditional method for extraction of bioactive
compounds and essential oils from plants. With this technique, organic solvents are
not used, and it can be performed without drying the plant materials. There are three
types of hydro-distillation: water distillation, water and steam distillation, and direct
steam distillation (Palma et al. 2013). In water distillation, the solid matrix is
sustained and packed in a still compartment and immersed in the boiling water or
floating on it, depending on its density. In the water and steam distillation method,
steam is also directly injected into the plant sample. Hot water and steam extract
and release the bioactive compounds from the plant tissue. Indirect cooling by water
condenses the vapour mixture of water and oil. The condensed mixture flows from
the condenser to a separator, where oil and bioactive compounds automatically
separate from the water. Lastly, in direct steam distillation, the solid matrix is
supported on a perforated grid or screen inserted above the bottom of the still, but it
is not in direct contact with the liquid water. The saturated steam flows up through
the extracted solids, evaporating and gathering the volatile components (Palma
et al. 2013), and the mixture is then condensed and separated as described above.

Hydro-distillation  involves three main physicochemical processes:
hydro-diffusion, hydrolysis, and decomposition by heat. This precludes its use for
the extraction of thermolabile compounds, because some volatile compounds may
be lost (Reverchon and Senatore 1992).

Maceration has become a popular and inexpensive way to extract essential oils
and bioactive compounds, and it generally consists of several steps. First, the plant
materials are ground into small particles to increase the surface area for proper
mixing with the solvent. Next, an appropriate solvent, called menstruum, is added
in a closed vessel. The liquid is then strained off, and the solid residue is pressed to
recover as much occluded solution as possible. The strained and pressed liquids are
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mixed and separated from impurities by filtration (Palma et al. 2013). In order to
facilitate extraction, occasional shaking can be used, increasing the diffusion and
the removal of concentrated solution from the sample surface, while carrying fresh
menstruum inward for higher extraction yields (Azmir et al. 2013).

1.3.2 Non-conventional Extraction Techniques

The major drawbacks of conventional extraction procedures include long extraction
time, low extraction selectivity, thermal decomposition of thermolabile compounds,
and evaporation of large amounts of solvent (Azmir et al. 2013). To overcome these
limitations, new and promising techniques have been explored.

1.3.2.1 Superecritical Fluid Extraction

The use of supercritical fluids (SCFs) is often highlighted as an important strategy
within green chemistry to replace harmful organic solvents and to enable green
sustainable technologies (Leitner and Poliakoff 2008). The critical point is char-
acteristic of each substance and it is schematically illustrated in Fig. 1.1. The state
of a substance is called supercritical when temperature and pressure exceed the
critical values.

Going over the liquid-vapour line of a pure substance, the rise in temperature and
pressure have different effects in each phase. When the temperature of a substance
reaches its critical value, the densities of the gas and the liquid phases become
identical, and the liquid is no longer distinguishable from the gas. At this point,
only one phase exists and is now described as an SCF, whose properties range

Fig. 1.1 Phase diagram for a o
pure component (Brunner Z
2005b) g
b
=W
Solid
Pc |

Critical
Point (CP)

Triple
Point (TP)

Temperature
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Table 1.2 Orders of magnitude of main physical properties of SCFs [adapted from (Brunner
2005b)]

Liquid Supercritical Gas
Density (g.cm®) 1 0.1-0.5 1073
Diffusivity (cm?.s™ ') 1073 1073 107!
Viscosity (Pa.s) 1073 10741073 1073

between those of gases and liquids, as shown in Table 1.2. Furthermore, SCFs are
characterized by gas-like viscosities and solvating properties of a wide range of
various organic solvents.

The most important feature of SCFs is that in the supercritical region (Fig. 1.1),
minor variations in pressure and/or temperature lead to significant variation in
density, which causes rapid changes in thermodynamic and transport properties.

Commensurate with the goal of environmentally benign processing is the use of
liquefied or supercritical carbon dioxide (SC-CO,) for non-polar to moderately
polar solutes. Environmentally benign carbon dioxide in its supercritical state has
demonstrated significant potential for the development of a wide range of alter-
native processes that totally or partially eliminate the need for some of the most
commonly used organic solvents. In addition to this factor, the rapid mass transfer
properties associated with the lower viscosity of SCF carbon dioxide can lead to
more time-efficient production capabilities for various types of important industrial
processes (King and Srinivas 2009).

The extraction of compounds from natural sources is the most widely studied
application of SCFs. In fact, supercritical fluid extraction (SCFE) has significant
advantages over conventional solvent methods: it is an environmentally friendly
technique, it enhances extraction efficiency and selectivity, and avoids the expen-
sive post-processing of the extracts for solvent elimination. For the above-
mentioned -reasons, carbon dioxide (CO,) is the most frequently used SCFE sol-
vent. Extracts from supercritical processing with SC-CO, can be regarded as all
natural, and the products allowed for food applications may have GRAS (generally
recognized as safe) status. In addition to the advantages related to non-toxicity and
mild operating conditions, the extraction system provides a light- and oxygen-free
environment, thereby minimizing degradation and preserving their bioactivity and
antioxidant properties.

Typical SCFE systems for solid and liquid extraction are presented in Figs. 1.2
and 1.3, respectively. Basically, the system consists of pumps for delivering solvent
and modifiers (co-solvents) throughout the system and for raising the pressure of
the recycled solvent, a high-pressure extractor, a pressure reduction valve, heat
exchangers, compressors, and one or more separators in which the extract is col-
lected and the solvent (e.g., CO,) is depressurized and removed (Fig. 1.2) (Shi et al.
2012). A small amount of co-solvent (ethanol, water, etc.) increases the ability of
SC-CO, to dissolve polar compounds (Reverchon and De Marco 2006).

Column fractionation can be done with a column operating in two different
modes: cross-current and counter-current. The latter is the most popular. In such a
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Fig. 1.2 Schematic diagram of a supercritical fluid extraction system (Solid-scFluid extraction)
used to fractionate bioactive components. I CO, cylinder; 2 Co-solvent; 3 CO, and co-solvent
pumps; 4 Heat exchanger; 5 Extraction vessel; 6 Separators; 7 Back pressure valves; 8 Extracts
outlet

counter-current separation process, the components are distributed between the
solvent (extract phase) and the liquid (raffinate phase) which flow in a
counter-current manner through the column, reducing the amount of solvent needed
and increasing throughput. Counter-current processing with SCFs extends the
possibilities of separation processes like distillation, absorption and liquid-liquid
extraction to the isolation and purification of components of low volatility, allowing
separation of components with very similar properties (Fig. 1.3).

The industry has recently focused on “fractional separation”, where the natural
materials are extracted under relatively severe pressure and temperature conditions
to remove all the desired components. The resulting fluid extract is then passed
through a series of two, three, or four separator vessels in which the operating
parameters (temperatures and pressures) in each vessel are set to selectively pre-
cipitate one specific component of interest. This can create a range of unique
fractions with new application potential.

The past 20 years have seen an expansion of the “critical fluid” technology
platform with respect to using or combining multiple types of unit operations and
compressed fluids in both their sub- and supercritical states. For example, com-
bining SCFE with fractionation methods using SCFs, and/or reaction chemistry in
critical fluid media can produce a variety of extracts or products (King 2000).

Table 1.3 summarizes the advantages, disadvantages, parameters to control, and
ease of scale-up of SCFE, in particular with carbon dioxide.

In summary, SC-CO, is suitable for applications in which (i) processing costs
are not a limiting factor, (ii) conventional solvent extraction is restricted by
environmental regulations, (iii) consumer demand or health considerations play an
important role, (iv) a “natural” label on the product is required, and/or (v) the
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Fig. 1.3 Schematic diagram of a supercritical fluid extraction system (Liquid-scFluid extraction)
used to fractionate bioactive components. / Feed; 2 CO, cylinder; 3 CO, and liquid pumps; 4 Heat
exchangers; 5 Extraction column; 6 Separators; 7 Back pressure valves; 8 Extracts outlet; 9
Raffinate

application of traditional extraction techniques does not preserve the bioactive
properties of the product. The major disadvantage of SCFE is the expensive
equipment. With regard to the process itself, the drawbacks are the high pressure
required and the associated hazards, which have hindered wider application.

SCFE has been commonly used for the extraction of flavours, essential oils, seed
oils, antioxidants, and bioactives from several natural sources. Some of these
applications have been reviewed extensively (Reverchon and De Marco 2006;
Herrero et al. 2006a; Cheah et al. 2006; Diaz-Reinoso et al. 2006; Sahena et al.
2009a; Catchpole et al. 2009), and are summarized in Table 1.4.

1.3.2.2 Other Non-conventional Extraction Techniques

An overview of other non-conventional extraction techniques, including
ultrasound-assisted extraction, microwave-assisted extraction (MAE), and pressur-
ized liquid extraction (PLE), is presented in Table 1.5, along with the principles, main
advantages, limitations, and information regarding the scaling up of each technology.



13

Recovery Technologies for Lipophilic Bioactives

1

(6661

‘[e 19 UQUOAYIS) sennuenb jrews ur K[uo pappe
2q 1snwr £ay) pue ssedoid ay) Jo A)AnOJ[RS
ay) pue AJI[IGNOS OUBYUD 0] JIPIO Ul

(o102
‘Te 10 o1a119H) spunoduwiod paziprxo Aqiseo

10 9[Iqe[ A[[EULIdY) JO UOTOBIX O SMO[[Y

(Kuoyny Keges pooq ueodoinyg) VSAH

pue (uonensuIwpy Sniq pue poog ‘S°N)

VAad £q (SVYD) ..2yes se paziugodar A[[e1ouds,,

pue A[puoLy A[[JUSWUOIIAUD ST I[NIS[OW SIY], o

SIOBI)Xd 921J-JUQA[OS

(46002 ‘& 19 rudyes

{1900T J0[[oM Pue Suepy ‘800T e 12 Suep)

syonpoid [euy oY) wolj paroural A[Ised oq ued

pue ‘sooueysqns orydodi] azijiqnios 03 AN[Iqy

(4600T "Te 10 BUAYES (900T 1O[[OA PUE SueA

8007 ‘Te 12 Suepy) dATsuadxaul ‘O1X0)-UON «
(6002 'T& 19 BUSYES :900T OIPM

pue Suepy Q00T ‘Te 12 Suepy) 2AISO[dXI-UON] «
(9007 Te 10 o10AED) seniodoxd reuonouny

.

.

paopaau st spunoduwod JUIA[OS JOYJ0 JO oSN Y, 10 oAnEIND J10y) da1esald oy pue spunodwod (0DDS)
(9900T ‘e 19 OIALIYH) SIoLeU QATIOROIQ JY) JO UONRIA)R [BWIUIW AINSUY 9PIXOIp
1oy woiy spunodwos yejod AySty Sunoenxo ur (8007 Te 12 @anuIe(]) 1500 MO o uoqred
QATIORJR SS9 ST T *Ajrejod Mo S)I JO asnedod . (8007 e 10 eanure() ojes « |  [eonuoredng
(9002 e 10 yeayD) sontadord Furzijualg «
(9002 'Te 10 yeayD) suonoeiaut (9900T 'Te 10 0I01IH ‘6661 T8 12
Q)ATeuE-x1eW U0 dduspuadop Suong . uduoAyIS) armjerddwe) pue ainssaid SuiSueyo
(€10T & (900T e 10 £q ajqeisnipe st ‘syuoajos pmbif oyrjun ‘Yorym
BJOIPUAJA)) (SIUQAJOS-0D) SISYIPOUL yeayD) oziumdo 0) so[qentea Jo roquinu A5Ie « [ A)Nsuop oY) uo spuadop A)ISOISIA JIOY) 9SNEIq
JO 3sn(Oner Pad)-0J-JUSAJOS) (89007 'Te 10 OIOLIH) spinbry ueyy sontodoxd podsuer) 10130q ALY SAS «
(€102 QJeI1 MOJ JURAJOS “(KITIqnjos) JuaWdO[OAID IOPIM B PAIDPUIY JABY YOTYM (900T I9[PA\ Pue SUBAY) SIUIA[OS
‘Te 10 0ouOy-zopueurd) | armerodwo) pue nssoxd §5220.47 o ‘spIezey pajeroosse ay) pue amnssaid YSIH « o1uesIo JIX0)-uou Jo asn ay) pue ‘uonnyjod (H1DS)
uonejuewoldwr [ermsnpur Anpqnios yusjuod (9002 oIPM. JIOMO] ‘UONIBIXA JO SoW) OYS ‘ANANIS[AS YSIH « uonoLnx9
10 ssaoo01d dqera QIn)sIow ‘aIn[os Ay} JO UONBIO] pue Suepy) sreujew Jejod 10f 1omod Juaafos (9900C pmy
A[[eo1wouod? pue jsnqoy ‘Knsorod “ozis oponed xruvpy « 100d $)$933NS YOIYM JUBISUOD OLIOJ[AIP MO « | ‘[& 10 OIOLIOH) AS0[0uydd) djes A[[eJudwWuoIIAUg « [  [eonudIdng
spoyjou
dn-o[eos jo aseq [0NUO0D 0) SIdAWRIR] sagejueApesiq sagejueApy uonoenxy

TIDS Jo dn-o[eas jo asea pue [onuod 0 sisjowered ‘soSejueApesip ‘soSejueApy €T dqeL



14 C.S. do Carmo et al.

Table 1.4 High-added-value compounds extracted with supercritical fluid extraction (Reverchon
and De Marco 2006; Herrero et al. 2006a; Cheah et al. 2006; Diaz-Reinoso et al. 2006; Sahena
et al. 2009a; Catchpole et al. 2009; Adil et al. 2007, 2008; Ibaiiez et al. 2000; Nobre et al. 2009)

Bioactives Raw materials
Essential Bacuri fruit shells; Basil leaves; Black cumin; Carrot fruit; Chamomile flowers;
oils Clove bud; Eucalyptus leaves; Ginger; Rose hip fruit; Juniper; Laurel leaves;

Lemon balm; Lemon bergamot; Lemon eucalyptus; Lemon verbena;
Lemongrass leaves; Lippia alba; Lovage leaves and roots; Marjoram leaves;
Mint leaves; Oregano; Patchouli; Pennyroyal; Black pepper; Rosemary; Sage
leaves; Savoury; Spiked thyme; Star anise; Sweet basil; Thyme; Tuberose
concrete; Valerian root; Vetiver; Yarrow flowers

Seed oils Black cumin seeds; Blackcurrant seed; Borage seeds; Caraway; Celery roots;
Cinnamon; Coriander seeds; Daphne; Evening primrose seed; Fennel seeds;
Grape seeds; Hemp seed; Rose hip seeds; Hyssop; Juniper; Kiwifruit seed;
Lavender; Medlar seeds; Palm kernel oil; Peach seeds; Red pepper; Rose hip
seed; Tea seed; Vernonia seeds

Carotenoids Alfalfa leaf; Apricot pomace; Buriti fruit; Cardamom; Carrot; Crustaceans;
Krill; Marjoram; Microalgae (Chlorella vulgaris, Nannochloropsis gaditana,
Spirulina maxima, Dunaliella salina, Haematococcus pluvialis, Phaffia
rhodozyma); Palm; Paprika; Pitanga; Rose hip; Sea buckthorn; Spirulina;
Stinging nettle; Sweet potato; Tomato and tomato by-products (paste waste,
skin); Watermelon

Tocopherols Aloe vera leaves; Coriander seeds; Dill; Espinheira santa; Fresh bay; Grape
seeds; Milk thistle; Olive oil industry by-products; Olive tree leaves; Palm;
Paprika; Parsley; Pomegranate; Rice bran; Sacha inchi; Sesame seed, black;
Silybum marianum; Soybean flakes; Soybean oil by-product; Spearmint;
Tomato; Wheat germ

Squalene Espinheira santa; Indian almond leaves; Olive oil industry by-products; Shark
liver oil; Tropical almond leaves and seeds

Fatty acids Brown seaweed; Cardamom seed; Corn bran; Cotton seed; Cunninghamella
echinulata; Grape seeds; Ground beef; Mackerel; Northern shrimp; Oat Bran;
Peanuts; Palm kernel; Pecan; Pistachio; Pupunha; Pythium regulare; Rapeseed;
Rice bran; Rose hip seed; Safflower; Sardine oil; Saw Palmetto berries;
Soybean; Sunflower; Wheat germ

1.4 Extraction of Lipophilic Bioactives

1.4.1 Carotenoids

Carotenoid extraction has traditionally been performed using organic solvents that are
associated with the known problems of low selectivity and adverse environmental
impact. For these reasons, the use of SCF has been explored for their extraction.
Because carotenoids show very low or moderate solubility in SC-CO,, depending on
the molecular structure (molecular weight and polarity), suitable modifiers
(co-solvents) have been employed to enhance the solubility of the target compounds.
The most frequently used co-solvent is ethanol, since its presence (in traces) in final
products does not compromise their use in food, nutraceutical, and pharmaceutical
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applications (Reverchon and De Marco 2006). Vegetables oils have also been used as
potential modifiers for the extraction of carotenoids (Longo et al. 2012).

SCEFE of lycopene, a carotenoid with relevant antioxidant activity and protective
effects against coronary heart disease and cancer, was performed using pure CO,
with the modifiers (co-solvents) ethanol, olive oil, and hazelnut oil (Ciurlia et al.
2009; Perretti et al. 2013; Vasapollo et al. 2004; Shi et al. 2009; Baysal et al. 2000),
and high recovery yields were obtained. Ultrasound-assisted extraction with organic
solvents (petroleum ether, acetone, n-hexane, ethanol, and ethyl acetate) has also
been explored (Konwarh et al. 2012; Eh and Teoh 2012; Lianfu and Zelong 2008).
Table 1.6 summarizes studies involving lycopene extraction from tomato and
tomato by-products.

In other works, astaxanthin, P-carotene, and other carotenoids have been
extracted by SC-CO, MAE, ultrasonic-assisted extraction (UAE), and PLE from
microorganisms and small marine animals that produce high levels of carotenoids.
These studies are summarized in Table 1.7, and extraction yields, when available,
are presented.

1.4.2 Fatty Acids

Several researchers have investigated SC-CO, extraction of oils rich in ®-3 fatty
acids, and have demonstrated that this technology has a negligible environmental
impact, and is thus also a potential tool for functional foods and nutraceuticals
applications. For example, Cheung et al. (1998a) compared the yields of ®-3 fatty
acids extracted from brown seaweed (Sargassum hemiphyllum) using SC-CO,
(P = 24.1-37.9 MPa; T = 313/323 K) versus Soxhlet extraction with chloroform/
methanol as control. Extraction conditions of 37.9 MPa/313 K and 37.9 MPa/
323 K gave the highest lipid yield, which was comparable to that of the Soxhlet
method (Fig. 1.4), and the highest concentrations of total and individual ®-3 fatty
acids, which were significantly higher than with solvent extraction (Fig. 1.5).

70 4 Supercritical CO; extraction

0 ] I
40 4 I I
30 4 I

o

24 1MPa313K  31.0MPa313K 379 MPa/313K 24 1MPaf323K  31.0MPa323K 37 9MPal23K Soxhlet

mg/g dw

Fig. 1.4 Original lipid extracted (mg/g of dry weight) from S. hemiphyllum using SC-CO, and
Soxhlet solvent extraction (Cheung et al. 1998b)
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20 Supercritical CO, extraction
18
16
. 14
T 12 mC22:6
D 10
-— mC22:8
5 C22:5
E* "C20:5
s HC18:4
‘ nC18:3
2
0
24.1MPaf13K  31.0MPa13K 37.9 MPa/313K 24.1MPai323K 31.0MPaR23K  37.9MPar32iK Soxhlet

Fig. 1.5 Extraction yield of ®-3 fatty acids (mg/g of dry weight) from S. hemiphyllum using CO,
and Soxhlet solvent extraction (Cheung et al. 1998b)

Amiguet et al. (2012) recently investigated the potential of northern shrimp
by-products as a source of omega-3 polyunsaturated fatty acids (®-3 PUFAs).
Supercritical CO, extraction (SCFE) of shrimp by-products, at 35 MPa and 313 K,
generated a deep red oil, rich in -3 PUFAs, specifically 7.8 £ 0.06 % eicos-
apentaenoic acid (EPA) and 8.0 = 0.07 % docosahexaenoic acid DHA).

The SCFE of the omega-3-rich oil contained in hake by-products of the fish
industry were studied by Rubio-Rodriguez et al. (2008) and the results are pre-
sented in Fig. 1.6. Extraction conditions of 25 MPa/313 K gave the highest lipid
yield, which was comparable to that of the Soxhlet method (Fig. 1.6), and the
highest concentrations of total fatty acids (FA), monounsaturated FA (MUFAs),
polyunsaturated FA (PUFAs), EPA + DHA, -3, and ®-6 fatty acids, which were
significantly higher than with the solvent extraction.

High-value seed oils are those that contain one or more PUFAs with desirable
bioactivity. The most commonly extracted oils are those rich in y-linoleic acid

700
= SFE (SC-C02)
600
u Soxhlet Extraction
500
3 400
o
o
£ 300
200
I| i i i
0 ! —-—
A \3@" é‘v ¥
& -G'b W ? ?." ,bf's @b
'&& & @q’g (&Q
& o o
Fatty Acids (F.A.)

Fig. 1.6 Fatty acid profile of hake oil extracted with SC-CO, and with hexane as determined by
AOAC method (Rubio-Rodriguez et al. 2008)
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(GLA or C18:3 ®-3) and o-linoleic acid (ALA or C18:3 ®-6). They are traditionally
produced by the extraction of hexane from ground seeds. Despite the efficiency of
this extraction method, however, solvent elimination after extraction and possible
thermal degradation of the oil represent major problems. Therefore, several authors
have proposed the substitution of the traditional process with SC-CO, extraction of
oil from seeds. In fact, the extraction of these oils by SC-CO, has reached the
commercial stage, and the most commonly studied seeds are evening primrose,
borage, blackcurrant, kiwifruit, hemp, and rose hip (Catchpole et al. 2009).

Wang et al. (2011) recently studied the fatty acid composition of tea (Camellia
sinensis L.) seed oil extracted using optimized SC-CO,. The objectives of this study
were to employ SC-CO, to extract oil from tea seed and to determine the fatty acid
composition of the extracted oil and its antioxidant activity. The authors then
compared the extracts obtained by SC-CO, and by Soxhlet extraction. The total
yield of tea seed oil by Soxhlet extraction was 25.3 £ 1.0 %, significantly lower
than that (29.2 + 0.6 %) using SC-CO, under optimal conditions.

The fatty acid (FA) profiles of tea seed oil extracted by SC-CO, and Soxhlet
extraction (SE) were analysed by GC, and the results were similar (Fig. 1.7).

The tea seed oil extracted by SC-CO, showed much stronger DPPH radical
scavenging ability than the oil extracted by Soxhlet.

Table 1.8 presents additional studies that explored the use of SC-CO, technol-
ogy to recover fatty acids from plants, fish, algae, and fruits. non-conventional
extraction techniques, namely MAE, UAE, and PLE, with hexane, ethanol, water,
and acetyl lactate have been revealed as alternative technologies for isolating fatty
acids and fatty acid methyl esters (FAME) from natural sources (Table 1.8).

u SFE (SC-CO2)

70 u Soxhlet Extraction
60
- 50
E 40
o
< 30
>
20
; !
0
K] fy
A - Q << v'
(&) 0 c, g’\ v ° é\\)“ QO 0\9

Fatty Acids (F.A.)

Fig. 1.7 Comparison of main fatty acid content of tea seed oil by different methods [adapted from
(Wang et al. 2011)]
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Table 1.8 Extraction of Fatty-acids by SC-CO,, UAE, MAE and PLE

27

Extracted Source/raw Processing Yield (mg/100 g)/ Reference
compounds material conditions® Recovery®(%)
Supercritical CO; extraction®
v-Linolenic Arthrospira CO, + EtOH 353 % Golmakani et al.
platensis T=313K; (2012)
P =30 MPa
Fatty acids Boletus edulis CO, 41-45 % Vidovic et al.
(PUFAs) (mushrooms) T=313K; (2011)
P =238 MPa
Fatty acids Corn and fish oils | CO, nd Weber et al.
(-3 PUFA, T =313; (2008)
DHA, EPA) P =16 MPa
Fatty acids Peach kernels CO, 91.5 %¢ Mezzomo et al.
(unsaturated) T=323K; (2010)
P =30 MPa
DHA Schizochytrium CO, + EtOH 9.3 g/100 g Tang et al. (2011)
limacinum T=313K;
P =35 MPa
Fatty acids Brazilian CO, + 15 % EtOH 953 % Sanchez-Camargo
(unsaturated) | red-spotted T=323K; et al. (2012)
shrimp waste P =30 MPa
PUFAs Brazilian CO, 61.36 % Sanchez-Camargo
red-spotted T=323K; et al. (2011)
shrimp waste P =30 MPa
PUFAs Fish by-product CO, nd Fiori et al. (2012)
T=333K;
P =50 MPa
®-3 and -6 | Fish oil CO, nd Lopes et al. (2012)
PUFAs T =306/313 K;
P =20 MPa
®-3 and 0-6 | Northern shrimp CO, nd Amiguet et al.
PUFAs by-products T=313K; (2012)
P =35 MPa
PUFAs Sea urchin gonad | CO, 17.9 g/100 g Zhu et al. (2010)
T=323K;
P =28 MPa
®-3 and w-6 | Shellfish CO, 17.8 g/100 g Zhou et al. (2012)
PUFAs by-products T =323 K;
P =28 MPa
Total fatty Broccoli leaves CO, 1g/100 g Arnaiz et al.
acids T=333K; (2011)
P =30 MPa
PUFAs Hemp seeds CO, 18 g/100 g Da Porto et al.
T=313K; (2012)
P =30 MPa
PUFAs Pomegranate CO, nd? Liu et al. (2012)
seed oil T=308 K; P=15-
30 MPa
PUFAs Sesame CO, + EtOH Palmitic- 3.0 g/100 g; Stearic- | Carvalho et al.
T = 308-338 K; 1.8 g/100 g; Oleic- (2012)
P =20 MPa 10.6 g/100 g; Linoleic-

10.9 g/100 g

(continued)
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Table 1.8 (continued)

C.S. do Carmo et al.

Extracted
compounds

Source/raw
material

Processing
conditions®

Yield (mg/100 g)/
Recoveryb(%)

Reference

Ultrasound-assisted extraction

Fatty acids

Algae:
Nannochloropsis
oculata

Solvent-free,
1000 W, 30 min.,
5 % dry weight;

EPA-62 mg/100 g

Adam et al. (2012)

Microwave-Assisted Extraction

Fatty acids Fish wastes from | Acetate:cyclohexane, | 5.6 g/100 g mackerel and Batista et al.
mackerel fillet 1:1 viv, 75 W, 62.6 g/100 g cod liver (2001)
and cod liver 30 min, 2450 MHz

Pressurized liquid extraction

Fatty acids Algae: Hexane, EtOH and nd? Plaza et al.
Himanthalia water, 323473 K, (2010b)
elongata and 20 min
Synechocystis sp.

Fatty acids Arthrospira EtOH:ethyl lactate 68.3 % Golmakani et al.
platensis (50:50), 453 K, (2012)
(Spirulina) 20 MPa, 15 min

EtOH Ethanol; nd not determined

“selected optimal conditions for maximum recovery
when compared with conventional extractions techniques
“studies performed between 2008 and 2013

9dAntioxidant activity of extracts was evaluated

1.4.3 Tocopherols and Tocotrienols

The extraction of vitamin E from natural sources has attracted increasing interest
due to the high antioxidant activity associated with this family of compounds.
Moreover, natural vitamin E has been demonstrated to be more effective than a
synthetic form (Friedrich 1987). Several natural matrices have been used as sources
of vitamin E and tocopherols, and SCFE has been highlighted as one of the most
promising methodologies for recovery of these compounds.

Wheat germ is an important source of vitamin E, and some studies have con-
firmed that SCFE (with CO,) can achieve extraction yields for tocopherols similar
to traditional hexane extraction (Molero and Martinez de la Ossa, 2000). In par-
ticular, Ge et al. (2002a) demonstrated that the extract derived from SCFE using the
best operating conditions (P = 15 MPa; T =213 K; CO, flow rate 1.5 L/min)
presented higher quality (free fatty acids, 12.4 %; tocopherol content, 416.7 mg
tocopherol/g wheat germ oil). Similarly another study performed with wheat germ
showed higher extracted amounts of vitamin E and its isomers than those obtained
using traditional methods (with n-hexane or chloroform/methanol mixtures)
(Fig. 1.8). Thus, the extraction process using CO, may be economically competi-
tive with conventional processes, as it shortens the oil refinement steps significantly
and avoids the solvent distillation stage, both of which are very costly in terms of
energy consumption.



1 Recovery Technologies for Lipophilic Bioactives 29

Fig. 1.8 Yield comparison of 2500 W 5-tocopherol
vitamin E and its isomers i y-tocopherol
extracted by SCFE-CO, Il B-tocopherol
(P =27.6 MPa; T = 313 K) 2000 | la-tocopherol

with those by conventional

solvent extraction (Ge et al.
2002b)
1500
1000
500
0+ . . o = .

SFE-CO2 Hexane Chloroform/Methanol

Yield (mg/100g)

Table 1.9 summarizes published works regarding the extraction of tocopherols
through SC-CO, and other non-conventional extraction techniques, namely MAE,
UAE, and PLE.

1.4.4 Phytosterols

Plant-derived sterols in tissues and oil seeds can be isolated by solvent extraction with
hexane, chloroform, diethyl ether, and acetone. However, these extraction procedures
require large amounts of organic solvents, which are often expensive and potentially
harmful. Extraction with supercritical carbon dioxide fluid constitutes an alternative that
is advantageous, at least in terms of environmental impact (Lu et al. 2007).

For instance, King and Dunford (2002a) described a two-step supercritical fluid
fractionation (SFF) method for obtaining phytosterol-enriched triglyceride fractions
from rice bran and soybean oil deodorizer distillates (DD). The method comprised
an extraction at 13.6 MPa and 318 K as a first step in order to remove the free fatty
acids (not desirable in edible oils), while in a second step, the sterol ester-enriched
triglyceride fractions were collected at 20.4 MPa and 353 K. With this method it
was possible to obtain oil fractions with ~20 and 30 % (w/w) sterol content from
rice bran oil and soybean oil DD, respectively, with relatively low free fatty acid
content (Fig. 1.9) (King and Dunford 2002b).

The two-step SFF method demonstrated improvement over conventional
methods used to obtain phytosterol-enriched products.

Huang et al. (2007) extracted P-sitosterol, stigmasterol, and ergosterol from
Anoectochilus roxburghii. Under optimal conditions, i.e., pressure of 25 MPa,
temperature of 318 K, and using ethanol as modifier, the concentrations of



30 C.S. do Carmo et al.

Table 1.9 Extraction of tocopherols and tocotrienols by SC-CO,, UAE, MAE and PLE

Extracted Source/raw-material | Processing conditions® Yield (mg/g)/ | Reference
compounds Recovery”
(%)
Supercritical CO; extraction
Tocopherols | Sea buckthorn CO, 77.2 %° Kagliwal et al.
(Hippophae T =308 K; P = 40 MPa (2011)
rhamnoides)
Tocopherols | Pomegranate seed CO, 0.43 mg/g* Liu et al. (2012)
oil T =323 K; P =45 MPa
a-Tocopherol | Wheat bran CO, 0.03 mg/g Kwon et al. (2010)
B-Tocopherol T =333 K; P =30 MPa 0.02 mg/g
a-Tocopherol | Okra seed CO, + EtOH 0.15 mg/g Andrass et al. (2005)
v-Tocopherol T =323 K; P =45 MPa 0.41 mg/g
a-Tocopherol | Wheat germ CO, 1.33 mg/g Ge et al. (2002a)
B-Tocopherol T=313K; P=27 MPa 0.46 mg/g
v-Tocopherol 0.30 mg/g
8-Tocopherol 0.09 mg/g
Pressurized liquid extraction
Tocopherols | Palm oil MeOH, acetonitrile, 0.25 mg/g Delgado-Zamarreno
T=323K;P=11MPa et al. (2009b)
5 min
Tocopherols | Piper EtOH and petroleum ether | EtOH: Peres et al. (2006)
gaudichaudianum T = 303 K; ethanol: 0.09 mg/g
Kunth 30 min; petroleum ether: Petroleum
180 min ether:
0.02 mg/g
Microwave-assisted extraction
Tocopherols | Rice bran oil Isopropanol and hexane, Isopropanol: | Zigoneanu et al.
T = 393 K; solvent-to-rice | 0.023 mg/g (2008)
bran ratio of 3:1 (w/w) Hexane:
0.029 mg/g®
Tocopherols | Wheat bran MeOH 0.0195 mg/g°® | Oufnac et al. (2007)
T =333-393 K; 500 W;
20 min

Ultrasound-assisted extraction

Tocopherols | Piper EtOH and petroleum ether | EtOH: Peres et al. (2006)
gaudichaudianum T =303 K; EtOH: 30 min; | 0.01 mg/g
Kunth petroleum ether: 180 min Petroleum
ether:
0.0013 mg/g

EtOH Ethanol; MeOH Methanol; nd not determined
“selected optimal conditions for maximum recovery
"when compared with conventional extractions techniques
“Antioxidant activity of extracts was evaluated
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Fig. 1.9 Comparison of sterol and lipid composition of final products obtained using a two-step
SFF method (rice bran oil SFF and soybean oil SFF) with rice bran oils DD and soybean oil DD as
feeds of SFF (King and Dunford, 2002a)

B-sitosterol, stigmasterol, and ergosterol in the extract were found to be 2.89, 3.56,
and 2.96 (g/g %), respectively (Fig. 1.10).

The concentrations of B-sitosterol, stigmasterol, and ergosterol in the extract were
4.7,4.0 and 4.0 times higher, respectively, when SCFE was used compared with Soxhlet
extraction. SCFE produced higher yields of sterols than did Soxhlet extraction.

Table 1.10 presents published works involving the extraction of phytosterols
through SC-CO,, MAE, UAE, and PLE.

1.4.5 Squalene

The importance of squalene in the cosmetic and pharmaceutical industries has
driven the development of new technologies, such as counter-current SCFE, for the

Fig. 1.10 Comparison of 4
concentration of sterols 35 = SFE (SC-CO2)
obtained by SCFE and ' = Soxhlet Extraction
Soxhlet extraction [adapted P 3
from (Huang et al. 2007)] 2 25
[
w2
“
)
o 1,5
o
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0,5
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B-sitosterol stigmasterol ergosterol

Phytosterols
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Table 1.10 Extraction of phytosterols by SC-CO,, UAE, MAE and PLE

C.S. do Carmo et al.

Extracted Source/raw Processing conditions® Yield (mg/g)/ Reference

compounds | material recovery®(%)

Supercritical CO; extraction

Phytosterols | Kalahari melon CO, 0.064 mg/g Nyam et al. (2011)
seed T =313 K; P = 30 MPa

Sitosterols Tomato CO, 0.06 mg/g Vagi et al. (2007)
by-products T =353 K; P =38 MPa

B-Sitosterol | A. roxburghii CO, + ethanol 1.06 mg/g Huang et al. (2007)

Stigmasterol T =318 K; P =25 MPa 1.19 mg/g

B-Sitosterol | Roasted loquat CO, ~75 % Kawahito et al.
seed T =353 K; P =30 MPa (2008)

Phytosterols | Sea buckthorn CO, nd Li et al. (2007)
(Hippophae T =323 K; P=517 MPa
rhamnoides L.)

Campesterol | Lotus bee pollen CO, 0.49 mg/g Xu et al. (2011b)

Stigmasterol | (Nelumbo nucifera | T = 323 K; P = 38.2 MPa

B-Sitosterol | Gaertn)

B-Amyrin

Phytosterols | Roselle seed CO; + ethanol 0.040 mg/g Nyam et al. (2010)
(Hibiscus T =313 K; P = 40 MPa
sabdariffa L.)

B-Sitosterol | Sea buckthorn CO, 0.31 mg/g Sajfrtova et al.

seed (Hippophae
rhamnoides L)

T=313K; P=15MPa

(2010)

Pressurized liquid extraction

B-Sitosterol | Seeds and nuts

MeOH, 50°C; 11 MPa and
two 5 min cycles

Almond- 1.16 mg/g
Pistachio-1.85 mg/g

Delgado-Zamarreno
et al. (2009a)

Fucosterol Himanthalia EtOH, 100°C, 10 MPa, nd® Santoyo et al. (2011)
elongate 20 min
Stigmasterol | Piper EtOH and petroleum ether, Stigmasterol: Peres et al. (2006)
B-Sitosterol | gaudichaudianum | 303 K, EtOH: 30 min; EtOH-0.06 mg/g
Kunth petroleum ether: 180 min. Petroleum

ether-0.05 mg/g
B-Sitosterol:
EtOH-0.02 mg/g
Petroleum
ether-0.01 mg/g

Ultrasound-assisted extraction

Stigmasterol | Piper
B-Sitosterol | gaudichaudianum
Kunth

EtOH and petroleum ether,
303 K, ethanol: 30 min;
petroleum ether: 180 min.

Stigmasterol:
EtOH-0.005 mg/g
Petroleum
ether-0.004 mg/g
B-Sitosterol:
EtOH-0.010 mg/g
Petroleum
ether-0.0009 mg/g

Peres et al. (2006)

Microwave-assisted extraction

Fucosterol Marine algae

Ethanolic potassium
hydroxide, 30:1 (liquid:solid
ratio), 343 K, 300 W, 30 min

1.15 mg/g

Xiao et al. (2013)

“selected optimal conditions for maximum recovery
EtOH Ethanol; MeOH Methanol; nd not determined
when compared with conventional extractions techniques
“Antioxidant activity of extracts was evaluated
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Table 1.11 Extraction of squalene from animal and vegetable sources

Source Squalene concentration (%w/w) Reference

Raw material (%) SCF extract (%)
Shark liver oil 55 92-99 Catchpole et al. (1997)
Olive oil by-product 52 90 Vasquez et al. (2007)
Palm fatty acid 50 95 Al-Darmaki et al. (2012)
distillate (PFAD)

purification of squalene from various sources. The primary source of squalene is
shark liver oil, but it can also be found in olive oil by-products.

The recovery of squalene from shark liver oil by SCFE has been reported in the
literature (Catchpole et al. 2000a, b). This raw material also contains many tria-
cylglycerols, alkoxyglycerols, sterol esters, and pristine squalene. Therefore,
extraction process conditions are needed that allow the highest solubility of only
squalene, in order to maximize the purity and yield of the extract. This is also the
case when olive oil DD containing free fatty acids and methyl and ethyl esters are
used as raw materials.

Al-Darmaki et al. (2012) recently studied the extraction and recovery of squa-
lene using SC-CO, as solvent from palm fatty acid distillate (PFAD). The process
was carried out on a counter-current glass bead-packed column. The operating
conditions investigated were pressure and temperature, which varied from 10 to
20 MPa and from 313 to 353 K, respectively (Al-Darmaki et al. 2012).

Table 1.11 presents three studies related to successful isolation of squalene-rich
extracts from shark liver oil and olive oil by-products.

1.4.6 Essential Oils

Essential oils have become a target for the recovery of natural bioactive substances.
According to Fornari et al. (2012), since 2000, nearly 4000 articles have been
published in which “essential oil” or “volatile oil” appeared as keyword, and around
3000 of these also included the word “bioactive” or “bioactivity” in the article text
(Fornari et al. 2012). Moreover, essential oils and their extraction have been
reviewed extensively ( Moyler 1993; Chen and Spiro 1994; Kerrola 1995;
Reverchon 1997; Burt 2004; Lucchesi et al. 2004; Edris 2007; Mustafa and Turner
2011; Mason et al. 2011; Xu et al. 2011a; Sovova 2012; Abad et al. 2012; Fornari
et al. 2012; Kokolakis and Golfinopoulos 2013; Capuzzo et al. 2013). For this
reason, an overview of selected publications regarding the extraction of essential
oils using different methodologies is presented instead of a resume table.

In industrial practice, essential oils are obtained by steam distillation; in labo-
ratory practice, steam distillation and hydro-distillation are used. However, pro-
cessing temperature is a drawback in the extraction of thermally labile compounds
(Pereira and Meireles 2010). In order to overcome this, SCFs have been used
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successfully for the recovery of these substances, and in some cases, comparisons
with conventional methods have been performed.

Chamomile flower heads, which are widely used in the cosmetic, pharmaceu-
tical, and food industries due to their biological activity (anti-spasmodic,
anti-inflammatory, and antimicrobial properties), were extracted using SC-CO,
technology (Kotnik et al. 2007). Various pressures (10, 15, and 25 MPa) and
temperatures (303 and 313 K) were assessed, with the highest extraction yield
achieved at 25 MPa and 313 K. The results were further compared with those
obtained using Soxhlet extraction, steam distillation, and maceration (Fig. 1.11),
and SC-CO, was found to offer considerable advantages over the others. Although
the yield was lower, the extract obtained with SC-CO, had much higher content of
the active compounds matricine and bisabol (Fig. 1.12). In addition, using SC-CO,,
the matricine content was able to be increased almost threefold by using two-step
separation procedures. It is also important to note that the process was successfully
implemented at a pilot scale.

The same was observed in a study conducted by Moura et al. (2012), which
evaluated SCFE of essential oils using ethanol and isopropyl alcohol as co-solvents.
The global yield obtained with conventional techniques, including Soxhlet
extraction, low-pressure solvent extraction (LPSE), ultrasound, and
hydro-distillation, were compared with the global yield of SCFE (Moura et al.
2012). Essential oils were detected in extracts from all extraction methods used in
this study (Fig. 1.13). Although higher global yields were obtained with conven-
tional extraction methods, SCFE resulted in better recovery of essential oils.

In another work, three methods—hydro-distillation, PLE, and SCFE—were
optimized and compared for the extraction of volatile compounds from Cyperus

Fig. 1.12 Content of active mmatricine mchamazulen ®bisabol

components in chamomile
extracts obtained by SCF
extraction at 25 MPa, 313 K,
with SCFE and conventional
methods [adapted from
(Kotnik et al. 2007)]
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rotundus. The study showed the highest extraction efficiency with PLE, while
SCFE had the best selectivity for the extraction of B-cyperone and a-cyperone (Tam
et al. 2007).

The extraction of lavender essential oil was investigated using hydro-distillation,
SC-CO,, and hexane extraction techniques, and results were compared in terms of
yield, chemical composition, and antimicrobial and antioxidant activity. SC-CO,
produced a yield of 6.7 % (dry weight), which was comparable to that of solvent
extraction (7.6 %) but significantly higher than that of hydro-distillation (4.6 %).
The chemical composition of the oils showed considerable variation among
extraction methods. Hexane extraction produced oils with the presence of waxes,
colour pigments, and albuminous materials with semi-solid consistency, while
hydro-distillation extracts showed evidence of thermal degradation. The SC-CO,
extract had an aroma most closely resembling the starting material, showed neg-
ligible thermal degradation, and exhibited significantly higher antioxidant activity
than the hydro-distillation and hexane extracts. Antimicrobial activity was higher in
oils produced by SC-CO, and hydro-distillation than by hexane extraction. The
results of this study demonstrate that SC-CO, is a promising technique for the
extraction of lavender essential oil (Danh et al. 2013).

In a study by Okoh et al. (2010), Rosmarinus officinalis essential oil extracts
obtained by hydro-distillation and microwave extraction were compared in terms of
yield and antibacterial activity. Briefly, the total yield of the volatile fractions
obtained through hydro-distillation and microwave extraction were 0.31 and
0.39 %, respectively. With regard to the minimum inhibitory concentration
(MIC) of oils obtained by the two methods, results showed greater activity against
microorganisms in the oil obtained by microwave extraction than that obtained by
hydro-distillation. This observation was explained by the fact that the
microwave-extracted oil contained more oxygenated compounds, and that this class
of compounds has been proven to possess strong antibacterial and antifungal
activity. This result shows that the composition of essential oils may vary
depending on the method of extraction used (Okoh et al. 2010).
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In a study by Herzi et al. (2013), the extraction of two species of Eucalyptus by
SC-CO, and hydro-distillation were compared in terms of yield, chemical com-
position, and antioxidant activity. Superior yields were obtained using SC-CO,.
The antioxidant activity of the extracts was also assessed using the two methods,
and promising radical scavenging activity was observed in the SC-CO, extracts. In
this work, SC-CO, demonstrated important advantages compared to
hydro-distillation, including faster extraction, improved yield, and extracts with
high antioxidant quality (Herzi et al. 2013).

1.5 Process Optimization for Targeting Bioactivity

Over the last few years, special focus has been given to the design and optimization
of extraction processes for the recovery of mixtures of bioactive molecules with
potential health benefits, rather than the isolation of pure and single compounds. In
this field, the recovery of anticancer-bioactive-rich fractions from natural sources
has attracted the attention of the scientific community in their efforts to develop new
natural chemotherapeutic agents. For this propose, high-pressure processes,
including SCFE, were the most common recovery technologies applied. For
example, in the work performed by Serra et al. (2010) a high-pressure fractionation
process was optimized to isolate compounds with antiproliferative effects against
colon cancer, including perillyl alcohol from sweet cherries (“Saco” variety). The
methodology employed comprised a first step with SC-CO, followed by a second
step using mixtures of CO, and ethanol. The effect of SC-CO, pre-treatment and the
influence of the ethanol concentration in the solvent mixture composition was
studied in relation to extract yield, phenolic content, and antiproliferative effects in
human colon cancer cells. The product derived from COs:ethanol (90:10 v/v)
extraction exhibited the highest antiproliferative activity, likely due to the presence
of perillyl alcohol and high polyphenol content in the resulting extract (Fig. 1.14).

This methodology was later applied to other sweet cherry varieties, as well as to
plum and peach pomaces, in order to evaluate its effectiveness on the isolation of
bioactive fractions with anticancer properties from these natural sources (Silva
2013). Results showed that all extracts inhibited colon cancer cell growth and
exhibited similar terpenes profiles (Fig. 1.15), evidencing the selectivity of this
extraction methodology.

In a study performed by Vicente et al. (2013) SCFs technology was explored for
producing rosemary extracts of different composition and their anticancer effects in
human liver carcinoma cells. Several extraction conditions employed produced
different extract composition in terms of carnosic acid and volatile compounds,
namely 1,8 cineole, camphor, borneol, verbenone, and bornyl acetate. Results
showed that the conditions P = 15 MPa, 5 % (w/w) of ethanol as co-solvent and
¢t = 180 min obtained a fraction with an effective composition of carnosic acid and
volatile compounds demonstrating the highest antiproliferative potential in cancer
cells (Fig. 1.16). Among compounds, carnosic acid was shown to have a crucial
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Fig. 1.14 Antiproliferative effect in HT29 colon cancer cell line of different cherry extracts
produced by high-pressure technology (P = 250 bar, T = 323 K) (results obtained after 96 h of
treatment with 0.5 mg/mL of extract). Comparison of bioactive effect with phenolic content (filled
circle) and presence of perillyl alcohol (dark filled bar-well-defined zone detected; light filled bar-
less-defined zone detected; unfilled bar-none detected) [adapted from Serra et al. (2010)]
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Fig. 1.15 Characterization of cherry, peach and plum extracts obtained using high-pressure
technology (P = 250 bar, T = 323 K, CO, + EtOH 10 %). a Antiproliferative effect on HT29 cell
line after 24 h of treatment- IC50 values; b Terpene profile detected by TLC (Legend: / perillyl
alcohol standard; 2 Linalool standard; 3 Brucks cherry; 4 Sweet Hearth cherry; 5 plum; 6 peach)
[adapted from Silva (2013)]
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Fig. 1.16 Comparison of the antiproliferative effect in HepG2 cells of rosemary extracts obtained
by supercritical fluid technology with composition in terms of carnosic acid and volatile
compounds. Rosemary extracts were obtained using supercritical fluid technology under different
pressure conditions and percentages of co-solvent (ethanol); (IC50 values were obtained after 48 h
of treatment) (Vicente et al. 2013)

effect on growth inhibition conferred by rosemary extract. Moreover, other sub-
stances comprising the volatile oil fraction may synergize with the rosemary
compound in its anti-tumoural action.

Together, these studies demonstrate the importance not only of developing
methods for isolating individual compounds, but also of optimizing processes for
separating fractions rich in synergistic mixtures of bioactivity.

1.6 Summary

Lipophilic compounds of various structures have shown promising bioactivity. In
this chapter, conventional and new alternative techniques for the recovery and
isolation of high-value lipophilic bioactives have been reviewed, with particular
emphasis on supercritical fluid extraction.
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Chapter 2
Recovery Technologies for Water-Soluble
Bioactives: Advances in Membrane-Based
Processes

Alfredo Cassano

Abstract In this chapter, an overview of membrane separation systems in the food
industry is provided. Basic principles of pressure-driven membrane operations are
described, together with some key advantages and shortcomings compared to
conventional technologies. Selected applications of membrane unit operations and
integrated membrane systems in specific areas of agro-food production (dairy,
soybean, fish processing, olive oil) are also reviewed and discussed, highlighting
their potential with respect to the separation, concentration and purification of
high-added-value compounds, improvement in food quality and the reduction of
environmental pollution.

Keywords Food processing - Pressure-driven membrane operations « Microfiltration
(MF) - Ultrafiltration (UF) - Nanofiltration (NF) - Reverse osmosis (RO)
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R Resistance ([m'])

Re Reynolds number ([-])

Sc Schmidt number ([-])
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Abbreviations

BOD Biological oxygen demand
CA Cellulose acetate

COD Chemical oxygen demand
DF Diafiltration

Igs Immunoglobulins

MF Microfiltration
MPCs  Milk protein concentrates
MWCO Molecular weight cut-off

NF Nanofiltration

OMW  Olive mill wastewater
PA Polyamide

PAN Polyacrylonitrile

PE Polyethylene

PES Polyethersulphone

PP Polypropylene

PS Polysulphone

PTFE  Polytetrafluoroethylene

PVDF  Polyvinylidene fluoride

RSM Response surface methodology
RO Reverse osmosis

TOC Total organic carbon

TAA Total antioxidant activity

UF Ultrafiltration

WPCs  Whey protein concentrates

A. Cassano



2 Recovery Technologies for Water-Soluble Bioactives ... 53

Subscripts
Bulk

Cake
Membrane wall (gel)
Inlet
Membrane
Outlet
Permeate
Retentate
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Volume
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2.1 Introduction

The global demand for membrane modules in water treatment and industrial
applications was valued at approximately USD 15.6 billion in 2012. With growth in
subsequent years estimated at 8 % annually, the market is forecast to increase to
USD 21.2 billion in 2016 and to approach USD 25.0 billion in 2018 (Market Report
2013). In the food industry, the current market for membranes constitutes about 20—
30 % of the overall manufacturing industry worldwide, with growth of around
7.5 % per year (Daufin et al. 2001).

Membrane separation processes have special importance in food processing and
food wastewater treatments. They can contribute to the simplification of traditional
processing steps for the manufacture of food ingredients and to the formulation of
novel foods with improved sensory and nutritional characteristics.

Membrane processes offer several advantages over conventional separation
techniques such as decantation, centrifugation, filtration, solvent extraction and
evaporation (thermal/vacuum concentration). One of the most important advantages
in the field of food processing is the ability to operate at room temperature, thus
preserving heat-sensitive compounds that can be deactivated or denatured at higher
temperature (e.g. proteins). In addition, membrane separation does not involve the
use of chemical substances or phase changes, so it is characterized by low energy
consumption and reduced environmental impact. Another attractive feature of
membrane processes is the simplicity of their layout and their modular design that
allows for easy scale-up and increased production capacity.

The membrane market today offers a full range of membranes and systems to
maximize the economic use of water and the recovery of valuable compounds from
food processing streams in order to meet the special needs of both food processors
and environmental discharge standards.

In this chapter, the potential for pressure-driven membrane operations in areas of
agro-food production is analyzed and discussed. The first part of the chapter will focus
on basic principles of the technology, including typical membrane types and modules
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used in different membrane-based operations, and on membrane fouling, which rep-
resents a key disadvantage of membrane filtration. The second part of the chapter will
provide an outlook on specific applications of pressure-driven membrane operations in
different areas of agro-food production (dairy, fish, olive oil, and other foods and
beverages), highlighting their potential for the recovery of water and high-added-value
compounds from the original solutions, and for reducing the environmental burden of
food processing wastewater. The integration of different membrane unit operations at
both the laboratory and industrial scale is also considered. This appears to be an
attractive way to redesign the conventional production cycles of the agro-food industry
within the context of a process intensification strategy, enabling dramatic improve-
ments in manufacturing and processing, and reducing the equipment size/production
capacity ratio, energy consumption and waste production.

2.2 Basic Principles of Pressure-Driven Membrane
Operations

2.2.1 Membrane Types and Modules

In general, a membrane can be defined as a selective barrier separating two adjacent
phases that allows the selective transport of particular species between the two
phases in a specific or non-specific manner. Synthetic membranes can be produced
from organic materials (polymers) as well as inorganic materials (ceramics, zeolites,
metals and their alloys). Membrane chemistry determines important properties such
as hydrophilicity or hydrophobicity, the presence or absence of ionic charges,
chemical and thermal resistance, binding affinity for solutes or particles, and bio-
compatibility (Strathmann et al. 2006). Polymeric membranes dominate the
industrial membrane technology market because they are highly competitive in
performance and affordability. The most common polymeric membranes are
manufactured from cellulose acetate (CA), polysulphone (PS), polyethersulphone
(PES), polytetrafluoroethylene (PTFE), polypropylene (PP), polyethylene (PE),
polyvinylidene fluoride (PVDEF), polyacrylonitrile (PAN) and polyamide (PA).
Many membrane polymers are grafted, custom-modified or produced as copolymers
to improve their properties. Indeed, many studies have sought to enhance the
performance of hydrophobic membranes (i.e. PVDF membranes) by introducing
hydrophilic functional groups such as —=SOs;H of -COOH to the surface by chemical
modification or by adding water-soluble polymers such as poly(vinylpyrrolidone)
or poly(vinyl methyl ether) to the membrane casting solutions (Baker 2000).

Ceramic membranes are manufactured from inorganic materials (e.g. alumina,
zirconia, titania and silica). They exhibit high resistance to aggressive media (acids,
alkalis, strong solvents) and high mechanical and thermal stability. Although their
production costs are higher than those of polymeric membranes, they are ecolog-
ically friendly and durable, and have a longer lifetime.
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On the basis of their structure, synthetic membranes can be classified as porous
membranes, homogeneous membranes, solid membranes carrying electrical char-
ges, and liquid or solid films containing selective carriers (Strathmann et al. 2006).

Porous membranes consist of a solid matrix with defined pores having diameters
ranging from less than 1 nm to more than 10 pm. They can be classified as follows:
macroporous, with average pore diameters larger than 50 nm (i.e. microfiltration
and ultrafiltration membranes); mesoporous, with average pore diameters ranging
from 2 to 50 nm (i.e. nanofiltration membranes); and microporous, with average
pore diameters of between 0.1 and 2 nm. Dense membranes, such as those used in
reverse osmosis, have no discrete permanent pores, but separation occurs through
fluctuating free volumes.

In addition, the structure of membranes may be symmetric, asymmetric or com-
posite. Symmetric membranes are characterized by identical structure and transport
properties over the whole cross-section. They range in thickness from 100 to 200 pm.
A decrease in membrane thickness results in an increased permeate flux. Asymmetric
membranes consist of a dense ‘skin’ layer supported by a porous layer providing
mechanical strength. The skin layer is characterized by pores with small diameters and
thickness of 0.1-1 um. Separation characteristics are determined by the nature of the
membrane material or by the pore size of the skin layer. Composite membranes also
have a dense skin layer, but the top and the sub-layer originate from different poly-
meric materials with different structures. Generally, the top layer is formed by a dense
polymer supported by a microporous substrate (Ramakrishna et al. 2011).

Synthetic membranes used at the industrial level are installed in devices called
membrane modules. On a large industrial scale, membrane modules are generally
available in four basic designs: tubular, hollow fiber, spiral-wound and plate-and-frame.
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They are quite different in their design, mode of operation, production costs and energy
requirements for pumping the feed solution through the module.

Tubular membrane modules (Fig. 2.1a) consist of several polymeric membranes
cast on porous paper or plastic tubular inserts. Membrane tubes are assembled in a
housing according to a shell-and-tube configuration. The feed solution is pressur-
ized inside the tubes and the permeate is collected in the shell side of the housing.
Tube diameters are typically 10-25 mm.

Tubular designs are suitable for feed solutions with high solids content and large
suspended particulate, affording easy control of concentration polarization and
membrane fouling phenomena. The membrane area, however, is typically small in
comparison with that of other configurations.

Plate-and-frame membrane modules (Fig. 2.1b) are mainly used for products
with high viscosity and high solids content. Membranes, feed flow spacers and
porous permeate support plates are layered between two endplates and placed in a
housing. The feed stream is pressurized in the system and passed over the mem-
brane surface. The permeate passes through the membrane into the permeate
channel and is then collected into a central permeate collection manifold.
Plate-and-frame modules are quite expensive; they are used in a small number of
specific applications for separation of components of highly fouling feeds.

Spiral-wound membrane modules (Fig. 2.1c) consist of a sandwich of flat-sheet
membranes, spacers and porous permeate flow material wrapped around a central
permeate collecting tube. The feed solution is pumped into the spacer channel tan-
gentially to the membrane surface; the permeate passes through the membrane into a
porous permeate channel reaching the permeate collecting tube. Due to their compact
layout and high membrane surface-to-volume ratio, spiral-wound elements offer
cost-effective solutions for treating large feed volumes. However, the treatment of
viscous materials or materials with high solids content is difficult, and feed pretreat-
ment is required (Schwinge et al. 2004). Commercial systems are about 1 min length,
with diameters between 10 and 60 cm. Membrane area can range from 3 to 60 m>.

Hollow fiber membrane modules (Fig. 2.1d) have a design similar to that of
tubular systems but with a smaller membrane diameter (the inside diameter of fibers
may range from 0.5 to 1.2 mm). These modules offer high packing density and can
withstand relatively high pressure. They can also be used for small volume filtra-
tion, and the feed can be supplied either inside or outside the fibers. However, the
treatment of viscous feeds and solutions containing particulate matter is difficult.
Consequently, extensive pretreatment of the solution is needed in order to remove
particles, macromolecules or other materials that can precipitate at the membrane
surface. Due to the self-supporting nature of the membranes, hollow fiber systems
can be backwashed to aid in cleaning; in this case, the permeate flow is reversed to
dislodge the fouling material from the membrane surface, allowing easier control of
concentration polarization and fouling phenomena.

The selection of a specific membrane system depends on several aspects
including cost, packing density, risk of membrane plugging and ease of cleaning.
Feed and membrane properties, as well as operating conditions such as applied
pressure, tangential flow velocity and temperature, are all parameters affecting
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membrane performance. As mentioned above, one of the main limitations of
membrane operations lies in membrane fouling, which is associated with the
deposition of particles onto the membrane surface and within membrane pores.

2.2.2 Pressure-Driven Membrane Operations

In pressure-driven membrane processes, the membrane acts as a selective barrier
through which solvent fluids with permeable solutes are selectively transported
under a hydrostatic pressure applied on the feed side. As a result, the feed solution is
divided into a permeate fraction containing all components that have permeated the
membrane and a retentate fraction containing all compounds rejected by the mem-
brane, within some of the solvent (Fig. 2.2). The separation is based mainly on
molecular size, but to a lesser extent on molecular shape, charge and hydrophobicity.

Microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and reverse
osmosis (RO) are typical pressure-driven membrane operation classifications, and
represent the key membrane technologies in the food industry.

Microfiltration is used to separate particles with diameters of 0.1-10 um from a
solvent or from low molecular weight compounds. These particles are generally larger
than those separated by UF or RO. Consequently, the osmotic pressure for MF is
negligible, and hydrostatic pressure differences in MF are relatively small (0.5—4 bar).

Ultrafiltration is a membrane process similar to MF in the mode of separation,
based on the use of asymmetric membranes with pore sizes in the skin layer of 2—
10 nm. Dissolved molecules or small particles larger than the pore size are retained,
though this technique is generally not used for separating particles larger than
0.1 pm in diameter. UF membranes are typically characterized by their molecular
weight cut-off (MWCO), defined as the equivalent molecular weight of the smallest
species that exhibit 90 % rejection. The MWCO of UF membranes is between 10°
and 10° Da. Hydrostatic pressure of 2—10 bar is typically used.

Nanofiltration membranes are classified between UF and RO membranes in
terms of their ability to reject molecular or ionic species, and operate at pressures
intermediate between those of UF and RO (generally 3-30 bar). These membranes
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are usually characterized by a charged surface with pore diameters of 1-3 nm and
MWCO of 200-1000 Da; therefore, components of a fluid are fractionated pri-
marily according to their molecular size and charge. Typically, small uncharged
organic molecules and inorganic salts are rejected, especially if multivalent ions are
involved. This may lead to significant osmotic pressure across the membrane,
which reduces the driving force for the mass transport. Therefore, the use of
membranes with high affinity for the solvent ensures high solvent flux and high
solute rejection.

Reverse osmosis membranes are typically used to separate low molecular weight
compounds from water. Particle sizes for RO applications range from 0.1 to 1 nm,
and solutes with molecular weight of approximately 150 Da or less are separated.
Since the osmotic pressure of a solution containing low molecular weight solutes
can be rather high, hydrostatic pressure on the order of 10-100 bar is applied as
driving force in RO to obtain significant transmembrane flux.

The separation capacity of pressure-driven membrane operations is illustrated in
Fig. 2.3, which shows that the dimensions of the components involved in these
separations range from less than 107> pm to over 1 pm.

The separation characteristics of membranes can be expressed in terms of
membrane rejection (or retention) according to the following equation:

=
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where R is the membrane rejection for a given component in defined conditions of
hydrostatic pressure and feed solution concentration, while C, and C, are the
concentrations of the component in the permeate and retentate streams, respec-
tively. However, the concentration in these streams depends not only on membrane
rejection, but also on the volume concentration ratio (VCR), which for a batch
process is defined as:

v, v,
WR:%@:%—WM (2.2)

where V,, is the initial feed volume (L) of the feed, V,(¢) is the final volume (L) of
the retentate at particular time (#), and V),(¢) is the volume collected on the permeate
side at a particular time (Singh et al. 2013).

Another important parameter is the yield (¥) of a component, which is the
fraction of a specific component in the original feed recovered in the final retentate.
It is given by:

C.V,
Y —

=" 2.3
CoVe (2.3)

where C is the initial feed concentration.

For a batch process, the yield of a particular component is an exponential
function of the decreasing volume of the feed in the system, according to the
following equation:

Y = (VCR)*™! (2.4)

In a continuous single- or multistage process, the steady state is achieved at
higher levels of concentration. For such a process, the yield is given by:

1
Y:
VCR — R(VCR — 1)

(2.5)

and the concentration of a component in the final retentate can be calculated from
the following equation:

C. = CoY(VCR) (2.6)

In MF and UF processes, the retention is affected mainly by the pore size due to
the sieving effect; in NF and RO, the membrane retention is affected mainly by
electrostatic forces, as well as by other interactions between membrane and solutes.
Therefore, membrane retention is also affected by factors such as polarity and
solute—-membrane interactions, and the MWCO provides only an initial prediction
of the membrane’s capacity for removing specific compounds (Guizard and
Amblard 2009).
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The permeate flux through the filter medium is affected by the applied pressure
difference across the membrane (between the filtrate and permeate sides of the
membrane), the resistance of the membrane and of the cake layer and the viscosity
of the fluid being filtered.

The volumetric flux (J,) is expressed using Darcy’s law and a
resistance-in-series model:

Ap

Jy=—t
u(Ry +R.)

(2.7)

where Ap is the transmembrane pressure (Pa), i is the permeate viscosity (Pas), R,
is the membrane resistance (mfl) and R, is the cake resistance (mfl).
Ap is generally calculated as follows:

Ap = Di -;Po . (2.8)
where p; is the pressure at the inlet of the membrane module, p, is the pressure at
the outlet of the membrane module and p, is the permeate pressure.

Pressure-driven membrane operations can be performed in either dead-end or
tangential-flow configurations. In the dead-end mode, the feed is forced perpen-
dicularly to the membrane surface, and the retained particles tend to form a cake
layer on the membrane surface, the thickness of which increases with the filtration
time. Therefore, the permeation rate decreases with increasing cake layer thickness.
In the tangential-flow mode, the feed solution flows tangentially to the membrane
surface and the permeate passes through the membrane due to the imposed trans-
membrane pressure difference. Unlike in dead-end filtration, the cake layer formed
by rejected particles on the membrane surface does not build up indefinitely, but
quickly reaches a steady state. The cake layer remains relatively thin due to the high
shear exerted by the solution flowing tangential to the membrane surface, clearing
the deposited particles towards the retentate exit.

2.2.3 Concentration Polarization and Membrane Fouling

In membrane separation processes, the separation takes place in a very small region
close to the membrane, called the boundary layer, as well as over the membrane
itself (Fig. 2.4). This results in a higher local concentration of the rejected species at
the membrane surface compared to the bulk, enhanced by the depletion of the
permeating components in the boundary layer adjacent to the membrane surface.
This local solute concentration build-up is known as concentration polarization,
and is chiefly responsible for the marked deviation in flux from that of pure water.

In RO, small solutes are separated from a solvent through a dense membrane.
The feed solutions are characterized by high osmotic pressures, and concentration
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Fig. 2.4 Concentration
profile during membrane

processing of partially or
completely rejected solutes
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polarization leads to an increase in osmotic pressure that is proportional to the
solute concentration at the membrane surface. As a consequence, a decrease in
permeate flux is observed at a constant applied Ap in both batch and continuous
processes. In MF and UF, only macromolecules are retained by the membrane, and
the osmotic pressure difference between the feed and the permeate solution is
relatively low. Consequently, in these processes, the pressure difference required for
operation is also low, but the diffusion of macromolecules from the membrane
surface back into the bulk solution is slow. Under these conditions, the retained
components can precipitate on the membrane surface, leading to the formation of a
solid layer, which affects membrane performance by reducing the transmembrane
flux and modifying the selectivity of the membrane.

According to another view, the flux decay can be explained by assuming that the
solute accumulated on the membrane surface creates hydrodynamic resistance to
the solvent flow in addition to membrane resistance. A dense particle layer is
formed by small particles, while large macromolecules form a ‘gel’ layer. The
formation of this gel layer on the membrane surface affects membrane separation
characteristics by changing the rejection selectivity towards low molecular weight
compounds. In addition, concentration polarization is responsible for the existence
of a limiting flux when a feed solution is filtered through a semipermeable mem-
brane. At low pressures, the relationship between permeate flux and applied pres-
sure is linear, and is similar to that of pure solvents. As the pressure is increased, the
flux deviates from linear flux—pressure behaviour to a point at which it becomes
independent of pressure. The gel layer is assumed to be dynamic; therefore,
increasing the tangential flow velocity or decreasing operating pressure or feed
solute concentration can cause the system to revert back to a higher and more
pressure-responsive permeation rate.
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According to the film model theory, mass transport resistance is due to a film of
liquid near the membrane; a steady state is established by the convective transport
of solutes to the membrane surface and the diffusive flux of retained material back
into the bulk solution. This is expressed by the following balance equation
(Bhattacharya and Hwang, 1997):

dc

J=J,Cp,+D—
b+ dx

=0 (2.9)
where J; is the solute flux, J, is the membrane volume flux, C;, the bulk concen-
tration of the rejected solute, D the diffusion coefficient, and dC/dx the concen-
tration gradient of the solute in the boundary layer (see Fig. 2.4).

Integration over the boundary layer of thickness & gives:

D (Cm -G )
Jy=—=In—2 P/
o (Cp—0Cp)

(2.10)

where C,, is the solute concentration at the membrane surface, C, is the solute

concentration in the permeate, and Cj, the solute concentration in the bulk.
Introducing the solute mass transfer coefficient kX = D/d into Eq. (2.10) leads to:

(Cm — Cp)

J,=kln—=
(Cb - Cp)

(2.11)

which is the general form of the equation for any component.
When the solute concentration at the membrane surface reaches a value at which
a ‘gel’ is formed (C,, = C,), the equation is reduced to the form:

J, =kin (%) (2.12)

b

The term C,/C,, refers to the membrane polarization ratio.

Empirical equations correlate the mass transfer coefficient to the channel
geometry and flow regimes. This correlation can be expressed in a general form as
(Sherwood et al. 1975):

Sh = aRe”Sc* (%)d (2.13)

where Sh, Re and Sc are the Sherwood, Reynolds and Schmidt numbers, respec-
tively; L is the length of the feed flow channel (or tube); d, is the hydraulic diameter
of the feed channel; and a, b, ¢ and d are characteristic constants for different
geometries to be experimentally determined.
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The Sherwood number is given by:

dy
Sh=k— 2.14
> (2.14)
The Schmidt number is given by:
Sc=1 (2.15)
D
where p is the viscosity.
The Reynolds number in a channel (or in a tube) is given by:
d
Re =% (2.16)
u

where u is the fluid velocity. In general, Re values less than 1800 are considered to
indicate laminar flow and Re greater than 4000 indicates turbulent flow.

Methods for reducing concentration polarization include (i) reduction of the applied
pressure; (ii) reduction of solids concentration in the feed solution; (iii) hydrodynamic
modifications and the use of turbulent promoters to improve mass transfer; (iv) the use
of rotating cylinders or vibratory shear-enhanced units; (v) chemical modification of
the membrane surface; and (vi) application of an external body force such as an electric
field to influence the charge on macromolecules, the use of ultrasound to induce
cavitation at the surface, or the injection of inert gas to induce turbulence.

Membrane fouling is a major problem in pressure-driven membrane operations.
It can be considered a long-term flux decline caused by the interaction of chemical
species and their deposition on the membrane surface or within the membrane
pores. This phenomenon can be induced by several mechanisms, including
increased interfacial concentration due to concentration polarization, the adsorption
of solutes within the pores, partial or complete pore blocking, the formation of a
cake from excluded solutes, and the precipitation or gelation of inorganic and
organic particulate at the membrane surface. The general effect is an overall
increase in resistance to mass transport, reduction in the membrane surface and
change in separation properties of the membrane. Indeed, the presence of foulants at
the membrane surface or within the pores affects the passage of solutes through the
membrane due to the lower porosity and the difference in charge properties of the
fouled membrane in comparison with the clean membrane (Schéfer et al. 2000).

The degree of membrane fouling determines the frequency of cleaning required
and the lifetime of the membrane; therefore, it has a significant effect on the cost,
design and operation of membrane plants (Boerlage et al. 2004).

Different substances can contribute to fouling phenomena, including organic
materials (e.g. proteins, polysaccharides and humic acids), colloidal or particulate
matter, inorganic compounds (poorly soluble salts and metal hydroxides), chemical
reactants and biological components (microorganisms, products of their metabo-
lism, and cell debris).
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In addition, the fouling propensity of a membrane is strongly influenced by the
membrane material: for example, proteins may bind to the membrane by hydrophobic
effects, hydrogen bonding or electrostatic interactions, depending on the membrane
material and protein type. Some functional groups of fat substances are similar to those
of PVDF and PS membranes, resulting in considerable fouling phenomena.

The ionic strength, pH and electric charge of the feed material are also significant,
since they affect the charge of both membrane surface and particles, the conformation
and stability of molecules, and the effective size of the cake layer (Vyas et al. 2000).

Several factors can be considered for controlling and minimizing fouling phe-
nomena, including the selection of appropriate feed-stream pretreatment methods,
membrane materials and module configurations, modification of membrane prop-
erties, and optimization of cleaning procedures.

Feed-stream pretreatment methods, including adsorption onto active carbon, pH
adjustment, heat treatment, the addition of complexing agents, and chlorination, aim
to remove or to stabilize foulants by changing the properties of the feed solution.

As reported above, the use of tubular and plate-and-frame designs is preferred for
feed solutions containing high solids content and large suspended particulate matter.

The use of turbulence promoters, ultrasonic vibrations, or rotating modules
aimed at increasing the convective transport of solutes back to the bulk solution is
also effective for reducing membrane fouling.

Operating parameters such as flow rate, transmembrane pressure, temperature
and feed concentration have great influence on membrane fouling. Generally, an
increase in temperature results in a reduction in viscosity and an increase in the
diffusion coefficients of molecules, resulting in higher permeation fluxes, although
protein denaturation may be a limiting factor.

Higher rates of tangential flow tend to reduce the aggregation of the feed solids
in the gel layer, increasing their diffusion back towards the bulk. This leads to an
overall reduction in the effect of concentration polarization. However, in some cases
the increase in tangential flow velocity effects the removal of larger particles from
the membrane surface, but stratification of smaller particles on the membrane
surface, with consequent pore plugging.

Generally, an increase in the feed concentration results in a faster decline in the
permeate flux with time, due to higher fouling of the membrane in the presence of
higher concentrations of foulants.

As reported previously, when a feed solution is treated by MF or UF, a typical
flux plateau is observed where an increase in Ap yields no flux increase; the permeate
flux approached at a specific Ap limit value is defined as limiting flux. This phe-
nomenon is due to a combination of concentration polarization and membrane
fouling (Wu et al. 1999). Below a certain flux, known as the critical flux, the
relationship between the applied pressure and flux may be linear. Therefore, oper-
ating below the critical flux can afford greater control of the fouling phenomenon.

Procedures for cleaning to reduce membrane fouling are based on hydraulic,
mechanical, electrical and chemical methodologies. The selection of a system
depends on the module configuration, the chemical resistance of the membrane and
the type of fouling.
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Hydraulic cleaning is typically achieved by in situ methods such as
back-flushing and back-pulsing. Back-flushing consists in periodically reversing the
transmembrane flow to remove foulants from the membrane surface and pores.
With this approach, the direction of the permeate flow is reversed at regular
intervals (i.e. 5-30 s once every 30 min to several hours). The back-flushing
medium can be the permeate, another liquid or a gas. The procedure is carried out
with tubular and hollow fiber membranes, which can withstand the reversal in
pressure difference.

In back-pulsing, high speeds and pressure fluctuations are employed to dislodge
particles accumulated on the membrane surface. Typically, high-pressure pulses (up
to 10 bar) are applied for very short intervals (typically <1 s) (Sondhi and Bhave
2001).

The injection of gas bubbles at high velocities through tubular membrane sys-
tems is a mechanical method that can be used to create turbulence at the membrane
surface in order to dislodge fouling materials. The use of electrical pulses to pro-
duce a movement of charged species away from the surface can be also applied for
metallic membranes.

Chemical cleaning is generally realized by cleaning-in-place (CIP) methodologies in
order to partially or completely restore the permeate flux. The composition of the
cleaning solution is strongly dependent on the nature of fouling agents and the prop-
erties of the membrane. Alkaline solutions such as NaOH and KOH up to pH 12 are
used to solubilize and break down organics and proteins. Acid cleaning solutions at pH
1.5-2.8 are mainly used to remove inorganic foulants.

Cleaning solutions should be pumped through the system at high velocity and
low operating pressure in order to avoid the penetration of foulants into membrane
pores. Most chemical cleaning solutions complete their action in 30-60 min;
enzymatic cleaning agents may require longer times. The temperature of cleaning
solutions should be as high as possible, complying with the temperature limitation
of the membrane module.

2.3 Milk and Dairy Industry

The food sector of greatest significance for pressure-driven membrane operations is
the dairy industry. Most relevant applications cover the treatment of milk, whey and
waste streams, and they are well established at the industrial level. Membrane
processes are used in the standardization of milk, whey and milk protein concen-
trations, fractionation of protein hydrolysates, removal of bacteria and fat from
milk, concentration of milk for cheese production, demineralization of whey and
cheese brine treatments. For some applications, the integration of pressure-driven
membrane processes has been integrated into existing installations, resulting in
particular benefits in terms of improved quality, development of new products such
as functional and health-promoting foods, enhanced process efficiency and better
control of the environmental impact (Rosenberg 1995).
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2.3.1 Milk Processing

The protein and total solids content of milk can be standardized using UF mem-
branes to overcome variations in composition. These membranes retain proteins,
fats, and insoluble and bound salts, allowing the permeation of water, lactose and
soluble salts.

The combination of MF and UF membranes is of interest for the fractionation of
caseins. The use of MF membranes with a pore size of 0.2 um enables the pro-
duction of a permeate fraction containing mostly whey proteins and a retentate
enriched in native caseins that can be used for cheese making. The MF permeate
can be further treated by UF to produce high-quality whey protein concentrates
(WPCs).

Karasau et al. (2010) compared the performance of ceramic and polymeric
membranes in the treatment of skim milk for the manufacture of casein; PVDF and
ceramic membranes with a pore size of 0.2 pm provided comparable results when
operated at comparable values of applied pressure, tangential flow velocity and
temperature.

Milk protein concentrates (MPCs) containing 50-85 % proteins can be obtained
through a combination of MF and UF processes with diafiltration (DF) and an
appropriate adjustment of pH and temperature. These concentrates find application
in the manufacture of cheese products, dietary supplements, cultured products and
dairy-based beverages.

The Tetra Pak UF technology is an elegant application of membrane technology
in semi-hard cheese production, with significant advantages, especially in terms of
higher product yield, when compared with traditional methods. In this approach,
which is used to produce fresh white and Mediterranean cheese varieties such as
feta and queso fresco, the cheese is packed as a liquid and is coagulated inside the
final packaging. The process line for semi-automatic production of microbially
acidified feta cheese, the Tetra Tebel Casofill® BAF (bacteriologically acidified
feta), consists of a UF step in which milk is concentrated about 5.5 times to a final
total solids content of 36-39 %. The UF retentate is then pasteurized and
homogenized at 75-80 °C. After cooling, it is pumped to the fermentation tank, and
finally is subjected to the filling step ( Kiers 2001; Tamime et al. 2006).

2.3.2 Whey Processing

Whey is a liquid co-product of the cheese and casein industries. It has a low solids
content (up to 5-6 %), and as a waste, it has high biological oxygen demand
(BOD = 30-50 g/LL for 1000 L of whey), making whey disposal difficult, costly
and environmentally detrimental. Whey solids constitute mainly lactose (~ 50 g/L),
whey proteins (~6 g/L) such as a-lactalbumin, f-lactoglobulin, bovine serum
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albumin, lactoferrin and immunoglobulins, and minerals (~6 g/L) and fat
(0.3 g/L).

Whey protein concentrates (WPCs) can be produced using UF membranes with
MWCO of ~ 10 kDa. These membranes allow the separation of lactose and min-
erals from the proteins, producing a retentate stream, which can be further pro-
cessed by evaporation and spray drying. The protein content of the final product
may be controlled by the degree of concentration during UF. WPCs with protein
content of 35-60 % can be obtained at a VCR ranging from 4.5 to 20, respectively.

The lactose and mineral content in WPC can be further reduced using a DF step
in which deionized water is continually added to the retentate while lactose and
minerals are continuously recovered in the permeate stream. Selecting a proper
combination of UF and DF can lead to an improvement in the purity of WPCs of up
to 75-80 %. WPCs are important sources of protein for a large variety of food
products, including beverages, processed meats, baby foods, yogurt and cottage
cheese (Zidney 1998).

Yorgun et al. (2008) investigated the recovery of proteins from white and curd
cheese whey using spiral-wound UF, NF and RO membranes. Among the studied
membranes, the highest protein recovery and greatest reduction in chemical oxygen
demand (COD) were obtained using a PS NF membrane module with an MWCO of
200 Da. The module exhibited an initial permeate flux of 24 L/m*h when cheese
whey was treated at a Ap of 8 bar and a recirculation flow rate of 2500 L/h.
A permeate with a COD of 2787 mg/L. (COD removal 97.4 %) was produced,
while the protein rejection was 88 %. Further COD removal from the NF permeate
required an additional RO stage as a polishing step. This combination allowed the
recovery of protein in the NF retentate (first step), while lactose was recovered in
the RO retentate (second step), with simultaneous production of clean RO-water as
the last permeate.

PVDF UF membranes with MWCO of 6-8 kDa effected protein rejection of
between 92 and 98 % in the treatment of milk and whey, with an acceptable
permeate flux (30 L/m2/h) at low pressures (3 bar). A temperature of about 50 °C
was considered a limit value for achieving good performance, avoiding denatura-
tion of proteins and damage to membrane materials. The use of PA NF membranes
(MWCO 400 Da) enabled the recovery of lactose from milk and whey UF per-
meates. Through the selection of proper operating conditions (i.e. VCR of 5, Ap of
20 bar and 30 °C), a concentrated solution containing 20-25 % lactose was
obtained with a lactose yield higher than 90 %. This solution could be reused in the
confectionery industry, while the permeate stream depleted from lactose could be
reused for cleaning or irrigation, or as a last resort, discharged as sewage (Atra et al.
2005), with no adverse environmental impact.

MF and UF processes can also be used to isolate immunoglobulins (Igs) from
colostrum whey. The MF of colostrum with membranes of 0.1 pm pore size pro-
duces a clear permeate, free from fat globules and casein micelles, containing 80 %
of the initial Igs. The MF permeate, or serocolostrum, is then concentrated by UF
membranes with MWCO of 100 kDa (Piot et al. 2004).
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Korhonen et al. (1998) investigated the use of MF, UF and RO membranes in
combination with cation-exchange resins for the concentration of Igs. The Ig level
of the final freeze-dried concentrates varied from 45 to 75 %.

NF membranes can be used to demineralize whey before evaporation and dry-
ing. These membranes retain proteins and multivalent ions (i.e. Ca**), removing
monovalent ions such as CI”, Na™ and K*. When sweet whey is treated (pH 6.0—
6.6) using negatively charged membranes, the retention of proteins (negatively
charged at neutral pH) and polyvalent anions results in the accumulation of negative
charges in the retentate stream. This leads to increased transmission of CI” and OH™
and to partial transmission of Na* and K* in order to maintain the electroneutrality
in the permeate fraction. In the case of acid whey (pH 4.5-5), the membrane is
positively charged, and the retention of proteins (positively charged at acidic pH)
and polyvalent cations results in increased transmission of Na*, K™ and H", and
partial removal of CI" (Gernigon et al. 2011). Desalination of up to 40 % can be
achieved through a combination of NF and DF.

Lactic acid is one of the major food preservatives used in the food industry.
Conventional fermentative processes for producing lactic acid are characterized by
high costs due to the separations steps needed to meet the quality requirements of
food grade. NF and RO processes are useful approaches for the removal of lactic
acid from fermentation broths in the cell separation step. The transport of lactic acid
through NF membranes (AFC80, PCI Membrane and DK2540C, Filtration
Engineering) in the treatment of whey ultrafiltrate fermentation broths was inves-
tigated by Gonzales et al. (2008). The rejection selectivity of both membranes
towards lactate increased by increasing the pH, due to the electrostatic repulsion
between the ions and the membrane surface: as the pH increased from 2.7 to 6, the
lactate rejection increased from 45 to 82 % for the AFC80 membrane and from 10
to 91 % for the DK2540C membrane.

2.4 Fish-Processing Wastewater Treatment

Fish industry wastewater contains potentially valuable molecules for the food
sector, such as proteins, flavors and aroma compounds, and the recovery of these
materials can lead to significant productivity gains (Massé et al. 2008).

Afonso and Borquez (2002) evaluated the performance of an integrated process
based on a combination of MF and UF membranes for the recovery of proteins from
the effluents of a fishmeal plant. The MF pretreatment drastically reduced the oil,
grease and suspended matter content in the original effluent. A UF ceramic mem-
brane (Carbosep M2, tubular, 15 kDa MWCO) reduced the organic load of the MF
permeate and allowed the recovery of valuable raw materials, including proteins.
Protein rejection ranged from 49 to 62 %, depending on the operating conditions.
The highest protein rejection was achieved at a Ap of 4 bar and a crossflow velocity
of 4 m/s. A conceptual process for the treatment of 10 m*/h of fishmeal effluent was
designed. The plant generated 1 m*/h of concentrate containing 170 g/L of solids
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and 112 g/L of proteins. An economic assessment of the integrated MF-UF process
for production of 544 tons/year of fishmeal (66 % protein content) yielded a net
present worth of US $160,000, a 17 % rate of return, and an 8-year return on
investment, indicating the feasibility of the process for protein recovery and pol-
lution reduction (Afonso et al. 2004).

Mameri et al. (1996) also investigated the use of UF for the recovery and
concentration of proteins from fishery washing wastewater. A tubular PS membrane
with MWCO of 20 kDa and a multichannel ceramic membrane with 0.1-um pore
size produced similar apparent rejection (70-80 %) of proteins, despite their dif-
ferent pore diameters. The UF process allowed an increase in the protein concen-
tration in the feed solution from 5 to 35 g/dm?, while simultaneously reducing the
biochemical oxygen demand (BOD) by 80 %.

2.5 Recovery of Bioactive Compounds from Vegetable
Extracts

The last few decades have seen rapidly growing interest in the utilization of phy-
tochemicals in functional foods, given their beneficial effect on human health, lack
of toxicity and low cost. Indeed, epidemiological studies have shown a significant
positive association between the intake of fruits and vegetables and a reduced risk
of chronic diseases such as cancer, cardiovascular disease, diabetes, osteoporosis,
Alzheimer’s disease and immune disorders (Kaur and Kapoor 2001).

Conventional extraction techniques for the purification of natural products
include solvent extraction, ultrasound-assisted extraction, pressurized liquid
extraction, enzyme-aided extraction, supercritical fluid extraction, resin-based
extraction and alkaline extraction. These methods have some inherent drawbacks,
including the degradation of the target compounds due to high temperatures and
long extraction times (as in solvent extractions) and health-related risks.

With a number of advantages including high separation efficiency, low energy
requirements, mild operating conditions, no additives, simple equipment and easy
scale-up, membrane-based technologies can provide interesting alternatives to
conventional systems (Li and Chase 2010).

The purification and concentration of phenolic compounds from aqueous veg-
etable extracts using membrane operations or integrated membrane systems is a
topic that is attracting increasing attention. Prodanov et al. (2008) employed UF
membranes with MWCO of 10, 30 and 50 kDa for the separation of phenolics in
almond skin extracts according to their molecular weight. Low molecular weight
phenolic compounds were recovered in the UF permeate, while proanthocyanidin
oligomers were obtained from the retentate.

The use of a PES UF membrane with an MWCO of 30 kDa allowed concen-
tration of R-phycoerythrin from a crude extract of the macro-algae Grateloupia
turuturu without denaturation or accumulation of undesirable molecules. A VCR of
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5 was effective for R-phycoerythrin concentration and pre-purification: 100 % of
R-phycoerythrin was recovered, while 32.9 % of other proteins and 64.6 % of
sugars passed through the membrane (Denis et al. 2009).

UF membranes also proved successful for concentration of phenolic compounds
extracted from grape seeds (Nawaz et al. 2006). The maximum amount of
polyphenols (about 11 % of the total weight of the seeds) was recovered by
combining a solid-to-liquid ratio of 0.2 g/mL with a 50/50 mixture of water and
ethanol as extracting liquid, a two-stage extraction, and a UF membrane with a pore
size of 0.22 pm. The procedure provided high extraction rates and extraction
selectivity, short extraction times and significant labor savings.

The aqueous extraction of Castanea sativa leaves combined with a UF process
for the concentration and selective recovery of phenolic compounds was investi-
gated by Diaz-Reinoso et al. (2011). A combination of two membranes of 5 and
10 kDa was proposed for producing a retentate with 40 % active compounds. The
use of membranes increased the phenolic content by 18 %, whereas the application
of an additional precipitation with ethanol resulted in an increase of 36 %.
Diaz-Reinoso et al. (2009) also investigated the use of commercial UF and NF
membranes for processing aqueous extracts from grape pomace in order to obtain
fractions enriched in antioxidant compounds. All selected membranes with MWCO
between 250 and 1000 Da exhibited similar rejection of phenols and sugars, and
were suitable for concentration purposes.

Reversible and irreversible fouling phenomena contribute to overall deterioration
in the performance of UF membranes in the treatment of aqueous solutions con-
taining polyphenolic compounds. Adsorption onto membrane surfaces and pore
walls followed by either pore blocking or narrowing appear to be the main fouling
mechanisms when PES membranes are used. In addition, membranes with larger
pore sizes (MWCO 100 kDa) were found to exhibit less fouling than membranes
with smaller pore sizes (MWCO 10 kDa) (Susanto et al. 2009). Filtration studies of
phenolic compounds (such as 2-nitrophenol and 2-clorophenol) through thin-film
composite polyamide NF and RO membranes suggested the formation of a fouling
monolayer on the membrane surface. Such fouling led to increased hydrophobicity
and diminished roughness of the membrane surface. As expected, solute rejection
was higher for the RO membrane than the NF membrane. (Sotto et al. 2013).

Mello et al. (2010) evaluated the performance of an NF membrane composed of
PA and PS (NF90, GE Osmonics, Minnetonka, MN, USA) for the concentration of
flavonoids and phenolic compounds from aqueous and ethanolic propolis extracts.
No loss of compounds was detected in the permeate solution produced from the
aqueous extract (the NF membrane retained around 94 % of the phenolic com-
pounds and 99 % of the flavonoids). As a consequence of the higher amount of
compounds extracted by alcohol, lower retention of phenolic compounds was
measured when the ethanolic extract was nanofiltered.

Polyimide NF membranes resistant to organic solvents (StarMem 122 and
DuraMem 200, Evonik Industries, Essen, Germany) were also shown to be very
efficient for the concentration of phenolic substances from ethanol-water propolis
extracts (Tylkowski et al. 2010). DuraMem 200 with an MWCO of 200 Da



2 Recovery Technologies for Water-Soluble Bioactives ... 71

exhibited rejection higher than 95 % for all investigated compounds, including
flavones, flavonols, flavanones, dihydroflavonols and other phenolics. At applied
pressure of 30 and 50 bar, stable permeate fluxes of 2.66 and 4.05 L/m?*/h were
measured. The performance of the membranes was also evaluated for concentration
of biologically active compounds extracted with ethanol from Sideritis scardica
Griseb, a plant of the Balkan Peninsula recognized for its high antioxidant activity
due to the presence of flavonoids and polyphenols (Tylkowski et al. 2011).
Experimental results indicated that membrane rejection was strongly related to the
MWCO of the membrane, and that separation of flavonoids from low molecular
weight polyphenols occurred at MWCO higher than 400 Da.

The concentration of phenolic compounds from aqueous mate (Ilex paraguar-
iensis St. Hil.) extracts with a spiral-wound NF membrane (HL2521TF, Osmonics,
Minnetonka, MN, USA) of 150-300 Da was investigated by Aguiar Prudéncio
et al. (2012). Chlorogenic acid and epigallocatechin gallate were the main antiox-
idant compounds detected in concentrates obtained at VCR 4 and 6. The concen-
tration of phenolic compounds and antioxidant activity increased by increasing the
VCR (Negrao Murakami et al. 2011).

The recovery of phenolic compounds from citrus by-products by
membrane-based operations has been also investigated. Bergamot is the common
name of a natural citrus fruit (Citrus bergamia Risso) produced in southern Italy.
The essential oil, which is obtained from the peel by wash-scraping the fruit, is
widely used in the cosmetic industry despite the presence of synthetic surrogates on
the market. However, the juice has not found a real use in the food industry due to
its bitter taste, even though it contains natural phenols with marked antic-
holesteremic activity (Di Donna et al. 2009). Tubular ceramic NF membranes with
MWCO of 450-1000 Da were evaluated for their selectivity towards sugars,
organic acid and flavonoids in the treatment of ultrafiltered bergamot juice.
Suspended solids were removed in the preliminary UF step, reducing fouling
phenomena in the subsequent NF step. The best separation of polyphenols from
sugars occurred with the NF 450-Da membrane, which exhibited the highest
rejection selectivity towards flavonoids (95.4 %) and the lowest rejection of sugar
compounds (48.7 %) (Conidi et al. 2011).

The same authors evaluated the performance of different polymeric spiral-wound
NF membranes (with MWCO of 250-1000 Da) in the treatment of pressed liquors
obtained from pigmented orange peels for the separation of phenolic compounds
from sugars. The results indicated that the average rejection selectivity towards
sugars was reduced by increasing the MWCO of the selected membranes, while
rejection of anthocyanins remained higher than 89 % for all the NF membranes
investigated (Conidi et al. 2012).

The concentration of anthocyanins from roselle extract (Hibiscus sabdariffa L.)
using flat-sheet UF and NF membranes with MWCO of 2-150 kDa was investi-
gated by Cissé et al. (2011). The authors suggested that all membranes with
nominal MWCO equal to or less than 20 kDa could be used for concentrating
anthocyanins. Higher retention of anthocyanins was observed for the NF
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membranes. In addition, at average transmembrane pressures, these membranes
exhibited similar permeate fluxes when compared with UF membranes.

NF has also been found to be effective for the concentration of anthocyanins
from ultrafiltered aqueous extract of aronia berries (Gilewica-Lukasik et al. 2007).
The retention of anthocyanins was almost complete in the presence of sodium
sulfate (IV) (rejection higher than 99 %), while the filtration of pure aronia solution
or that containing sulfate (VI) was not as effective (rejection of 91-95 %).

The fractionation of phenolic compounds with membrane-based separation
processes is another topic of interest. Santamaria et al. (2002) proposed sequential
filtration with polymeric NF and UF membranes to fractionate proanthocyanidins
from winery waste extracts on the basis of their molecular weight. The proposed
process, depicted in Fig. 2.5, allowed the production of proanthocyanic fractions
with different degrees of polymerization.

Grape anthocyanins were fractionated using flat-sheet PVDF UF membranes
with MWCO of 10 to 1000 kDa. Polymeric forms were retained by membranes
with MWCO of less than 100 kDa, while monomers were recovered in the per-
meate fractions (Kalbasi and Cisneros-Zevallos 2007). UF membranes with
MWCO of 10 kDa also allowed separation of low molecular weight tannins from

Extract of Polymerized PAs
from grape seeds

l AP=6 bar

NF

(R CaCl2 60%
\—v Acids and aldehydes
3 AP=2 bar
UF
MWCO 20 kDa
Monomeric
PAs
3 AP=0.2 bar
UF
MWCO 200 kDa — Highly polymerized oligomers
HMW compounds AP=5 bar
Purified solution UF

of oligomeric PAs VIWCO 8 kDa

——— > Low polymerized oligomers

Fig. 2.5 Fractionation of proanthocyanidins (PAs) by integrated membrane operations (HMW
High molecular weight; MWCO Molecular weight cut-off; R Rejection) (adapted from Santamaria
et al. 2002)



2 Recovery Technologies for Water-Soluble Bioactives ... 73

high molecular weight phenolic compounds in the treatment of crude extract of
persimmon (a plant belonging to the Ebenaceae family that is widespread in China,
Japan and Korea) (Gu et al. 2008).

MF and UF membranes are also an effective tool for the separation of
oligosaccharides and low molecular weight impurities from high molecular weight
compounds (Li and Chase 2010). Fructo-oligosaccharides, which are widely rec-
ognized as functional food ingredients, can be purified and concentrated using NF
membranes (Li et al. 2004) or low-MWCO UF membranes. Thin-film polymeric
membranes with MWCO of 1 to 8 kDa were used to purify xylo-oligosaccharides
from an almond shell hydrolysate (Nabarlatz et al. 2007). Selectivity was maxi-
mized by operating at low pressures, and was increased by reducing the MWCO of
the membrane.

Tubular polymeric UF membranes (ESP04, PCI Membranes, Poland) and
ceramic monolithic NF membranes (Kerasep Nano, Novasep, France) with MWCO
of 4 and 1 kDa, respectively, were found to be effective for the purification of
xylo-oligosaccharides from monosaccharides and salts from rice husk xylan (Vegas
et al. 2008). NF membranes with MWCO of 150 to 300 Da were also proven to be
efficient for the recovery of xylose from hemicellulose hydrolysates. Considerable
xylose purification was achieved in short-term filtrations, which produced permeate
streams containing 78—82 % xylose as total dry solids (Sjoman et al. 2008).

The purification of fructo-oligosaccharides from a mixture of sugars with different
NF membranes was investigated by Kuhn et al. (2011). Specifically, the authors
evaluated the performance of PA and PES flat-sheet membranes with MWCO over a
range of 150 to 1000 Da in both dead-end and tangential-flow configurations. The
best results were obtained with the NP0O30 membrane (Microdyn-Nadir, Germany)
with an MWCO of 400 Da, which showed 66 % retention selectivity towards
fructo-oligosaccharides, while retention selectivity towards glucose, fructose and
sucrose was 18, 15 and 24 %, respectively. DF tests with this membrane produced a
concentrate containing 80 % fructo-oligosaccharides.

2.5.1 Soy Protein Extracts

UF represents a valid alternative to the use of isoelectric precipitation for the
production of soy protein isolates or concentrates from soy protein extracts. The use
of UF allows the recovery of all solubilized proteins, avoiding the formation of
whey-like products and resulting in increased protein recovery (Nichols and
Cheryan 1981). In addition, undesirable compounds such as oligosaccharides (su-
crose, raffinose and stachyose) and phytic acid can be selectively separated from the
proteins through selection of optimal operating parameters and membrane types
(Kumar et al. 2003).

The combination of UF and DF results in high phytic acid removal and high
levels of protein purification. Phytic acid removal is affected by pH: high removal
percentages have been observed within a pH range of 5-6.7 (Ali et al. 2010). UF
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membranes with MWCO of 50 kDa represent the best option for obtaining high
values of permeate fluxes, high protein rejection and high removal of oligosac-
charides (Skorepova and Moresoli 2007). In addition, the use of UF membranes
with MWCO of 5-30 kDa enables the retention of isoflavones, widely recognized
for their anticarcinogenic properties due to their complexation with proteins (Singh
2007). In contrast, in the conventional isoelectric precipitation processes, most of
the isoflavones remain soluble after the precipitation step.

The main functional properties of protein isolates (solubility, ability to emulsify,
ability to bind water or fat and ability to form foams or gels) obtained by a
combination of UF and DF were higher than those obtained with traditional iso-
electric precipitation processes (Manak et al. 1980).

Soy protein isolates can also be used as a source of peptides of interest for
nutraceutical applications. UF membranes compete with other technologies such as
chromatography and ion-exchange resins for use in the fractionation and purifica-
tion of specific peptides. In particular, soy protein hydrolysates can be subjected to
a sequential treatment with UF membranes of increasing MWCO values (i.e. from 5
to 100 kDa) in order to produce different soy peptide fractions (Deeslie and
Cheryan 1991).

Wastewater from the manufacture of soybeans contains valuable compounds
such as proteins and sugars; their recovery appears to hold great potential for
reducing the pollution load of produced effluents while simultaneously utilizing
valuable resources.

The integration of pressure-driven membrane operations can be exploited for the
extraction of proteins, oligosaccharides and isoflavones from yellow bean product
wastewater (Jiang and Wang 2013). UF membranes retain soybean proteins, and the
concentrated solution can be spray-dried to obtain a pure soybean protein powder.
Soy isoflavones in the UF permeate are adsorbed on weak polar macroporous resins
and then eluted with ethanol. Soybean oligosaccharides in the resin effluent liquid
can be concentrated using NF membranes, and the concentrated liquid can be used
for preparing oligosaccharide powders. The final treatment of the NF permeate by
RO produces pure water through the removal of inorganic salts.

Soybean soaking water contains on average of 0.08 % (w/w) crude proteins and
0.02 % (w/w) carbohydrates. Their COD (typically higher than 10 g/L) must be
properly reduced for purposes of reuse. The performance of a combined NF-RO
membrane system for separating and recovering soluble materials from soybean
soaking water was investigated by Guu et al. (1997). The pretreated water (after
sedimentation and centrifugation) was nanofiltered through a spiral-wound mem-
brane module (NF40-2514A, FilmTec/DOW Chemical Co.) up to a weight con-
centration ratio (WCR) of 7. The NF permeate was then subjected to an RO process
using a spiral-wound membrane (BW30-2514, FilmTec/DOW Chemical Co.) up to
a WCR of 6. Both processes were operated at 30 °C and a Ap of 25 bar. NF and RO
retentates were inoculated with probiotic cultures of Lactobacillus acidophilus
CCRC 10695 and Bifidobacterium longum CCRC 11847 in order to assess the
possibility of producing lactic acid by fermenting soluble materials (Fig. 2.6). The
combination of the two selected cultures produced up to 7.5 g/L of organic acids,
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Fig. 2.6 Recovery of soluble compounds and water from soybean soaking water (adapted from
Guu et al. 1997)

represented mainly by lactic acid, after 48 h of fermentation at pH 5.5 and a
temperature of 37 °C. With this process, the fermentation broth after centrifugation
and pasteurization is able to be used for the formulation of lactic acid beverages,
while the RO permeate can be reused within the factory for cleaning and soaking
purposes.

Spiral-wound NF and RO membranes have also been used for concentration of
oligosaccharides (mainly sucrose, raffinose and stachyose) from steamed soybean
wastewater after the removal of high molecular weight proteins by UF (Matsubara
et al. 1996). Operating in a batch concentration mode, concentrated solutions
containing 22 % (w/v) and 10 % (w/v) of oligosaccharides were obtained by RO
and NF processes, respectively. The COD of the treated effluent (8400-8700 mg/L)
was reduced by 99.6 and 98.1 %, respectively.

2.5.2 Olive Mill Wastewater

The procedures for extraction of olive oil from olives (press extraction, two-phase
and three-phase centrifugation systems) produce large amounts of polluted liquid
waste, known as olive mill wastewater (OMW) or vegetation water. It is a dark
acidic liquid containing organic substances (sugars, tannins, organic acids,
nitrogen-containing substances, and phenolic compounds including polyphenols,
polyalcohols, pectins and lipids) and minerals. COD and BOD are found in a range
of 40-220 and 35-110 g/L, respectively (Niaounakis and Halvadakis 2006).
Several physicochemical, biological and combined processes, including centrifu-
gation, membrane filtration, flocculation, adsorption, oxidation, and aerobic and
anaerobic treatments, have been proposed for reducing the pollution load of these
wastes. If properly managed, however, OMW represents an inexpensive and
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convenient source of polyphenols, water-soluble compounds widely recognized for
their anti-inflammatory, antimicrobial and antioxidant activity (Obied et al. 2005).
These properties are reflected in the high market price and great demand for OMW
in pharmaceutical, cosmetic and nutrition applications. According to the ‘olive tree
biorefinery’ concept recently proposed by Federici et al. (2009), the recovery of
phenolic compounds from OMW represents an efficient tool for valorization of the
olive oil extraction residues.

Several methods have been proposed for the recovery of polyphenols from
OMV, including liquid-liquid extraction (Kalogerakis et al. 2013), adsorption onto
resins (Scoma et al. 2011), supercritical fluid extraction (Lafka et al. 2011) and
fungal enzyme-aided extraction (Garcia Garcia et al. 2000). Most of these methods
are expensive and present some drawbacks, such as the presence of residual sol-
vents in the extract and the co-extraction of undesirable compounds.

Pressure-driven membrane operations, mostly in sequential form, meet the
requirements for the recovery, purification and concentration of polyphenols from
OMW, providing several advantages (low energy requirement, no additives, mild
operating conditions, efficient separation and easy scale-up) over conventional
technologies (Takag¢ and Karakaya 2009; Garcia-Castello et al. 2010; Mudimu et al.
2012).

Paraskeva et al. (2007) proposed a combination of UF and NF or RO membranes
for a complete fractionation of OMW. In order to improve the performance of the
UF membranes (multichannel ceramic membranes with 100 nm pores) and reduce
their fouling, OMW was pre-filtered with an 80 um PP screen. The UF process
separated high molecular weight constituents including fats, lipids and suspended
solid particles. A drastic reduction in turbidity was also observed independently of
the applied Ap. At Ap values higher than 1.75 bar, the permeate fluxes were
independent of the applied pressure. The NF treatment of the UF permeate with
spiral-wound polymeric membranes (MWCO 200 Da) yielded a concentrated
stream containing more than 95 % of the initial phenolic compounds. Better effi-
ciency of the OMW treatment was achieved by applying RO (spiral-wound
membrane modules 100 MWCO) after UF. Permeate fractions (75-80 % of the
initial volume) from NF and RO treatments exhibited quality characteristics suitable
for discharging in aquatic systems, according to EU regulations, or for irrigation.

An integrated membrane process for the selective separation of polyphenols
from OMW was patented by ENEA in 2005 (Pizzichini and Russo 2005). In the
proposed approach, depicted in Fig. 2.7, OMW was acidified at pH 3-4.5 in order
to prevent oxidation of polyphenols, and was then subjected to enzymatic treatment
with pectinase to hydrolyze cellulose, hemicellulose and pectin. The degradation
products were separated by centrifugation to obtain a partially clarified liquid
fraction, which was then subjected to a first MF step carried out with ceramic
membranes (pore size of 0.1-1.4 um). The MF permeate was fed to a UF unit
equipped with spiral-wound polymeric membranes (PS, PES, PA or CA) with
MWCO ranging from 1 to 20 kDa. The DF process, which consists of the addition
of water to MF and UF concentrates, can increase the recovery of phenolic com-
pounds in the permeate fractions. Solid residues from the centrifugation step can be



2 Recovery Technologies for Water-Soluble Bioactives ... 77

Olive mill
Wastewaters
200L

Acidification

Enzymatic
treatment

Purified water

1071L

- - ME| 1561 UE | 1361 NF | 1191 RO
Centrifugation
VCF 6.4 VCF 8 VCF 8 VCF 10
291 201 117L 120
Olive residues ) .
Less refined Purified
polyphenols polyphenols
Aerobic Anaerobic l l
treatment treatment . i
l l Nutraceuticals Pharmaceuticals
Fertilizers Biogas

Fig. 2.7 Proposed process scheme for the recovery of water and phenolic compounds from OMW
(adapted from Pizzichini and Russo 2005)

added to MF and UF retentates and used as a basis for compost production or
subjected to aerobic or anaerobic treatment. The UF permeate is subjected to an NF
treatment with spiral-wound polymeric membranes (PA or nylon, MWCO 150-
250 Da), producing a permeate containing the maximum amount of hydroxytyrosol
and other polyphenols of biomedical interest, and a retentate containing various
phenolic compounds (including tyrosol, coumaric acid, hydroxytyrosol and caffeic
acid), which can be used for the production of functional foods or cosmetics.
The NF permeate is subjected to a final RO treatment using spiral-wound polymeric
membranes made of composite PA, producing a concentrated liquid enriched in
purified polyphenols of interest for pharmaceutical applications and ultrapure water
suitable for beverage formulations.

The combination of UF and NF polymeric membranes for the recovery of
phenolic compounds from OMW was recently investigated at the laboratory level
by Cassano et al. (2013). OMW, produced according to a three-phase centrifugation
process, was pretreated with hollow fiber UF membranes (PVDF, pore size
0.02 pm, Toray) in order to remove most of suspended solids. The UF permeate
was then subjected to a second UF step performed with 1000-Da flat-sheet mem-
branes (Etna 01PP composite fluoropolymer, MWCO 1 kDa, Alfa Laval, Sweden).
A concentrated phenolic solution was obtained by treating the UF permeate with a
spiral-wound NF membrane (NF90, Filmtec/Dow, USA). Analyses of phenolic
compounds, total antioxidant activity (TAA) and total organic carbon (TOC) in feed
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and permeate fractions for each process are summarized in Table 2.1. The rejection
selectivity of the UF and NF membranes towards these compounds is also included.
Phenolic compounds were recovered in the UF permeate of the first UF step; most
of the organic substances were separated from phenolic compounds in the second
UF step, as shown by the high rejection selectivity of the Etna 01PP membrane
towards TOC.

Table 2.1 Analyses of polyphenols, total antioxidant activity (TAA) and total organic
compounds (TOC) in samples of olive mill wastewaters treated by UF and NF membranes
(adapted from Cassano et al. 2013)

Membrane type Parameter Feed Permeate | Rejection
(%)
UF (PVDF, 0.02 mm) Polyphenols (mg 1409 1033 26.7
GAE/L)
TAA (mM Trolox) 3000 2750 8.3
TOC (mg/L) 13,436 | 8898 33.7
UF (composite fluoro-polymer, Polyphenols (mg 960.8 654.6 31.8
1 kDa) GAE/L)
TAA (mM Trolox) 2695 1750 35.0
TOC (mg/L) 9000 2500 72.1
NF (polyamide, 150 Da) Polyphenols (mg 624.7 43.3 93.0
GAE/L)
TAA (mM Trolox) | 1825 125 93.0
TOC (mg/L) 2800 95 96.4
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Fig. 2.8 Permeate and retentate fractions from an integrated membrane process for the recovery
of polyphenols from OMW (Cassano et al. 2013) (with permission of Elsevier)
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Permeate and retentate samples from the fractionation of OMW with the selected
membranes are shown in Fig. 2.8.

According to the proposed process, three main fractions are produced: (i) a
concentrated solution (retentate of both UF processes) containing high molecular
weight organic substances, which can be subjected to anaerobic digestion for the
production of biogas; (ii) a concentrated solution (NF retentate) rich in polyphenolic
compounds suitable for cosmetic, food and pharmaceutical industries as liquid,
frozen, dried or lyophilized formulations; and (iii) a water stream (NF permeate),
which can be reused as processing water, membrane cleaning solution, or in the DF
step to increase the yield of polyphenols in UF permeates.

2.6 Conclusions and Future Trends

Pressure-driven membrane operations offer a wide range of advantages over con-
ventional technologies for the separation, purification and concentration of
high-added-value compounds from food products and food processing wastewater.
A high degree of selectivity, better control of the production process, water savings
and low energy costs are additional advantages.

The demand for products with greater nutritional value, the development of
environmentally friendly processing procedures and the increasingly urgent need to
reduce water consumption are all factors that will contribute to the continued
growth of the membrane market. In addition, the possibility of combining different
membrane operation units within integrated membrane systems or with conven-
tional separation technologies offers interesting new perspectives for redesigning
traditional flow sheets of the agro-food industry within the context of process
intensification strategies.

The optimization of procedures for reducing membrane fouling, including the
development of new membranes and membrane modules less prone to fouling,
appears to be a promising area for future investigations aimed at improving the
productivity, selectivity and durability of membrane systems. Additional challenges
concern the development of functional membranes with specific functional groups
grafted onto their surface, conferring high selectivity for target substances and low
fouling.

References

Afonso MD, Borquez R (2002) Review of the treatment of a seafood processing wastewater and
recovery of proteins therein by membrane separation processes—prospects of the ultrafiltration
of wastewater from the fish meal industry. Desalination 142:29-45

Afonso MD, Ferrer J, Borquez R (2004) An economic assessment of proteins recovery from fish
meal effluents by ultrafiltration. Trends Food Sci Technol 15:506-512



80 A. Cassano

Aguiar Prudéncio AP, Prudéncio ES, Castanho Amboni RDM et al (2012) Phenolic composition
and antioxidant activity of the aqueous extract of bark from residues from mate tree (/lex
paraguariensis St. Hil.) bark harvesting concentrated by nanofiltration. Food Bioprod Process
90:399-405

Ali F, Ippersiel D, Lamarche F et al (2010) Characterization of low-phytate soy protein isolates
produced by membrane technologies. Innov Food Sci Emerg Tech 11:162-168

Atra R, Vatai G, Bekassy-Molnar E et al (2005) Investigation of ultra- and nanofiltration for
utilization of whey protein and lactose. J Food Eng 67:325-332

Baker WR (2000) Membrane technologies and applications. Mc-Graw-Hill Companies, New York

Bhattacharya S, Hwang ST (1997) Concentration polarization, separation factor, and Peclet
number in membrane processes. J] Membr Sci 132:73-90

Boerlage SFE, Kennedy M, Tarawneh Z et al (2004) Development of the MFI-UF in constant flux
filtration. Desalination 161:103-113

Cassano A, Conidi C, Giorno L et al (2013) Fractionation of olive mill wastewater by membrane
separation techniques. J Hazard Mater 248-249:185-193

Cissé M, Vaillant F, Pallet D et al (2011) Selecting ultrafiltration and nanofiltration membranes to
concentrate anthocyanins from roselle extract (Hibiscus sabdariffa L.). Food Res Int 44:2607—
2614

Conidi C, Cassano A, Drioli E (2011) A membrane-based study for the recovery of polyphenols
from bergamot juice. ] Membr Sci 375:182-190

Conidi C, Cassano A, Drioli E (2012) Recovery of phenolic compounds from orange press liquor
by nanofiltration. Food Bioprod Process 90:867-874

Daufin G, Escudier JE, Carrere H et al (2001) Recent and emerging applications of membrane
processes in the food and dairy industry. Trans IChemE 79:89-102

Deeslie WD, Cheryan M (1991) Fractionation of soy protein hydrolysates using ultrafiltration
membranes. J Food Sci 57:411-413

Denis C, Massé A, Fleurence J et al (2009) Concentration and pre-purification with ultrafiltration
of a R-phycoerythrin solution extracted from macro-algae Grateloupia turuturu: process
definition and up-scaling. Sep Purif Technol 69:37-42

Di Donna L, De Luca G, Mazzotti F et al (2009) Stain-like principles of Bergamot fruit (Citrus
bergamia): isolation of 3-hydroxymethylglutaryl flavonoid glycosides. J Nat Prod 72:1352—
1354

Diaz-Reinoso B, Moure A, Dominguez H et al (2009) Ultra- and nanofiltration of aqueous extracts
from distilled fermented grape pomace. J Food Eng 91:587-593

Diaz-Reinoso B, Moure A, Dominguez H et al (2011) Membrane concentration of antioxidants
from Castanea sativa leaves aqueous extracts. Chem Eng J 175:95-102

Federici F, Fava F, Kalogerakis N et al (2009) Valorisation of agro-industrial by-products,
effluents and waste: concept, opportunities and the case of olive mill wastewaters. J Chem
Technol Biotechnol 84:895-900

Garcia-Castello E, Cassano A, Criscuoli C et al (2010) Recovery and concentration of polyphenols
from olive mill wastewaters by integrated membrane system. Water Res 44:3883-3892

Garcia Garcia I, Jimenez Pefia PR, Bonilla Venceslada JL et al (2000) Removal of phenol
compounds from olive mill wastewater using Phanerochaete chrysosporium, Aspergillus
niger, Aspergillus terreus and Getrichum candidum. Process Biochem 35:751-758

Gernigon G, Schuck P, Jeantet R (2011) Demineralization. In: Fuquay JW, Fox PF,
McSweeney PLH (Eds) Encyclopedia of dairy science. Elsevier, London, pp 738-743

Gilewica-Lukasik B, Koter S, Kurzawa J (2007) Concentration of anthocyanins by the membrane
filtration. Sep Purif Technol 57:418-424

Gonzales MI, Alvarez S, Riera FA et al (2008) Lactic acid recovery from whey ultrafiltrate
fermentation broths and artificial solutions by nanofiltration. Desalination 228:84-96

Guizard C, Amblard P (2009) Current status and prospects for ceramic membranes application. In:
Pabby K, Rizvi S, Sastre A (eds) Handbook of membrane separation: chemical, pharmaceu-
tical, food and biotechnological applications. Taylor Francis Group, Boca Raton, pp 139-179



2 Recovery Technologies for Water-Soluble Bioactives ... 81

Gu HF, Li CM, Xu YJ (2008) Structural features and antioxidant activity of tannin from
persimmon pulp. Food Res Int 41:208-217

Guu JK, Chiu CH, Young JK (1997) Processing of soybean soaking water with a NF-RO
membrane system and lactic acid fermentation of retained solutes. J Agric Food Chem
45:4096-4100

Jiang B, Wang J (2013) Method for extracting soy protein, oligosaccharide and isoflavone from
soybean wastewater by one-step process. Chinese patent CN103265614-A

Kalbasi A, Cisneros-Zevallos L (2007) Fractionation of monomeric and polymeric anthocyanins
from concord grape (Vitis labrusca L.) juice by membrane ultrafiltration. J Agric Food Chem
55:7036-7042

Kalogerakis N, Politi M, Foteinis S et al (2013) Recovery of antioxidants from olive mill
wastewaters: a viable solution that promotes their overall sustainable management. J Environ
Manage 128:749-758

Karasau K, Glennon N, Laurence ND et al (2010) A comparison between ceramic and polymeric
membrane systems for casein concentrate manufacture. Int J Dairy Technol 63:284-289

Kaur C, Kapoor HC (2001) Antioxidants in fruits and vegetables—the millennium’s health. Int J
Food Sci Technol 36:703-725

Kiers G (2001) Feta in liquid form. Dairy Ind Int 66:21-21

Korhonen H, Syvéoja EL, Vasara E et al (1998) Pharmaceutical composition, comprising
complement proteins, for the treatment of Helicabacter infections and a method for the
preparation of the composition. PCT Patent Application W098/00150

Kuhn RC, Palacio L, Pradanos P et al (2011) Selection of membranes for purification of
fructooligosaccharides. Desalin Water Treat 27:18-24

Kumar NSK, Yea MK, Cheryan M (2003) Soy protein concentrates by ultrafiltration. J Food Sci
68:2278-2283

Lafka T, Lazou A, Sinanoglou V et al (2011) Phenolic and antioxidant potential of olive oil mill
wastes. Food Chem 125:92-98

Li W, Li J, Chen T et al (2004) Study on nanofiltration for purifying fructo-oligosaccharides 1.
Operation modes. J] Membr Sci 245:123-129

Li J, Chase HA (2010) Applications of membrane technique for purification of natural products.
Biotechnol Lett 32:601-608

Mameri N, Abdessemed D, Belhocine D et al (1996) Treatment of fishery washing water by
ultrafiltration. J Chem Technol Biotechnol 67:169-175

Manak LJ, Lawhon JT, Lusas EW (1980) Functioning potential of soy, cottonseed, and peanut
protein isolates produced by industrial membrane systems. J Food Sci 45:236-245

Market Report: Global Membrane Technology Market (2013) Ratingen. http://www.acmite.com/

Massé A, Vandanjon L, Jaouen P et al (2008) Upgrading and pollution reduction of fishing
industry process-waters by membrane technology. In: Bergé JP (ed) Added value to fisheries
wastes. Transworld Research Network, Kerala, pp 81-99

Matsubara Y, Iwasaki K, Nakajima M et al (1996) Recovery of oligosaccharides from steamed
soybean waste water in Tofu processing by reverse osmosis and nanofiltration membranes.
Biosci Biotech Biochem 60:421-428

Mello BCBS, Cunha Petrus JC, Hubinger MD (2010) Concentration of flavonoids and phenolic
compounds in aqueous and ethanolic propolis extracts through nanofiltration. J Food Eng
96:533-539

Mudimu OA, Peters M, Brauner F et al (2012) Overview of membrane processes for the recovery
of polyphenols from olive mill wastewater. Am J Environ Sci 8:195-201

Nabarlatz D, Torras C, Garcia-Valls R et al (2007) Purification of xylo-oligosaccharides from
almond shells by ultrafiltration. Sep Purif Technol 53:235-243

Nawaz H, Shi J, Mittal GS et al (2006) Extraction of polyphenols from grape seeds and
concentration by ultrafiltration. Sep Purif Technol 48:176-181

Negrao Murakami AN, de Mello Castanho Amboni RD, Prudéncio ES et al (2011) Concentration
of phenolic compounds in aqueous mate (llex paraguariensis A. St. Hil) extract through
nanofiltration. LWT—Food Sci Technol 44:2211-2216


http://www.acmite.com

82 A. Cassano

Niaounakis M, Halvadakis CP (2006) Olive processing waste management literature review and
patent survey. Waste Manage Series 5:23-64

Nichols DJ, Cheryan M (1981) Production of soy isolates by ultrafiltration: factors affecting yield
and composition. J Food Sci 46:367-372

Obied HK, Allen MS, Bedgood DR et al (2005) Bioactivity and analysis of biophenols recovered
from olive mill waste. J Agric Food Chem 53:823-837

Paraskeva CA, Papadakis VG, Tsarouchi E et al (2007) Membrane processing for olive mill
wastewater fractionation. Desalination 213:218-229

Piot M, Fauquant J, Madec MN et al (2004) Preparation of “serocolostrum” by membrane
microfiltration. Lait 84:333-342

Pizzichini M, Russo C (2005) Process for recovering the components of olive mill wastewater with
membrane technologies. Int. Patent WO 2005/123603

Prodanov M, Garrido I, Vacas V et al (2008) Ultrafiltration as alternative purification procedure for
the characterization of low and high molecular-mass phenolics from almond skins. Anal Chim
Acta 609:241-251

Ramakrishna S, Zuwei M, Matsuura T (2011) Polymer membranes in biotechnology—preparation,
functionalization and application. Imperial College Press, London

Rosenberg M (1995) Current and future applications for membrane processes in the dairy industry.
Trends Food Sci Technol 6:12-19

Santamaria B, Salazar G, Beltran S et al (2002) Membrane sequences for fractionation of
polyphenolic extracts from defatted milled grape seeds. Desalination 148:103-109

Schifer Al Fane AG, Waite TD (2000) Fouling effects on rejection in the membrane filtration of
natural waters. Desalination 131:215-224

Schwinge J, Neal PR, Wiley DE et al (2004) Spiral wound modules and spacers, review and
analysis. J] Membr Sci 242:129-153

Scoma A, Bertin L, Zanaroli G et al (2011) A physicochemical-biotechnological approach for an
integrated valorization of olive mill wastewater. Bioresour Technol 102:10273-10279

Sherwood RK, Pigford RL, Wilke CR (1975) Mass transfer. McGraw Hill, New York

Singh N (2007) Process for producing a high solubility, low viscosity, isoflavone-enriched soy
protein isolate and the products thereof. US Patent 7,306,821 B2

Singh V, Jain PK, Das C (2013) Performance of spiral wound ultrafiltration membrane module for
with and without permeate recycle: experimental and theoretical consideration. Desalination
322:94-103

Sjoman E, Minttdri M, Nystrom M et al (2008) Xylose recovery by nanofiltration from different
hemicellulose hydrolyzate feeds. J Membr Sci 310:268-277

Skorepova J, Moresoli C (2007) Carbohydrate and mineral removal during the production of
low-phytate soy protein isolate by combined electroacidification and high shear tangential flow
ultrafiltration. J Agric Food Chem 55:5645-5652

Sondhi R, Bhave R (2001) Role of backpulsing in fouling minimization in crossflow filtration with
ceramic membranes. J Membr Sci 186:41-52

Sotto A, Arsuaga JM, Van der Bruggen B (2013) Sorption of phenolic compounds on NF/RO
membrane surfaces: influence on membrane performance. Desalination 309:64-73

Strathmann H, Giorno L, Drioli E (2006) An introduction to membrane science and technology.
Consiglio Nazionale delle Ricerche, Roma

Susanto H, Feng Y, Ulbricht M (2009) Fouling behaviour of aqueous solutions of polyphenolic
compounds during ultrafiltration. J Food Eng 91:333-340

Takac S, Karakaya A (2009) Recovery of phenolic antioxidants from olive mill wastewater. Rec
Patents Chem Eng 2:230-237

Tamime AY, Robinson RK, Kiers G (2006) Industrial manufacture of feta-type cheeses In:
Tamime AY (Ed) Brined cheeses. Blackell Publishing Ltd, Oxford, pp 77-116

Tylkowski B, Trusheva B, Bankova V et al (2010) Extraction of biologically active compounds
from propolis and concentration of extract by nanofiltration. ] Membr Sci 348:124-130



2 Recovery Technologies for Water-Soluble Bioactives ... 83

Tylkowski B, Tsibranska I, Kochanov R et al (2011) Concentration of biologically active
compounds extracted from Sideritis ssp. L. by nanofiltration. Food Bioprod Process 89:307—
314

Vegas R, Moure A, Dominguez H, Parajoé JC, Alvarez JR, Luque S (2008) Evaluation of ultra- and
nanofiltration for refining soluble products from rice husk xylan. Bioresour Technol 99:5341—
5351

Vyas HK, Bennett RJ, Marshall AD (2000) Influence of feed properties on membrane fouling in
crossflow microfiltration of particulate suspensions. Int Dairy J 10:855-861

Wu D, Howell JA, Field RW (1999) Critical flux measurement for model colloids. J] Membr Sci
152:89-98

Yorgun MS, Akmehmet Balcioglu I, Saygin O (2008) Performance comparison of ultrafiltration,
nanofiltration and reverse osmosis on whey treatment. Desalination 229:204-216

Zidney AL (1998) Protein separations using membrane filtration: new opportunities for whey
fractionation. Int Dairy J 8:243-250



Chapter 3
Industrial Production of Active Probiotics
for Food Enrichment

Sai Swaroop Dalli, Bijaya K. Uprety and Sudip K. Rakshit

Abstract Functional foods are defined as foods that have health benefits beyond
their inherent nutritional value. The incorporation of probiotics in food products is
one of the most popular forms of such products and acceptable to most consumers.
In this chapter, various industrial probiotic products are discussed, including the
type of microorganisms used and the production process. Details of processing
conditions and choice of probiotics for retaining the viability of the microorganism
through production are included. Advanced non-food application of probiotics and
the potential for such products are also presented.

Keywords Probiotics - Fortified products - Stability and safety - Non-food applications

3.1 Introduction to Probiotics

Functional foods are foods that have a potentially positive effect on health beyond
basic nutrition. Probiotics are living bacteria and yeasts that are incorporated into
food products because they help to maintain the microbial flora in the gut, which in
turn results in good overall health. An estimated 500 to 1000 species of microor-
ganisms inhabit the digestive system. Maintaining a good distribution of beneficial
microorganisms prevents the inhabitation of pathogenic microbes and is also known
to improve the immune response.

An ideal probiotic microbe must be of human origin, with beneficial physio-
logical effects, and should be generally regarded as safe (GRAS) (Singh et al.
2011). An efficient probiotic should have important properties including good
stability under storage and distribution conditions, and should be non-pathogenic,
non-toxic, sustainable in the host body, with effective adhesion, resistance to low
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pH and bile salts in the gut, and should have good activity, with beneficial effects on
the host (e.g. enhancing immunity) (Fuller 1989).
The common criteria for probiotics used in industry are as follows:

e Biosafety: Microbes should be generally regarded as safe (GRAS) (e.g.
Lactobacillus, Bifidobacterium, Enterococcus).

e Origin: Microbes used in probiotics should preferably be autochthonous in
origin.

¢ Resistance in in vitro and in vivo conditions: Microbes should be tolerant to
the defense mechanisms, pH, bile and pancreatic conditions in the host body.

¢ Adherence: Microbes should adhere to the intestinal epithelium and colonize to
survive for longer periods.

e Antimicrobial activity: An important criteria for probiotic organisms is that they
are effective in protecting the host against pathogens. Therefore, they should exhibit
certain antagonistic properties. For example, Lactobacillus sp., a widely used
microbe in probiotics, produces inhibitors (e.g. bacteriocins), reduces redox potential,
produces hydrogen peroxide, decreases pH through the production of lactic acid and
protects the human host against harmful organisms (Kosin and Rakshit 2006).

Over the past two decades, a considerable amount of research and development has
been focused on probiotics and their inclusion in many traditional foods. Consumer
acceptance has resulted in the availability of large numbers of probiotic food products
and their industrial production. The present chapter reviews the major industrial probiotic
products, including the type of probiotics involved, the production processes, and the
related stability and food safety issues. The application of probiotics in non-food
applications in feed, medicine, aquaculture and veterinary products is also covered.
Table 3.1 provides a list of common microbes, their application and probiotic properties.

3.2 Industrial Probiotic Products

There is an increased awareness of the health benefits of dietary food and functional
foods with probiotics. According to market reports, up to 93 % of consumers in North
America believe that the risk of disease can be reduced by the consumption of func-
tional foods (Champagne and Mpgllgaard 2008). Industries are competing for the
production of efficient probiotic functional foods, as high growth rates and low pro-
cessing costs make them good candidates for industrial production. In 2011, the market
for probiotics products was valued at $27.9 billion, and this is expected to increase
substantially, by 6.8 % annually, reaching $44.9 billion by 2018 (Chr. Hansen 2013).
The Asia-Pacific region is currently experiencing the highest rate of growth in probi-
otics production, followed by Europe (Chr. Hansen 2013). Some of the dairy-based
industrial probiotic strains in use in a variety of market products are listed in Table 3.2.

Functional dairy-based foods can be divided into fortified dairy and whey
(protein)-based products (Ozer and Kirmaci 2010).
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Table 3.1 Common probiotic bacteria, properties and applications (BC Diary 2015)

Bacteria Properties Use Potential probiotic
effects
Lactobacillus Acid-resistant Used in acidophilus Fights intestinal
acidophilus Grows slowly and is milk and in kefir; may infection and may
less viable in be used in yogurt prevent colon
fermented products cancer.
Reduces intestinal
transit time
Lactobacillus Good adherence. Some new fermented Inhibits pathogens.
GG Colonies do not last dairy products using Reduces tumor
long; therefore, LGG are available in development
recommended to Europe Prevents traveler’s
consume a few times diarrhea,
a week antibiotic-associated
Minimum levels for diarrhea and infant
colonization are diarrhea
+ 10 cells in milk
+ 10° cells in
fermented milk or
enteric tablets
+ 10" cells in gelatin
capsules
Lactobacillus Some strains are Used in kefir and many Induces the activity
casei acid-tolerant cheeses including of intestinal
Does not colonize cheddar, also used in microflora.
some new yogurt-like Decreases incidence
products and duration of
diarrhea
Induces levels of
immunoglobulins,
v-interferon and
phagocytic activity.
Reduces the risk of
colon cancer
Bifidobacterium | Some strains are Can be used in yogurt Restricts growth of
acid-tolerant, but pathogens
unclear on adherence Prevents and cures
and colonization diarrhea
Produces both lactic Reduces intestinal
acid and acetic acid transit time and may
reduce colon cancer
Induces production
of secretory
immunoglobulin

3.2.1 Fortified Dairy Products

Dairy products are considered to be good vectors for the delivery of probiotics to
humans, because of their inherent characteristics that favor probiotic growth and make
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them sustainable through the storage period. For the application of probiotics in dairy
products, industries must focus on specific parameters (e.g. acidity, pH, dissolved
oxygen content, redox potential and hydrogen peroxide effect) to meet essential
requirements of probiotic properties (Akin 2005; Bais et al. 2006; Akin et al. 2007),
health effects and regulations (Sanders and Klaenhammer 2001; Parvez et al. 2006).
For good therapeutic effects, it is normally accepted that probiotic bacterial concen-
tration in milk products should range from 10° to 107 colony-forming units per
milliliter (CFU/mL). This can be maintained by reducing the dissolved oxygen level
using microencapsulated cells (Ozer et al. 2005; Akin et al. 2007).

Probiotic dairy drinks were the first commercialized functional beverages, and
are consumed worldwide in huge amounts in the form of a wide variety of products
(Halliwell 2002; Hilliam 2004). Some of the commercial dairy-based probiotics and
their manufacturers are listed in Table 3.3. Lactobacillus rhamnosus GG (LGG) is
the most widely used probiotic bacterium in dairy industries because of its viability
in the human gut and good acid tolerance. Some of the dairy product brands
containing this bacteria are Gefilus, developed by Valio Ltd. (Finland), Aktifit,
Biola, BioAktiv, YOMO, LGG+, Yoplait 360° and Kaiku Actif, which include
milk, yogurt, buttermilk and drink products (Ozer and Kirmaci 2010).

3.2.1.1 Probiotic Milk

Milk is the primary food through which probiotics can be delivered to the human
body. The bacterium most widely used as a probiotic strain in milk is Lactobacillus
acidophilus, because of its low growth rate and stability in milk. Another com-
monly used probiotic bacterium in such products is Bifidobacterium bifidum. In
order to allow the growth of L. acidophilus, an acidic pH (5.5-6.0) must be
maintained in the medium. However, the fermentation of milk often results in a
drop in pH to below these levels, leading to a reduction in bacterial count.

Production Process

The production of L. acidophilus milk includes heat treatment, inoculation and fer-
mentation. Initially, milk is heated to 95 °C for 1 horfor 15 minat 125 °C (Vedamuthu
2006) for the production of denatured proteins and release of peptides, which stimulates
the growth of L. acidophilus. The milk is then cooled to 37 °C and kept for 34 h to
allow spores present to germinate, followed by sterilization to destroy any vegetative
cells and cooling to 37 °C. An active bulk culture of L. acidophilus is inoculated into the
heat-treated milk at arate of about 2-5 %, and is allowed to ferment until the pH drops to
5.5-6.0 or approximately 1 % of lactic acid is obtained (Surono and Hosono 2011). The
number of viable L. acidophilus colonies increases to 2-3 x 10° CFU/mL during
fermentation for 18-24 h., but this decreases with time, and the count may be reduced
with extended incubation time. Co-culturing of L. acidophilus with Streptococcus
thermophilus and Lactobacillus delbrueckii (subs. bulgaricus) is often preferred.
Finally, the product is rapidly cooled to less than 7 °C and then pumped into the
packaging containers (Kosikowski and Mistry 1997; Vedamuthu 2006).
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Product Starter organism | Fermentation | Additives Specifications
Acidophilus milk | Lactobacillus At 37 °C until | Enrichment Distinctive tangy
acidophilus pH 5.5-6.0 with minerals flavor and slightly
(usually takes |and vitamins is | thickened texture
18-20 h). possible
Inoculation
level 2-5 %
Sweet acidophilus | Lactobacillus No Enrichment Sweet flavor,
milk acidophilus fermentation with minerals extended shelf
is allowed. and vitamins is | life to 14 days (if
L. acidophilus | possible freeze-dried, shelf
is added to life can be
pasteurized extended up to
milk at >5 °C 28 days)
Acidophilin Lactobacillus Fermentation | Whole or Acidophilin is
acidophilus, is achieved at | skimmed milk used to treat
kefir yeasts 35°C is fortified with | colitis,
skim milk enterocolitis,
powder, sucrose | dysentery and
or cream other intestinal
diseases. The
product is sweeter
than
acidophilus-yeast
milk
Diphilus milk Lactobacillus Fermentation | N/A Produced from
acidophilus, B. is achieved at cow’s milk and
bifidum 37°C until pH has a specific
4.5-4.6. taste and aroma.
Used in therapy
for intestinal
disorders.
Acidophilus Lactobacillus Fermentation | Protein Shelf life of the
Bifidus milk acidophilus, B. | is achieved at | enrichment and | product is around
bifidum 37 °C until fat 20 days, with an
pH 4.5-4.6 standardization | average number
are common of probiotic
practices bacteria of 10%—
10° CFU /mL
Bifighurt Bifidobacterium | Fermentation | N/A Slimy texture
longum (CKL is achieved at with a
1969) or 42 °C until characteristic
Bifidobacterium | pH 4.7 slightly acidic
longum (DSM For human flavor
2054) strains of
probiotic
bacteria
Fermentation

is set at 37 °C

(continued)
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Product Starter organism | Fermentation | Additives Specifications
Inoculation
level of
probiotic
strains is
around 6 %

Bifidus milk Bifidobacterium | Inoculation Protein Slightly acidic
bifidum or B. level is 10 %. |enrichment and | flavor and
longum Fermentation | fat characteristic

is achieved at | standardization |aroma with a

37 °C until are common lactic

pH 4.54.6 practices acid-to-acetic acid
ratio of 2:3

Yakult Lactobacillus Fermentation | Total solids and | The shelf life of

casei Shirota is achieved at | sugar levels are | the product is

37 °C until adjusted to 3.7 | about 30 days.

pH 4.54.6 and 14 % prior | Regular

(usually takes | to heat consumption of

16-18 h) treatment. It is | this product has a
common positive effect on
practice to add | natural killer
nature-identical | (NK) cell activity
flavors (e.g. in middle-aged
tomato, celery, |people
carrot)

Yakult Miru-Miru | Lactobacillus Fermentation | Addition of This product is
casei, is achieved at | saccharides is a | broadly similar in
Bifidobacterium | 37 °C until common composition to
bifidum or pH 4.54.6 practice cow’s milk
Bifidobacterium
breve,

Lactobacillus
acidophilus

Acidophilus-yeast | Lactobacillus Fermentation | N/A Viscous and

milk acidophilus, is achieved at slightly acidic
Saccharomyces | 35 °C until product with a
lactis 0.8 % lactic yeasty taste

acid and

0.5 % ethanol
levels are
reached

Modified from Ozer and Kirmaci (2010)
N/A Not available

The production of bifidus milk, which contains Bifidobacterium bifidum, is
similar to that of acidophilus milk. Bifidus milk often contains lactic and acetic
acids in a ratio of 2:3, making it acidic in nature. The production of probiotic milk
with both acidophilus and bifidum bacteria is also possible, and such milk has a
characteristic aroma and is slightly acidic (Homayouni et al. 2012).
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The protein content of fermented and non-fermented milk is similar, but higher
amounts of free amino acids are present in acidophilus milk. It can also be enriched
by the addition of calcium, iron and vitamins. In acidophilus milk products, lactose
is hydrolyzed by B-galactosidase enzymes present in Lactobacillus acidophilus,
which makes them consumable by lactose-intolerant individuals. However, due to
the high acid content, their sour taste can reduce the market for these products. This
has led to the development of sweet acidophilus milk. The bacteria used in probiotic
milk products are viable for 14 days when stored at <10 °C after packaging.
Freeze-dried cultures, however, have shown better results, with viability for
23 days at 4 °C reported for sweet acidophilus milk. Therefore, frozen products
have gained much attention in the production of probiotic foods (Vedamuthu 2006).

3.2.1.2 Probiotic Cheese

Cheese is another dairy product which supports the survival of probiotic microbes,
and is thus considered a good vehicle for transporting probiotics into the human
body. This can be achieved either by producing cheese that favors the requirements
of probiotic strains, or by developing appropriate probiotic strains to adapt to the
cheese (Homayouni et al. 2012).

Both L. acidophilus and B. bifidum are common probiotics used in cheese
products. Various cheese varieties such as cheddar (Dinakar and Mistry 1994;
Gardiner et al. 1998), gouda (Gomes et al. 1995), cottage (Blanchette et al. 1996;
O’Riordan and Fitzgerald 1998) and white-brined (Ghoddusi and Robinson 1996)
cheeses have been assessed with these probiotic strains.

Production Process
Cheddar cheese has been found to be an efficient carrier of probiotics into the
gastrointestinal tract. Certain microbial strains such as Enterococcus faecium
(Gardiner et al. 1999) have shown better viability, stability and activity in cheddar
cheeses than in other varieties of cheese. Gardiner et al. (1999) reported that when
the probiotic culture was exposed to porcine gastric juice with a pH of 2, cheddar
cheese showed a greater protective effect than yogurt. Cheddar cheese is manufac-
tured under controlled bacteriological conditions to reduce contamination
(McSweeney et al. 1994). The standard method of preparing cheddar cheese is
initiated by curdling with the addition of starter and probiotic microbes followed by
the rennet enzyme. Curds are cooked and milled at 39 °C and the pH is maintained at
6.1. Salt is added to a level of 2.8 % (wt/wt). The curds are then placed in the
template molds, and pressure (200—400 kPa) is applied. The produced curd is then
vacuum-packed. It is recommended that the packed cheese is stored at or below 8 °C
in order to maintain the viability of the probiotic culture (Gardiner et al. 1998).
Research on the production of probiotic cheese has given rise to precautions and
insights, which in turn have resulted in better products. It has been suggested that
oxygen content and water activity of probiotic cheese must be evaluated before
packaging (Dave and Shah 1997). Roy and Mainville (1997) reported that a high
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survival rate and stability of probiotic microorganisms could be achieved by
cooling the product. In addition, low temperature inhibits the interaction between
the probiotic microorganism and cheese components. The subtle interaction of
probiotic microbes in the cheese depends on the type and quantity of sugars
available, degree of hydrolysis of milk proteins and lipids, availability of free amino
acids and availability of short-chain fatty acids (Fox et al. 1996).

Antagonism between probiotic microbes and the starter organisms in cheese has
also been reported. This is mainly caused by bacteriocins, peptides or proteins with
antibiotic properties, which are considered limiting factors in production (Joseph
et al. 1998). Such antagonism may also be caused by other constituents such as
hydrogen peroxide, benzoic acid, biogenic amines and lactic acid. These effects also
depend on whether the probiotics are added before or after fermentation.
Interactions and metabolic activity may be reduced by lowering the temperature
(<8 °C).

The final taste and flavor of the probiotic cheese is mainly affected by the
proteolytic and lipolytic properties of the probiotic microbes (Kunji et al. 1996).
Cheddar cheese is considered a potent vehicle for carrying these probiotic microbes
to the human gastrointestinal tract, due to its dense solid structure and fat content,
which helps to protect the probiotic bacteria. In addition, low pH creates a buffer
environment around it and thus provides favorable conditions for the survival of the
probiotic strains (Ross et al. 2002; Bergamini et al. 2005).

3.2.1.3 Probiotic Yogurt

Yogurt is the most popular probiotic consumer product, and is preferred for its
nutritional value, health benefits and various therapeutic effects. Increased aware-
ness of the importance of probiotics has made probiotic yogurt a common product
in most grocery stores. Traditionally, yogurt has been made with Lactobacillus
bulgaricus and Streptococcus salivarius as starter cultures. However, they are not
able to survive the gastrointestinal tract environment and are thus not considered for
use as probiotics in fermented products. Therefore, the addition of probiotic
microbes (Lactobacillus acidophilus and Bifidobacterium bifidum) is preferred due
to their value and viability.

Production Process

Probiotic yogurt production is similar to traditional yogurt manufacturing except for the
inoculation of additional probiotic microbial cultures. Initially, starter microbial cultures
(L. bulgaricus and S. salivarius) are added to the heat-treated homogenized milk with
increased protein content (3.6-3.8 %) and incubated for 3.5 hat45 °Cor9 hat37 °C.
The probiotic cultures are either added with the starter culture or after the first fer-
mentation. The product is cooled to 4 °C before packaging. The viability of the pro-
biotic microorganisms depends on several factors, including carbohydrate composition,
fermentation medium, antagonism, culture conditions, dissolved oxygen (especially for
Bifidobacterium spp.), incubation, and storage temperature and duration.
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It has been reported that the viability of probiotic bacteria, especially
Bifidobacterium, is reduced at refrigerated storage temperatures due to antagonistic
effects (Dave and Shah 1997). One way to overcome this is to grow the
Bifidobacterium spp. separately, wash out the free metabolites, and then transfer the
cells to the probiotic yogurt (Homayouni et al. 2012). Bifidobacterium species are
highly anaerobic in nature, and therefore, high dissolved oxygen content in milk is a
critical constraint on their growth. To address this problem, a high-oxygen-utilizing
bacteria, S. thermophilus, has been used along with Bifidobacterium species to
maintain low levels of dissolved oxygen in yogurt. Yogurt must be stored at low
temperatures for better viability of probiotic microbes.

3.2.2 Whey (Protein)-Based Probiotic Products

Whey, also referred to as a milk serum-based product, has gained much attention in
recent years because of its high nutritional and low calorific value, thirst-quenching
character and lower acidity than fruit juices. The nutritional value of whey basically
depends on the milk. Some of the constituents in whey include lactose (70 %),
proteins (beta-lactoglobulin, alpha-lactalbumin, serum albumin) and some minerals,
along with certain vitamins (most of the B complex vitamins and some others)
(Goyal and Gandhi 2008). Extensive research has focused on the health benefits of
whey products. Weight gain and reduced incidence of diarrhea in pigs (Shilovskya
1983) and calves (Navetal et al. 1987) have been reported.

High lactose (sugar) content in whey supports the growth of probiotic microbes.
Whey protects the microbes against the highly acidic environment of the gas-
trointestinal tract by increasing the level of pH in its immediate environment, and
promotes the survival and viability of probiotic microorganisms. Therefore, whey is
considered an efficient carrier for the transport of probiotics into the gut. In addition,
whey provides a favorable medium for the survival of probiotic microbes during
storage at low temperatures. Hernandez-Mendoza et al. (2007) studied changes in
microbial count, pH values and titratable acidity during the storage of whey-based
probiotic beverages. The authors reported no change in product parameters during
storage for 30 days at 4 °C, except for slight acidification, but the beverage retained
its acceptable flavor.

Lactobacillus and Bifidobacterium species are widely used probiotic microbes in
whey-based products as well. Whey probiotic drinks containing L. acidophilus have
shown preventive effects against diarrhea in children. The health-promoting pro-
biotic microbes not only increase the flavor and texture of the whey-based products,
but they also provide nutrition and various strain-specific health benefits (Katz
2001). One of the limitations of probiotic whey products is high transportation costs
due to the volume occupied by liquid whey. This can be overcome, however, by
concentrating the product through evaporation, reverse osmosis or ultrafiltration to
occupy less volume but with the same relative composition.
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In addition to probiotic microbes, a number of bioactive components with
similar activity are being used in various functional food products. Some of the
manufacturers of non-probiotic functional milk products are listed in Table 3.4
(Advanced Non-food Applications of Probiotics).

Probiotics have been shown to confer various health benefits to humans (Aureli
et al. 2011), animals (Iannitti and Palmieri 2010) and plants (Song et al. 2012).
However, it is necessary to ensure that processing conditions applied during pro-
biotics production enable them to retain their activity and viability. Probiotics can
be applied across a wide range of areas beyond food and beverages.

3.3 Applications of Probiotics
3.3.1 Medical Applications

Probiotics exert certain effects on various pathological diseases and gastrointestinal
and extra-intestinal disorders, including the prevention or alleviation of symptoms
of traveler’s diarrhea and antibiotic-associated diarrhea, inflammatory bowel dis-
ease (Marteau et al. 2002) and lactose intolerance (de Vrese et al. 2001), and
protection against intestinal infections (Reid et al. 2001) and irritable bowel syn-
drome. Though all probiotic microorganisms show various health benefits, there is
no single organism capable of conferring all proposed benefits (Vasiljevic and Shah
2008). In addition to improved immune response in elderly people, medicinal
properties observed in probiotics include improvements in patients suffering from
rheumatoid arthritis and liver cirrhosis (Ibrahim et al. 2010), reduced prevalence of
atopic eczema (Gueimonde et al. 2006), and reduced risk of colon cancer through
inhibition of carcinogens and of bacteria capable of converting pro-carcinogens into
carcinogens (Vasiljevic and Shah 2008).

Some researchers (Burns and Rowland 2000) have reported important medicinal
characteristics of probiotics including anti-genotoxicity, anti-mutagenicity and
anti-carcinogenicity. However, clinical trials show mixed results. Some studies
suggest that certain probiotics may help in maintaining remission of ulcerative
colitis and preventing relapse of Crohn’s disease and recurrence of pouchitis (a
complication of surgery to treat ulcerative colitis). These studies are still in the
research phase, and further work is needed to prove strain-specific effects.

Probiotics have been suggested to be helpful in maintaining the microflora in the
urogenital ecosystem. Lactobacilli play an important role in inhibiting the growth of
pathogenic microbes by creating highly acidic environments, but this can be dis-
turbed by various factors such as antibiotics, spermicides and birth control pills.
Probiotic treatment may restore the microflora balance and help in curing some
common female urogenital problems such as bacterial vaginosis, yeast infection and
urinary tract infection (Harvard 2005).
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Current research on probiotic applications in disease control has proven that
some probiotic microbes (e.g. lactic acid bacteria) are helpful for delivering
cytokines directly to the targeted sites in the host body (Behnsen et al. 2013).

3.3.2 Soil Fertility in Agriculture

Soil fertility plays a major role in agriculture, and is dependent on the bacteria and
fungi in the soil. These microorganisms grow on organic matter and degrade into
small molecules which can be taken up by plants through their roots. Good soil
fertility can be achieved by using very low levels of synthetic herbs or pesticides
and fertilizers, and therefore by using probiotic microorganisms. Nowadays,
specific microorganisms are isolated from plant sources and cultured on a com-
mercial scale, and are then used as bio fertilizers or biological control agents for
plant diseases (Berg 2009). These microorganisms help to suppress plant pathogens
and promote plant growth (Perrig et al. 2007; Saleem et al. 2007; Sheng et al. 2008;
Compant et al. 2010).

3.3.3 Veterinary Applications

Recent studies have shown enormous health benefits of probiotics in animals.
Animal feed with efficient probiotic microorganisms benefits animal health,
maintains the microbial balance in the gut and aids in the digestion of food in the
gastrointestinal tract. The use of probiotics in animal feed can enhance immunity,
increase daily weight gain and feed efficiency in feedlot cattle, enhance milk pro-
duction in cows, and improve health performance in calves (Seo et al. 2010) and
chickens (Kalavathy et al. 2003). Probiotic microorganisms compete with the
pathogenic bacteria in the gut for attachment to the mucosal wall and adjust to the
immune response (Vine et al. 2004). They can aid the growth of non-pathogenic
microbes and gram-positive bacteria in the gut by inhibiting pathogenic bacterial
growth. Probiotic strain do this by producing hydrogen peroxide and volatile fatty
acids (Jin et al. 2000). They are also efficient in stimulating the synthesis of B
complex vitamins and improving the immune response in animals (Excelife 2006).

3.3.4 Aquaculture Enhancement

Probiotics are well known for their beneficial properties such as pathogen inhibition
in aquatic organisms. In China alone, the market demand for commercial probiotics
was reported at over 50,000 tons, with an approximate value of €50 million (Qi
et al. 2009). Probiotics are used in the form of feed as growth promoters for
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Table 3.4 Some commercial non-probiotic functional drinks
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Country Producer Brand Type of Bioactive components
product
Australia PB food Heart plus Low-fat Fish oil
Australia milk
Dairy farmers Farmers best Low-fat Vegetable oil
milk
Parmalat Physical Milk Calcium
Calcium Plus Milk Calcium
Belgium Danone Zen Fermented Magnesium
milk drink
Canada Danone Danacol Low-fat Phytosterol
dairy drink
Parmalat Beatrice Chocolate
milk
Neilson Dairy Oh Fresh and
chocolate
milk
Lactantia Lactantia Low-fat Flax seed oil
Parmalat Nature milk
Addition
Natrel Natrel Low-fat Organic flax seed oil
Omega-3 milk
Natrel Milk Calcium
Calcium
France Candia Candia with Low-fat
omega-3 milk
Viva Milk Magnesium
Lactalis Magnesio Milk Magnesium
Finland Valio Evolus® Fermented Bioactive peptides obtained
dairy fruit by milk fermentation
beverage Val-Pro-Pro/Ile-Pro-Pro
Ingman Dairy Night-Time Low-fat Melatonin
Milk milk
Ireland Dawn Dairy Dawn omega Low-fat Fish oil
Milk milk
(fresh)
Japan Calpis Ameal S Cultured Bioactive peptides
milk
Meiji-Milk Meiji Love Milk Calcium and iron
Meiji-Love Fe-Milk Milk Iron
Stolle Milk Alpha CPP- and CPP and IgG
1gG-rich
milk
Kyodo Milk Lactobacillus Probiotic Lactobacillus caseli,
Japan casei with fermented lactoferrin
lactoferrin milk

(continued)
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Table 3.4 (continued)
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Country Producer Brand Type of Bioactive components
product
Malaysia Nestle Omega Plus Low-fat Vegetable oil
milk
(UHT)
New Anchor Vital Low-fat
Zealand milk
Singapore | Nestle Omega Plus Low-fat Corn oil
milk
(UHT)
Spain Corporacion Natura Linea Milk-fruit Conjugated linoleic acid
Alimentaria juice drink (Cognis Tonalin brand)
Penasanta S.
A.
UK Unilever Flora Yogurt Phytosterol
prosactiv drink
Low-fat
milk
Waitrose and Slumber Low-fat Melatonin
Red Kite Bedtime Milk milk
Farms
Dairy Crest St. Ivel Fresh milk
Advance
Mc Neil Benecol Yogurt Phytosterol
Nutritionals drink

Compiled from Ozer and Kirmaci (2010)

cultivated species in aquaculture. Colony formation of probiotic microbes in the gut
of the aquatic species depends on factors such as body temperature, enzyme level,
genetic resistance and water quality (Martinez Cruz et al. 2012). Microalgae such as
Chaetoceros spp., which are considered central diatoms, have been used as carriers
for probiotic microorganisms including Vibrio alginolyticus C7b and grown toge-
ther to feed shrimp (Gomez-Gil et al. 2002). In 2003, Lara-Flores et al. (2003)
reported that providing a probiotic Streptococcus strain in the diet of Nile tilapia
(Oreochromis niloticus) led to a significant increase in crude protein, lipid content
and weight (from 0.154 to 6.164 g) observed at 9 weeks of culture feeding. In
addition to the growth-promoting factor, probiotics act as inhibitors of pathogens
and control certain diseases in aquatic organisms. The pathogens Aeromonas
hydrophila and Vibrio alginolyticus were inhibited using probiotic strains isolated
from the gastrointestinal tract of clownfish (Amphiprion percula) (Vine et al. 2004).
Because of their anti-pathogenic activity, probiotics are increasingly being used in
place of antibiotics. Many importing countries have banned animal and aquaculture
products produced with antibiotic supplementation in feed, as the use of antibiotics
in feed has already been shown to lead to the development of antibiotic resistance in
many food pathogens (EU Ban 2005; Gilchrist et al. 2007; Nunes et al. 2012; Burt
2014).
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3.4 Probiotic Stability

The production of stable probiotics supplements possessing desirable organoleptic
characteristics and capable of imparting prolonged health benefits to a targeted
individual, while simultaneously retaining the viability of the incorporated strains,
is one of the greatest technological challenges at present. Probiotic strains included
in food supplements must tolerate various unfavorable conditions during industrial
processes (manufacturing and storage) and must survive the harsh and competitive
environment of the gastrointestinal tract and other environmental conditions. Many
of the prevalent probiotics in the market are fastidious microorganisms which are
nutritionally demanding and extremely sensitive to parameters such as ambient
temperature, pH, oxygen content, water activity and the presence of other chemicals
and microorganisms (Chavarri et al. 2012; Gueimonde and Sanchez 2012). A major
hindrance in the production of probiotic supplements is the loss of viability of the
probiotic strains during the industrial processing of the product. In order to cir-
cumvent this problem, a number of technological and microbiological approaches
have been adopted by various manufacturing units (Anal and Singh 2007
Gueimonde and Sanchez 2012).

3.4.1 Technological Approach for Stability of Industrial
Probiotics

For a probiotic product to be effective, it must maintain the viability of the strain
during its manufacture, distribution and storage. An accepted benchmark is that a
person should consume at least 100 g (containing at least 10° to 10° viable cells) of
probiotic cultures in order to meet the minimum required effective concentration (at
least 10° CFU/g) to show beneficial health effects (Kechagia et al. 2013;
Mitropoulou et al. 2013). In addition, a probiotic culture should not reduce the
desirable organoleptic quality of the product. The viability of the probiotic strains
and the organoleptic properties of products containing such strains appear to be
negatively affected during manufacturing and storage. For instance, the viability of
Bifidobacterium, a probiotic bacterium, in food products such as yogurt prepara-
tions is significantly affected by various physiochemical factors including pH,
concentration of lactic and acetic acids, hydrogen peroxide, dissolved oxygen
content and low storage temperatures (Shah et al. 1995; Mitropoulou et al. 2013).
Thus it is of the utmost importance to develop technology capable of preserving the
viability of Bifidobacterium and other probiotics in the product in order to impart
the desired health benefits to the consumer. Furthermore, the health benefits must be
achieved in a cost-effective manner.
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Immobilization of viable cells is an important technique for preserving the
viability of probiotic bacteria, as it helps to protect the probiotic microbes from
adverse environmental conditions including changes in pH, temperature and various
harmful microbial attacks (Gbassi and Vandamme 2012; Heidebach et al. 2012;
Mitropoulou et al. 2013). One may find the terms “immobilization”, “entrapment”
and “encapsulation” used interchangeably in most of the literature on the
microencapsulation of probiotics (Gbassi and Vandamme 2012; Mitropoulou et al.
2013). Immobilization is defined as the process of attaching a cell or entrapping it
within a suitable inert material (called a matrix), while encapsulation is the process
of forming a continuous coating around an inner matrix that is wholly contained
within the capsule wall as a core of encapsulated material (Gbassi and Vandamme
2012). Among immobilization techniques (covalent bonding, adsorption, entrap-
ment and encapsulation), probiotic encapsulation technology (PET) has emerged
within the past decade as an exciting and rapidly developing technology. Another
efficient method used in the probiotics industry is microencapsulation, which is the
process of coating or entrapping a useful core material. This method results in tiny
capsules ranging in size from a few micrometers to a few millimeters (Heidebach
et al. 2012). This increases the mouth feel of the product.

Selection of a matrix material is a crucial step in carrying out any sort of
immobilization technique, and it becomes more sensitive when the product is made
in the food industry for human consumption. The carrier used in immobilization of
probiotics should be chemically, physically and biologically stable, mechanically
robust, easily available and non-toxic, and should have easy handling requirements.
Other factors to consider, depending upon its application, include physical char-
acteristics (porosity, swelling, compression and mean particle behavior) and the
possibility for microbial growth, biodegradability and solubility (Mitropoulou et al.
2013). An immobilization carrier (support) to be used in the food industry must
meet stringent rules and regulations; few are considered to be industrially appli-
cable. Generally, biopolymers and natural supports of food-grade purity are pre-
ferred, and materials containing non-digestible carbohydrates are being explored as
potential carriers for use in the future (Mitropoulou et al. 2013). In addition to
alginate, which is most commonly used as support for the encapsulation of pro-
biotics, potential probiotic carriers include chitosan-coated alginate beads, apple
pieces, pear pieces, wheat grains, oat pieces, whey proteins, carrageenan, gelatin,
cellulose acetate phthalate and locust bean gum (Gbassi and Vandamme 2012;
Cléudia et al. 2013; Mitropoulou et al. 2013). Encapsulation techniques used in the
probiotics food industry include spray drying, spray cooling, fluidized-bed
agglomeration and cooling, freeze and vacuum drying, emulsion-based tech-
niques, and coacervation and extrusion. (Chavarri et al. 2012). However, the
majority of microcapsules of probiotic strains for use in the food industry are
generated by either extrusion or emulsion. The use of spray drying as an alternative
encapsulation technique has also recently emerged (Heidebach et al. 2012).
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3.4.1.1 Extruded Beads

In this technique, probiotics strains are mixed with an aqueous hydrocolloid
solution and then extruded. Typically, a syringe is used that extrudes the gelling
liquid in the form of droplets. One of the most common extrusion techniques using
sodium alginate involves dropping the mixture of probiotic strains and sodium
alginate solution into calcium chloride solution from an appropriate height using a
syringe. The size of the encapsulating capsules depends upon the diameter of the
orifice of the extruder, dropping height and the viscosity of the hydrocolloid—cell
mixture. The size of beads produced with this method generally ranges from 0.5 to
3 mm (Gbassi and Vandamme 2012; Heidebach et al. 2012).

3.4.1.2 Emulsion Precipitation

In this technique for encapsulation of probiotic cells, a water-in-oil (W/O) emulsion of
aqueous hydrocolloid—cell mixture (discontinuous phase) and vegetable oil (continuous
phase) is formed using a small volume of discontinuous phase and larger volume of
continuous phase. Once this emulsion is formed, the dispersed hydrocolloid—cell
mixture is insolubilized to form small beads within the oil phase. In the case of the
formation of alginate capsules, the microcapsules are hardened by slow addition of
calcium chloride solution to the emulsion while stirring the mixture. The hardened
droplets settle to the bottom of the reservoir. With this technique, capsules less than
100 um in size can be generated. Emulsification produces oily or aqueous droplets
known as capsules, while extrusion produces gelled droplets, called beads. In addition,
capsules differ in size and shape, compared to uniformly shaped beads (Gbassi and
Vandamme 2012; Heidebach et al. 2012).

3.4.1.3 Spray Drying

In order to enhance the longevity of probiotic microcapsules, they are usually dried
after production. Freeze drying is a common method for drying the capsules pro-
duced by extrusion or emulsification. Spray drying has emerged as an alternative
method for achieving capsule formation and drying in a single step. The efficacy of
this method in terms of protecting probiotic cell concentrates from various adverse
conditions was investigated by spray drying the probiotic cell mixtures using
aqueous solution of different polymers including modified starch, gum arabic,
gelatin, whey protein isolate, maltodextrin mixed with gum arabic, and B-cyclo-
dextrin mixed with gum arabic. However, one of the biggest drawbacks of this
technique for microcapsule formation is that the microcapsules in most cases are
water-soluble, which makes them unsuitable for use in aqueous food products and
the need for further protection during gastrointestinal transit (Heidebach et al.
2012).
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3.4.2 Biological Approaches for Producing Industrially
Stable Probiotics

Most probiotic strains used in industrial production either have inherent resistance
to severe conditions they are expected to face or are adapted to help them acquire
such characteristics. The selection approach includes (i) the selection of naturally
available strains with the desired properties, (ii) stress adaptation of the naturally
occurring strains, and (iii) genetic manipulation of the desired probiotic strains to
produce genetically modified organisms (GMOs). (Gueimonde and Sanchez 2012;
Novik et al. 2014).

3.4.2.1 Screening for Naturally Resistant Strains

Probiotic strains show varied resistance against pH, temperature and oxygen con-
ditions, which in turn affects the stability and shelf life of probiotic foods. The
selection of naturally available strains with desired traits for the production of
probiotic products is desirable during manufacturing. One phenomenon that affects
the stability of commonly available probiotics products such as yogurts and fer-
mented milks is “post-acidification” or continuous acid production by the starter
cultures during storage. This problem can be overcome by selecting starter cultures
in which post-acidification will not occur. Secondly, the product is often exposed to
oxygen-abundant conditions during its manufacture and storage. The use of aero-
tolerant species such as Bifidobacterium animalis subsp. lactis is often preferred.
Thirdly, strains capable of producing exopolysaccharides (EPS), which are con-
sidered to have better tolerance of various stresses, have been suggested for
industrial applications (Gueimonde and Sanchez 2012).

3.4.2.2 Acclimatization of Naturally Occurring Probiotic Strains

Probiotic strains with desirable characteristics and better adaptation to various
stressful conditions can be produced from naturally occurring wild-type strains.
Three major approaches are presently employed for producing more robust,
industrially desirable strain: adaptation by employing gradually increasing stress,
mutagenic treatment and treatment with selective pressure (Gueimonde and
Séanchez 2012).

(a) Adaptation by employing gradual increasing stress
In this method strains are subjected to increasing sub-lethal stress conditions
before exposing them to harsh conditions. This method has been employed for
enhancing the heat and acid tolerance of the microorganisms in order to
produce more stable probiotic products.
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(b)

(©

S.S. Dalli et al.

Mutagenic treatment

Treatment of probiotic strains with various mutagens such as UV light or
chemicals has improved the stability of the products in terms of acid tolerance,
sensory attributes and metabolic activity (Gueimonde and Sanchez 2012). For
example, UV mutagenesis and subsequent incubation in acidic medium led to
improved stability of B. animalis subsp. lactis in low-pH juice (Saarela et al.
2011). Similarly, high production of acetic acid by the Bifidobacterium species
has been a major limiting factor for its inclusion as a probiotic in fermented
dairy products, as it confers undesirable organoleptic properties to the final
product. Hence, new probiotic strains of Bifidobacterium animalis
subsp. lactis CECT 7953 capable of producing low amounts of acetic acid
have been developed from wild strains (Bifidobacterium animalis subsp. lac-
tis) by random UV mutagenesis. These new strains, with reduced capacity for
producing acetic acid, are desirable for the production of fermented dairy
products (Margolles and Sanchez 2012).

Selective pressure treatment

Stress-resistant derivatives may be obtained by exposing sensitive strains to
selective pressure (stress factor). For example, sensitive strains of Lactobacilli
and Bifidobacterium exposed to selective pressure were found to produce
derivative strains with improved resistance to acid, bile, heat and oxygen
(Collado and Sanz 2006; Berger et al. 2010). Additionally, such microbial
derivatives have been shown to have stable phenotypes and cross-resistance to
other stresses. This is an important advantage from a commercial point of view
(Gueimonde and Sanchez 2012).

3.4.2.3 Producing Genetically Engineered Strains

The use of genetic engineering for improving the stability of probiotic strains is
another exciting alternative. However, food infused with genetically modified
organisms (GMOs) is still unacceptable in many countries and among large groups
of consumers. Genetic modification of probiotic strains commonly involves one of
the following (Gueimonde and Sanchez 2012; Novik et al. 2014):

(@)

(b)

Homologous expression

This involves modifying the expression level of the prevailing gene of the
microbial strain. For example, overexpression of a chaperone in Lactobacillus
paracasei was found to increase strain stability (Desmond et al. 2004;
Gueimonde and Sanchez 2012).

Heterologous expression

This involves introducing the desired gene from one microbe into the probiotic
strain of interest. For example, heterologous expression of the betaine uptake
system (BetL) of Listeria into Lactobacillus salivarius was found to increase
tolerance to acid and high osmolar conditions (Gueimonde and Sanchez 2012;
Novik et al. 2014).
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3.5 Safety of Probiotics

Probiotics are generally considered safe for human consumption, as no significant
negative effects have been reported. Many members of probiotic strains such as
Lactobacillus have been consumed along with various dairy products. Among the
probiotics, Bifidobacterium and members of the lactic acid bacteria (LAB) genera
Lactococcus and Lactobacillus are commonly believed to be safe and given the
status “generally recognized as safe” (GRAS), whereas other genera, including
Streptococcus and Enterococcus, are considered to be opportunistic pathogens
(Salminen et al. 1998; Snydman 2008). Despite the many controlled clinical trials
on the use of probiotics that have demonstrated safe use, in some instances con-
sumption of probiotics has been linked with three health issues: (i) occurrence of
diseases such as bacteremia or endocarditis, (ii) various adverse immunogenic
responses, both localized and generalized, and (iii) transfer of antibiotic resistance
to the other pathogens in the gastrointestinal tract. There is no evidence from
population-based studies, however, of any increased risk of bacteremia or endo-
carditis due to probiotics (Snydman 2008). For example, Lactobacillus GG, a
bacterial strain commonly used in probiotic therapy, has been associated with
bacteremia and liver abscess in patients with short gut syndrome. However, because
of the relatively small number of such cases, and the positive safety evaluation
results obtained for this probiotic, it can be generally considered as safe (Salminen
et al. 2002; Snydman 2008). Some concerns have been raised that probiotics might
produce undesirable metabolites and cause colon cancer or degrade the intestinal
mucus, but these theories are not supported by sufficient epidemiologic or clinical
evidence. These hypotheses were further contradicted by experimental data
obtained from research carried out in an animal model, which showed
anti-tumorigenic properties of probiotics in colon cancer (Goldin et al. 1996;
Snydman 2008). Other studies performed in gnotobiotic rats have shown no evi-
dence of degradation of the intestinal mucus by probiotic bacteria (Berg 1980;
Ishibashi and Yamazaki 2001; Snydman 2008). Lactic acid bacteria are intrinsically
resistant to antibiotics, and the transfer of antibiotic resistance to harmful pathogens
in the gastrointestinal tract has been raised as a concern for their use. In most cases,
however, this resistance is not considered to be transmissible. Furthermore, these
probiotics have shown sensitivity to many antibiotics in clinical use. Thus, even in
cases where patients may develop lactic acid bacteria-associated opportunistic
infections, they can be treated by conventional antibiotic therapy. However,
transmissible enterococcal resistance against glycopeptide antibiotics (vancomycin
and teicoplanin) should not be ignored, as vancomycin is one of the last remaining
effective antibiotics for treating certain multidrug-resistant pathogens (Salminen
et al. 1998). Additionally, many new species and more specific strains of probiotics
are being isolated and characterized for probiotic use. These newly identified strains
should be carefully assessed, and rigorous clinical trials and evaluation should be
conducted on a case-by-case basis before their incorporation into food products. In
the case of selecting novel strains, species and genera for probiotic use, current
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safety assessment procedures described in the European Union (EU) novel foods
directive must be strictly adhered to among EU member countries (Conzelmann
1997; Salminen et al. 1998). Although the overall safety record held by probiotics is
excellent, they should be used with caution in certain patient groups, particularly in
neonates born prematurely or immunocompromised individuals (Hickson 2011;
Marchand 2012). It should also be noted that the efficacy of probiotics is both
strain- and disease-specific, and they should be given in adequate amounts.
Furthermore, the properties of probiotics vary among species and can be
strain-specific. Individual strains can possess characteristics such as resistance to
gastric acid and bile, the ability to colonize the mucosa, and antimicrobial activity
(Jacobsen et al. 1999; Hickson 2011). Hence, it would not be wise to generalize the
effects of one probiotic species or strain to others without confirmation in separate
studies. For instance, L. rhamnosus GG is a specific bacterial probiotic strain (the
nomenclature includes genus, species and strain) which is capable of preventing
antibiotic-associated diarrhea (AAD), whereas other strains of L. rhamnosus may
not have this effect. On the other hand, some species in the Lactobacillus genus
may not act as probiotics (McFarland 2006; Hickson 2011).

3.6 Technological Hurdles

Probiotic encapsulation technology (PET) is one of the most acclaimed technolo-
gies for protecting the probiotic strains and ensuring the stability of the products
against various adverse effects (Chavarri et al. 2012; Gbassi and Vandamme 2012).
There has been a tremendous improvement in the use of this technology for the
development of stable, high-quality food products that retain their organoleptic
qualities. It has been used for the production of dairy-based probiotic products such
as yogurt, milk and cheese, and has been extended to non-dairy products such as
fruit juices, cookies and chocolates. Despite these improvements, however, there
are still many technological hurdles that PET must overcome before it can be
considered a full-fledged technology. These include the development of equipment
to produce small, uniform capsules or beads, the selection of non-toxic encapsu-
lation materials, development of capsules or beads compatible with the pH of the
human digestive tract, detailed in vitro and in vivo studies of the effects of
encapsulation on the safety of probiotic strains in humans, and assessing the cost of
microencapsulation (Vidhyalakshmi et al. 2009; Rokka and Rantamdki 2010;
Gbassi and Vandamme 2012).

Emulsification and extrusion are two of the most common PET procedures. The
presence of residual oil in the encapsulated material during the production of
probiotic capsules via emulsification may not be suitable for the development of
low-fat dairy products, as this can cause a deterioration in texture and organoleptic
characteristics. Furthermore, it is arguable that emulsifiers, surfactants and the
residual oil used in the emulsification process may be toxic to probiotic cells and
may interact with food components. Therefore, the development of microcapsules
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using only aqueous gelling, without the use of oils, emulsifiers and surfactants, is of
the utmost importance. Extrusion faces the challenges of scaling up dairy pro-
duction for large quantities of beads (Gbassi and Vandamme 2012).

Another challenge is in determining the physicochemical characteristics of
encapsulation materials in order to predict their disintegration or dissolution
mechanisms under varying conditions of pH and salinity and their interaction with
probiotic cells and other components present in the gut. In vitro studies aimed at
delivering viable strains of probiotics to consumers should be undertaken through
simulation using simple and reproducible gastrointestinal tract models
(Vidhyalakshmi et al. 2009; Chavarri et al. 2012; Gbassi and Vandamme 2012).

PET makes use of encapsulation materials such as natural polymers and milk
proteins, which are expensive, and also uses various raw materials such as oils and
emulsifiers for the formation of capsules. These all add to the cost of manufac-
turing, making probiotics-incorporated supplements an expensive product. Thus a
major challenge is in reducing the costs involved in PET (Chavarri et al. 2012;
Gbassi and Vandamme 2012).

The production of hydrocolloid-based microcapsules is a common practice for
the encapsulation of probiotic strains in the food industry, and it involves the use of
a high-shear process (due to the highly viscous nature of the hydrocolloids) during
emulsification. In some probiotic strains, this reduces the encapsulation yield (EY),
a combined parameter that describes the survival of the cells and the efficacy of
entrapment during encapsulation procedures (Capela et al. 2007; Ding and Shah
2009; Heidebach et al. 2012). An alternative method is protein-based microen-
capsulation. However, production of protein-based microcapsules sometimes
requires slight modifications to existing methods or even the establishment of novel
encapsulation techniques. In a number of cases, such modification have reduced the
encapsulation yield (Picot and Lacroix 2004; Annan et al. 2008; Heidebach et al.
2012). Similarly, the use of lipid-based microcapsules for the protection of the
probiotic strains lacks sufficient scientific evidence of its effectiveness and requires
more research (Heidebach et al. 2012).

3.7 Present and Future of Probiotics

The present probiotics market is growing at a good pace. Based upon a market
report from Transparency Market Research, global probiotics demand was valued at
$27.9 billion in 2011, and is expected to reach $44.9 billion by 2018, representing a
6.8 % compound annual growth rate (CAGR) from 2013 to 2018 (Chr. Hansen
2013; Nutraceuticals world 2013). Demand in Asia-Pacific and Europe has domi-
nated the global market, with Asia-Pacific expected to be the fastest-growing
market in the future (Nutraceuticals world 2013).

Most probiotic supplements present in the market are dairy-based products.
However, non-dairy beverages are expected to grow rapidly. Bernat et al. (2014)
recently explored the production of fermented almond milk infused with probiotics



110 S.S. Dalli et al.

and successfully optimized the process to ensure reduced fermentation time and
production of a stable product that retained the viable strains throughout manu-
facturing, storage and in vitro digestion (Song et al. 2012; Bernat et al. 2014).

Disruption of gut microbiota has been linked to chronic diseases such as
autoimmune disorders, colon cancers, gastric ulcers, obesity, type 2 diabetes and
cardiovascular disease, and the use of probiotics has been reported to mitigate or
completely cure these diseases. There is also considerable evidence of the beneficial
effects of probiotics for the treatment of pouchitis, inflammatory bowel disease,
traveler’s diarrhea, allergy, antibiotic-associated diarrhea and clostridium difficile
infection (Aureli et al. 2011; Hickson 2011; Adam et al. 2012; Marchand 2012; Jz
et al. 2013; Kurzweil 2014; Chen et al. 2014).

In addition to their use in maintaining digestive health, probiotics have also been
explored for their use in the human immunodeficiency virus (HIV) community.
Andrieu et al. (2014) reported the successful use of a vaccine consisting of inac-
tivated simian immunodeficiency virus (SIV)mac239 particles, together with a
living probiotics adjuvant (either the Calmette—Guérin bacillus, L. plantarum or L.
rhamnosus), for protection against simian immunodeficiency virus (SIV) in mon-
keys, which is equivalent to HIV. This opens up the possibility of using probiotics
for the treatment of HIV in the future (Andrieu et al. 2014). Advances in molecular
biology techniques have enabled a much clearer understanding of the gut micro-
biota, and research is thus being focused on the production of symbiotic products
(combination of prebiotics and probiotics). Since there can be variations in the types
of resident bacterial groups among individuals depending upon geographical
region, ethnicity, age group and dietary habits, it is crucial to undertake further
studies of the gut microbiota based on these parameters. It will be necessary to
develop indigenous probiotic strains based upon the target population to gain
enhanced health benefits.

From an industrial perspective, probiotic products should be available in dif-
ferent dosage forms and customized solutions. It is also necessary to determine the
mode of action of specific probiotic effects. However, due to conflicting results
obtained from various clinical studies, health professionals must exercise caution in
establishing the efficacy of probiotic strains or formulations in terms of specific
health claims. Many of the observed effects of the use of probiotics have been
strain-specific, and thus conclusions should not be extrapolated. The benefit versus
potential risk of each strain must be considered, especially for their use in
immunocompromised individuals or persons suffering from multiple chronic dis-
eases. Probiotic products presently available in the market commonly contain
Lactobacillus, Bifidobacterium and Saccharomyces boulardii, which represent only
a fraction of microbiota. Organisms such as Bacteroides, which comprise the major
population of gut microbiota, should be studied for their potential broader health
benefits.

One of the biggest challenges faced by probiotic producers is retaining the
viability of the probiotics throughout the manufacturing, storage and delivery
process. To overcome this challenge, microencapsulation techniques have been
employed. This concept has been extended to the production of nano-capsules
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(nanotechnology) of the viable cells. Microencapsulation of different probiotic
strains with alginates has been shown to improve the survival rate of those strains
under highly acidic conditions (pH 2.0) and high bile salt concentrations and to
improve heat tolerance compared to the free cells, thus making them more com-
mercially attractive (Ding and Shah 2007; Song et al. 2012). In addition to algi-
nates, microencapsulation using gelatin or vegetable gums has been carried out to
protect acid-sensitive Bifidobacterium and Lactobacillus (Song et al. 2012).
Similarly, desirable probiotics can be nano-encapsulated for specific delivery of
those bacteria to certain parts of the gastrointestinal tract, where they will interact
with specific receptors (Sekhon 2010). However, as discussed above, microen-
capsulation still needs to be improved, and the adoption of nanotechnology within
the food industry for encapsulating live bacterial cells is still a new concept. The
latter method should be used with caution, as very little is known about its impact
on environmental and human health. Presently, no regulations exist that specifically
control or limit the production of nano-sized particles, and this is mainly due to a
lack of unbiased knowledge regarding the risks. Detailed studies of the ingredients,
more options of media for industrial use, and product and process re-engineering
are needed to make probiotics products more palatable and to increase market
demand (Song et al. 2012; Grover et al. 2012).

3.8 Conclusions

The use of probiotics in the food industry is increasing, and is predicted to have a
much larger market share in the future. Their health benefits have been studied
extensively, but considerable research is still ongoing to determine their efficacy,
safety and precise dosage. The use of probiotics is not limited to improvements in
human health; it has also been extended to veterinary, agricultural and fishery
sciences. Studies have also explored the use of probiotics for the treatment of
dreadful diseases such as HIV and for their ability to treat chronic diseases such as
type 2 diabetes, obesity and colon cancer. The industrial use of probiotics is limited
mainly by the fact that the viability of the probiotics strains is reduced during the
various manufacturing processes, storage and delivery to the consumer.
Tremendous improvement has been made in encapsulation technologies, primarily
extrusion and emulsion methods, which has resulted in more stable products and
has helped preserve the viability of the probiotic cultures in the product. However,
this technology still needs improvement, and alternative methods are being
explored in order to make the manufacturing process more economical and the
product more palatable.

Recent developments in molecular biology have helped to deepen our understanding
of gut microbiota, and it is now known that more than 10,000 different bacteria are
present in the gut. However, apart from common probiotics such as Lactobacillus,
Bifidobacterium and Saccharomyces boulardii, research should be further directed
towards the study of organisms such as Bacteroides, which constitute the predominant
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flora in the gut, and which would further broaden the health application of probiotics.
As there is considerable diversity of human gut microbiota by geographic region,
ethnicity, age group, population and dietary habits, the choice of indigenous strains for
target populations may bring greater benefit to the consumer.

The development of extensive sequencing methods has enabled metagenomic
studies on the human gut microbiome to be carried out (Gueimonde and Collado
2012). With our knowledge of gut microbiota composition and activity, diseases
related to microbiota aberrations in the gut will be identifiable, and it will be
possible to develop probiotics that can overcome the effects of these aberrations.
This will expand the scope of probiotics use for more specific health issues in the
future.
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Chapter 4
Microencapsulation Technologies

Mary Ann Augustin and Luz Sanguansri

Abstract Microencapsulation involves the packaging of a gaseous, liquid or solid
substance (i.e., the core or active) within a secondary material in small capsules in
the range of about 0.5—2000 um. Microencapsulation protects and stabilizes the
encapsulated substance until it is released at a desired site and time by conditions that
trigger its release from the microcapsule. By appropriate formulation and processing,
microencapsulated ingredients may be designed to achieve the desired properties
that make them superior to the neat bioactive core in the intended application. The
design of a microencapsulated ingredient requires a multidisciplinary approach that
includes considering the physico-chemical properties of the core and the materials to
be used as encapsulants, the design and formulation of the microencapsulated
ingredient, and the choice of technology for processing the microcapsules. The
technologies available for the microencapsulation of various food bioactives and the
properties of selected microencapsulated ingredients are discussed.

4.1 Introduction

Microencapsulation may be defined as a technology that involves the packaging of a
gaseous, liquid or solid substance (i.e., the core or active) within a secondary material
(i.e., matrix, encapsulant) in small capsules in the range of about 0.5—2000 pm.
Microencapsulation protects and stabilizes the encapsulated substance and allows
controlled delivery of the encapsulated substance at a desired site and rate when the
capsule is exposed to specific conditions which provide a trigger or stimulus for the
breakdown of the capsule. Many types of microencapsulated formulations can be
developed for the delivery of food bioactives and desirable microorganisms. For food
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applications, the whole delivery system has to be created from food grade ingredients.
The inherent properties of the bioactive and the encapsulating material, including their
solubility in oil and aqueous systems and their affinity for interfaces, their resistance to
degradation in various environments (e.g., when exposed to oxygen, high tempera-
ture, enzymes), and the interactions between the bioactive and the encapsulant matrix
are some of the major factors that govern the choice of the formulation and the
technology for the processing of the microencapsulated bioactive (Augustin and
Hemar 2009; Garti and McClements 2012; Nazzaro et al. 2012).

Microencapsulation technologies have been used in the pharmaceutical and
chemical industries for some time. Microencapsulation is comparatively new to the
food industry, but as there are similar requirements for stabilization and controlled
delivery in the food and pharmaceutical industries, the food industry has adapted many
of the technologies from the pharmaceutical and chemical industries when developing
microencapsulated food ingredients. However, a factor that needs to be taken into
account when adapting the technology for commercial application in the food industry
is the low margins in the food industry compared to the pharmaceutical and fine
chemical industries, which can tolerate higher cost technologies. Another difference is
that the pharmaceutical and chemical industries have the option to use a wider range of
materials and chemical polymers as encapsulants, as they are not restricted to food
materials or materials that have GRAS (generally regarded as safe) status. Selecting the
appropriate process for the production of microcapsules requires consideration of
(1) technical issues, such as the inherent properties of the core, the encapsulant matrix,
the size and morphology of the particle, the mechanisms triggering the release of the
core and the format of delivery; (2) the cost, consistency and sustainability of the raw
materials and formulation; and (3) the economics of the microencapsulation technol-
ogy, increasingly including the associated environmental footprint of the process.

The focus of this chapter is the methods used for the processing of microcapsules
and the process variables that can be manipulated to achieve the desired properties
of the microcapsules. However, the method of choice for processing microcapsules
cannot be detached from the materials and formulation used for the design of the
systems. Therefore some aspects of formulation are also considered from the per-
spective of material-process interactions for improving the amenability of the for-
mulation to be transformed into a microencapsulated ingredient in the desired
format with the required functional performance.

4.2 Ingredients Used in the Formulation of Food-Grade
Microencapsulated Products

The formulation of the microencapsulated product is the first consideration once the
target application has been defined. Table 4.1 lists some of the major bioactives of
interest to the food and nutraceutical industries. Materials that have commonly been
used in microencapsulated formulations as the carrier or encapsulant matrices for
food bioactives include a range of proteins (e.g., caseins and whey proteins, soy
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Table 4.1 Selection of bioactives of interest to the food and nutraceutical industries

Bioactive

Examples

Sources

Omega-3 fatty acids

a-linolenic acid (ALA)

Flax, perilla, chia

Eicosapentaenoic acid (EPA) and
Docosahexaenoic acid (DHA)

Fish oil, marine algae,
krill oil

Probiotics Lactobacilli, Bifidobacterium Cultured
microorganisms
Prebiotics Inulin Chicory root, Jerusalem
artichoke, jicama
B-glucan Barley, oats
Carotenoids B-carotene Carrots, sweet potato,
palm oil, algae
Lycopene Tomato, water melon,

red grapefruit

Lutein and zeaxanthin

Nasturium (yellow
flowers), kale, spinach

Phenolic compounds
and polyphenols

Resveratrol Japanese knotweed, wine
Curcumin Tumeric
Flavonoid (quercetin and rutin) Onions

Flavonoids (hesperitin)

Orange juice

Catechins and epicatechins

Cocoa, chocolate, tea

proteins, wheat proteins), sugars and syrups, starches, gums (e.g., gum acacia,
alginate, pectin, carrageenan, cellulosic material), chitosan, oils and fats, phos-
pholipids and food-grade low molecular weight emulsifiers (e.g., Tweens).

The development of a delivery system should achieve the following attributes of
performance in the intended application: (1) the stabilization of the original food
bioactive after isolation from a food source; (2) the protection of the bioactive
against degradation when it is in an encapsulated ingredient format and when it is
incorporated into a manufactured food product; (3) the masking of tastes
(if required; for example, with bioactives such as polyphenols which have an
astringent tastes) so that the fortified food product has sensory appeal and is
acceptable to the consumer; and (4) the delivery of the bioactive to the intended site
in the gastrointestinal tract after consumption. The ability to meet all the demands
of performance of a delivery system presents several scientific and technical
challenges in developing a successful delivery system for a bioactive. When more
than one bioactive is to be co-delivered in one encapsulation system, the challenges
are even greater depending on the inherent physical and chemical properties of the
bioactives, as well as the interactions between them and with the matrix.

Depending on the technology or method used for microencapsulation, different
formats, morphologies, structures and other properties can be produced. The desired
properties and functionality can be tailored to suit the target application. Therefore, it
is important to define the criteria that will define a successful microencapsulated
ingredient. The defined criteria allow the proper selection of the microencapsulation
technology. Each of the available technologies can create microcapsules within a
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Table 4.2 Encapsulation Processes

Physical processes Chemical processes

Drying (Spray drying, freeze Coacervation (Simple and complex)

drying)

Spray chilling Inclusion complexation

Fluidized bed coating Hydrogels, beadlets

Extrusion Biopolymeric particles

Spinning disk coating Emulsion-based systems including layer-by-layer
deposition

Supercritical fluid processing Liposomes

particular range of size and bioactive payload type and quantity. Often, an approach
based on a retro-fit design is used as a guide to the formulation and design of a
microencapsulation system that is suited for the performance required in the final
application (Ubbink and Krueger 2006). It can also sometimes be an iterative process
where a formulation is first developed, its performance checked, and re-formulation
carried out to optimize the microencapsulated formulation (Augustin and Sanguansri
2012). However, although it may appear to be deceptively simple to formulate and
process a microencapsulated product with all the desirable attributes, it should be
appreciated that the development of a microencapsulated product requires a multi-
disciplinary approach and significant scientific knowledge of each component and
process used in its development. Once the formulation has been developed, the
bioactive core and the carrier matrix/encapsulant material are then made into the
microencapsulated ingredient using the appropriate microencapsulation technology.
The common processes employed for microencapsulation of bioactives for food
application are listed in Table 4.2, and described in the following section.

4.3 Microencapsulation Technologies for Bioactive
Delivery

Microencapsulation technologies generally refer to processes or methods applied to
produce a microencapsulated ingredient or bioactives, with various types of mor-
phologies and structures (Fig. 4.1). These are classified into physical or chemical
processes, and often a combination of both physical and chemical processes is
applied in order to achieve the desired functionality in the final microcapsule.
Depending on the technology used for microencapsulation, different formats,
morphologies, structures and other properties can be produced. The desired prop-
erties and functionality can be tailored to suit the target application. The complexity
of the food matrix and the stresses that the microencapsulated ingredients are
exposed to during the manufacture of food make the choice of the appropriate
formulation and technology more challenging. Therefore, it is important to define the
criteria required for a successful microencapsulated product/ingredient (Table 4.3).
These criteria allow for the proper selection of the microencapsulation technology.
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Fig. 4.1 Microstructure of dried encapsulated ingredients

Table 4.3 Criteria for selection of microencapsulation technology based on desired performance

of the microencapsulated ingredient in final applications

Desired Technology Format Particle Payload
performance size (um) (%)
Liquid to powder | Spray drying Powder, granules, 10400 5-50
conversion agglomerates
Freeze drying Powder 20-5000 5-50
Spray chilling Powder 20-200 10-20
Solubilization Emulsion Liquid 0.2-5000 1-20
Nanoemulsion Liquid 0.01-0.1 Various
Stabilization Spray drying Powders 10400 5-50
Emulsion Liquid 0.2-5000 1-25
Coacervation Powder 10-800 40-90
Inclusion complexation | Powder 0.001-0.01 |5-15
Biopolymeric particles Liquid, powder 10-1000 20-50
Fluid bed coating Powder, granules, 5-5000 5-50
agglomerates
Taste masking Inclusion complexation | Powder 0.001-0.01 |5-15
Binding to biopolymers | Liquid, powder 10-1000 20-50
Fluid bed coating Powder, granules, 5-5000 5-50
agglomerates

(continued)
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Table 4.3 (continued)

Desired Technology Format Particle Payload

performance size (um) (%)

Visual clarity Nanoemulsion Liquid 0.01-0.1 Various

Controlled release | Liposome entrapment Liquid, powder 10-1000 5-50
Extruded microsphere Beadlets, powder 200-5000 | 20-50
Emulsified microspheres | Beadlets, powder 10-1000 20-50
Nozzle coextrusion Beadlets, powder 150-8000 | 70-90
Rapid expansion of Powder 10-400 20-50
supercritical fluid
Fluid bed coating Powder, granules, 5-5000 5-50

agglomerates

Shear resistance Spray drying Powder 10-400 5-50
Extrusion Powder, pellets 200-5000 5-40

Compression Spray drying Powder 10-400 5-50

resistance Extrusion Powder, pellets 200-5000 | 5—-40

4.3.1 Physical Processes

4.3.1.1 Drying

Drying converts liquid materials into solid or semi-solid particles. The process results in
the production of powders, granules or dry agglomerates. For food applications,
powder formats are generally preferred over slurries, emulsions or suspensions.
Powders are much easier to handle and transport, have longer storage stability, and may
be readily added to a range of food formulations. The most common drying methods
for the preparation of microencapsulated ingredients are spray drying and freeze drying.

Spray Drying

Of the drying methods, spray drying is the preferred method, as it is cost-effective
and is also suitable for the drying of heat-sensitive bioactives (Gouin 2004;
Murugesan and Orsat 2012).

The major stages in a spray drying process are (1) atomization of the liquid feed
or slurry; (2) the contact of the atomized droplets with the drying medium; (3) the
evaporation of water from the droplet; and (4) the separation of the dried product
from the air. The rapid evaporation of water during spray drying keeps the product
temperature relatively low (below the outlet temperature), and hence, it is possible
to use spray drying technology to produce microencapsulated products with heat
sensitive cores.

Spray drying has been used for microencapsulated vitamins, minerals, flavors,
antioxidants (Murugesan and Orsat 2012), omega-3 oils (Augustin et al. 2006), fruit
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fibers with bioactives (Chiou and Langrish 2007) and probiotics (Silva et al. 2011).
The formulation (bioactive core, encapsulation material, ratio of core: encapsulant),
the processes (e.g., homogenization conditions) for preparing the feed and process
parameters used in spray drying, such as inlet and outlet temperatures, feed rates,
feed temperature, airflow rates and type of atomizer or nozzle, all impact the
properties of the final microencapsulated product (Murugesan and Orsat 2012). For
example, in the preparation of spray dried lycopene with gelatin and sucrose as wall
materials (core:wall ratio of 1:4 and gelatin:sucrose ratio of 3:7), it was found that
increasing the feed temperature from 35 to 55 °C increased encapsulation yield and
encapsulation efficiency, but further increase in the feed temperature to 65 °C was
detrimental. This was possibly due to the need to balance good atomization, which
improves with lower viscosity at higher feed temperatures versus the build of
particles on the chamber wall due to the trajectory of the atomized particles when
the feed viscosity is too low (Shu et al. 2000). These authors also showed that inlet
temperature affected encapsulation yield and encapsulation efficiency within the
range of inlet temperatures of 170-210 °C, and the optimum inlet temperature was
190 °C (Shu et al. 2006). However, increasing the inlet temperature from 145 to
175 °C decreased the lycopene content of spray dried watermelon powders with
maltodextrin as the encapsulating agent (Quek et al. 2007).

Freeze Drying

The freeze drying process has three major stages: (1) the freezing of the liquid for-
mulation which results in nucleation and growth of ice crystals and the formation of a
glassy matrix; (2) the primary drying where the ice crystals are sublimed under low
pressure; and (3) the secondary drying where the unfrozen water is desorbed by
increasing the temperature or reducing the pressure during drying, depending on the
material sorption isotherm. The freezing step is important as freezing affects ice for-
mation and therefore the morphology of the product and reconstitution time. Fast
freezing rates should be avoided if there is protein in the formulation. The primary
drying rate affects the resistance of the dried product. The secondary drying step allows
removal of water to the desired water content (Kasper and Friess 2011). As freeze
drying is carried out at low temperature, the process enables high retention of volatile
components and minimal degradation of heat-sensitive bioactives. Freeze drying is the
most commonly used commercial method for production of dried probiotics. It has
been used for the microencapsulation of many other bioactives including polyphenols,
vitamins, omega-3 oils, citrus extracts, herbal extracts, spice oils and limonene.

The method of drying and the drying conditions affect the stability of the
encapsulated bioactives. This was demonstrated in the early work of Desorby et al.
(1997), where B-carotene encapsulated in maltodextrin was most stable to degra-
dation when the emulsion was freeze dried compared to when it was spray dried or
drum dried, with most degradation occurring in the drum-dried samples. Whether
spray drying or freeze drying had a more detrimental effect on the survival of
probiotic bacteria during storage was dependent on the source and strain of the
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probiotic bacteria and on the encapsulation formulation (Chavez and Ledeboer
2007; Ying et al. 2010).

4.3.1.2 Spray Chilling

The spray chilling process comprises two major steps: (1) the addition of a
bioactive into a molten fat, and (2) the atomization of the molten material in a
heated atomizing nozzle into a refrigerated chamber, which solidifies the molten
carrier material to form solid lipid microparticles. The residence time in the spray
cooling chamber is short (usually a few seconds), after which the microparticles are
collected. The core is typically a lipophilic bioactive, but it can also be a hydro-
philic or an amphiphilic core (e.g., a peptide), and the carrier is often a lipid that is
solid at room temperature (e.g., hydrogenated or fractionated edible oils with high
melting points, or beeswax).

Spray chilling is a low-cost technology that is suitable for heat-sensitive
ingredients such as omega-3 fatty acids, enzymes and probiotics, but it suffers from
low encapsulation efficiency, and the bioactive is sometimes expelled during
storage (Okuro et al. 2013). In cases where the lipid is the encapsulant, the release
of the bioactive core may be triggered by increasing the temperature to above the
melting point of the fat or digestion of the fat by lipases in the gastrointestinal tract
after ingestion (Okuro et al. 2013). However, it is difficult to obtain delayed release
greater than 30 min with a water-soluble core in a food with high water activity
(Gouin 2004).

4.3.1.3 Fluidized Bed Coating

Fluid bed coating technology involves the suspension of solid particles in a moving
stream of air, which may be heated or cooled. The coating is then sprayed onto the
particle through an atomizer. The coating may be a molten material (e.g., fat) or a
material (e.g., proteins, polysaccharides, complex formulations, emulsifiers) dis-
solved in a solvent (e.g., water, aqueous ethanol). Where a coating liquid is used, it
is rapidly evaporated by hot air to form the outer layer of the coated particle. Where
the coating is a lipid, it solidifies when in contact with the cool air as it reaches a
temperature below its melting point. The particle may be passed repeatedly through
the spray coating and the drying air for many coating cycles to obtain uniform
coating, and in addition, multiple types of coatings may be used sequentially. This
process may be used to control the coating thickness, the particle size and the
release properties of the bioactive core. A pre-requisite for film coating is good
adhesion properties between the coating and the core. Variables such as solvent
evaporation rate, spray rate, droplet size and temperature influence the properties of
the coated particle (Kuang et al. 2010). Apart from the formulation, factors such as
relative humidity, fluidizing gas flow rate, coating spray rate and the composition of
the fluidization gas need to be controlled for an optimized process. This also
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requires an understanding of the thermodynamics of the coating process, and
psychometric charts are invaluable for providing a rational basis for optimizing the
coating process (Gouin 2005).

4.3.1.4 Extrusion
Extrusion—Dripping Technologies

One of the oldest methods for encapsulation is the formation of microbeads. It has been
widely used for the encapsulation of cells as it results in minimal injury to cells, and in
high viability of probiotic bacteria, as well as of high retention of heat sensitive
bioactives (e.g., carotenes). The most common material used as the matrix for extrusion
of microbeads containing bioactives is alginate. Where alginate is used, the steps involve
(1) preparing an alginate solution; (2) adding the bioactive core (usually as an emulsion)
into the alginate solution; and (3) dripping the resultant emulsion or suspension into a
hardening bath through an orifice (e.g., needle or nozzle). Calcium chloride is generally
used as the hardening solution as calcium ions cross-link the alginate molecules, forming
a gel network that entraps the loaded bioactive. The microbeads can then be dried to the
desired moisture. Although this process is simple, there have been difficulties in scaling
up due to the slow process required for the formation of microbeads. However, advances
in technologies such as laminar jet break-up technology have increased the productivity
of the process and enabled a narrower dimensional range and high encapsulation effi-
ciency. In this process, a laminar jet of a polymer solution is broken up with a vibrating
nozzle (Del Gaudio et al. 2005).

Extrusion Cooking

Extrusion cooking is an energy-efficient, low-cost process that is used for producing
ready-to-eat cereals and snack products. Notably, there is increasing interest in
developing nutritious snacks (Brennan et al. 2013). During extrusion cooking,
ingredients are mixed, cooked, texturized and formed. QOils and nutritive ingredients
may be added to the formulation and these ingredients become embedded (or
encapsulated) within the matrix of the extruded product.

Yilmaz et al. (2001) examined the encapsulation of sunflower oil in a starch matrix.
These authors showed that the formulation and the processing conditions during
extrusion influenced the properties of the microencapsulated oil. The size of the oil
droplets in the extruded product decreased with increasing HLB (hydrophilic-lipophilic
balance), increasing screw speed, increasing melt temperature and decreasing
throughput. The release kinetics will depend on adequate mixing and dispersion of the
encapsulant within the matrix (Yilmaz et al. 2001).

Sensitive nutrients such as vitamins are degraded during extrusion. The extent of
degradation depends on the type of vitamin, the formulation, and the processing
conditions used (Killeit 1994). Nutrient degradation during extrusion may be
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reduced by introducing protected pre-encapsulated vitamin products. This has been
suggested for animal feed preparations (Putnam 1986). Others have suggested that
phytochemicals (B-carotene in medium-chain triglyceride oil) should be added after
the plasticization of starch ingredients, to minimize exposure time to thermal and
mechanical stresses, but losses are still 30 % and higher (Emin et al. 2012).
However, with the introduction of modern twin-screw extruders, extrusion encap-
sulation is becoming an attractive alternative, as the process is flexible, and
exposure to high temperatures can be avoided by introducing bioactives into the last
port of the barrel (Abbas et al. 2012).

4.3.1.5 Spinning Disk Systems

Spinning disk coating uses rotational forces to create a thin film around a core. The core
ingredient is suspended in a wall material and dropped onto the rotating disk which
throws the droplets out towards the circumference of the disk where the wall material
solidifies through drying or chilling, depending on the properties of the encapsulant
material used and on the conditions. (Mason and Sparks 1987; Sparks et al. 1995). As
the spinning rate can be carefully controlled, the disk process is able to yield narrow
particle size distributions between 20 microns and several millimeters (Labelle 2002).
For example, with spinning disk atomizers, hydrogels (alginate) and microbeads of
narrow particle size (300-600 pum) distribution are obtained (Senuma et al. 2000).

4.3.1.6 Supercritical Fluid Encapsulation

With supercritical fluid encapsulation, the core material and the encapsulating
material (typically a polymer) are dispersed and/or dissolved in a supercritical fluid,
such as carbon dioxide. The supercritical fluid is ejected from a nozzle in the form
of a spray. The carbon dioxide flashes off very rapidly, leaving residual particulate
material. The solvent and anti-solvent properties of supercritical carbon dioxide can
be exploited for the micronization and encapsulation of bioactive cores. Depending
on the solubility of the compounds to be encapsulated, the SAS (supercritical
anti-solvent) or RESS (rapid expansion of supercritical solutions) processes can be
used. Santos and Meireles (2013) have recently discussed the applications of SAS
for micronization of quercetin and B-carotene and RESS for the encapsulation of
bixin-rich and anthocyanin-rich extracts in polyethylene glycol as the encapsulation
material. Ethanol maybe used as a co-solvent. The properties of the ingredients in
the formulation, the core:encapsulant ratio, the solubility of the bioactive in the
supercritical fluid and the processing conditions used influence the properties of the
encapsulated product. Xia et al. (2012) prepared pro-liposomes of lutein and
hydrogenated phosphatidylcholine using SAS and showed that high lutein loading
liposomes with encapsulation efficiency of >90 % could be produced. An inter-
esting application is the use of supercritical carbon dioxide for the production of
B-glucan aerogels for carrying flaxseed oil. The aerogels were impregnated with a
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high concentration of flaxseed oil (65 %) by using supercritical carbon dioxide as
the medium for mass transfer. It was suggested that an additional coating may be
required to protect the oil against degradation due to the high porosity of the
aerogels (Comin et al. 2012).

4.3.2 Physico-chemical Processes

4.3.2.1 Coacervation

Coacervation has been used in the food industry for encapsulation of flavors, omega-3
oils and other ingredients (Gouin 2004; Lamprecht et al. 2001). Simple coacervates are
formed from one type of polymer, and those formed from two or more types of
polymer (often from oppositely charged materials) are called complex coacervates.
Coacervation may involve the preparation of an oil-in-water emulsion with the lipo-
philic bioactive being present in the oil phase. Subsequently under turbulent mixing,
two liquid phases are separated under appropriate conditions. The concentrated poly-
mer rich phase is the coacervate containing the bioactive, and the other phase is called
the equilibrium solution. Coacervates are stabilized following a change in the condi-
tions of the environment such as temperature, pH and ionic concentration. The for-
mation of more permanent structures with well-defined sizes and shapes requires
cross-linking of the biopolymer using a chemical or enzyme, and alternatively another
biopolymer may be adsorbed around the droplets for stabilization (Jones and
McClements 2010). The coacervates can be dried into a free flowing powder.
A variation of complex coacervation involving the addition of a controlled agglom-
eration step and the formation of an outer shell that surrounds the agglomerates was
developed by Barrow et al. (2007) for encapsulation of omega-3 oils.

Complex coacervates formed by electrostatic binding between proteins and
polysaccharides (protein-polysaccharide complex) are most commonly used in the
food industry (De Kruif et al. 2004). Protein-polysaccharide complexes exhibit
better functional properties in a number of applications than proteins and
polysaccharide combination without complexation (Schmitt et al. 1998). The use of
coacervates and protein-polysaccharide complexes as delivery systems for bioac-
tives or sensitive molecules in food is attractive due to the variety of biopolymer
combinations that may be adapted to the various requirements (e.g., mechanical
properties and permeability) of the delivery system (Schmitt and Turgeon 2011).
For example, a gelatin-sodium alginate based polyelectrolyte complex used as a
carrier for ascorbic acid has enhanced its thermal stability compared to each of the
encapsulant materials on their own (Devi and Kakati 2013).

The mechanical strength and diffusion characteristics of chitosan-based coac-
ervates can be influenced by the type of chitosan used in forming the complex.
Chitosan hydroglutamate-based complexes in combination with kappa carrageenan
or with alginate have higher mechanical strength than complexes based on acid
soluble chitosan. In addition, higher diffusion release characteristics of a model dye
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have been shown in acid soluble chitosan coacervated microcapsules, when kappa
carrageenan was used compared to alginate (Pandya and Knorr 1991). Omega-3 oil
loaded coacervates have been prepared with gelatin as the capsule wall followed by
addition of edible salt to precipitate the gelatin rich phase (salting-out), and using
transglutaminase as the cross-linking agent for hardening the capsule wall (Soeda
et al. 2003). Vitamins and polyunsaturated fatty acids that are substantially insol-
uble in boiling water for at least 3 min have been encapsulated by cross-linking a
protein, sugar and a water-soluble salt, by heating the mixture (Chaundry et al.
1992).

4.3.2.2 Inclusion Complexation

Inclusion complexes may be formed between an active and a host molecule such as
cyclodextrin or starch. Inclusion complexation takes place at a molecular level and
utilizes the host molecules as the encapsulating medium.

In the case of cyclodextrins, the internal surface is lipophilic, while the external
surface is hydrophilic. This structure characteristic makes cyclodextrins suitable for
encapsulation of less polar molecules (e.g., essential oils) into the apolar internal
cavity through hydrophobic interactions (Bhandari et al. 1999). B-cyclodextrin
complexes have been used for the encapsulation of oils (onion and garlic oils,
omega-3 oils) to enhance their stability to temperature, light, oxidation, polymer-
ization or double bond migration, and mask undesirable taste and odor (Dziezak
1988; Djedaini et al. 2000; Kim et al. 2000). A complex formed between DHA and
cyclodextrin prepared by a twin-screw kneader has high resistance to oxidation in
fishmeal paste application even without an antioxidant in the formulation (Yoshii
et al. 1997). The inclusion of polyphenols in cyclodextrins improved their water
solubility, especially for the less water-soluble phytochemicals (Fang and Bhandari
2010).

A new way to prepare cyclodextrin-based supramolecular systems has been
reported for encapsulation of bioactive materials with altered functions in which the
process of molecular assembly can be controlled (Chen and Liu 2010). The
supramolecular assembly of vitamin B6 with beta-cyclodextrin was successfully
prepared using different methods (kneading, co-precipitation and freeze drying),
and showed that the vitamin B6 probably enters the cyclodextrin torus when
forming the B-cyclodextrin-vitamin B6 inclusion complex (Borodi et al. 2009). The
use of ligand-binding proteins has been explored as an alternative to cyclodextrins
for inclusion complexation (Jones and McClements 2008).

Starch inclusion complexes have been used for controlled delivery of bioactives
(Lesmes et al. 2008). Examples inlcude the complexation of genistein with
high-amylose starch (Cohen et al. 2011) and long chain fatty acids with amylose



4 Microencapsulation Technologies 131

(Zabar et al. 2009). Hydrophobically modified starch has also been used in the
molecular inclusion of polyphenols, such as curcumin (Yu and Huang 2010). The
curcumin-starch complex showed a 1670-fold increase in solubility, possibly
reflecting the hydrophobic interaction and hydrogen bonding between curcumin
and the hydrophobically modified starch, and the encapsulated curcumin revealed
enhanced in vitro anti-cancer activity compared to the free form (Yu and Huang
2010).

4.3.2.3 Liposome Entrapment

Liposomes have been used for the encapsulation and delivery of bioactive and
biological agents. Liposomes stabilize bioactive materials from changes in the
surrounding environment, including enzymatic and chemical modification, as well
as buffering against extreme pH and changes in ionic strength. The production of
liposomes using a simple low cost process without contamination of the product is
of much interest to liposome producers. Different methods of liposome preparation
and loading, their applications in food, cosmetics and pharmaceuticals, the main
analytical methods for their characterization, and the mechanisms of liposome
targeting were recently reviewed by Maherani et al. (2011). In the food industry,
liposomes have been used for flavors and nutrients, as well as for antimicrobial
delivery to protect food products against the growth of spoilage and pathogenic
microorganisms (Taylor and Davidson 2005). While hydrophilic bioactives are
typically encapsulated in their internal aqueous phase, liposomes have also been
used to encapsulate lipophilic bioactives, by dissolving the bioactive in the phos-
pholipid before water is added and sonicated to form the encapsulated material. The
use of liposomes for encapsulation of antioxidants, enzymes, proteins, vitamins and
minerals has been reported; however, their lack of stability under gastrointestinal
conditions (low pH and enzymes), insufficient loading of bioactives and the high
cost of materials remain a challenge to liposome-based encapsulation in food
applications (Liu 2013).

Bioactives entrapped in liposomes are protected from oxidation and the prepa-
ration can be added directly to food products, as a dispersion, or be dried into a free
flowing powder (Haynes et al. 1991). Food-approved pro-liposomes are now
available, and can be used for the microencapsulation of food ingredients. They are
much simpler to use, but remain expensive. Takahashi et al. (2006) successfully
prepared a thermodynamically stable liposome-encapsulated curcumin (up to 85 %
entrapment efficiency) from commercially available low-cost lecithin using a
mechanochemical method. In an animal study, the liposome encapsulated curcumin
had significantly higher absorption in the gastrointestinal tract, leading to enhanced
bioavailability and bioactivity (Takahashi et al. 2009). Soy lecithin (Mohan et al.
2016) or egg lecithins (Nii et al. 2003) are food-grade materials which have been
used in the formulation of liposomes. Milk-fat-globule-membrane phospholipids
isolated from buttermilk have been used to prepare liposomes using ascorbic acid as
a model bioactive (Farhang et al. 2012).
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4.3.2.4 Biopolymeric Particles

Biopolymeric particles can be produced using food-grade proteins or polysaccha-
rides and used as structured carriers for both hydrophilic and hydrophobic cores for
controlled release and encapsulation applications (Chang and Chen 2005; Gupta
and Gupta 2005; Ritzoulis et al. 2005) and for protection and delivery of probiotics
(Hugq et al. 2013). Biopolymeric particles or matrices may be formed by promoting
self-association or aggregation of single biopolymers or by inducing phase sepa-
ration in mixed biopolymer systems, for example, using aggregative (net attractive)
or segregative (net repulsive) interactions (Weiss et al. 2006). Bioactives can be
encapsulated in particles designed to release in response to specific environmental
triggers.

Biopolymeric matrices have been produced using simple or complex coacer-
vation methods involving proteins or protein and polysaccharide mixtures to create
transparent solid matrices designed for controlled release applications (Renard et al.
2002). Biopolymer nanoparticles or microparticles can also be formed by controlled
thermal treatment of electrostatic complexes of globular proteins and ionic
polysaccharides. The size, charge, and stability of the biopolymer particles can be
manipulated by controlling the holding temperature, holding time, initial protein
concentration, polysaccharide type, protein-to-polysaccharide ratio, co-solvent
composition, pH and ionic strength (Jones and McClements 2011). The use of
biopolymeric particles formed by heat treatment of beta-lactoglobulin/beet pectin
was investigated for application in food products as delivery systems, clouding
agents, texture modifiers, or as fat droplet mimetics (Jones and McClements 2008).

Co-precipitation or freeze thaw methods have been used to produce biopoly-
meric particles. A co-precipitation method has been used to encapsulate quercetin
using a hydrophobic protein in aqueous medium, resulting in enhanced molecular
stability of the zein:quercetin particles (zein:quercetin ratio of 25:1 and 50:1 wt/wt)
to alkaline pH and UV irradiation (Patel et al. 2012). The freeze—thaw method
followed by alginate gelation via ionic interactions between the polymer and the
cross-linking ions was used to encapsulate p-limonene in alginate/poly(vinyl
alcohol) (20:80) mixture, resulting in extended release of the encapsulated D-
limonene in comparison to the free aroma (Levica et al. 2011).

4.3.2.5 Emulsion-Based Systems

Emulsion-based systems are used to deliver lipophilic bioactives (oil-in-water
emulsions) or hydrophilic bioactives (water-in-oil emulsions). Different emulsion
systems (e.g., simple or complex emulsion structures) can be formed depending on
the emulsifier and process used during emulsion preparation (Fig. 4.2).
Emulsion-based systems have typically been used to encapsulate flavors, omega-3
fatty acids, carotenes, lycopene, lutein and other lipid soluble bioactives and vita-
mins (McClements et al. 2009). Conventional emulsions are widely used in the
food industry. However, the delivery of bioactives in a stable emulsion-based
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Fig. 4.2 Structure of a simple and complex emulsions

system to food and beverage may require more sophisticated design to meet the
desired success criteria for particular applications. Examples of more complex
emulsion based systems include multiple emulsions, micro emulsions, multilayered
emulsions, solid-lipid particle emulsions, colloidosomes and internally
self-assembled emulsion droplets (ISAsomes).

Simple Emulsions

A simple emulsion used for delivery is a dispersion of one immiscible phase, such
as oil (containing the bioactive), in another phase (the continuous phase), such as
water. During preparation of a simple oil-in-water emulsion, the oil phase is dis-
persed into fine droplets using an emulsifier to stabilize the oil-water interface. High
shear homogenization or micro fluidization processes are used to disperse the oil
into small droplets forming the emulsion. The type of emulsifier, the total solids, the
pH, and the other formulation components including homogenization and storage
conditions influence the emulsion properties and stability during storage (Fig. 4.3).
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Fig. 4.3 Method for manufacture of spray dried emulsion
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Multiple emulsions used for delivery may be in the form of water-in-oil-in-water
(W/O/W) emulsions consisting of small droplets of water containing soluble
bioactives, dispersed within larger oil droplets that are dispersed in an external
aqueous continuous phase. W/O/W may be tailored to improve encapsulation,
protection and release characteristics over simple emulsions. Bioactives can be
added in both the inner water phase and the oil phase. Multiple emulsions are
prepared either by one-step emulsification or by a double emulsification process. In
a one-step emulsification process, the W/O emulsion is formed with the right
balance of hydrophilic-lipophilic emulsifiers and heat. It can then be inverted to
form a multiple emulsion. In the double-emulsification process, the primary W/O
emulsions are formed under high shear conditions, and are subsequently dispersed
in a secondary water phase with mild shear to avoid disruption of the already
formed primary emulsions. A double emulsification and an enzymatic gelation
method using transglutaminase cross-linked protein encapsulant has been suggested
by Cho et al. (2003) to improve the storage stability of fish oil and achieve con-
trolled release.

W/O/W emulsions contain a much lower amount of fat than O/W emulsions
[e.g., 14 g less fat per 100 g emulsion was reported in one case (Poyato et al.
2013)], which is an aspect to be taken into account when they are used as ingre-
dients for functional foods (Poyato et al. 2013). Although there is widespread
recognition of the value of W/O/W emulsions in contributing to the development of
reduced-fat products and as vehicles for the delivery of nutrients, the potential for
double emulsions in food technology has yet to be fully elucidated (Dickinson
2011). de Ciriano et al. (2010) reported the need for the use of antioxidants in
highly unsaturated O/W emulsions in order to control lipid oxidation. The type of
antioxidant used and the phase in which it is added need careful consideration. In
olive oil and linseed oil emulsions, Poyato et al. (2013) found that depending on the
type of emulsions (W/O/W or O/W) the hydrophilic antioxidant (Melissa officinalis
extract) was more efficient in O/W emulsions, whereas the lipophilic antioxidant
(BHA) was more effective in W/O/W emulsions. Rutin and anthocyanins have been
successfully encapsulated within the internal aqueous phase of W/O/W multiple
emulsions in the (outer droplet) size range of 13—15 pm with encapsulation effi-
ciency of >80 % (Akhtar et al. 2013).

Multilayered Emulsions

Multiple layered emulsions are emulsion produced using electrostatic layer-by-layer
deposition technologies. For example, a secondary layer with an opposite electro-
static charge may be deposited onto the interfacial layer of a primary emulsion (e.g.
deposition of chitosan onto the interface of droplets in lecithin-stabilized emul-
sions). Multilayered emulsions offer improved stability over conventional emul-
sions. However, their preparation is more difficult than that of conventional
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emulsions as it requires extra ingredient and processing steps. Crosslinking of polymer
layers adsorbed at the interface of oil-in-water emulsions is often required to enhance
the stability of multilayered emulsions. Zeeb et al. (2012) demonstrated that laccase
could be used to covalently crosslink pectin onto gelatin interfacial membrane, showing
that pectin remained attached to the surface after increasing the pH from 3.5 to 10 and
then lowering the pH again, making it robust enough for some applications.
Multilayered emulsions have a thicker interfacial layer that is more resistant to dis-
ruption compared to simple emulsions. For example, lipid droplets coated by a
three-component interfacial layer (B-lactoglobulin—i-carrageenan—gelatin) were more
stable to repeated freeze—thaw cycling than those coated with either a one-component
(B-lactoglobulin) or two-component (B-lactoglobulin—i-carrageenan) layer (Gu et al.
2007a). In another example, multilayered emulsions containing 1 % (W/v)
K-carrageenan with similar values for ds,, {-potential and the rheological properties at
both pH values 3.5 and 7 were produced, having improved stability of against envi-
ronmental stresses such as pH values around the isoelectric point of the protein
(Perrechil and Cunha 2013). A protein/polyphenol microcapsule based on (-)-epi-
gallocatechin gallate (EGCG) and gelatin (type A) was produced using the
layer-by-layer (LbL) assembly containing ~30 % w/w EGCG that retained its
antioxidant activity (Shutava et al. 2009).

Multilayered emulsions formed by mixing an oil-in-water emulsion containing
relatively large anionic droplets (d3, ~ 0.6 pum, B-lactoglobulin (B-Lg)—pectin coated,
pH 4) with another oil-in-water emulsion containing relatively small cationic droplets
(d3> ~ 0.2 pm, B-Lg coated, pH 4) were unstable to droplet aggregation at interme-
diate small-droplet concentrations (due to bridging flocculation) and also at high
small-droplet concentrations (due to depletion flocculation); however, relatively stable
particles could be made over a range of low small-droplet concentrations, which
resulted in large droplets surrounded by small droplets (Gu et al. 2007b).

Solid Lipid Particle Emulsions

Solid lipid particle emulsions contain partially emulsifier-coated solid lipid particles
dispersed in an aqueous continuous phase. This type of emulsion enables better
control of the release of encapsulated bioactive, improved stability, higher pay-
loads, ability to include both lipophilic and hydrophilic bioactives in the same
system, and may be easier to scale up to large-scale production (McClements et al.
2009). This has originally been used in drug delivery, but has been explored more
recently for delivery of bioactives in functional foods.

Internally Self-assembled Emulsion Droplets
Internally self-assembled emulsion droplets (ISAsomes) whose core comprises

lipophilic molecules such as monoglycerides, are self-assembled in well-defined
liquid crystalline phases. The structure of these ISAsomes can be tuned by
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temperature variation and/or the addition of oils (Glatter et al. 2010). ISAsomes are
potential carrier systems for hydrophilic, amphiphilic and/or lipophilic molecules.
Immobilization of particles is accomplished by the addition of a polysaccharide at
elevated temperatures while in a fluid state, and the system can simply be solidified by
lowering the temperature at the right moment (Guillot et al. 2009). The addition of
polymers (k-carrageenan or methylcellulose) gelifies the continuous aqueous phase,
forming a hydrogel loaded with ISAsomes. Self-assembled thermo-gelling emulsions
were prepared by blending ISAsomes with thermo-reversible hydrogels of methylcel-
lulose, k-carrageenan, and their 1:1 mixture. The ISAsomes remained practically intact
during their embedding into the hydrogel matrix, retaining their internal self-assembled
structure and functionality (Tomsic et al. 2009). These authors found that methylcel-
lulose was able to stabilize the ISAsomes at higher temperatures (up to 90 °C), and
their most interesting results were obtained for the ISAsome-loaded (1:1) methylcel-
lulose:k-carrageenan system, with a narrow intermediate temperature window where it
is a sol. This specific thermal behavior allows for easy temperature tuning of the
system’s aggregate state and of the internal self-assembled structure (Tomsic et al.
2009), offering the potential for controlled release applications.

4.4 Nanoencapsulation

Nanoencapsulation has been increasingly used for the delivery of food bioactives
(Ezhilarasi et al. 2013). Nanoencapsulation typically uses micellar or vesicular systems
in which the active ingredient is confined to a cavity surrounded by a unique surfactant
or polymeric membrane. The preparation of nanocapsules containing a membrane
forming molecule, a co-emulsifier, and a lipophilic component has been used to
encapsulate a range of food ingredients, including omega-3 fatty acids. The nanocap-
sules were 40-80 nm in size and were suitable for delivery of components into clear
liquid drinks, as well as other beverages and foods (Weder et al. 2000). Hydrophobic
nanospheres of flavour compounds encapsulated in pH-sensitive or moisture-sensitive
microspheres have been shown to improve shelf life of foods and beverages and
prolong the sensation of flavor (Shefer and Shefer 2003).

Nanoemulsions and nanoparticles are emerging technologies that may aid in the
delivery of bioactives. Nanoemulsions are submicron emulsions comprising a
liquid-in-liquid dispersion of small droplets at about 20-200 nm range (Solans et al.
2005). Their small size offers potential advantages over conventional emulsions,
e.g., higher stability to droplet aggregation and to gravitational separation, high
optical clarity, ability to modulate product texture, and, increased bioavailability of
lipophilic components (McClements and Rao 2011). Nanoemulsions may be
formed using emulsifiers and very high shear resulting in emulsified fine droplets of
the bioactive that is stable against sedimentation or creaming (Gonnet et al. 2010).
Addition of a large amount of emulsifiers is often required; however, using
high-shear homogenization helps stabilize nanoemulsions with lower levels of
surfactants in the final formulation (McClements and Li 2010; Gutierrez et al.



4 Microencapsulation Technologies 137

2003). One of the difficulties in forming nanoemulsions from triglyceride oils
compared to n-alkane oils is the much higher viscosity of the triglyceride oil. The
size of the triglyceride oil nanoemulsion droplets was dramatically reduced by the
addition of polyethylene glycol to the water phase (Wooster et al. 2008).

Nanoparticles are dense colloidal submicron particles (often polymeric), forming
a homogeneous dispersion (Anton et al. 2008). Nanoparticles have been used for
the delivery of a range of bioactives. The loading of hydrophobic nutraceuticals into
Maillard-conjugate based nanoparticles provides protection of the nutraceuticals
against degradation and enable delivery in clear beverages (Markman and Livney
2012). Lipophilic bioactives have been delivered with lipid nanoparticles to
improve their bioavailability (Yao et al. 2014). Curcumin has been loaded into lipid
nanoparticles (nanoemulsions), protein nanoparticles (zein nanosuspensions) and
phospholipid nanoparticles (nanoliposomes) to protect curcumin from chemical
degradation, increase the solubilisation of curcumin in intestinal fluids and improve
oral bioavailability (Zou et al. 2016).

The future of nanoencapsulation in food requires further consideration.
Consumers are concerned due to the potential and unknown possible toxicity
related to nanoparticles. With the oral ingestion of nanoemulsions, there is the
possibility to change the biological fate of bioactive components within the gas-
trointestinal tract and the potential toxicity of some of the components used in their
fabrication (McClements and Rao 2011). In dry formats, nanoparticles present high
risk of inhalation and may have explosive properties (Sleigh and Barton 2011). On
the other hand, nanodelivery systems for nutraceuticals and other bioactives offer
many advantages, including better colloidal stability, better sensory properties
(suppression of undesired attributes of certain nutraceuticals), improved bioavail-
ability, improved stability to degradation of the bioactive, and more.

4.5 Emerging Trends

Developments of microencapsulation technologies for stabilization of bioactives
have been established in the last few decades. More recently, the development has
focused on new microencapsulation technologies that can control the release of the
bioactive at target sites in the body. Microencapsulation of bioactive components
offers benefits in the development of food products with health promoting or disease
preventing effects (de Vos et al. 2010). With the increasing demand for functional
foods with associated health benefits, the demand for more robust microencapsu-
lation technologies and formulations that can resist bioactive degradation during
processing, shelf life and digestion are expected to grow. More robust formulations
will facilitate the incorporation of bioactives into various foods and beverages.
The development of microencapsulation technologies that capitalize on applying
novel combinations of different technologies to achieve the desired functionalities
in the microcapsules will continue to emerge. It is, however, important to bear in
mind that the more complex the technology is, the more costly it will usually be.
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Spray drying and cooling have the lowest cost, fluid bed coating and spinning disk
have medium cost, while coacervation and certain chemical processes have the
highest cost. The question of necessity for development of more sophisticated
microencapsulation technologies therefore needs to be asked. The goal of pro-
moting human health would better be served by developing simple encapsulation
technologies, and addressing bioavailability and safety concerns, to facilitate wider
incorporation of nutraceuticals in food and beverages.
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Chapter 5
Nanoencapsulation Technologies

Yoav D. Livney

Abstract Technologies for nanoencapsulation of nutraceuticals for the enrichment
of food and beverages are being developed and studied intensively, and are grad-
ually becoming implemented by the food industry. The advances in research evi-
dencing the health benefits of nutraceuticals, on the one hand, and the controllable
risks involved in food nanotechnology on the other, have led to growing public
acceptance. Consumers seek health-promoting foods that would not compromise
sensory quality, or be more expensive, and comprise only natural, label-friendly
ingredients. The collected knowledge and improved technological abilities generate
an exciting plethora of innovative nanostructured delivery systems for nutraceuti-
cals (e.g. nanostructured lipid carriers, nanoliposomes, co-assembled protein
nanoparticles and nanofibers, and mixed polysaccharide-surfactant nanovehicles).
These are formed using various novel encapsulation technologies, based on
top-down, bottom-up or combined approaches. The novel nanovehicles facilitate
solubilization and protection through processing, shelf life and digestion. Moreover,
such nanovehicles enable programmed release and improved bioavailability of
nutraceuticals, resulting in enhanced beneficial health effects.

5.1 Introduction

Over the last few decades, there is growing public awareness of the strong linkage
between food and health, based on a rapidly growing body of scientific literature.
As the world faces serious noncommunicable diseases, such as cardiovascular
diseases, obesity, diabetes and cancer, the fast progress in food nanotechnology
carries great promise to provide new and effective functional foods as tools for
preventing and possibly even curing to some of these global illnesses.
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The exciting nanostructure of raw and processed food is gradually being
revealed thanks to progress in nanoscopic imaging and other physico-chemical
characterization techniques. This facilitates advancement in our understanding of
food structure and properties, and in our ability to control and manipulate food
nanostructure and to create novel and better food functionalities.

As with any revolutionary new technology, along with its great promise, food
nanotechnology raises some concerns. These concerns of possible toxicity due to
the much higher penetrability of nanoparticles (NPs) through biological barriers
seem to have hampered progress and implementation. However, the prudent
approach taken by regulators, researchers, and manufacturers, and the rising
awareness of the potential benefits of these technologies, seem to be paving the way
for their safe and extensive application, and for wide public acceptance.

This chapter focuses on structure and production technologies of nanodelivery
systems for health-promoting bioactive compounds (nutraceuticals) in functional
foods, an important and fast developing field in food nanotechnology. Most
nutraceuticals cannot be incorporated in foods or beverages in their pure form. This
may be attributed either to poor solubility, sensitivity to degradation during processing,
shelf life and digestion, undesired sensory attributes, or poor bioavailability, and often a
combination of a few of these reasons. These limitations hinder the applicability and
diminish efficacy of these compounds in preventing diseases. Nanodelivery systems
are designed to overcome these obstacles. Nevertheless, to be applicable and com-
mercially viable, these delivery systems must be safe for consumption, cost effective,
available on demand, simple and convenient to use, upscalable and robust,
label-friendly (particularly for certain consumer groups, e.g. those with allergies,
vegetarians, certain religions), and they must not adversely affect the sensory properties
of the enriched product. Enhanced bioavailability, and negligible undesired sensory
impact are the main advantages of nanodelivery systems.

The chapter reviews selected recently published papers in order to highlight the
latest progress and to envisage potential trends for future advances.

5.2 Classification of Food Nanodelivery Systems

Numerous types of nanodelivery systems have been reported and reviewed in the
literature (Cerqueira et al. 2014; Yao et al. 2014, 2015; Norton et al. 2015; Walker
et al. 2015). Those studied and developed over the past 2-5 years include
nanoemulsions, nanostructured lipid carriers (NLCs), Pickering emulsions, solid
lipid NPs (SLN), nanosuspensions, liposomes and nanoliposomes, NPs and
micelles made of proteins, polysaccharides and their complexes or conjugates, and
combinations with lipid or mineral components.

Nanoemulsions (Fig. 5.1a) are colloidal dispersions of small liquid droplets,
<100 nm (Gulotta et al. 2014; Walker et al. 2015). They may be oil-in-water (O/W)
or water-in-oil (W/O), or even bicontinuous, and either liquid in liquid or liquid in



5 Nanoencapsulation Technologies 145

(a) (b) ()

& Hydrophilic bioactive

4 Hydrophobic bioactive

* Saturated surfactant

1 Unsaturated surfactant

# Saturated trighyceride

z; Unsaturated trighyceride

‘.'1\ Phosphalipid

Y Tween 80

& Calcium-phosphate nanoclusters
& Solid/crystalline nanoparticle
Mnmphiphili: protein

T @ Polysaccharide

Fig. 5.1 Types of nanostructured delivery systems studied recently. a Nanoemulsion (liquid core,
droplet size <100 nm, often <50 nm). b Liposomes (~200 nm to several microns) and
nanoliposomes (<200 nm) (unilamellar depicted, carrying both hydrophilic and hydrophobic
bioactives). ¢ Nanostructured lipid carriers (NLCs) (e.g. liquid core, and crystalline shell; size
<100 nm). d Pickering emulsion: liquid core stabilized by adsorbed solid nanoparticles. e Solid—
lipid NPs (SLN) (a lipid nanosuspension, or a nanoemulsion with solidified droplets and bioactive;
typical size <100 nm). f Amphiphilic biopolymer (e.g. casein) Nps (typical size <100 nm).
g Reassembled casein micelle (size range 50-500 nm). h Protein-bioactive nanocomplexes (e.g.
B-lactoglobulin-naringenin; size range 5-50 nm). i Hydrophobic protein (e.g. Zein) encapsulated
by an amphiphilic one (e.g. B-lactoglobulin; size range 100-1000 nm). j Electrospun protein
nanofibres (~500 nm thick). k Hydrophobic protein (e.g. Zein, ~80 nm nanoaggregate)
encapsulated by a surfactant (e.g. Tween 80, ~4 nm thick nanocoat). 1 Amylose inclusion
complexes entrapping fatty acids (internal structure is nanometric; particles are micrometric).
m Polysaccharide-lipid NPs (e.g. Quercetin encapsulated in lecithin/chitosan NPs, 150-190 nm)
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solid (the latter may be called solid emulsions—e.g. butter, a W/O solid emulsion).
The interface may be stabilized by various types of emulsifiers, whose structure and
amphiphilicity determine droplet curvature and size. Also the oil type and com-
position, the surfactant-to-oil ratio, and the presence of cosolvents and cosolutes
may affect droplet size and emulsion stability (Komaiko and McClements 2015).
The main types of amphiphiles used for nanoemulsion formation include low
molecular weight surfactants, either synthetic surfactants like Tween 80 (Cho et al.
2014; Gulotta et al. 2014), Tween 20 (Salvia-Trujillo et al. 2013), and sucrose
palmitate (Rao et al. 2013), or natural surfactants such as phospholipids (Lane et al.
2014) and saponins (Yang and McClements 2013); high molecular weight
biopolymeric amphiphiles (Livney 2012), either synthetic like octenyl succinate
modified starch (Hategekimana et al. 2014), or natural, like milk proteins (Livney
2010), particularly caseins (Penalva et al. 2015), whey proteins, mainly
B-lactoglobulin (Pool et al. 2013), and milk protein peptides (Adjonu et al. 2014).
Nanoemulsions are usually made either by high-shear/high-energy homogenization
methods, or by low-energy, spontaneous self-emulsification methods (Piorkowski
and McClements 2014; Komaiko and McClements 2015).

Liposomes (Fig. 5.1b), or vesicles, are typically spherical liquid structures with an
aqueous core surrounded by a single (unilamellar) or several lipid bilayer(s) (multil-
amellar liposomes). Liposomes smaller than 200 nm are sometimes referred to as
nanoliposomes. The main advantage of liposomes is their ability to deliver both
hydrophilic and lipophilic bioactive compounds, even simultaneously. Another
advantage is their similarity to natural cell membranes. However, they are quite sen-
sitive to shear and environmental stresses, such as osmotic pressure differences, and
their production scale-up is challenging. Liposomes were recently studied for their
performance in the delivery of carotenoids (Tan et al. 2014), which exhibited different
loading abilities into liposomes: lutein > [-carotene > lycopene > canthaxanthin.
A similar trend was found for their antioxidant activity against lipid peroxidation during
preparation (Tan et al. 2014). Green tea catechins, which are water-soluble bioactives,
have also been encapsulated in liposomes (Rashidinejad et al. 2014). The liposomes
were made of soy lecithin, and were ~ 130 nm before loading, but significantly
increased in size upon catechin incorporation. Loading efficiency was >70 %. The
liposomes were added to the milk during low-fat hard cheese production, and almost no
catechins were lost in the whey (Rashidinejad et al. 2014). Coencapsulation of lipophilic
and hydrophilic nutraceuticals in unilamellar soy phospholipid-based nanoliposomes
was studied using two types of commercial plant sterols—water- and oil-soluble—as
well as their effect on the stability and encapsulation efficiency of ascorbic acid, a
hydrophilic nutraceutical. Liposomes were prepared using high-pressure homoge-
nization at pH 7. All liposomes obtained showed an initial monomodal size distribution
with an average diameter of 115-150 nm. Incorporation of plant sterols increased the
vesicle size and their encapsulation efficiency. Dilution showed content release over
time (Alexander et al. 2012). Niosomes are liposomes made of nonionic surfactants.
Niosomes made of a food-grade synthetic surfactant, sorbitan monostearate (Span 60),
with lauryl alcohol (dodecanol) for membrane stabilization have been used for
entrapping resveratrol for yogurt enrichment (Pando et al. 2015).
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Nanostructured lipid carriers (NLCs) (Fig. 5.1c) are partially crystallized lipid
nanovehicle particles with mean size of < 100 nm, dispersed in an aqueous phase
containing emulsifier(s) (Tamjidi et al. 2013). The partially solid material creates
interesting nanostructures that enhance stability of entrapped bioactives, enable high
loading capacity, and offer sustained-release profiles. In one study, different antioxidants
(EDTA, ascorbic acid, a-tocopherol, coenzyme Qo) were added to aqueous and/or lipid
phases in order to observe the effect on the physical and chemical stability of NLCs
(stabilized by Tween 80 and lecithin) containing astaxanthin, a hydrophobic nutraceu-
tical. Small NPs (~94 nm) were obtained for all formulations except those with high
levels of EDTA or ascorbic acid, and were stable to growth during storage at 35 °C for
15 days. EDTA and a-tocopherol increased astaxanthin oxidative stability while
maintaining physical stability, with EDTA showing greater efficiency (Tamjidi et al.
2014). The influence of surfactant properties [low (LM)- and high-melting
(HM) lecithins] on the physical and chemical stability of NLCs containing tristearin
and omega-3 fish oil was investigated (Salminen et al. 2013), and the presence of fish oil
was found to reduce the crystallization temperature, melting temperature, and melting
enthalpy of tristearin. NLCs stabilized with HM-lecithin inhibited the oxidation of
omega-3 fatty acids > 90 % compared to those stabilized with LM-lecithin. This was
attributed to the solidified surfactant layer of HM-lecithin inducing crystallization of the
shell by interfacial heterogeneous nucleation (Salminen et al. 2013). Another interesting
type of NLC is Pickering emulsions (Fig. 5.1d), where solid NPs are adsorbed, some-
times sintered, to the oil-water interface and provide much higher stability to emulsions
than is obtainable with surfactant molecules (Dickinson 2012; Norton et al. 2015).
Nanosuspensions are systems in which solid NPs, stabilized by amphiphiles, are
dispersed in a liquid medium. An interesting type of nanosuspension are solid lipid
NPs (SLNGs) (Fig. 5.1e), which are typically made of nanoemulsions whose dispersed
phase has later been fully crystallized, and is composed of a solid carrier lipid—
bioactive ingredient mixture (Salminen et al. 2013). Protein-stabilized SLNs have also
been reported. One study investigated NPs containing 3-carotene (BC), and encap-
sulated by either sodium caseinate (SC) or whey protein isolates (WPI). The
BC-loaded NPs with 0.75 % SC and 1.0 % WPI were 75 and 90 nm in diameter,
respectively. Sizes increased by less than 10 % at4 °C, butby 10—76 % at25 °C over
30 days of storage. The oxidative stability of BC was higher in SC than in WPI, and
the chemical stability of BC increased as protein concentration increased (Yi et al.
2014). To enhance the apparent solubility of quercetin, three types of transglycosy-
lated materials were studied: a-glycosyl hesperidin (Hsp-G), o-glycosyl stevia
(Stevia-G) and a-glycosyl rutin (Rutin-G). The solubilizing effect of these amphi-
philes decreased as follows: Rutin-G > Hsp-G > Stevia-G. The apparent solubility of
quercetin from the spray-dried sample with Rutin-G was 43-fold higher than that of
the quercetin crystal, likely due to the formation of molecular-level quercetin/Rutin-G
nanostructured composite particles in aqueous media (Fujimori et al. 2015).
Protein/peptide nanovehicles: Curcumin was encapsulated in casein NPs (Fig. 5.1f)
by spray drying their aqueous ethanol solution, which inhibited curcumin crystallinity,
and obtained apparent aqueous solubility four orders of magnitude higher than with
pristine curcumin (Pan et al. 2013). Curcumin was also encapsulated in native-like
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phosphocasein micelles, which were improved by ultrahigh-pressure homogenization
(Benzaria et al. 2013). Reassembled casein micelles (Fig. 5.1g) have been recently
applied for encapsulation of B-carotene (Saiz-Abajo et al. 2013). Fish or vegetable oils
have been encapsulated in casein micelles using combinations of pH modification and
sonication (Ghasemi and Abbasi 2014). Whey proteins have also been studied inten-
sively as nanovehicles for nutraceuticals. We recently formed [-Lg-naringenin
nanocomplexes (Fig. 5.1h), which suppressed naringenin crystallization, for increas-
ing its effective solubility and promoting its bioavailability (Shpigelman et al. 2014). The
application of whey protein aggregation for nanocoating production was recently
reviewed (Ramos et al. 2014). Lactoferrin (LF) has been studied as a vehicle for (-)-
epigallocatechin-3-gallate (EGCG). Interestingly, EGCG exhibited a strong affinity for
native LF, but a weak affinity for thermally modified LF at pH 5.0 and 6.5, and an inverse
result at pH 3.5 (Yang et al. 2014b). Whey protein hydrolyzates were used for
nanoencapsulation of caffeine, by transglutaminase cross-linking and desolvation by
ethanol. Interestingly, the protective antioxidative activity of the peptides was enhanced
by the transglutaminase cross-linking (Bagheri et al. 2014). Whey protein hydrolysate
has also been used to chelate calcium, and the WPH-calcium chelate demonstrated
excellent stability (Xixi et al. 2015). Calcium delivery by peptides was also tackled from
a more unique approach, using carp egg-phosphopeptide. In vitro, egg-phosphopeptide
exhibited high Ca binding ability, which was slightly lower than that of
casein-phosphopeptide and could inhibit the formation of insoluble Ca salts (Huang et al.
2014). Our group recently reported employing soybean -conglycinin (-CG) NPs to
encapsulate vitamin D (VD), thereby protecting it from thermal degradation and during
shelf life (Levinson et al. 2014). Barley protein NPs (90—150 nm) have been studied as an
oral delivery system for lipophilic bioactives, using high-pressure homogenization, and
without organic solvents, surfactants or cross-linking agents. The NPs exhibited good
colloidal stability and high loading capacity (~ 50 %) (Yang etal. 2014a). Omega-3-rich
fish oil was encapsulated in zein via alcohol evaporation. Oil-free and fish oil-loaded zein
NPs were 69 and 83 nm on average, respectively. They were added into a sugar beet
pectin (SBP) solution that was subsequently gelified by the enzyme laccase (Soltani and
Madadlou 2015). Tangeretin, a hydrophobic flavonoid, was encapsulated in protein NPs
produced by mixing an organic phase containing zein and tangeretin with an aqueous
phase containing B-lactoglobulin (Fig. 5.1i) (Chen et al. 2014).

Not only NPs, but also nanofibers made of protein have been studied as possible
nanovehicles for bioactives. Electrospun zein nanofibers (~500 nm thick) loaded
with fish oil were prepared (Fig. 5.1j). The lipid phase tended to concentrate at the core
of the fibers, which provide a greater oxidative stability compared to non-encapsulated
fish oil (Moomand and Lim 2014). Gallic acid was also incorporated into electrospun
zein nanofibers (330-390 nm) as a functional ingredient. Gallic acid had retained its
antioxidant activity after incorporation in the nanofibers (Neo et al. 2013).
Protein—surfactant NPs: Zein—-Tween 80 NPs (Fig. 5.1k) were proposed as
food-grade delivery systems. The NPs had a zein core of 78 nm diameter and a
Tween 80 shell with a thickness around 4 nm (Hu and McClements 2014).
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Polysaccharide-based NPs: Enzymatically synthesized dextran NPs (100-450 nm)
were developed for entrapping hydrophobic nutraceuticals. Dextransucrase gener-
ated spherical dextran NPs from sucrose, which were later loaded with genistein
and freeze dried (Semyonov et al. 2014). High amylose corn starch (HACS)
(Fig. 5.11) was used for encapsulating omega-3 fatty acids or silymarin for
enriching bread as a functional food. Improved thermal stability of the heat labile
bioactives during baking was reported (Mogol et al. 2013). Sodium alginate was
used to encapsulate folic acid, using electrohydrodynamic technology to generate
fine droplets (micrometers to nanometers in diameter) cross-linked in CaCl, solu-
tion (Bakhshi et al. 2013).

Polysaccharide-lipid NPs: Quercetin was encapsulated into lecithin/chitosan NPs
(~170 nm) (Fig. 5.1m). Encapsulated quercetin showed improved antioxidant
properties compared to free quercetin (Souza et al. 2014).

5.3 Nanoencapsulation Technologies

There are many different nanoencapsulation techniques, nanocapsule structures, and
encapsulation materials, and the choice of the most suitable technology (materials,
structure and technique) should be based on several considerations, including:

1. The properties of the bioactive to be encapsulated (e.g. hydrophobicity, charge),
and of the intended product(s) for enrichment (e.g. water/oil-based continuous
phase, liquid/solid).

2. The purpose of encapsulation, e.g. solubilization, protection (from heat, oxi-
dizing agents, extreme pH, enzymes, etc.) during processing, shelf life, diges-
tion; masking of undesired taste or odor; controlled release during digestion
and/or facilitation of bioavailability.

3. Safety and efficacy of the technology in the intended final product(s) and any
regulatory constraint.

4. Special requirements of the intended consumers [e.g. allergies, nutritional
preferences like vegetarians/vegans, religious constraints (Kosher, Halal, etc.),
preference for natural ingredients, etc.].

5. Intellectual property (IP) rights.

6. Availability of resources (skilled workers, equipment, materials).

7. Cost-effectiveness.

Nanoencapsulation Approaches

The process design, equipment and conditions should be chosen according to the
materials used (bioactive and encapsulating materials) and the required structure,
properties and physical state (e.g. liquid/powder etc.) of the desired nanocapsules.
In general, the physicochemical properties such as particle size, size distribution,
surface area, shape, solubility, encapsulation efficiency, and release mechanisms
may be modified by the encapsulation technique (Ezhilarasi et al. 2013;
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McClements 2015). Nanoencapsulation technologies may be divided into
“top-down” and “bottom-up” approaches, wherein the particle size is respectively
reduced or increased during the process of NP formation; however, combined
approaches (McClements 2015) are also available. A top-down approach applies
tools that allow size reduction and structure shaping for the desired application of
the nanomaterials being developed (Ezhilarasi et al. 2013). Most top-down methods
are based on mechanical forces. The major unit operations applied for mechanical
size reduction are shearing/homogenization, grinding, injection/extrusion and
spraying (McClements 2015). Bottom-up techniques are mostly based on physic-
ochemical processes. The bottom-up approach is more common in nanoencapsu-
lation, as it is generally simpler and requires less energy to form colloidally stable
nano-sized particles via spontaneous self-assembly or co-assembly of molecules,
than by breaking down larger structures. Bottom-up, self-assembly-based processes
are, however, highly dependent on solution conditions such as temperature, pH,
ionic strength etc. (Augustin and Sanguansri 2009). As an example, nanoemulsions
may be produced by either a top-down or a bottom-up approach. Top-down
emulsification techniques use high energy, to exert high shear on oil-
water-surfactant mixtures or primary emulsions, e.g. using various homogenizers,
to disrupt oil-water interface and effect droplet breakdown and size reduction down
to the desired nanoscale (Abbas et al. 2013; Komaiko and McClements 2015). In
contrast, bottom-up approaches for nanoemulsification require no special equip-
ment and rely on the properties of the surfactant, oil, and water system, utilizing
low energy processes, like simple mixing procedures or by changing system con-
ditions such as temperature, to induce spontaneous formation of nanodroplets by
surfactant self-assembly (Solans and Solé 2012; Schalbart and Kawaji 2013;
Komaiko and McClements 2015). Combined approaches embody methods wherein
some of the components are down-sized, while others are assembled, or where
initial steps encompass size reduction, and later stages include nanocoating of the
particles formed by co-assembly with dissolved coating materials, e.g. in
layer-by-layer deposition of polyelectrolytes around emulsion droplets (Ogawa
et al. 2004; McClements et al. 2009).

Another important aspect is the control of the state and internal structure of the
core material. High melting point bioactives and carrier lipids tend to crystallize at
storage temperature (which is an advantage for stability, but a disadvantage for
bioavailability). Careful temperature control during particle formation, (e.g. heating
before homogenization, and cooling afterwards) may enable the formation of solid
lipid nanoparticles (SLNs) (Muller et al. 2000; Weiss et al. 2008; Aditya et al. 2014;
Pandita et al. 2014; Yi et al. 2014) or partially solid, nanostructured lipid carriers
(NLCs) (Tamjidi et al. 2013; Zheng et al. 2013; Aditya et al. 2014). Pickering
emulsions, in which solid particles adsorb to the oil-water interface providing
superb stability, may be formed by adding solid nanoparticles to either the aqueous
or the oil phase (Ghouchi Eskandar et al. 2007) prior to adding the oil phase and
emulsifying, but to form O/W Pickering emulsions, the solid nanoparticles should
be better wetted by the aqueous phase (Dickinson 2010).
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Top-Down Approaches: Reduction of Particle/Droplet Size

Size reduction may be achieved predominantly by mechanical means, which require
significant energy input to overcome cohesive energy holding the molecules
together in solid or liquid states, and to create larger surface area, which entails high
surface energy.

(i) High-shear/homogenization

High shear/homogenization methods are designed and used widely for pro-
cessing liquid dispersions/emulsions of various types (McClements 2015),
making particle sizes smaller and more uniform. Some of the instruments used
are also useful for combining and blending different streams, which is also very
useful for nanoencapsulation, enabling combined top down and bottom up
processes. Following are the main types of high shear/homogenization instru-
ments useful for nanoencapsulation:

High-shear mixers are widely used to form coarse emulsions (2-10 p) (Walstra
1993; McClements 2015), as a preliminary step before high-pressure homoge-
nization. They are also useful for making colloidal dispersions, e.g. from
phase-separated biopolymer mixtures like water-in-water (W/W) emulsions or
oil-in-water-in-water (O/W/W) systems (Matalanis et al. 2010; McClements 2015).
These high-shear mixers usually comprise a high-speed spinning mixing head and a
container that may range in volume from a few cubic centimeters (lab scale) to
several cubic meters (industrial scale) (McClements 2015). Various mixing head
designs are available for different needs (Walstra 1993; McClements 2015).
High-pressure valve homogenizers (HPVHs) are perhaps the most widely used
homogenizers for decreasing emulsion droplet size (McClements 2005; Lee et al.
2013), forming more uniform emulsions, and often follow a high shear mixer
(McClements 2015). An HPVH usually has a piston-based pump that draws the
coarse emulsion and forces it through a controllable-gap valve, where shear, cav-
itation, impact and turbulence break down the droplets (McClements 2005, 2015;
Lee et al. 2013). Surface tension, surfactants used, and ratio of viscosities of the
dispersed and continuous phases affect final droplet size distribution (Wooster et al.
2008; Lee et al. 2013). Increasing homogenization pressure, surfactant concentra-
tion and number of passes generally decrease resulting droplet size (Qian and
McClements 2011). Often, a second stage of lower pressure-drop follows imme-
diately to dissociate “flocs” formed after the first stage. HPVHs are most suitable
for low to medium viscosities, and it is possible to obtain emulsion droplets
<500 nm, and even <100 nm if several passes are used and a proper surfactant at
sufficient concentration is present to cover the droplets (Wooster et al. 2008;
McClements 2015).

Ultrasonic homogenizers harness high intensity and frequency sound waves
(fluctuating pressure) to disrupt droplets and particles thus reducing their size,
mainly by cavitation and microturbulence (Walstra 1993; Jafari et al. 2007; Kentish
et al. 2008; McClements 2015). The two most common types are ultrasonic probe
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and ultrasonic jet homogenizers (McClements 2015). The former is usually for
batch, while the latter is mainly for continuous processes (Kentish et al. 2008;
McClements 2015). Droplet size decreases with increasing intensity and duration of
sonication, while the efficiency decreases with increasing viscosity of the phases
(Jafari et al. 2007; Kentish et al. 2008; McClements 2015). Temperature rise is a
problem in this technique; hence, sonication is often applied in a series of short
bursts (McClements 2015).

Microfluidizers are ultrahigh-pressure homogenizers with unique flow path designs
which either split the flow in two jets and then collide them head on (McClements
2005, 2015), or form a jet via an orifice, and direct it into through a reactor
chamber, colliding it with a “dead-end” so that it reverses around the incoming jet,
causing a counter-flow shear (Semo et al. 2007; Alvarez-Sabatel et al. 2015),
thereby forming extremely fine droplets or nano-sized particles. The size obtained,
which may be <100 nm, depends on the flow design, the pressure, the number of
passes, and on the composition (mainly type and concentration of emulsifier used)
(Wooster et al. 2008; Qian and McClements 2011). Microfluidizers are suitable for
low to intermediate viscosity fluids (McClements 2015). Beyond emulsions,
microfluidizers may be used for other types of colloidal systems, such as
biopolymer-based systems (Panagiotou et al. 2008), and in certain instruments, it is
possible to combine two streams just before homogenization, which is very useful
for entrapping bioactives in nanocarrier material (Semo et al. 2007), for example,
by antisolvent-induced precipitation methods, or to form a microemulsion without
the need to form a coarse pre-emulsion (McClements 2015).

Microchannel homogenizers are still used mainly in research due to challenging
scale-up. They are useful for creating uniform-sized and well-defined internally
structured emulsions, by directing two or more streams via geometrically precise
microchannels—for example, concentric channels forming core—shell microcapsular
or nanocapsular structures. Droplets as small as 300 nm may be formed (Nisisako
2008; Neethirajan et al. 2011; Vladisavljevi¢ et al. 2012; McClements 2015).
Membrane homogenizers are also mainly used for research, due to the difficulties
in scale-up. They are useful for creating very uniform droplets even directly from
separate oil and water flows, or for reducing droplet size of a coarse pre-emulsion
(Nazir et al. 2010; McClements 2015). The emulsion is formed by forcing the
eventual discontinuous phase through a rigid membrane of uniform pore size into
the continuous immiscible phase, which usually contains an emulsifier. The droplet
size depends on the pore size, the emulsifier type and concentration, the pressure
drop across the membrane, and the flow profile of the continuous phase
(McClements 2015). Membrane (and also microchannel) homogenizers may also be
used to form other types of colloidal particles, besides emulsions. For example,
hydrogel beads may be formed by preparing a W/O pre-emulsion containing a
gelling agent in the water phase, passing it through the membrane to reduce droplet
size, then changing the conditions to induce gelation in the micro/nanodroplets
(Zhou et al. 2008; McClements 2015).
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(i) Spraying/atomization
Spraying and atomization usually refer to the formation of droplets by forcing a
liquid to break and disperse into fine droplets in a gas phase (Peltonen et al. 2010).

Spray drying has for many years been one of the most widely used industrial methods
for drying liquids into powders and for encapsulation of active ingredients (Vega and
Roos 2006; Paudel et al. 2013; McClements 2015). The principle of spray drying used
for encapsulation is pumping a solution or dispersion of the active compound containing
the wall material, usually in the continuous phase, through an atomizer (e.g. a nozzle, a
vibrating mesh (Lee et al. 2011), an ultrasonic nozzle (Semyonov et al. 2011) or a
spinning disk), which converts the liquid into a fine mist sprayed into a drying chamber,
where hot air usually flows (co-current or counter-current with respect to the falling
droplets), evaporating the solvent (usually water) from the droplets, and thereby con-
verting them into small powder particles (typically 10-1000 ). A novel Nano Spray
Dryer equipped with a vibrating mesh spray technology and an electrostatic particle
collector was reported to form spherical BSA NPs of about 460 nm in diameter (Lee
etal. 2011). The powder is separated from the gas by gravity, filtration or centrifugally by
cyclones (Vega and Roos 2006; Paudel et al. 2013; McClements 2015). Further pro-
cessing may be also performed, e.g. coating or agglomeration (Fang and Bhandari 2012).
There are several advantages to converting a liquid form of an active material into a
powdered solid form: storage stability increases thanks to the solid state and the
protective wall material, as well as improvement of handling and utilization
properties, and reduced storage and shipping costs. Spray drying in particular is a
rather mild drying process, which can be used for encapsulating heat-sensitive
materials [particularly when done under low pressure, which may even enable
survival of probiotic bacteria (Semyonov et al. 2011)], because the droplet tem-
perature rise is suppressed by the latent heat of evaporation until solidification
(Fang and Bhandari 2012; McClements 2015).

Spray chilling uses similar equipment to spray drying, but sprays a hot liquid (like
molten fat) into a cold chamber to induce droplet solidification (Gamboa et al. 2011;
Oxley 2012b; McClements 2015). This method is useful for encapsulation with lipids
whose melting points range ~30-70 °C. The encapsulated compound is first dispersed
or dissolved in the lipid carrier above its melting temperature. Chilling temperature must
be sufficiently lower than the melting point to assure sufficient supercooling to initiate
nucleation and crystallization (McClements 2015). Spray chilling may also be used for
creating microgel or nanogel particles based on cold-setting polymers (Oxley 2012b).
Spray chillers are often combined with fluidized bed coolers for a second stage cooling,
and additional agglomeration or coating is also possible (McClements 2015).
Electrospraying utilizes electrical voltage to accelerate the sprayed droplets from
the nozzle to a collecting electrode-plate, thereby helping to break them into much
smaller droplets, which rapidly dry by evaporation before reaching the collecting
plate. Particle size may be controlled by adjusting flow rate, applied voltage, and
solution composition (Jaworek 2008; McClements 2015).
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(iii) Milling

Breaking down bulk solid matrices may be a useful step in the formation of
certain colloidal delivery systems. This may be achieved by several
mechanical milling devices (Hu et al. 2004; Peltonen and Hirvonen 2010;
Muller et al. 2011; McClements 2015). Milling may be done on dry bulk or
powdered solids, or on solid in liquid dispersions. Mechanical milling
devices, depending on design, exert shear, attrition, compression, or impact
forces and their combinations, to reduce particle size, and they vary in the
type and amount/capacity of processable materials, minimal particle size
obtainable, equipment and operating costs, etc. (McClements 2015).
Examples of milling devices include hammer mills, ball mills, pearl (bead)
mills, cylindrical roll mills, and colloid mills (Muller et al. 2011; Bolenz and
Manske 2013; Burmeister and Kwade 2013; McClements 2015).

Colloid mills are useful for dispersions of solids or liquids in viscous liquids
systems (Walstra 1993; McClements 2005, 2015). They are typically made of a
rotor and a stator with a gap between them that becomes narrower with the direction
of flow. Usually a coarse emulsion is fed in, as they are inefficient in blending
separate oil and water phases (McClements 2015). As with homogenization, a
surface stabilizer or emulsifier is usually needed during milling to stabilize the
newly formed surfaces and prevent aggregation (McClements 2015).

(iv) Extrusion

Extrusion, in the production of microparticles or NPs, encompasses the injection of
a liquid through one or more thin nozzles to form small droplets, and then to
fix/solidify and/or encapsulate them to form stable particles (Hu et al. 2004; Oxley
2012a; McClements 2015). For example, a solution of a polymer (possibly con-
taining emulsion droplets of a bioactive) may be extruded into a solidifying solu-
tion, e.g. calcium ions for physical cross-linking of alginate, glutaraldehyde for
chemical cross-linking of a protein, or transglutaminase for enzymatic
cross-linking of a protein, or by cooling, e.g. to induce agar gelation, or to induce
molten lipid crystallization (Hu et al. 2004; Oxley 2012a; McClements 2015).
Co-extrusion of the core and the coating in a concentric extrusion device may be
used as an elegant way to form capsular structures, and simultaneous extrusion
through numerous parallel extrusion nozzles may facilitate scale-up (Oxley 2012a).
Microfluidic devices may facilitate versatile formation of particles of well-defined
dimensions and internal structure (Helgeson et al. 2011; Desmarais et al. 2012;
McClements 2015).

(v) Coating
Top-down coating may be applied to confer protection, to shield and separate
the core materials from the surroundings or from possible reactants, to mask
undesirable flavors/odors of the core, or to control the digestive release and the
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bioavailability of the coated bioactives. Some (bottom-up) coating is obtained
spontaneously during particle formation—e.g. when surfactants are present
during homogenization or milling. Coextrusion, mentioned above, is generally
a top-down coating method. Spray coating is another top-down coating tech-
nique, in which a coating liquid (a solution, a suspension or a hot melt) is
sprayed onto particles, which are usually suspended by air flow in a fluidized
bed set-up, followed by hardening of the coating by drying or cooling. This
method is quite limited to microencapsulation, as the core particle size is in the
range of 50-500 p (Gibbs 1999; Oxley 2012b; McClements 2015).

(vi) Bottom-Up Approaches

Various bottom-up approaches for nanoencapsulation have been developed
over the last few decades. These techniques harness fundamental under-
standing of physical chemistry, to induce self-assembly and co-assembly of
molecules by manipulating intermolecular forces and entropic effects by
selecting molecules of desired structures and properties, and by carefully
controlling the composition (bioactives, encapsulation materials and solvents),
the order of mixing and the process conditions (pH, ionic strength, tempera-
ture, pressure, mixing turbulence, etc.).

e Bottom-up emulsification methods

Spontaneous emulsification (SE): E.g. titrating a mix of oil and a water-soluble
surfactant into an aqueous solution (water + cosolvent, like ethanol) while stirring
(Saberi et al. 2013; McClements 2015).

Emulsion inversion point (EIP): E.g. titrating water into a mixture of oil and a
water-soluble surfactant while stirring. First, a W/O emulsion is formed, then an
O/W/O, then a W/O emulsion (Ostertag et al. 2012; McClements 2015).

Phase inversion temperature (PIT): E.g. a mixture of a nonionic surfactant, oil
and water is heated to just above its PIT, and then is quench-cooled while stirring,
to form a nanoemulsion (Anton and Vandamme 2009; McClements 2015). Above
the PIT the surfactant is more soluble in the oil phase, and forms a curvature
favorable for W/O emulsion. At the PIT curvature is 0, and further cooling results in
O/W as the surfactant head becomes more hydrophilic. In all the three methods
above, lipophilic bioactives are added initially into the oil-phase (McClements
2015).

e Bottom-up polymeric NP formation

Polymer-based NPs may be formed by a variety of methods, and the appropriate
polymer(s) and formation method should be chosen based on the properties of
the bioactive to be encapsulated (solubility, charge, etc.), the goals of encap-
sulation (e.g. solubilization, protection, taste masking), the properties of the
considered polymer(s) and the expected interaction mechanisms between the
bioactive and the polymer (hydrophobic and van der Waals, electrostatic
interactions, etc.).
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Single polymer systems may be divided into single-molecule nanovehicles and
multi-molecule NPs—for example, aggregates, micelles and nanocomplexes.
Proteins that have both hydrophilic and hydrophobic domains may often serve as
effective nanovehicles, particularly if they have solvent-accessible hydrophobic
domains. Single molecule nanovehicles act by binding the individual bioactive
molecule(s), thereby solubilizing, carrying and protecting them. For example, -Lg
(Swaisgood 2001), may serve as a unimolecular vehicle (also capable of forming
dimers (Kontopidis et al. 2004), tetramers and octamers (Gottschalk et al. 2003)
binding one to three molecules (Kontopidis et al. 2004) of a hydrophobic bioactive,
such as vitamin D (Wang et al. 1997), DHA (Zimet and Livney 2009), or narin-
genin (Shpigelman et al. 2014) (Fig. 5.1h). Their formation may be achieved by
dissolving the hydrophobic bioactive in a water-miscible cosolvent, such as ethanol,
and slowly adding it at a predetermined proportion into the polymer solution while
stirring it intensively (Zimet and Livney 2009; Shpigelman et al. 2014). The con-
centrations of the protein and the bioactive, and the ratio between them determines
whether unimolecular or multimolecular NPs would form, and the loading effi-
ciency and capacity obtained (David et al. 2014).

More common are the various multimolecular NPs, including various nanoag-
gregates and co-assemblies (Israeli-Lev and Livney 2014), micelles (Fig. 5.1f, g)
(Semo et al. 2007; Bargarum et al. 2009; Zimet et al. 2011; Haham et al. 2012) and
nanocomplexes (Fig. 5.1h) (Shpigelman et al. 2012; David et al. 2014). A unique
strategy is exemplified by reassembled casein micelles (Fig. 5.1f) (Semo et al.
2007; Zimet et al. 2011; Haham et al. 2012), which are formed from one or several
types of phosphoserine containing caseins: First the hydrophobic bioactive, pre-
dissolved in an organic water-miscible solvent, like ethanol, is added into the casein
solution while stirring. Then, phosphate, citrate and lastly calcium solutions are
added while stirring, to simulate the original mineral composition of milk, thereby
inducing reformation of casein micelles, by bridging and clustering together the
initially formed protein-bioactive coassemblies (or sub-micelles), to form the
reassembled casein micelles, loaded with the bioactive (Semo et al. 2007; Zimet
et al. 2011; Haham et al. 2012).

The formation of most multimolecular NPs is usually by phase separation, which
may be achieved using several different approaches, aimed at controlling the sol-
ubility of the polymer and the bioactive by changing solvent composition, pH, ionic
strength temperature etc. to induce the co-assembly of the polymer and the
bioactive from their initially soluble forms. One of the most effective approaches is
the antisolvent approach and its variations. In one such approach, the polymer is
initially dissolved in a good solvent, or a neutral solvent (McClements 2015). This
solution is then titrated while stirring into a bad solvent (typically containing the
bioactive) to induce polymer aggregation and co-assembly with the bioactive.
Possibly, for a hydrophobic polymer such as zein, it can be dissolved in an organic
solvent, like ethanol, together with the hydrophobic bioactive. In this case, when
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adding water as the antisolvent, it should contain an amphiphile such as Tween (Hu
and McClements 2014) (Fig. 5.1k), or an amphiphilic protein (Chen et al. 2014)
(Fig. 5.1i), to nanocoat the zein-bioactive nanoparticles formed upon the addition of
antisolvent. Alternatively, a co-solvent containing the bioactive is titrated into the
polymer solution while stirring. In this case, the bioactive starts aggregating upon
the cosolvent dissipation in the polymer solution, and the polymer adsorbs onto the
bioactive nanoparticles formed, entrapping them, and suppressing their further
aggregation and crystallization (Shapira et al. 2012).

Mixed polymer systems comprise more than one polymer, and open a plethora of
possibilities for creating nanodelivery systems. When two different polymers are
mixed in solution, several main scenarios are possible, depending on the interac-
tions between them (Grinberg and Tolstoguzov 1997; Tolstoguzov et al. 1997): in
the case of repulsive interactions, at low concentrations they would be co-soluble,
while at high concentrations, the system would phase separate due to thermody-
namic incompatibility (Grinberg and Tolstoguzov 1997), forming two phases—
each rich in one of the polymers, possibly forming a water in water (W/W)
emulsion, which may be applied to form delivery systems, particularly if the dis-
persed phase (Matalanis and McClements 2012, 2013) or the continuous phase (or
both) (Norton and Frith 2001) is/are later cross-linked for enhanced stability. In the
case of attractive interactions (Tolstoguzov et al. 1997; Tolstoguzov 2002, 2006)
(e.g. when the polymers are oppositely charged and ionic strength is low) at low
polymer concentrations, or when one of the polymers is in considerable excess,
soluble complexes are formed, which may serve as bioactive nanodelivery systems
(Zimet and Livney 2009; Ron et al. 2010). When mutually attracted polymers exist
at higher concentrations, and at pH and ratios under which they neutralize each
other’s charges, they form aggregative phase-separated systems, with a polymer
rich phase and a polymer poor phase. These may either be coacervates (reversible,
polymer and solvent rich) or precipitates (polymer-rich, solvent-poor, practically
irreversible aggregates formed when pH, ionic strength and ratio cause very high
attraction) (Tolstoguzov et al. 1997; Tolstoguzov 2002, 2006; McClements 2015).
Attractive interactions may be used to form multi-layer emulsions, via
layer-by-layer deposition of oppositely charged polymers on charged emulsion
droplets (Bertrand et al. 2000; Caruso 2001; Ogawa et al. 2004; Klinkesorn et al.
2005; Johnston et al. 2006; McClements 2015), which is an elegant technology for
protecting, delivering and controlling the release of oil-soluble bioactives. More
complex systems, like microclusters (Dickinson 2012) of heteroaggregated emul-
sion droplets (Mao and McClements 2013), and colloidosomes (Gu et al. 2007),
may be formed from emulsion droplets covered with oppositely charged polymers,
which are then mixed together (McClements 2015).

Supercritical fluid technologies: A supercritical fluid is a material held pressurized
above its critical temperature, so that it has liquid-like density, but low viscosity and
high solubilization capacity (Cocero et al. 2009). Supercritical fluid technologies
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are unique bottom-up methods which harness the ability of supercritical fluids, such
as supercritical CO,, to dissolve various compounds, then induce nanoparticle
formation and simultaneous solvent removal by reducing the pressure (Cocero et al.
2009). Colloidal delivery systems may be formed in several ways, using super-
critical fluids as either solvent or antisolvent (Cocero et al. 2009; McClements
2015). For example, the bioactive and the coating material may be both dissolved in
the supercritical fluid, and when the solution is sprayed into a low pressure
chamber, both bioactive and capsule material come out of solution and sponta-
neously co-aggregate into solid nanoparticles in a powder form (Cocero et al. 2009;
McClements 2015). Alternatively, the active ingredient and the carrier material are
first dissolved in a conventional solvent, and the solution is then brought into
contact with a supercritical fluid, causing co-precipitation of the core and carrier
materials. This approach may also be used to form core-shell particles by depositing
the shell material onto existing core nanoparticles or nanodroplets (Cocero et al.
2009; McClements 2015).

5.4 Sensory Aspects of Nanostructured
Delivery Systems in Food

Perhaps the main benefit of nanodelivery systems in food is the fact that they
usually evade our sensory perception, enabling enrichment of food and beverages
with bioactives without compromising the sensory attributes of the original product.
Due to their nanometric size, they are too small for the naked eye, but if kept below
about 80 nm (and not at very high concentrations, or particle refractive index not
very different from that of the solution), they barely scatter any visible light, thus
maintaining transparency. Such stealth nanovehicles are valuable, e.g. for enriching
clear beverages with water-insoluble bioactives, or ones of undesirable flavors or
odors. SLNSs, and protein complexes were reported to mask bitterness of hesperetin
(Fathi et al. 2013) and EGCG (Shpigelman et al. 2012), respectively. Nanovehicles
useful for transparent beverage enrichment include, for example, nanoemulsions
(Gulotta et al. 2014; Piorkowski and McClements 2014), protein NPs (Levinson
et al. 2014; Shpigelman et al. 2014) and protein-polysaccharide conjugates
(Markman and Livney 2012). Also, mouth-feel characteristics of NPs are nonex-
istent, as our tongue cannot sense particulates below ~ 10 microns. Niosomes
containing resveratrol did not cause any changes in the texture of regular yogurt
(Pando et al. 2015). Nanocomplexes of high amylose corn starch encapsulating
omega-3 fatty acids and silymarin were incorporated into bread formulation, and up
to 2.5 % had no undesirable impact on bread quality parameters and sensory
attributes (Mogol et al. 2013).
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5.5 Bioavailability of Bioactives in NPs

The facilitation of micronutrient bioavailability is another major advantage of NPs.
This is mainly due to their nanometric size (Cerqueira et al. 2014; Oehlke et al.
2014; Ting et al. 2014; Yao et al. 2014, 2015; Norton et al. 2015). The improved
oral bioavailability is obtained by several mechanisms: increasing bioactive sta-
bility during digestion; enhancing nutraceutical solubility in intestinal fluids;
enhancing nutraceutical transport and absorption through or between the intestinal
epithelial cells; and decreasing first-pass metabolism in the gut and liver (Oehlke
et al. 2014; Ting et al. 2014; Yao et al. 2015). The materials and their physical state,
the nanostructure of the vehicles and surrounding food matrix affect bioavailability.
An in vitro bioaccessibility study showed that casein NPs acted as gastroresistant
devices and released folic acid only under simulated intestinal conditions (Penalva
et al. 2015). B-Carotene bioaccessibility in starch hydrogels containing no fat was
very low (~1 %) due to its crystallinity and lack of mixed micelles to solubilize it
(Mun et al. 2015). The bioaccessibility of B-carotene increased with increasing
digestible oil content (Rao et al. 2013). The bioaccessibility of quercetin in
nanoemulsions was higher than in either bulk oil or pure water (Pool et al. 2013).
Transglutaminase cross-linking slowed down the release rate of entrapped caffeine
from sub-micron particles in a simulated gastric fluid (Bagheri et al. 2014).

The absorption of calcium from whey protein hydrolysate-calcium chelate in
Caco-2 cells was significantly higher than those of calcium gluconate and CaCl,
(Xixi et al. 2015). B-carotene cellular uptake was significantly improved through
NP delivery systems by 2.6-, 3.4-, and 1.7-fold increase, respectively, for
sodium-caseinate, whey protein, and soy-protein NPs, compared to free B-carotene
(Yi et al. 2014).

The oral bioavailability of folic acid when administered to rats as casein NPs was
around 52 %, which was 50 % higher than from pure solution (Penalva et al. 2015).
Calcium bioavailability was significantly increased in calcium-deficient rats by
egg-phosphopeptide supplementation (Huang et al. 2014). Another rat study
showed that the bioavailability of heptadecanoic acid and of coenzyme Q;, was
highest when encapsulated within digestible oil droplets of smallest size (Cho et al.
2014).

In a clinical human study, we have found that bioavailability of vitamin D;
encapsulated in reformed-casein micelles in 1 % fat milk was at least as high as in
aqueous Tween 80-emulsified vitamin D3 supplement (Haham et al. 2012). Another
clinical trial demonstrated significantly higher absorption of omega-3 fatty acids
from a nanoemulsion than from bulk oil (Lane et al. 2014).
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5.6 Health Aspects of NP Enrichment of Food: Safety
and Efficacy

The augmented bioavailability of bioactives in NPs is also an important safety
concern, particularly when the added nutraceutical or the nanovehicle material may
become toxic above a certain dose. This requires a prudent safety evaluation, and
regulatory approval, particularly when introducing new materials that have no
record of safe human consumption. Increased bioavailability in nanovehicles may
require re-evaluation of Recommended Daily Allowance (RDA) and Tolerable
Upper Intake Level (UL) of bioactives.

Positive results regarding safety of food protein NPs in cell culture studies have
been reported (Yu and Huang 2013; Yang et al. 2014a; Yi et al. 2014). Compared
with micron-sized emulsions with the same compositions, nanoemulsions did not
reveal more toxicity to Caco-2 cell monolayers (Yu and Huang 2013).
Phosphocasein micelles did not induce damage or major inflammation to human
intestinal epithelial TC7 cells as assessed by LDH release or IL-8 secretion
(Benzaria et al. 2013).

Health-promoting attributes of nanoencapsulated bioactives are being studied
extensively; however, more in vivo and clinical studies of their safety and health
promotion are still needed. Casein—encapsulated curcumin showed higher antioxi-
dant activity and higher anticancer activity, as evaluated by in vitro cell prolifer-
ation assay using human colon cancer cells, than unencapsulated curcumin (Pan
et al. 2013). EGCG encapsulated in casein micelles caused a decrease in prolifer-
ation of cancer cells, while in healthy cells, neither free nor encapsulated EGCG
affected cell proliferation at low concentrations, and its bioefficacy was not
diminished regardless of the extent of digestion (Haratifar et al. 2014).
EGCG-loaded chitosan-NPs orally administered to mice implanted with subcuta-
neous tumor xenografts resulted in significant tumor growth inhibition, compared
with free EGCG and control groups (Khan et al. 2014). Calcium content, bone
mineral density and biomechanical properties were significantly higher in rats
following egg-phosphopeptide supplementation compared to control (Huang et al.
2014). Conjugated linolenic acid-rich oil nanocapsules significantly reduced the
blood lipids, tissue lipids and plasma viscosity in high-fat diet induced hyperc-
holesterolemia in rats (Sengupta et al. 2015).

Table 5.1 highlights nanoencapsulated bioactives and their nanovehicles, which
were reported recently.

5.7 Potential Future Directions

Novel nanoencapsulation technologies are being introduced and developed at a fast
pace, and their great potential in food is being clearly established. In light of global
health problems, their utilization for effective preventive nutrition and health
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Table 5.1 Nanoencapsulated bioactives reported recently

Bioactive Nanovehicle (References)
Vitamins D Soybean B-conglycinin NPs (Levinson et al. 2014)
A Nanosuspension (Campardelli and Reverchon
2015)
B9 (Folic acid) Nanodroplets in calcium alginate (Bakhshi et al.
2013)
Minerals Calcium Whey protein hydrolysate nanocomposite (Xixi
et al. 2015); carp egg phosphopeptide (Huang
et al. 2014)
Carotenoids B-Carotene Fat droplets in starch-based filled hydrogels (Mun
et al. 2015); protein-stabilized SLNs (Yi et al.
2014); nanoemulsions (Rao et al. 2013;
Salvia-Trujillo et al. 2013); re-assembled casein
micelles (Saiz-Abajo et al. 2013)
Astaxanthin NLCs (Tamjidi et al. 2014)
Lutein, B-carotene, Liposomes (Tan et al. 2014)
lycopene,
canthaxanthin
(Poly) Curcumin Casein NPs (Pan et al. 2013); phosphocasein
phenols micelles (Benzaria et al. 2013)
EGCG B-Lactoglobulin complexes (Shpigelman et al.
2012); Lactoferrin-based NPs (Yang et al. 2014b);
liposomes (Rashidinejad et al. 2014);
chitosan-based NPs (Khan et al. 2014); casein
micelles (Haratifar et al. 2014)
Quercetin Lecithin/chitosan NPs (Souza et al. 2014);
nanoemulsion (Pool et al. 2013)
Naringenin B-Lactoglobulin complexes (Shpigelman et al.
2014)
Tangeretin Zein/B-lactoglobulin NPs (Chen et al. 2014)
Genistein Enzymatically synthesized dextran NPs
(Semyonov et al. 2014)
Resveratrol Nanoemulsions (Davidov-Pardo and McClements
2014)
Gallic acid Electrospun zein nanofibres (Neo et al. 2013)
Silymarin Amylose inclusion complexes (Mogol et al. 2013)
Hesperetin SLNs (Fathi et al. 2013)
Eugenol Microemulsions (nanoemulsions) (Al-Okbi et al.
2014)
Fatty acids Omega-3 Nanoemulsions (Salminen et al. 2013; Cho et al.

2014; Lane et al. 2014; Walker et al. 2015); SLNs
(Salminen et al. 2013); NLCs (Salminen et al.
2013); zein NPs (Soltani and Madadlou 2015);
casein micelles (Ghasemi and Abbasi 2014);
electrospun zein fibers (Moomand and Lim 2014);
amylose inclusion complexes (Mogol et al. 2013)

(continued)
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Table 5.1 (continued)

Bioactive Nanovehicle (References)
Conjugated linolenic Oil nanocapsules (microemulsions) (Sengupta
acid et al. 2015)
Peptides Whey protein Nanoemulsions (Adjonu et al. 2014)
bioactive peptides
Other Clove oil Microemulsions (nanoemulsions) (Al-Okbi et al.
nutraceuticals 2014)
Coenzyme Qo Nanoemulsions (Cho et al. 2014)

promotion is imperative and inevitable. Safety concerns must be further prudently
addressed by accelerated in vivo and clinical trials to provide scientific support to
both regulators and producers toward broader safe application. These studies can
also provide consumers with scientific evidence-based information, contributing to
the growing public acceptance of food nanotechnology (Schnettler et al. 2014), and
allowing this boundless potential to be realized in numerous ways in the future.
These may include personalized nutrition, delivery systems based on
natural-renewable sources, novel functionalities for advancing human physical and
mental competence, boosting-up mood, and raising the satisfaction from healthy
food. Novel technologies like 3D printing may enable the creation of innovative
functional food products, incorporating nanodelivery systems and personalizing
product composition, shape and sensory attributes according to our genome and
personal preferences.

References

Abbas S, Hayat K, Karangwa E, Bashari M, Zhang X (2013) An overview of ultrasound-assisted
food-grade nanoemulsions. Food Eng Rev 5(3):139-157

Aditya NP, Macedo AS, Doktorovov S, Souto EB, Kim S, Chang P-S, Ko S (2014) Development
and evaluation of lipid nanocarriers for quercetin delivery: a comparative study of solid lipid
nanoparticles (SLN), nanostructured lipid carriers (NLC), and lipid nanoemulsions (LNE).
Lwt-Food Sci Technol 59(1):115-121

Adjonu R, Doran G, Torley P, Agboola S (2014) Whey protein peptides as components of
nanoemulsions: a review of emulsifying and biological functionalities. J Food Eng 122:15-27

Alexander M, Lopez AA, Fang Y, Corredig M (2012) Incorporation of phytosterols in soy
phospholipids nanoliposomes: encapsulation efficiency and stability. Lwt-Food Sci Technol 47
(2):427-436

Al-Okbi SY, Mohamed DA, Hamed TE, Edris AE (2014) Protective effect of clove oil and
eugenol microemulsions on fatty liver and dyslipidemia as components of metabolic syndrome.
J Med Food 17(7):764-771

Alvarez-Sabatel S, de Maraiion IM, Arboleya J-C (2015) Impact of high pressure homogenisation
(HPH) on inulin gelling properties, stability and development during storage. Food
Hydrocolloids 44:333-344

Anton N, Vandamme TF (2009) The universality of low-energy nano-emulsification. Int J Pharm
377(1-2):142-147



5 Nanoencapsulation Technologies 163

Augustin MA, Sanguansri P (2009) Nanostructured materials in the food industry. Adv Food Nutr
Res 58:183-213

Bagheri L, Madadlou A, Yarmand M, Mousavi ME (2014) Potentially bioactive and
caffeine-loaded peptidic sub-micron and nanoscalar particles. J Funct Foods 6:462-469

Bakhshi PK, Nangrejo MR, Stride E, Edirisinghe M (2013) Application of electrohydrodynamic
technology for folic acid encapsulation. Food Bioprocess Technol 6(7):1837-1846

Bargarum J, Danino D, Livney YD (2009) Nanoencapsulation of vitamin D in beta casein
micelles. In: IFT 2009. Anaheim, CA, USA

Benzaria A, Maresca M, Taieb N, Dumay E (2013) Interaction of curcumin with phosphocasein
micelles processed or not by dynamic high-pressure. Food Chem 138(4):2327-2337

Bertrand P, Jonas A, Laschewsky A, Legras R (2000) Ultrathin polymer coatings by complexation
of polyelectrolytes at interfaces: suitable materials, structure and properties. Macromol Rapid
Commun 21(7):319-348

Bolenz S, Manske A (2013) Impact of fat content during grinding on particle size distribution and
flow properties of milk chocolate. Eur Food Res Technol 236(5):863-872

Burmeister CF, Kwade A (2013) Process engineering with planetary ball mills. Chem Soc Rev 42
(18):7660-7667

Campardelli R, Reverchon E (2015) alpha-tocopherol nanosuspensions produced using a
supercritical assisted process. J Food Eng 149:131-136

Caruso F (2001) Nanoengineering of particle surfaces. Adv Mater 13(1):11-22

Cerqueira MA, Pinheiro AC, Silva HD, Ramos PE, Azevedo MA, Flores-Lopez ML, Rivera MC,
Bourbon AI, Ramos OL, Vicente AA (2014) Design of bio-nanosystems for oral delivery of
functional compounds. Food Eng Rev 6(1-2):1-19

Chen J, Zheng J, McClements DJ, Xiao H (2014) Tangeretin-loaded protein nanoparticles
fabricated from zein/beta-lactoglobulin: preparation, characterization, and functional perfor-
mance. Food Chem 158:466-472

Cho HT, Salvia-Trujillo L, Kim J, Park Y, Xiao H, McClements DJ (2014) Droplet size and
composition of nutraceutical nanoemulsions influences bioavailability of long chain fatty acids
and Coenzyme Q10. Food Chem 156:117-122

Cocero MJ, Martin A, Mattea F, Varona S (2009) Encapsulation and co-precipitation processes
with supercritical fluids: fundamentals and applications. J Supercrit Fluids 47(3):546-555

David S, Zagury Y, Livney YD (2014) Soy p-conglycinin—curcumin nanocomplexes for
enrichment of clear beverages. Food Biophys 10(2):195-206

Davidov-Pardo G, McClements DJ (2014) Resveratrol encapsulation: designing delivery systems to
overcome solubility, stability and bioavailability issues. Trends Food Sci Technol 38(2):88-103

Desmarais SM, Haagsman HP, Barron AE (2012) Microfabricated devices for biomolecule
encapsulation. Electrophoresis 33(17):2639-2649

Dickinson E (2010) Food emulsions and foams: stabilization by particles. Curr Opin Colloid
Interface Sci 15(1-2):40-49

Dickinson E (2012) Use of nanoparticles and microparticles in the formation and stabilization of
food emulsions. Trends Food Sci Technol 24(1):4-12

Ezhilarasi PN, Karthik P, Chhanwal N, Anandharamakrishnan C (2013) Nanoencapsulation
techniques for food bioactive components: a review. Food Bioprocess Technol 6(3):628—647

Fang Z, Bhandari B (2012) Spray drying, freeze drying, and related processes for food ingredient
and nutraceutical encapsulation, Chapter 4. In: Garti N, McClements DJ (eds) Encapsulation
technologies and delivery systems for food ingredients and nutraceuticals. Woodhead
Publishing Limited, Oxford, Cambridge, Philadelphia, New Delhi, pp 73-108

Fathi M, Varshosaz J, Mohebbi M, Shahidi F (2013) Hesperetin-loaded solid lipid nanoparticles
and nanostructure lipid carriers for food fortification: preparation, characterization, and
modeling. Food Bioprocess Technol 6(6):1464—1475

Fujimori M, Kadota K, Shimono K, Shirakawa Y, Sato H, Tozuka Y (2015) Enhanced solubility
of quercetin by forming composite particles with transglycosylated materials. J Food Eng
149:248-254



164 Y.D. Livney

Gamboa OD, Gongalves LG, Grosso CF (2011) Microencapsulation of tocopherols in lipid matrix
by spray chilling method. Procedia Food Sci 1:1732-1739

Ghasemi S, Abbasi S (2014) Formation of natural casein micelle nanocapsule by means of pH
changes and ultrasound. Food Hydrocolloids 42:42—47

Ghouchi Eskandar N, Simovic S, Prestidge CA (2007) Synergistic effect of silica nanoparticles and
charged surfactants in the formation and stability of submicron oil-in-water emulsions. Phys
Chem Chem Phys 9(48):6426-6434

Gibbs BF, Alli I, Kermasha S, Catherine N, Mulligan B (1999) Encapsulation in the food industry:
a review. Int J Food Sci Nutr 50(3):213-224

Gottschalk M, Nilsson H, Roos H, Halle B (2003) Protein self-association in solution: the bovine
B-lactoglobulin dimer and octamer. Protein Sci 12(11):2404-2411

Grinberg VY, Tolstoguzov VB (1997) Thermodynamic incompatibility of proteins and
polysaccharides in solutions. Food Hydrocolloids 11(2):145-158

Gu YS, Decker EA, McClements DJ (2007) Formation of colloidosomes by adsorption of small
charged oil droplets onto the surface of large oppositely charged oil droplets. Food
Hydrocolloids 21(4):516-526

Gulotta A, Saberi AH, Nicoli MC, McClements DJ (2014) Nanoemulsion-based delivery systems
for polyunsaturated (omega-3) oils: formation using a spontaneous emulsification method.
J Agric Food Chem 62(7):1720-1725

Haham M, Ish-Shalom S, Nodelman M, Duek I, Segal E, Kustanovich M, Livney YD (2012)
Stability and bioavailability of vitamin D nanoencapsulated in casein micelles. Food Funct 3
(7):737-744

Haratifar S, Meckling KA, Corredig M (2014) Bioefficacy of tea catechins encapsulated in casein
micelles tested on a normal mouse cell line (4D/WT) and its cancerous counterpart (D/v-src)
before and after in vitro digestion. Food Funct 5(6):1160-1166

Hategekimana J, Bwengye MK, Masamba KG, Yokoyama W, Zhong F (2014) Formation and
stability of vitamin e enriched nanoemulsions stabilized by octenyl succinic anhydride
modified starch. Int J Food Eng 10(4):633-643

Helgeson ME, Chapin SC, Doyle PS (2011) Hydrogel microparticles from lithographic
processes: novel materials for fundamental and applied colloid science. Curr Opin Colloid
Interface Sci 16(2):106-117

Hu K, McClements DJ (2014) Fabrication of surfactant-stabilized zein nanoparticles: a pH
modulated antisolvent precipitation method. Food Res Int 64:329-335

Hu J, Johnston KP, Williams RO (2004) Nanoparticle engineering processes for enhancing the
dissolution rates of poorly water soluble drugs. Drug Dev Ind Pharm 30(3):233-245

Huang H, Li B, Liu Z, Mu X, Nie R, Zeng M (2014) Effectiveness of carp egg phosphopeptide on
inhibiting the formation of insoluble ca salts in vitro and enhancing ca bioavailability in vivo.
Food Sci Technol Res 20(2):385-392

Israeli-Lev G, Livney YD (2014) Self-assembly of hydrophobin and its co-assembly with
hydrophobic nutraceuticals in aqueous solutions: towards application as delivery systems.
Food Hydrocolloids 35:28-35

Jafari SM, He Y, Bhandari B (2007) Production of sub-micron emulsions by ultrasound and
microfluidization techniques. J Food Eng 82(4):478—488

Jaworek A (2008) Electrostatic micro- and nanoencapsulation and electroemulsification: a brief
review. J Microencapsul 25(7):443—-468

Johnston APR, Cortez C, Angelatos AS, Caruso F (2006) Layer-by-layer engineered capsules and
their applications. Curr Opin Colloid Interface Sci 11(4):203-209

Kentish S, Wooster TJ, Ashokkumar M, Balachandran S, Mawson R, Simons L (2008) The use of
ultrasonics for nanoemulsion preparation. Innovative Food Sci Emerg Technol 9(2):170-175

Khan N, Bharali DJ, Adhami VM, Siddiqui IA, Cui H, Shabana SM, Mousa SA, Mukhtar H
(2014) Oral administration of naturally occurring chitosan-based nanoformulated green tea
polyphenol EGCG effectively inhibits prostate cancer cell growth in a xenograft model.
Carcinogenesis 35(2):415-423



5 Nanoencapsulation Technologies 165

Klinkesorn U, Sophanodora P, Chinachoti P, Decker EA, McClements JD (2005) Encapsulation of
emulsified tuna oil in two-layered interfacial membranes prepared using electrostatic
layer-by-layer deposition. Food Hydrocolloids 19(6):1044—-1053

Komaiko J, McClements DJ (2015) Low-energy formation of edible nanoemulsions by
spontaneous emulsification: factors influencing particle size. J Food Eng 146:122-128

Kontopidis G, Holt C, Sawyer L (2004) Invited review: beta-lactoglobulin: binding properties,
structure, and function. J Dairy Sci 87(4):785-796

Lane KE, Li W, Smith C, Derbyshire E (2014) The bioavailability of an omega-3-rich algal oil is
improved by nanoemulsion technology using yogurt as a food vehicle. Int J Food Sci Technol
49(5):1264-1271

Lee SH, Heng D, Ng WK, Chan HK, Tan RBH (2011) Nano spray drying: a novel method for
preparing protein nanoparticles for protein therapy. Int J Pharm 403(1-2):192-200

Lee LL, Niknafs N, Hancocks RD, Norton IT (2013) Emulsification: mechanistic understanding.
Trends Food Sci Technol 31(1):72-78

Levinson Y, Israeli-Lev G, Livney Y (2014) Soybean B-conglycinin nanoparticles for delivery of
hydrophobic nutraceuticals. Food Biophys 9(4):332-340

Livney YD (2010) Milk proteins as vehicles for bioactives. Curr Opin Colloid Interface Sci 15(1—
2):73-83

Livney YD (2012) Biopolymeric amphiphiles and their assemblies as functional food ingredient
and nutraceutical delivery systems, Chapter 10. In: Garti N, McClements DJ
(eds) Encapsulation technologies and delivery systems for food ingredients and nutraceuticals.
Woodhead Publishing Limited, Oxford, pp 252-286

Mao Y, McClements DJ (2013) Modification of emulsion properties by heteroaggregation of
oppositely charged starch-coated and protein-coated fat droplets. Food Hydrocolloids 33
(2):320-326

Markman G, Livney YD (2012) Maillard-conjugate based core—shell co-assemblies for
nanoencapsulation of hydrophobic nutraceuticals in clear beverages. Food Funct 3:262-270

Matalanis A, McClements DJ (2012) Factors influencing the formation and stability of filled
hydrogel particles fabricated by protein/polysaccharide phase separation and enzymatic
cross-linking. Food Biophys 7(1):72-83

Matalanis A, McClements DJ (2013) Hydrogel microspheres for encapsulation of lipophilic
components: optimization of fabrication & performance. Food Hydrocolloids 31(1):15-25

Matalanis A, Lesmes U, Decker EA, McClements DJ (2010) Fabrication and characterization of
filled hydrogel particles based on sequential segregative and aggregative biopolymer phase
separation. Food Hydrocolloids 24(8):689-701

McClements DJ (2005) Food emulsions: principles, practices, and techniques. CRC Press, Boca
Raton

McClements DJ (2015) Nanoparticle- and microparticle-based delivery systems. Encapsulation,
protection and release of active compounds. CRC Press, Taylor & Francis Group, LLC, Boca
Raton

McClements DJ, Decker EA, Park Y, Weiss J (2009) Structural design principles for
delivery of bioactive components in nutraceuticals and functional foods. Crit Rev Food
Sci Nutr 49(6):577-606

Mogol BA, Gokmen V, Shimoni E (2013) Nano-encapsulation improves thermal stability
of bioactive compounds omega fatty acids and silymarin in bread. Agro Food Ind
Hi-Tech 24(3):62-65

Moomand K, Lim L-T (2014) Oxidative stability of encapsulated fish oil in electrospun zein fibres.
Food Res Int 62:523-532

Muller RH, Mader K, Gohla S (2000) Solid lipid nanoparticles (SLN) for controlled drug delivery
—a review of the state of the art. Eur J Pharm Biopharm 50(1):161-177

Muller RH, Gohla S, Keck CM (2011) State of the art of nanocrystals—special features, production,
nanotoxicology aspects and intracellular delivery. Eur J Pharm Biopharm 78(1):1-9

Mun S, Kim Y-R, McClements DJ (2015) Control of beta-carotene bioaccessibility using
starch-based filled hydrogels. Food Chem 173:454-461



166 Y.D. Livney

Nazir A, Schroén K, Boom R (2010) Premix emulsification: a review. J Membr Sci 362(1-2):1-11

Neethirajan S, Kobayashi I, Nakajima M, Wu D, Nandagopal S, Lin F (2011) Microfluidics for
food, agriculture and biosystems industries. Lab Chip 11(9):1574-1586

Neo YP, Ray S, Jin J, Gizdavic-Nikolaidis M, Nieuwoudt MK, Liu D, Quek SY (2013)
Encapsulation of food grade antioxidant in natural biopolymer by electrospinning technique: a
physicochemical study based on zein-gallic acid system. Food Chem 136(2):1013-1021

Nisisako T (2008) Microstructured devices for preparing controlled multiple emulsions. Chem Eng
Technol 31(8):1091-1098

Norton IT, Frith WJ (2001) Microstructure design in mixed biopolymer composites. Food
Hydrocolloids 15(4-6):543-553

Norton JE, Gonzalez Espinosa Y, Watson RL, Spyropoulos F, Norton IT (2015) Functional food
microstructures for macronutrient release and delivery. Food Funct 6(3):663-678

Oechlke K, Adamiuk M, Behsnilian D, Graef V, Mayer-Miebach E, Walz E, Greiner R (2014)
Potential bioavailability enhancement of bioactive compounds using food-grade engineered
nanomaterials: a review of the existing evidence. Food Funct 5(7):1341-1359

Ogawa S, Decker EA, McClements DJ (2004) Production and characterization of O/W emulsions
containing droplets stabilized by lecithin-chitosan-pectin mutilayered membranes. J Agric
Food Chem 52(11):3595-3600

Ostertag F, Weiss J, McClements DJ (2012) Low-energy formation of edible nanoemulsions:
factors influencing droplet size produced by emulsion phase inversion. J Colloid Interface Sci
388(1):95-102

Oxley JD (2012a) Coextrusion for food ingredients and nutraceutical encapsulation: principles and
technologies, Chapter 6. In: Garti N, McClements DJ (eds) Encapsulation technologies and
delivery systems for food ingredients and nutraceuticals. Woodhead Publishing Limited,
Oxford, Cambridge, Philadelphia, New Delhi, pp 131-149

Oxley JD (2012b) Spray cooling and spray chilling for food ingredient and nutraceutical
encapsulation, Chapter 5. In: Garti N, McClements DJ (eds) Encapsulation technologies and
delivery systems for food ingredients and nutraceuticals. Woodhead Publishing Limited,
Oxford, Cambridge, Philadelphia, New Delhi, pp 110-130

Pan K, Zhong Q, Baek SJ (2013) Enhanced dispersibility and bioactivity of curcumin by
encapsulation in casein nanocapsules. J Agric Food Chem 61(25):6036-6043

Panagiotou T, Mesite SV, Bernard JM, Chomistek KJ, Fisher RJ (2008) Production of polymer
nanosuspensions using microfluidizer® processor based technologies. NSTI-Nanotech

Pandita D, Kumar S, Poonia N, Lather V (2014) Solid lipid nanoparticles enhance oral
bioavailability of resveratrol, a natural polyphenol. Food Res Int 62:1165-1174

Pando D, Beltran M, Gerone I, Matos M, Pazos C (2015) Resveratrol entrapped niosomes as
yoghurt additive. Food Chem 170:281-287

Paudel A, Worku ZA, Meeus J, Guns S, Van den Mooter G (2013) Manufacturing of solid
dispersions of poorly water soluble drugs by spray drying: formulation and process
considerations. Int J Pharm 453(1):253-284

Peltonen L, Hirvonen J (2010) Pharmaceutical nanocrystals by nanomilling: critical process
parameters, particle fracturing and stabilization methods. J Pharm Pharmacol 62(11):1569-1579

Peltonen L, Valo H, Kolakovic R, Laaksonen T, Hirvonen J (2010) Electrospraying, spray drying
and related techniques for production and formulation of drug nanoparticles. Expert Opin Drug
Deliv 7(6):705-719

Penalva R, Esparza I, Agueeros M, Gonzalez-Navarro CJ, Gonzalez-Ferrero C, Irache JM (2015)
Casein nanoparticles as carriers for the oral delivery of folic acid. Food Hydrocolloids
44:399-406

Piorkowski DT, McClements DJ (2014) Beverage emulsions: recent developments in formulation,
production, and applications. Food Hydrocolloids 42:5-41

Pool H, Mendoza S, Xiao H, McClements DJ (2013) Encapsulation and release of hydrophobic
bioactive components in nanoemulsion-based delivery systems: impact of physical form on
quercetin bioaccessibility. Food Funct 4(1):162-174



5 Nanoencapsulation Technologies 167

Qian C, McClements DJ (2011) Formation of nanoemulsions stabilized by model food-grade
emulsifiers using high-pressure homogenization: factors affecting particle size. Food
Hydrocolloids 25(5):1000-1008

Ramos OL, Pereira RN, Rodrigues R, Teixeira JA, Vicente AA, Xavier Malcata F (2014) Physical
effects upon whey protein aggregation for nano-coating production. Food Res Int 66:344-355

Rao J, Decker EA, Xiao H, McClements DJ (2013) Nutraceutical nanoemulsions: influence of
carrier oil composition (digestible versus indigestible oil) on B-carotene bioavailability. J Sci
Food Agric 93(13):3175-3183

Rashidinejad A, Birch EJ, Sun-Waterhouse D, Everett DW (2014) Delivery of green tea catechin
and epigallocatechin gallate in liposomes incorporated into low-fat hard cheese. Food Chem
156:176-183

Ron N, Zimet P, Bargarum J, Livney YD (2010) Beta-lactoglobulin-polysaccharide complexes as
nanovehicles for hydrophobic nutraceuticals in non-fat foods and clear beverages. Int Dairy J
20(10):686—693

Saberi AH, Fang Y, McClements DJ (2013) Fabrication of vitamin E-enriched nanoemulsions by
spontaneous emulsification: effect of propylene glycol and ethanol on formation, stability, and
properties. Food Res Int 54(1):812-820

Saiz-Abajo M-J, Gonzalez-Ferrero C, Moreno-Ruiz A, Romo-Hualde A, Gonzalez-Navarro CJ
(2013) Thermal protection of beta-carotene in re-assembled casein micelles during different
processing technologies applied in food industry. Food Chem 138(2-3):1581-1587

Salminen H, Helgason T, Kristinsson B, Kristbergsson K, Weiss J (2013) Formation of solid shell
nanoparticles with liquid omega-3 fatty acid core. Food Chem 141(3):2934-2943

Salvia-Trujillo L, Qian C, Martin-Belloso O, McClements DJ (2013) Modulating beta-carotene
bioaccessibility by controlling oil composition and concentration in edible nanoemulsions.
Food Chem 139(1-4):878-884

Schalbart P, Kawaji M (2013) Comparison of paraffin nanoemulsions prepared by low-energy
emulsification method for latent heat storage. Int J Therm Sci 67:113-119

Schnettler B, Criséstomo G, Mora M, Lobos G, Miranda H, Grunert KG (2014) Acceptance of
nanotechnology applications and satisfaction with food-related life in Southern Chile. Food Sci
Technol (Campinas) 34(1):157-163

Semo E, Kesselman E, Danino D, Livney YD (2007) Casein micelle as a natural nano-capsular
vehicle for nutraceuticals. Food Hydrocolloids 21(5-6):936-942

Semyonov D, Ramon O, Shimoni E (2011) Using ultrasonic vacuum spray dryer to produce highly
viable dry probiotics. LWT—Food Sci Technol 44(9):1844-1852

Semyonov D, Ramon O, Shoham Y, Shimoni E (2014) Enzymatically synthesized dextran
nanoparticles and their use as carriers for nutraceuticals. Food Funct 5(10):2463-2474

Sengupta A, Sen Gupta S, Nandi I, Ghosh M (2015) Conjugated linolenic acid nanoparticles
inhibit hypercholesterolemia induced by feeding a high-fat diet in male albino rats. J Food Sci
Technol-Mysore 52(1):458-464

Shapira A, Davidson I, Avni N, Assaraf YG, Livney YD (2012) B-casein nanoparticle-based oral
drug delivery system for potential treatment of gastric carcinoma: stability, target-activated
release and cytotoxicity. Eur J Pharm Biopharm 80(2):298-305

Shpigelman A, Cohen Y, Livney YD (2012) Thermally-induced B-lactoglobulin-EGCG nanove-
hicles: loading, stability, sensory and digestive-release study. Food Hydrocolloids 29(1):57-67

Shpigelman A, Shoham Y, Israeli-Lev G, Livney YD (2014) Beta-lactoglobulin-naringenin
complexes: nano-vehicles for the delivery of a hydrophobic nutraceutical. Food Hydrocolloids
40:214-224

Solans C, Solé I (2012) Nano-emulsions: formation by low-energy methods. Curr Opin Colloid
Interface Sci 17(5):246-254

Soltani S, Madadlou A (2015) Gelation characteristics of the sugar beet pectin solution charged
with fish oil-loaded zein nanoparticles. Food Hydrocolloids 43:664—669

Souza MP, Vaz AFM, Correia MTS, Cerqueira MA, Vicente AA, Carneiro-da-Cunha MG (2014)
Quercetin-loaded lecithin/chitosan nanoparticles for functional food applications. Food
Bioprocess Technol 7(4):1149-1159



168 Y.D. Livney

Swaisgood HE (2001) Protein ingredient for carrying lipophilic nutrients. Patent number: US
6290974 B1, (North Carolina State University, USA).

Tamyjidi F, Shahedi M, Varshosaz J, Nasirpour A (2013) Nanostructured lipid carriers (NLC): a
potential delivery system for bioactive food molecules. Innovative Food Sci Emerg Technol
19:29-43

Tamjidi F, Shahedi M, Varshosaz J, Nasirpour A (2014) EDTA and alpha-tocopherol improve the
chemical stability of astaxanthin loaded into nanostructured lipid carriers. Eur J Lipid Sci
Technol 116(8):968-977

Tan C, Xue J, Lou X, Abbas S, Guan Y, Feng B, Zhang X, Xia S (2014) Liposomes as delivery
systems for carotenoids: comparative studies of loading ability, storage stability and in vitro
release. Food Funct 5(6):1232-1240

Ting Y, Jiang Y, Ho C-T, Huang Q (2014) Common delivery systems for enhancing in vivo
bioavailability and biological efficacy of nutraceuticals. J Funct Foods 7:112-128

Tolstoguzov V (2002) Thermodynamic aspects of biopolymer functionality in biological systems,
foods, and beverages. Crit Rev Biotechnol 22(2):89-174

Tolstoguzov V (2006) Phase behavior in mixed polysaccharide systems. Food Sci Technol
160:589-627 (Boca Raton, FL, United States)

Tolstoguzov V, Srinivasan D, Paraf A (1997) Protein-polysaccharide interactions. In: Food
proteins and their applications. CRC Press, Boca Raton, pp 171-198

Vega C, Roos YH (2006) Invited review: spray-dried dairy and dairy-like—emulsions
compositional considerations. J Dairy Sci 89(2):383—-401

Vladisavljevi¢ GT, Kobayashi I, Nakajima M (2012) Production of uniform droplets using
membrane, microchannel and microfluidic emulsification devices. Microfluid Nanofluid
13(1):151-178

Walker R, Decker EA, McClements DJ (2015) Development of food-grade nanoemulsions and
emulsions for delivery of omega-3 fatty acids: opportunities and obstacles in the food industry.
Food Funct 6(1):42-55

Walstra P (1993) Principles of emulsion formation. Chem Eng Sci 48(2):333-349

Wang QW, Allen JC, Swaisgood HE (1997) Binding of vitamin D and cholesterol to
beta-lactoglobulin. J Dairy Sci 80(6):1054—1059

Weiss J, Decker EA, McClements DJ, Kristbergsson K, Helgason T, Awad T (2008) Solid lipid
nanoparticles as delivery systems for bioactive food components. Food Biophys 3(2):146-154

Wooster TJ, Golding M, Sanguansri P (2008) Impact of oil type on nanoemulsion formation and
Ostwald ripening stability. Langmuir 24(22):12758-12765

Xixi C, Lina Z, Shaoyun W, Pingfan R (2015) Fabrication and characterization of the
nano-composite of whey protein hydrolysate chelated with calcium. Food Funct 6(3):816-823

Yang Y, McClements DJ (2013) Encapsulation of vitamin E in edible emulsions fabricated using a
natural surfactant. Food Hydrocolloids 30(2):712-720

Yang J, Zhou Y, Chen L (2014a) Elaboration and characterization of barley protein nanoparticles
as an oral delivery system for lipophilic bioactive compounds. Food Funct 5(1):92-101

Yang W, Xu C, Liu F, Yuan F, Gao Y (2014b) Native and thermally modified protein-polyphenol
coassemblies: lactoferrin-based nanoparticles and submicrometer particles as protective
vehicles for (-)-epigallocatechin-3-gallate. J Agric Food Chem 62(44):10816-10827

Yao M, Xiao H, McClements DJ (2014) Delivery of lipophilic bioactives: assembly, disassembly,
and reassembly of lipid nanoparticles. Annu Rev Food Sci Technol 5(5):53-81

Yao M, McClements DJ, Xiao H (2015) Improving oral bioavailability of nutraceuticals by
engineered nanoparticle-based delivery systems. Curr Opin Food Sci 2:14-19

Yi J, Lam TI, Yokoyama W, Cheng LW, Zhong F (2014) Cellular uptake of beta-carotene from
protein stabilized solid lipid nanoparticles prepared by homogenization-evaporation method.
J Agric Food Chem 62(5):1096-1104

Yu H, Huang Q (2013) Investigation of the cytotoxicity of food-grade nanoemulsions in Caco-2
cell monolayers and HepG2 cells. Food Chem 141(1):29-33



5 Nanoencapsulation Technologies 169

Zheng K, Zou A, Yang X, Liu F, Xia Q, Ye R, Mu B (2013) The effect of polymer-surfactant
emulsifying agent on the formation and stability of alpha-lipoic acid loaded nanostructured
lipid carriers (NLC). Food Hydrocolloids 32(1):72-78

Zhou Q-Z, Wang L-Y, Ma G-H, Su Z-G (2008) Multi-stage premix membrane emulsification for
preparation of agarose microbeads with uniform size. J Membr Sci 322(1):98-104

Zimet P, Livney YD (2009) Beta-lactoglobulin and its nanocomplexes with pectin as vehicles for
omega-3 polyunsaturated fatty acids. Food Hydrocolloids 23(4):1120-1126

Zimet P, Rosenberg D, Livney YD (2011) Re-assembled casein micelles and casein nanoparticles as
nano-vehicles for [omega]-3 polyunsaturated fatty acids. Food Hydrocolloids 25(5):1270-1276



Chapter 6
Encapsulation Efficiency and Capacity
of Bioactive Delivery Systems

Sinéad B. Bleiel, Robert M. Kent and André Brodkorb

Abstract A distinctive feature of bioactive food components is their vulnerability
to harsh environments and the detrimental consequences owing to their rapid
degradation and inactivation. For this reason, development of food ingredients with
bioactive functionalities is an on-going challenge within the global food industry.
Encapsulation is one possible method to improve the stability and delivery of
bioactive components or cells in food. While the last two decades have seen sub-
stantial advances in encapsulation technologies, certain constraints for the use in
food need to be overcome, namely the relatively high cost the most commonly used
methods, difficult scale-up and the limited array of acceptable encapsulating
materials. This chapter presents an overview of the industrial need for encapsula-
tion. Possible solutions are outlined as regards to the encapsulation materials and
processing methods. The most commonly used methods are covered: immobiliza-
tion cell technology, spray drying, extrusion, emulsification, fluidized bed tech-
nology and vibrating jet technique. The most widely used hydrocolloids are
described with special emphasis on dairy ingredients as encapsulation systems.

6.1 Introduction

A distinctive feature of bioactive food components is their vulnerability to harsh
environments and the detrimental consequences owing to their rapid degradation and
inactivation. For this reason, development of food ingredients with bioactive func-
tionalities is an ongoing challenge within the global food industry (Mattila-Sandholm
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et al. 2002). More recently, functional food innovation has increased the interest for
encapsulation techniques since bioactive delivery would profit from an encapsulation
procedure that protects and stabilizes bioactives during delivery to the site where
adsorption is desired (Burgain et al. 2011a). With origins in the pharmaceutical
industry, microencapsulation is currently utilized for controlled flavour-release and
production of functional foods with bioactive compounds (Champagne and Fustier
2007). Nonetheless, encapsulation remains a specialist area in the food industry, the
reason being that no universal encapsulation technique exists for all food ingredients.
Design and production of microparticles and their release profiles rely upon the
encapsulation technology employed and the physico-chemical properties of the active
ingredient and matrix materials. Novel and traditional foods with integrated bioactives
are continuously developed or improved to improve and optimize the delivery of the
active ingredients; examples include fruit juice (Saarela et al. 2006), snacks (Valerio
etal. 2006), frozen desserts (Di Criscio et al. 2010) and cheese (Madureiraet al. 2011).

6.1.1 Defining the Need for Encapsulation

Encapsulation is a physico-chemical or mechanical process whereby bioactive compo-
nents or cells are completely enveloped by a matrix for physical protection against
potentially hazardous processes and adverse environmental conditions. The first factor to
consider when delivering food bioactives relates to ingredient stability during storage and
their incorporation directly into food to exert a desired function. Encapsulation only
becomes necessary if the raw ingredient is not stable in its intended storage environment
and/or the direct introduction of the bioactive into the food compromises its functionality
or affects the quality of the food product used as the delivery vehicle. Once it has been
established that encapsulation will offer benefits either over presentation of the ingredient
in the raw format form or when its direct incorporation into food compromises a desired
functionality of the ingredient, an appropriate delivery system can be designed.
Furthermore, in light of the recent advances in manufacturing technologies and inno-
vative approaches for site-specific cell delivery, bioactive encapsulation can be inte-
grated within various processes including fermentation (Lacroix and Yidirim 2007);
yoghurt manufacture (Krasaekoopt et al. 2003; Brinques and Ayub 2011); spray-drying
(Muller et al. 2009) and many more. In essence, microencapsulation protects an active
component (core) within a secondary material (matrix, shell, wall or encapsulant) from
the surrounding environment and enables its controlled release at a target site.
Microencapsulation is well established within the pharmaceutical, cosmetic, chemical
and agricultural industries, but is relatively new to the food industry (Risch and
Reineccius 1995). The early uses of microencapsulation in the food industry included
masking undesirable flavours, controlling the release of desirable flavours, and con-
verting liquid streams into powdered formats for convenience and improved shelf life
and product yield. Encapsulation technology is increasingly being used in the food
industry to protect and control delivery of food ingredients and bioactives (Champagne
and Fustier 2007; Mcclements 2007; Augustin and Sanguansri 2008).
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Table 6.1 Classification of the most commonly used encapsulation methods for food
Encapsulation technique Important parameters Advantages Disadvantages
Extrusion (mechanical) Diameter of the needle, | Several technologies Challenging
flow rate, viscosity of have been developed to | large-scale
solution, height from the | decrease the particle production;
cationic bath to the size, improve yield and | Slow
needle, polymer homogeneity production
concentration, yield;
temperature Limited to
low-viscosity
solutions

Emulsion (physico-chemical)

Stirring rate, viscosity of
the solution, height from
the cationic bath to the
needle, polymer
concentration,
temperature, solubility
of the polymer and
solubility of the gelling
agent

Easily scaled up;
provides both
entrapped and
encapsulated core
materials; small
particle diameters

Small particle
size but large
size
distribution;
Relatively high
operational
costs due to the
use of
vegetable oil

Spray-drying (mechanical)

Air inlet and outlet
temperature,
concentration of the feed
solution, polymer
solubility and
crystallisation form of
the polymer

Low operating cost and
high yield
Well-established
inexpensive and
straightforward
technology

Applied to
limited
polymer range;
Not fitting for
heat-sensitive
bacteria;
Produces fine
powders that
require high
heat treatment

Fluidized-bed (mechanical)

Concentration of the
feed solution, viscosity,
air flow temperature and
humidity

Low-cost technology
Applied to a range of
polymers

Difficult to
achieve
uniform and
complete
micron
particles

Development of microencapsulation systems requires an understanding of the sol-

ubility and stability of the encapsulant, the physico-chemical properties of the encap-
sulating (matrix) materials and the processes technology used for encapsulation. Both
the core and the encapsulating materials used in the formulation of encapsulated
ingredients for the food industry must be of food grade. The technology to be used for
encapsulation may be selected from a range of processing methods (Table 6.1),
depending on the formulation and the final structure of the capsule. A number of reviews
describe the history of and developments in the encapsulation of food ingredients and
encapsulation technologies (Risch and Reineccius 1995; Gouin 2004; Madene et al.
2006; Augustin and Sanguansri 2008).Recent advances in encapsulation technologies
have generated a major transition within the food industry from a simple manufacturing
foundation to a functionality-driven food market. Encapsulation matrix materials can
originate from a wide range of natural and synthetic materials; hence, the structural
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arrangement of microparticles generated may be pre-determined for specific process
applications. In the food industry, the concept of encapsulating a material within a
defined membrane dates back to the 1930s (Shahidi and Han 1993), when capsules were
produced by a complex coacervation process (Green and Schleicher 1957) known as
‘locking’ rather than encapsulation. Coacervation involved the dispersion of oil droplets
in a mixture of two colloid materials such as gelatine, alginate or casein. Colloids must
be ionisable and must exist in the mixture with opposite electric charges. This may be
achieved by selection of colloid materials or by pH adjustment of the solution in which
the oil droplets are dispersed in the event that one or both colloids are amphoteric. In the
food industry, the principle benefits of encapsulation may be summarized as follows
(Desai and Park 2005):

e Stabilization of a sensitive material from adverse interactions within the
immediate environment;

e Reduction of evaporation or transfer rate of the core material to the outside
environment;

e Modification of the physical characteristics of the original material to allow

easier handling;

Pulsatile, sustained or controlled release of the core material;

Flavour or taste masking of the core material;

Separation of reactive materials;

Dilution of the core material when only small amounts are required.

6.1.2 Market for Encapsulated Ingredients

Consumers continue to demand high quality foods with added health benefits. The
nutraceutical and functional food market is the driving force for encapsulation and
delivery of bioactives to improve the quality of the finished products with added
nutraceutical ingredients. Most nutraceutical ingredients are sensitive to standard food
manufacturing processes, have undesirable flavours or colours, or can affect final product
stability and appearance. Delivery systems that offer triggered and controlled release of
the bioactive at a specific time, temperature or process are sought-after ingredients, as
they offer superior functionality to formulators. As a result, global sales of encapsulated
food products were approx. $20.5 billion during 2011, and this is expected to reach
$36.7 billion during 2017, rising at a compound annual growth rate (CAGR) of 10.1 %
(Global Industry Analysts 2010), with Asia-Pacific and North America representing the
fastest-growing market. While cell protection remains a traditional function for encap-
sulation (Champagne et al. 2005), new encapsulation technologies, devised by aca-
demics and industrialists alike, have broadened the applications for encapsulation
(Senuma et al. 2000). However, food manufacturers need to concentrate on important
issues such as cost-in-use and ease of scale-up in order to generate commercially viable
encapsulation techniques with broad-spectrum product applications. In general, func-
tional food ingredients are incorporated at low levels (0.01-4.5 %); hence, the maximum
cost of an encapsulation process can vary significantly (Gouin 2004).
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6.2 Variation in Encapsulation

Five main structural forms of microparticles are employed for encapsulation tech-
nology as illustrated in Fig. 6.1. The most common capsule is characterized by cell
entrapment within a solid matrix (Fig. 6.1a), which does not possess a distinctive
membrane (Strand et al. 2004). These matrix systems are interchangeably described as
capsules, microbeads (Strand et al. 2004) or microspheres (Raymond et al. 2004) and
can be converted into reservoir systems consisting of single core capsules (Fig. 6.1b)
by the addition of an outer shell and, if necessary, liquefaction of the core. Double- or
multiple-shell microcapsules shown in Fig. 6.1c are generated by the addition of a
second or multiple coating layers to the original capsule. The extra shell layers are

(a) (b)
Immobilised / Entrapment Single-core
(c) (d)

O
NS
(0%%0

Multi-Layer Multi-Core

(e)

Gel Particles

Fig. 6.1 The five main structural forms of microparticles. Types a, b can also have multiple shells
added to modify stability and permeability of the capsules
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added to augment the original stability/permeability characteristics of microcapsules
(Heinzen et al. 2004). Multi-core capsules with two or more separate cores (Fig. 6.1d)
are normally formed during emulsions (Atkin et al. 2004) while irregular-shaped gel
particles can also be utilized as a general method of micro-entrapment (Fig. 6.1e).
Examples of capsules with core—shell structures are conventional oil-in-water (O/W)
emulsions, multiple emulsions (W/O/W), multi-layer-stabilized emulsions, solid lipid
particles (O/W), nano-emulsions generated via high-pressure homogenization and/or
liposomes. Hydrogels, lipospheres and biopolymeric microparticles with active cores
are typical of encapsulated systems with matrix structures.

6.2.1 Function of the Matrix Material

The encapsulating materials used in food applications include proteins, carbohydrates,
fats and food-grade surfactants. Dairy ingredients are food grade and readily available
materials and their physico-chemical properties are highly suitable for encapsulation
applications. Dairy proteins, lactose, milk fat and its natural components, and milk fat
globule membrane (MFGM) components may all be utilized as encapsulating materials.
Some dairy components [e.g. milk protein, peptides, hydrolysates, conjugated linoleic
acid (CLA)] have been encapsulated for a specific systematic function. A wide variety of
coating materials have been approved and used for functional coating in the pharma-
ceutical industry. These materials can be classified into four categories: (1) water-soluble
polymers, (2) water-insoluble polymers, (3) water-soluble non-polymeric material and
(4) water-insoluble non-polymeric material. Due to increased environmental concern and
toxicity in relation to organic solvents, aqueous dispersions are preferred to organic
solvent solutions for water-insoluble coating materials. The type of coating material
selected can vary depending on the objective of the microencapsulation process (taste
masking, enteric protection, time release, delayed release) and the desired barrier prop-
erties. By selecting an appropriate coating material, it is possible to design an encapsu-
lation system so that it can protect the bioactive ingredient within the core, until it reaches a
favourable biological environment, based on the pH, temperature, ionic strength, enzyme
activity or other environmental factors. For example, in order to provide enteric protection
(protection against gastric conditions in the stomach), the coatings should exhibit low
permeability of the bioactive ingredient at low pH, but high permeability at high pH. This
system would protect bioactives against challenging acidic environment in the stomach
and provide targeted release in the lower gastrointestinal tract at higher pH.

To provide such pH-sensitive permeability, coating materials such as polymers with
free carboxylic or sulphate groups should be used. At low pH, these groups are pro-
tonated and uncharged, whereas at high pH they become deprotonated, negatively
charged, and therefore hydrophilic and soluble (Siepmann and Siepmann 2008).
Examples of these types of polymers include proteins, fibres and carbohydrates such as
carrageenans and alginates. The use of these polymers for enteric coating is reported
extensively. A broad range of bioactive release profiles have further been demonstrated
by varying the blend ratio of the two polymers. These techniques could be adapted for
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designing a delivery vehicle for pH-sensitive bioactive ingredients. In addition,
pH-sensitive coating is also useful for ensuring the stability of bioactive ingredients
incorporated into food or beverages with a wide range of pH environments.

6.2.2 Thickness of the Coating Matrix

The release of bioactive ingredients from encapsulation systems is mainly governed
by diffusion through the coating/matrix layer. Therefore, as the coating thickness
increases, the release rate will be slower as a result of the longer diffusion path
(Lecomte et al. 2003; Huyghebaert et al.2005a, b, c). It is often necessary to apply a
greater amount of coating material to achieve the desired protection, when applying
the coating material in the form of an aqueous dispersion compared to applying it in
an organic solvent solution (Thoma and Bechtold 1999). The relative size of the
encapsulation core has an influence on the thickness of coating required in order to
achieve similar release profiles. Rahman et al. (2005) demonstrated that when two
batches of core pellets with different mesh sizes but with narrow size distributions
were coated under the same conditions, a significant difference in the release profiles
was observed. The larger size pellets showed a significantly slower release rate when
compared with the smaller pellets. It is clear that smaller pellets need more coating to
establish a similar release profile. Siepmann et al. (2006b) demonstrated that
microfilm structures are created at different coating levels. The lower number of
polymer particle layers in thin films illustrates higher probability of continuous
water-filled porous channels within the coating film connecting the core to the
surrounding fluid. In contrast, in thicker films there are a higher number of polymer
particle layers, and even with the same degree of coalescence, the probability for the
existence of continuous water-filled channels directly connecting the inner and outer
surfaces of the film coatings is much lower. Therefore, depending on the coating
level (thickness), the release of the core ingredient can be primarily controlled by
diffusion through water-filled channels, or by diffusion through the macromolecular
network for an incomplete coalesced film. The former will lead to a high release rate
and the latter to much lower release rates in the same surrounding fluid conditions.

6.2.3 Matrix Release Properties

By adjusting the internal structure and properties of the coating or the matrix material,
the release profile of the bioactive core can be manipulated. An understanding of the
physico-chemical properties of the encapsulating matrix, how it interacts with the
core, and its behaviour during processing is essential in order to develop an encap-
sulation system. The bioactive ingredient must be protected up to the appropriate time;
aso-called trigger needs to initiate the controlled release. Triggers for the release of the
core can be changes in the pH, temperature, mechanical shear or degradation of the
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matrix material (e.g. by enzymes). Application of control upon the core release in
response to an appropriate trigger is strongly influenced by (1) the chosen encapsulant
material; (2) the ratio and formulation; and (3) the processing technique used to
generate an encapsulated ingredient (Ubbink and Kriiger 2006).

Various studies have been reported on the use of different polymers for con-
trolled release of encapsulated ingredients, such as cellulose-based enteric polymers
(Varshosaz et al. 1997; Marvola et al. 1999), lipids (Siepmann et al. 2006a) and
dairy protein (Doherty et al. 2011). Depending on the product application, an
additional layer of protective shell coating can be applied to the surface of the
matrix systems, to further deter/delay the release of the encapsulated ingredient.
Krogars et al. (2000) developed a delivery system for targeted release to the distal
part of the small intestine and the colon, by preparing film-coated matrix pellets in
which enteric polymer was used both as a binder in the pellets and also as a coating
material. Although coated beads are widely used in the pharmaceutical industry, the
process is often complex, time consuming and costly, and may not be a suitable
option for the food industry. Due to the ease of manufacture and robust nature of the
release properties, matrix systems may be preferred to typical pharmaceutical-based
(reservoir) systems (Varma et al. 2004).

The underlying release mechanisms from a matrix system are more complex, as
they can involve simultaneous structural modifications to encapsulated bioactive
ingredients and microencapsulating polymers (Grassi et al. 2010). Due to the funda-
mental differences in the physico-chemical properties of bioactive ingredients and
coating polymers used, the dominating chemical reaction and/or physical mass transfer
processes can differ significantly from system to system. The release of the bioactive
ingredient can be governed by swelling and erosion of the matrix, dissolution and
diffusion through the matrix, or by a combination of both (Varma et al. 2004; Grassi
et al. 2010). When the hydrophobic matrix is exposed to aqueous fluid, the eluting
medium penetrates the matrix through the pores present in the matrix and the bioactive
ingredients diffuse out of the matrix via the liquid-filled porous network (Varma et al.
2004). According to the theory of Heller and Baker (Siepmann and Peppas 2001), the
dissolution of the encapsulated ingredients from water-insoluble polymers is first
controlled by diffusion through the polymer. The diffusion release rate decreases with
time due to the increasing diffusion path length. After a certain time period, this effectis
overcompensated by the increasing permeability due to progressive erosion of the
polymer. Polymer erosion may be due to hydrolytic backbone cleavage, resulting in the
polymer chains being converted into small, water-soluble molecules.

The release rate of bioactives normally decreases initially, and then increases as a
function of time. For poorly soluble bioactives commonly found in pharmaceutical
applications, dissolution and diffusion is practically non-existent. In the case of poorly
soluble or non-soluble bioactives, the release is primarily by an erosion mechanism
(Varma et al. 2004). As erosion continues, the effective diffusion of the bioactive will
decrease; therefore, the release rate will increase as a function of time. Erosion kinetics
strongly depend on polymer characteristics, i.e. functional groups from which it is
built, the type of monomers, co-polymerization and neighbouring groups (Siepmann
and Peppas 2001). Erosion can be classified into two different kinds, namely surface
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(heterogeneous) erosion and bulk (homogeneous) erosion (Grassi et al. 2010). In the
first scenario, only the periphery sections of the matrix are impacted, however in the
second scenario, erosion also impacts the polymeric bulk phase. For the effects of surface
erosion, polymer degradation is much faster than water intrusion into the polymer bulk.
Therefore, degradation occurs mainly in the peripheral polymer layers. On the contrary,
bulk erosion polymer degradation is much slower than water uptake by the system.
Therefore, the encapsulation system is rapidly hydrated and polymer chains are cleaved
throughout the system (Grassi et al. 2010). The type of erosion that occurs depends on the
hydrophobicity and morphology of the matrix material/polymer. Surface erosion is more
common with hydrophobic polymers; however, hydrophilic polymers are utilized for
bulk erosion effects (Pothakamury and Barbosa-Canovas 1995). The release rate and
release mechanism from an encapsulation system primarily depends on the solubility of
the bioactive to be encapsulated. Highly aqueous, soluble bioactives show faster release
rates, while poorly water-soluble ingredients (<0.01 mg/ml) often result in incomplete
release due to poor solubility and low dissolution rates for the matrix (Varma et al. 2004).
For insoluble bioactives, erosion will be governed by the kinetics of release. When the
matrix contains a water-soluble bioactive ingredient, an appropriate combination of dif-
fusion and erosion mechanisms determine the release kinetics.

6.3 Processing Techniques

In addition to the formulations, different processing techniques will result in matrix
systems with different physical and mechanical properties. These differences can
relate to changes in bioactive ingredient release behaviour. The nomenclature of
encapsulation methodologies extends from extrusion and emulsification to spray
drying and fluidized-bed as summarized in Table 6.1. Additional techniques such as
liposome, co-crystallisation and molecular inclusion can generate microparticles,
but their use is limited by cost constraints (Champagne and Kailasapathy 2008).
The creation of novel encapsulation techniques can originate from practical insights
into other fields since almost any non-food process can be transformed into
food-grade encapsulation technology. Hence, for the purpose of this review, the
most commonly used techniques will be presented.

6.3.1 Immobilization Cell Technology (ICT)

Immobilization cell technology (ICT) is a wuniversal design strategy for
micro-entrapment (Anal and Singh 2007), whereby bioactive cells are immobilized
or entrapped randomly within/throughout a continuous matrix, which is often a
hydrogel. ICT was originally introduced to enhance the efficiency of biotechnology
production processes, since matrix properties permit rapid and efficient separation
of producer cells and undesirable metabolites. ICT is successfully employed in a
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wide spectrum of disciplines within the food industry inclusive of fermentation
processes (De Giulio et al. 2005). Starter culture and lactic acid production are
imperative requirements during the manufacture of fermented dairy products and
the failure of starter culture performance will inevitably generate an abundance of
adverse effects on quality, appearance, texture and flavour of the end product.
Prévost and Divies (1987, 1988) performed the first dairy application of ICT by
separate cell entrapment of Lactobacillus bulgaricus and Streptococcus ther-
mophilus in calcium alginate gel beads for continuous inoculation of milk for
yoghurt production. Incorporation of ICT for continuous yoghurt manufacture
represents a complex procedure. Advantages include elevated cell and lactic acid
concentrations with better control of residence time, acidity and bacilli/cocci ratios.
Hence, ICT is a practical approach or for the delivery of bioactive cells.

6.3.2 Spray Drying

Spray-drying is a quintessential preservation and encapsulation method for bioac-
tive compounds and functional bioactives alike (Riveros et al. 2009). The devel-
opment of spray-drying equipment and techniques evolved over several decades
and came to prominence during the second world war due to the requirement to
reduce transport weight of foodstuffs (Patel et al. 2009). The speed of drying and
continuous production capabilities were useful for drying large amounts of bioac-
tive compounds and cultures. Since then, much research has been reported on the
spray-drying of bioactives without loss of activity in order to overcome the diffi-
culties involved in handling and maintaining product inventory. Gum arabic and
starches represent customary support materials for spray drying since they form
spherical microparticles during the drying process. The merits of this process have
ensured its dominance, particularly in the dairy industry to concentrate surplus
supplies of milk and milk products into dry stable powders with a long shelf life due
to low moisture content (<4 %), which inhibits microbial development during
storage. Spray drying is initiated with the atomization of a liquid feedstock (solu-
tion, suspension, dispersion or emulsion) into a spray of droplets. The spray is
produced by either rotary (wheel) or nozzle atomizers, and upon contact with hot air
in a drying chamber, these droplets lose their moisture rapidly (Fig. 6.2a).
Evaporation of moisture from the droplets and the formation of dry particles pro-
ceed under controlled temperature and airflow conditions. Powder is continuously
discharged from the drying chamber and recovered from the exhaust gases using a
cyclone or a bag filter by centrifugal action, whereby dense powder particles are
forced towards the cyclone walls while the lighter, moist air is directed away
through the exhaust pipes (Fig. 6.2). The dried product can be in the form of
powders, granules or agglomerates, depending on the physical and chemical
properties of the feed, the dryer design and final powder properties desired. The
FILTERMAT® Spray Dryer is frequently used in food and dairy applications due to
its low outlet temperature and subsequent high thermal efficiency (Patel et al. 2009).
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Fig. 6.2 Typical spray drying operation utilizing a centrifugal atomizer (a) and a cyclone
separator [adopted from Devakate et al. (2009)] and typical air flow patterns (b)

Typical product-air flow patterns in spray dryers are shown in Fig. 6.2b
(Vega-Mercado et al. 2001): co-current, counter-current and mixed flow. In the
co-current process, the droplets and air pass through the dryer in the same direction.
The droplets meet the air at the highest temperature. This causes rapid surface
evaporation, while it is still wet, providing safe conditions for heat-sensitive materials.
This approach is commonly utilized for microencapsulation of antibiotics, peptides
and protein since thermal exposure is minimized and product recovery occurs 15 °C
below the outlet temperature (Wan et al. 1992). The counter-current configuration
sprays the droplets in the opposite direction to the hot air flow, which exposes the dry
product to high temperatures. This design can only be used for non-heat-sensitive
materials and is less commonly used than the co-current configuration. Mixed flow is a
combination of co-current and counter-current flow patterns. A nozzle is positioned in
the bottom of the chamber, forcing the spray to travel upward until overcome by
gravity and the downward flow of the drying medium.

Spray-drying is highly reproducible, easily scaled up and suitable for industrial
applications. The residence time required for drying particles is short (<30 s) and
most of the wet particles experience only the wet bulb temperature during removal
of the majority of water; therefore, heat damage to dry materials is generally only
slight. Despite popularity, however, maintenance of cell viability during spray
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drying of heat-sensitive cultures remains an industrial challenge with additional
process restrictions based on the limited selection of shell materials with appro-
priate solubility properties (Weissbrodt and Kunz 2007). The process of
spray-drying creates many technical problems for bioactives, inclusive of heat,
osmotic stress, ribosome/DNA damage and loss of membrane integrity, which is
affiliated with lipid and protein damage (Brennan et al. 1986; Teixeira et al. 1997).
Thus, an alternative encapsulation technology may be required for guaranteed
bioavailability of heat-sensitive bioactives.

6.3.3 Extrusion

Extrusion is a mechanical matrix-based technique for the production of
microspheres/microcapsules for biotechnological and food applications. Essentially,
bioactive materials can be dispersed or encapsulated in a solid matrix—either
hydrophobic or hydrophilic—in order to speed up or reduce the release kinetics,
depending on the final therapeutic target. In essence, desired microbead droplets are
generated by extruding a hydrocolloid solution through a jet orifice at high pressure
using mechanical means (cutting or vibrational forces) to increase the customary
dripping process at the orifice. Droplets free-fall into a solution with immediate
solidification either by physical (cooling or heating) or chemical means such as
gelation. The droplet surface will solidify almost upon immediate contact with the
gelling bath, and droplets will be fully gelled after prolonged gelation time, which
entraps cells in a three-dimensional hydrocolloid lattice. The size and shape of the
microbeads depends on the diameter of the orifice and distance of free-fall, which
dictates subsequent dispersibility in the final product. Such a method known as
‘droplet extrusion’ was explored by Ouwerx et al. (1998), who investigated the
physical and chemical parameters influencing the behaviour of alginate beads
prepared by dropping aqueous sodium alginate into various divalent cations,
resulting in large beads of 2.4-3.0 mm in size. Extrusion on the other hand,
characterized by both single and multiple channel systems, has successfully pro-
duced microspheres of much smaller sizes (Freitas et al. 2005).

Alginate is the most commonly employed material for the generation of
hydrocolloid beads by extrusion technology (Doleyres and Lacroix 2005). Alginate
provides a gentle environment for entrapped material, low cost-in-use, matrix
biocompatibility (Krasaekoopt et al. 2003) and no requirement for high tempera-
ture, pressure or complex instrumentation. Alginates, composed of alternating block
of 1-4 linked o-L-guluronic acid and P-p-mannuronic acid residues, are
water-soluble linear polysaccharides extracted from brown algae. Alginate gelation
can be achieved by reaction with divalent cations such as Ca®* which bind to the a-
L-guluronic acid blocks in a highly cooperative manner (Smidsrod and Skjak-Braek
1990). As a result, each alginate chain dimerizes to form junctions with many other
chains, resulting in gel network formation (Dupuy et al. 1994). However, diffusion
of low molecular weight bioactives through semi-permeable gel networks such as
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alginate represent a major issue in relation to encapsulation efficiency resulting in
unsatisfactory acid resistance and bioactive function. These limitations compromise
the feasibility of extrusion with consequent motivation to discover alternative
gelling agents. Several hydrocolloids are actively employed for extrusion
(Table 6.2), including kappa-carrageenan (Krasaekoopt et al. 2003), gellan gum
(Sun and Griffiths 2000) and combinations thereof (Sultana et al. 2000).

Depending on the application, an additional protective layer of shell coating was
applied to these extrusion systems, with chitosan preferably utilized as a coating
material for targeted delivery to the colon (Chavarri et al. 2010). However, this
approach may not be a viable option for food manufacturers due to the costly,
time-consuming nature of the process. Owing to their desirable gelation function,
dairy proteins are highlighted for simple extrusion methodologies (Doherty et al.
2011, 2012), with Hébrard et al. (2010) demonstrating the benefits of whey protein
coating for enhanced bioactive function while Heidebach et al. (2009b) exploited
the functionality of casein proteins for enhanced bioactive cell survival. Due to
fundamental differences in the physico-chemical properties of bioactive ingredients
and polymer materials, the release mechanism in matrix systems may involve
dissolution or diffusion through the matrix, swelling and erosion of the matrix or a
combination of both (Grassi et al. 2010; Varma et al. 2004).

Table 6.2 Hydrocolloids commonly employed for extrusion

Gelling Conditions of gelation References

agent

Alginate Sets in the presence of divalent Chandramouli et al. (2004)
counter-ions

Carrageenan Microparticles generated by in situ Belyaeva et al. (2004), Ellis and

1, k, A) ionic gelation Jacquier (2009)

Gum arabic Highly branched structure with Lian et al. (2003), Hsiao et al.
proteinaceous material capable of (2004), Desmond et al. (2002)
stabilizing oil-in-water (O/W)
emulsions

Milk Structural and physiochemical Reid et al. (2007), Guerin et al.

proteins properties facilitate their (2003), Heidebach et al. (2009a),
functionality as compatible delivery Livney (2010), Doherty et al. (2011)
agents

Xanthan Utilized as a rheological agent and Papagianni and Anastasiadou (2009)

gum stabilizer in O/W emulsions

Pectin Gels at low pH with divalent ions Sandoval-Castilla et al. (2010),
and interacts with positively charged | Madziva et al. (2006)
protein molecules

Starch Modified starches exhibit good O’Riordan et al. (2001),
spray-drying properties, and resistant | Kailasapathy and Chin (2000)
starch is an ideal surface for probiotic
adherence and targeted intestinal
delivery

Gelatine Thermo-reversible gels form on Annan et al. (2008), Hyndman
cooling (1993)
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6.3.4 Emulsification

Emulsification consists of at least two immiscible liquids—usually oil or water—
with one of the liquids being dispersed as small spherical droplets in the other.
Emulsion can be classified according to the spatial arrangement of the oil and water
phases whereby a small volume of aqueous cell-polymer suspension (discontinuous
phase) is added to a large volume of an oil (continuous phase). The bioactive
mixture is homogenized (Fig. 6.3) to form a water-in-oil (W/O) emulsion, and once
the water-in-oil emulsion is formed, the water-soluble polymer must be insolubi-
lized (cross-linked) to form gel particles within the oil phase (Burgain et al. 2011b).
Conversely, a system involving oil droplets dispersed in an aqueous phase is called
an oil-in-water emulsion (O/W), and the size of the internal phase in both emulsion
systems will determine the final microparticle properties and the support material
utilized will further dictate the choice of insolubilization method. Typically, the
diameter of the droplets in food systems range from 0.1 to 100 um.

The emulsion encapsulation technique was developed by Nilsson et al. (1983) as
a universal method for immobilization of sensitive cells and currently represents the
predominant technique for bioactive encapsulation in batch and continuous pro-
cesses (Audet et al. 1990; Lacroix et al. 1990). Emulsion technology is generally
applied for the encapsulation of bioactives in aqueous solutions, which can either be
used directly or in the liquid state or can be dried to form a powder (i.e. by spray,
roller or freeze-drying) after emulsification. Gel beads can be introduced into a
second polymer solution to create a coating layer for additional bioactive protection
or enhanced organoleptic properties in products including ice-cream (Homayouni
et al. 2008). The technique is easily scaled-up and generates high bioactive func-
tionality (Chen and Chen 2007); however, particles have large size distributions and
operational costs are relatively high due to the inclusion of vegetable oil and
emulsifiers such as Tween 80. It is critical, however, to highlight the fact that food
emulsions must initially be stable since emulsions are kinetically rather than

Dispersion of droplets Polymerisation via Bioactive
by emulsification addition of CaCl, encapsulation
Droplets of Alginate Liquid core
polymer & Vegetable oil

probiotic cells Bioactive

q q

S

Fig. 6.3 Schematic of the emulsification procedure involving a small volume of
probiotic-polymer suspension (i.e. the discontinuous phase) added to a large volume of vegetable
oil (i.e. the continuous phase). After homogenization, water-in-oil (W/O) emulsion is formed and
the water-soluble polymer is gelled within the oil phase
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thermodynamically stable two-phase systems with inevitable separation of oil and
water phases. Hence, when considering food emulsions as a delivery mechanism for
sensitive ingredients two issues must be addressed: (1) the necessity to stabilise the
emulsion against separation prior to delivery/consumption and (2) control to pre-
vent emulsion destabilization to achieve the required release under appropriate
physiological conditions. Emulsions may be stabilized by combining process and
formulation designs including homogenization, which facilitates droplet break-up
and the creation of a dispersed phase.

6.3.5 Fluidized Bed Technology

Fluid spray coating is another technique utilized for protection of bioactives. This
process involves a three-step procedure governed by suspension and circulation of
particles using hot air or gas, and it represents an efficient approach for the appli-
cation of uniform layers of shell material onto solid particles. A liquid coating
material is sprayed through a nozzle onto the particles to initiate film formation in
the coating chamber, where the hot atmosphere facilitates rapid evaporation during
the coating procedure. The core material (bioactive) needs to be in a solid form and
remain in motion in a specially designed vessel, either by injection of air at the
bottom or by a rotary action (Champagne and Fustier 2007). A succession of
wetting and drying stages is initiated for optimum film formation, which involves
coalescence and fusion of polymer particles on the core material surface. Poor
adhesion between the coating and the surface of the core material may affect
stability of the encapsulated component due to the accumulation of moisture at the
core-coating interface, which may further compromise mechanical protection of
encapsulation. There are three different types of fluidized-bed coaters characterized
by the position of the nozzle: top spray, bottom spray (‘Wurster’ coating) and
tangential spray with rotating disk (rotor pellet coating). Ease of technology
scale-up promotes fluidized spray coating as a popular methodology for bioactive
encapsulation in neutraceutical products, and it is also adaptable for multi-layer
coating procedures. This technology provides the high energy needed to evaporate
water, which offers an ideal application for aqueous-based coatings including
proteins (Dewettinck and Huyghebaert 1999) and coating particles which tend to
agglomerate when wet (Williams III and Liu 2006). Relative to available tech-
nologies, fluidized bed endorses appreciably more versatile controlled-release
potential due to its capacity to coat particles with basically any kind of polymer, and
operational costs are comparable or slightly lower than spray-drying (Muller et al.
2009). Despite the potential advances of fluidized bed coating in bioactive appli-
cations, most information for the technology is proprietary with widespread
industrial integration impeded by high cost-in-use. Integration of encapsulation
technologies is also a viable possibility whereby fluidized bed technology is used to
agglomerate fine (10—-100 pm) spray-dried particles to impart better protection,
functionality and shelf life (Buffo and Reineccius 2001).
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6.3.6 Vibrating Jet Technique

The vibrating jet technique is primarily performed by liquid extrusion through a
vibrating jet nozzle (Del Gaudio et al. 2005), which is the main recognized com-
mercial technique for conversion of fluid dispersions into micro-beads/capsules
(Senuma et al. 2000). The method is based on the principle of laminar-jet breakup
using vibrational frequency with defined amplitude to an extruded jet flow
(Fig. 6.4). In brief, when a liquid is extruded through a nozzle at certain flow rates,
it produces a laminar jet, which can break up freely into short lengths by sporadic
disturbances. These segments then form spherical droplets due to the force of
surface tension. However, natural breakup is unpredictable, resulting in
micro-beads with large size distributions.

The application of a permanent sinusoidal force at defined frequencies to the jet
will generate one droplet per hertz of applied frequency (Rayleigh 1879).
Figure 6.4a shows a schematic representation of a lab-scale encapsulator that can
generate single core microbeads; production of multicore capsules using a con-
centric nozzle. Physical properties of the microbeads and bioactive release prop-
erties depend on various parameters inclusive of nozzle diameter, flow rate of the
laminar jet, size of the frequency at defined amplitude, and viscosity of the extruded
liquid (Fig. 6.5).
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Fig. 6.5 Schematics of globular protein unfolding during the cold gelation with subsequent
addition of bioactive compounds/cells. The atomic force microscope (AFM) image reveals the
progressive engulfment of individual particles by processed milk protein (Doherty et al. 2011)

6.4 Dairy Encapsulation Systems

6.4.1 Dairy Proteins

The diverse functionalities of milk proteins have been used for millennia. Protein
fractions with specific functions are widely available and are important building
blocks for product innovation, including encapsulation (Livney 2010). Bovine milk
proteins contain approximately 13 % solids, consisting of 4 % fat, 3 % protein,
4 % lactose, 1 % ash and other minor components (Fox and McSweeney 2003).
The protein content can be divided into two categories: those precipitating upon
adjustment of milk to pH 4.6, caseins; and those remaining soluble at pH 4.6, whey
proteins. There are four caseins found in milk, o;-, o»-, B- and K-casein. In milk,
these caseins form coarse colloidal micelles in conjunction with metal ions. These
micelles have a molecular weight of ~10® Da and are between 60 and 500 nm in
diameter (Fox and Brodkorb 2008). The whey proteins, which comprise
B-lactoglobulin, a-lactalbumin, immunoglobulins, bovine serum albumin and other
minor proteins, are found at a concentration of about 0.7 % in milk. For many
years, whey proteins were considered waste products of cheese making and casein
production industries. However, increased industry impetus to reduce waste from
manufacturing processes provided whey proteins with the necessary recognition as
a profitable ingredient with nutritional, functional and gelation properties suitable
for encapsulation (Reid et al. 2007; Heidebach et al. 2009b).

The formation of cold-set whey protein gels proved successful for protection and
delivery of bioactives (Hebrard et al. 2006) and probiotic bacteria (Reid et al. 2007),
with further applications for enhanced retinol (Beaulieu et al. 2002) and nutrient
(Remondetto et al. 2004) and bioavailability. Remondetto et al. (2002) exploited the
cold-set gelation mechanism by adding ferrous salt to -lactoglobulin solutions to
address global mineral deficiency concerns. Filamentous and particulate gels were
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produced depending on the iron/protein ratio. The filamentous form is created by
linear aggregation of structural units maintained by hydrophobic interactions,
whereas particulate forms are produced by random aggregation of structural units
controlled by van der Waals forces.

These microstructures revealed different sensitivities to environmental condi-
tions such as pH, and digestive enzymes with filamentous gels illustrating potential
as matrices for iron transport and absorption (Remondetto et al. 2004). Lee and
Rosenberg (2000) developed a microencapsulation technology based on heat
denaturation of whey proteins for the generation of an O/W/O double emulsion
producing microcapsules with an extremely smooth and uniform outer surface. This
morphological feature contrasts remarkably with traditional spray-drying micro-
capsules, where water evaporation causes collapse of the microcapsule and lower
encapsulation efficiency.

Whey protein emulsions have also attracted interest in food formulations since
their flexibility and amphiphilic nature permit rapid absorption to the emulsion
interface where they self-aggregate and form continuous and homogenous mem-
branes around oil droplets through intermolecular B-sheet interactions (Lefevre and
Subirade 2003). Chen et al. (2006) demonstrated o-tocopherol protection under
gastrointestinal conditions using cold-set B-lactoglobulin emulsion gels where
molecular delivery was regulated by gel biodegradation. Hence, composite systems
such as protein emulsions may broaden functional food development with novel
organoleptic properties (Mcclements 2007). Beaulieu et al. (2002) generated
microbeads with diameters ranging from 1 to 2 mm, based on the principle of
emulsification with subsequent Ca**-induced gelation of pre-denatured whey pro-
tein. Results confirmed the ability of whey protein beads to protect bioactive
molecules from gastric pH conditions for targeted intestinal absorption.
Furthermore, whey proteins microspheres were also produced via
emulsification/internal cold gelation (Chen and Subirade 2005). The size distribu-
tion of these protein structures, homogenous with alginate matrices, ranged from 3
to 10 pm using a method based on the release of calcium ions from an acid-soluble
calcium salt in emulsified pre-denatured protein solution. This approach favours the
production of small protein microbeads in large quantities via control of emulsifi-
cation conditions for integration into various food formulations with a targeted
intestinal release mechanism. Meanwhile, casein proteins have also been utilized as
soluble sodium-caseinate or calcium-caseinate for encapsulation (Heidebach et al.
2009a, 2010) and green tea polyphenols (Dehkharghanian et al. 2009) by means of
acid gelation.

6.4.2 Protein Hydrolysates

Controlled proteolysis of o-lactalbumin (o-LA) results in the formation of
self-assembled o-LA nanotubes (approx. 110 x 20 nm) via association of the
protein hydrolysates in the presence of Ca ions (Graveland-Bikker et al. 2006; Ipsen
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and Otte 2007). The inner cavity of the tubes (8 nm diameter) is a putative site for
encapsulation of molecules such as vitamins, minerals or enzymes. Furthermore,
the nanotubes are heat stable (72 °C, 40 s) and able to withstand the freeze-drying
process. The stability of the nanotubes may be further enhanced by cross-linking
(e.g. using transglutaminase). The nanotubes can also be fitted with lipid caps that
open and close to allow controlled release of the encapsulated bioactives. Milk
protein hydrolysates can also be used as encapsulants in emulsion-based systems.
Numerous studies have shown that proteolysis of the milk proteins modifies their
functionality, including their surface-active and gelation properties. The effect of
proteolysis on the physical functionality of proteins depends on the type of milk
protein and the hydrolysis conditions (Foegeding et al. 2002; Kilara and Panyam
2003). For example, Chobert et al. (1987, 1988a, b) showed that limited hydrolysis
of casein (2-10 %) could increase its emulsifying activity. Euston et al. (2001)
showed hydrolysis (10-27 %) improved the emulsifying capacity of WPC (Whey
Protein Concentrate) generally containing between 30 to 80 % protein. Treatment of
whey proteins with a protease has also been shown to induce gel formation more
rapidly during heat treatment compared to the intact proteins (Chen et al. 1994). Gel
properties can also be manipulated by modulating hydrolysis conditions (Otte et al.
1996). These properties allow milk protein hydrolysates to function as effective
encapsulants and may lead to the development of unique delivery system.

6.4.3 Milk Fat Delivery Systems

The major component of milk fat is triglycerides (98 %). The composition of milk
fat is highly complex, with over 400 fatty acids and 200 triglycerides identified
(Gresti et al. 1993). Milk fat melts over the temperature range of —40 to +40 °C.
The melting temperature of milk fat is a function of the crystalline state (Walstra
and Jenness 1984) and the composition of the triglycerides. The fractionation
process provides milk fat with various triglyceride compositions and is performed
to differentiate the physical and functional properties of milk fat, such as crystal-
lization behaviour and melting point (Kaylegian and Lindsay 1995). In the area of
encapsulation, milk fat fractions with a defined melting point can be exploited; for
example, to facilitate finer control over the release of core materials that have been
embedded in a fat matrix.

Milk fat is an obvious carrier for lipophilic compounds. Braun and Olson (1986)
encapsulated proteins and peptides in milk fat and investigated their functionality.
Butter oil capsules demonstrated good freeze—thaw dispersibility. However, when
the capsules were held at high incubation temperatures (>32 °C), such as those that
may be encountered during cheese making, the microcapsules showed poor tem-
perature stability.

Active cores may also be embedded in a solid fat matrix. A high-melting point
fraction of milk fat was used to encapsulate (48 % encapsulation efficiency) pro-
tease enzymes (Kailasapathy and Lam 2005), which were subsequently
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incorporated (73.5 %) into cheese curd. Encapsulation of the proteases accelerated
cheese ripening compared to the control cheese. Jackson and Lee (1991) prepared
lipid-coated microcapsules of iron to fortify cheese. However, neither a high
melting point fraction of milk fat nor hydrogenated milk fat was a suitable coating
for this application.

Milk fat can also be used in emulsion-based systems. Encapsulation of
o-tocopherol in a stearin-rich milk fat fraction was prepared as a caseinate O/W
emulsion to protect the antioxidant against degradation during storage (Relkin et al.
2008). Al-Nabulsi et al. (2006) microencapsulated lactoferrin in a polyglycerol
condensed ricinoleate (PGPR)-stabilized butterfat-corn oil W/O emulsion. The fat
encapsulant improved the antimicrobial activity of lactoferrin in cured meat by
protecting it against adverse environmental conditions.

6.4.4 Milk Fat Globule Membrane as an Encapsulant

The Milk Fat Globule Membrane (MFGM) is a complex mixture of glycolipids,
phospholipids and proteins (Singh 2006). MFGM phospholipids constitute 26-31
% of its total lipid content, and together with proteins constitute more than 90 % of
the membrane dry weight (Singh 2006). It has a high nutritional value (Spitzberg
2005; Dewettincka et al. 2008) and acts as a natural barrier against lipolysis of milk
fat in milk. MFGM material is a natural emulsifier and behaves differently from
milk proteins (caseins, B-LG) when used for stabilizing emulsions. Corredig and
Dalgleish (Corredig and Dalgleish 1998a, b) revealed that MFGM-stabilized O/W
emulsions are less susceptible to interfacial displacement by low molecular weight
surfactants than milk protein-stabilized emulsions, and are not affected by the
presence of other milk proteins (caseins, whey). These properties have been
attributed to a strong interfacial interaction between MFGM and the oil. The
phospholipids may also contribute by lowering the interfacial tension. However, the
source of the raw MFGM, the isolation procedure and the conditions during
emulsion formation are critical, in order to maximise MFGM functionality (Singh
2006).

Liposomes prepared from MFGM phospholipids possess several advantages
over their soy phospholipid counterparts, including a thicker membrane, lower
membrane permeability and higher phase transition temperature (Thompson and
Singh 2006). These properties afford the MFGM-derived phospholipid liposomes
with improved environmental stability (e.g. heat, pH, presence of divalent cations)
compared to liposomes prepared from soy-derived phospholipids. Furthermore,
in vivo studies show MFGM enhances intestinal drug absorption (Liu et al. 1995),
indicating opportunities for the use of MFGM for bioactive delivery.



6 Encapsulation Efficiency and Capacity ... 191

6.5 Conclusion and Perspectives

It is important to remember that encapsulation requires a multi-disciplinary
approach. Consideration of the core/bioactive and the effects of the encapsulant,
formulation, process design and process conditions are all crucial to achieve the
optimum result for a defined objective of protection. In this respect, it is anticipated
that a greater focus will be given to enhancing our understanding of the effect of
core materials on encapsulation processes and encapsulant properties. Knowledge
that provides fundamental information on the nature of the interaction between the
bioactives and encapsulation matrices in order to anticipate release properties will
be required to formulate and design delivery systems for a greater range of bioactive
materials. It is highly likely that more functional foods in the future will contain
colloids with complex structures, not only to control bioactive release, but also with
increasingly complicated structures designed to impact on human health. It can be
foreseen that with new strategies for stabilization of sensitive bioactives and
development of novel approaches to site-specific carrier targeting, proteins,
encapsulation will may play a role for increasing the efficacy of functional foods
over the next decade. However, at the present stage, greater fundamental under-
standing of interactions on the molecular level and their impact on functional
properties of bioactives is still required to bridge the gap to efficacious bioactive
commercial applications.
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Chapter 7
p-Lactoglobulin-Based Nano
and Microparticulate Systems
for the Protection and Delivery
of Bioactives

Fatoumata Diarrassouba, Ghislain Garrait, Gabriel Remondetto
and Muriel Subirade

Abstract The new paradigms in human nutrition and the ever-increasing consumer
demand for safe and healthy food products have encouraged research in functional
foods and nutraceuticals as pharmaceutical surrogates. Food proteins are abundant
and from renewable sources, with functional groups conferring interesting structural
and functional properties. Their ability to bind small ligands and to form aggregates
and electrostatic complexes with other food macromolecules provides numerous
applications for oral delivery technology. The current review focuses on the major
milk protein f-lactoglobulin, its techno-functional properties and its applications in
the formulation of nano- and micro-sized oral delivery platforms.

7.1 Introduction

Active compounds such as probiotics, bioactive peptides, antioxidants and vitamins
with physiological benefits beyond basic nutritional functions such as reducing
the risk of chronic disease, are often referred to as nutraceuticals. In Canada, they
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fall under the regulation of natural health products (NHPs), which went into effect
on January 1, 2004 (Canada 2013). The market for NHPs is increasing rapidly
worldwide. The market value is estimated at around US $117 billion from the three
most important sources alone—the Unites States, Japan and Western Europe
(Nufiez Sellés 2011). This increases to between $300 and $400 billion when other
areas such as Eastern Europe, Latin America, Asia or Africa are considered.

The development of the ideal oral system for the protection and delivery of
NHPs has become a focus of tremendous research worldwide, particularly in the
food and pharmaceutical sciences. The popularity of oral delivery systems has
soared, and sales were already expected to reach over $67 billion a few years ago
(Kim and Pack 2006; Ranade and Cannon 2011). The designation ‘oral delivery
system’ usually implies ‘controlled delivery’ of bioactive compounds, which
involves the efficiency of delivery and the enhancement of solubility, absorption,
bioavailability, safety and duration of action (Ranade and Cannon 2011). In addi-
tion to increasing patient comfort and compliance, oral delivery systems can
achieve sustained, controlled and site-specific release of bioactives (Santus and
Baker 2003; Kim and Pack 2006; Ranade and Cannon 2011; Murray 2011).
Consequently, from a pharmaceutical point of view, serum concentrations are less
prone to fluctuations, and toxicity and dosing frequency are reduced (Ranade and
Cannon 2011). In the food industry, delivery systems are used as carriers for
functional ingredients, protecting those ingredients from hostile environmental
factors including heat, light, oxygen, high pressure and shear forces during pro-
cessing, storage and utilization, until the intact bioactive ingredient is delivered to
the target site; the list of advantages is not exhaustive. The release rate of the
bioactive molecule can then be modulated via the control of conditions including
temperature, ionic strength, pH and digestive enzymes (Weiss et al. 2006).

The release kinetics from the oral delivery system rely on the chemical com-
position and/or the structure of the carrier system. In general, mechanisms of release
such as diffusion result from physical (erosion) or chemical decomposition
(degradation); swelling and osmotic pressure lead to an expansion of the carrier
system, thus expelling the bioactive out of the carrier matrix (Ranade and Cannon
2011; Murray 2011). The chemical composition and structure of the oral delivery
system are of utmost importance in achieving effective release of bioactives. With
the size of oral delivery systems decreasing dramatically, concerns have been raised
regarding the toxicity of such carriers and the resulting degradation products.
Indeed, reduced size may lead to an increase in toxicity, given that small sized
carriers might reach and accumulate in regions within cells or tissue inaccessible to
macroscopic particles of the same composition. In fact, the size of oral delivery
systems has decreased from capsules, tablets or powder forms to microparticles,
nanoparticles and nanocomplexes. Microparticles are less than about 1000 pm
while nanoparticles and nanocomplexes are less than 100 nm in size (Chen et al.
2006; Weiss et al. 2006). Therefore, biopolymers which are biocompatible and
biodegradable with negligible to null toxicity are increasingly used to fabricate oral
delivery systems. Milk whey protein fits well with these criteria, and thus whey
protein-based delivery systems have been the focus of countless peer-reviewed



7 p-Lactoglobulin-Based Nano and Microparticulate Systems ... 201

articles (Beaulieu et al. 2002; Chen and Subirade 2005; Chen et al. 2006; Chen and
Subirade 2006; Hebrard et al. 2006; Hebrard et al. 2009; Hebrard et al. 2010;
Hebrard et al. 2013). However, whey proteins are composed of diverse proteins
with different structures, properties and functions, making it difficult to distinguish
the role and degree of participation of each protein in the formation of the carrier
system (O’Regan et al. 2009). However, most functional properties of whey iso-
lates, including aggregates and gel formation, are attributed to one major protein, f3-
lactoglobulin (f1g) (Boland 2011; Nicolai et al. 2011). The present review therefore
concentrates on the major whey protein f-lactoglobulin (flg) and its functionality
as a micro and nano-based oral delivery system.

7.2 Structure and Functionality of plg

The structure and amino acid composition of flg have been the focus of extensive
research (Oliveira et al. 2001; Kontopidis et al. 2004; Loch et al. 2011; Sawyer
2013). Thus, only the structural characteristics and physicochemical properties
related to bioactive protection and delivery are detailed in the present review.

Well defined crystal structures indicate that flg is a globular protein of the
lipocalin family, with a molecular weight of 18.3 kDa and an isoelectric point
(pl) of 5.3 (Oliveira et al. 2001; Boland 2011; Sawyer 2013). The two main genetic
variants of flg, A and B, differ from a mutation occurring at amino acid sequence
position 64 (Aspn — Glyg) and 118 (Valy, — Alag). The overall conformation of
the molecule remains fairly the same, although the substitutions lead to dissimi-
larities in properties such as heat stability and resistance to pressure denaturation
(Botelho et al. 2000; Oliveira et al. 2001). The information presented in the current
review will refer to flg variant B.

The protein is constituted of 162 amino acids, including all 20 amino acids in
relative amounts that make it exceptional and valuable nutritionally. In fact, com-
pared to theoretical common values computed for proteins, flg comprises about
17 % more essential amino acids (Mehra and O’Kennedy 2009). The tertiary
structure of flg is composed of 8 % of a-helix, 45 % of [ -sheet and 47 % of random
coil (Loch et al. 2011; Oliveira et al. 2001; Sawyer 2013). flg has an overall radius
of 2 nm, with almost 90 % of its mass within 1 nm of the surface and nearly 60 %
within 0.5 nm (Liang and Subirade 2012). The structure of the monomer of flg is
composed of nine strands of antiparallel ff-sheets (strands A to I), eight (strands A to
H) of which wrap around to form a flattened, conical barrel, also called the central
calyx. The cylindrical-shaped calyx has a length of 15 A, with hydrophobic walls
composed of two sheets made of strands A-D and strands E-H. Strand A (residues
16-27) participates in both sheets due to its 90° bend at its midpoint (Ser21), while
the ninth strand (I) extends the EFGHA sheet. The neighboring strands within the
sheets are connected via a loop (Uhrinova et al. 2000). The dimer interface is formed
in part by strand I and the loop connecting strand A to B. Strand A is preceded by a
three-turn o-helix while another one lies in the A-B loop. The structure of flg
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contains two disulfide bridges consisting of Cys66—Cys160, connecting the C-D
loop to the carboxyl-terminal region, and Cys106—Cys119 links strands G and H. An
additional Cys at position 121 is buried and thus remains free. At pH values from 5 to
about 7, including that of the milk (~pH 6.6), flg exists as a dimer in solution;
below pH 3 and above 7, the monomeric conformation predominates (Uhrinova
et al. 2000; Sawyer 2013). Upon modification of the pH, flg undergoes different
structural transitions categorized into distinct classes (M, Q, N and R), and their
interrelation is as follows: M < Q < N « R (Sakurai and Goto 2007).

Reports indicate that moderate to considerable pH-induced structural transitions
of flg occur between pH 2.5 and 8, while above pH 9, flg undergoes significant
and irreversible structural modification, also called base-induced unfolding of the
protein (Uhrinova et al. 2000; Taulier and Chalikian 2001; Sakurai and Goto 2007).
Below pH 2, the volume and compressibility of the protein decrease, providing flg
with a more compact structure (Taulier and Chalikian 2001). It is believed that
further structural transition continues at pH values less than 1.0, even though no
report exists at the moment. Between pH 2.5 and 8, the overall conformation of the
protein is conserved extraordinarily well, despite significant structural changes.

The dimer-to-monomer transition occurring between pH 4.5 and 2.5 is the
acid-induced dissociation of the dimeric f1g into monomers. It includes the flg transition
from the monomeric (M) to the acidic form (Q) around pH 3, where the protein is
believed to dimerize (Taulier and Chalikian 2001; Sakurai and Goto 2007). This tran-
sition triggers a different orientation of the a-helix, which affects only the surface elec-
trostatic properties of fflg. The native dimeric (N) to the acidic (Q) form transition occurs
between pH 6.0 and 4.5. This transition is accompanied with a change in the compactness
of the protein translated into a slight expansion of the hydrodynamic volume of flg
(Taulier and Chalikian 2001; Sakurai and Goto 2007). It also includes the pH 5 transition
(dimer to octamer transition from pH 3.9 to 5), at which g undergoes an octamerization
without significantly affecting its secondary structure. Above pH 5, the dimerization of
Plg is due to the electrostatic interactions between Asp130 and Glu134 of one monomer
with corresponding lysyl residues of other monomers. The Tanford (N-R) transition
occurs between pH 7 and 8 (Taulier and Chalikian 2001; Sakurai and Goto 2007). This
transition involves a conformational change of the E-F loop (residues 85-90), probably
due to the cleavage of hydrogen bonds between the F and G strands, as represented in
Fig. 7.1 (Sakurai and Goto 2006; Sakurai and Goto 2007). Finally, there is a transition at
pH 9.0 or above where flg undergoes an irreversible base-induced unfolding (Taulier
and Chalikian 2001). These structural transitions are important for understanding the
functional properties of the protein.

7.3 Functionality of plg

The physiological role of flg, albeit not fully understood, seems to be intimately
related to its amino acid composition and tertiary structure. The health benefits of
Plg and derived peptides go far beyond its undeniable nutritional value and well
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Fig. 7.1 Structures of flg displaying the E-F loop in the closed (leff) and open (right)
conformation in the green circle. The conical f-barrel is formed by two sheets consisting of f3-
strands A—D and strands E—H [adapted from Sakurai and Goto (2006), Sakurai and Goto (2006)]

justify its use in functional food ingredients and nutraceuticals. Their effects on a
number of disease conditions have been reviewed elsewhere (Mehra and
O’Kennedy 2009; Motris and FitzGerald 2009). Examples of beneficial activities
on human health include their role as hypotensive, anticancer, immunomodulatory,
opioid agonist, mineral binding, antimicrobial, gut health-enhancing, hypocholes-
terolemic, insulinotropic and psychomodulatory agents.

Functional advantages of flg reside in its capacity for gel formation, foaming and
emulsion stabilization, all of which find numerous applications in the food industry
(Chen et al. 2006; Tunick 2009; Nicolai et al. 2011). Gelation remains one of the
most important techno-functional properties of fSlg and is traditionally achieved
though thermal treatment. The sequential gelation steps consist of the unfolding of
polypeptide chains with concomitant exposure of initially buried hydrophobic amino
acid residues and subsequent self-aggregation of protein molecules into a
three-dimensional network that entraps water by capillary forces (Chen et al. 2006).
Contributing forces are hydrophobic effects, van der Waals interactions, hydrogen
bonding and covalent interactions, of which the impacts can be determined via the
use of destabilizing agents. As one example, urea can be used to block the formation
of the hydrogen bonds, sodium dodecyl sulfate (SDS) to block the formation of the
hydrophobic interactions, and 2-mercaptoethanol to block the formation of the
disulfide bridge (Remondetto and Subirade 2003). In the absence of salt, flg forms
transparent ‘fine-stranded’ gels at extreme pH values away from its p/, and opaque
‘particulate’ gels near its p/. Salt has been used to induce cold-set gels made by prior
heat denaturation of flg (Remondetto and Subirade 2003; Chen et al. 20006).

The solubility of fSlg is greatly enhanced in the presence of salt due its surface
charge distribution at neutral pH, thus explaining the harvesting of the protein by
dialysis or precipitation upon salting out and further growing of X-ray crystal
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structures (Creamer et al. 2011; Sawyer 2013). The structure of flg justifies its
classification as a member of the lipocalin family and calycin subclass, which is
naturally involved in the transportation of small hydrophobic bioactives (Sakurai
et al. 2009). Reports indicate that flg binds retinol, triglycerides and long chain
fatty acids such as palmitic acid, resulting in enhanced intestinal uptake of these
ligands. flg might also have an important role in carrying implicated ligands in
food systems and pharmaceutical preparations, as well as in digestion, absorption
and metabolism of some of implicated ligands in neonates (Mehra and O’Kennedy
2009). However, the sequence similarity of flg with glycodelin, an important
protein for fetal development expressed in the endometrium during the first tri-
mester of human pregnancy, suggests further important biological functions
(Sakurai and Goto 2006; Sawyer 2013). This is confirmed by the absence of flg
from human and rodent milk and its presence in the whey of ruminants’ milk,
including cow’s milk, thus making its true function still elusive (Bonnaillie and
Tomasula 2009; Sawyer 2013). However, there is a general consensus about its role
as ligands transporter. Intensive literature exists on the large selection of ligands
that bind to flg (Kontopidis et al. 2004; Creamer et al. 2011; Sawyer 2013). This
ligand binding property is mainly ascribed to the presence of the central calyx,
which plays the role of a receptacle for hydrophobic and amphiphilic small
molecules, consequently forming flg-ligand complexes (Liang et al. 2008; Liang
and Subirade 2010; Diarrassouba et al. 2013).

7.4 Structural Basis for the Formation
of the flg-Ligand Complexes

The folding of the two f-sheets (A-D and E-H) into a central cavity paneled with
hydrophobic amino acids resembles a barrel with the EF loop (residues 85-90)
acting as the gate (Sakurai et al. 2009). The EF loop folds over the entrance of the
calyx to form a closed conformation at pH values lower than 6.5. At pH values
above 7, it adopts an open conformation which exposes the interior of the calyx to
what? (Qin et al. 1998). This conformational flexibility is attributed to the Tanford
transition, which is accompanied by the deprotonation of the carboxyl group of Glu
89, located on the EF loop. Glu 89 that has an anomalous pKa of 7.3 is normally
buried and protonated in the ‘closed conformation’ at acidic pH. At pH values
above 7, Glu 89 is exposed to what? and deprotonated, thus triggering the opening
of the EF loop. This consequently offers access to the central calyx (Sakurai et al.
2009). The pH-controlled flipping of the EF loop seems to be crucial for the
physiological significance of flg, since in the closed conformation bound ligands
might be protected in the acidic stomach in order to be further released within the
intestines at higher pH values (Kontopidis et al. 2004; Sakurai and Goto 2007;
Sawyer 2013).
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A number of methods have been used to study the binding of the ligands to flg
(Collini et al. 2003; Ragona et al. 2003; Riihimiki et al. 2008; Yang et al. 2009;
Liang and Subirade 2010; Loch et al. 2011; Diarrassouba et al. 2013). However,
spectroscopic methods are among the most user-friendly, rapid, accurate and less
cumbersome techniques used to investigate the protein—ligand interaction.
Fluorescence spectroscopy is preferred for studying the binding stoichiometric of
the flg-ligand complex, while circular dichroism is interesting for studying the
influence of the ligand binding on the secondary and tertiary structures of the
protein.

Fluorescence spectroscopy, and in particular fluorescence quenching, is com-
monly used to characterize ligand binding to proteins. Fluorescence quenching
refers to any process that reduces the fluorescence intensity of a sample caused by
processes such as the inner-filter effect, energy transfer, ground state complex
formation and collisional processes (Zhao et al. 2006; Rouabhia et al. 2007). The
inner-filter effect occurs when the fluorescence emission of the fluorophore is
affected by the presence of an absorbing substance that absorbs the radiation going
towards (excitation) or emanating from (emission) the fluorophore (van de Weert
2010). The resulting fluorescence quenching will thus result from the reduction of
the radiation intensity that excites the fluorophore. The inner-effect can be corrected
by carefully selecting the concentration of the ligand, so that the absorbance of the
ligand at the excitation and emission wavelength is below 0.1 (van de Weert 2010).

Collisional or dynamic quenching results from collisions involving both the
fluorophore and the quencher during the lifetime of the excited state, while static
quenching refers to ground-state fluorophore—quencher complex formation (Zhao
et al. 2006). In the case of collisional quenching, the quencher diffuses to the
fluorophore during the lifetime of the excited state and, upon contact, the fluor-
ophore returns to the ground state without emission of a photon (Lakowicz 2006).
Important parameters such as the association constant and binding number can be
computed using various equations such as the well-known Stern—Volmer equation
(in the case of non-fluorescent complex formation) or its modified version derived
for a dynamic quenching process, in which there is a constant contribution of
fluorescence of the non-quenchable fraction. These equations and variants are well
described elsewhere (Zhao et al. 2006; Lakowicz 2006; van de Weert 2010).

Variants of fluorescence spectroscopy include synchronous fluorescence and
fluorescence resonance energy transfer (FRET). Synchronous fluorescence is a scan
that provides important information about the molecular environment in the vicinity
of fluorophores in general, a shift in the position of the emission maximum cor-
responding to the changes of the polarity around the fluorophore (Guo et al. 2009).
The synchronous fluorescence spectra is obtained by recording the fluorescence
spectra resulting from the difference between the excitation wavelength and
emission wavelength at 15 or 60-nm intervals, corresponding to the changes of the
polarity around Tyr and Trp residues, respectively (Guo et al. 2009). Upon ligand
binding, a stronger fluorescence quenching for a scan at AL = 60 nm (Trp) than for
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AL =15 nm (Tyr) is indicative of the binding of the ligand closer to the Trp
residues (Diarrassouba et al. 2013). This information is extremely important since it
confirms the formation of a ground-state complex that can be further analyzed in the
context of the FRET (Lakowicz 2006; van de Weert 2010). FRET occurs when
there is overlap between the fluorescence emission spectrum of a donor fluorophore
(in the excited state) with the absorption spectrum of an acceptor ligand (in the
ground state). FRET can provide accurate structural information about protein—
ligand binding. The transfer rate is affected by any condition that affects the dis-
tance between the donor and acceptor biomolecules, owing to FRET the name of
‘spectroscopic ruler’ (Lakowicz 2006). Thus, the Forster distance, that is the dis-
tance for a specific donor—acceptor pair where 50 % of the fluorescence energy of
the donor (fluorophore) is transferred to the acceptor (ligand), can be computed to
suggest the localization of the ligand on the protein (Lakowicz 2006; van de Weert
2010; Diarrassouba et al. 2013).

7.4.1 Fluorescence Emission of Plg

The fluorescence of flg arises mainly from Trp and Tyr residues. At physiological
pH, the dimeric form of flg possesses four Trp residues, two on each monomer
(Trp19 and 61). Trp61 is exposed to the solvent, thus explaining the almost
complete quenching of its fluorescence. It has also been suggested that the location
of Trp61, close to disulfide bond (Cys66—Cys160) and near the guanidine group of
Argl24, both considered as strong quenchers, and the possible self-quenching of
Trp61 of the other monomer in the flg dimeric form, might all contribute to the
reduction of its fluorescence emission (Stanciuc et al. 2012). Trp19 contributes the
most (80 %) to the total intrinsic fluorescence, mainly due to its position in the
hydrophobic cavity of the native conformation of the protein (Liang et al. 2008). It
is thus a highly sensitive probe that is used for monitoring conformational modi-
fication in flg. Typically, 280 nm is used as the excitation wavelength with Trp
contributing to major fluorescence intensity and a maximum emission peak around
335 nm for flg (Croguennec et al. 2004). While Tyr residues contribute to the
fluorescence when exited at 280 nm, only the environment of Trp is studied at the
excitation wavelength of 290 nm. The intrinsic fluorescence emission of fSlg can
typically be either quenched or enhanced and shift to a shorter wavelength (blue
shift) or a longer wavelength (red shift). Enhancement of the fluorescence emission
results from a reduction of intra molecular quenching of Trp residue, for instance
when the protein unfolds (Stanciuc et al. 2012). Conversely, quenching occurs
when the fluorescence emission of the Trp residue is hindered by the increased intra
molecular interactions or upon binding of a ligand. The red shift of the peak
indicates that the Trp residue moved from an apolar environment to a more polar
region; when surrounded by a more hydrophobic environment, the peaks are blue
shifted (Busti et al. 2002; Stanciuc et al. 2012).
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7.4.2 Circular Dichroism

Circular dichroism (CD) is extensively used to monitor and understand the struc-
tural changes occurring during interactions of proteins with other biological
molecules because of its high conformational sensitivity (Woody 2012). The CD
signal is a radiation with elliptical polarization that results from the difference of
unequal absorption between the left and right components of polarized light (Kelly
et al. 2005; Creighton 2010). Proteins exhibit a CD spectrum that is conveniently
divided into specific spectral regions, each of which is dominated by different types
of chromophores and provides different kinds of information. The secondary
structure can be determined by the far UV that ranges from about 170-240 nm and
the information is provided by the amide group, which is the dominant chro-
mophores (Diarrassouba et al. 2013). In the near UV range from 250 to 300 nm,
protein CD is dominated by aromatic side chains and provides information about
tertiary structure (Kelly et al. 2005; Woody 2012; Diarrassouba et al. 2013).

The protein CD spectrum that arises from the far UV is composed of secondary
structural elements consisting of a-helix, f-sheets and unordered conformations or
random coils. These structural elements in the peptide bonds undergo specific
transitions which are well detailed elsewhere (Creighton 2010; Woody 2012).
Briefly, it can be indicated that the o-helix characteristic CD spectrum exhibits two
negative bands of comparable magnitude at about 222 and 208 nm, plus a stronger
positive band near 190 nm. The f-sheet conformation is characterized by two
negative bands near 217 and 195 nm and a positive band near 195 nm. Finally, the
unordered polypeptides have a weak positive CD band at ~217 nm and a strong
negative band at ~ 197 nm (Woody 2012; Nina et al. 2012). The near-UV CD
spectra of proteins arise primarily from the packing of side-chain chromophores,
including the three aromatic side chains (Phe, Tyr and Trp) and the disulfide group
of cysteine (Woody 2012; Nina et al. 2012). The near-UV CD is greatly perturbed
by conformational changes or ligands binding in ways that affect the geometry or
environment of one or more aromatic side chains (Woody 2012; Diarrassouba et al.
2013). This information is important given that the biological functions of proteins
rely on their structural characteristics, thus the smallest change in the structure may
result in functional modifications.

7.4.3 Plg-Ligand Complexes

To date, four binding sites have been recognized on flg, which include the central
calyx formed by the f-barrel, the surface hydrophobic pocket in the groove between
the o-helix and the f-barrel, the outer surface near tryptophan (Trp)19-arginine
(Arg)124, close to the entrance of the f-barrel, and the monomer—monomer
interface of the dimer (Liang et al. 2008; Yang et al. 2008; Liang and Subirade
2012). There is a wealth of literature on flg-based complexes with ligands of
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biological importance (Kontopidis et al. 2002; Creamer et al. 2011; Sawyer 2013).
flg can bind ligands of various natures, including metal ions (Divsalar et al. 2012),
fatty acids (Kontopidis et al. 2002), vitamins (Yang et al. 2008; Diarrassouba et al.
2013), pharmaceuticals (Agudelo et al. 2012), flavor compounds (Tromelin and
Guichard 2006) and polyphenols (Liang et al. 2008; Riihiméki et al. 2008; von
Staszewski et al. 2012). This list is far from exhaustive, and research is ongoing for
relevant flg-ligand complexes.

Complexation with flg is believed to improve the biological properties and the
stability to environmental factors of both the ligand and the protein. The pepsin and
acid resistance confers to flg its functional role as carrier of small hydrophobic
ligands which are thus protected during transit in the stomach. flg then releases its
cargo charge at higher pH value in the intestine upon proteolitic activity of chy-
motrypsin, trypsin and minor proteases present in pancreatin (Ragona et al. 2000;
Keller 2013). Consequently, a function of flg might consist in facilitating the
digestion of milk fat in neonates (Ragona et al. 2000). It is important to notice that
the closed conformation of the EF loop at acidic pH confirms the physiological role
of flg as a transporter of small bioactives, since bound ligands might be protected
in the acidic stomach and later be released within the basic small intestine when the
EF loop is in the ‘open’ conformation (Sakurai and Goto 2006; Creamer et al.
2011).

Evidence suggests that binding of ligands to flg is beneficial for both the protein
and bound bioactive molecule. Recently, it was proved that the resistance of flg to
proteolytic activity in the intestines was improved upon binding to vitamin D3
(Diarrassouba et al. 2014). Binding of naturally occurring phosphatidylcholine did
not influence the resistance of flg to gastric pepsinolysis but protected the protein
from subsequent degradation under duodenal conditions (Mandalari et al. 2009). It
has also been established that complexation with tea polyphenols extracts resulted
in an increase in ff-sheet and o-helix leading to an alteration of the protein’s con-
formation, which consequently stabilized the structure of flg (Kanakis et al. 2011).
This finding was recently confirmed by the protection of the secondary structure of
Plg upon binding to coffee, cocoa and tea polyphenols (Stojadinovic et al. 2013).
Substantial research indicates that upon binding to flg, hydrophobic ligands are
better protected against oxidative degradation and the solubility of some of them is
enhanced, which might improve the biological properties of the bioactives (Liang
et al. 2008; Liang et al. 2011; Diarrassouba et al. 2013). The photostability of folic
acid was improved upon binding to the surface of flg, in the groove between the
o-helix and the f-barrel (Liang and Subirade 2010). Riboflavin is a natural
occurring photosensitizer that interacts with proteins located in the cell membrane
and induces damage to biological systems, including tumor tissues. The binding of
riboflavin to flg leading to formation of the Slg/RF complex exhibited important
antiproliferative activity, which was explained by the generation of reactive radical
and oxygen species as the result of the interaction between RF and flg
(Diarrassouba et al. 2013). Additionally, it has been clearly established that flg
might have a functional advantage in the transport of vitamin D3, since supple-
menting milk with vitamin D3 effectively enhances its uptake (Yang et al. 2009).
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The flg—vitamin D3 complex represents an excellent model that confirms the
existence of multiple binding sites on the protein. In fact, vitamin D3, a-tocopherol,
as well as phosphatidylcholine, each bind to two different sites on flg: (i) the
surface hydrophobic pocket in the groove between the a-helix and (ii) the f-barrel,
and central calyx (Yang et al. 2008; Mandalari et al. 2009; Liang and Subirade
2012). The binding of hydrophobic ligands to the surface site via hydrophobic
interactions might provide an additional protection to flg against proteases due to
steric encumbrance (Mandalari et al. 2009). Furthermore, the existence of a sec-
ondary surface site might be beneficial to the carrier function of flg since the
disruption of the central calyx upon heat treatment can trigger the release of the
bioactive bound inside the cavity (Yang et al. 2008; Liang and Subirade 2012). In
fact, flg undergoes irreversible denaturation with concomitant loss of its tertiary
structure above 80 °C, which consequently disallows the binding of the ligands to
the central calyx (Sawyer 2013). The binding to the central cavity of flg can also be
hampered by pH-induced transitions and particularly by the Tanford transition. At
lower pH values, the EF loop—that is, the gate of the calyx—is in the ‘closed
conformation’, thus preventing binding of the bioactives, which can have access
again to the central cavity by raising the pH value (Sakurai et al. 2009; Creamer
et al. 2011). Therefore, fflg can be considered as a versatile nano-sized carrier
system that can conveniently transport and protect bioactive ligands, whose release
can be modulated by controlling environmental factors such as the temperature and
pH (Ragona et al. 2003; Liang and Subirade 2012). This property is reinforced by
the surface properties of flg to exhibit charged and neutral amino acid groups upon
pH manipulation around its p/ (5.3). At pH values close to the pl, flg bears zero
charge while at pH above and below the pl, it is negatively and positively charged,
respectively. These physicochemical characteristics confer flexibility in establishing
intermolecular interactions (with other flg molecules) as well as interactions with a
wide range of biopolymers. This advantageous property is exploited to fabricate
Plg-biopolymer self-assembled structures used in controlled delivery technology.

7.5 The Auto-association of flg

Plg can self-assemble to form aggregates, depending on protein concentration, ionic
forces, pH and temperature of the solution. The mechanisms of flg self-aggregation
have been extensively reviewed (Meredith 2006; Nicolai et al. 2011; Foegeding and
Davis 2011; Nicolai and Durand 2013). Thermal gelation of flg has served in the
development of environment-sensitive hydrogels with specific microstructural
properties and desired bioactives release profiles (Chen et al. 2006; Gunasekaran
et al. 2007). The advantage of thermally induced gels is their capacity to trap
bioactive molecules within the gel matrix, stabilize food texture, and to swell in
water and hold it in a well-maintained network structure. These characteristics
confer protection from hostile environments to bioactives which can thus be
released upon environmental triggers such as pH (acidic in the stomach and neutral
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in the intestine), temperature and digestive enzymes (Chen et al. 2006). However,
heat-sensitive bioactives cannot be encapsulated in thermal gels. This drawback can
be bypassed by using cold-set gels, formed by pre-denaturing the proteins using
heat treatment and subsequently using salt to induce gelation. Particulate or fine
stranded gels sets can then be obtained depending on the ionic force and pH
(Remondetto and Subirade 2003). The use of cold-induced gelation of flg for oral
delivery of nutraceuticals has been the focus of intense research (Remondetto and
Subirade 2003; Remondetto et al. 2004; Sok Line et al. 2005; Chen et al. 20006;
Livney 2010). The preheating of flg exposes functional groups to what? which can
be used to create interactions with bioactives and unfolded polypeptide chains as
well as to confine the size of the delivery matrix into nano- and microparticulate
systems.

The size of the biopolymer-based delivery devices can be controlled via two
main processes categorized as ‘top down’ and ‘bottom up’ approaches (Augustin
and Sanguansri 2009). The ‘top down’ approach consists of breaking up bulk
materials into reduced sized matrices, whereas the ‘bottom up’ approach allows
structures to be built from molecules capable of self-assembly (Chen et al. 2006;
Augustin and Sanguansri 2009; Verma et al. 2009; Salazar et al. 2012). Food
proteins, and particularly flg, have great potential for self-assembly due in part to
their polyelectrolytic character, which enables the possibility of conveniently
manipulating their surface charge and establishing non-covalent interactions (hy-
drogen bonding, electrostatic and van der Waals forces). In addition, the presence of
thiol groups permits covalent interactions, and lastly, hydrophobic amino acids
allow the establishment of hydrophobic interactions upon unfolding of the structure
(Singh 2011). The promotion of such interactions between the polypeptides of flg
can trigger spontaneous auto-structuration of the protein to form site-specific
delivery scaffolds of controlled size.

7.6 plg-Based Delivery Systems: From Molecule
to Particles

Generally, nanoparticles refer to functional materials at a length scale of less than
100 nm, although a larger definition includes particles of size inferior to 1 um
(Vo-Dinh 2005; Chen et al. 2006; Sozer and Kokini 2009; Ezhilarasi et al. 2013).
Beneficial features of nanoparticles include target and site-specific delivery, ability
to penetrate cells and circulating systems, bioactives entrapment and dispersion
throughout the dense polymeric network (Gunasekaran et al. 2007). The dense
matrix formed by entanglement of polypeptide chains is believed to provide a
reinforced resistance to proteolytic attack in simulated gastrointestinal conditions.
As such, flg nanoparticles of sub-100-nm size exhibit an improved resistance to
digestive proteases at neutral and acidic pH (Gunasekaran et al. 2007). The size of
the flg nanoparticles can be reduced to about 60 nm upon preheating of the protein
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solution. The use of crosslinking agents such as glutaraldehyde can significantly
improve the density of the nanoparticle matrix, which in turn impedes the pene-
tration of the proteolytic enzymes into the platform and subsequently retards the
degradation of the protein matrix (Ko and Gunasekaran 2006). Degradation of
protein-based delivery platforms by intestinal proteases is a major issue in oral
delivery of bioactives, particularly for flg-based systems. The Tanford transition at
intestinal pH provides access for the enzymes trypsin and chymotrypsin to the
target amino acid groups, consequently degrading the protein (Sakurai and Goto
2007; Sakurai et al. 2009; Keller 2013). Therefore, the development of fSlg-based
controlled-release formulations which can efficiently retard the intestinal degrada-
tion of are highly advantageous in numerous aspects: (i) increased residence time in
the intestines resulting in enhanced adsorption; (ii) improved intimacy of contact
with the epithelial membrane and/or at the absorption site; (iii) enhanced
bioavailability (Lafitte 2008). The carrier system can be tailored to improve its
attachment to the epithelial membrane at the target site, also referred to as
mucoadhesion, which is important for enhanced uptake and bioavailability of
biomolecules.

Mucoadhesion is an important characteristic that motivated research into
Plg-based formulations with improved adhesion to the mucus layer in the intestines
(Chen and Subirade 2005; Jones et al. 2009; Zimet and Livney 2009; Livney
2010;). Indeed, the mucus layer represents the first membrane barrier that covers the
gastrointestinal (GI) tract, and consequently obstructs direct adhesion to the
epithelial cells and hinders the transport of bioactives (Lafitte 2008). The mucus
layer is a viscoelastic protective lining of the epithelium, composed mainly of water
(~95 %) and up to 5 % mucins. Mucins are glycoproteins of high molecular
weight consisting of a peptide backbone with a significant number of carbohydrate
side chains attached to the peptide backbone. Whereas the protein core and for-
mation of the disulfides bridges between the peptide backbones are responsible for
the hydrophobic and viscoelastic character of the mucins, respectively, the car-
boxylic side chains confer a strong negative charge to the mucus layer (Lafitte
2008). Recently, cationic flg nanoparticles between 75 and 94 nm in size were
developed as a bioavailability enhancer for poorly absorbed bioactives (Teng et al.
2013). The cationic flg nanoparticles were formed by substituting 11 amino acid
residues with ethylenediamine, which resulted in positive surface charge and sig-
nificantly increased surface hydrophobicity. The positively charged flg nanopar-
ticles improved the mucoadhesion, and were proposed as bioavailability enhancers
of nutraceuticals and pharmaceuticals (Teng et al. 2013).

A number of pH-sensitive, biocompatible and biodegradable polysaccharides
have been used as mucoadhesive agents, and studies have shown that an increase in
charge density enhances the adhesion (George and Abraham 2006; Yu et al. 2009).
Interestingly, evidence also indicates that both anionic (e.g. alginate) and cationic
(e.g. chitosan) can quite strongly interact with mucins. This can probably be
explained by the presence of both charge groups on the backbone and side chains
with different pKa, which changes the global charge of the mucin molecules when
the pH varies between pH 1 and 7. Thus, while the mucins are fully negatively
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charged in the intestines, they carry neutral to weak charge in the stomach, the pKa
(2.6) of sialic acid (at the end of the carboxylic groups) being used as a cut-off point
(Lafitte 2008). Nano-sized delivery platforms have been developed involving
electrostatic complexes and coacervates formation between flg and polysaccha-
rides. These platforms result from the electrostatic interactions between oppositely
charged molecules under particular pH and ionic force conditions (Jones et al.
2009; Chanasattru et al. 2009; Jones et al. 2010a, b; Schmitt and Turgeon 2011).
Nanoparticles, with the core constituted of chitosan and shell formed by flg were
developed as nutraceutical carriers (Chen and Subirade 2005). When the native flg
was used to form the shell, the resistance to acid and pepsin degradation property of
the protein was preserved.

Heat denatured flg was used to form electrostatic complexes with pectin, an
anionic polysaccharide that is only degraded in the colon by the pectinases and
resists proteases and amylase in the upper GI tract (Yu et al. 2009; Jones and
McClements 2010). The resulting nanoparticle can be suggested for colon delivery
purposes for a wide range of bioactives including pharmaceuticals and nutraceu-
ticals. Vitamin D2, docosahexaenoic acid and major catechin in green tea (—(—)—
epigallocatechin-3-gallate) were successfully entrapped in nanoparticles of size
varying from 50 to about 100 nm prepared upon promotion of electrostatic inter-
actions between flg and pectin (Zimet and Livney 2009; Ron et al. 2010;
Shpigelman et al. 2012). The authors suggested that these nanovehicles could serve
as carriers for hydrophobic nutraceuticals in non-fat foods and clear beverages. The
encapsulated bioactives benefitted from significant protection against oxidative
degradation, probably due to the mild antioxidant activity of flg conferred by the
free thiol group (Liu et al. 2007; Ron et al. 2010). In addition, the physical
entrapment and reduced mobility of light- or oxygen-sensitive bioactives within the
protein matrix might provide additional resistance to oxidizing agents such as
oxygen or free radicals by restricting their access to the encapsulated bioactive
molecule (Ron et al. 2010). The ability of flg to absorb UV light can also contribute
to improving the light stability of the entrapped bioactives that absorb at a proxi-
mate wavelength range (Semo et al. 2007). Nanoparticles, particularly those
100 nm or less in size, have the functional advantage of diffusing readily though
both the epithelial and lymphatic tissue at target sites where the entrapped bioactive
is taken up with high efficiency (Chen et al. 2006; Acosta 2008). However, the
release profile of the bioactive can also be effectively modulated by larger sub-
micron particles, which release entrapped bioactive molecules more slowly and
over longer periods at the mucosal lining (Chen et al. 2006; Acosta 2008).

7.7 plg-Based Microparticles for Oral Delivery

Microparticles are spherical shaped scaffolds, less than 1000 pum in size, isolating a
variety of sensitive bioactive substances from the surrounding environment by a
membrane coating (Nesterenko et al. 2013). Biopolymers and bioactive ingredients
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Fig. 7.2 Different structures of microparticles obtained by microencapsulation: a microcapsule,
b multilayer microcapsule, ¢ microsphere and d multishell and multicore microsphere [adapted
from Nesterenko et al. (2013)]

can be combined to form different structures of microparticles including multishell,
multilayer microsphere or microcapsule platforms as described in Fig. 7.2.

In the food industry, microparticles have been used for many purposes, including
masking unpleasant taste and flavor, converting liquids to solids, and protecting
sensitive ingredients from harsh external media including light, moisture, pH and
oxidation—this list is far from exhaustive (Chen et al. 2006; Nesterenko et al.
2013). Currently, there is huge number of reports on the use of microparticles as
delivery vehicles for nutraceuticals and pharmaceuticals. The use of non-toxic
food-grade materials is of particular interest for oral delivery, and a vast volume of
research on flg-based microparticulate systems exists in the literature. Furthermore,
flg belongs to the lipocalin family, which explains its recognition and internal-
ization by the human lipocalin-interacting membrane receptor that is expressed in
the intestine (Sawyer 2013). Therefore, its uptake by intestinal cells is advantageous
in the formulation of oral delivery platforms that entrap and release bioactives
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within the intestines. Microparticles can be formulated to prolong the residence
time of bioactives at the target site and improve their bioavailability as a result of
enhanced mucoadhesion. Coacervates of flg with naturally occurring polysaccha-
rides with mucoadhesive properties, such as alginate, pectin, gum arabic and acacia
gum, have been used for the encapsulation of probiotics and vitamins (Schmitt et al.
2000; Chen and Subirade 2005; Chen et al. 2006; Turgeon and Laneuville 2009;
Schmitt et al. 2009; Hebrard et al. 2010).

Despite important potential applications in delivery technology, the utilization of
coacervates is restricted to a narrow window of pH and ionic strength, a range
beyond which the microparticles are unstable and thus can lead to premature release
of the bioactive cargo charge (Turgeon and Laneuville 2009). Solutions to this issue
include formation of Maillard type conjugates consisting of non-enzymatic
browning involving the terminal or a side-chain amine group of flg and the
reducing end of a sugar such as dextran (Wooster and Augustin 2006; Caillard et al.
2010). Crosslinking agents including glutaraldehyde or formaldehyde have been
used to stabilize coacervates; however, they are toxic and are not permitted for food
applications.

Biocompatible alternatives such as rennet, genipin, glyceraldehyde or transglu-
taminases are all capable of stabilizing coacervates by covalently bridging protein
matrices, but with a yield well below that of the toxic ones (Turgeon and Laneuville
2009; Livney 2010). However, it is important to ensure that crosslinking does not
impede the bioaccessibility and release of the active molecule entrapped within the
carrier matrix, which then forms a barrier against diffusion and inward access of
digestive enzymes (Livney 2010). Maillard conjugates, the use of crosslinking
agents for improved microparticles stability, and emulsion- and lipid-based par-
ticulate systems are beyond the scope of the present review. The formulation of
bioactive-loaded carriers with controlled size and release profiles require a full
understanding of the behavior of the delivery platform in food systems as well as in
the GI tract at the site of absorption. The physicochemical characteristics, including
surface properties such as size, surface charge, and interior and surface morphol-
ogy, are important parameters to consider for optimal bio-interaction, uptake and
bioavailability of the bioactive substance.

7.8 Characterization of plg-Based Nano-
and Microparticles

Most flg-based nano- and microparticulate carriers with a dense matrix result from
electrostatic complexes formed between soluble biopolymers. Typically, the
self-assembly is promoted upon mixing of clear 