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Sustained release

Delayed release
Nanoencapsulation allows protection of the sensitive bioactive

food ingredients from unfavorable environmental conditions,

eradication of incompatibilities, solubilization, or masking of

unpleasant taste or odor. This paper reviews the present state

of the art of lipid based carriers including nanoemulsions,

nanoliposomes, solid lipid nanoparticles (SLNs) and novel

generation of encapsulation system namely nanostructure lipid

carriers (NLCs) regarding their production method, physico-

chemical properties, functionalities, stabilization techniques,

potential advantages and limitations and delivery mechanisms.

In the last section, mathematical models for predication of bio-

active release kinetics from lipid based nanocarriers, which

can be applied for optimization of encapsulation systems,

are presented and some future developments in the area of

nanoencapsulation are discussed.
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Introduction
Nanotechnology is defined as creation, utilization and

manipulation of materials, devices or systems in the
nanometer scale (smaller than 100 nm). In recent years nano-
technology has found innumerable applications in different
food industries (Aguilera et al., 2008; Fathi & Mohebbi,
2010; Neethirajan & Jayas, 2010; Rizvi, Moraru,
Bouwmeester, & Kampers, 2010; Sanguansri & Augustin,
2006). Some potential applications of this technology in
nanoencapsulation and delivery of bioactive components
have been documented in pharmaceutics, as well as cos-
metics and food sciences (Farokhzad & Langer, 2009; Liu,
Jiao, Wang, Zhou, & Zhang, 2008; M€uller, Petersen,
Hommoss, & Pardeike, 2007; Sagalowicz, Leser, Watzke,
&Michel, 2006; Shah et al., 2007; Shimoni, 2009). Delivery
system is defined as one in which a bioactive material is
entrapped in a carrier to control the rate of bioactive release.
Nanocarriers can protect a bioactive component from unfa-
vorable environmental conditions e.g. oxidation and pH
and enzymes degradation (Fang & Bhandari, 2010;
Ghosh, Mandal, Sarkar, Panda, & Das, 2009; Zimet &
Livney, 2009). Nanocarriers provide more surface area and
have the potential to enhance solubility, improve bioavail-
ability and ameliorate controlled release and targeting of
the encapsulated food ingredients, in comparison to
micro-size carriers (Mozafari, 2006a; Weiss, Gaysinsky,
Davidson, & McClements, 2009).

Generally two controlled release mechanisms (Fig. 1)
can be observed during delivery of a bioactive (Lakkis,
2007). (i) Delayed release, which is a mechanism by which
the release of a bioactive substance is delayed from
a bounded “lag time” up to a point when/where its release
is preferred and is no longer obstructed. This mechanism
could be used for flavor release in ready-meals, color
release in beverages or protection of nutrition compounds
in gastric condition and their release in the intestine.
Time

Fig. 1. Models of bioactive release from nanocarrier systems.
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(ii) Sustained release, which is a mechanism engineered to
keep constant concentration of a bioactive at its target site.
This system can be employed for extending the release of
the encapsulated material, including flavor or certain drugs
such as insulin, in chewing gum. Many variables over-
shadow bioactive release of the encapsulated material.
These include shape and dimensions of carrier, bioactive
diffusivity and solubility in encapsulant and environmental
media, erosion rate, polymorphism status of lipid based car-
riers, porosity and tortuosity, bioactive ratio between carrier
and aqueous medium, encapsulation load (weight ratio of
encapsulant to lipid) and loading efficiency (weight ratio
entrapped to free encapsulant) and pH value of the medium
(Barat, Crane, & Ruskin, 2008; Briones & Sato, 2010;
Jalsenjak, 1992; Sant, Nadeau, & Hildgen, 2005;
Siepmann, Faisant, & Benoit, 2002; Yang & Washington,
2006; Zhang, Yang, Chow, & Wang, 2003). Having
a high encapsulation efficiency is always favorable, albeit
encapsulation load more than 50% is not proper due to in-
crease risk of bioactive leakage in case of more surface de-
fect (Madene, Jacquot, Scher, & Desobry, 2006).

Typically, food applicable nanocarrier systems can be
carbohydrate, protein or lipid based. Despite of different
advantages of carbohydrate and protein based nanocap-
sules, they do not have potential of fully scale up due to re-
quirement of applying different complicated chemical or
heat treatments which cannot be completely controlled.
On the other hand, lipid based nanocarriers have possibility
of industrial production and bear advantage of more encap-
sulation efficiency and low toxicity. In this paper we will
provide an overview of recent developments in different as-
pects (e.g. production methods, physicochemical proper-
ties, stabilization techniques, release mechanisms,
advantages and disadvantages) of four famous lipid based
carriers namely nanoemulsions, nanoliposomes, solid lipid
nanoparticles (SLNs) and nanostructure lipid carriers
(NLCs) (Table 1). In the last section of the paper, mathe-
matical models for predication of bioactive release kinetics
of lipid based nanocarriers are presented.

Nano delivery systems
Nanoemulsions

Nanoemulsions (also known as miniemulsions or submi-
cron emulsions) are nanoscale droplets of multiphase col-
loidal dispersions formed by dispersing of one liquid in
another immiscible liquid by physical share-induced rup-
turing (Liu, Sun, Li, Liu, & Xu, 2006; Mason, Wilking,
Meleson, Chang, & Graves, 2006; Meleson, Graves, &
Mason, 2004; Russel, Saville, & Schowalter, 1989). Differ-
ent size ranges have been reported in the literature for nano-
emulsions; e.g. less than 100 nm (Guo et al., 2007; Porras,
Solans, Gonzلlez, & Guti�errez, 2008; Shakeel & Ramadan,
2010), 10e100 nm (Talegaonkar, Mustafa, Akhter, & Iqbal,
2010), 100e500 nm (Anton, Benoit, & Saulnier, 2008;
Constantinides, Chaubal, & Shorr, 2008; Rossi & Leroux,
2007; Tadros, Izquierdo, Esquena, & Solans, 2004; Unger
et al., 2004) and 100e600 nm (Sakulku et al. 2009;
Solans et al., 2003). However, the most appropriate ones
based on nanotechnology definition is having size ranges
of less than 100 nm and possessing different properties
than ordinary emulsions. Nanoemulsions have some inter-
esting physical properties that can be applied to distinguish
them from microemulsions. For instance, microemulsions
typically show multiple scattering of visible light, and
therefore, have a white opaque appearance. In contrast,
the droplet sizes in nanoemulsions are much smaller than
visible wavelengths; hence most nanoemulsions appear op-
tically transparent (McClements & Li, 2010; Shakeel &
Ramadan, 2010). This is a very favorable feature of nano-
emulsions for applying them as the nutrient carriers in bev-
erages. Rheological properties of nanoemulsions are also
different from micoemulsion. For example, Mason and
Rai (2003) reported a rapid increase in the shear modulus
of nanoemulsions by decreasing emulsion droplet size. Fur-
thermore, at very high droplet volume fraction (4), where
the droplets commence to deform, the elastic shear modu-
lus of repulsive emulsions was reported to be proportional
to the Laplace pressure of the undeformed droplets leading
to extraordinary elastic modulus of nanoemulsion. Like-
wise, at the same droplet volume fraction, nanoemulsions
enhance shelf stability against the gravity over the microe-
mulsions due to Brownian motion of nano sized droplets,
caused by entropic driving forces (Mason et al., 2006). Un-
like the microemulsions that are thermodynamically stable
and form spontaneously, nanoemulsions are kinetically sta-
ble (Henry, Fryer, Frith, & Norton, 2010; Tadros et al.,
2004). An interesting feature of nanoemulsions in contrast
to microemulsions is that, they are metastable and can be
diluted with water without change in the droplet size distri-
bution (Gutieırrez, Gonzaılez, Sole’, Pey, & Nolla, 2008).

Production method
The methods used to produce nanoemulsions can be di-

vided into the mechanical and non-mechanical techniques.
Mechanical (high-energy) methods include high-pressure
homogenization, microfluidization and ultrasonication
(Anton, Saulnier, Beduneau, & Benoit, 2007; Tadros
et al., 2004).

To form a fine stable emulsion using high-pressure ho-
mogenization, the coarse dispersion of the oil and aqueous
phase and emulsifier is passed through a small inlet orifice
at pressures in the range of 500e5000 psi. Microfluidiza-
tion uses a very high pressure (up to 20,000 psi) to force
the liquid through the interaction chamber, which consists
of microchannels of a special configuration. The emulsion
feeds through the microchannels into a collision chamber
which leads to formation of fine nano-scale emulsion drop-
lets. The emulsification mechanism is based on combina-
tion of cavitation and mechanical shear. The operating
pressure and the number of passing cycles of the coarse
preemulsion in the microfluidizer or homogenizer have
strong effect on the particle size of the formed



Table 1. Lipid based carrier systems and their features.

Lipid carrier
system

Preparation technique Physical
morphology

Formulation Advantage Disadvantage Example application

Nanoemulsion (i) Mechanical method
� Homogenization
� Microfluidization
� Ultrasonication
(ii) Non-mechanical method
� Solvent diffusion

Lipid Aqueous phase, liquid
(at processing
and storage temperature)
lipid phase and emulsifier

� Possibility of large-
scale production

� Delivery of poorly
water-soluble ingredients

� Rapid release
� Low stability in

gastric condition

Encapsulation of water-
insoluble bioactive
food materials
(Cheong et al., 2008;
Jafari et al., 2008)

Liposome (i) Mechanical method
� Extrusion
� Sonification
� High pressure homogenization
� Microfluidization
� Colloid mill

(ii) Non-mechanical method
� Reversed-phase evaporation
� Depletion of mixed detergent-

lipid micelles
� Heat treatment (Mozafari)

Liquid Aqueous phase, liquid
(at processing
and storage temperature)
lipid phase and amphiphilic
compounds

� Possibility of large-
scale production

� Targetability
� Delivery of poorly water-
soluble, water-insoluble
and amphiphilic ingredients

� Rapid release Encapsulation of
enzymes (Rao et al.,
1995), vitamins
(Gonnet et al., 2010),
antimicrobials
(Malheiros, Daroit, &
Brandelli, 2010) and
minerals (Arnaud, 1995)

Solid lipid
nanoparticle
(SLN)

(i) Mechanical method
� Hot homogenization
� Cold homogenization
� Ultrasonication

(ii) Non-mechanical method
� Ultrasonic-solvent evaporation-

emulsification

Solid Aqueous phase, solid
(at storage temperature)
lipid phase and emulsifier

� High encapsulation efficiency
� Possibility of large-scale
production and sterilization

� High flexibility in controlled
release profile due to solid matrix

� Targetability

� Recrystallization risk
and possibility of
explosion

� Low encapsulation load

Encapsulation of
water soluble and
insoluble bioactive
food materials (Jee,
Lim, Park, & Kim,
2006; Jenning,
Sch€afer-Korting, &
Gohla, 2000)

Nanostructure
lipid carrier
(NLC)

(i) Mechanical method
� Hot homogenization
� Cold homogenization
� Ultrasonication

(ii) Non-mechanical method
� Ultrasonic-solvent evaporation-

emulsification

Solid Aqueous phase, solid
and liquid (at storage
temperature) lipid
phase and emulsifier

� High encapsulation load
� High stability (decrease
risk of recrystallization)
during storage

� Slightly faster release
in comparison to SLN

Encapsulation of
water soluble and
insoluble bioactive
food materials
(Hentschel, Gramdorf,
M€uller, & Kurz, 2008;
Kong, Xia, & Liu, 2011)
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nanoemulsion (Constantinides et al., 2008; Maa & Hsu,
1999; Quintanilla-Carvajal et al., 2010). The mechanism
of nanoemulsion generation using ultrasonication is attrib-
uted to bubble cavitation. However, this mechanism is not
fully understood yet (Bondy & Sollner, 1935; Mason,
1992). The ultrasound waves (at ultrasonic frequencies typ-
ically 20 kHz or larger and high power intensity) result in
sequential formation, growth and collapse of microscopic
vapor bubbles in the liquid. Subsequently, the collapse of
these cavities provides sufficient energy to increase surface
area of droplets (Patil & Pandit, 2007). Efficiency of nano-
emulsification by sonication (considering the size of the
nanoemulsion droplets and required time to attain this
size), depends both on the emulsion properties (lipid, en-
capsulated bioactive, surfactant and cosurfactant) and the
power of the device (Leong, Wooster, Kentish, &
Ashokkumar, 2009). Kentish et al. (2008) produced nanoe-
mulsion using flax seed oil and tween 40 (C16) as an emul-
sifier by ultrasonication method. Results showed that there
is an optimum power input level above which droplet coa-
lescence and cavitational bubble cloud formation adversely
affect the efficiency, reproducibility, quality of nanoemul-
sion production. Increasing sonication time reduces droplet
sizes to a point, but continued sonication more than one to
five minutes is useless. The produced nanoemulsions are
comparable to those emulsions prepared using a microfluid-
izer operated at 100 MPa. In spite of high potential of son-
ication for research purposes, it does not appear to be
practical for industrial applications. In this case using
high-pressure homogenizer or microfluidization are often
preferred (Samer & Schork, 1999). It is remarkable that
when the aim of the processing is the encapsulation of sen-
sitive molecules such as enzymes, using ultrasonication and
high-pressure homogenization may cause degradation, de-
naturation or loss of activity of the bioactive agents
(Anton et al., 2008). Pinnamaneni, Das, and Das (2003)
compared oil/water submicron emulsions manufactured
by microfluidization and homogenization methods. The mi-
crofluidization was found to be more effective than the ho-
mogenization, since submicron emulsions prepared by this
process had smaller droplet diameters and exhibited less
droplet diameter growth over time. Jafari, He, and
Bhandari (2006) studied the efficiency of producing nano-
emulsions using sonication and microfluidization tech-
niques. Their results showed that, whether both methods
were able to form nanoemulsions of the sizes ranging
from 150 to 700 nm, the microfluidizer produced emulsions
with restricted size distributions and sonication was more
commodious regarding to operation control and cleaning.
Jafari, Assadpoor, Bhandari, and He (2008) produced nano-
emulsion using microfluidization and ultrasonication for
encapsulation of fish oil. Their results showed that micro-
fluidization is a competent emulsification technique leading
to fish oil-encapsulated powder with the lower unencapsu-
lated oil at the surface of particles in comparison to ultra-
sonication method.
Nanoemulsions can be formed using non-mechanical
methods; e.g. solvent diffusion technique (Anton et al.,
2007; Tadros et al., 2004; Unger et al., 2004). Cheong,
Tan, Man, and Misran (2008) applied emulsifica-
tioneevaporation technique to prepare nanoemulsion
(90e120 nm) of a-tocopherol. In this method a-tocopherol
is first dissolved in an organic solvent. The resulting coarse
dispersion is passed through a high pressure homogenizer
and then the solvent is removed from fine emulsion by
evaporation (Jaiswal, Gupta, & Kreuter, 2004; Mainardes
& Evangelista, 2005). However, the a-tocopherol content
of prepared nanoemulsion was significantly decreased dur-
ing storage. Lee and McClements (2010) produced oil/wa-
ter nanoemulsions coated by whey protein using
combination of emulsification, solvent displacement and/
or solvent evaporation approaches. A limitation of this ap-
proach is the requirement of large amounts of organic sol-
vent to prepare emulsions and consequently the necessity of
using expensive equipment to remove organic solvent be-
fore consumption. Generally, due to use of organic solvent,
application of low energy methods is limited in food
sectors.

Applications and features
Nanoemulsions are good candidate for delivery of poorly

water-soluble food ingredients, such as fish oil and lipophilic
vitamins, because of their ability to improve bioactive solu-
bilization and potential for enhancing absorption in the gas-
trointestinal (GI) tract, caused by surfactant induced
permeability changes. After ingestion, droplets readily dis-
perse in stomach to small droplet of nanoemulsion, which
promotes wide distribution of the encapsulated bioactive
throughout the GI condition (Talegaonkar et al., 2010).
Yuan, Gao, Mao, and Zhao (2008) found that the optimum
production conditions for the preparation of b-carotene
nanoemulsions are a homogenization pressure of 129 MPa;
a homogenization temperature of 47 �C; a b-carotene con-
centration of 0.82% and an emulsifier concentration of
8.2%. Soybean oil-based nanoemulsion has been shown to
have bactericidal properties against Gram-positive bacteria
(Hamouda & Baker, 2000) and fungistatic, but not fungi-
cidal, property (Hamouda et al., 2001). Teixeira et al.
(2007) prepared BCTP nanoemulsion (an O/W nanoemul-
sion of soybean oil and tri-n-butyl phosphate emulsified
with Triton X-100) and showed that it was effective in reduc-
ing the cell numbers of Listeria monocytogenes.

Wulff-Perez, Torcello-Gomez, Galvez-Ruız, and Martın-
Rodrıguez (2009) reported that destabilization of the nanoe-
mulsions takes place above certain surfactant concentration.
This phenomenon can be described as a depletionefloccula-
tion effect caused by non-adsorbed micelles. They presented
a theoretical mathematical model based on experimental pa-
rameters to determine the optimum value of surfactant con-
centration. A bioactive material might have different
localizations within an emulsion (Fig. 2), and this localiza-
tion can obviously be influenced by the production



Low temperature and low number 
of homogenization cycles 

Increased temperature and increased 
number of homogenization cycles 

Stabilizer film 

Fig. 2. Principles of chemical stabilization of bioactive ingredient en-
capsulated in nanoemulsion. Applying Low temperature and low num-
ber of homogenization cycles (Left) lead to localization of the
bioactive more toward the inner oil phase (bioactive is not protected
against chemical degradation). Increasing temperature and homogeni-
zation cycles (right) allow diffusion of the bioactive into the outer sta-
bilizer film (more protection against chemical degradation) (Baspinar,

et al., 2010).
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parameters, e.g. number of homogenization cycles and pro-
duction temperature. The location of a drug, or any other bio-
active compound, within the capsule or carrier influences the
stability, release and thus the bioavailability of the nanocar-
rier formulation. Baspinar, Keck, and Borchert (2010) pre-
pared a nanoemulsion formulation, using polysorbate and
less purified egg lecithin as emulsifiers, through the high
pressure homogenization method. Interestingly, their results
showed that the highest chemical stability was obtained with
lowhomogenization pressures but higher numbers of homog-
enization cycles and higher temperatures (e.g. 300 bar, 10 cy-
cles and 50 �C). This could be attributed to an immigration of
the bioactive from inner oil to the stable surfactant outer
layer. However, the release profiles of these nanoemulsions
were not investigated.

Maruno and da Rocha-Filho (2010) produced non-food
grade nanoemulsion using lipophilic (Sorbitan monooleate;
HLB ¼ 4.3) and hydrophilic (Ceteth-10, HLB ¼ 12.9) sur-
factants. The accelerated tests based on measurement of
zeta potential showed that nanoemulsions are stable for
15 years. It was demonstrated that nanoemulsions stabilized
by lecithin/polyol or lecithin/carbohydrate matrix have
droplet sizes ranging from 30 to 60 nm. In other studies,
it was shown that the bioavailability of the nanoemulsion-
encapsulated vitamin E was 10-fold more than the bioavail-
ability of the same vitamin contained in commercial gelatin
capsules (Gonnet, Lethuaut, & Boury, 2010; Wajda, 2003;
Wajda, Zirkel, & Schaffer, 2007).

Nanoemulsions have low stability in acidic conditions.
Klinkesorn and McClements (2009) applied chitosan for
enhancing the stability of nanoemulsions. Their results
showed that the zeta potential of the oil droplets in
lecithin-chitosan stabilized nanoemulsions changed from
positive to negative and the emulsions droplets can be de-
graded by lipase under simulated GI conditions. Therefore,
chitosan-coated lipid droplets can be potentially applied as
useful carriers for the oral delivery of lipophilic
compounds.
Finally, it should be mentioned that advantages of nano-
emulsions include toxicological safety and a high content
of the lipid phase as well as the possibility of large-scale
production using high-pressure homogenization (HPH).
However, controlled drug release from nanoemulsions is
very unlikely because of the small size and the liquid state
of the carrier.

Liposome
Having a number of benefits, e.g. possibility of large-scale

production using natural ingredients and entrapment and re-
lease of water-soluble, lipid-soluble, and amphiphilic mate-
rials as well as targetability (Huwiler, Kolter, Pfeilschifter,
& Sandhoff, 2000; Mozafari, Johnson, Hatziantoniou, &
Demetzos, 2008; Thompson, Hindmarsh, Haisman, Rades,
& Singh, 2006), liposomes have been widely used in food
sector both in research and industry. Notable examples are li-
posome formulations of antimicrobials (Malheiros, Daroit,
& Brandelli, 2010; Malheiros, Daroit, Silveira, &
Brandelli, 2010; Taylor, Bruce, Weiss, & Davidson, 2008;
Taylor, Davidson, Bruce, & Weiss, 2005b; Taylor,
Gaysinsky, Davidson, Bruce, & Weiss, 2007; Were, Bruce,
Davidson, & Weiss, 2004; Were, Bruce, & Weiss, 2003), li-
pophilic vitamins (Gonnet et al., 2010; Padamwar &
Pokharkar, 2006), enzymes (Dufour, Laloy, Vuillemard, &
Simard, 1996; Rao, Chawan, & Veeramachaneni, 1995)
and minerals (Arnaud, 1995). Similar to nanoemulsions, li-
posomes are kinetically stable. The mechanism of liposome
formation is based on the unfavorable interactions occur be-
tween amphiphilic compounds (mainly phospholipids) and
water molecules, where the polar head groups of phospho-
lipids are subjected to the aqueous phases of the inner and
outer media, and the hydrophobic hydrocarbon tails are asso-
ciated into the bilayer and spherical core shell structures are
formed (Goyal et al., 2005; Jesorka & Orwar, 2008).

Liposomes can be produced using natural ingredients on
an industrial scale and have the capability of entrapping
materials with different solubilities (Mozafari &
Khosravi-Darani, 2007; Yurdugul & Mozafari, 2004). An-
other important advantage of liposomes (also known as
lipid vesicles) is targetability. Lipid vesicles can be tailored
to deliver and release their load in the target site inside and
outside the body (Mozafari, 2006b).

Production method
Different procedures have been developed to produce

nano-sized liposomes. These include mechanical (extru-
sion, where the liposomes are forced through filters with
well defined pore sizes under moderate pressures, sonifica-
tion, high pressure homogenization, microfluidization and
colloid mill) and non-mechanical (reversed-phase evapora-
tion and depletion of mixed detergent-lipid micelles)
methods (Chonn & Cullis, 1998; Gregoriadis, 1993; Mui
& Hope, 2007; Schroeder, Kost, & Barenholz, 2009;
Watwe & Bellare, 1995). It was reported that induced me-
chanical shear by ultrasonic cavitation, results in the narrow
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size distribution of droplets (Maulucci et al., 2005; Moran
et al., 2006; Pereira-Lachataignerais et al., 2006). There
are several recent articles that describe methods of lipo-
some preparation in detail (Gregoriadis, 2007; Mozafari,
2010; Taylor, Davidson, Bruce, & Weiss, 2005a).

A method for liposome preparation is presented by Mo-
zafari based on heating treatment (Mozafari, 2005a, 2005b;
Mozafari, Reed, Rostron, Kocum, & Piskin, 2002). In this
technique the liposomal ingredients are added to a preheated
mixture of bioactive compound and glycerol (about 60 �C).
The mixture is further heated while stirring under nitrogen
atmosphere. At this stage multilamellar vesicle liposomes
(MLV) are formed. If nano-sized vesicles (nanoliposomes)
required, the samples are then consecutively extruded
through membrane filters above the phase transition tem-
perature (Tc) of the liposomes. Finally, the product is left
at a temperature above Tc under nitrogen to be stabilized.
Colas et al. (2007) applied this method for the preparation
of nanoliposomes for the encapsulation of nisin Z. Their re-
sults showed that stability of nanoliposome-encapsulated
nisin enhanced for at least 14 months for the vesicles stored
at 4 �C and for 12 months for those stored at 25 �C.

More recently, a further developed method was intro-
duced by the group of Mozafari through which nano-sized
vesicles and a number of nanocarrier systems (e.g. Archaeo-
somes, nanocochleates, niosomes) can be manufactured in
a single step using a single vessel, without employing toxic
solvents (Khosravi-Darani, Pardakhty, Honarpisheh, Rao,
&Mozafari, 2007;Mozafari &Khosravi-Darani, 2007; Patel
& Chen, 2006; Sahin, 2007).

Applications and features
Liposomes are classified based on their number of bila-

yers and size. According to their bilayer structure, vesicles
can be classified as unilamellar vesicles (ULV), multilamel-
lar vesicles (MLV) that consist of one or more concentric
lipid bilayer(s) (Nagle & Tristram-Nagle, 2000; Yung,
Shek, & Stanacev, 1985). Another type of liposomes is
known as multivesicular vesicles (MVV), which includes
some small non-concentric vesicles entrapped within a sin-
gle lipid bilayer. Vesicles can be further categorized by
their size, as small unilamellar vesicle (SUV) characterized
by diameters ranging between 20 and 100 nm with a narrow
size distribution, and large unilamellar vesicle (LUV) with
particle sizes reaching up to few micrometers. SUVs are
generally formed by sequential delamination of the outer
layers of MLV (Barenholz et al., 1977; Zasadzinski,
1986). SUVs have a low aqueous core volume to lipid ratio;
thus they are not efficient encapsulants of large functional
foods and nutraceutical compounds (Sharma & Sharma,
1997). However, nano-sized liposomes have the ability to
entrap hydrophilic molecules in their interior volume, and
hydrophobic compounds in the hydrophobic part of the
lipid bilayer, simultaneously (Acosta, 2008; Mozafari &
Mortazavi, 2005). On the other hand, LUVs and MVVs,
which have a large aqueous core volume to lipid ratio;
can carry large loads of encapsulated water-soluble com-
pounds in their internal core and therefore are more appro-
priate for the encapsulation of large hydrophilic compounds
(Augustin, Sanguansri, Margetts, & Young, 2001; Gibbs,
Kermasha, Alli, & Mulligan, 1999). In contrast to ULVs,
MVVs provide sustained release profile of the encapsulated
material (Ye, Asherman, Stevenson, Brownson, & Katre,
2000). Compared to other encapsulation technologies, lipo-
somes can generally provide higher chemical stability and
protection to sensitive bioactives such as ascorbic acid
and glutathione at high water-activity conditions (Kirby,
1993; Suntres & Shek, 1996).

Temperature-sensitive liposomes (also known as
thermo-sensitive liposomes) can be produced by modifica-
tion of the lipid bilayers with specific polymers. The poly-
mer should have a critical temperature at which it turns to
water-soluble below and becomes water-insoluble above
that temperature. The polymer-coated liposomes are desta-
bilized above the critical temperature due to interaction be-
tween the liposome membrane and the hydrophobic
polymer chains, leading to release of the encapsulated ma-
terial (Hayashi, Kono, & Takagishi, 1996; Kitano, Maeda,
Takeuchi, Ieda, & Aizu, 1994; Kono, Hayashi, &
Takagishi, 1994; Kono, Nakai, Morimoto, & Takagishi,
1999). These kinds of carriers are ideal for flavor release
by increasing cocking temperature of the ready meals.

Recent studies showed that pH-sensitive liposomes can
be prepared using amphiphilic lipid molecules such as un-
saturated phosphatidylethanolamine (PE) and oleic acid
which destabilize the liposome at the acidic condition and
release the encapsulated bioactive (Cho et al., 2009).
More, it has been shown that pH-sensitive polymers (e.g.
poly methacrylic acid-co-stearyl methacrylate) can be
added to liposomes by mixing lipids and polymers during
the preparation of vesicles. Hence, the stimulus-
responsive function of these liposomes chiefly depends on
the structural properties of the polymer surrounding the
outer surface of the vesicles (Sudimack, Guo, Tjarks, &
Lee, 2002; Zignani, Drummond, Meyer, Hong, & Leroux,
2000). To our knowledge, the pH-sensitive liposomes
have not been employed in the encapsulation of food ingre-
dients to date. However, it seems they have significant po-
tential in food industry for example for the release of
antimicrobials upon pH changes as a result of increased mi-
crobial activity.

Many methods for the stabilization of liposomes have
been investigated. These include lyophilization, freezing,
spray-drying and supercritical fluid (SCF) technology
(Kadimi, Balasubramanian, Ganni, Balaraman, &
Govindarajulu, 2007; Lo, Tsai, & Kuo, 2004; Mishima,
2008). It was shown that the stability of liposomes pro-
duced using SCF is more than ones manufactured applying
ultrasonication method (Kadimi et al., 2007). It might be
due to the contamination of the liposomes with the probe
sonicator which is the major drawback ultrasonication
method. However, among these methods of stabilization,
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lyophilization is the main approach used to prolong the
shelf-life of liposomes, especially for liposomes containing
thermosensitive compounds (Chen, Han, Cai, & Tang,
2010). In this case, addition of lyoprotectants is essential
to avoid phase transition and loss of the encapsulated bio-
active from the liposomes. Many sugars have been used
as lyoprotectants during lyophilization, including monosac-
charides, disaccharides, polysaccharides and synthetic sac-
charides. It is should be noted that trehalose usually
exhibits the best protective effect among the disaccharides
(Heikal et al., 2009; Kawai & Suzuki, 2007).

In spite of having different advantages, nanoliposomes
have short release time. To overcome this limitation, chito-
san coating can be employed by dropwise addition of chi-
tosan solution to the liposome dispersion (Zaru, Manca,
Fadda, & Antimisiaris, 2009). Research in the fields of
pharmaceutical and food sciences showed that chitosan
coating changed the liposome surface charge and slightly
increased its particle size, while the liposome displayed
a prolonged in vitro release profile and an enhanced stabil-
ity (Laye, McClements, & Weiss, 2008; Li et al., 2009).
The use of long chain saturated acyl chains (such as dister-
oylphosphatidylcholine) or hydrogenated soy phosphatidyl-
choline and the presence of an optimal level of cholesterol
in the liposome membrane minimize membrane defects.
Moreover, cholesterol dries the lipidewater interface,
which leads to the enhancement of the chemical stability
of the liposomal membrane against peroxidation and acyl
ester hydrolysis (Parasassi, Di Stefano, Loiero, Ravagnan,
& Gratton, 1994; Samuni, Lipman, & Barenholz, 2000). Li-
posomes coated with polyethylene glycol have been found
to be resistant to digestion by bile salts (Iwanaga et al.,
1999; H. Li, Song, Park, & Han, 2003) and are therefore
useful for increasing the bioavailability of the encapsulated
nutritional compounds.

Solid lipid nanoparticles (SLN)
Solid lipid nanoparticles (SLN) have attracted increasing

scientific and commercial attention during the last few years
in pharmaceutical and food sciences (Awad et al., 2008;
Gallarate, Trotta, Battaglia, & Chirio, 2009; Taylor et al.,
2007; Varshosaz et al., 2010; Varshosaz, Tabbakhian, &
Mohammadi, 2009). SLNs are particles consisting of amatrix
made of solid lipid shell (M€uller, Dingler, Schneppe, &
Gohla, 2000). Compared to nanoemulsions and liposomes,
SLNs have some distinct advantages (M€ader & Mehnert,
2005; Mehnert & Mader, 2001; M€uller & Runge, 1998;
Saupe & Rades, 2006), which include:

� Having high encapsulation efficiency.
� Avoiding use of organic solvents in their preparation.
� Possibility of large-scale production and sterilization.
� Providing high flexibility in controlling the release pro-

file due to solid matrix.
� Slower degradation rate allows bioactive release for pro-

longed times.
� The solid matrix can (but need not) protect the incorpo-
rated bioactive ingredients against chemical degradation.

In support of above advantages, it should be mentioned
that bioactive ingredient release from nanoemulsions,
which takes place based on the partitioning coefficient
and the phase ratios of oil and water phases, is too fast
(Washington, 1998). Longer release times can be achieved
with liposomes. However, it is not yet appropriate for deliv-
ery of bioactive food ingredients. Compared to these car-
riers, release period for SLN is longer because of increase
of degradation time of solid matrix. Solid matrix is able
to provide more protection against chemical reactions
such as oxidation (M€uller et al., 2000).

Production method
Several methods have been reported for SLN production

in pharmaceutics (Sch€afer-Korting & Mehnert, 2005).
However, only two basic production techniques are likely
to be used for large-scale production of SLN in food pro-
cessing: (i) Hot homogenization and (ii) Cold homogeniza-
tion (M€uller et al., 2000; M€ullers, Schwarz, Mehnert, &
Lucks, 1993).

In hot homogenization method, the lipid is melted at ap-
proximately 5e10 �C above its melting point, the bioactive
compound is dissolved in the melted lipid and the produced
liquid is dispersed in an aqueous surfactant solution with
the same temperature. The obtained emulsion is then
passed through a high-pressure homogenizer at the
controlled temperature. The result of this process is a hot
O/W emulsion. Cooling of the emulsion leads to the recrys-
tallization of the lipid and the formation of solid lipid nano-
particles. Recrystallization can also be initiated by
lyophilization (M€uller, Mader et al., 2000). Due to loss of
hydrophilic bioactive ingredients to the water phase, the
hot homogenization technique cannot efficiently be em-
ployed to incorporate these components into solid matrix.
On the other hand, this method cannot be applied for ultra
heat sensitive food components such as enzymes. Cold ho-
mogenization can be applied to overcome these obstacles.
Similar to the hot homogenization technique, the bioactive
compound is incorporated into a melted lipid. Then the
lipid melt is cooled and after solidification grounded by
a mortar mill. The obtained lipid microparticles are dis-
persed in a cold surfactant solution at room temperature.
The produced lipid suspension is then homogenized at
room temperature, or even lowers (e.g. 0 �C). The solid
state of the matrix minimizes partitioning of the drug to
the water phase. In this method special care must be taken
due to temperature increase during homogenization (e.g.
10e20 �C per homogenization cycle) and milling. A major
problem with delivery of actives using solid lipid nanopar-
ticles is the burst release which is due to the presence of
bioactive compounds in the outer shell. Using low produc-
tion temperature and low surfactant concentration lead to
decrease the burst effect (M€uller, Radtke, & Wissing,
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2002b; zur M€uhlen, Schwarz, & Mehnert, 1998). Recently,
Weiss et al. (2008) reviewed important parameters (e.g.
lipid composition, surfactant type, surfactant concentration,
droplet size and cooling conditions) affecting the structure
and properties of SLN prepared for the delivery of bioactive
food components.

SLNs can also be prepared easily on laboratory scale by
emulsification-evaporation followed by sonification method.
In this technique, coarse emulsion is formed by mixing oil
phase, organic solvent, emulsifier and bioactive component.
The pre-emulsion is then sonicated at a temperature above
the melting point of lipid for appropriate period of time. Fi-
nally, the SLNs are produced by adding the resultant nanoe-
mulsion to cold water containing surfactant and mixing to
allow solvent evaporation (Varshosaz et al., 2010, 2009;
Varshosaz et al., 2010).

Applications and features
Generally, there are three models for the incorporation

of bioactive components into SLNs: (i) Homogeneous ma-
trix model; (ii) Bioactive-enriched shell model; and (iii)
Bioactive-enriched core model. The type of obtained model
depends basically on the formulation components (lipid, li-
pophilic or hydrophilic bioactive compound and surfactant)
and the production conditions (hot or cold homogeniza-
tion). A homogeneous matrix (Fig. 3a) is mainly obtained
when applying the cold homogenization method and
when incorporating very lipophilic actives into SLNs with
the hot homogenization technique. Release of the bioactive
compound in this model is based on dissolution mecha-
nism. A bioactive-enriched shell (Fig. 3b) might be ob-
tained if phase separation occurs during the cooling
process from the liquid oil droplet. This model shows
a burst release behavior. A bioactive-enriched core
(Fig. 3c) can be formed while the opposite phenomenon
of bioactive-enriched shell model comes about, which
means the bioactive compound starts precipitating first
and therefore, the shell have less encapsulated components.
This structure model leads to a membrane controlled re-
lease governed by the Fick’s law of diffusion (see Section
3) (M€uller et al., 2002b).

An important parameter affecting physical stability of
colloidal dispersion is surface charge that can be quantified
Homogeneous matrix Bioactive-enr
shell

a b

Fig. 3. Structural models for the incorporatio
by zeta potential (Bunjes, 2005; Cavalli, 1997; Lim & Kim,
2002). In general (but not always), nanoparticle aggregation
is less likely to come along for charged particles (high
values of zeta potential) due to electric repulsion
(Mehnert & Mader, 2001; Wissing & M€uller, 2002). The
gastrointestinal environment (ionic strength and strong pH
changes) may destabilize the particles and lead to aggrega-
tion and size growth. Zimmermann and M€uller (2001) re-
ported that it is possible to produce stable SLNs in GI
condition. SLNs are required to have zeta potentials larger
than 8e9 mV in combination with steric stabilization that
can be achieved by optimizing surfactant composition.

Solubility of bioactive compounds in melted lipid,
chemical and physical structures of solid lipid matrix and
polymeric state of lipid material are important factors af-
fecting loading capacity of the carrier system. Adding sol-
ubilizers such as mono and diglycerides in the lipid mixture
boosts bioactive solubilization and consequently increases
loading capacity. The chemical structure of the lipid is
also critical; for example applying lipids which form highly
crystalline particles with a perfect lattice (e.g. monoacid tri-
glycerides) lead to expulsion of bioactive ingredient
(Westesen, Bunjes, & Koch, 1997). Crystallization of the
lipid in nanoparticles is different compared to the bulk ma-
terial. Lipid nanoparticles recrystallize at least partially in
the a-form, whereas bulk lipids tend to recrystallize prefer-
entially in the b0-modification and transform rapidly into
the b-form (Westesen, Siekmann, & Koch, 1993). Produc-
tion of stable SLN suspensions requires delaying of the
a to b polymorphic transition (e.g. by changing fat type
or surfactant surface coverage using surfactants with hydro-
carbon tails that crystallize prior to the lipid phase), prevent-
ing of particle aggregation by increasing zeta potential as
well as storing at low temperatures (Awad et al., 2008;
Helgason, Awad, Kristbergsson, McClements, & Weiss,
2009a, 2009b).

Lippacher and his coworkers (Lippacher, M€uller, &
Mader, 2004; Lippacher, M€uller, & Mن; der, 2002) studied
rheological properties of a non-food semisolid, containing
SLNs. Their results proved that the existence of SLNs is
a prerequisite to form a semisolid dispersion having the
appropriate consistency and elastic modulus. Rheological
features have strong effects on sensory and physical
iched Bioactive-enriched 
core

c

n of bioactive components into SLNs.
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properties of food systems. However, to date there is no
published data on rheological properties of food systems
containing SLNs.

It has been shown that particle size of aqueous SLN dis-
persions might be stable over 12e36 months (Mehnert &
Mader, 2001). Nevertheless, an increase in particle size
and instability may occur during the storage of SLN disper-
sion. Lyophilization is a promising technique to improve
chemical and physical stability of SLN. However, freezing
of the sample might cause instability due to the freezing out
effect which results in changes of the osmolarity and zeta
potential. This impediment can be overcome by using cryo-
protective agents such as sorbitol, mannose, trehalose and
glucose that decrease the osmotic activity of water and fa-
vor the glassy state of the frozen sample (Crowe et al.,
1986; Hauser & Strauss, 1988; Schwarz & Mehnert,
1997). Spray drying has been rarely used as an alternative
method to lyophilization for increasing the stability of
SLNs (Freitas & M€uller, 1998). However, due to the possi-
bility of aggregation as a result of applying high tempera-
ture and shear forces, using high melting-point lipids
(higher than 70 �C) is recommended (Mehnert & Mader,
2001).

Nanostructure lipid carrier (NLC)
In spite of having different advantages, SLNs have some

potential problems such as low encapsulation load and pos-
sibility of explosion during storage. With increasing the pu-
rity of applied lipid, less space is available to accommodate
drug and nutraceutical molecules, hence encapsulation effi-
ciency decreases and explosion risks increases due to for-
mation of a and b0 into perfect b transition form
(Westesen et al., 1997).

Radtke and M€uller (2001) developed a novel carrier
namely nanostructure lipid carrier (NLC) for overcoming
the limitations of SLNs. NLC can be produced by mixing
very different lipid molecules i.e. solid lipids with liquid
lipids (oils) based on preparation methods described for
SLN. The produced matrix of the lipid particles demon-
strates a melting point depression compared to the original
solid lipid. In fact by giving the lipid matrix a certain nano-
structure, the encapsulation load of bioactive ingredient is
enhanced and expulsion phenomenon during storage is lim-
ited by preventing the formation of perfect crystals (Chen
et al., 2010; M€uller, Radtke, & Wissing, 2002a; M€uller
et al., 2002b). It is also reported that NLCs have smaller
particle sizes compared to SLNs (Fang, Fang, Liu, & Su,
2008). A pharmaceutical study by Teeranachaideekul,
M€uller, and Junyaprasert (2007) for the investigation of
chemical stability enhancement of ascorbyl palmitate
(AP) after incorporation into NLCs showed that addition
of antioxidants as well as selection of suitable surfactants
and solid lipids improved the chemical stability of AP. In-
vestigation physicochemical properties proved that NLCs
have zeta potentials ranging from �13.4 to �23.5 and
show a sustained release mechanism and no obviously burst
release in gastrointestinal condition (Zhuang et al., 2010).
This study demonstrates the possibility of NLC application
for the encapsulation of lipophilic nutrients such vitamin E
and omega 3 fatty acids.

Modeling bioactive release of nanoscale delivery
systems

Towards augmenting the controlled delivery systems,
mathematical modeling of the release process plays an im-
portant role as it demonstrates the mechanism(s) of bioac-
tive release, provides a scenario for the optimization of
the carrier systems and avoids excessive experimentation.
Generally, the bioactive release is governed by one or com-
bination of three different mechanisms, i.e. (i) diffusion; (ii)
erosion; and (iii) swelling. However, the two latter ones are
more likely to occur in hydrophilic (carbohydrate and pro-
tein based) carriers. Therefore, the mathematical models re-
garding the diffusion mechanism are discussed for lipid
based nanocarriers. The process of mass transfer kinetic
in nanocarriers can be modeled using Fick’s lows of diffu-
sion. The Fick’s first low (Eq. (1)) assumes constant diffu-
sion coefficient and boundaries. The independency of
diffusion to concentration is not correct in real situations.
The concentration dependence of the diffusion coefficient
of the bioactive can be written as the Fick’s second low
(Eq. (2)). Fick’s equations can be solved analytically or
numerically.
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where c is the concentration of the bioactive compound, t is
time, z is the position in the carrier and D is the diffusion
coefficient of the bioactive ingredient. Higuchi (1963) de-
veloped a square root of time model to describe release
phenomenon from spherical devices carrying a bioactive
component:

Mt ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dcmð2ct � ccÞt

p
ð3Þ

In this expression, cm is the solubility of the bioactive in the
encapsulant matrix, ct the initial bioactive concentration,
and cs is the solubility of bioactive in the sink phase. An
approximate relation derived from the Higuchi equation de-
scribes the release of a dispersed solute from a rigid matrix
of the spherical shaped carriers where there is no swelling
or erosion mechanisms can be written as:

Mt ¼ 4r2p
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where, c0 is initial bioactive concentration. In large values
of release time (t) the portion of the second term becomes
significant, and hence the particle size of the encapsulation
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system becomes important. Another form of Higuchi model
can be written based on Eq. (5):

J ¼ ½2Dcsεðcm � 0:5csεÞ�0:5�t0:5 ¼ kH
ffiffi
t

p ð5Þ

where J is the amount of bioactive released in time t, ε is
the porosity and kH is the Higuchi constant. The above
equation can be expressed as:

Mt

MN

¼ kH � ffiffi
t

p ð6Þ

Thus, the bioactive release rate is proportional to the in-
verse of the square root of time. Haidar, Hamdy, and
Tabrizian (2008) used this model for the investigation of
bovine serum albumin release kinetics from alginate and
chitosan-coated liposomes. The results showed high ability
of this model to kinetically investigate the release rate.
Based on this model two distinct regions were observed,
which were related to the initial phase (shell release) and
a terminal phase (core release). Abdel-Mottaleb,
Neumann, and Lamprecht (2010) showed zero order like
release kinetics (Fick’s first low) can be used for modeling
of bioactive release from lipid nanocapsules. The fluxes
were calculated and found to increase from 1.5 to 7.0
(mg � cm�2 � min�1) with increasing the temperature
from 4 to 50 �C.

The release kinetics can also be modeled using monoex-
ponential (Eq. (4)) and biexponential (Eq. (8)) equations.

C¼ C0e
�kt ð7Þ

C¼ ae�k1t þ be�k2t ð8Þ

The release rate constants are k, k1 (related to burst phases)
and k2 (related to sustained phases) and the initial bioactive
concentrations are C0, a (for burst phases) and b (for sus-
tained phases). Based on the values of a and b the value
of the bioactive entrapped within the nanocarrier can be de-
termined. Mathematical modeling of the release profiles for
non-food bioactives was conducted according to these
equations. The results showed that presence of the polymer
increases the half-lives of the burst phases (2.7 min) while
the presence of the oil phase increases the half-lives of the
sustained phases (147.5 min) of nanoemulsions (Cruz et al.,
2006). In spite of the importance of release kinetic model-
ing in nanoencapsulated food ingredients, the numbers of
published data are scarce.

Concluding and future remarks
Despite the strong upsurge in the investigations of nano-

delivery systems and proven role of nanoencapsulation in
enhancing bioavailability, solubility and protection of
food ingredients, there is no comprehensive information
on different aspects of lipid-based nanocarriers. In this pa-
per we attempted to provide an overview of latter develop-
ments of four lipid based encapsulation systems namely
nanoemulsions, liposomes, solid lipid nanoparticles and
nanostructure lipid carriers. Recent studies revealed that ap-
plying the two latter nanocarriers have considerable advan-
tages such as having more stability, longer release time and
sustained release profile over the conventional encapsula-
tion systems. However, future trends in nano-delivery sys-
tems should focus more on investigations pertaining to
the physicochemical properties of the nanocarriers as well
as the properties and interactions of food systems incorpo-
rating nanoencapsulated bioactives. On the other hand,
more studies are necessary for modeling the release kinetics
of nanoencapsulated food components using the available
equations as well as the recent novel models. This com-
prises one of the future objectives of our research team.
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