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Abstract: Supercritical fluids have become an attractive alternative due to environmentally friendly solvents. The meth-

ods that use supercritical fluids can be conveniently used for various applications such as extraction, reactions, particle 

formation and encapsulation. For encapsulation purposes, the processing conditions given by supercritical technology 

have important advantages over other methods that include harsh treatments with regard to pH, temperature, light, the use 

of organic solvents, etc. Unstable functional pigments such as carotenoids extracted from natural sources have been en-

capsulated to overcome instability problem. Thus, the most used techniques applicable to this intention are described and 

discussed in this review as well the recent advances and recent trends in this topic that involves the use of supercritical 

fluids. 
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INTRODUCTION 

Encapsulation is defined as a technology of packaging 
solids, liquids, or gaseous materials in matrices that can re-
lease their contents at controlled rates under specific condi-
tions. The encapsulation technology has been used by the 
food industry for more than 60 years [1]. 

Protective encapsulation of food ingredients, enzymes, 
cells or other functional compounds may be thus achieved in 
small capsules of different nature. The main aim of encapsu-
lation in the food area is to protect sensitive food compo-
nents from moisture, oxidation, heat, light or extreme condi-
tions during processing in an effort to increase their shelf 
life, or to mask component attributes, as undesirable fla-
vours, to meet consumer requests for organoleptic quality 
and functionality. Furthermore, an optimized design of cap-
sules, choosing the best encapsulation process and condi-
tions, might provide a controlled release of active com-
pounds during processing or storage [2]. 

In the last years, encapsulation has received increasingly 
growing attention resulting in a great number of applications 
in industry, agriculture, medicine, pharmacy and biotechnol-
ogy. Diverse techniques have been studied and employed to 
form the desired capsules, including spray drying, liposome 
entrapment, coacervation, gelation, emulsion phase separa-
tion, etc [3]. Some of the most used techniques are described 
and discussed in this review. In addition, this paper gives an 
overview of the recent advances in the various encapsulation 
techniques applicable for stabilizing unstable functional 
pigments, such as, carotenoids from natural sources. Finally 
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a discussion about the recent trends in this topic that involves 
the use of supercritical fluids instead of conventional sol-
vents will be debated. 

ENCAPSULATION CONCEPT 

In general the purpose of encapsulation is to protect its 
contents from the environment which can be destructive 
while allowing small molecules to pass in and out of the 
membrane. According to Jizomoto and coworkers the encap-
sulation concept has its origin in the idealization of the cell 
model, in which the nucleus is involved by a semi-permeable 
membrane that protects it from the external medium and also 
controls the entrance and exit of substances. Other natural 
examples include birds and reptile egg shells, plant seeds, 
fruit and vegetable skins, seashells, etc [4]. 

The encapsulation process involves coating or entrap-
ment of a material, usually a liquid but can be a solid or gas, 
or a mixture into another material. This material is also 
known as the core material. The coating material can also be 
called the capsule, wall material, membrane, carrier or shell 
[5]. 

The first applications of encapsulation were done in 1954 
in the photography industry to produce pressure-sensitive 
dye capsules for the manufacturing of carbonless copying 
paper, since then, along the last decades encapsulation proc-
esses were developed and used in a variety of industries [6, 
7]. In the food industry, diverse encapsulation techniques 
have been applied to protect unstable compounds, such as, 
flavours, pigments, vitamins, enzymes, microorganisms, and 
others [8]. 

ENCAPSULATION OF UNSTABLE FUNCIONAL 

PIGMENTS 

Epidemiological evidences suggest that a diet rich in 
fruits and vegetables plays an important role in reducing the 
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incidence of many diseases. The reason of this accomplish-
ment can be the coloration of these foods, in general, a rich 
source of many antioxidants [9]. 

The increasing concern of consumers over the use of syn-
thetic additives in products has pushed the food, pharmaceu-
tical and cosmetic industries toward replacing these synthetic 
additives by natural products. However, difficulties may be 
encountered due to the instability of these compounds. An 
example are natural pigments with functional properties such 
as carotenoids, the most common group of pigments in na-
ture [10]. 

In order to overcome the instability problem of these bio-
active compounds, which results in restricted commercial 
applications, encapsulation has become an important tool, 
helping to increase shelf life and protecting the biological 
properties of the material [11]. Moreover encapsulation al-
lows the controlled release of these functional pigments un-
der desired conditions, for instance when ingested in the 
body [5]. 

CAROTENOIDS 

Carotenoids significance is not only due to their colorant 
property, they also are very important for health. This com-
pound is source of vitamin A and a precursor of important 
chemicals responsible for the flavor of foods and the fra-
grance of flowers. It shows important biologic activities as-
sociated with antioxidant properties, such as strengthening 
the immune system, decreasing the risk of degenerative ill-
nesses such as cancer, preventing the risk of cardiovascular 
disease, preventing macular degeneration, and reducing the 
risk of cataracts [12, 13]. 

Carotenoid pigments are a diverse group of lipophilic 
compounds that contribute to the yellow to red colors of 
many foods. They are polyenes consisting of 3 to 13 conju-

gated double bonds and in some cases 6 carbon ring struc-
tures at one or both ends of the molecule. The most common 
carotenoid types are -Carotene, lycopene, lutein, and zeax-
anthin [14]. 

Unstable carotenoids have their oxidative degradation 
triggered by light, temperature and/or extreme pH in the 
presence of oxygen. To improve their stability to oxidation 
different encapsulation techniques have been studied, result-
ing in a relative success and increasing additionally the dis-
solution rate of these lipossoluble compounds in water [15, 
16]. 

ENCAPSULATION TECHNIQUES 

Diverse techniques have been studied and employed to 
form the capsules in different industries, including spray 
coating: spray drying, spray chilling, spray cooling; extru-
sion coating; fluidized bed coating; liposome entrapment; 
simple and complex coacervation; inclusion complexation; 
emulsion polymerization; centrifugal and rotational suspen-
sion separation; thermal and ionic gelation; emulsion phase 
separation; liophilization; cocrystallization; etc [1, 3, 17]. 

For convenience some scientists have divided the struc-
tured delivery systems and, consequently, the encapsulation 
processes in different forms. Table 1 shows the most fre-
quently division forms adopted. 

In this review paper will be assumed that the capsules 
can be prepared by various techniques, which feature that 
partly competing, partly complementary characteristics and 
many encapsulation processes are modifications of basic 
conventional techniques. Due to its high coverage the divi-
sion form based on the nature of the combination between 
coating or entrapment material (called also as wall material 
or carrier material) and core material will be adopted in this 
review. Then, the three encapsulatipon categories: based on 

Table 1. Encapsulation Processes Division Forms Adopted by Some Reseachers  

Number of 

Categories 
Criterion Categories References 

3 
According to the dominant structural component 

used in their assembly 

1) Surfactant-based (emulsion polymerization) 

2) Lipid-based (emulsion phase separation) 

3) Biopolymer-based (inclusion complexation, 

coacervation, gelation, spray coating) 

[14] 

2 According to the encapsulation process 

1) Chemical processes (coacervation, cocrystallization, 

inclusion complexation, emulsion polymerization) 

2) Mechanical processes (spray coating, fluidized bed 

coating) 

[6] 

3 

According to the encapsulation technique. All 

encapsulation techniques are modifications of three 

basic techniques 

1) Phase separation (coacervation) 

2) Spray drying 

3) Solvent extraction/evaporation 

[18] 

3 
According to the nature of the combination between 

coating or entrapment material and core material 

1) Physical nature (spray coating, extrusion coating, 

centrifugal and rotational suspension separation, 

fluidized bed coating, liophilization, cocrystallization) 

2) Chemical nature (inclusion complexation, emulsion 

polymerization) 

3) Physical-chemical nature (coacervation, emulsion 

phase separation, liposome entrapment) 

[8] 
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Physical nature, Chemical nature and Physical-chemical na-
ture will be described and discussed below in order to dem-
onstrate the recent advances/modification in some of the 
various encapsulation techniques that can be applicable for 
stabilizing unstable carotenoid pigments. 

ENCAPSULATION TECHNIQUES BASED ON 
PHYSICAL NATURE COMBINATION BETWEEN 

COATING MATERIAL AND CORE MATERIAL 

Among the encapsulation physical methods, some exam-
ples are: spray coating: spray drying, spray cooling/chilling; 
extrusion coating, centrifugal and rotational suspension sepa-
ration, fluidized bed coating, liophilization, cocrystallization, 
etc [8]. 

In this paper, due to their higher aplicability especial at-
tention will be given to the encapsulation techniques spray 
coating and spray drying. In the section Advantages and 
Limitations of the Conventional Encapsulation Methods Ap-
plicable for Stabilizing Carotenoid Pigments the other tech-
niques will be rapidly discussed. 

Spray Coating 

The spray coating process involves the dispersion of the 
substance to be encapsulated in a coating or entrapment ma-
terial, followed by atomization and spraying of the mixture 
into a chamber. When the atomization is done when a hot 
fluid desiccant (air) is passing into the chamber the spray 
coating process is called by spray drying and when the air 
desiccant is cold the process is called by spray cool-
ing/chilling. After pass to the chamber the resulting capsules 
are then transported to a cyclone separator for recovery [19]. 

Another difference between spray drying and spray cool-
ing/chilling is that in the last one there is generally no water 
to be evaporated. There is emulsification of the compounds 
into molten wall materials, followed by atomization to dis-
perse droplets from the feedstock [20]. Although spray cool-
ing and spray chilling are not the same technique, differing 
slightly only in the vessel temperature in which the coating 
material is sprayed [21], due to their similarity in this work 
they were grouped. 

Spray drying is a commercial process widely used in 
large-scale production of encapsulated compounds. The 
merit of the process is due to several factors: high availabil-
ity of equipment, low process cost, wide choice of coating or 
entrapment material, good encapsulation efficiency, good 
stability of the finished product, and large-scale production 
in continuous mode [22]. 

Spray drying is relatively simple and of high throughput 
but should not be used for highly temperature-sensitive com-
pounds. To this kind of compounds, such as vitamins, en-
zimes, flavours, pigments, essential oils and others, spray 
cooling/chilling may be an appropriate method [8, 19]. 
Moreover, control of the particle size in the spray coating is 
difficult, and yields for small batches are moderate [23]. 

Extrusion Coating 

According to Madene and coworkers the two major en-
capsulation industrial processes are spray drying and extru-
sion coating [6]. However, to food compounds the encapsu-

lation by extrusion is a relatively new process compared to 
spray drying [1]. 

The advantage of this method is that the material is to-
tally surrounded by the wall material and that any residual 
core is washed from the outside. Owing to this benefit this 
encapsulation method is called by some authors true or glass 
encapsulation [3]. 

Extrusion coating can be organized in two types: simple 
extrusion and centrifugal extrusion. In general, the process 
involves forcing a core material in a molten wall material 
mass through a die (laboratory scale) or a series of dies of a 
desired cross-section into a bath of desiccant liquid. The 
coating material hardens on contacting the liquid, entrapping 
the active substances. Then the extruded filaments are sepa-
rated from the liquid bath, dried, and sized [12]. 

Basically, the difference between simple extrusion and 
centrifugal extrusion procedures is that in the last one the 
nozzle used is not a simple nozzle (the nozzle has a coaxial 
opening). Centrifugal extrusion is a liquid coextrusion proc-
ess utilizing nozzles consisting of concentric orifice located 
on the outer circumference of a rotating cylinder. The core 
and the carrier materials are fed through, respectively, the 
inner and outer opening. The core and the coat fluids must be 
immiscible. At the tip of the coaxial nozzle the two fluids 
form a unified jet flow by centrifugal force, which is respon-
sible to form the droplets [24]. 

In order to optimize the centrifugal extrusion coating 
some researchers are studying the recycle of the excess coat-
ing fluid from the centrifugal extrusion, while the resulting 
capsules are hardened. This modified process has been called 
by recycling centrifugal extraction [25]. However, the major 
problem of this method is related to the difficulty of obtain-
ing capsules in extremely viscous carrier material melts [26]. 

ENCAPSULATION TECHNIQUES BASED ON 

CHEMICAL NATURE COMBINATION BETWEEN 
COATING MATERIAL AND CORE MATERIAL 

According Jackson and Lee (1991) there are only two en-
capsulation chemical methods: inclusion complexation and 
emulsion polymerization [8]. The last one, also called by 
interfacial polymerization, will not be presented in this pa-
per, spite of it been a well established method it is most used 
to trap inorganic particles and not necessarily improve their 
stability [27]. 

Inclusion Complexation 

Inclusion complexation or molecular inclusion is called 
the encapsulation process that uses -cyclodextrin molecular 
conformation to entrap any core material. A typical applica-
tion is the protection of unstable and high added value spe-
cially flavours [28], but recently diverse bioactive com-
pounds have been encapsulated by this technique [29]. 

The external part of the -cyclodextrin molecule is hy-
drophilic, whereas the internal part (central cavity) is hydro-
phobic. Some particular molecules, which are apolar and 
have suitable molecular dimensions to fit inside the cavity, 
can be entrapped through a hydrophobic interaction. The 
mechanism involved in this method is based on the replace-
ment of water molecules by less polar molecules [30]. 
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Comparing the inclusion complexation procedure to form 
capsules to the others mentioned before similarities can be 
observed. The core material is diluted in the coating material 
( -cyclodextrin) also, but the -cyclodextrin needs to be dis-
solved first in water to form an aqueous solution to then be 
mixed to the core material. Afterwards, an inclusion complex 
is formed between -cyclodextrin and core material, being 
the precipitate recovered and dried by conventional means 
[20]. 

To eliminate the last required step: capsules drying less 
amount of water can be utilized to disperse the coating mate-
rial avoiding additional steps and consequently reducing 
costs [31]. 

In spite of important progress to improve economical as-
pects of the encapsulation by inclusion complexation, such 
as reducing the water content in the final product, still the 
relatively expensive price of -cyclodextrins and the unde-
sirable release of the formed complex into the mouth are 
barriers to the industrial development of this technique [3, 
21]. 

ENCAPSULATION TECHNIQUES BASED ON 
PHYSICAL-CHEMICAL NATURE COMBINATION 

BETWEEN COATING MATERIAL AND CORE MA-

TERIAL 

Some examples of the encapsulation physical-chemical 
methods are: coacervation, emulsion phase separation, 
liposome entrapment, etc [8]. Coacervation technique is 
widely used in the industry, therefore it will be described 
below while the others techniques will be briefly discussed 
in the section Advantages and Limitations of the Conven-
tional Encapsulation Methods. 

Coacervation 

Coacervation is often regarded as the original method of 
encapsulation [20]. This technique was the first encapsula-
tion process studied and was initially employed by Green 
and Scheicher in 1955 to produce capsules for the manufac-
turing of carbonless copying paper as mentionated before. 

Coacervation technique is the separation into two liquid 
phases in colloidal systems. The phase more concentrated in 
colloid component is the coacervate (a polymer rich phase) 
and the other phase is the equilibrium solution (almost 
polymer free) [32]. Coacervation in aqueous systems is sub-
divided into simple and complex coacervation. 

In the first procedure step, a three-phase system consist-
ing of a liquid manufacturing vehicle phase (solvent), a core 
material phase, and a coating material phase (formed by one 
polymer – simple coacervation; by two polymers – complex 
coacervation) is formed by a direct addition. Afterwards the 
deposition of the liquid polymer coating around the core 
material by electrostatic attraction is initialized by controlled 
physical mixing of the coating material and the core material 
in the manufacturing vehicle in the liquid phase. After ac-
complished the deposition it is necessary the stabilization 
employing toxic chemical agents, such as glutaraldehyde [1]. 

Due to the ineffective last step required, according Tho-
masin and coworkers, coacervation is frequently impaired by 
residual solvents and coacervating agents found in the 
spheres. Furthermore, it is not well suited for producing 

spheres in the low size range. Additionally, others drawbacks 
about this method that is necessary to mention is its very 
expensive and rather complex process [33]. 

ADVANTAGES AND LIMITATIONS OF THE CON-
VENTIONAL ENCAPSULATION METHODS APPLI-
CABLE FOR STABILIZING CAROTENOID PIG-

MENTS 

Table 2 summarizes various advantages and limitations 
of some conventional encapsulation methods applicable for 
stabilizing unstable carotenoids. 

Recently alternative technologies and/or even some small 
modification as change the conventional organic solvent to 
“greener solvent” such as supercritical fluids have been 
evaluated to eliminate some limitations of the conventional 
encapsulation methods [34]. 

Advantages as elimination of organic solvents, encapsu-
lation under mild conditions and formation of homogeneus 
micro-nanocapsules can be achieved using supercritical fluid 
based-techniques. These techniques could avoid carotenoid 
fast degradation [35]. Thus, the recent trends in this topic 
will be discussed. 

ENCAPSULATION USING SUPERCRITICAL FLUIDS 

In the recent years, new encapsulation techniques utiliz-
ing supercritical fluids have been developed in order to over-
come some of the disadvantages of the conventional tech-
niques [49]. Some of these drawbacks are: a) poor control of 
particle size and morphology; b) degradation of thermo sen-
sitive compounds; c) low encapsulation efficiency; d) low 
yield [50]. 

The use of supercritical fluids as phase separating agents 
has been intensively studied also to minimize the amount of 
potentially harmful residues in the capsules and most effec-
tively control [51, 52]. 

According to Cocero and coworkers carbon dioxide 
(CO2) is most solvent used for encapsulation purposes due to 
the supercritical region can be achieved at moderate pres-
sures and temperatures (Tc = 304.2 K, Pc = 7.38 MPa); 
therefore, working with supercritical CO2 it is possible to 
carry out the process at near-ambient temperatures, avoiding 
the degradation of thermolabile substances [53]. 

Several encapsulation processes that use supercritical flu-
ids have been developed. These processes can be classified 
according to the role of the supercritical fluid in the process: 
solvent [Rapid Expansion of Supercritical Solutions 
(RESS)]; Supercritical Solvent Impregnation (SSI), solute 
[Particles from Gas Saturated Solutions (PGSS)] or anti-
solvent [Supercritical Anti-Solvent (SAS); Supercritical 
Fluid Extraction of Emulsions (SFEE)] [54].  

Given that the two most commonly encapsulation meth-

ods employed using supercritical fluids are the Rapid Expan-

sion of Supercritical Solution (RESS) and the Supercritical 

Anti-Solvent (SAS) methods [54], particular consideration 

will be given to these techniques. Furthermore the potential 

application of supercritical fluids in the micro-nanoencap-

sulation technology with emulsions called by the literature of 

Supercritical Fluid Extraction of Emulsions (SFEE) will be 
presented. 
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Table 2. Advantages and Limitations of Some Conventional Encapsulation Methods Applicable for Stabilizing Unstable Carotenoids 

Conventional 

Encapsulation 

Method 

Principle Advantages Limitations References 

Spray Drying 

Dispersion of the core material in a en-

trapment material, followed by atomization 

and spraying of the mixture in a hot air 

desiccant into a chamber 

Low process cost; wide 

choice of coating material; 

good encapsulation effi-

ciency; good stability of the 

finished product; possibility 

of large-scale production in 

continuous mode 

Can degradate highly tempera-

ture-sensitive compounds; 

control of the particle size is 

difficult; yields for small 

batches are moderate 

[19, 20, 22, 

23] 

Spray 

Cooling/Chilling 

The same of the spray drying differing only 

that the air desiccant is cold 

Temperature-sensitive com-

pounds can be encapsulated 

Difficult control of the particle 

size; moderate yields for small 

batches; special handling and 

storage conditions can be re-

quired 

[21, 23, 36] 

Simple Extrusion 

Forcing a core material in a molten wall 

material mass through a die (laboratory 

scale) or a series of dies of a desired cross-

section into a bath of desiccant liquid. The 

coating material hardens on contacting 

liquids, entraping the active substances 

The material is totally sur-

rounded by the wall material; 

any residual core is washed 

from the outside; it is a rela-

tively low-temperature en-

trapping method 

The capsule must be separated 

from the liquid bath and dried; 

is difficult to obtain capsules in 

extremely viscous carrier mate-

rial melts 

[3, 12, 22, 26] 

Centrifugal Extrusion 

Similar of simple extrusion differing that 

the core material and coating material form 

a unified jet flow only at the end through a 

nozzle with a coaxial opening (co-

extrusion) by centrifugal force 

The same of simple extrusion The same of simple extrusion [24] 

Ionic Gelation 

Coating material with dissolved core mate-

rial is extruded as drops within an ionic 

solution. The capsules are formed by ionic 

interaction 

Organic solvents and extreme 

condions of temperature and 

pH are avoided 

Mainly used on a laboratory 

scale; the capsules, in general, 

have high porosity which pro-

motes intensive burst 

[37, 38] 

Thermal Gelation 

The principle is almost the same of ionic 

gelation’ principle, nonetheless there is no 

necessity of an ionic solution to form a 

gelled drop, the gelation is only due to 

thermal parameters 

The same of ionic gelation The same of ionic gelation [37, 38] 

Fluidized Bed Coating 

This technique relies upon by nozzle spray-

ing the coating material into a fluidized bed 

of core material in a hot environment 

Low cost process; it allows 

specific capsule size distribu-

tion and low porosities into 

the product 

Degradation of highly tempera-

ture-sensitive compounds 
[28, 39] 

Lyophilization/Freeze 

Drying 

The entrapment occurs by lyophilization of 

an emulsion solution contaning a core 

material and a coating material 

Thermosensitive substances 

that are unstable in aqueous 

solutions may be efficiently 

encapsulated by this tech-

nique 

Long processing time; expen-

sive process costs; expensive 

storage and transport of the 

capsules 

[40] 

Inclusion Complexation 

Particular apolar molecules are entrapped 

through a hydrophobic interaction inside 

the -Cyclodextrin cavity replacing water 

molecules 

Very efficient to protect 

unstable and high added 

value apolar compounds such 

as flavours 

Encapsulation restricted to 

apolar compounds with a suit-

able molecular dimensions; -

cyclodextrin price is expensive; 

frequently undesirable release 

of the formed complex 

[3, 21, 28, 30] 

Emulsion Polymerization 

Core material is dissolved into polymeriza-

tion sollution. The monomers are polymer-

ized to form capsules in an aqueous solu-

tion 

Micro-nanocapules with 

narrow size distribution can 

be obtained 

Difficult control of the capsule 

formation (polymerization) 
[41, 42] 
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Table 2. contd…. 

Conventional 

Encapsulation 

Method 

Principle Advantages Limitations References 

Coacervation 

The entrapment is due to the deposition of 

a liquid coating material around the core 

material by electrostatic attraction 

Can be used to encapsulate 

heat-sensitive ingredients due 

to done at room temperature 

Toxic chemical agents are 

used; the complex coacervates 

are highly unstable; there are 

residual solvents and coacer-

vating agents on the capsules 

surfaces; spheres low size 

range; expensive and complex 

method 

[1, 33, 43, 44] 

Emulsion Phase Separa-

tion 

The core material is added in the polar or 

apolar layer of an oil-in-water emulsion - 

O/W or water-in-oil - W/O emulsion. The 

emulsions are prepared using a surfactant 

Polar, non-polar (apolar), and 

amphiphilic can be incorpo-

rated; emulsions can either be 

used directly in their “wet” 

state 

Instable when exposed to envi-

ronmental stresses, such as 

heating, drying, etc; limited 

number of emulsifiers that can 

be used 

[45, 46] 

Liposome Entrapment 

Phospholipids are dispersed in an aqueous 

phase spontaneously formation a liposome. 

A core material is entrapment into a 

liposome 

Either aqueous or lipid-

soluble material can be en-

capsulated; suitable to high 

water activity applications; 

efficient controlled delivery 

Mainly used on a laboratory 

scale 
[47, 48] 

 

RAPID EXPANSION OF SUPERCRITICAL SOLU-
TION (RESS) METHOD 

In the RESS method the solution of core material plus 
coating material is solubilized in a supercritical fluid and the 
solution is expanded rapidly through a nozzle. Thus, the sol-
vent power of supercritical fluid dramatically decreases and 
eventually occurs the co-precipitation of both substances 
[55]. According to Mishima and Matsuyama (2006) it is dif-
ficult to disperse the core material homogenously in the coat-
ing material in the absence of surfactants or a high shear 
condition in the supercritical CO2 [56]. In order to avoid this 
homogeneity problem mechanical agitation or ultrasonic 
irradiation apparatus have been added into the high-pressure 
vessel [56, 57]. 

RESS technique is environmental friendly because the 
capsule is completely solvent free. Unfortunately, most wall 
materials exhibit little or no solubility in supercritical fluids, 
limiting this technique to restrict applications [55]. 

To overcome the low solubility limitation of the wall ma-
terials in CO2, alternative organic supercritical solvents has 
been employed. Another procedure by modification the 
original RESS process has been carried out also for eliminat-
ing this solubility problem. This modified process has been 
named by RESS-non-solvent process (RESS-N). In this 
process, a liquid antisolvent for the coating material is used 
as a cosolvent for improving the solubility in the supercriti-
cal fluid [58]. 

According to Cocero and coworkers besides the solubil-
ity limitations, another major problem of RESS techniques is 
the difficulty to control the morphology and loading of the 
capsules [53]. 

SUPERCRITICAL ANTI-SOLVENT (SAS) METHOD 

The encapsulation by SAS technique, also called by Gas 
Anti-Solvent (GAS) method, is based on the same simple 

principle of RESS method whereby a core material and a 
carrier are co-precipitated together. In SAS method the anti-
solvent (non-solvent) property of supercritical carbon diox-
ide (CO2) is used, since most wall materials and core mate-
rial are not soluble in supercritical CO2 [49]. 

The basic principle of the SAS method is based on a 
rapid decrease in the solubilization power of a solvent by 
addition of a second solvent as antisolvent. Upon mixing, the 
supercritical fluid (antisolvent) saturates the conventional 
liquid solvent and depletes it by extraction. Particle size dis-
tribution can be partially controlled by adjusting the values 
of temperature, pressure and composition. The high viscosity 
of the coating material-CO2 solutions during atomization or 
the solvent extraction process, generally, leads to inconsis-
tency of the particle size, strong particle agglomeration, and 
also incomplete encapsulation [59].  

Another disadvantage of the supercritical antisolvent 
process is the difficulty to remove the remaining solvent 
completely because the process generally carries out in a 
batch discontinuous process [59].  

In order to overcome some of the disadvantages men-
tioned above Chattopadhyay an coworkers have developed 
and patented a new encapsulation method called Supercriti-
cal Fluid Extraction of Emulsions (SFEE). Essentially this 
method is combines the flexibility of particle engineering 
using different emulsion systems with the efficiency of large 
scale, continuous extraction ability, provided by supercritical 
fluids [52]. 

According to Perrut and coworkers the application of su-
percritical fluids in the encapsulation technology with emul-
sions appears as a natural decision to avoid the main prob-
lems of each technology separately. Emulsion phase separa-
tion, emulsion polymerization and others emulsion tech-
niques usually involve large quantities of organic solvents, 
and the removal of them involves additional separation proc-



48    The Open Chemical Engineering Journal, 2010, Volume 4 Santos and Meireles 

ess and the use of high temperatures. On the other hand, su-
percritical fluids regularly are not able to produce capsules 
below the micrometer range or the products obtained present 
agglomeration problems [60]. 

According Cocero and coworkers the difference from 
SAS processes and the SFEE, among others, is that an emul-
sion containing the core materials to be precipitated dis-
solved in its dispersed phase (conventional liquid solvent) is 
injected instead of injecting a simple solution of the core 
materials. Effectively during the “extraction” (encapsulation) 
it can be expected that first the droplets of the disperse phase 
become saturated by CO2, and then the solvent is extracted 
by CO2 from them. Therefore during the saturation with CO2 
each droplet behaves as a miniature SAS Anti-Solvent pre-
cipitator [53]. 

ENCAPSULATION OF CAROTENOID PIGMENTS 
USING SUPERCRITICAL FLUIDS 

Due to the presented potential advantages of the encapsu-
lation process using supercritical fluids for carotenoid encap-
sulation these techniques seem to be more appropriate. 

In a careful literature survey in Web of Science and Sco-
pus databases it was found several articles about carotenoid 
pigments encapsulation. But, more specifically about caro-
tenoid encapsulation using supercritical fluids this amount 
was reduced intensively to only 7 articles (Table 3). 

Conventional encapsulation techniques such as spray 
drying and inclusion complexation were the most common 
methods evaluated for encapsulating carotenoids. Other stud-
ies, aiming indirectly at the development of alternative tech-
nologies towards encapsulating carotenoids in wall materials 
using supercritical technology were found, but the amount 
was still scarce. Even though, a significant increase in this 
amount could be observed since 2006 until now (Fig. 1). Fig. 
1 also shows that approximately 80% of the articles that aims 
for developing supercritical fluids based technologies to-
wards encapsulating carotenoids have been published in the 
last 4 years. 

Analyzing the literature about the evolution of encapsu-
lating technologies carotenoids using supercritical fluids 

could be observed that it can be divided in four sequencial 
parts. 1) First, a complex study of the precipitation of many 
solutes, including carotenoids, from supercritical fluids by 
rapid expansion (RESS process) was done in order to avoid 
thermal decomposition that generally occurs by milling 
process [61]; 2) After that, carotenoid precipitation from 
liquid solvents, with dissolution by high-pressure or super-
critical CO2 as an antisolvent to create supersaturation (GAS 
or SAS processes, respectively) was evaluated as a crystalli-
zation process [62]; 3) In this part, the co-precipitation of 
many solutes such as carotenoids and coating materials to-
wards protect and stabilize them was extensively studied [63, 
64]; 4) Finally, carotenoid encapsulation by RESS, GAS and 
SAS techniques have been better studied (being in some 
cases also successfully scaled up) and other techniques such 
as the novel Solution Enhanced Dispersion by Supercritical 
(SEDS) fluids, based on the principle of SAS, has been ap-
plied (Table 3) [64-67]. 

In SEDS process, a nozzle with two coaxial passages al-
lows introducing supercritical CO2 and a solution with core 
and coating materials into the particle formation vessel 
where pressure and temperature are controlled. The high 
velocity of supercritical CO2 allows breaking up the solution 
into very small droplets since that the velocity is set up to 

 

Fig. (1). Distribution of the published articles that aims for 

developing supercritical fluids based technologies towards 

encapsulating carotenoids. 

Table 3. Articles Published in Journals Indexed in the Web of Science and Scopus Databases About Carotenoid Encapsulation Using 

Supercritical Fluids 

 Article Title Encapsulation Method References 

1 Carotenoid processing with supercritical fluids SAS and SEDS [66] 

2 
Precipitation of -carotene and PHBV and co-precipitation from SEDS technique using 

supercritical CO2 
SEDS [50] 

3 
Precipitation of lutein and co-precipitation of lutein and poly-lactic acid with the  

supercritical anti-solvent process   
SAS [68] 

4 
Co-precipitation of -carotene and polyethylene glycol with compressed CO2 as an  

antisolvent: effect of temperature and concentration 
SAS [69] 

5 
Production of natural carotene-dispersed polymer microparticles by SEDS-PA  

co-precipitation   
SEDS [64] 

6 Co-precipitation of carotenoids and bio-polymers with the supercritical anti-solvent process   SAS [17] 

7 Requirements for non-food applications of pea proteins. A Review SFEE [35] 
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extract the solvent from the solution (SAS principle) at the 
same time as it meets and disperses the solution [65].  

The use of a coaxial nozzle for encapsulation purposes is 
not new. In this review paper was demonstrated that in ex-
trusion coating method the same nozzle type was used to the 
same purpose [24]. Thus, it can be seen that the recent en-
capsulation methods are based on modifying conventional 
techniques. 

CONCLUSION 

This review paper has demonstrated the potentiality of 
the use of supercritical fluids based encapsulation to protect 
and stabilize unstable pigments. Among the advantages are: 
form micro- or even nanoparticles with narrow particle dis-
tribution, reduce or even eliminate the residual organic sol-
vent in the product, and control product quality. 

Nowadays alternative technologies based on small modi-
fication as change the conventional organic solvent to 
“greener solvent” such as supercritical fluids have been 
evaluated successfully to eliminate some limitations of the 
conventional encapsulation methods.  
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