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ABSTRACT

Carotenoids are potent antioxidants, but they are highly unstable and susceptible during process-
ing and storage. Encapsulation technologies protect against degradation and are capable of
releasing individual or combination of bioactive substances during processing as well as develop-
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ment of various functional food products. Moreover, encapsulating agents can be used to increase
the stability of carotenoids and form a barrier between the core and wall materials. Suitable
encapsulating agents, temperature, and drying methods are the most important factors for the
encapsulation process. In this report, we reviewed the current status of encapsulation of carote-
noids from different fruits, vegetables, spices, seaweeds, microorganisms, and synthetic sources
using various types of encapsulating agents through spray drying and freeze drying. We also
focused on the degradation kinetics and various factors that affect the stability and bioavailability

of encapsulated carotenoids during their processing and storage.

Introduction

Carotenoids, the main sources of vitamin A, are useful in
preventing degenerative human diseases because of their
antioxidative and free radical scavenging properties (Kim
et al. 2006; Krishnaiah, Sarbatly, and Nithyanandam 2011).
f-carotene, «a-carotene, and f-cryptoxanthin lycopene,
lutein, and its isomer zeaxanthin are known as carotenoids
(McGuire and Beerman 2007). The human body is not cap-
able of synthesizing carotenoids; therefore, carotenoids must
be supplied through the diet. Natural antioxidants have
attracted considerable attention because of their safety in
comparison with artificial antioxidants. Natural antioxidants
can be added to different food products in different ways.
They can be used to increase stability by preventing lipid
peroxidation, thereby increasing the shelf life of food prod-
ucts. Recently, there has been a global trend of using phyto-
chemicals from natural sources, such as vegetables, fruits,
oilseeds, and herbs, as antioxidants and functional ingre-
dients (Elliott 1999; Kaur and Kapoor 2001). However, it is
very difficult to store fruits and vegetables for a long time
because of their perishable nature, even at low temperatures.
Elevated temperature, light, oxygen, and pH are parameters
that affect the degradation of phytochemicals (Xianquan
et al. 2005). Therefore, processing is necessary to prolong
the shelf life. Drying is one of the oldest food preservation
techniques, and among all drying methods, spray drying,
and freeze drying are two of the best methods for preserving
bioactive compounds. Spray dryers and freeze dryers are
widely used to produce dried fruits and vegetables, and they

can preserve heat-sensitive bioactive components, such as
phenolic compounds, carotenoids, and anthocyanins, more
effectively than other drying methods.

Encapsulation technology is used in the food industry to
develop liquid and solid ingredients as effective barriers against
environmental parameters, such as oxygen, light, and free radi-
cals (Desai and Park 2005). Bioactive compounds can be
improved by using encapsulation techniques, which entrap sen-
sitive ingredients inside a coating material (Saenz et al. 2009).
Moreover, encapsulating agents can be used to increase the sta-
bility of bioactive compounds. Researchers (Saenz et al. 2009;
Ahmed et al. 2010a; Ahmed et al. 2010b; Kha, Nguyen, and
Roach 2010) have used various encapsulation materials, such as
starch, maltodextrin, corn sirup, inulin, and Arabic gum to
improve bioactive compounds during spray drying. Some
reviews on encapsulation techniques, such as microencapsula-
tion of oils (Bakry et al. 2016) and microencapsulation of vita-
min A (Gongalves, Estevinho, and Rocha 2016), exist.
However, these reviews lack information regarding the selection
of encapsulating materials and modeling for encapsulation of
carotenoids. Therefore, the objective of this review is to illus-
trate the impact of encapsulating agents on carotenoids from
different sources, as well as the degradation kinetics during
processing and storage using spray dryers and freeze dryers.

General characteristics of carotenoids

Carotenoids are isoprenoid compounds. More than 600 dif-
ferent fat-soluble carotenes have been isolated from plants
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Figure 1. Structure of -carotene.
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Figure 2. Physical and chemical properties of carotenoids.

(Gul et al. 2016). The chemosynthesis of carotenoids
involves tail-to-tail linkage of two C,, geranyl-geranyl
diphosphate molecules, resulting in a progenitor C, carbon
skeleton from which all individual variations are derived
(Figure 1) (Dutta, Raychaudhuri, and Chakarborty 2005).
p-carotene, lutein, zeaxanthin, neoxanthin, vioxanthin, and
chlorophylls are the most commonly found carotenoids in
plants (Gul et al. 2016; Lakshminarayana et al. 2005).
f-carotene (chemical formula, C,oHss; molecular weight,
536.88 g/mol) is widely distributed in plant based foods and
microorganisms (Khachik, Beecher, and Smith 1995).
Generally, all transfi-carotenes are dominant precursors of
vitamin A (Krinsky and Johnson 2005). The physicochemi-
cal features including color, chemical reactivity, molecular
shape, light absorbing intensity, and antioxidant properties
of carotenoids depend on the length of the polyene chain
(Figure 2) (Britton 1995; Dutta, Raychaudhuri, and
Chakarborty 2005). Carotenoids are classified into two cate-
gories: (i) alpha-, beta-, gamma-carotene and alpha-, beta-
cryptoxanthin, which can be metabolized by humans into
retinol, and (ii) lutein, zeaxanthin, lycopene, which are unre-
lated to any vitamin A activity in humans (Bohn 2008).

A number of factors are responsible for the degradation of
carotenoids. On exposure to heat, light, and oxygen during
processing and storage, trans-f-carotene immediately under-
goes thermal and chemical oxidation, isomerization, and pho-
tosensitization ~ (Figure 3) (Dutta, Raychaudhuri, and
Chakarborty 2005; Gul et al. 2016). The instability of carote-
noids is caused by their structural polyene chain. The oxidation
process of carotenoids involves epoxidation, forming apocaro-
tenoids (Marty and Berset 1988), and low molecular weight
compounds responsible for the off-flavor in food (Falconer
et al. 1964). During digestion, carotenoids also degrade in vari-
ous ways in the human body (Figure 4). Therefore, retention
of carotenoids is a major issue during their processing and
storage. Microencapsulation techniques could enhance the

retention of carotenoids during processing and storage and
protect against degradation from light, heat, and temperature.

General aspects of microencapsulation

The encapsulation technique is widely used in several fields,
particularly in the food industry (Higuera-Ciapara et al.
2004; Shen and Tang 2012). The process involves coating or
entrapping solid, liquid, or gas particles into thin films using
various food-grade encapsulating agents (Gharsallaoui et al.
2007; Gongalves, Estevinho, and Rocha 2016). During encap-
sulation, the core materials are surrounded by a wall, which
acts as a physical barrier to protect them from external fac-
tors. The coating material, encapsulating agents, carrier,
shell, capsule, membrane, packaging material, or the external
phase, are known as wall materials. Core materials are also
called core actives, fills payloads, or the internal phase. The
particles obtained are called microcapsules. Most micro-
capsules are small spheres with diameters ranging between
micrometers and millimeters. The sizes and shapes of the
microparticles depend on the materials and methods used to
prepare them (Gharsallaoui et al. 2007). Some microcapsules
may have multiple microencapsulating agents that form dif-
ferent walls with different chemical and physical properties
(Botelho et al. 2007). The morphology of microcapsules
depends mainly on the core materials and deposition
process of the shell. Various microcapsules are shown in
Figure 5. The main purposes of the encapsulation process
in the food industry are given below:

i. Reducing the transfer rate of the core materials to the
surrounding materials.
ii. Protecting the core materials
environmental conditions.
iii. Preventing incompatibility
the compounds.
iv. Modifying the physical characteristics of the original
materials for easy handling.
v. Masking undesirable taste or unwanted aroma of the
core materials.
vi. Diluting the core materials to decrease quantity of the
compound when desirable.
vii. Controlling the release of core materials.
viii. Providing better storage conditions by preventing
degradative reactions like dehydration and oxidation.

from undesirable

and  reactivity  of

Common microencapsulating agents

Encapsulation efficiency and microcapsule stability
depend on the encapsulating agent or wall material.
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Therefore, selecting appropriate encapsulating agents
is necessary to maintain the desirable encapsulation
efficiency, microparticle stability, and the required
characteristics of the final product (Gongalves, Estevinho,
and Rocha 2016). The wall material can be selected from

a wide variety of natural and synthetic polymers.
Different types of encapsulating agents are used as wall
materials during spray and freeze drying. In this review,
we focus on encapsulating agents that are commonly used
during spray drying and freeze drying.
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Figure 5. Different types of microcapsules: (i) simple microcapsule, (i) matrix
(microsphere), (iii) irregular microcapsule, (iv) multicore microcapsule, (v) multi-
wall microcapsule, and (vi) assembly of a microcapsule (adapted from Bakry
et al. 2016).

Maltodextrins

Maltodextrins are polysaccharides and water-soluble materi-
als, available as white powders. Maltodextrins are usually
classified by their dextrose equivalent value (DE) (Desobry,
Netto, and Labuza 1999). Maltodextrins with DE values of 4,
10, 15, 20, 25, 30, and 42 are available in the market.
Maltodextrins are commonly used as encapsulating agents
for freeze drying, and are also often used in various sugar-
rich foods such as blackcurrant, raspberry, and apricot juice
during spray drying. Addition of maltodextrins during the
drying process increases the glass transition temperature and
reduces stickiness of the product (Quek, Chok, and
Swedlund 2007). Maltodextrins help in retaining certain
product properties, such as nutrient content, color, and fla-
vor during drying (Rodriguez-Hernandez et al. 2005).

Starch

Starch is soluble in water and can be separated into its com-
ponent fractions, amylose and amylopectin, by heating. Due
to its qualities, such as abundant availability, low cost, and
emulsifying properties during drying starch has been widely
used as a wall material. Starch has also been used to
enhance storage stability of flavors (Partanen et al. 2002).
Different types of starches are used as encapsulating agents
during drying: modified tapioca starch, native tapioca starch,
and waxy maize starch. However, some studies (Bayram,
Bayram, and Tekin 2005; Gharsallaoui et al. 2007) have
reported that starch is not a suitable encapsulation agent
during spray drying because it caramelizes, attaches to the
spray-dryer wall, and clogs the nozzle due to its heteroge-
neous form during drying.

Gum Arabic

Gum Arabic, also known as acacia gum, is composed of pol-
ysaccharides and glycoproteins. It is often used as an effect-
ive encapsulating agent because of its protective colloid
functionality (Krishnan, Bhosale, and Singhal 2005). During
spray drying, gum Arabic is used as an encapsulating agent

to obtain good emulsifying capacity and low viscosity in an
aqueous solution. Gum Arabic is 3 to 4 times more stable
than maltodextrin in bixin encapsulation (Barbosa,
Borsarelli, and Mercadante 2005). However, it not as effect-
ive as other wall materials, such as citral, linalool, f-myr-
cene, limonene, and f-pinene (Bertolini, Siani, and
Grosso 2001).

Chitosan

Chitosan is a linear polysaccharide, which is soluble in
acidic aqueous media. The application of chitosan as a coat-
ing material is increasing because of its biocompatibility,
low toxicity, and biodegradability (Grenha et al. 2007).
Chitosan alone, rather than a combination of chitosan and
maltodextrin, is unable to provide a stable emulsion for fish
oil-encapsulated powders after freeze drying (Klaypradit and
Huang 2008).

Inulin

Inulin is a polysaccharide that is produced by many types of
plants, such as chicory (Cichorium intybus) root, dahlia
(Dahlia pinnata Cav.), and Jerusalem artichoke (Helianthus
tuberosus). Inulin is an excellent potential encapsulating
agent because of its low cost and nutritive properties
(Stevens, Meriggi, and Booten 2001). Gandomi et al. (2016)
demonstrated that chitosan-coated alginate beads increased
bacterial survival in stored apple juices. A mixture of inulin
and whey protein isolate was a suitable carrier for the spray
drying of rosemary essential oil (Fernandes et al. 2014).

Proteins

Different types of proteins, such as soy protein, whey pro-
tein, and gelatin, are used in the food industry as carrier
agents. Among them, soy protein is one of the most popular
plant protein sources because it is abundant and inexpen-
sive. During spray drying, proteins are used as encapsulating
materjals because they protect against oxidation (Bylaite
et al. 2001) and have high-binding properties (Landy,
Druaux, and Voilley 1995). Pea protein could be used as a
good carrier agent for the microencapsulation of ascorbic
acid (Pierucci et al. 2006). Vega et al. (2005) showed that
sodium caseinate showed better encapsulation properties
than micellar casein.

Ascorbic acid

Ascorbic acid, known as vitamin C, is a white or light-yel-
low powder. Many researchers have used ascorbic acid as a
protective agent during spray drying (Ahmed et al. 2010a;
Desai and Park 2005). Ascorbic acid has the ability to
reduce hygroscopicity and dusting, and it provides a high
degree of flowability without clumping during the encapsu-
lation process (Shahidi and Han 1993).
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drying (adapted from Bakry et al. 2016).

Other encapsulation agents

The above-mentioned wall materials have been widely used
during drying. However, some researchers have also used
different wall materials, such as carrageenan, silicon dioxide,
sodium caseinate, soy lecithin, and sodium alginate.

Encapsulation techniques

Numerous techniques are used for the encapsulation process
in the food industry. Encapsulation techniques can be classi-
fied as follows (Munin and Edwards-Lévy 2011): Physical
methods: spray drying, fluid bed coating, extrusion-sphero-
nization, centrifugal extrusion, pan coating, drum drying,
freeze drying, and processes using supercritical fluids.

Physicochemical methods: spray cooling, hot melt
coating, ionic gelation, solvent evaporation extraction, and
simple or complex coacervation.

Chemical methods: interfacial polycondensation, in situ
polymerization, interfacial polymerization, and interfacial
cross-linking.

Spray drying is the simplest and oldest used commercial
method for encapsulation (Shahidi and Han 1993). Freeze
drying could also be used to obtain bioactive compounds
during encapsulation. Therefore, in this review, we focus
on the encapsulation of carotenoids from fruits, vegetables,
spices, seaweed microorganisms, and synthetic sources using
spray and freeze drying.

Spray drying technology

Spray drying has been widely used in the food industry for
commercial production of dried fruits and vegetables. Spray
drying is highly appropriate for heat-sensitive food ingre-
dients. Various stages are involved in the encapsulation pro-
cess using spray drying (Figure 6). The encapsulation
efficiency depends on a number of factors, such as the feed
flow rate, air inlet/outlet temperature, feed temperature, and
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Figure 7. Schematic diagram of a freeze dryer (adapted from Bakry et al. 2016).

wall materials (Bakry et al. 2016). The working principles of
spray drying are as follows: first, mixtures are fed through
pipes and atomized by a nozzle. Then, water is removed
from the solution using hot air, and dried powder
is obtained at the bottom of the dryer (Bakry et al. 2016).
The advantages of spray drying include good reconstitu-
tional characteristics, low water activity, and suitability for
transport and storage. However, scarcity of good wall mate-
rials, as well as agglomeration properties of the microcapsule
powder, are the limitations of spray drying during the
encapsulation process. Carotenoid stability in foods such
as carrot, sweet potato, tomato, and melon using different
wall materials has been examined during spray drying
(Kha, Nguyen, and Roach 2010).

Freeze drying technology

Freeze drying is also called lyophilization, and the process is
shown in Figure 7. Sublimation is the main principle of the
freeze-drying process. During sublimation, water is directly
converted to vapor without passing through the liquid state
in vacuum (Bakry et al. 2016). Freeze drying has already
been successfully used for encapsulation to maintain nutri-
tional factors and facilitate drying. Velasco, Dobarganes, and
Marquez-Ruiz (2003) revealed that encapsulated freeze-dried
samples were more resistant to oxidation and protected
from heat-sensitive core materials. However, long processing
times, high energy, and high production cost are the main
drawbacks of freeze drying (Bakry et al. 2016).

Effects of encapsulation agents applied for different
carotenoids

Impact of various encapsulating agents on different
carotenoids through spray and freeze drying are shown
in Tables 1-3.

Encapsulation of carotenoids using maltodextrins and
polysaccharides

Table 1 shows the encapsulation of carotenoids using
maltodrstring and polysaccharides. Kha, Nguyen, and Roach
(2010) and Angkananon and Anantawa (2015) observed that
lower concentration of maltrodextrin (10%) retained higher
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Table 1. Encapsulation of carotenoids using maltodextrins and others polysaccharides.

Sources of carotenoids Drying conditions

Carrier agents

Compounds References

Gac fruit (Momordica
cochinchinensis)

Inlet temperature: 120°C, 140°C,
160°C, 180°C, 200°C

Outlet temperature: 83°C, 94°C,
103°C, 112°C, 125°C

Air flow rate: 56 +2 m*h

Compressor air pressure: 0.06 MPa
gauge

Feed rate was constant:
12-14 mL/min

Inlet temperature: 120°C, 150 °C,
170°C

Outlet temperature: 66 °C, 74°C,
88°C

100% aspirator, 30-40% pump and
30-40 Q-flow

Inlet temperature: 140 to 200 °C
Outlet temperature: 99 to
140°C

Air flow rate: 0.6 m*/h

Feed flow rate: 0.2 kg/h

Inlet temperature: 150°C, 160 °C,
170°C

Outlet temperature: 90+2°C

Air flow rate: 47 +2 m3/h

Feed flow rate: 350 to 500 mL/h

Pressure: 2.1+ 1 bar

Inlet temperature: 190 °C

Outlet temperature: 100 °C

Feed temperature: 60 °C

Inlet temperature: 200+ 5 °C

Outlet temperature: 100+ 5 °C

Inlet temperature: 145°C, 155 °C,
165°C

175°C, Aspirator rate: 60%

Flow rate: 600 L/h, Pressure: 4.5 bar

Feed temperature: 20 °C

Inlet temperature: 1770+£2°C

Outlet temperature: 90 +2°C

Air pressure: 0.5 MPa

Feed flow rate: 300 mL/min

Gac fruit (Momordica
cochinchinensis
Spreng)

30% w/v)

Pequi (Caryocar
brasiliense Camb.)
30% w/v))

Pink guava (Psidium guajava)

20% w/v))

Sweet potatoes
(Ipomoea batatas)

Carrot (Daucus carota L.)

Watermelon (Citrullus lanatus)

Dietzia natronolimnaea HS-1

0.50,

12 DE maltodextrin (10%,
20%, and 30% w/v)

Maltodextrin (10%, 20%, and

10 DE maltodextrin (15%,
18%, 22.5%, 27%, and

10 DE maltodextrin (10% and

11 DE maltodextrin (10 g/
100g of puree)

4,15, 25, and 36.5 DE
maltodextrin
Maltodextrin (3 and 5% w/v)

10% (w/v) soluble soybean
polysaccharide suspension
in distilled water at 0.25,

Total carotenoid content Kha, Nguyen, and Roach

(2010)

p-carotene and lycopene Angkananon and Anantawa

(2015)

Total carotenoids Santana et al. (2016)

Lycopene Shishir et al. (2016)

p-carotene and all trans
forms and cis forms
of f-carotene
p-carotene and a-carotene

Grabowski, Truong, and
Daubert (2008)

Wagner and Warthesen (1995)

Quek, Chok, and Swedlund
(2007)

p-carotene and Lycopene

Canthaxanthin Hojjati et al. (2011)

0.75, and 1.00 ratios.

Trans-f3-carotene Freeze drying

6 DE starch, 12 DE starch and

p-carotene Spada et al. (2012)

native starch

Pequi (Caryocar
brasiliense Camb.)

Inlet temperature: 140 to 200 °C
Outlet temperature: 82 to 115°C
Air flow rate: 0.6 m*/h

Feed flow rate: 0.2 kg/h

Inlet temperature: 178 °C

Outlet temperature: 110°C

Feed flow rate: 300 mL/min
Freeze drying

Freeze drying

Black pepper (Piper nigrum)

Trans-f-carotene
Tomato (Lycopersicon
esculentum Mill.)

Modified starch (15%, 18%,
22.5%, 27%, and 30% w/v)

409 gum Arabic and
commercial
modified starch
Almond gum and gum Arabic
1:1 and 1:4 (w/w) of
lycopene and f cyclodextrin

Total carotenoids Santana et al. (2014)

Oleoresin Shaikh, Bhosale, and Singhal
(2006)

p-carotene Mahfoudhi and Hamdi (2015)

Lycopene Nunes and Mercadante (2007)

amount of total carotenoid content in gac fruit powder
than those of higher concentration of maltrodextrin (30%).
Pequi was encapsulated with maltodextrin (15% to 30%) by
Santana et al. (2016), who reported that a maltodextrin
concentration of 18% retained the maximum amount of
total carotenoids during spray drying. The results showed
that higher concentrations of maltodextrin hindered the
formation of emulsion, possibly reducing the protective
effect of carotenoids. Shishir et al. (2016) prepared guava
powder using 10% and 20% maltodextrin and found that
the lycopene content increased with increasing maltodextrin
concentrations. Grabowski, Truong, and Daubert (2008)
produced flour from yellow-fleshed sweet potatoes by using
maltodextrin and spray drying. They revealed that fS-caro-
tene contents of maltodextrin-treated powder and untreated

powder were significantly different, and that isomerization
and loss of f-carotene were also higher in the maltodextrin-
treated powder than in the control. Wagner and Warthesen
(1995) also used 4, 15, 25, and 36.5 DE maltodextrin
to produce spray-dried carrot powder. They concluded
that 36.5 DE maltodextrin showed maximum retention of
a-carotene and f3-carotene, and could, thus, possible provide
best protection from oxidation. Carrot juice prepared
with maltodextrin had a 70-220 times higher shelf-life than
carrot juice produced without maltodextrin (Wagner and
Warthesen 1995). The authors hypothesized that the carrier
agents might prevent oxidation. Quek, Chok, and Swedlund
(2007) also found maltodextrin treated water melon powder
had more lycopene and f-carotene contents than raw
watermelon juice. Hojjati et al. (2011) revealed that
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Sources of carotenoids Drying conditions

Carrier agents

Compounds References

For starch

Inlet temperatures: 150+ 5°C
Outlet temperature: 70+ 5°C
Atomization pressure: 3 kg/cm?
For gelatin

Inlet temperature: 100 +5°C
Outlet temperature: 65+5°C
Atomization pressure: 5 kg/cm?
Inlet temperature: 160

Outlet temperature: 85 °C

Rosa Mosqueta
(Rosa rubiginosa)

Standard f-carotene

Phaffia rhodozyma Freeze drying

Paprika (Capsicum annuum) Inlet temperature: 160 £5°C,

180+5°C, 200+5°C
Outlet temperature: 110+ 5°C
Lutein -

gelatin and starch

soy protein isolate and
OSA-modified starch

soy protein

soy protein isolate and
gum arabic

whey protein

Trans-[f-carotene Robert et al. (2003)
Trans-lycopene

Trans-rubixanthin

p-carotene Deng et al. (2014)

carotenoid Nogueira, Prestes, and de

Medeiros Burkert (2017)
Yellow carotenoid Rascon et al. (2011)
Red carotenoid

Lutein Zhao, Shen, and Guo (2018)

oxidation of canthaxanthin was lower in the microcapsules
than that in the non encapsulated control. Trans-f-carotene
was prepared with native starch, 6 DE starch, and 12 DE
starch by freeze drying (Spada et al. 2012). The results
showed that hydrolyzed starch could retain ff-carotene better
than native starch, due to variation in sizes of particles.
Spada et al. (2012) also mentioned that 12 DE starch could
retain more fi-carotene, as compared to 6 DE starch, as
saccharides with long chains are more permeable to oxygen.
Microencapsulation of canthaxanthin produced by the
bacterium Dietzia natronolimnaea HS-1 using different
concentrations of soluble soybean polysaccharides by spray
drying (Hojjati et al. 2011) revealed that the degradation of
canthaxanthin in the nonencapsulated samples was faster
than that in the microencapsulated canthaxanthin samples.
Another study performed by Santana et al. (2014) demon-
strated that pequi pulp prepared with a modified starch
concentration of 22.5% had higher total carotenoids than that
prepared with a modified starch concentration of 27% and
30%. Santana et al. (2014) revealed that high concentration of
modified starch results in increased porosity, which might
influence the oxidative stability of carotenoids. Black pepper
oleoresin was microencapsulated using gum Arabic and modi-
fied starch by spray drying (Shaikh, Bhosale, and Singhal
2006). According to Shaikh, Bhosale, and Singhal (2006), gum
Arabic was more capable of protecting oleoresin than modi-
fied starch. Gum Arabic could restrain cracking of the matrix
due to good film-forming capability and plasticity (Shaikh,
Bhosale, and Singhal 2006). Another study from Mahfoudhi
and Hamdi (2015) evaluated that encapsulation with almond
gum showed better protection of f-carotene against oxidation
than encapsulation with gum Arabic. Therefore, results from
many studies summarized that carrier agents are capable of
preventing oxidation of carotenoids from oxygen, light, and
temperature. However, as every encapsulation material has
different characteristics, selecting a suitable material is an
essential step for encapsulation of carotenoids.

Encapsulations of carotenoids using protein

Encapsulations of carotenoids using protein are shown in
Table 2. High content and lower degradation rate of

carotenoids were observed on encapsulation with gelatin,
rather than starch because of protective power of gelatin
against oxidative damage (Robert et al. 2003).
Microencapsulation of f-carotene by soy protein isolate
could improve the storage stability of f-carotene as com-
pared to the Microencapsulation of f-carotene by modified
starch (Deng et al. 2014). Similar results were also observed
by Nogueira, Prestes, and de Medeiros Burkert (2017) who
mentioned that soy protein might have ability to increase
the stability of carotenoids. Rascon et al. (2011) revealed
that carotenoid retention was higher in the microcapsules
prepared with soya protein than microcapsules prepared
with gum Arabic and they also mentioned that the yellow
fraction was more stable than the red fraction due to differ-
ences in their chemical structures. Zhao, Shen, and Guo
(2018) showed whey protein could protect lutein content
from oxidation during storage.

Encapsulation of carotenoids using mixtures of various
encapsulation agents

Table 3 shows the encapsulation of carotenoids using mix-
tures of maltodextrin and protein. Different ratios (1:9 to
3:7) of gelatin to sucrose were used to prepare lycopene
microcapsules from tomato paste during spray drying. The
results showed that a gelatin to sucrose ratio of 3:7 was
good for encapsulation, based on the encapsulation yield
and encapsulation efficiency (Shu et al. 2006). These
researchers also showed that the microencapsulated samples
showed higher stability during storage, as compared with
the non-microencapsulated control because of oxidative sta-
bility. Ranveer et al. (2015) showed that 90% lycopene from
tomato waste was retained in the microencapsulated samples
using a gelatin to sucrose ratio of 3:7, whereas non encapsu-
lated samples retained less than 5% lycopene during storage.
Encapsulation of lycopene with gum Arabic and sucrose
showed that gum Arabic treated powder had good encapsu-
lation efficiency during spray drying (Nunes and
Mercadante 2007). However, lycopene and f-cyclodextrin
(1:4) mixture was more suitable for encapsulation, as com-
pared to lycopene and fS-cyclodextrin mixture (1:1), due to
complex formation during freeze drying (Nunes and



8 . J-B. EUN ET AL.

Table 3. Encapsulation of carotenoids using mixture of maltodextrins and proteins.

Sources of carotenoids Drying conditions Carrier agents Compounds References
Tomato paste (Lycopersicon Inlet temperature: 170-210°C  Sucrose and gelatin (1:9, 2:8,  Lycopene Shu et al. (2006)
esculentum Mill.) Outlet temperature: 35-65 °C 3.7, 4:6, 5:5 w/v)
Air flow rate: 2 m/s
Feed flow rate: 100 mL/h
Tomato waste (Lycopersicon Inlet temperature: 160 °C, Sucrose and gelatin (6:4, 7:3,  Lycopene Ranveer et al. (2015)
esculentum Mill.) 170°C, 180°C, and 8:2 w/v)
Outlet temperature: 35-65 °C
Air flow rate: 2 m/s
Feed flow rate: 2mL/min
Tomato (Lycopersicon Inlet temperature: 170 +2°C Gum arabic and sucrose (8:2)  Lycopene Nunes and Mercadante (2007)
esculentum Mill.) Outlet temperature:
113+2°C
Air flow rate: 30 mL/min
Air pressure: 5 kgf/cm?
Tomato (Lycopersicon Freeze drying 1:1 and 1:4 (w/w) of Lycopene Nunes and Mercadante (2007)

esculentum Mill.)
Carrot pulp waste
(Daucus carota L.)

Pink-grape fruit
(Citrus paradise)
Annatto

Annatto

Paprika (Capsicum annuum)

Red chilies (Capsicum
annuum)

Chili pepper (Capsicum
annuum)

Cumin

Dunaliella salina

Brown seaweed
(Phaeophyceae)

Lutein crystals

Gac fruit (Momordica
cochinchinensis)

Neurospora

Inlet temperature:
135°C-145°C

Outlet

temperature: 90-100°C

Freeze drying

Spray drying

Spray drying

Inlet temperature: 170 +5°C
Outlet temperature: 95+5°C
Atomization pressure: 4.5 bar

Inlet temperature: 170+ 5°C

Outlet temperature: 80+ 5 °C

Air pressure: 2.8 bar

Feed flow rate: 20 mL/min

Inlet temperature: 160+ 2 °C

Outlet temperature: 70 +2°C

Air pressure: 0.4 kg/cm?

Feed flow rate: 13.3 mL/min

Inlet temperature: 160+ 2 °C

Out temperature: 120+ 5°C

Flow rate: 300 g/h.

Inlet temperature: 200 °C,
265°C

Outlet temperature: 100 °C,

120°C

Air pressure: 0.4 kg/cm?

Feed flow rate: 13.3 mL/min

Freeze drying at —45°C
under high (0.04 mbar)
vacuum conditions.

Inlet air temperature,
185+ 1°C; Outlet air
temperature, 85+ 1°C

Inlet temperature: 154 °C

Outlet temperature: 80 °C

Feed flow rate: 970 mL/h,

Air flow speed: 4.3 m/s

Pressure: 2 bar

Inlet temperature: 170 °C,
180°C

Outlet temperature: 60 °C,
70°C

Feed flow rate: 8 mL/min

lycopene and f3 cyclodextrin
359 sucrose and 259 gelatin

Alginate, sugars and
galactomannans

Gum Arabic, Maltodextrin
and Tween 80

Gum Arabic, Maltodextrin
and Tween 80

Blend of 17% whey protein
concentrate, 17% mesquite
gum, and 66% (w/w)
maltodextrin, or a blend of
66% whey protein
concentrate, 17% mesquite
gum, and 17%
maltodextrin (w/w) with a
wall to core material ratio
of 2:1 and 4:1,
respectively.

Gellan gum, 10 DE
maltodextrin,

mesquite gum

Gum arabic and maltodextrin

Gum arabic, maltodextrin,
and modified starch

12 DE maltodextrin and gum
arabic at a ratio of 3.5:1

maltodextrin (70.02 g) and
Tween 80 (1.07 g)

Ratio of maltodextrin-sucrose
(3:0, 3:1 and 3:3)

Whey protein concentrate
and gum arabic (7:3g/g)

Different concentrations (20%,
30%, and 40% w/w) of
sodium caseinate, soy
protein isolate, and whey
protein isolate

All trans forms and cis forms
of lutein, f-carotene,
and o«-carotene

Lycopene

Bixin

Bixin

Oleoresin

Carotenoid

Carotenoids

oleoresin

p-carotene

Fucoxanthin

Lutein

p-carotene and lycopene

Total carotene

Chen and Tang (1998)

Aguirre Calvo, Busch, and
Santagapita (2016)

Barbosa, Borsarelli, and
Mercadante (2005); De
Marcoa et al. (2013)

Barbosa, Borsarelli, and
Mercadante (2005); De
Marcoa et al. (2013)

Perez-Alonso et al. (2008)

Rodriguez-Huezo et al. (2004)

Guadarrama-Lezama
et al. (2012)

Kanakdande, Bhosale, and
Singhal (2007)

Leach, Oliveira, and

Morais (1998)

Indrawati et al. (2015)

Kuang et al. (2015)

Kha et al. (2015)

Pahlevi, Estiasih, and
Saparianti (2008)

(continued)
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Sources of carotenoids Drying conditions Carrier agents Compounds References
Gac fruit (Momordica - Ratio of maltodextrin-gelatin Total carotenoid content Lam Dien, Minh, and Anh
cochinchinensis Spreng) (10%, 20%, 30%, 40%, and Dao (2013)

50% w/v)
Neurospora intermedia N-1 Inlet temperature: 160 °C
Outlet temperature: 70 °C
Air pressure: 1 bar

Feed flow rate: 8 mL/min

13-17 DE maltodextrin and
gelatin at a ratio of 4:1

Carotenoids Gusdinar et al. (2011)

Mercadante 2007). Carotenoid powder from carrot pulp
waste was processed with sucrose and gelatin by spray dry-
ing (Chen and Tang 1998). The study reported that the deg-
radation of all-trans-lutein was lower than those of
a-carotene and f-carotene, due to the formation of lutein-
gelatin complexes during spray drying. Lycopene was encap-
sulated with alginate along with sugars and galactomannans
from pink-grape fruit by freeze drying (Aguirre Calvo,
Busch, and Santagapita 2016). Aguirre Calvo, Busch, and
Santagapita (2016) showed that among different encapsulating
agents, alginate with trehalose and vinal gum could preserve
more lycopene content due to minimized isomerization and
structural changes. Bixin was encapsulated using gum Arabic
and maltodextrin with sucrose and Tween 80 from annatto
seeds by spray drying (Barbosa, Borsarelli, and Mercadante
2005; De Marcoa et al. 2013). The authors observed that bixin
encapsulated with gum Arabic, rather than maltodextrin, pro-
vided better protection against oxidation and photochemical
degradation. Red chili oleoresin was microencapsulated with a
blend of 17% whey protein concentrate, 17% mesquite gum,
and 66% (w/w) maltodextrin, or a blend of 66% whey protein
concentrate, 17% mesquite gum, and 17% maltodextrin (w/w)
with a wall to core material ratio of 2:1 and 4:1, respectively
(Perez-Alonso et al. 2008).The results from this study showed
that the higher wall-to-core ratio (4:1) provided maximum
protection against oxidation. Rodriguez-Huezo et al. (2004)
observed that a higher wall-to-core material ratio could help
in retaining higher amounts of carotenoids in red chili.
Guadarrama-Lezamaetet al. (2012) microencapsulated carote-
noids from non-aqueous extracts of chili pepper by using
three different oils (corn, sunflower, and safflower), as well as
gum Arabic and maltodextrin in a ratio of 4:1 (w/w), as wall
materials. They found that carotenoid degradation was lower
in the microencapsulated samples than in the non micro-
encapsulated samples because microencapsulation protects
against both oxidation and degradation (Guadarrama-
Lezamaetet al., 2012). Cumin oleoresin microencapsulation
was performed using a combination of gum Arabic, maltodex-
trin, and modified starch (Kanakdande, Bhosale, and Singhal
2007). The results showed that gum Arabic blended
with maltodextrin and modified starch at a ratio of 4/6, 1/6,
and 1/6 could better prevent oxidation of oleoresin, as com-
pared to other encapsulating agents. Encapsulated powders of
Dunaliella salina were prepared using maltodextrin and gum
Arabic by spray drying. The f-carotene in powders treated
with maltodextrin and gum Arabic was more stable, as com-
pared to the control. The storage stability of the encapsulated
powders also increased significantly (Leach, Oliveira, and
Morais 1998). The carrier agents could possibly retard the

oxygen diffusion, thus contributing to the stabilization of
p-carotene in encapsulated powders. The encapsulated pig-
ment prepared from brown seaweed (Sargassum spp.) using
freeze drying with maltodextrin and Tween-80 as encapsulat-
ing agents showed that carotenoids from the brown seaweed
could be extracted using encapsulating agents (Indrawati et al.
2015) and that carrier agents could act as barriers of auto-oxida-
tion. Lutein crystal was microcapsulated with maltodextrins and
sucrose by spray drying (Kuang et al. 2015), showed oxidation
resistance due to the carrier agents. Kha et al. (2015) also found
whey protein and gum Arabic could be retained more f-carotene
due to protective effect of carotenoid from oxidation during spray
drying. Pahlevi, Estiasih, and Saparianti (2008) extracted carotene
from Neurospora using different concentrations (20%, 30%, and
40% wi/w) of sodium caseinate, soy protein isolate, and whey pro-
tein isolate through spray drying. The results showed that encap-
sulation with 30% sodium caseinate resulted in maximum total
carotenoid content. Pahlevi, Estiasih, and Saparianti (2008) dem-
onstrated that sodium caseinate could form a double layer, thus
resulting in better resistance to oxidation, as compared to the pro-
tein isolate. Lam Dien, Minh, and Anh Dao (2013) showed that
carotene loss in gac fruit could be prevented using maltodextrin
and gelatin. Neurospora intermedia N-1 was used to extract caro-
tenoids with gelatin-maltodextrins using spray drying (Gusdinar
et al. 2011).The results showed that the encapsulated powders
were more stable than the non-encapsulated powder.

Factors affecting stability of encapsulated
carotenoids

Various conditions, such as relative humidity (RH), tem-
perature, light, and heat play significant roles in retention of
carotenoids during storage. Mahfoudhi and Hamdi (2015)
reported that lower RH (10%) during storage showed lower
degradation rate of encapsulated trans f-carotene with gum
Arabic and almond gum, as compared to higher RH (45 and
80%). Similar trends were shown by Sutter, Buera, and
Elizalde (2007), who encapsulated trans f-carotene using
mannitol by freeze drying and Deng et al. (2014) encapsu-
lated f-carotene using soy protein isolate and octenylsuc-
cinic anhydride-modified starch by spray drying. Most
studies reported that initially, the content of encapsulated
carotenoids decreased very fast, followed by slower decrease
at lower RH (up to 75%) during storage. However, Sutter,
Buera, and Elizalde (2007) showed that encapsulated f3-caro-
tene content sharply reduced in the first stage, then
decreased constantly, and finally showed a sudden decrease.
Different RH values showed different retention values of
p-carotene due to oxidative stability. However, storage at
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higher RH (75% or above) revealed greater reduction in
f-carotene content, possibly related to structure collapse.
Collapse of structure is related to oxygen diffusion from
surface to matrix, and thus to the decrease in the retention of
f-carotene. Particle size and surface carotene could influence
the retention of f-carotene (Sutter, Buera, and Elizalde 2007).
Kha et al. (2015) encapsulated gac oil powder with whey pro-
tein concentrate and gum Arabic. Their results revealed that
encapsulated powder of fS-carotene and lycopene should not
be kept at higher equilibrium relative humidity (75%), as the
higher moisture content results in more chemical, biological,
and microbial degradation during the storage period.
Moreover, Desobry, Netto, and Labuza (1999) did not find
any significant differences between 11% and 33% RH for
f-carotene encapsulated with two maltodextrins, 15 DE and 4
DE. Similar results were shown by Desobry, Netto, and
Labuza (1997) for pure f-carotene using maltodextrin DE 25
by spray and freeze drying. However, Qv, Zeng, and Jiang
(2011) demonstrated that lower relative humidity (33%)
showed higher retention (90.16%) of lutein microcapsule
with gelatin and gum Arabic, whereas 68.18% and 30.15%
retention was observed for lutein at higher relative humidity
(80%) and non-encapsulated lutein, respectively.

Conditions of higher temperature and light exposure
during storage were more destructive than lower tempera-
ture and dark conditions for encapsulated all trans f3-caro-
tene, all trans a-carotene, and all trans-lutein of carotenoid
powders from carrot pulp using sucrose and gelatin though
spray drying, due to increased occurrence of isomerization
(Chen and Tang 1998). The results also showed that
all trans f-carotene was more susceptible to degradation
than all trans o-carotene and all trans-lutein during various
storage conditions. Similar phenomena were observed by
Chiu et al. (2007) for the encapsulation of cis-trans-and
total lycopene from tomato pulp waste using gelatin and
polyglutamic acid by freeze drying. However, light did not
accelerate the degradation rates of encapsulated (- carotene
and a-carotene using various carrier agents from carrot
(Wagner and Warthesen 1995). However, light and higher
temperature also reduced the retention of lutein in microen-
capsulated with gelatin and gum Arabic due to loss of glass
state, as well as increase in the molecular chain (Qv, Zeng,
and Jiang 2011). Rascén et al. (2011) observed increase in
carotenoids with increasing inlet air temperature in encapsu-
lated using gum Arabic and soy protein isolate from paprika
oleoresin, due to higher yield and retention of volatile
compounds. Encapsulated bixin using gum Arabic or malto-
dextrin was more stable than non-encapsulated bixin, and
also showed greater stability in dark conditions than in
light condition throughout storage (Barbosa, Borsarelli,
and Mercadante 2005). The authors reported protection
against photodegradation, as well as occurrence of isomers,
under light conditions, thus influencing the retention of bixin.
Encapsulated curcumin with maltodextrin, modified starch, and
gum Arabic showed higher retention, followed by encapsulation
with gum Arabic and combination of maltodextrin and modified
starch for spray drying during storage under light (Cano-Higuita,
Malacrida, and Telis 2015). Combination of maltodextrin,

modified starch, and gum Arabic could prevent curcumin loss
due to oxidation. However, using freeze drying, encapsulated cur-
cumin from turmeric with gum Arabic retained higher levels of
curcumin, as compared to curcumin encapsulated with ternary
mixture (maltodextrin, modified starch, and gum Arabic) and
binary mixture (maltodextrin and starch) during storage under
light (Cano-Higuita, Malacrida, and Telis 2015). Encapsulated
canthaxanthin showed greater stability in dark conditions than
exposed to light (Hojjati et al. 2011). Similar behavior was found
by Ranveer et al. (2015), who also reported that encapsulation of
lycopene with sucrose and gelatin in refrigerated temperature and
absence of light showed higher retention of lycopene than that at
room temperature and in the presence of light. Therefore, lower
storage temperature, relative humidity below 75%, and dark
conditions would be the ideal conditions for maximum retention
of carotenoids during storage.

Relationship between coating materials and
microstructure on encapsulated carotenoids

Retention of carotenoids is influenced by the microstructure
of the encapsulating material. Morphological structures of
microcapsules are also affected by different wall materials.
Microstructure of cumin oleoresin microencapsulated with
gum Arabic was smooth and irregular, as well as shrinkage
of the particle and cavity form, which could result in more
protection of cumin than microencapsulation with malto-
dextrin and modified starch (Kanakdande, Bhosale, and
Singhal 2007) (Figure 8). Similar structure was also observed
for bixin encapsulated with gum Arabic and sucrose, while
that of bixin encapsulated with maltodextrin and sucrose or
maltodextrin and Tween was different (Barbosa, Borsarelli,
and Mercadante (2005) (Figure 9). Microencapsulation with
gum Arabic, maltodextrin, and modified starch showed
higher retention of cumin oleoresin due to more uniform
and less cracked structure, as compared to the micro-
encapsulation with maltodextrin, modified starch, and gum
Arabic (Kanakdande, Bhosale, and Singhal 2007) (Figure 8).
Microencapsulated lycopene with gelatin and sucrose
showed a bee-hive like structure, whereas non-encapsulated
lycopene showed saw dust like structure. Bee -hive resem-
bling structure might be related to the evaporation rate of
water from core of microencapsulation that could influence
the retention of lycopene during storage (Figure 10). The
aforementioned discussion indicates that the carotenoids
content depends on microstructure, as well as carrier agents.

Effects of glass transition temperature (T,) on
encapsulated carotenoids

Usually structure collapse, shrinkage, and caking occur above
the glass transition temperature (Ty) (Coronel-Aguilera and
Martin-Gonzalez 2015). T, also is related to oxygen transfer
(Desobry, Netto, and Labuza 1999). Some studies found
higher B-carotene losses in the glassy state (below Ty (Prado,
Buera, and Elizalde 2006). Encapsulated of f-carotene with
maltodextrin showed lower rate of ff-carotene loss than that
encapsulated with a mixture of maltodextrin and gum Arabic
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Figure 8. Microcapsules prepared from gum arabic (a), maltodextrin (b), modified starch (c), d) gum arabic/maltodextrin/modified starch(4/6:1/6:1/6) (adapted from

Kanakdande, Bhosale, and Singhal 2007).

and with a mixture of maltodextrin and gelatin, due to higher
glassy state (Ramoneda et al. 2011). These studies also
revealed that the maximum f-carotene degradation was
observed when the T, value was lower than the storage
temperature. However, Desobry, Netto, and Labuza (1999)
did not observe these phenomena on encapsulation of trans
p-carotene with glucose, galactose, and lactose, along with
two maltodextrins: 15 DE and 4 DE. Their results showed the
glassy state of encapsulated trans ff-carotene on storage at a
temperature below Ty, but it was not correlated with ff-caro-
tene retention. Therefore, the relation between glass transition
temperature and encapsulated carotenoids remains unclear.

Degradation kinetics for encapsulated carotenoids

Modeling is used as powerful tool to predict the optimum
storage conditions for encapsulated carotenoids. Most of the
encapsulated carotenoids models were described by first-
order reaction, but some studies also dealt with zero-order
reactions throughout the storage period. Tables 4 and 5
show the modeling of encapsulated carotenoids using spray
and freeze drying, respectively, during storage. Degradation

kinetics, such as degradation reaction rate, reaction order,
rate constant, half-life, and activation energy are crucial
parameters to know the storage conditions for shelf life of
encapsulated carotenoids. In this section, we elaborate the
degradation kinetics for encapsulated carotenoids using two
ways: spray drying and freeze drying.

Modeling during spray drying

Most of authors used the Arrhenius model, but other mod-
els such as the Weibull model, Kohlrausch-Williams-Watts
model, and Regression model were also used by few authors.
Reaction rate constant, half-life, and activation energy
depend on the sources of carotenoids, carrier agents, storage
temperature, and storage conditions (Table 4). Higher
degradation rate and lower half-life were found with increas-
ing storage temperature for all encapsulated carotenoids.
Encapsulated lycopene showed a higher degradation rate
than encapsulated f-carotene (Kha et al. 2015). These
authors also reported that encapsulated carotenoids with
gelatin showed higher activation energies, as compared
with those encapsulated with starch. Degradation rate and
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Figure 9. SEM micrographs of spray-dried microencapsulated bixin with (a) GA/sucrose (95:5), (b) MD 20 DE/sucrose (80:20), (c) 100% MD 20 DE (d) MD 20 DE/
Tween 80 (99.8:0.2). The magnification of all micrographs was 1400 (adapted from Barbosa, Borsarelli, and Mercadante 2005).

Figure 10. (A) Lycopene without encapsulation and (B) microencapsulated lycopene (adapted from Ranveer et al. 2015).

activation energy might be related to the various complex
structures and reactivities of carotenoids connecting with
the matrix of encapsulating materials during storage.
Carotenoids and surrounding matrix interactions could also
influence the degradation rate and activation energy (Kha
et al. 2015). Most of the encapsulated carotenoid models
were described by first-order reactions, but some studies
also dealt with other reaction models throughout the storage

period. Non-encapsulated bixin showed a single first-order
decay, whereas encapsulated bixin showed two sequential
first-order decays under dark condition because more
oxidative and photochemical degradation occurred in
the non-encapsulated sample (Barbosa, Borsarelli, and
Mercadante 2005). However, Kuang et al. (2015) found that
the Kohlrausch-Williams-Watts model was a good fit for
encapsulated lutein. Thus, various models might be used to



13

(panunuos)

(,_Kep) ,_0LX 0970 F ¢8'L =395\) %01l

auajoled-g

(,_fep) ,_0LX LOL'0F LSH'0 =95ty 967

(,_Kep) ,_OLX b¥L'0F 9680 =91y 9%0¢

(,_Aep) ,_0LX SLZ0F99'L =391y %G1

(,_Kep) ,_0LX 85T0F 78'L =951y %01l

Qualole)-»

9Uo]04e) 3de)Ins 104

(skep) Ly ~¥M 1, _U) |/,0LXey, O, 0IX8L'L =305y

(shep) 60T ~¥M (| _Y) /0LXg s 3", OIXEQ T =305y

(shep) £€T =¥ 1(,_U) /(0LX,,.q 3g0IXEE'E =051

(shep) Syl =M (| _U) /(0LXgqe 3" 0IXGE'S =300y

ausjoie)-¢g

(skep) 85y ~¥111(,_U) /01Xy, ¥, 0IX8L'T =059y

(shep) 017 =¥ I(,_U) |/0LX,ge 300X LYy =305Ty

(shep) 857 ~Y1 1| _U) /01X, .o 3 0IXLO'L =395Ly

(S661) (shep) 6L ~¢M (| _U) /c0LXpq 9" 0IX6E 'R =00y

uasayuem aud)04e)-0 e = 1/€69°0 =1 (3as'9¢€ 10 3ast ‘3ast

pue Jaubep S9Uj04eD Jofew o4 [9POW SNIUBYMY  ‘[9POW dNI3UIY J9pI0-1sil{  ,'Ia¥) yduels pazhjoiphy Kig (DoL27) 10 abeIOIS jole)

z
Qo
=
o
=
)
z
)
z
<
w
]
=z
=
]
wv
Ja)
Q
o
w
z
wv
=
wu
>
w
o
—
<
Y
=
oc
(]

(low/[edy)) '€ F 'L =07 (shep) || =010 Ty
(L_We OL X GF, 0L X H'g =255
(,— v _OLXEF, 0L X gL =20
(L_U),_OL X €F . 0L X TE =25y
“Upuexigny-supa
(Jow/[eay) Z0F Tl =e3 (shep) 6= -1 7/l
(LW 0L X §F, 0L X L'y =255
(LW OL X LF, 0L X G| =20y
? U), 0L X 9F . 0L X 9ty =250y
9uadodA1-subs}
L'0F 761 =03 (shep) gz =0-10 7/
(L_We OL X T, 0L X £'§ =25
r We 0L X LF 0L X G6=20"
(-, OL X LF ¢ 0L X 61 =25
Qua)04e)-¢-supi)
unesn Jo4
(low/[eay) L'L F'€L = e3 {(shep) g =010 ¢/l
(L_W, OL X LF, 0L X /9 =255
(,— v 0L X ¥F, 0L X 67=2:0ry
(,_4),_OL X 6F ¢ 0L X 08 =252
:_;me_o_:m subi)
(low/[e3)) L'l F60L = e3 ‘(shep) g = 0-10 ¥y
A Y 0L X 9F ,_0L X 0% =255y
(_We_OL X EF, 0L X T7="2-0ry
(,— v _OLX8F 0L X G L=
9uadodA1-sups}
(lowy/jedy) §'L F L'EL = ©7 {(shep) g =0-10 Tl
(LW OL X SF, 0L X L'g="2:55Y
(L_Ye_OL X €F,_0L X §T="2:0y
(L_U),_OL X §F 0L X £'9="25%Y
aU)04e)-f-sUDI) Viaren—2Y = @-°u1=ou (0.5 pue (psoutbigni psoy)
Amoou._ffagom Yoiels 104 [SPOW SNIUSYMY  "|]3pOw SUSU JSpIo-3sily unejab pue yiexs ‘o ‘ss) Je abelols e3anbsoyy esoy

(lowy/|edy) L

S3OUIR9Y sia1owesed dnaury |opow 19pJ0 d1dULY syuabe Janle) suonIpuod abeiols  SPIOUSI0ILD JO SIIINOS
|ednewayep

‘buifip Aeids Buunp spiouslosed pajejnsdedus jo bulspow sdnaupy uonepelbaq v dqel



(panunuos)

(shep) 0’5z = @Y1 :(,_Kep) 0020°0= ('L =K ‘%GE = X))
(skep) z'Lz= @Y3(,_Kep) 9€20°0= (t'L = A ‘%SE = X))
(shep) v'Lz= @Y1 :(,_Kep) v€20'0=(9T=A ‘%ST =X
(skep) v'gL = @Y1 !(,_Kep) 1£20°0= (9T =K ‘%SE = X))
(shep) L0z = @Y1 (,_Kep) zv20'0=(6'€ =K ‘%ST =X
(¥007) '|e 32 (shep) €1z = @Yy (_Kep) S€20°0=(6'€ = £ '%SE = X))

0z3nH-zanbLpoy splousjole)
(SN2aM) G Ly = W& PayIPOw (2/L);

(sY90M) 9g'// = Maev Wb (z/1))

S3|132[OA-UOU 104

(SY99M) g g = UIBIs PayIPoUl (2/1))

(%499M) 977Gz =>1aeV Wb (e/L)y

S3|11L|OA |B10} 104

(99M) £§'g7| = U>I1es PRuIPOW (¢/L))

(S498M) £G'L7| =V wnb (z/1)

auuadid [e10] Jo4

(SYPaM) GG = tPies Payipow (z/1))

(S99M) | £ = 1aese wnb (/1)

auuadid paddesyug Jo4

uIsa103]|0

(sAep) G = /'3 !(,_Aep) GOz |'Q = =9 ¥ Hep+wnnder-uony
(skep) 6= N:_.N {(,_Aep) 8£0'Q = 2-€9 I8 Hep +wnnoeny
(skep) 06 =1 {( \>m_uv ££0070 = <07 3¢ Hep -+ wnnoer-uony
(skep) vpyL = N:m {(,_Aep) 8000 = 2-0% 12 wep + wnnoeny
(skep) GLE =) !(,_Aep) 7g0070 =LY *© 3Bl +umnnaen-uony
(skep) 826 =/"3 (,_Aep) 1000 =" * 61+ winnoepy
(sKep) 7€ =4 !(,_Kep) 07000 = L4 ¥ Hep -+ wnnoer-uony
(skep) 09 = N\_m {(,_Kep) 110070 = L4 3 wep+wnnoeny
(skep) G511 =Y !(,_Aep) 9pOOTQ = 2-0L *° MeP-+ wnnoer-uoy
(skep) g€/1L =" !(,_Aep) $00QQ = 20! 2 Hep +unmeay
(shep) €1 =YY R—\\ANE $000°Q = 2:07— >Hep -+ wnnoea-uoNy
(skep) g€/1 =¥\ !(,_Aep) $00("Q = 2-0¢~ 3¢ Wep+umneny
auadodf]

(skep) £ =\ (,_Aep) gL0|'Q =29 ¥ ¥ep-+wnnoer-uony
(skep) oL = N\_m R—\\Am_uv 790070 = €9 ¥ Hep + wnnoeay
(skep) OLL =3 (,_Aep) £900°Q = <0F 3¢ Wep +wnnoen-uony
(sKep) 781 =1 I(,_Aep) gEOQ = 2:0v I° Hep + umnxeny
(skep) zoy = /'y {(,_Aep) GLO0'Q =LY 3° 26U+ wnnoen-uony
(sKep) 074 =/'1 !(,_Aep) 0000 = LY *° Bl +umnoeny
(skep) €6 =1 !(,_Aep) g100'Q = L & wep -+ wnnoenuony
(skep) 98€L =/} !(,_Aep) 50000 = L 3 wep -+ wnneny
(skep) 022 =% 5\>m_uv 600070 = 201 ¥° Hep-+wnnaeruony
(shep) €/1="2/'3 1(, _Aep) p00Q"Q = -0 1° Hep+unneay
(sAep) 0L£7 = /41 {(,_Aep) £000"Q = 2:0¢ Hep+ wnnoen-uony
(shep) 99y = /'y (,_Aep) 700’0 = =07 1 wep-+umnaery
audjolied-g

(,Kep) 0L'0=y

J,59¢ 104 ainjesadwal 1)U

(,—Kep) 900 ="y

7,002 104 ainjesadwal 19ju|

ausj0ie)-¢

(,_Aep) ,_0LX 6ZL'0F £6v°0 =395%Y 95T

(,_Aep) ,_0LX £51°0F 8060 = 3954y 907

(,_Aep) ,_0LX 6LZ0F §9'L =3d5ky 04

(9002) [eybuis
pue

‘slesoyg ‘pieys

(5102) "Ie 19 eyy

(8661) steJo
pue ‘eldAlQ ‘Yoea

—
<
—
L
=z
>
m
o
=

N/S0= RN\CH
uonoeal
uoliepelbap 19pi0-043z

1/€69°0 =1
‘[Spow dnauly JapJo-isil4

La/ea—oV = A u=4
P-0u=>u

[9POW SNIUBYAY  “[9POW DIIBUD| JIPIO-1silq

‘lopow J113upy JapJo-1siiq

wnb aynbsaw
‘ulIxapoyew skep g€
30 0L ‘wnb ue|3n 10} D, L€ e dbeiolg

yo1eIS panipow ‘SHPIM 9
pue digese wng 1oy ), L€ 18 abeiols

'skep 87 10} D.£9
1e pue skep 0zL
10} D.0F 1e ‘skep
09¢
104 (D,0€-7)
aimesadwsy
Jiqesy wnb pue 93eAIUUOD  WOOJ pue )0l
uRyoid A3ym  “H.0z—) 1e abeiois

(94nyesadwal
wooJ) je abeiors

1:G€ JO onel e Je diqese
wnb pue uuxapolew 3qg ZL

Salliyd pay

1addad ydeig

(SIsuauIydUIYI0D
DaIpIowo)y) Jen

pulbs bjjalpUNg

S9JU3J9)9Y s191owesed dp3aury

|opow
S EIEINEIN

19p10 DU

sjuabe Janle) suonipuod abeiolg

Spiousjoled Jo S93in0g

"panunuo) ¢ lqeL



CRITICAL REVIEWS IN FOOD SCIENCE AND NUTRITION 15

(panupuod)

(SY9am) 71| | = (O/V'9/1'9/1) utxapoljews ypiess payipowr Digeie wnb(z/1))y
($99M) £0'6 = (9/1°9/¥'9/1) uuIXapoljew Ydiels payipow diqese E:aa\:‘w
Amv_mw>>v €66 = (9/1'9/1'9/) uULIXapOIEW ‘YdJElS palIpow Diqee E:QN\C,~
(Sq99M) 88'6 = (E/1°€/1'€/1) UMIX3pOljRW YdJels payipow diqese E:ma\:h
suauidial-L |eyo)

(99M) €9'61 = (9/¥°9/1°9/1) uuIxapojjew ‘ydiels payipow E:aa\:‘w
Amv_mw>>v LL9L= (9/1'9/¢'9/1) UMIX3POIEW ‘YdJelS payipow iqee E:maw\th
(Sq99M) 886G = (9/1°9/1°9/%) uuIxapojjew ‘ydiels payipow E:ma\:h
(S)99M) 09'/z = (E/V'E/L'E/L) UMXapolfew {piels payipow Diqele wnb(z/1)
wﬁ>£mﬁ_m:_E:u |e10]

(SoaMm) G/°8T = uLIXapOYeW(Z/L))

(SqoaMm) /G =" payipow(z/1))

(sY2am) 8g:0g = 14ee Wnd(erL))

S9|11B|OA |e10|

(SqoaMm) 8Z9¢ = uLIXapOYeW(Z/L))

(Sq99Mm) Ggggg =P payipow(z/1))

va_ww\Sv oSy = diqese E:m«N\tk

auawf>-d |ejo]

(sy99M) 989 = uLIXapOYeW(Z/L))

(Sq99Mm) 67l =P payipow(z/1))

(SY3am) g1-og =19 wderL))

auauidial-L [e10]

(SYoaMm) 8z T = uLIXapOYeW(Z/L))

(SN99M) LYyl = el payipow(z/i))

(SH3aM) g/rLG =18 wndlert))

wﬁ>£mﬁ_m:_E:u |e10]

(£007) [eybuis
pue ‘sesoyg
‘apuepyeuey|

(£007) |eybuis
pue ‘sjesoyg

@Ur_mvv_wcmv_ uisa109|0
WEPO0 - €97 = (D)l

(%E€) UDIBIS PAYIPOWI PUE (96EE) ULIXIPOI[EW ‘(%EE) dlqely winb

D600 - 877 = (D)l

JlgqeJe wno

(5L07) StaL (ME6L'0 - 9% = (D]
pue ‘epliejey (%S2) UDIeIS PaYIpOW pue (965/) ULIXePOleW
‘eunbiy-oue) uiwndIn)

>

(,_Aep) ._0LX 80| F §§'gg = 145 (EvLO)
(,_Kep) _OLX $9'LLF 18"£1T =" (5150
(,_A®D) 01X ST'TF S/ /607 =45 BLED)
(,_Aep) _OLX Z0'L F €061 =45 ©0L0
?\>m3 ¢ OLX SL'EF 09 LE =0 wnb (g2°0)
P\\Am_uv ¢ OLX 86'E F LL'0EL __diqese wnb (515°0)
(,_Kep) ._OLX S0 F L5 =" wnb (81£0)
P\\ANE  OLX 7§l Fgg g =100 wnb (801°0)
UIS3103]0 UOIDRI} MO|BA

(,_Aep) _OLX ¥6'L FGLOp =45 (EvL0)
(,_A®D) . 01X 8L'9F §p96L =45 (5150
(,_Aep) ._0LX 88T FZE'L0T =45 1€
(,_Aep) . _0LX ¥6'0L F 56'L6L =45 801D
(,_Kep) ._0LX §1'€ F 09" L g =>aeie wnb (er£0)
(,_Aep) . OLX 88| F 68'€7L =9 Wb (5150)
P\\ANE _OLX €90 F ££'55 =19 wnb (81£0)
(,_Kep) ._0LX £6'0F 60°€E =9%° wnb (8010)
UIS3103]0 UONJRI) PaYy

> >

>

ZVRVARCECECEC AV EC SV A,

>

>

>

[CAVAV VAN SV AC SN,

>

(1107) "[e 33 ugdsey

A/€69°0 =11
‘[Spow dnauly JapJo-isil4

N/€69'0="4
‘lopow d13upy| 1apJo-3siiq

|9pow uoissaibay "sdnduly J9pIo Isily-opnasd

‘lopow d13duy I3pIo-1sild

ULIX3poljew pue ydiels
payipow “iqesy wnb SHPIM 9
JO UOI1RIIUIDUOD JURIBYIQ 10} D.GT I abeiolg

uLiIXapol ey SPaMm 9

‘Yyd1els PALIPOI digele wno 1oy J,67 1e dheIols

yduels payipow SHPIM §
uuIXapoyjew digele wnb 1oy H .5z 1e abelois

skep G¢ 10}
e JuaJalIp yum
Jol€ 1e abeioig

(4S) @1ej0s!
upaloid £os pue diqesy wnb

ujwn)

uwn)

JuaWIN]

eyuded

S9dUaJ8)aY si91owesed Jnauny

|opow
|ed1RWRYIR

JETILIRTAETY

syuabe Jarue) suonipuod abeiois

SpiousjoJed Jo S93inog

"panunuo) ‘y el



—
<
—
L
=z
>
m
o
=

(panunuos)

‘(6661) eZNQR]
pue ‘onaN ‘Aiqosag

"(€102) "|e 39 buen

(5107) "[e 32 Bueny

“(£661) eZNQe]
pue ‘onaN ‘A1qosaqg

"(S002)
ajuepedsay
pue

‘|||21es10g ‘esogleg

(42aMm) 8'0F §'6 =Yy ‘(lowy/edy) LE'LL =" ‘9zL'0= (3 > 1) 225ty
(S429M) STF 0L =Y} ‘(Jowy/|edy) 69°L="3 ‘920°0 = (3} < 1) 395y
(A20M) ¥'LF L2 =@V ‘(Jowy/jedy) /8Lyl ="3 '£60°0 = (3 > 1) 9%y
audjolied-g

7200 F600°L = *S2u gySO ‘(ep/,_0L) 8E'0F v6'61 = %49 £VSO
LYO0F L6L°L =D €ySO ‘(Rep/_0L) €£°0F 09 Ly = %2 €vSO
790°0 F 00€'L = *2u €ySO ‘(kep/,_0L) £8'0 F b'8€ = %% €vSO
$90°0 F 0€€'L = *E9u £yS0 ‘(Aep/._0L) ¥8'0 F +'SE = %Oy €ySO
9€0'0F LET'L = %'1u €vSO ‘(Rep/e_0L) TrOF T'eEE = "%V €VSO
LEO'0 FTL8'0 =0 2ySO ‘(Kep/_0L) LLOF 9T LT =%/ ZySO

€900 F 72T'L = %A
L100F¥07'L = %2u
8200 F €v7'L = DU

Tvso !
TVSO ‘(Rep/¢_0L) STOF L60v = *%9y TvSO
TYS0 ‘(kep/._0L) LE'0F T6'8E = £ TySO

Aep/;_01) 86'0 F 90'vy = *50y 7ySO

vso

¥ pue 30 §1 Yum as010e|
pue asoiejeb ‘as0on|b SHIM /1|
JO SUOIRAIURDUOD SnoLep 10y ),GT e 3belols

‘lopow d1dup| 13pIo

[9POW SNIUBYMY  -Ppu0dIS pue JAPIO-1silq audjoled-g suel} aing

A v
A v
ﬁ u
A v
0200 F 0€7’'L =“Yu ‘(Rep/¢_0L) €T0F 0b'vE = %L1y T¥SO
Y200 F £66'0="6/Ou LySO ‘(Kep/,_0L) LS'OF9£'8L =%/ LySO
090°0 F 79€'L = *S5u LySQ ‘(kep/_0L) S9°0F 0647 = 2% LVSO
090°0 F 8£t°L = ®¢u LySO ‘(kep/,_0L) 050 F 26'€€ = %% LvSO
€90°0 ¥ 85L°L = DU LySQ ‘(Aep/._0L) L80F 9L ¥L = POy LySO

( )

0v0'0 F9Z'L = “tYu 1ySO ‘(kep/._0L) 050 F9£°€L = %Yy 1ySO

0O.os1) OOIQ
-01) ooI<

S60=¢ ‘(4 9Le=2‘(6/1) 6=

9,0=¢ (Y L9L=2‘(B/1) 00'C=

180=¢ ‘(4) 509="2 ‘(b/) LE'L =0 Hy

(s499m) LT =@My “(jowy/[edy) 692 ="3 ‘Y00'0F 9700 = (3 < 3) 3A%y

(498M) |2 = @Yy ‘(jowy/jedy) 61°vL ="°3 ‘800°0 F 600 = (>3 > 1) 35Ty
() 0087 = (U3ML %Z0-+ AW %866) A1 /(1)) f, = (08 USIML %0+ AW %8'66) S)

Ar_v 18= (08 U2ML %0+ AW %8'66) Sy Ar_v ye= (08 USdML %Z'0+ AW %8'66) 47

Ar_v OONNHODm %0+ AW %00L) dy Ar_v NNHCDm %0 + AW %001) S1
A v — (ONS %0+ AW %00L) Sy Asv 4l — (ONS %0 +aW %00L) 47
A v OO¢F — (ONS %0Z + AW %08) dy Ar_v [T= (ONS %0 + AW %08) S1
Ar_v — ONS %07 + AW %08) Sy Ar_v GE= (ONS %07 +AaW %08) 47
A v OOON_. — (ONS %S+ DV %S6) Ay Ar_v #NHUDm %S + OV %S6) S1

(ONS %S + OV %S6) Sy Asv ce= (ONS %S+ 5V %S6) 47

(W) 99=

g (W

_ccégxw =Yy |9pow uonepeibap
|opow [|nqaM 9sIN02-awl|
(ef- 61)doy
= OOI<
-) dxa = Hy

\xm_m_Iﬂu_. — uQ
g () dxo=1
[Spow (MMM)
S1ep\—SWel||IM
—yosneljyoy
‘lspow >13auly Joplio

[9POW SNUSYMY  -PuOIIS pue JSPIO-1Silq

(1/%) dxa o[xig] =*[xig]
sJ139up| uonepeibapoloyd

pue (zyso) ‘(L¥SO) se yans

Aupiwny aaneal
JUBIBYIP

Japun skep AuIyy

S3YDJeIS PaljipoWw snolep  10j D5z 18 abeiois

(€ vSO)

JoS5l pue
0l ‘G Japun buiby
S}99M UIIJUIASS
3Q ST uLIXaPOlel 10§ D.GT e dbelolg

1’9 3@ uMxspoljey

"uol}Ipuod yiep
pue 16|
'95042NS pue 07 1apun y oot

3@ uuIxapoyew ‘wnb digely  10j ), Lz e dbeiors
"uol}Ipuod yiep

sudjoied-¢g aing

sjesAid ugginT

audj0Jed-¢ suel) aind

paas ojjeuue
woly uixig

Aeu =4 pue 1ybi|
(€107) "o 3@ (sKep) G0°LEZ = O &y ( _ shep) 0L X 0'g = CHePly |opowW d13uDy J3pIo 0L 30 sopun sep gy S —

eodJel\ 9@ (shep) GL = 140U /L)y (,— skep) 0L X £'GL = (uby [opow sniusyLy -puOd3s pue J9PIO-1Sil4  ULIXIPO}jew pue wnb diqesy 10j J,5 1e abeiols wouy uixig
Amv_ww>>v 1067= (9/¢'9/1°9/1) uuIXapoljeW ‘Ydleis payipow Diqeie E:QN\CAN
(SYoaM) €L vE= (9/1°9/¢'9/1) ULIXaPOI[EW ‘Ydlels palipow “digele E:QN\E
(Sq99M) G568 = (9/1°9/1°9/%) unIxapoljew ‘ydieis paylpow Hiqeie E:QN\CH
(Sqo9Mm) /88T = (€/L'€/1"€/1) ULIXapOIeW ‘ydlels payipow “digele E:QN\S
S9|118|OA |elo|
(S9am) £0°LT = (9/¢'9/1°9/1) uIXapOIjEW ‘YDIels payIpow wnb(e/1))y
(SYo0M) 7g'G| = (O/1'9/v'9/L) uLxapolew fpiels payipow Hiqee wnb(z/1))
(s}9am) 8/'09 = (9/1°9/1°9/%) ULIX3poIeW ‘Ydiels payipow wnb(z/1))y
Amv_ww>>v W= (€/1°€/1€/1) uLIXxapolew ‘ydleis payipow Diqee E:QN\CAN
susw/o-d |e1o|

REMIVEIEIEN | si91oweled dnduly |opow 19pJ0 diauly syuabe Janue) suonipuod 9bei0)s  SpIOUI0IED JO S3IINOS

S EIEINEIN

"panunuo) ¢ lqeL



Table 4. Continued.

Mathematical

References

Kinetic parameters
E.=7.71 (Kcal/mol), tas)
Ea =12.10 (KCaI/mOI), t(7/2)

E,=7.65 (Kcal/mol), t;,

model

Kinetic order

Carrier agents
DE. 25 DE also used

as reference.

Storage conditions

Sources of carotenoids

30.7+1.6

0.022

—

6.2+0.8
285+1.5

0.112
0.024,
=0.117

59+0.8
33.1+27
147+13

E, =12.02 (Kcal/mol), t(;,

<

7.75

E.

0.021

K
K
K

RARIAR AN NN

87.2+34
121+£13
71.0+4.2
142+14
754+34

~ e~~~ o~

T T S S &S

=33 RS
(O N o e Y Y
XX XXxXX
NLBnMNe— MmMmLuwn
E2¥mnAm
NN~ mMm~NmM
______
RN
WP WP uf uf uf u?
NN S of o
o wmn <t ©
38385383
[eNeNeNelNelNe]
IR
D
VAVAVA
NSRS

Ka

K46Ic
K4Ga|
Kagal
K4Lac
K4Lac

heat capacity changing at the

enthalpy relaxation during aging time, ACp=

relax —

different modified starch, ¢

Degradation rate constants, t;,, = half-life, E, = Activation energy, ¢.= enthalpy relaxation during time, Ay, =total enthalpy, AH
glass transition temperature (Tg), Ta=Aging temperature, T and f value obtained from STATISTICA™, OSA1, OSA2, OSA3

1D = life time under dark condition.

K

=life time, t;=slow decay components, ts=delay time,
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determine the shelf life of carotenoids encapsulated using
spray drying.

Modeling during freeze drying

Most authors analyzed the stability of encapsulated carote-
noids by applying the Arrhenius model during freeze drying.
However, Weibull model, Regression model, Higuchi model,
Hixson-Crowell cube root law, and Korsmeyer Peppas
model were also used to predict the shelf life of carotenoids
encapsulated using freeze drying. Kinetics parameters are
highly correlated with encapsulating materials, sources of
carotenoids, and storage conditions (Table 5). Higher tem-
peratures resulted in a higher degradation rate and higher
half-life than lower temperature for all encapsulated carote-
noids (Table 5). Tang and Chen (2000; Chen and Tang
1998) encapsulated lutein from carrot using sucrose and gel-
atin and showed that the degradation rate constant of lutein
was lower than those of ¢-and f-carotene because of the
formation of lutein and gelatin complex. Activation energy
was related to the amounts of carotenoids and encapsulating
materials. First order kinetic reaction for encapsulated caro-
tenoids was described by the most of the authors using the
Arrhenius model. However, Weibull model and Regression
model were also fitted to measure the kinetic parameters for
encapsulated carotenoids. However, Sen Gupta and Ghosh
(2015) used Zero order, First order, Higuchi model, Hixson-
Crowell cube root law, and Korsmeyer-Peppas model were
used for determination of the controlled release kinetics
from encapsulated crude palm oil using isabgol fiber. Sen
Gupta and Ghosh (2015) also confirmed fitting of five mod-
els that followed a non-Fickian diffusion pattern for encap-
sulated crude palm oil. Moreover, Higuchi model showed
the best linearity due to higher R* value. Therefore, different
models could be applied to obtain information regarding the
degradation of carotenoids encapsulated using freeze drying.

Effects of encapsulated carotenoids on
bioavailability

Bioavailability of any bioactive compounds refers to the pro-
portion of a particular nutrient that is digested, absorbed,
and metabolized via the normal pathways (Gul et al. 2016).
A number of factors are responsible for stimulating or limit-
ing the bioavailability of carotenoids (Ribeiro et al. 2008;
Bohn 2008). Carotenoids need to be released mechanically
or enzymatically from the food matrix to be bioavailable.
Carotenoids have limited water solubility, and they need to
be incorporated into lipid droplets. The low bioavailability
of carotenoids from natural sources is thought to be either
due to their existence as crystals or location within protein
complexes that cannot be properly released in the GI tract
during digestion (Williams, Boileau, and Erdman 1998). Use
of coating material during processing of carotenoids enhan-
ces the stability and helps in controlled released of these
bioactive compounds in the human body (Gul et al. 2016).
A number of studies reported that microencapsulation sig-
nificantly affects the bioavailability of carotenoids in both
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in-vitro and in-vivo studies (Roman, Burri, and Singh 2012;
Han et al. 2008; Donhowe and Kong 2014; Aissa et al.
2012). The higher water dispensability of carotenoids results
in higher bioavailability (Thurmann et al. 2002).
Microencapsulation of carotenoids promotes their bioavail-
ability (Soukoulis and Bohn 2015) by a number of ways:

a. increasing the stability against isomerization and deg-
radation due to different factors,

b. improving solubility resulting in increased bioaccessibil-
ity, and

c.  helping targeted release kinetics.

Effects of encapsulated carotenoids in vitro studies

In vitro intestinal digestion of S-carotene encapsulated by
alginate and chitosan was investigated in some studies (Han
et al. 2008; Roman, Burri, and Singh 2012), proving that, it is
not necessarily correlated with complete transfer of f-carotene
into micelle phase during intestinal digestion. The authors
found that the total concentration of f5-carotene in the micelle
cell was negligible. This could be due to inhibition of micelle
formation by soluble fiber alginate. These results necessitated
further studies of micelle formation to obtain a clear under-
standing for bioavailability of microencapsulated f-carotene.
Encapsulated f-carotene also showed high resistance to gastric
pH (Han et al. 2008). This resistance of encapsulated beads
during the transit through stomach may be because of the
existence of an external layer of chitosan-alginate coacervate.
The release behavior of encapsulated fS-carotene showed effi-
cient controlled release and maintained maximum release per-
centage. This may be due to minimal water absorption of the
encapsulating polymers, which enhance swelling and result in
no hydrophobic interaction between cohesive forces within
the polymeric matrix. Microencapsulating agents can protect
the micronutrients from enzymatic and acidic environments
during the release condition, as well as result in controlled
release mechanism of encapsulated micronutrients through
gastrointestinal transit (Tiena, Ispas-Szaboa, and Mateescu
2003). Similar results were found in isabgol fiber (Phyllium
husk) encapsulated carotenoids from the crude palm olil,
showing that fibrous coated carotene regulated effective
release (Sen Gupta and Ghosh 2015).

Effects of encapsulated carotenoids in vivo studies

The in vivo studies of gum arabic microencapsulated f3-caro-
tene by spray drying and pure f-carotene activity against
genotoxicity showed that the microencapsulated f-carotene
had higher potential, as compared to pure [-carotene
because microencapsulation process induces the bioavailabil-
ity of carotenoids (Aissa et al. 2012). Thus, the encapsulated
f-carotene maintained the anti-oxidative properties. The
physicochemical properties and bioavailability of lutein
microencapsulation showed that encapsulated lutein showed
more bioavailability, compared to the commercial reference
sample (Zhang et al. 2015). Matrix of modified food starch
was used as wall material for preparing lutein

microencapsulated product. The enhanced bioavailability
was because the high solubility of wall materials induces the
aqueous solubility of lutein. The results under the condition
of dissolution test, LM dissolution rate was very high, which
may be because bioavailability of LM was not restricted by
dissolution behavior. Similar findings reported that encapsu-
lated carotenoids enhance their solubility and release during
digestion (Wang and Bohn 2012). Encapsulated carotenoids
are more easily delivered into the cellular compartments,
resulting in better bioavailability.

Advantages of the encapsulated carotenoids and
compared to the non-encapsulated carotenoids in
the food system

It is important to determine whether the encapsulated caro-
tenoids are stable or not in the food system. However, there
are very few studies of encapsulated carotenoids in the food
systems. Synthetic trans [-carotene, encapsulated with
almond gum and gum arabic, was used to prepare cake. The
results showed that cake made with almond gum had sig-
nificantly higher a* value than cake made with gum arabic
(Mahfoudhi and Hamdi 2015). These results might be due
to higher protection of f-carotene on encapsulation with
almond, as compared to encapsulation with gum arabic.
Another study reported by Kha et al. (2015), who developed
yogurt, pasteurized milk, and cake with encapsulated gac oil
using whey protein concentrate and gum arabic. The results
showed that incorporation with encapsulated gac oil prod-
ucts color was unchanged, as well as f-carotene and lyco-
pene was slightly decreased during storage. The authors
reported that auto-oxidation, photo-oxidation, and photo-
isomerization were responsible for changes in the f-carotene
and lycopene through the storage period. Coronel-Aguilera
and Martin-Gonzalez (2015) produced pf-carotene spray
dried powder using maltodextrin and sodium casemate, fol-
lowed by fluidized bed coater and applied to a yogurt system
and also compared with commercial peach yogurt. These
studies revealed that the total color value of yogurt made
with encapsulated f-carotene was comparable with the
standard value and also stable in acidic media for four
weeks during storage at 4°C. Food matrix (pudding and
yogurt) was manufactured using encapsulated [-carotene
with maltodextrin, water-dispersible powder, and chitosan-
alginate beds (Donhowe et al. 2014). Food matrix signifi-
cantly affected in terms of release of f-carotene during
digestion and incorporation into the micelle phase. Yogurt
made with encapsulated ff-carotene showed lower release
rate of [-carotene and content of f-carotene in the micelle
phase than those of pudding made with encapsulated
p-carotene. This might be due to the pH of the food matrix
and coagulation of the food matrix, as well as protein com-
position of the food matrix (Donhowe et al. 2014).

Conclusions

In this review, we discussed the encapsulation of carotenoids
using various encapsulating agents through spray and freeze
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drying of different food materials. Moreover, we also eluci-
dated the impact of various encapsulating agents on carote-
noids from various sources, as well as degradation kinetics
of encapsulated carotenoids during processing and storage.
Most of the studies performed to produce encapsulated car-
otenoids using various encapsulating agents through spray
and freeze drying. Among these, maltodextrins are com-
monly used as encapsulating agents and spray drying is
most suitable drying methods for encapsulation. However,
several studies can be applied in near future:

e How to improve encapsulated carotenoids
tion efficiency.
Absorption mechanisms of encapsulated carotenoids.
Which encapsulating agent is more involved in bioavali-
bility of encapsulated carotenoids during digest-
ive process?

e Effects of encapsulated carotenoids on human health
especially in the treatment of specific disorder.

absorp-
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