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Abstract

The organic construct consumed as food comes packaged in units that carry
the active components and protect the entrapped active materials until de-
livered to targeted human organs. The packaging and delivery role is mim-
icked in the microencapsulation tools used to deliver active ingredients in
processed foods. Microencapsulation efficiency is balanced against the need
to access the entrapped nutrients in bioavailable forms. Encapsulated ingre-
dients boosted with bioactive nutrients are intended for improved health and
well-being and to prevent future health problems. Presently, active ingredi-
ents are delivered using new techniques, such as hydrogels, nanoemulsions,
and nanoparticles. In the future, nutraceuticals and functional foods may
be tailored to individual metabolic needs and tied to each person’s genetic
makeup. Bioactive ingredients provide health-enhancing nutrients and are
protected through encapsulation processes that shield the active ingredients
from deleterious environments.
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INTRODUCTION

This review focuses on the benefits of bioactive ingredients and the encapsulation processes used to
protect these beneficial nutrients. Functional foods boosted with bioactive nutrients are consumed
for enhanced health and mitigating disease conditions. Functional foods may address deficiency or
excess of certain nutrients in response to the demand of health-conscious consumers (Richardson
2009, Jacobs & Tapsell 2007). For example, poor diet and limited consumption of bioactive
nutrients have been implicated in the initiation or progression of cardiovascular disease (CVD) and
cancer. Farmers and food manufacturers have responded to the increased demand for healthy foods
by creating new nutrient-enriched produce and products, using innovative technology (Lindsay
2000). Food processing techniques, such as encapsulation, are used to preserve and deliver active
nutrients through deleterious environments, until assimilated in the proper human organs where
their functions are needed (Galland 2005).

Protected delivery or some form of encapsulation is an important means of delivering bioac-
tive ingredients. For example encapsulation can increase nutrient bioavailability, increase flavor
retention, mask strong flavors, and stabilize food ingredients (Versic 1988). Encapsulation could
also be used to immobilize cells or enzymes within food matrices for timed release (Chan & Zhang
2002).

Functional foods may be optimized for improved health and quality of life on an individual level
using the emerging tools of nutrigenomics and metabolomics. Nutrigenomics is the interaction
of diet and disease based on individual genetic makeup (Getz et al. 2010), and metabolomics is the
use of particular active compounds for health-enhancing properties (Wishart 2008, Hall 2007).
Ultimately, personalized foods may lower disease risks and speed up recovery after illness (Wishart
2008). Metabolomics explores individualized pathways linking personal genomics with nutrition,
healthy eating patterns and lifestyles, and increased consumption of small active components,
such as polyphenols, organic acids, and minerals, to enhance health (Hasler 2002, Getz et al.
2010).

BIOACTIVE COMPONENTS

Bioactives are compounds in the structural matrix of foods that provide enhanced health and
well-being effects. Active components linked to benefits by physiology or forms include omega-3
fatty acids, minerals, vitamins, proteins, peptides, probiotics, fiber, and prebiotics. Food structure
and nutrients interact to provide biological activity and enhance health by maintaining human
biological processes (Saura-Calixto 2011). The consumption of whole foods rather than isolated
active components is preferable for optimal health function. For example, it has been shown
that phytochemicals locked into the fiber matrix are more bioactive because consumption of
whole grains lowered the risk of chronic disease more than the refined grain ( Jacobs & Steffen
2003). Scientific evidence shows that natural antioxidants, including polyphenols, from fruits and
vegetables are effective against cancer and CVD (Arts & Hollman 2005).

Some risks, such as overconsumption of bioactive nutrients, may exist, as focus on active nu-
trients may place more emphasis on enriching selected bioactive nutrients in foods. Some studies
have suggested that focusing on a class of foods, such as dairy (Hartmann & Meisel 2007), and
maintaining food patterns, such as consuming high quality proteins from different sources (Dzuib
& Darewicz 2007, Hu et al. 2000), may reduce chronic disease risk over time (Lockheart et al.
2007). Some examples are studies on food patterns that show relevant health outcomes of whole
grains on CVD and type 2 diabetes (Ros & Mataix 2006, Murtaugh et al. 2003), nuts and olives
on cardiovascular risk factors (Estruch et al. 2006), fish oils on coronary heart disease and stroke
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(He et al. 2004a,b), and olive oils and nuts on overall well-being (de Lorgeril et al. 1999), stroke,
and heart disease (Schulze and Hoffmann 2006).

ACTIVE INGREDIENTS

Some functional bioactive nutrient subgroups include phytosterols, polyphenols, carotenoids,
dietary lipids, probiotics, prebiotics, synbiotics, and botanicals such as teas, herbs, and spices
(see Table 1). Functional foods are not consumed for therapeutic effects or as drugs. They are
used mostly to reduce the risk of developing disease. Health claims describe relations between
a food, food component, or dietary supplement and reduction of disease risk or health-related
conditions (Hasler 2008). For example, the U.S. Food and Drug Administration (FDA) allows
several claims that cover bioactive nutrients in functional foods, such as increased active nutri-
ent content, improving overall health, and new structure-based functions. In the United States,
structure-based function claims that demand that dietary supplements positively affect functions
in the body were authorized under the Dietary Supplement Health and Education Act of 1994
(FDA 2010).

The main purpose of functional foods or the active components is reducing the risk of a
number of the leading causes of death, such as cancer, diabetes, CVD, and hypertension. In the
past, fortification of nutrient-deficient foods with micronutrients (minerals and vitamins) was used
to overcome mineral deficiency and health problems in various places in the developing world,
but now foods are intentionally boosted with micronutrients in the Western affluent world to
create a new generation of super-functional foods (Akhtar et al. 2011). In the future, functional
foods will have the potential to provide health benefits beyond that of basic nutrition and may be
better than consuming micronutrient-enriched supplements as pills (Griffiths 2010). For example,
boosting the active components in dietary proteins, such as whey, soy, and wheat gluten, has shown
to decrease postprandial appetite; in particular, dairy whey proteins have an added thermogenic
benefit of increasing satiety through a cascade of hormonal changes leading to the release of
cholecystokinin (Bowen et al. 2006).

Minerals and trace elements of inorganic ions may function as bioactives; for example, salts can
be bound with proteins, peptides, carbohydrates, fats, and small molecules, and thus become func-
tional foods. The mineral binders caseins, whey proteins, and lactoferrins bind specific elements
like calcium, magnesium, zinc, iron, sodium, and potassium, enriching their functions (Vegarud
et al. 2000). Through specific and nonspecific binding sites, milk proteins can carry or entrap var-
ious minerals and thus enhance the bioavailability of the minerals (Parada & Aguilera 2007). For
example, iron-binding peptides may mitigate the problems of anemia by boosting bioavailability
of irons (Chaud et al. 2002).

Vitamins differ greatly in their structures, and their rate of degradation depends on processing
conditions, but minimizing temperature and shear rates protects most vitamins during processing
(Anal & Singh 2007). The primary functional benefit of these nutrients is to defend against
the risk of developing diseases, such as atherosclerosis and cancers. Other benefits are reducing
oxidative damage to human tissues, providing antiinflammatory, antiarthritis, and anti-Alzheimer’s
properties. Functional bioactive components may also help in weight loss (Gruenwald 2009).

Phytochemicals are biologically active secondary metabolites derived from the color and flavor
components of fruits and vegetables (Kalt 2001). Phytosterols occur in small amounts in vegetable
oils and can lower raised plasma cholesterol levels in humans by inhibiting the absorption of dietary
and endogenously produced cholesterol in the small intestine. Phytosterols are structurally similar
to cholesterol and so compete with cholesterol for binding sites in the gastrointestinal (GI) tract,
thereby lowering plasma cholesterol (Kaput et al. 2007).
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Carotenoids are phytochemicals that play important roles in maintaining health and preventing
human diseases. Carotenoid bioactive substances in the pigmented parts of fruits and vegetables
are known to mitigate oxidative stress and to prevent chronic conditions, such as CVD and cancer
(Rao & Rao 2007). Carotenoids provide antioxidant effects and mitigate damages to cells by
modulating immune functions, cell growth, and gene expression. The major carotenoid pigments
include β-carotene (yellow to orange), α-carotene (light yellow), lycopene (red), lutein (yellow),
zeaxanthin (yellow), and β-cryptoxanthan (orange) (Lindshield & Erdman 2010); epidemiological
evidence links higher intake of carotenoids with reduced cancer and CVD (Rock 1997).

Polyphenols are plant-derived functional compounds associated with many health benefits,
mainly through antioxidant activity. For example, green tea is used in functional beverages for
antioxidant, antibacterial, antiviral, and prebiotic activity. Taylor et al. (2005) showed that tea
catechins provide antimicrobial properties, inhibiting a wide range of gram-positive and gram-
negative bacteria species. A large group of phenolic plant bioactives, flavonoids, numbering more
than 6,000, is suggested to function as protection against CVD; examples of flavonoids with
known bioactivity include quercetin, hesperetin, and naringenin (Erlund 2004). Dietary lipids
play a role as bioactives in health and wellness, particularly the omega-3 family of essential fatty
acids, α-linolenic acid (ALA), eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA)
(Rioux 2011). EPA and DHA are found naturally in oily fish and are associated with promoting
human health by preventing atherosclerosis, reducing blood pressure, and improving other health
conditions, such as diabetes (Kim & Mendis 2006), sudden cardiac death from coronary heart
disease, and metastatic breast cancer (see Table 1). In general, lipids play key functional roles
as signaling molecules controlling cellular development and preventing diseases (Ma et al. 2004).
Bioactive milk components such as conjugated linoleic acid (CLA), sphingomyelin, and butyric
acids are bioactive lipids providing anticancer, immune modulation, atherosclerosis prevention,
and cholesterol absorption and inhibitory effects (Bocca et al. 2010).

Prebiotics are nondigestible, but fermentable, foods that stimulate the growth and activity of
beneficial bacteria already residing in the colon of the host (Quigley 2010). Prebiotics interact
mainly with the colon microflora but are known to modulate immune function in other systems,
such as the oral cavity, the urogenital tract, the small intestine, and mucosa (Wang 2009). Prebiotics
can be fermented selectively to allow for specific changes in the composition or site-specific activity
in the gut microflora; for example, inulin, a functional oligosaccharide, is fermented by specific
colonic bacteria, such as bifidobacteria and lactobacilli, with the benefits of increasing microbial
population. Prebiotics can also produce short-chain fatty acids (Wang 2009). The prebiotic effects
of increasing the number of bifidobacteria stimulate the immune system, produces B vitamins,
inhibits pathogenic growth, reduces blood cholesterol levels, and helps to restore the normal flora.

Probiotic bacteria are living microorganisms that, when administered in adequate amounts,
confer beneficial physiological effects in the host. Examples of probiotics are lactobacilli, bifi-
dobacteria, and nonpathogenic yeasts (Quigley 2010). Probiotic microbiota include Lactobacillus
spp. (L. acidophilus, L. casei, L. johnsonii, L. plantarum), bifidobacterium spp. (B. bifidum, B. animalis,
B. breve), and yeasts (Saccharomyces boulardii ) (Alvarez-Olmos & Oberhelman 2001). Probiotics can
help alleviate symptoms of lactose-intolerance, treat viral and antibiotic-associated diarrhea, and
lowers the risk of allergy in infancy (Touhy et al. 2003). Probiotics may be effective in conditions
of GI-tract microbiota imbalance (Bruzzese et al. 2006).

Synbiotics are products composed of both prebiotics (nondigestible beneficial ingredients)
and probiotics (live microorganisms) that synergistically confer health benefits on the host when
consumed in sufficient amounts (Sanders & Marco 2010). Synbiotics may work to enhance the
survival and activity of known probiotics as well as stimulate indigenous bacteria; for example, a
symbiotic mix of inulin and bifidobacteria increased overall numbers of bifidobacteria in healthy

188 Onwulata

A
nn

u.
 R

ev
. F

oo
d 

Sc
i. 

T
ec

hn
ol

. 2
01

2.
3:

18
3-

20
2.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 U
ni

ve
rs

ity
 o

f 
N

or
th

er
n 

C
ol

or
ad

o 
on

 0
3/

03
/1

2.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



FO03CH10-Onwulata ARI 10 February 2012 10:0

volunteers (Bruzzese et al. 2006). Food processing can change the nature of starch materials,
making them partially resistant to enzymatic digestion; resistant starches may occur naturally in
the form of nonfructan prebiotics, producing high levels of butyrate in the large intestine when
consumed (Ouwehand et al. 2005). Butyrates are energy sources for epithelial cells and may be
protective against colon cancer (Douglas & Sanders 2008, Rastall et al. 2000).

Botanicals are plant sources of bioactive components, such as teas, herbs, and spices, that are
added to food to enhance flavor and taste. Other plant bioactives may help to inhibit spoilage,
and some have medicinal uses, making them functional foods. (Kritchevsky & Chen 2005). For
example, thyme (Lamiaceae spp.) oils possess antimicrobial properties; ginger root (Zingiber offic-
inale), cinnamon bark (Cinnamomum spp.), and licorice root (Glycyrrhiza glabra) are all common
ingredients used for treating digestive disorders (Rastall & Maitin 2002).

There is growing demand for foods with specific functions for increasing the health and well-
being of the consumer, not only in terms of boosting nutrients, but removing specific counter-
beneficial components, such as excess salt (IOM 2010). Also, removing potential detrimental
components, such as toxins or allergens, may qualify foods as functional or bioactive (IOM 2010).
Among the health issues that consumers would like functional foods to mitigate are heart disease,
vision problems, lack of energy, obesity, joint disease, high cholesterol and blood pressure, memory
concentration problems, diabetes, osteoporosis, frequent cold and flu, blood sugar imbalance, acid
reflux, and intestinal regularity (Getz et al. 2010). Also, a healthy diet may include or exclude
components that reduce overall metabolic function. For example, a typical American consumes
almost 150% of the recommended daily value for sodium as reported by the Institute of Medicine;
hence, there is considerable effort in the new U.S. Department of Agriculture dietary guidelines
to reduce salt intake to reduce deleterious effects (van Kleef et al. 2005).

BIOACTIVE FOODS

Awareness of foods that can maintain overall health and wellness, improve heart, bone, and diges-
tive health, and contribute to a healthy body weight is increasing. The top recognizable functional
foods are fruits and vegetables, seafood (fish or fish oil), dairy foods (milk, yogurt, and other
fermented products), lean meats and poultry, herbs and spices, fiber, tea, nuts, whole grains and
cereals (oats), native seeds (quinoa and flax), beans (lentils and peas), purified water, and vitamin
and mineral supplements (IFIC 2009). The demand for functional foods is expected to continue
increasing among consumers as the knowledge of benefits of functional ingredients and their
positive impact on human health and physiological functions increases (Day et al. 2009).

Nutraceutical foods provide medical or health benefits, including the prevention and treatment
of diseases (Mandel et al. 2005). Nutraceuticals deliver a more concentrated form of bioactive
nutrients in foods for the purpose of enhancing health in dosages in excess of normal amounts in
foods (Espin et al. 2007). For example, one nutraceutical, anthocyanin, found abundantly in berries,
showed protection in the realms of vision, cognitive functions, obesity, ulcers, CVD, and cancer.
Epidemiological studies show a link between dietary habits and food choices and health; however,
these studies tend to be narrowly focused on single nutrients (Espin et al. 2007). Nutraceuticals
tend to have a positive effect on overall health and may help to prevent certain diseases (Lachance
& Das 2007, DeFelice 1995).

Functional foods contain increased levels of polyphenols, phytosterols, and carotenoids. Stud-
ies with pharmafoods have shown clear benefits for polyphenols, flavonoids, flavones/flavanones,
catechins, and anthocyanins; epidemiological studies have shown a relationship between consump-
tion of these compounds and reduction of CVD risk (Rock et al. 2009). As a group, the major focus
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of research on pharmafoods has emphasized the antioxidant activity of polyphenols, particularly
their ability to prevent oxidation of low-density lipoprotein (LDL) cholesterol (Rock et al. 2009).

PROTECTION OF ACTIVE INGREDIENTS

The most important deleterious substances to bioactive nutrients are oxygen and water. To achieve
effective protection from oxygen and water, physical structures are formed from biological com-
plexes; for example, food-grade materials are formed into nanoemulsions (Leclercq et al. 2009).
Spray drying is the most commonly used method of encapsulation and preservation for food prod-
ucts. Selection of appropriate coating materials, preparation of emulsions with core and coating
materials, and the drying processes influence the shape and type of capsule formed; the efficiency
and rate of retention of core compounds are also affected (Graves & Weiss 1992). An under-
standing of the physical properties of food-grade materials used in encapsulation is needed, along
with their interactions with substances like lipids, proteins, carbohydrates, and their mixtures or
complexes (Zuidam & Shimoni 2010).

Processed foods, such as baked goods, extruded snacks, and breakfast cereals, are made into
multicomponent structures through cooking processes that create matrices assembled from natural
components, such as proteins, fats, and carbohydrates (Aguilera 2006). Processed food structures
mimic nature by preserving active ingredients through encapsulation within starch or protein
matrices. Encapsulation of biologically active components in functional structures serves the pri-
mary role of delivering health-sustaining nutrients at boosted levels to enhance bodily functions,
maintain health, and alleviate disease conditions (van Kleef et al. 2005).

Nutraceuticals can be delivered through emulsion-based particles entrapped in hydrogels
(Chen et al. 2006). A food may be considered nutraceutical if there is demonstrable beneficial
effect on one or more target functions relevant to health, well-being, or reduction of disease
(ADA 2009). For example, a food can be made nutraceutical by increasing the concentration of
active components, and the benefits can be proven by clinical nutrition research data showing
more positive health outcomes (Roberfroid 2000).

Encapsulation of probiotics for live delivery of microbial food supplements is more challenging.
In general, encapsulated bacteria exhibit low survivability in the harsh conditions of the GI tract and
need to be protected to preserve their activity. Several food matrices and encapsulation techniques
offer varying degrees of success (Krasaekoopt et al. 2003). For optimum protection of probiotics,
milk proteins, hydrocolloids, or liposomes are used; they are effective transport and protection
media for functional nutrients (Livney 2010). Dairy products are the natural and obvious carriers
of probiotics because yogurt, fermented milks, and cheeses contain probiotics (Doleyres & Lacroix
2005). Research has shown that the interaction of the components and the food matrix may be
needed to provide complete physiological benefit of active components to the living organisms
( Jacobs & Steffen 2003), e.g., delivering viable live cells in alginate beads (Champagne & Fustier
2007).

COATING AND PROTECTION METHODS

Many types of capsules and reservoir types are attainable (Zuidam & Shimoni 2010). The various
means used to create encapsulated particles include spray drying and spray chilling, fluidized bed
drying, hot melt, coacervation, coencapsulation, extrusion, rotating disks, hydrogel, and nanopar-
ticles (Krasaekoopt et al. 2004, Drusch & Berg 2008). Microencapsulation techniques include
spray drying, spray chilling, extrusion, coacervation, liposomes, cocrystallization, and freeze dry-
ing (Gouin 2004). The wall and core material properties, as well as the emulsion characteristics
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Oil vesicleOil vesicle

Oil globuleOil globule

Oil vesicleOil vesicle Oil vesicleOil vesicle

Oil embeddedOil embedded
in starch matrixin starch matrix

a b c

Empty
cavity

Oil embedded
in starch matrix

10 µm

Oil vesicle

Oil vesicle Oil vesicle

Oil globule

Empty
cavity

Figure 1
Encapsulation scheme from an emulsion of starch or sugar and butter oil, spray dried emulsion of butter oil and (a) starch, (b) sugar, and
(c) wheat flour. Single-coated microcapsules depicting a matrix and voids (a) smooth surface particle with butter oil vesicles embedded
in the wall matrix. (b) Typical sugar encapsulated particle containing multi-microcapsules with butter oil vesicles and without an
internal void. (c) Rough wheat flour matrix with empty cavity and large butter oil globules. Adapted from Onwulata et al. 1998.

and drying parameters, are the primary factors that determine the effectiveness of encapsulation
(de Vos et al. 2010).

Spray drying, in either hot or cold media, is a relatively inexpensive drying process for encap-
sulating active flavors and aromas in food products. It is also a widely used technique because of its
relative simplicity (Ubbink and Kruger 2006). The process involves creating a matrix layer with
the encapsulating material and forcing core materials into the matrix through a spinning atomizer,
resulting in multicomponent spheres (Figure 1). The fine droplets are encapsulated within the
core materials in the drying medium, as the hot or cold medium evaporates the dried powder
containing the encapsulated within the core material (Graves & Weiss 1992). Spray chilling is
applied principally to retard volatilization during thermal processing of sensitive solid food addi-
tives, including vitamins, minerals, and flavors. For systems in which a more positive barrier or
shell is required, other encapsulation techniques may be used (Fuchs et al. 2006).

Fluidized bed drying is similar to spray drying (Graves & Weiss 1992); a coating of liquid
material is sprayed onto a core material in high-pressure aerosol (Takei et al. 2002). The difference
between spray drying and fluidized bed coating is that the core material is already in powdered
form. A good core material for fluid bed coating is smooth and spherical to minimize the amount
of fluid needed to coat it and to reduce the likelihood of uneven coating along the jagged edges,
which limits coating efficiency and functionality (Ivanova et al. 2005, Dewettnick & Huyghebaert
1999). An example of powder manufactured from a fluidized bed drying is depicted in Figure 2.

Coacervation is a relatively simple technique balancing the electrostatic interaction between the
two components of the encapsulation emulsion to create water- and heat-resistant microcapsules
(Dong et al. 2011). Coacervation is an aqueous-phase separation process. A typical complex coac-
ervation process begins with the suspension, or emulsification, of core material in either gelatin
or gum arabic solution. When a solution of the core material is mixed with an oppositely charged
encapsulating material, a complex is formed, resulting in phase segregation and associative com-
plexation; the size and other characteristics of the capsules formed can be altered by changing pH,
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Powder particles
• Glass encapsulation
• Core-shell capsules
• Matrix capsules

Size: 10 µm−1 mm
• Good encapsulation for solid food products

Drawback:
• Hardly adapted for delivery in liquids

Oil/water emulsions
• Ordinary emulsions
• Multilayered emulsions
• Double emulsions
• Nanoemulsions
• Solid lipid nanoparticles
• (SLNs)

Size: 100 nm−10 µm
• Hosts lipophilic molecules
• Better chemical protection of sensitive oil achieved
• when multilayered emulsions or SLNs used
• Controlled release with SLNs

Drawbacks:
• Physical stability sometimes an issue
• Polymorphism stability and encapsulation for SLNs
• difficult to control

Molecular complexes
• Cyclodextrins
• Amylose
• Proteins
• Protein aggregates

Size: 10 nm−600 nm
• Solubilization of small lipophilic molecules
• Protection of sensitive molecules
• Removal of cholesterol

Drawback:
• Loading capacity may be limited

Liposomes, vesicles Size: 20 nm−100 µm
• Solubilization of hydrophilic and lipophilic molecules
• Sustained release of nutrients

Drawbacks:
• High costs (ingredients and processing)
• Poor loading efficiency and capacity

Oil/water
microemulsions

Size: 5 nm−100 nm
• Solubilization of lipophilic molecules
• Solubilization of crystalizing molecules
• Increase in bioavailability
• Transparent appearance (water)

Drawbacks:
• Large amount of surfactant needed
• Often off-taste
• Used surfactants often not well accepted

Dispersed reverse
surfactant systems
• Cubosomes, hexosomes
• Dispersed reverse 
• microemulsions
• Micellosomes

Size: 100 nm−1 µm
• Solubilize amphiphilic and lipophilic molecules
• Controlled release
• Solubilization of crystalizing molecules

Drawback:
• Large amount of surfactants may be needed

Delivery system Characteristics and limitations Structure

10 µm

100 nm

100 nm

100 nm

100 nm

100 nm
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temperature, the bioactive component properties, or the type of encapsulating agent (Singh et al.
2007, Schmitt et al. 2001). Coacervation works by aqueous-phase separation of immiscible solu-
tions, such as oil and water or protein and ionic polysaccharides (de Kruif et al. 2004). Examples
of microcapsule deliver systems are depicted in Figure 2.

Co-matrix encapsulation or inclusion complexation is one form of encapsulation in which
cyclic polymers, such as β-cyclodextrins, are used to encapsulate or entrap other molecules. β-
cyclodextrins are approved for food use (Astray et al. 2009). For example, α-, β-, γ-cyclodextrins
have been shown to encapsulate and stabilize lycopene (Blanch et al. 2007). The cyclodex-
trin molecules have doughnut-shaped hollow centers that entrap or form complexes with other
molecules, such as flavors, colors, and vitamins; the molecules form inclusion complexes in the
presence of water with compounds that fit dimensionally within its cavity (Zeller et al. 1999).

Hot melt processes are special encapsulation methods used to apply coating to solid matrices
to form multicoated particles (Henrist et al. 2001). Melt extrusion is used for particle-to-particle
comatrix inclusion at high temperature and high shear forces (Breitenbach 2002). For example,
extrusion-based encapsulation was used to produce stable, bioavailable iron premixes and iodized
salt encapsulated in ferrous fumarate. The extrusion process is a physical entrapment method
using mostly sugars and starch. The process involves the preparation of a low-moisture (5% to
10%) melt (100◦C to 130◦C), and then the agglomerated starch structures entrap the flavor to be
encapsulated within its cavities (Yuliani et al. 2006).

Spray drying has limited potential in nutraceutical delivery because of moisture and oxygen
limitations (Parada & Aguilera 2007). The technology needed to create stabilized, physically
linked, or chemically bonded protective capsules for wider use in the functional food delivery
is cost prohibitive for the large scale volumes needed for food production (McClements et al.
2009). Therefore, new encapsulation techniques will be needed to address the delivery of bioactive
nutrients in large volumes.

DELIVERY OF ACTIVE NUTRIENTS

Encapsulation is the art of coating sensitive materials (core) with other more inert or less func-
tionally active materials; for example, coating oxygen sensitive polyunsaturated fats with starch to
provide an oxygen barrier (Graves & Weiss 1992).

Encapsulation is the most effective and least expensive packaging for active ingredients in-
tended for targeted delivery and controlled release of nutrients (Weinbreck et al. 2004, Ubbink
& Schoonman 2003). The challenge of delivering sensitive active ingredients is relatively new to
the food industry (Shah 2000, Siegrist et al. 2008). Therefore, developing products with active
ingredients is more challenging because of the necessity to simultaneously keep food products
safe, maintain natural appearance, and maintain viability in storage conditions, and in most cases,
subsequent reprocessing or cooking before consumption (Burgain et al. 2011, Shah & Ravula
2000). The delivery of bioactive nutrients through the GI tract depends on the carriers, type of
preparation, and methods of protection (Kailasapathy 2006, Lesmes & McClements 2009). With
probiotics, high oxygen concentrations generate increases in toxicity in the capsules, decreasing
bacterial survival (Shah & Ravula 2000, Kailasapathy 2002).

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Figure 2
Schematic description of the microencapsulation of food ingredients along with some examples of core and
wall materials, wall material properties, aims, and different techniques of the microencapsulation process.
Adapted with permission from Sagolowicz & Leser 2010 (Copyright Clearance Center confirmation
number: 10396869).
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Lesmes & McClements (2009) described some common approaches for fabricating particulate
delivery systems depending on the nature of the starting ingredients and the desired functional
performance required in the gut system. Such systems include milling and grinding to break
down large particles into smaller units, creating emulsions for mixing the bioactive ingredients
and coating materials, and drying, using methods such as spray drying, spray coating, extrusion,
mixing, and homogenization (Ubbink & Kruger 2006). Other methods assemble molecules or
colloidal particles into specific structures, through molecular inclusion of complexes; these com-
plexes may be formed using carbohydrates and proteins, microemulsion surfactants, hydrogels
from polysaccharides and proteins, and lipid crystals (Lesmes et al. 2008).

Delivery of lipid-based health-benefiting components, such as omega-3 polyunsaturated fatty
acids (PUFAs), while preserving taste is an important challenge because of taste issues (Gillet
et al. 2011). Encapsulation is needed for the prevention of off-taste or strong flavor above certain
concentrations of functional active ingredient; for example, green tea extract has a naturally bitter
taste, but in higher concentrations the bitterness is more intense. Therefore, green tea is some-
times encapsulated to mask the off-flavor that may develop with oxygen reacting with fatty acids.
Encapsulation can be used to mask off or bitter flavors (Sagalowicz & Leser 2010).

Emulsion-based delivery systems consisting of mixed materials, such as starch, gums, or pro-
teins, may be linked together using shear forces and emulsifiers to create hydrogels that enhance
incorporation of bioactive nutrients into liquid foods and beverages (Palzer 2009). Hydrogels
have several advantages over conventional emulsions, including protection against oxidation and
targeted release inside the human body (McClements & Li 2010). Protein hydrogels can act as
carriers for controlled release of bioactive molecules in flavor compounds, and for minerals deliv-
ery; for example, microstructure gels were used to determine release profiles for iron (Kandile &
Nasr 2011). When whey proteins are used to create hydrogels, the main whey protein component
β-lactoglobulin acts as the gelling agent (Gunasekaran et al. 2007). Protein-based hydrogels are
particularly suitable for incorporating lipophilic constituents into aqueous foods and beverages
and for controlling digestion and release of lipids (McClements & Li 2010).

Newly developed colloidal nanoemulsion particles are positioned for use as delivery systems for
micronutrients in nutraceuticals containing bioactive ingredients. These new active foods deliver
micronutrients specifically for improved health (Lesmes & McClements 2009). Bioactive foods
may include omega-3 PUFA, probiotics, whole grain– and fiber-enriched foods, phytosterols,
functionalized water, calorie-burning foods, superfruits, beauty foods, and energy drinks (IFIC
2009).

NANOPARTICLES TECHNOLOGIES

Newer technologies, such as nanoemulsions and nanoparticles, may aid in the delivery of functional
bioactives. Nanoemulsions and submicron emulsions are liquid-in-liquid dispersions with small
droplets; typically in the range of 20–200 nm (Solans et al. 2005). Nanoemulsions result from
high kinetic energy conditions induced by shearing, which results in emulsified small droplets
stable against sedimentation or creaming (Gonnet et al. 2010). Stability of nanoemulsions may
be enhanced by adding emulsifiers using high-shear homogenization; high-shear homogenization
makes it possible for manufacturers to lower levels of surfactants in products. Nanoemulsions are
used in cosmetics and personal-care formulations and in some agrochemical industries (Qian &
McClements 2010, Guitierrez et al. 2003).

Nanoparticle matrix systems are dense colloidal polymeric nanoemulsions typically less than
one micron in size, characterized by high stability and even dispersion of particles (Anton et al.
2008). Nanoparticles, because of their small size, are better suited for targeted delivery of nutrients
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in small quantities to specific sites (Wang et al. 2011). Modern nanoparticles are usually less than
five microns in size and can increase core loading within a matrix up to 97%. Nanoparticle
emulsions and hydrogels can be made from egg white, soybean, and whey proteins. For example,
mucosal delivery systems were created from peptides derived from proteins and plasmids ( Janes
et al. 2001).

Nanoparticle-sized colloidal dispersions are used in a broad range of products, including
foods, cosmetics, paints, and drugs. Nano-sized emulsions are kinetically stabilized monolayers of
uniformly poly-dispersed spherical particles with large surface areas (Dickson 2010). Some nano-
disperse nanoparticle systems have been explored for oral drug delivery with different degrees
of success. Future application of nanoparticle technology in the areas of micronutrient and nu-
traceutical delivery will depend largely on the type of active molecule/ions and whether the product
format is sprays or gels. Chen et al. (2010) showed that colloidal particles and nanoemulsions could
be used as delivery systems for micronutrients and nutraceuticals.

PRESERVATION OF ACTIVE INGREDIENTS
IN THE DIGESTIVE SYSTEM

Bioaccessibility and bioavailability are descriptive tools to measure the efficiency of retrieving and
absorbing nutrients (Scheepens et al. 2010). Bioaccessibility defines the amount of an ingested
nutrient available for absorption in the gut after digestion (Palafox-Carlos et al. 2011, Hedren
et al. 2002). Bioaccessibility also measures the effectiveness of removing nutrients from matrices.
Bioavailability measures the blood plasma levels of particular nutrients and accounts for individual
variability and physiological states (Faulks and Southon 2005). In most cases, bioaccessibility and
bioavailability depend on the physical food matrix, which affects the digestion processes that may
limit availability of functional nutrients and active components delivered at specific digestion sites
(Velikov & Pelan 2008, Gregory et al. 2005).

Encapsulated foods containing active nutrients draw heavily on the extensive knowledge devel-
oped by the pharmaceutical and medical industries for drug delivery systems (McClements et al.
2009). Structural matrices provide protection and controlled release of bioactive core material
(Corcoran et al. 2004). Active ingredients introduced in a variety of structures include flavors
(Inglett et al. 1988), vitamins and minerals (Ubbink and Mezzenga 2006, Lukaski 2004), and
probiotic microorganisms (Iyer & Kailasapathy 2005, Zuidam & Shimoni 2010). Active food in-
gredients require special handling because of their sensitivity to a variety of physical and chemical
factors that may cause loss in biological functionality, chemical degradation, or improper release
(Ubbink & Kruger 2006). Advances in the design and fabrication of structured delivery systems or
the encapsulation of functional food components may result in a wide variety of delivery systems
(Barrow et al. 2009).

To survive the hurdles of food handling, oral processing, transport through the acidic digestive
tract, and assimilation, nutrients must be protected for safe delivery (de Vos et al. 2010). The
hurdles presented by oral processing may limit nutrient availability and negate the benefits of
microencapsulation and the function of active nutrients and nutraceuticals. Digestive conditions,
such as insufficient gastric time, low permeability, or insolubility within the gut, and unstable
conditions such as changing pH, presence of enzymes, and other nutrients, may affect digestibility
and availability of nutrients. The precise delivery and release of bioactive food components must
use the principle of targeted release controlled by enzymatic activity of the microbiota at specific
sites (Chen et al. 2010).

The use of chitosan to increase colon mucosa is an example of successful delivery of microen-
capsulated microspheres through the digestive tract. This delivery of bioactives was illustrated by
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the work of Lorenzo-Lamosa et al. (1998), where the chitosan core showed special release features
at the specific pH of 8.4; the release rates were controlled by changing the core/coat proportions
for timed release. A wide variety of different types of delivery systems are available for functional
bioactives, but each type has its specific advantages and disadvantages. Some of the variables include
encapsulation and protection efficiency, differences in compatibility with functional agents, cost,
regulatory status, ease of use, biodegradability, and biocompatibility (McClements et al. 2009).

REGULATION OF ACTIVE INGREDIENTS

The regulation of claims associated with different foods and active ingredients is managed by
several government jurisdictions. For example, in the United States the FDA determines ap-
propriate claims guided by several food laws, such as the 1994 Dietary Supplement Health and
Education Act. Similar laws guide other countries and subcontinents; for example, the European
Food Safety Authority (EFSA) evaluates proposed health claims for foods or active ingredients
(Ruckman 2008). Recently, the EFSA has allowed health claims relating to the consumption of
walnuts for improved blood vessels, antioxidant properties of olive oil for reducing LDL choles-
terol, and caffeine for increased alertness and physical endurance.

CONCLUSIONS

Food in all its forms provides benefits to consumers. Identifying and quantifying the optimal
positive activity levels and linking them to particular health benefits is the focus of research on
active foods. New active components developed are tagged to benefits; for example, bioactives such
as peptides, plant extracts such as flavonoids, and marine extracts such as chitosan are providing
antiinflammation, antioxidant, antimutagenic, and anticancer benefits. Simple structured delivery
systems for the active ingredients can be fabricated using relatively uncomplicated processing
operations, such as emulsions, colloids, suspensions, gels, and solid matrices. Site-activated delivery
of functional foods will be possible with techniques, such as microencapsulation, microemulsions,
colloidal particulation, and nano-structuring. Natural triggers may be used to release bioactive
components at health-optimizing doses. Delivering functional bioactive nutrients will enhance the
health benefits provided through foods; however, the challenge will be delivering the functions at
appropriate sites in cost-effective forms.
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