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                  Preface  

  Nanoencapsulation is one of the most promising technologies for entrapping bioactive 
compounds so as to protect them from degradation. Currently, various nanoencap-
sulation techniques are emerging, each with their own merits and demerits. 
Nanoencapsulation of food ingredients has versatile advantages for targeted, site-
specifi c delivery and effi cient absorption through cells. Furthermore, each encapsula-
tion technique has some unique operating factors, which affect the fi nal outcome of 
the nanoencapsulates, and those factors need to be investigated and optimized. 
Cutting-edge research is being carried out on the application of nanotechnology in 
food ingredients for improved health and industrial signifi cance. Herein, the main 
focus is on the various techniques used for nanoencapsulation of food ingredients, 
such as emulsifi cation, coacervation, inclusion encapsulation, nanoprecipitation, 
lipid-based nanocarriers, electrospraying, electrospinning, freeze-drying, and spray 
drying. The current state of knowledge, limitations of these techniques, characteriza-
tion of nanoparticles, applications, and recent trends, together with safety and regula-
tory issues related to nanoencapsulation of food ingredients, are also highlighted in 
this brief. 

 Mysore, India C. Anandharamakrishnan       
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            Nanoscience and nanotechnology are new frontiers of this century and becoming 
highly important due to its wide application in various fi elds. Food nanotechnology 
is an emerging technology being potential to generate innovative products and pro-
cesses in the food industry. Many reviews and research papers have been published 
on application of nanotechnology in foods. However, only a few reports are focused 
on nanoencapsulation of food ingredients. Therefore, the main focus here is to dis-
cuss the various nanoencapsulation techniques, their advantages, fl aws and varia-
tions, as well as to appraise the interesting emerging technologies and trends in this 
fi eld, along with the safety and regulatory issues.  

1.1               Nanotechnology 

 Nanotechnology is an emerging technology that holds the potential to transform 
various industries in the world. It deals with the production, processing, and appli-
cation of materials with a size of less than 1,000 nm (Sanguansri and Augustin 
 2006 ). The term “nano” refers to a magnitude of 10 −9  m (Quintanilla-Carvajal et al. 
 2010 ). The British Standards Institution has defi ned nanotechnology as the design, 
characterization, production, and application of structures, devices, and systems by 
controlling shape and size at the nanoscale (Bawa et al.  2005 ). Nanotechnology has 
emerged as one of the most promising scientifi c fi elds of research in the last few 
decades. Reduction in particle size to the nanoscale range increases the surface-to- 
volume ratio, which consequently increases reactivity manyfold with changes in 
mechanical, electrical, and optical properties. These properties offer many unique 
and novel applications in various fi elds (Neethirajan and Jayas  2010 ). Over the last 
decade, research in nanotechnology has skyrocketed and there are numerous com-
panies specialised in the fabrication of new forms of nanosized matter, with expected 
applications in medical therapeutics, diagnostics, energy production, molecular 
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computing, and structural materials (Duncan  2011 ). The properties of materials dif-
fer when going from larger scale to macromolecular scale, which broadens their 
application. Research focuses on controlling the morphology, composition, and size 
of nanomaterials, thus enabling the tailoring of unique and desired physical proper-
ties of the resulting materials (Kuan et al.  2012 ; Ezhilarasi et al.  2013 ). 

 Nanotechnology can be applied in all phases of the food cycle “from farm to 
fork.” The food industry is facing enormous challenges in developing and imple-
menting systems that can produce high quality, safe foods while being effi cient, 
environmentally acceptable, and sustainable (Manufuture  2006 ). To answer this 
complex set of engineering and scientifi c challenges, innovation is needed for new 
processes, products, and tools (Roco  2002 ). In fact, food nanotechnology introduces 
new opportunities for innovation in the food industry at immense speed. Some of 
the applications result in the presence of nanoparticles or nanostructured materials 
in the food. Nanotechnology has been revolutionizing the entire food system from 
production to processing, storage, and development of innovative materials, prod-
ucts, and applications. It could generate innovation in the macroscale characteristics 
of food, such as texture, taste, other sensory attributes, coloring strength, process-
ability, and stability during shelf life, thus leading to a large number of new prod-
ucts. Moreover, nanotechnology can also improve the water solubility, thermal 
stability, and oral bioavailability of bioactive compounds (Huang et al.  2010 ; 
McClements et al.  2009 ; Silva et al.  2012 ; Ezhilarasi et al.  2013 ). 

 Currently, the market for nanotechnology products in the food industry 
approaches the US$ 1 billion (most of this on nanoparticle coatings for packaging 
applications, health promoting products, and beverages) and is predicted to rise to 
$20 billion in the next decade (Chau et al.  2007 ). At present, the main applications 
of nanotechnology in the food industry are nanocomposites in food packaging 
material (for controlling diffusion and microbial protection), nanobiosensors (for 
detection of contamination and quality deterioration), and nanoencapsulation or 
nanocarriers (for controlled delivery of nutraceuticals) (Chen et al.  2006a ; 
Sanguansri and Augustin  2006 ; Sozer and Kokini  2009 ; Weiss et al.  2006 ; Ezhilarasi 
et al.  2013 ). Nanotechnology helps to make interactive foods that can allow con-
sumers to modify the food depending on their own nutritional needs or tastes. The 
concept of on-demand food states that thousands of nanocapsules containing fl avor 
or color enhancers or added nutritional elements remain dormant in the food and are 
only released when triggered by the consumer (Dunn  2004 ). Smaller particles 
improve food’s spreadability and stability, and can aid in developing healthier low- 
fat food products.  

1.2     Nanoencapsulation 

 Nanoencapsulation is defi ned as a technology to encapsulate substances in minia-
ture and refers to bioactive packing at the nanoscale (Lopez et al.  2006 ). 
Encapsulation is a rapidly expanding technology with many potential applications 
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in areas such as the pharmaceutical and food industries. Encapsulation has been 
employed to protect bioactive compounds (polyphenols, micronutrients, enzymes, 
antioxidants, and nutraceuticals) and in the fi nished application, ultimately to pro-
tect them from adverse environmental factors and also for controlled release at the 
targeted site (Gouin  2004 ; Ezhilarasi et al.  2013 ). 

 A controlled and targeted release improves the effectiveness of micronutrients, 
broadens the application range of food ingredients, and ensures optimal dosage, 
thereby improving cost-effectiveness of the product (Mozafari et al.  2006 ). 
Microcapsules are particles having diameter between 1 and 5,000 μm (King  1995 ). 
Nanoparticles are colloidal-sized particles with diameters ranging from 10 to 
1,000 nm and are expressed as nanocapsules or nanospheres (Konan et al.  2002 ). 
Nanocapsules are vesicular systems in which the bioactive compound is confi ned to 
a cavity surrounded by a unique polymer membrane, whereas nanospheres are 
matrix systems in which the bioactive compound is uniformly dispersed (see 
Fig.  1.1 ) (Couvreur et al. 1995 ).

   Nanoencapsulation involves the incorporation, absorption, or dispersion of bio-
active compounds in the form of small vesicles of nanometer (or submicron) diam-
eters (Taylor et al.  2005 ). The delivery of any bioactive compound to various sites 
within the body is directly affected by particle size (Kawashima  2001 ; Hughes 
 2005 ). Reducing the size of the encapsulates to the nanoscale offers opportunities 
related to prolonged gastrointestinal retention time due to improved bioadhesive-
ness in the mucus covering the intestinal epithelium (Chen et al.  2006b ). Moreover, 
modulations of surface properties (e.g., coatings) can enable targeted delivery of 
compounds (Bouwmeester et al.  2009 ). Thus, nanoencapsulation has the potential 
to enhance bioavailability, improve controlled release, and enable precision target-
ing of the bioactive compounds to a greater extent than microencapsulation 
(Mozafari et al.  2006 ). Besides improving bioavailability, nanoencapsulation 

  Fig. 1.1    Schematic structure of ( a ) nanocapsules and ( b ) nanospheres (Orive et al.  2009 )       
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systems offer numerous benefi ts, including ease of handling, enhanced stability, 
protection against oxidation, retention of volatile ingredients, taste masking, mois-
ture-triggered controlled release, pH-triggered controlled release, consecutive 
delivery of multiple active ingredients, change in fl avor character, and long-lasting 
organoleptic perception (Shefer  2008 ; Ezhilarasi et al.  2013 ).  

1.3     Materials for Nanoencapsulation 

 Nutraceuticals or bioactive compounds are extra nutritional compounds in the food 
that impart health benefi ts. Their effectiveness in preventing disease depends on 
preserving the bioavailability of the bioactive ingredient until it reaches the targeted 
site (Chen et al.  2006a ). Reducing the particle size may improve the bioavailability, 
delivery properties, and solubility of the nutraceutical because of the greater surface 
area per unit volume and thus increased biological activity (Shegokar and Muller 
 2010 ). Bioavailability of the nutraceutical is increased because the nanocarrier 
allows it to enter the bloodstream from the gut more easily. The nanoscale nutraceu-
tical was termed “nanoceutical” and the carrier was called a “nanocarrier” due to 
their size (Chen et al.  2006a ). These nutraceutical compounds can be classifi ed as 
lipophilic and hydrophilic on the basis of their solubility in water. Hydrophilic com-
pounds are soluble in water but insoluble in lipids and organic solvents. Examples 
of nanoencapsulated hydrophilic nutraceuticals are ascorbic acid, polyphenols, etc. 
(Lakkis  2007 ; Teeranachaideekul et al.  2007 ; Dube et al.  2010 ; Ferreira et al.  2007 ). 
Lipophilic compounds are insoluble in water but soluble in lipids and organic sol-
vents. Nanoencapsulated lipophilic nutraceuticals include lycopene, beta-carotene, 
lutein, phytosterols, and docosahexaenoic acid (DHA) (Lakkis  2007 ; Heyang et al. 
 2009 ; Zimet and Livney  2009 ; Leong et al.  2011 ). Solubility of the bioactive ingre-
dients determines the release rate and release mechanism from a polymeric matrix 
system. Hydrophilic compounds show faster release rates and the release kinetics 
are determined by the appropriate combination of diffusion and erosion mecha-
nisms. Lipophilic compounds often result in incomplete release due to poor solubil-
ity and low dissolution rates by an erosion mechanism (Kuang et al.  2010 ; Kumar 
and Kumar  2001 ; Varma et al.  2004 ). However, lipophilic compounds are highly 
permeable through the intestinal membrane via active transport and facilitated dif-
fusion, whereas hydrophilic compounds have low permeability and are absorbed 
only by active transport mechanisms (Acosta  2009 ). Besides solubility, a bioactive 
compound needs to retain its stability and biological activity until it reaches the 
targeted site (Ezhilarasi et al.  2013 ). 

 Nanoencapsulation protects the bioactive component from unfavorable 
environmental conditions, e.g., from oxidation and pH and enzymatic degradation 
(Fang and Bhandari  2010 ). Nanocarrier food systems such as lipid-based or natural 
biodegradable polymer-based capsules are most often utilized for encapsulation 
(Chen et al.  2006a ). Nanoemulsions, nanoliposomes, solid lipid nanoparticles, and 
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nanostructured lipid carriers are widely used lipid-based nanocarrier systems hav-
ing application in the pharmaceutical, cosmetic, and food industries. Natural poly-
mers such as albumin, gelatin, alginate, collagen, chitosan, and α-lactalbumin are 
used in the formulation of nanodelivery systems (Reis et al.  2006 ; Graveland-Bikker 
and De Kruif  2006 ). There has been tremendous growth in the development of food 
nanocarrier systems in the last decade as various products have been developed 
(e.g., whey protein) for use as nanocarriers to improve the bioavailability of nutra-
ceuticals, for nanodrop mucosal delivery of vitamins, and as nanobased mineral 
delivery systems (Chen et al.  2006a ,  b ; Ezhilarasi et al.  2013 ).  

1.4     Nanoencapsulation Techniques 

 The techniques used for achieving nanoencapsulation are more complex than for 
microencapsulation. This is mainly due to the diffi culty in attaining the complex 
morphology of the capsule and core material and the demands of controlling the 
release rate of the nanoencapsulates (Chi-Fai et al.  2007 ). The chemical and physi-
cal natures of the core and shell materials, evaluation of their interactions, as well as 
their proportion in the formulation of the capsules are important parameters that 
determine the fi nal properties of the particles (Li and Szoka  2007 ). Various tech-
niques have been developed and used for microencapsulation purposes. However, 
emulsifi cation, coacervation, inclusion complexation, emulsifi cation-solvent evapo-
ration, nanoprecipitation, and supercritical fl uid techniques are considered to be 
nanoencapsulation techniques because they can produce capsules in the nanometer 
range (10–1,000 nm) (Ezhilarasi et al.  2013 ). The nanoencapsulation techniques use 
either top-down or bottom-up approaches for the development of nanomaterials. 
Top-down approaches involve the application of precise tools with force that allow 
size reduction and shaping of the structure for the desired application of the nano-
material. The degree of control and refi nement in size reduction processes infl u-
ences the properties of the materials produced. In the bottom-up approach, materials 
are constructed by self-assembly and self-organization of molecules, which are 
infl uenced by many factors, including pH, temperature, concentration, and ionic 
strength (Augustin and Sanguansri  2009 ). 

 Techniques such as emulsifi cation and emulsifi cation-solvent evaporation are 
used in the top-down approach, On the other hand, supercritical fl uid techniques, 
inclusion complexation, coacervation, and nanoprecipitation are used in the bottom-
 up approach (as shown in Fig.  1.2 ) (Sanguansri and Augustin  2006 ; Mishra et al. 
 2010 ). These nanoencapsulation techniques can be used for encapsulation of vari-
ous hydrophilic and lipophilic bioactive compounds. Emulsifi cation, coacervation, 
and the supercritical fl uid technique are used for encapsulation of both hydrophilic 
and lipophilic compounds (McClements et al.  2009 ; Chong et al.  2009 ; Leong et al. 
 2009 ). However, inclusion complexation, emulsifi cation-solvent evaporation, and 
nanoprecipitation techniques are mostly used for lipophilic compounds (Reis et al. 
 2006 ; Ezhilarasi et al.  2013 ).

1.4  Nanoencapsulation Techniques
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   For understanding the possible benefi ts as well as the potential toxicity of 
nanoparticles in biological systems, complete and accurate characterization of 
nanoparticles is required (Oberdorster et al.  2005 ). Characterization includes state 
of aggregation, dispersion, sorption, size, structure, and shape, which can be studied 
using transmission electron microscopy (TEM), scanning electron microscopy 
(SEM), high-resolution transmission electron microscopy (HRETM), and atomic 
force microscopy (AFM) (Mavrocordatos et al.  2004 ). Tiede et al. ( 2008 ) reviewed 
the measurement of nanoparticle properties using different analytical techniques 
such as microscopy, chromatography, spectroscopy, centrifugation, and fi ltration. 

 The main focus of subsequent chapters is to discuss the various nanoencapsula-
tion techniques, especially for food applications, along with the safety and regula-
tory issues.                                                              

1 mm

100 µm

10 nm

100 nm

1 nm

10 µm

1 µm

Bottom-Up
Approach

•   Coacervation 
•   Nanoprecipitation 
•   Inclusion 
    complexation

•   Supercritical fluid 

Top-down
Approach

•   Emulsification

•   Emulsification- 
    solvent  
    evaporation 

  Fig. 1.2    Top-down and bottom-up approaches in nanoencapsulation (Ezhilarasi et al.  2013 )       
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            A combination of high-energy approaches (such as high-speed and high- pressure 
homogenization or high-pressure homogenization and ultrasonication) can aid in 
the formation of nanoemulsions with very small droplet diameters. A practical 
approach is to emulsify the sample under conditions of increasing intensity (e.g., 
starting at 2,000 rpm and increasing to 20,000 rpm in a rotor-stator), especially if 
the dispersed phase is highly viscous. One major constraint faced by researchers 
after the production of nanoemulsions is the process of Ostwald ripening, wherein 
the mean size of the nanoemulsion increases over time due to diffusion of oil 
 molecules from the small to large droplets through the continuous phase. This is 
particularly seen in nanoemulsions formed by low-energy emulsifi cation methods. 
A possible means to overcome this instability mechanism is by increasing the sur-
factant concentration by altering the oil-to-surfactant ratio. This chapter reviews the 
various techniques for nanoemulsion preparation.  

2.1               Nanoemulsions 

 Nanoemulsions are colloidal dispersions comprising two immiscible liquids, one of 
which is dispersed in the other, possessing droplets of diameter ranging from 50 to 
1000 nm (Sanguansri and Augustin  2006 ). The very small droplet size provides 
nanoemulsion stability against sedimentation and creaming, along with a transpar-
ent or slightly turbid appearance suitable for food applications (Tadros et al.  2004 ). 
Based on the relative spatial organization of the oil and aqueous phases, there are 
two basic types of nanoemulsion: oil-in-water (O/W) and water-in-oil (W/O). The 
O/W nanoemulsion consists of oil droplets dispersed in a water phase and the W/O 
nanoemulsion consists of water droplets dispersed in an oil phase (McClements and 
Rao  2011 ). 

 Nanoemulsions offer great potential to encapsulate high concentrations of oil- 
soluble bioactive compounds into a wide range of foodstuffs. Lipophilic active 
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agents such as β-carotene, plant sterols, carotenoids, and essential fatty acids can be 
encapsulated and delivered by O/W emulsion, whereas a W/O emulsion can be used 
to encapsulate water-soluble food active agents such as polyphenols (Zuidam and 
Shimoni  2010 ). In order to protect these bioactive compounds from degradation, a 
stable nanoemulsion has to be obtained. Hence, forming a nanoemulsion possessing 
a size specifi c for the end application proves to be a crucial process. However, the 
systems are non-equilibrium, they cannot be formed spontaneously and require 
energy input provided by external or internal sources (Gutierrez et al.  2008 ; Meleson 
et al.  2004 ). Besides the source of energy, a few other factors affect the fi nal stability 
and characteristics of the nanoemulsion. For instance, the method of preparation, 
the order of addition of the ingredients (e.g., oil, water, and surfactant), the nature 
of the continuous and dispersed phases, and the amount and type of surfactant used, 
together affect the formation of nanoemulsions (Tadros et al.  2004 ; Devarajan and 
Ravichandran  2011 ). 

 The fabrication of nanoemulsions can be broadly categorized as either high- 
energy or low-energy approaches, depending on the underlying principle. The high- 
energy approaches disrupt the oil and aqueous phases into tiny droplets using 
mechanical devices such as high-pressure homogenizers, microfl uidizers, and soni-
cators (Leong et al.  2009 ). In low-energy approaches, nanoemulsions are formed as 
a result of phase transitions that occur during the emulsifi cation process when the 
environmental conditions (either temperature or composition) are altered, e.g., 
phase inversion and spontaneous emulsifi cation methods (Yin et al.  2009 ). Table  2.1  
describes the nanoemulsifi cation techniques for various bioactive components.

2.2        High-Energy Approaches 

 In high-energy approaches, intense disruptive force is applied on the sample to be 
emulsifi ed. Two opposing processes namely, droplet disruption and droplet coales-
cence, take place inside the system. The achievement of a balance between these 
two processes leads to the production of smaller droplets (Jafari et al.  2008 ). Intense 
energies are required from a mechanical device or homogenizer to generate disrup-
tive forces higher than the restoring forces that hold the droplets into spherical 
shapes (Schubert and Engel  2004 ). The droplet size of nanoemulsions depends on 
factors such as the design of homogenizer (rotor-stator homogenizer, pressure 
homogenizer, ultrasonic homogenizer), homogenizer operating conditions (pres-
sure, temperature, number of passes or cycles, valve and impingement design, fl ow 
rate), environmental conditions (temperature), sample composition (oil phase, 
aqueous phase, surfactant concentration, and/or co-surfactant concentration), and 
its physicochemical properties (Kentish et al.  2008 ; Wooster et al.  2008 ; Bhavsar 
 2011 ). During emulsifi cation, an increase in the energy intensity or duration will 
decrease the interfacial tension. This enhances the emulsifi er adsorption rate and, 
consequently, the disperse-to-continuous phase viscosity ratio (η D /η C ) falls within a 
certain range, i.e., 0.05–5 (Tadros et al.  2004 ). These processes collectively aid in 
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producing smaller droplet sizes. Preparation of a nanoemulsion is most effi ciently 
carried out in two steps: fi rst, conversion of separate oil and water phases into a 
“coarse emulsion” with fairly large emulsion droplet size (EDS) using rotor-stator 
devices (Rodgers et al.  2011 ) and, second, reduction of EDS using high-pressure 
systems (Jafari et al.  2008 ). 

2.2.1     High-Pressure Homogenizer 

 High-pressure valve homogenizers are commonly used in the food industry for the 
production of conventional emulsions with small droplet sizes (Schubert    et al.  2003 ; 
Schubert and Engel  2004 ). In nanoemulsion production, the coarse emulsions pro-
duced using rotor-stator systems are fed directly into the inlet of a high-pressure 
valve homogenizer. Then, the emulsion is pulled into a chamber by the backstroke 
of a pump and forced through a narrow valve present at the end of the chamber on 
its forward stroke (Tadros et al.  2004 ). The passage of the coarse emulsion through 
the narrow valve causes the large droplets to be broken down into smaller ones by a 
combination of intensive disruptive forces acting on them, such as shear stress, cavi-
tation, and turbulent fl ow conditions (Fig.  2.1 ) (Stang et al.  2001 ).

   Generally, it requires extremely high pressure and multiple passes to produce 
nanoemulsions with the required EDS (McClements and Rao  2011 ). Other factors 
that determine the droplet size are the disperse-to-continuous phase viscosity ratio 
(η D /η C ) and the usage of an appropriate emulsifi er (Walstra  1993 ,  2003 ). Using 
high-pressure homogenization, Yuan et al. ( 2008 ) produced β-carotene nanoemul-
sions (O/W) (Fig.  2.2 ) with medium chain triacylglycerol (MCT) oil. Various types 
of emulsifi ers (Tween 20, 40, 60, and 80) at various concentrations from 4% to 12% 
were used along with changes in homogenization pressure, temperature, and cycle. 
Nanoemulsions with dispersed particle sizes ranging from 132 to 184 nm were 
obtained. The particle sizes decreased and physical stability increased with increase 
in homogenization pressure and cycle.

  Fig. 2.1    High-pressure valve homogenizer (McClements and Rao  2011 )       
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   Similarly, Wang et al. ( 2008b ) prepared curcumin nanoemulsions using MCT as 
oil and Tween 20 as emulsifi er by high-pressure homogenization. Nanoemulsions 
had a mean droplet size of 82 nm with enhanced anti-infl ammatory activity, as evi-
denced by experiments using the mouse ear infl ammation model. Likewise, using 
high-pressure homogenization, Relkin et al. ( 2008 ) studied the structural behavior 
of lipid droplets (composed of stearin-rich milk fat fraction) in sodium caseinate- 
stabilized nanoemulsions containing α-tocopherol. Study revealed that the food- 
grade nanoemulsions effectively protected α-tocopherol against degradation. 
Recently, Donsi et al. ( 2011b ) prepared nanoemulsions using a terpene mixture and 
 d -limonene using high-pressure homogenization at 300 MPa. Various formulations 
were prepared using palm oil and sunfl ower oil as lipophilic phase and soy lecithin, 
clear gum, Tween 20, and glycerol monooleate as emulsifi ers. The most promising 
formulations had mean droplet size of 75 nm for terpenes and 240 nm for  d - 
limonene , along with enhanced antimicrobial activity in foods.  

2.2.2     Microfl uidizer 

 Microfl uidization involves the application of high pressure on a coarse emulsion for 
the production of nanoemulsions. It produces smaller droplets and narrower distri-
bution of EDS compared with traditional emulsifi cation techniques (Pinnamaneni 
et al.  2003 ). 

 A microfl uidizer is similar to a high-pressure homogenizer; however, the design 
of the channels for the fl ow of emulsion is different. The emulsion initially fl owing 
through a channel is further divided into two streams and each stream is passed 

  Fig. 2.2    Transmission electron micrograph of β-carotene nanoemulsions (Yuan et al.  2008 )       
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through a separate fi ne channel. At the interaction chamber, the two fast-moving 
streams are directed at each other, creating intense disruptive forces that lead to 
highly effi cient droplet disruption (McClements and Rao  2011 ) (as shown in Fig.  2.3 ).

   Using a microfl uidization technique, Buranasuksombat et al. ( 2011 ) produced 
nanoemulsions of lemon myrtle oil with Tween 80 as emulsifi er at 60 MPa pressure. 
The nanoemulsion had a mean droplet size of 95–99 nm, with a mild lemon fl avor. 
Similarly, Qian et al. ( 2012 ) prepared β-carotene-enriched nanoemulsions stabilized 
by β-lactoglobulin using a high-pressure microfl uidizer. A nanoemulsion with mean 
droplet diameter of 156 nm was obtained. The results also showed that the nano-
emulsions were stable for 15 days at 20 °C, as evident by the unvarying particle 
radius and particle size distribution. 

 Recently, Salvia-Trujillo et al. ( 2013 ) studied the effect of processing parameters 
on the physicochemical characteristics of microfl uidized lemongrass essential oil–
alginate nanoemulsions (Fig.  2.4 ). The microfl uidizer processing pressure and 

  Fig. 2.3    Microfl uidizer (McClements and Rao  2011 )       

  Fig. 2.4    Transmission electron micrograph of microfl uidized lemongrass oil–alginate nanoemul-
sion (Salvia-Trujillo et al.  2013 )       
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number of cycles signifi cantly infl uenced the average droplet size, polydispersity 
index, and size distribution of the emulsion. When passed three times through a 
microfl uidizer operating at 150 MPa the obtained nanoemulsions were almost trans-
parent, with an average droplet size of 7 nm and polydispersity index of 0.34. The 
authors reported that microfl uidization was an effective technique for formation of 
essential oil nanoemulsions.

   Under certain conditions, such as high pressure and longer emulsifi cation times, 
microfl uidization is considered to be an unfavorable technique because it leads to 
“over-processing,” which is re-coalescence of emulsion droplets (Jafari et al.  2006 ; 
Lobo and Svereika  2003 ; Olson et al.  2004 ). This phenomenon was also reported by 
Jafari et al. ( 2007a ) in the preparation of  d -limonene nanoemulsion (O/W) by 
microfl uidization and ultrasonication and subsequent encapsulation using spray 
drying. Maltodextrin combined with a surface-active biopolymer (Hi-Cap) at a ratio 
of 3:1 was used as continuous phase. The study reported that microfl uidization 
proved to be an effi cient emulsifi cation technique, however, increasing the microfl u-
idization energy input beyond moderate pressures (40–60 MPa) and number of 
cycles (1–2) led to over-processing of emulsion droplets due to re-coalescence.  

2.2.3     Ultrasonic Homogenizers 

 Ultrasonic emulsifi cation involves the application of an acoustic fi eld that produces 
interfacial waves to create intense disruptive forces, resulting in eruption of the oil 
phase into the water medium in the form of droplets (Li and Fogler  1978a ). 

 The pressure fl uctuations of the sound waves cause formation and subsequent 
collapse of microbubbles. This creates extreme levels of localized turbulence, which 
aid in breaking up primary droplets of dispersed oil into droplets of submicron size 
(Li and Fogler  1978b ). Figure  2.5  illustrates the ultrasonic jet homogenizer. 
Ultrasound can be generated either mechanically (whistle, siren) or electrically 

  Fig. 2.5    Ultrasonic jet homogenizer (McClements and Rao  2011 )       
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(reverse piezoelectric effect or magnetostrictive transducers), the latter being widely 
used in food systems (Mason  1999 ). Emulsifi cation can be achieved using ultra-
sound in the range of 16–100 kHz (Canselier et al.  2002 ), either as a batch or con-
tinuous process. Kentish et al. ( 2008 ) studied both a batch and continuous focused 
fl ow-through ultrasonic cell for emulsifi cation using fl ax seed oil. Emulsions with a 
mean droplet size as low as 135 nm were achieved using Tween 40 as surfactant. 
The authors concluded that the batch cell produced better results although continu-
ous equipment is likely to be more viable in a commercial environment.

2.3         Low-Energy Approaches 

 Low-energy methods use the internal chemical energy of the system for emulsion 
production (Tadros et al.  2004 ; Sole et al.  2006 ) and are more cost-effective than 
high-energy methods. Commonly used low-energy emulsifi cation methods are self- 
emulsifi cation and phase inversion methods. 

2.3.1     Self-Emulsifi cation Methods 

 Self-emulsifi cation methods involve the spontaneous formation of emulsion through 
the rapid diffusion of surfactant and/or solvent molecules from the dispersed phase 
to the continuous phase with the help of the chemical energy released due to the 
dilution process (Pouton and Porter  2006 ; Ghai and Sinha  2012 ). This method can 
be used to produce nanoemulsions by dilution of microemulsions at stabilized mix-
ing conditions. Dilutions can be brought about by addition of an organic phase 
containing hydrophobic oil, a hydrophilic surfactant, and a water-miscible organic 
solvent to water (Anton and Vandamme  2009 ), or by addition of water to an organic 
phase containing hydrophobic oil, water-miscible organic solvent, and surfactant 
(Sonneville-Aubrun et al.  2009 ). For instance, Porras et al. ( 2008 ) formed nano-
emulsions with droplet size ranging from 30 to 120 nm by employing the low- 
energy emulsifi cation method of adding water to a mixture of surfactants and decane 
(oil phase). In this way, when surfactant, oil, and water contents are optimized, 
nanoemulsions can be produced (McClements and Rao  2011 ).  

2.3.2     Phase Inversion Methods 

 Phase inversion methods utilize the chemical energy released as a result of phase 
transitions taking place during the emulsifi cation process. Nanoemulsions have 
been formed by inducing phase inversion in emulsions from a W/O to O/W form or 

2 Techniques for Formation of Nanoemulsions
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vice versa by either changing the temperature (phase inversion temperature methods, 
PIT) or the composition (phase inversion composition methods, PIC) (Solans and 
Sole  2012 ; McClements and Rao  2011 ). The phase transition in PIT methods is 
achieved by changes in temperature that affect the spontaneous curvature of surfac-
tants such as polyoxyethylene-type nonionic surfactants. But in the PIC method, 
phase transition is achieved by changes in the composition at a constant temperature 
(Solans and Sole  2012 ). 

2.3.2.1     Phase Inversion Temperature Methods 

 The PIT method is based on the changes caused in the physicochemical properties 
of nonionic surfactants with a change in temperature (Anton and Vandamme  2009 ; 
Anton et al.  2008 ; Gutierrez et al.  2008 ). Manipulation of the temperature–time 
profi le of certain mixtures of oil, water, and nonionic surfactant can aid in the for-
mation of nanoemulsions using PIT methods. 

 The preparation of nanoemulsions using PIT methods requires the sample to be 
brought to its phase inversion temperature (PIT) or hydrophile–lipophile balance 
(HLB) temperature. This is the temperature at which the balance exists between 
hydrophilic and lipophilic properties of the system and, hence, an extremely low 
interfacial tension can be achieved to promote emulsifi cation (Shinoda and Kunieda 
 1983 ; Kunieda and Friberg  1981 ). As a result, nanoemulsions can be obtained. 
However, at the HLB temperature, the barriers that oppose coalescence processes are 
low and this may lead to coalescence of the droplets, making the emulsion unstable 
(Taisne and Cabane  1998 ; Kabalnov and Wennerstrom  1996 ). Hence, once the small 
droplets are formed, the temperature has to be immediately shifted from the HLB 
temperature either by rapid cooling or by rapid heating. This essential step in the PIT 
method gives rise to kinetically stable nanoemulsions (Solans and Sole  2012 ).  

2.3.2.2     Phase Inversion Composition Methods 

 The PIC method involves the progressive addition of one of the components either 
water or oil to a mixture of the other two components, either oil/surfactant or water/
surfactant, respectively (Machado et al.  2012 ). As the volume fraction of the water 
increases in the system, a transition composition is obtained where the hydration 
grade of the polyoxyethylene chains of the surfactant progressively increases and 
the surfactant spontaneous curvature changes from negative to zero. In this transi-
tion composition, the surfactant hydrophilic–lipophilic properties are balanced 
(as obtained at the HLB temperature). Above the transition composition, the struc-
tures with zero curvature separate and form metastable O/W droplets, which have a 
very small diameter. The PIC method has potential advantages over the PIT method 
for handling components with temperature-stability problems or systems containing 
surfactants that are not of the polyoxyethylene type (Solans and Sole  2012 ).   

2.3  Low-Energy Approaches
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2.3.3     Emulsion Inversion Point Methods 

 In PIT and PIC methods of emulsifi cation, a change is brought about in the properties 
of the surfactant by manipulating the temperature, pH, or composition of the system, 
leading to a transitional-phase inversion from one type of emulsion to another. 
In the emulsion inversion point (EIP) method, catastrophic-phase inversion is 
induced by altering the ratio of the oil-to-water phases, either by increasing or 
decreasing the volume of the dispersed phase in an emulsion above or below some 
critical level (Fernandez et al.  2004 ; Thakur et al.  2008 ). 

 In the EIP method, an W/O emulsion containing water droplets dispersed in oil 
is formed initially using a small molecule surfactant. To achieve phase inversion 
from a W/O to O/W system, increasing amounts of water is added to the system 
with constant stirring until the critical point is exceeded. At this stage, the coales-
cence rate of water droplets exceeds the coalescence rate of oil droplets and leads to 
phase inversion (Thakur et al.  2008 ). The major factors contributing to the emulsi-
fi cation process are the critical surfactant concentration and the surfactant-to-oil 
ratio (Fernandez et al.  2004 ). 

 Nanoemulsions can be used directly in the liquid state or can be dried to powder 
form using drying techniques such as spray drying and freeze-drying. The applica-
tion of food-grade nanoemulsions is discussed separately in Chap.   7       .                                                            

2 Techniques for Formation of Nanoemulsions
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            A delivery system is a formulation or a device that introduces bioactive compounds 
into the body and improves their effi cacy and safety by controlling the rate and tar-
geted release of the bioactive compound. Food-based nanocarrier systems are gen-
erally based on carbohydrate, protein, or lipids. There are various types of lipid-based 
nanoparticulate delivery systems such as nanoemulsions, nanoliposomes, solid lipid 
nanoparticles, lipid nanotubes, lipid nanospheres, and nanostructured lipid carriers. 
As nanocarriers, they are expected to be promising oral carriers due to their poten-
tial to improve the solubility and bioavailability of poorly water- soluble and lipo-
philic compounds. The selection of an appropriate delivery system is dictated by the 
characteristic solubility and stability of the bioactive compound, the safety and effi -
ciency of the bioactive-carrier lipid matrix, intended application, route of adminis-
tration, etc. Hence, lipid-based nanoencapsulation is emerging as one of the most 
promising encapsulation technologies in the fi eld of nanotechnology. This chapter 
reviews the present state of the art of widely used lipid-based nanoparticulate deliv-
ery systems such as solid lipid nanoparticles (SLN), nanostructured lipid carriers 
(NLC), and nanoliposomes.  

3.1               Lipid-Based Delivery Systems 

 A lipid-based delivery system has the ability to entrap material with different solu-
bilities and can be produced using natural lipid based ingredients on an industrial 
scale (Mozafari and Mortazavi  2005 ). Such delivery systems can also protect the 
active compounds from biological degradation or transformation, enhance the bio-
active compound potency with higher encapsulation effi ciency, and can lower toxic-
ity (Fathi et al.  2012 ). Another unique property of lipid-based nanocarriers is 
targeted delivery inside the body through active (e.g., by incorporation of antibod-
ies) and passive mechanisms (e.g., based on particle size) (Mozafari and Mortazavi 

    Chapter 3   
 Bioactive Entrapment Using Lipid-Based 
Nanocarrier Technology 
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 2005 ). The delivery system can impart stability to water-soluble material and also accom-
modate lipid-soluble agents, with synergistic effect if required (Gouin  2004 ; Suntres 
and Shek  1996 ). Moreover, several studies have reported that encapsulation of bio-
active compounds through lipid-based carrier systems improves their therapeutic 
potential by facilitating intracellular delivery and prolonging their retention time 
inside the cell (Stone and Smith  2004 ). 

 The major ingredients involved in the formulation of lipid-based particulate 
delivery systems are emulsifi ers (e.g., Poloxamer 188, Polysorbate 20, lecithin), 
lipids (e.g., triglycerides, steroids), bilayer lipids (e.g., phospholipids) and non- 
bilayer lipids (e.g., hard fats, mono-, di-, and triglyceride mixtures) (Attama et al. 
 2012 ). These lipid nanoformulations can be tailored to meet a wide range of product 
requirements dictated by disease condition, route of administration, and consider-
ations of cost, product stability, toxicity, and effi cacy (Mozafari  2006 ). The reported 
safety and effi cacy of lipid-based carriers make them attractive candidates for the 
encapsulation of nutraceuticals, pharmaceutical compounds, etc. 

 Lipid-based nanoparticulate delivery systems for various bioactive compounds 
are described in terms of their production method, advantages, fl aws, and variations 
in Table  3.1 .

3.2        Solid Lipid Nanoparticles 

 Solid lipid nanoparticles (SLN) are in the submicron size range and composed of 
solid lipids such as triacylglycerol, waxes, and paraffi ns (Jenning et al.  2000 ). 
The structure is an aqueous colloidal dispersion within a matrix of solid lipid shell 
(Muller et al.  2000 ). SLN are a new generation of submicron-sized lipid emulsions 
where the liquid lipid (oil) is replaced by solid lipid. Compared to nanoemulsions 
and liposomes, SLN have some distinct advantages (Saupe and Rades  2006 ), which 
include:

•    High encapsulation effi ciency  
•   Avoidance of organic solvents  
•   Possibility of large scale production and sterilization  
•   Flexibility in controlling the release of encapsulated compounds due to the solid 

matrix  
•   Slower degradation rate and sustained release of bioactive compound  
•   Effective protection of bioactive compounds against chemical degradation    

 High-pressure homogenization (HPH) is a suitable method for the preparation of 
SLN. High-pressure homogenizers push a liquid with high pressure (100–2,000 bar) 
through a narrow gap (in the range of a few microns). The fl uid accelerates over a 
very short distance with very high velocity (over 1,000 km/h). Very high shear stress 
and cavitation forces disrupt the particles down to the submicron range. Typical 
lipid contents are in the range of 5–10 % and even higher lipid concentrations (up to 
40 %) can be homogenized to lipid nanodispersions (Lippacher et al.  2000 ). 

3 Bioactive Entrapment Using Lipid-Based Nanocarrier Technology
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 In the production of SLN there are two general approaches for the homogeniza-
tion step: hot and cold homogenization techniques (as shown in Fig.  3.1 ) (Muller 
et al.  1995 ). In both cases, a preparatory step involves the incorporation of active 
compounds into the bulk lipid by dissolving or dispersing them in the lipid melt 
technique. Briefl y, for the hot HPH, the lipid and active compounds are melted 
(approximately 10 °C above the melting point of the lipid) and combined with an 
aqueous surfactant solution at the same temperature. A hot pre-emulsion is formed 
by homogenization and then processed in a temperature-controlled high-pressure 
homogenizer at 500 bar (or more) with a predetermined number of cycles. The 
obtained nanoemulsion recrystallizes upon cooling down to room temperature, 
forming SLN and nanostructured lipid carrier (NLC) nanoparticles. Recrystallization 
can also be initiated by lyophilization (Muller et al.  2000 ). The hot HPH is also suit-
able for heat-sensitive compounds because the exposure to an increased temperature 
is relatively short.

   The cold HPH is a suitable technique for processing heat-labile or hydrophilic 
compounds. Here, lipid and active compounds are melted together and then rapidly 

  Fig. 3.1    Procedure for hot and cold homogenization technique in SLN production (Mehnert and 
Mader  2012 )       
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ground under liquid nitrogen, forming solid lipid microparticles. This is then 
homogenized in a cold surfactant solution and subjected to HPH below room 
temperature under predetermined homogenization conditions to produce SLN and 
NLC nanoparticles (   Lippacher et al.  2002 ). 

 Schubert and Muller-Goymann ( 2005 ) encapsulated BSA in solid lipid nanopar-
ticles using hydrogenated palm oil using a HPH technique. The incorporation of 
lecithin up to 30 % (w/w) within the lipid matrices led to a concentration-dependent 
particle size reduction down to 100 nm. Variations in SLN composition resulted in 
particle sizes between 674 and 61 nm. The particles were anisometrical and crystal-
line with an albumin payload ranging from 2.5 % to 15 %. They also showed low 
 in vitro  cytotoxicity. Similarly, using high-speed homogenization through a melt 
emulsifi cation process, Teska and Kristl ( 2010 ) encapsulated resveratrol in SLN. 
The solubility, stability, and intracellular delivery of resveratrol were increased by 
loading into SLN and the particle size was below 180 nm. The release profi le of 
resveratrol showed a biphasic pattern and effectively decreased cell proliferation. 

 Microemulsion is another method for the preparation of SLN and it is based on 
the principle that addition of a microemulsion to water leads to precipitation of the 
lipid phase, forming particles (Gasco  1997 ). The excess water is then removed 
either by ultrafi ltration or by lyophilization in order to increase the particle concen-
tration. Using the microemulsion technique, Tiyaboonchai et al. ( 2007 ) developed 
curcuminoid-loaded SLN at 75 °C. At optimized process conditions, lyophilized 
curcuminoid-loaded SLN exhibited a spherical shape with a mean particle size of 
450 nm and incorporation effi cacy of 70 %. In vitro release studies showed a pro-
longed release of the curcuminoids from the SLN for up to 12 h. Moreover, lyophi-
lized curcuminoids showed good physical and chemical stability over the storage 
period of 6 months. 

 SLN can also be prepared by ultrasonication techniques in combination with 
high-speed homogenization. Nayak et al. ( 2010 ) produced curcuminoid-loaded 
SLN by an emulsion technique employing a high-speed homogenizer and ultrasonic 
probe. Particles exhibited a spherical shape with sizes ranging between 120 and 
250 nm. The entrapment effi ciency and loading capacity was found to be in the 
range of 80–94 % and 1–3 %, respectively. Curcuminoid-loaded SLN exhibited a 
two fold increase in antimalarial activity as compared with free curcuminoids at the 
tested dosage level. Likewise, Li et al. ( 2011 ) prepared curcuminoid-loaded SLN 
and curcumin-loaded SLN with stearic acid and soy lecithin by using ultrasonica-
tion. The average particle size was 119 nm and the extraction recovery rate ranged 
from 78 % to 88 %. Recently, Venishetty et al. ( 2012 ) prepared  N -carboxymethyl 
chitosan-coated carvedilol-loaded SLN through high-speed homogenization and 
ultrasonication techniques using monoglyceride as lipid. Particle size was in the 
range of 61–105 nm and encapsulation effi ciency was about 95–98 %. Even after 3 
months of storage, particle size remained below 100 nm. There was no burst release 
of carvedilol and it was effectively protected from the gastric environment, with 
improved stability in acidic medium.  

3 Bioactive Entrapment Using Lipid-Based Nanocarrier Technology
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3.3     Nanoliposomes 

 Liposomes are microscopic vesicles composed of membrane-like phospholipid 
bilayers surrounding an aqueous medium. Liposomes are successfully employed for 
the encapsulation of a wide range of synthetic and biological compounds with 
extensive application in the pharmaceutical, food, and cosmetics industries. Owing 
to the possession of both lipid and aqueous phases, liposomes can be utilized in the 
entrapment of water-soluble, lipid-soluble, and amphiphilic materials. Moreover, 
they are effi cient at encapsulating and stabilizing bioactive molecules against vari-
ous environmental factors and protecting them from degradation (Mozafari and 
Khosravi-Darani  2007 ). 

 Liposomes are classifi ed according to the number of lamellae and size (Fig.  3.2 ). 
Liposomes with a single bilayer membrane are called small (<30 nm) or large (30–
100 nm) unilamellar vesicles (ULV). Liposomes composed of a number of concen-
tric bilayers are known as a multilamellar vesicles (MLV), and those composed of 
many small nonconcentric vesicles within a single lipid bilayer are known as a 
multivesicular vesicles (MVV) (New  1990 ). MLVs and MVVs are more suitable for 
entrapment of lipid-soluble material, whereas ULVs are suitable for water-soluble 
material. Apart from the core material, liposome formation is also based on the 
hydrophobic–hydrophilic interactions between lipid/lipid and lipid/water phases 
(Goyal et al.  2005 ).

   Nanoliposomes are nanometric versions of liposomes, mostly applied for 
encapsulation and controlled release systems. Liposomes and nanoliposomes that 
can incorporate and release two materials with different solubilities simultane-
ously are termed “bifunctional liposomes” (Suntres and Shek  1996 ). Nanoliposomes 
should be capable of retaining their nanometric size and stability throughout the 
storage period and also during the end application (Mozafari and Mortazavi  2005 ). 
An input of energy results in arrangement of the lipid molecules, in the form of 
bilayer vesicles, to achieve a thermodynamic equilibrium in the aqueous phase. 

  Fig. 3.2    Multilamellar vesicle ( MLV ), multivesicular vesicle ( MVV ), and unilamellar vesicle 
( ULV ). The  shaded areas  are the lipidic phases of the liposomes, while the  enclosed white areas  
are their aqueous phases (Mozafari et al.  2006 )       
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The most commonly applied techniques based on the input of mechanical energy 
are high-intensity ultrasonication, high-pressure homogenization, extrusion, mem-
brane homogenization, and microfl uidization. Non-mechanical methods include 
reverse phase evaporation, removal of detergents from mixed detergent/lipid 
micelles, and freeze-drying followed by rehydration (Taylor et al.  2005 ). 

 Bangham thin fi lm hydration is one of the most widely used methods for the 
preparation of MLV. The technique involves drying a solution of lipids so that a thin 
fi lm is formed at the bottom of a round-bottom fl ask, followed by hydrating the fi lm 
by adding aqueous buffer and vortexing the dispersion for some time. The com-
pounds to be encapsulated are added either to aqueous buffer or to an organic sol-
vent containing lipids, depending upon their solubilities (Bangham et al.  1965 ). 
Extrusion is another process in which micrometric liposomes (e.g., MLV) are struc-
turally modifi ed to large unilamellar vesicles (LUV) or nanoliposomes, depending 
on the pore size of the fi lters used (Berger et al.  2001 ). 

 Using a thin fi lm hydration method together with extrusion, Maherani et al. 
( 2012 ) encapsulated carnosine in different phospholipids by formation of nanolipo-
somes (Fig.  3.3 ). The particle size was in the range of 116–120 nm and loading 
effi ciency was less than 22 %. The encapsulation effi ciency was less than 25 % and 
it was determined that encapsulation effi ciency tended to increase as the saturation 
degree of the lipids in the liposome membrane increases. Similarly, Cadena et al. 
( 2013 ) performed nanoencapsulation of quercetin and resveratrol into sodium 
deoxycholate-elastic liposomes using a thin lipid fi lm method along with freeze- 
drying. The obtained liposomes exhibited a mean diameter of 149 nm and the 
encapsulation effi ciency was almost 97 %. The best liposomal formulation reduced 
the use of phosphatidyl choline and cholesterol to 18 % and 69 %, respectively.

   Mozafari’s heating method is a solvent-free method in which glycerol is used as 
dispersant agent, which facilitates the homogenous solubilization of lipids and 
encapsulated materials. The liposomal ingredients are added to a preheated mixture 

  Fig. 3.3    Transmission electron micrographs of  l -carnosine-encapsulated nanoliposomes prepared 
by the extrusion technique (Maherani et al.  2012 )       
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of bioactive compound and glycerol (at about 60 °C). The mixture is further heated 
while stirring under nitrogen atmosphere and results in the formation of MLV. If 
nanosized vesicles (nanoliposomes) are required, the samples are then extruded 
through membrane fi lters above the phase transition temperature ( T  c ) of the lipo-
somes. Finally, the product is left at a temperature above  T  c  under nitrogen for sta-
bilization (Mozafari  2005 ). Using this technique, Colas et al. ( 2007 ) encapsulated 
nisin and reported 12–54 % encapsulation effi ciency. Moreover, the nanoliposomes 
were stable for 14 months at 4 °C and 12 months at 25 °C. Recently, Rasti et al. 
( 2012 ) compared Bangham thin-fi lm hydration and Mozafari methods by loading 
polyunsaturated fatty acids (PUFAs, docosahexaenoic acid and eicosapentaenoic 
acid) in liposomes using soybean phospholipids. The highest physicochemical sta-
bility was observed in PUFA liposomes prepared by the Mozafari method, rather 
than in those prepared by the Bangham method or in bulk PUFAs. Further, there was 
no signifi cant change in physicochemical stability during 10 months of cold storage 
(4 °C) in the dark. Moreover, PUFAs in nanoliposomes (50–200 nm) exhibited 
higher surface charge, physical stability, and oxidative stability compared to those 
in liposomes (>200 nm). 

 HPH and ultrasonication can also be used to produce nanoliposomes. Using eth-
anol injection and sonication, Xia et al. ( 2006 ) produced coenzyme Q 10  (CoQ10) 
nanoliposomes and optimized the formulation and production at the pilot scale. The 
best formulation CoQ10 nanoliposomes was found to be phospholipid/CoQ10/cho-
lesterol/Tween 80 (2.5:1.2:0.4:1.8, w/w) with phosphate buffer solution as the 
hydration media. The average diameter was about 68 nm and encapsulation effi -
ciency was greater than 95 % with a retention ratio higher than 90 %. The particle 
size changed by less than 10 % after storage at 4 °C in the dark for 90 days. 
Fluorescence probe studies indicated that CoQ10 incorporation increased the micro-
viscosity of the nanoliposomes and inhibited the peroxidation of phospholipid. It 
was suggested that CoQ10 might intercalate between lipid molecules and perturb 
the bilayer structure. Similarly, Liu and Park ( 2010 ) developed vitamin-C-loaded 
chitosan-coated nanoliposomes using phosphatidylcholine (pc) and cholesterol 
(chol) by direct injection along with sonication. Liposomes prepared using ethanol 
as a solvent with pc: chol ratios of 40:60 and 60:40 exhibited mean diameters of 
about 97 and 96 nm, respectively. Liposomes prepared with a pc: chol ratio of 60:40 
were promising vitamin C carriers with a maximum loading effi ciency of about 
96 % and payload of about 47 %. An increase in initial mass of vitamin C resulted 
in a higher payload. The liposomes prepared with 100 mg initial mass of vitamin C 
had maximum loading. Moreover, the loading effi ciency and payload of liposomes 
were not affected by chitosan concentration. Liposomes prepared in the optimum 
conditions were stable during storage for 15 weeks and nearly 85 % of the vitamin 
C was protected against oxidation. 

 Zhao et al. ( 2011 ) produced conventional liposomes and PEG-coated vitamin E 
lyophilized proliposomes (PLP) by thin-fi lm ultrasonic dispersion and lyophiliza-
tion. The mean diameter and encapsulation effi ciency for PEG-coated lyophilized 
proliposomes were 164 nm and 84 % respectively. The vitamin E contained within 
PLP exhibited a better stability than that in conventional liposomes and the retention 
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percentage of PLP was 90 % at 4 °C after 15 days of storage. Recently, Alexander 
et al. ( 2012 ) incorporated phytosterols in soy phospholipids and encapsulated ascor-
bic acid using HPH. The plant sterols were incorporated at two different phospho-
lipid/plant sterol mix ratios, 14:1 and 13:2 (g/g). All the obtained liposomes showed 
an initial monomodal size distribution with an average diameter of 115–150 nm. 
Incorporation of plant sterols increased the vesicle size and their encapsulation 
effi ciency.  

3.4     Nanostructured Lipid Carriers 

 Nanostructured lipid carriers (NLC) are colloidal carriers characterized by a solid 
lipid core consisting of a mixture of solid and liquid lipids with mean particle size 
in the nanometer range. They consist of a lipid matrix with a special nanostructure. 
NLC are considered to be second generation lipid nanoparticles (Muller et al.  2002 ) 
and can remain in the solid state by controlling the liquid lipid content added to the 
formulation. NLC also have the advantages of SLN, including low toxicity, biodeg-
radation, protection, slow release, and avoidance of organic solvents during produc-
tion (Han et al.  2008 ). Because of their good stability and high loading capacity, 
NLC are widely applied in the pharmaceutical fi eld (Zhuang et al.  2010 ). With 
regard to these features, high drug payload, avoidance or minimization of drug 
expulsion, and enhancement of chemical stability can be achieved. Therefore, NLC 
have been described as a new generation of promising colloidal carriers. 

 Compared to emulsions, NLC can more strongly immobilize drugs and prevent 
the particles from coalescing by virtue of the solid matrix (Uner  2006 ). In addition, 
the mobility of the incorporated drug molecules is also drastically reduced in the 
solid phase. Furthermore, the liquid oil droplets in the solid matrix increase the drug 
payload capacity compared to SLN. NLC can be prepared either by blending any 
solid and liquid lipids or by mixing special combinations of solid and liquid lipids, 
leading to amorphous solids. Surfactants play an important role in the formation 
and characterization of NLC. Similar to SLN, the NLC can be manufactured through 
either hot or cold HPH. Other production methods for NLC are microemulsions 
(Gasco  1993 ), precipitation (Trotta et al.  2003 ), and dispersion by ultrasound 
(Domb  1993 ). 

 Teeranachaideekul et al. ( 2007 ) incorporated ascorbyl palmitate into nanostruc-
tured lipid carriers through a HPH method. The ascorbyl palmitate-loaded NLC 
exhibited enhanced chemical stability and storage stability. The storage of NLC at 
4 °C and room temperature (25 °C) for 90 days retained more than 85 % of ascorbyl 
palmitate. Similarly, Hentschel et al. ( 2008 ) prepared β-carotene-loaded NLC by 
HPH using Tween 80 as emulsifi er. The NLC had a mean diameter of 144–249 nm. 
The particle size decreased as the emulsifi er concentration increased. All particles 
were smaller than 1 μm and had a mean particle size of around 0.3 μm during the 
storage period of 9 weeks at 20 °C and 30 weeks at 4–8 °C. Moreover, the addition 
of tocopherol improved the stability of β-carotene in the NLC. 
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 Using ultrasonication, Liu and Wu ( 2010 ) encapsulated lutein in NLC and pre-
pared a stable NLC dispersion using Precirol, Myverol, and Pluronic. The prepared 
NLC had an imperfect crystalline lattice and a spherical morphology (Fig.  3.4 ). The 
size of the NLC decreased from 228 to 130 nm as the time of ultrasonication 
increased from 2 to 10 min. Lutein-loaded NLC effectively protected lutein in simu-
lated gastric fl uid, and slowly released lutein in simulated intestinal fl uid. Recently, 
Liu et al. ( 2012b ) produced coenzyme Q 10 -loaded NLC by hot HPH along with 
high-speed stirring at 10,000 rpm. The coenzyme Q 10 -loaded NLC showed an ellip-
soid morphology and average diameter of about 96 nm. They had average encapsu-
lation effi ciency of about 98 % and exhibited good physical and chemical stability. 
After lyophilization, the NLC had good storage stability and exhibited high bio-
availability in the in vivo study.

   Recently, Aditya et al. ( 2013 ) fabricated curcumin- and genistein-loaded NLC 
and evaluated the impact of the carriers on the bioaccessibility of curcumin and 
genistein. The entrapment effi ciency was more than 75 % for curcumin- and/or 
genistein-loaded NLC. Their solubility in simulated intestinal medium was greater 
than 75 %, compared with less than 20 % for unencapsulated compounds. Both 
curcumin and genistein shown good stability (greater than 85 %) in simulated intes-
tinal and gastric medium for up to 6 h. Co-loading of curcumin and genistein had no 
adverse effect on the solubility and stability of each molecule. Instead, co-loading 
increased loading effi ciency and cell growth inhibition in prostate cancer cells. 

 Lipid-based nanoparticulate delivery systems have been proved to be one of the 
best platforms for enhancing the stability, oral bioavailability, and biological effi -
cacies of different bioactive compounds. They are especially appealing to the food 

  Fig. 3.4    Transmission electron micrographs of lutein-loaded NLC;  scale bar  100 nm (Liu and Wu 
 2010 )       

 

3.4  Nanostructured Lipid Carriers



28

industry because there are many food-grade lipids and emulsifi ers available. 
During the past decade, many efforts have been devoted to the design and develop-
ment of different lipid-based delivery systems, and signifi cant progress has been 
made. The design principles are now quite clear, but further in depth studies are 
required on the in vivo biological effi cacies and bioavailability of encapsulated 
active compounds. The potential use of these lipid-based nanoencapsulation sys-
tems  in food products and their effect on human health has yet to be explored.                                                          
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            Nanoencapsulation is one of the most promising new technologies, having the 
 feasibility to entrap bioactive compounds. It has versatile advantages in terms of 
targeted site-specifi c delivery and effi cient absorption through cells. This chapter 
focuses on the various liquid-based nanoencapsulation techniques such as coacerva-
tion, inclusion encapsulation, nanoprecipitation, emulsifi cation-solvent evaporation, 
and supercritical fl uid. The current state of knowledge, limitations of these tech-
niques, and recent trends are discussed.  

4.1               Nanoprecipitation Technique 

 The different liquid-based techniques for nanoencapsulation of bioactive compounds 
are described in Table  4.1  (Ezhilarasi et al.  2013 ). The nanoprecipitation technique 
involves the precipitation of polymer from an organic solution and the diffusion of 
the organic solvent in an aqueous medium (Galindo-Rodriguez et al.  2004 ). 
Nanoprecipitation is based on the spontaneous emulsifi cation of the organic internal 
phase containing the dissolved polymer, drug, and organic solvent into the aqueous 
external phase. The solvent displacement forms both nanocapsules and nanospheres. 
The biodegradable polymers commonly used are poly(ε-caprolactone) (PCL), 
poly(lactide) (PLA), poly(lactide- co -glycolide) (PLGA), Eudragit, and 
poly(alkylcyanoacrylate) (PACA) (Reis et al.  2006 ). Using nanoprecipitation along 
with freeze-drying techniques, Yallapu et al. ( 2010 ) encapsulated curcumin in PLGA 
in the presence of poly(vinyl alcohol) (PVA) and poly( l -lysine) stabilizers. The 
obtained particles were in the size range of 76–560 nm and encapsulation effi ciency 
ranged from 49 % to 89 %.    Curcumin nanoparticles showed an improved anticancer 
potential in cell proliferation and clonogenic assays, compared with free curcumin. 
Similarly, Anand et al. ( 2010 ) encapsulated curcumin in PLGA with polyethylene 
glycol (PEG)-5000 as stabilizer using the nanoprecipitation technique. 

    Chapter 4   
 Liquid-Based Nanoencapsulation Techniques 

29C. Anandharamakrishnan, Techniques for Nanoencapsulation of Food Ingredients, 
SpringerBriefs in Food, Health, and Nutrition, DOI 10.1007/978-1-4614-9387-7_4,
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 The nanocapsules had a mean particle diameter of about 81 nm (Fig.  4.1 ) and 
were reported to have enhanced cellular uptake. Moreover, the curcumin nanocap-
sules exhibited increased bioactivity (in vitro )  and superior bioavailability (in vivo )  
compared with curcumin. Recently, Gou et al. ( 2011 ) encapsulated curcumin using 
a single-step nanoprecipitation method along with freeze-drying. The nanocapsules 
had a mean particle size of 27 nm, with 99 % encapsulation effi ciency. They also 
exhibited a stronger anticancer effect than free curcumin in in vivo studies. Using a 
simple nanoprecipitation method, curcumin-loaded chitosan/poly(ε-caprolactone) 
(chitosan/PCL) spherical nanoparticles (220–360 nm) were obtained (Liu et al. 
 2012a ). In vitro release studies showed the sustained release behavior of curcumin 
from nanoparticles during the 5 days study. Furthermore, in vitro cell uptake studies 
revealed that the cell uptake of curcumin was greatly enhanced by encapsulating 
curcumin into cationic chitosan/PCL. The encapsulation effi ciency and loading 
capacity of nanoparticles were 71 % and 4 %, respectively. Likewise, Suwannateep 
et al. ( 2011 ) encapsulated curcumin in ethyl cellulose and a dipolymeric carrier 
(ethyl cellulose and methyl cellulose) using a solvent displacement method in com-
bination with freeze-drying. The obtained curcumin-loaded ethyl cellulose(C-EC) 
and dipolymeric carriers had mean diameters of 281 and 117 nm, respectively. The 
curcumin nanocapsules showed in vitro cytotoxicity towards cancer cell lines, and 
C-EC exhibited excellent mucoadhesive properties.

   Using the solvent displacement method (a schematic fl ow diagram is shown in 
Fig.  4.2 ), Ribeiro et al. ( 2008 ) produced β-carotene-loaded nanodispersions by 

  Fig. 4.1    Scanning electron micrograph of nanoencapsulated curcumin (Anand et al.  2010 )       

 

4 Liquid-Based Nanoencapsulation Techniques



33

encapsulating β-carotene into PLA and PLGA and subsequent freeze-drying. 
Gelatin and Tween 20 were used as stabilizing hydrocolloids in the continuous 
phase. The nanodispersion had a mean droplet diameter of below 80 nm with nar-
row size distribution. It also exhibited higher stability against Ostwald ripening and 
coalescence. Moreover, on redispersion of lyophilized powder in water, there was 
no signifi cant change in droplet size. Tachaprutinun et al. ( 2009 ) encapsulated 
astaxanthin by solvent displacement along with freeze-drying. The method yielded 
reasonably good encapsulation effi ciency (98 %) at a loading of 40 %. Moreover, 
the freeze-dried astaxanthin-loaded nanospheres showed good dispersibility in 

  Fig. 4.2    Production of β-carotene nanodispersion by the solvent displacement method 
(Ribeiro et al.  2008 )       
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water and yielded stable aqueous suspensions of nanoparticles of about 300–320 nm. 
The nanospheres exhibited steady release of astaxanthin up to a maximum of 85 % 
payload over 60 min. NMR analysis after a 2-h heating at 70 °C showed minimal 
heat degradation of olefi nic functionality in nanoencapsulated astaxanthin com-
pared with unencapsulated pigment molecules, which were almost completely 
destroyed. Recently, Khayata et al. ( 2012 ) prepared vitamin-E-loaded nanocapsules 
(165–172 nm) by a nanoprecipitation method using the membrane contactor tech-
nique, with high encapsulation effi ciency of about 98 %.

   The nanocapsules exhibited good stability against degradation, higher encapsu-
lation effi ciency, sustained release, and increased cellular uptake and bioavailability 
during in vivo studies. However, the results depend on a good drying technique 
(freeze drying) and only polymer-based wall material can be used (PEG and PLGA). 
Appropriate solvent and non solvent phases need to be selected, which may vary for 
each bioactive component. The usefulness of this simple technique is limited to 
water-miscible solvents, in which the diffusion rate is enough to produce spontane-
ous emulsifi cation. Thus, the nanoprecipitation technique can be used for produc-
tion of nanocapsules of around 100 nm and below.  

4.2     Emulsifi cation-Solvent Evaporation Technique 

 The emulsifi cation-solvent evaporation technique involves emulsifi cation of the 
polymer solution into an aqueous phase and evaporation of polymer solvent, induc-
ing polymer precipitation as nanospheres (Reis et al.  2006 ). The size of the capsules 
is infl uenced by the stir rate, type and amount of dispersing agent, viscosity of 
organic and aqueous phases, and temperature (   Tice and Gilley  1985 ). Frequently 
used polymers are PLA, PLGA, ethyl cellulose (EC), cellulose acetate phthalate, 
PCL, and β-hydroxybutyrate (Ezhilarasi et al.  2013 ). In order to produce small par-
ticle size, high-speed homogenization or ultrasonication are often employed 
(Zambaux et al.  1998 ). Using a multiple emulsion/solvent technique along with 
freeze-drying, Sowasod et al. ( 2008 ) encapsulated curcumin in chitosan by cross-
linking with tripolyphosphate. The curcumin nanocapsules were spherical in shape 
with particle sizes ranging from 254 to 415 nm. The yield of nanoencapsulated cur-
cumin ranged from 19 % to 96 % and the Fourier transform infrared spectroscopy 
(FTIR) analysis confi rmed the crosslinking between tripolyphosphate and the amine 
group of chitosan in nanocapsules. Likewise, Dandekar et al. ( 2009 ) encapsulated 
curcumin in Eudragit S 100 (polymer) using a solvent evaporation method followed 
by freeze-drying. The obtained nanocapsules were spherical, with an encapsulation 
effi ciency of about 72 %. Moreover, the nanocapsules exhibited almost double the 
inhibition of cancerous cells compared with curcumin alone. Similarly, using the 
emulsifi cation-solvent evaporation technique, Mukerjee and Vishwanatha ( 2009 ) 
prepared curcumin-loaded PLGA nanospheres. The nanospheres were smooth 
and spherical, with particle size distribution in the range of 35–100 nm, and mean 
particle diameter of 45 nm. The nanocapsules exhibited high yield and drug 
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entrapment effi ciency as well as sustained delivery of curcumin. Further, the authors 
reported higher intracellular uptake and effi cient action in prostate cancer cell lines. 
Recently, Dandekar et al. ( 2010 ) also encapsulated curcumin in a nanocarrier using 
the solvent emulsion-evaporation    technique. These nanoparticles were observed to 
be of around 100 nm in size, with a fairly narrow distribution and encapsulation 
effi ciency of 72 %. This optimized system was further subjected to freeze-drying. 
The freeze-dried product, on reconstitution, exhibited a size and distribution similar 
to that before freeze-drying. In vivo anti-malarial studies revealed signifi cantly 
superior action of nanoparticles compared with curcumin control. 

 Tsai et al. ( 2011 ) obtained curcumin-loaded PLGA nanoparticles with a mean 
particle size of 158 nm (Fig.  4.3 ) using high pressure emulsifi cation-solvent evapo-
ration and subsequent freeze-drying. Oral bioavailability of curcumin-loaded nano-
capsules was 22-fold higher than that of conventional curcumin. Likewise, Xie et al. 
( 2011 ) encapsulated curcumin with PLGA. The obtained nanoparticles exhibited a 
smooth and spherical shape with mean diameters of about 200 nm. The entrapment 
effi ciency and loading rate were 92 % and 6 %, respectively. Nanoparticles showed 
about 640-fold higher water solubility relative to that of native curcumin. Recently, 
Khalil et al. ( 2013 ) produced PLGA and PLGA–PEG blend nanoparticles (<200 nm) 
containing curcumin by a single-emulsion solvent evaporation technique with soni-
cation and subsequent freeze-drying. In vitro release studies showed that curcumin 
was released more slowly from the PLGA nanoparticles than from the PLGA–PEG 
nanoparticles. In the pharmacokinetic study, compared to curcumin aqueous sus-
pension, the PLGA and PLGA–PEG nanoparticles increased the curcumin bioavail-
ability by 16- and 55-fold, respectively.

  Fig. 4.3    Transmission electron microscopy of curcumin-loaded PLGA nanoparticles 
(Tsai et al.  2011 )       
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   Using emulsifi cation-solvent evaporation, Kwon et al. ( 2002 ) prepared coen-
zyme Q 10 -loaded nanoparticles (40–260 nm) (Fig.  4.4 ). Despite, a very high target 
drug loading yield of around 39 %, the actual loading effi ciency reached above 
95 %, and the mean diameter of the nanoparticles was highly infl uenced by the 
kind of surfactants used and the recycling number of the microfl uidization pro-
cess. Recently, Kumari et al. ( 2010 ) encapsulated quercetin in PLA by solvent 
evaporation followed by freeze-drying. The nanoparticles had a mean diameter of 
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organic solvent

outflow

reservoir

filter

Interaction
chamber
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  Fig. 4.4    Preparation of 
nanoparticles by 
emulsifi cation-solvent 
evaporation method 
(Kwon et al.  2002 )       
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about 130 nm with encapsulation effi ciency of 97 %. The in vitro release kinetics 
under physiological conditions exhibited an initial burst release followed by slow 
and sustained release. The complete release and maximum release of 88 % quer-
cetin were at 72 and 96 h, respectively. Continuing similar work, Kumari et al. 
( 2011 ) encapsulated quercitrin in PLA by a solvent evaporation method to improve 
the solubility, permeability, and stability of this molecule. The nanocapsules had 
mean particle size of about 250 nm and encapsulation effi ciency of about 40 %. 
Their in vitro release kinetics under physiological condition revealed an initial 
burst release followed by sustained release of quercitrin. Less fl uorescence 
quenching was also observed with equimolar concentration of PLA-encapsulated 
quercitrin than with free quercitrin. The presence of quercitrin-specifi c peaks in 
the FTIR spectra of washed (fi ve times) quercitrin-loaded PLA nanoparticles pro-
vides extra evidence for the encapsulation of quercitrin into PLA nanoparticles. 
Cheong et al. ( 2008 ) prepared a α-tocopherol nanodispersion using emulsifi cation 
evaporation under various combinations of the processing parameters and the ratio 
of aqueous to organic phases. The nanodispersions had mean droplet diameters in 
the range of 90–120 nm and there were no signifi cant changes in mean diameters 
during a storage period of 3 months. Moreover, the processing cycle did not exhibit 
a signifi cant effect on the droplet diameter and size distribution of the prepared 
nanodispersion.

   Similarly, using emulsifi cation evaporation, Anarjan et al. ( 2011 ) prepared a 
nanodispersion (110–165 nm) of astaxanthin. The most desirable nanodispersion 
was obtained using a high-pressure homogenization at 30 MPa with three passes, 
followed by evaporation at 25 °C. Leong et al. ( 2011 ) obtained phytosterol nanodis-
persions of about 50–282 nm through emulsifi cation evaporation using high-pres-
sure homogenization. Phytosterol loss after high-pressure homogenization ranged 
from 3 % to 28 %, and losses increased with increasing homogenization pressure. 
Recently, Silva et al. ( 2011 ) produced nanoemulsions of β-carotene (9–280 nm) 
using a high-energy emulsifi cation-evaporation technique. The process parameters 
such as time and shear rate of homogenization signifi cantly affected particle size 
distribution and storage stability of nanoemulsions. β-Carotene nanoemulsions 
showed good physical stability in terms of size distribution but were chemically 
unstable during storage (evaluated in terms of β-carotene retention), which was 
observed through the color of the nanoemulsions. Emulsifi cation-solvent evapora-
tion was observed to be an effi cient technique for producing nanocapsules of below 
100 nm. Most of the nanocapsules exhibited a spherical shape, high drug loading 
content, and encapsulation effi ciency of about 75–96 % with sustained release and 
increased absorption. Apart from this, the nanodispersions and nanoemulsions pre-
pared through this method exhibited good stability. However, the method depends 
on a suitable emulsifi cation technique such as microfl uidization, and high-speed 
and high-pressure homogenization techniques. It also relies on a suitable drying 
technique for producing nanocapsules (Ezhilarasi et al.  2013 ).  

4.2 Emulsifi cation-Solvent Evaporation Technique
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4.3     Inclusion Complexation 

 Inclusion complexation is defi ned as encapsulation of the supramolecular association 
of a ligand (encapsulated ingredient) into a cavity-bearing substrate (shell material) 
through hydrogen bonding, van der Waals force, or by the entropy-driven hydropho-
bic effect (Ezhilarasi et al.  2013 ). In the food industry, molecular entities having 
suitable molecular-level cavities are rarely available. Thermal stability of linoleic 
acid was improved by encapsulating it in α- and β-cyclodextrin (α- and β-CD) using 
the inclusion complexation technique (Hadaruga et al.  2006 ). A relative concentra-
tion above 98 % fatty acid was reported in the case of temperature degradations of 
50 °C and 100 °C, but at 150 °C only 92 % was observed and linoleic acid was 
partially converted to more stable geometrical isomers. The nanocapsules of α- and 
β-CD complexes had yields of about 88 % and 74 %, respectively. Similarly, usnic 
acid (UA) was encapsulated in β-CD by inclusion complexation along with freeze-
drying (Lira et al.  2009 ). The complex (UA:β-CD) was further incorporated into 
liposomes using hydration of a thin lipid fi lm with subsequent sonication in order to 
produce a targeted drug delivery system. Liposomes containing UA:β-CD exhibited 
drug encapsulation effi ciency (99.5 %) and remained stable for 4 months in a sus-
pension form. Liposomes containing UA:β-CD presented a more prolonged release 
profi le of free usnic acid than usnic acid-loaded liposomes (Lira et al.  2009 ). Another 
example of molecular inclusion used the milk protein β-lactogloglobulin (β-Lg). 
Zimet and Livney ( 2009 ) produced a stable (colloidal) nanocomplex of docosa-
hexaenoic acid (DHA)-loaded β-Lg along with low methoxy pectin. The nanocom-
plex of DHA-loaded β-Lg provided good protection against degradation of DHA 
during an accelerated shelf-life stress test. It was reported that only about 5–10 % 
was lost in the nanocomplex during 100 h at 40 °C compared to about 80 % lost in 
the unprotected DHA. The inclusion complexation technique is mainly used in the 
encapsulation of volatile organic molecules (essential oils and vitamins). It is useful 
for the masking of odors and fl avors and to preserve aromas. This technique yielded 
higher encapsulation effi ciency with higher stability of the core component. 
However, only a few particular molecular compounds like β-cyclodextrin and 
β-lactogloglobulins are suitable for encapsulation through this method.  

4.4     Coacervation 

 Coacervation is a distinctive and promising encapsulation technology because very 
high payloads are achievable (up to 99 %) and it allows the possibility of controlled 
release based on mechanical stress, temperature, or sustained release (Gouin  2004 ). 
The coacervation technique involves the phase separation of a single polyelectrolyte 
or mixture of polyelectrolytes from a solution and subsequent deposition of the 
newly formed coacervate phase around the active ingredient. Further, a hydrocol-
loid shell can be crosslinked using an appropriate chemical or enzymatic crosslinker 
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such as glutaraldehyde or transglutaminase, mainly to increase the strength of the 
coacervate (Zuidam and Shimoni  2010 ). Based on the number of polymer types 
used, the process can be termed a simple coacervation (only one type of polymer) 
or a complex coacervation (two or more types of polymer). Many factors including 
the biopolymer type (molar mass, fl exibility, and charge), pH, ionic strength, con-
centration, and ratio of the biopolymers affect the power of the interaction between 
the biopolymers and nature of the complex formed (Tolstoguzov  2003 ;    De Kruif 
et al.  2004 ; Turgeon et al.  2007 ) 

 Apart from the electrostatic interactions between biopolymers of opposite charge, 
hydrophobic interactions and hydrogen bonding can also contribute signifi cantly to 
complex formation. Xing et al. ( 2004 ) encapsulated capsaicin in gelatin and acacia 
using a complex coacervation technique. The nanocapsules were obtained by treat-
ing encapsulated capsaicin with hydrolysable tannins, crosslinking with glutaralde-
hyde, and subsequent freeze-drying. The mean diameter of nanocapsules was found 
to be 300–600 nm with a spherical morphology. The nanocapsules exhibited 81 % 
encapsulation effi ciency, 21 % drug loading capacity, and good dispersion. 

 Simple coacervation was used for encapsulation of capsaicin in gelatin by cross-
linking with glutaraldehyde and followed by drying in a vacuum oven (Wang et al. 
 2008a ). The obtained nanocapsules were of 100 nm size. The optimized conditions 
for the synthesis of nanocapsules could be related to the process conditions, such as 
higher shearing force (16,000 rpm agitation rate), lower gelatin viscosity (10–15 cP 
polymer viscosity), suitable crosslinking time (30–60 min), the utilization of tan-
nins, and other experimental conditions benefi cial for the fabrication of a thinner 
capsule wall. Moreover, the melting point and thermal pyrolysis temperature of the 
nanoencapsulates were improved due to encapsulation of the crosslinked gelatin 
over the surface of the capsaicin. Jincheng et al. ( 2010 ) encapsulated capsaicin by 
the complex coacervation method, as shown in Fig.  4.5 . The authors observed that 
higher shearing force (15,000 rpm agitation rate), lower gelatin viscosity (15–20 cP), 
suitable crosslinking time (40–80 min), utilization of tannins, and the other experi-
mental conditions infl uenced the synthesis of nanoencapsulates. The obtained nano-
encapsulates had a mean diameter of about 100 nm with a spherical morphology, 
increase in melting point (75–85 °C), and improvement in degradation properties. 

  Fig. 4.5    Formation of the nanoencapsulated capsaicin agents: ( a ) dispersion of capsaicin in gela-
tin solution; ( b ) coacervation of gelatin with acacia in the solution; ( c ) coacervation of insoluble 
complex on the surface of the capsaicin; and ( d ) shell formation by the addition of glutaraldehyde 
solution (Jincheng et al.  2010 )       
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Their results were consistent with the earlier studies. Gan and Wang ( 2007 ) encap-
sulated a model protein, bovine serum albumin (BSA), in chitosan by an incorpora-
tion or incubation method using the polyanion tripolyphosphate (TPP) as the 
coacervation crosslinking agent. The BSA-loaded chitosan–TPP nanoparticles pre-
pared under varying conditions were found to be in the size range of 200–580 nm.  

 The coacervation technique produced nanocapsules in the size range of 100–
600 nm. However, the method depends on a suitable drying technique such as vac-
uum drying or freeze-drying. Gelatin, gum acacia, and chitosan are mostly used as 
a wall material in this technique. Moreover, the morphology (good dispersion and 
shape) and particle distribution of the nanocapsules was infl uenced by treatment 
with tannins. The thermal stability and melting point of the nanocapsules was 
increased by crosslinking with glutaraldehyde (Ezhilarasi et al.  2013 ).  

4.5     Supercritical Fluid Technique 

 Supercritical fl uids exhibit properties intermediate between those of liquids and 
gases, such as low viscosity, low density, high solvating power, high diffusivities, 
and high mass transfer rates above the critical point. A number of compounds can 
be brought to a supercritical state, such as carbon dioxide, water, propane, nitrogen, 
etc. (Gouin  2004 ). Some of the methods using supercritical fl uid technology are 
rapid expansion from supercritical solution, gas anti-solvent, supercritical anti- 
solvent precipitation, aerosol solvent extraction, and precipitation with a com-
pressed fl uid anti-solvent (Kikic et al.  1997 ). Supercritical fl uids are used for 
encapsulation of thermally sensitive compounds in a process similar to spray dry-
ing. In this technique, the bioactive compound and the polymer are solubilized in a 
supercritical fl uid and the solution is expanded through a nozzle. The supercritical 
fl uid is evaporated in the spraying process, and solute particles eventually precipi-
tate (Reis et al.  2006 ). This technique has been widely used for low critical tempera-
tures and minimum use of organic solvent (Ezhilarasi et al.  2013 ). 

 Jin et al. ( 2009 ) encapsulated lutein in hydroxypropyl methyl cellulose phthalate 
(HPMCP), using supercritical anti-solvent precipitation (CO 2  as supercritical fl uid), 
to maintain its bioactivity and avoid thermal and light degradation. Various operat-
ing parameters such as lutein loading, encapsulation effi ciency, and particle size 
affected product yield. The obtained lutein-loaded HPMCP nanocapsules had mean 
diameter in the range of 163–219 nm (Fig.  4.6 ). The highest lutein-loading (16%) 
and encapsulation effi ciency (88 %) were obtained under the operating conditions 
of 11 MPa pressure at 40 °C temperature with a 5:1 ratio of HPMCP and lutein. 
Turk and Lietzow ( 2004 ) synthesized phytosterol nanoparticles (size below 500 nm) 
using rapid expansion from supercritical solution (CO 2  as supercritical fl uid). The 
surfactant type and concentration were reported to infl uence the particle size distri-
bution. However, supercritical fl uid technology requires high initial capital invest-
ment for high-pressure equipment (Gouin  2004 ). Besides these techniques, 
electrospinning, electrospraying, and emulsifi cation are also used for nanoencapsu-
lation, which are discussed in separate chapters.                                                    
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  Fig. 4.6    Scanning electron micrograph of nanocapsules prepared using hydroxyl propyl methyl 
cellulose phthalate and lutein at two different ratios (Jin et al.  2009 )       

4.5 Supercritical Fluid Technique



In recent years, electrospraying and electrospinning have attracted widespread 
interest and found applications in the food industry and for drug delivery. These 
electrohydrodynamic processes are having great potential for making micro- and 
nanosized particles and fibers. However, more research is needed to optimize the 
operating conditions for the nanoencapsulation of various food and bioactive 
compounds. In addition, the properties, and efficiency of the nanocapsules have to 
be analyzed to improve their application in the food industry. The current state of 
knowledge, limitations of electrospinning and electrospraying techniques, and 
recent trends are discussed.

Electrospraying and electrospinning techniques are very cost-effective and use a 
uniform electrohydrodynamic force to break the liquids into fine jets (Wu and Clark 
2008). Electrospraying and electrospinning are promising techniques, attracting 
researchers’ interest and curiosity due to their possible applications in food materi-
als and drug delivery. Both techniques work on the same principle with very minor 
and basic differences. In electrospinning, the polymer is transformed into continu-
ous nanosized polymer threads, whereas electrospraying results in nanosized parti-
cles of the polymer. The latter is modified version of the former (Arya et al. 2008). 
The application of electrospinning and electrospraying techniques for nanoencapsu-
lation of bioactive compounds is shown in Table 5.1.

5.1  Electrospraying

The polymer solution (with low viscosity) is allowed to pass through a syringe 
under the influence of an electric field to generate a fine mist. The applied voltage 
forces the solution to come out of the syringe in the form of a jet and the formation 
of micro-/nanoparticles takes place. The liquid, after acquiring charge at the end of 
the nozzle, forms a Taylor cone. Liquid is forced to endure more and more charge. 

Chapter 5
Electrospraying and Electrospinning 
Techniques for Nanoencapsulation
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After a certain limit, the liquid disperses into numerous micron-sized droplets and 
falls onto the surface with opposite charge. As these droplets move, the solvent at 
their surface evaporates and shrinkage occurs (Chen 2007) (as shown in Fig. 5.1).

A relationship was observed between the electrical pressure resulting from 
excess charge q on a spherical droplet of radius r and surface tension σ. It was pre-
dicted that the natural quadrupolar oscillation of a droplet in a field-free environ-
ment becomes unstable when q exceeds the limit qR, known as the “Rayleigh limit” 
(Grimm and Beauchamp 2005):

 q rR = 8 1 2 1 2 3 2pe s/ / /

 (5.1)

The limit is reached either by evaporation or by application of charge in excess 
of qR. The size of the droplets formed purely depends on the flow rate of liquid and 
the charge applied by varying the voltage. This technique can be used for producing 
monodisperse particles.

Arya et al. (2008) optimized the various factors of the electrospraying technique 
for producing ampicillin-loaded chitosan micro-/nanospheres. The major factors 
considered were electrospraying voltage, needle gauge, concentration, and electro-
spraying distance. It was reported that 7 cm working distance and 26 g of needle 
gauge produced nanoparticles with 128.2 mV zeta potential and 80 % encapsulation 
efficiency, with improved stability. Similarly, Torres-Giner et al. (2010) encapsu-
lated an omega-3 fatty acid (docosahexaenoic acid, DHA) by electrospraying using 
ultrathin zein. It was reported that the nanocapsules were more stable across changes 
in relative humidity and temperature.

Fig. 5.1 Schematic illustration of electrospraying (Jaworek 2007)

5.1  Electrospraying
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Recently, Lopez-Rubio and Lagaron (2012) encapsulated β-carotene using whey 
protein concentrate (WPC) at the micro-, submicro- and nanoscales by electro-
spraying. The capsules had a mean diameter of less than 100 nm (as shown in 
Fig. 5.2). Moreover, the concentration of whey proteins, range of pH, and additional 
component glycerol influenced the size and morphology of capsules. Similarly, 
Gomez-Estaca et al. (2012) electrosprayed zein solutions containing curcumin and 
obtained spherical nanoparticles. The nanoparticles possessed good encapsulation 
efficiency (85–90 %) and their diameters ranged between 175 and 250 nm. 
Further, electrospraying offered enhanced stability and dispersibility to the active 
compound.

5.2  Electrospinning

Electrospinning is a cheap and unique method of producing polymer fibers in the range 
of 100 nm diameter. It works on the same principle as electrospraying. But, in electros-
pinning high voltage is applied, which solidifies the liquid and generates the polymer 
fiber (Chen 2007). A schematic set-up for electrospinning is shown in Fig. 5.3.

In this method, two electrodes are used: one is connected to the spinning solution 
and other is attached to a collector, which is a metallic foil. A droplet of the polymer 
solution is suspended in the tip of the needle. The electric charge overcomes the 
surface tension of the droplet and a charged jet is emitted. The jet passes the set 
distance (approximately 15 cm) between the needle tip and the collector. Between 
the needle and collector, the nanofibers are submitted to a combined stretch effect, 

Fig. 5.2 Scanning electron micrographs of whey protein concentrate (WPC) capsules obtained 
through electrospraying from 40 wt% WPC aqueous solutions (Lopez-Rubio and Lagaron 2012)
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Table 5.2 Effects of electrospinning parameters on fiber morphology (Sill and von Recum 2008)

Parameter Effect on fiber morphology

Applied voltage Fiber diameter  initially, then  (monotonic)
Flow rate Fiber diameter  (beaded morphologies occur 

if the flow rate is too high)
Distance between capillary and collector Fiber diameter  (beaded morphologies occur 

if the distance between the capillary and 
collector is too short)

Polymer concentration (viscosity) Fiber diameter  (with optimal range)
Solution conductivity Fiber diameter  (broad diameter distribution)
Solvent volatility Fibers exhibit microtexture (pores on their 

surfaces, which increase the surface area)

firstly a radial stretch caused by repulsion between the positively charged polymer 
chains and, secondly, a longitudinal stretch caused by the high collector attraction 
(Chen 2007).

The factors that influence the process are voltage, solution flow rate, polymer 
weight concentration, molecular weight of the polymer, and nozzle-to-ground dis-
tance. Based on these parameters, Sill and von Recum (2008) (Table 5.2) and Chen 
(2007) made the following observations:

•	 At constant electric potential, flow rate, and concentration, the fiber diameter is 
inversely proportional to screen distance (cm)

•	 At constant flow rate, screen distance, and concentration, the fiber diameter is 
inversely proportional to electric potential (kV)

•	 At constant electric potential and screen distance, the fiber diameter is directly 
proportional to flow rate (mL/h) when concentration is constant and to concen-
tration (wt%) when flow rate is constant

Fig. 5.3 Schematic illustration of electrospinning (Sill and von Recum 2008)

5.2  Electrospinning
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Apart from process parameters, certain solution characteristics also influence the 
fiber formation and structure. These parameters include polymer concentration, sol-
vent volatility, and solvent conductivity (Sill and von Recum 2008):

•	 Polymer concentration is directly proportional to viscosity and surface tension. 
For better results, a solution must have high polymer concentration.

•	 Choice of solvent is another major factor that influences fiber formation. 
Volatility of the solvent should be adequate to allow sufficient solvent evapora-
tion between the tip and collector. The solvent volatility also influences the phase 
separation during the flight of the solvent.

•	 Solution conductivity was observed to have less influence on the process and 
within 1–2 orders of magnitude. It directly affects the tensile strength of the fiber 
produced. The fiber jet of higher conductivity solutions possesses higher tensile 
strength.
Electrospinning can be performed in two different ways, either through coaxial 

electrospinning or through direct incorporation of the material with the polymeric 
solution, with different applications. Electrospinning has spread its roots into the 
field of tissue engineering and has shown a high potential in the engineering of a 
number of tissues, including vasculature, bone, neural, and tendon/ligament.

Delivery of drugs or bioactive compounds is another field of application for elec-
trospinning. The bioactive compound can be encapsulated in the fiber for controlled 
release at the target site. Two-phase electrospinning has also been used for encapsu-
lation. This procedure involves a biphasic suspension, formed by mixing an aque-
ous solution of the biological material with an organic-polymer solution. Then, the 
suspension is electrospun, resulting in the nanoencapsulation of aqueous reservoirs 
within the polymer fibers. Two-phase electrospinning has been used to encapsulate 
proteins, including growth factors and cytochrome C, into biocompatible polymers 
(Dong et al. 2009). The size of the encapsulated drug produced may be either micro- 
or nanosized. In the medical field, coaxial electrospinning has been applied for the 
incorporation of bovine serum albumin (BSA) into biodegradable poly(ε- 
caprolactone) (PCL) (Zhang et al. 2006).

Dong et al. (2009) exploited the application of electrospinning for incorporating 
two different model proteins, such as BSA fluorescently labeled with Texas Red and 
epidermal growth factor fluorescently labeled with AlexaFluor 488, into the same 
coat material in two different domains. Tecophilic polyurethane and poly(lactic- 
co- glycolic acid) were used as coat material. The procedure involved three steps:  
(i) direct synthesis of two sets of poly(vinyl alcohol) (PVA) nanoparticles, each 
containing a different biomolecule in a common solution of a biocompatible poly-
mer; (ii) mixing of these nanoparticle-containing solutions together; and (iii) elec-
trospinning of the combination. The average size of the nanoparticles was 200 nm. 
Similarly, Lopez-Rubio et al. (2009) encapsulated bifidobacteria (with average 
diameter of 150 nm) in ultrathin PVA electrofibers. The nanocapsules showed a 
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high oxygen barrier and resulted in an increased shelf life of the bacteria. Recently, 
using electrospinning, Sun et al. (2013) loaded curcumin in PVA and β-cyclodextrin 
through inclusion complexation. Encapsulated curcumin nanofibers had an average 
diameter of 250–350 nm (as shown in Fig. 5.4). In this study, PVA/complex fibers 
showed faster release than PVA/curcumin. A light-sensitive compound such as 
β-carotene was encapsulated in ultrafine fibers of zein prolamine by Fernandez et al. 
(2009). The fibers obtained had mean diameters in the nanorange (1,140 nm) and 
the encapsulated compound was proved to possess increased light stability and oxi-
dative stability.

Curcumin, a food bioactive ingredient, has been encapsulated into nanofibers by 
various researchers for drug delivery applications. For example, Brahatheeswaran 
et al. (2012) encapsulated curcumin in to zein nanofibers and obtained smooth- 
surfaced encapsulates with an average diameter of 310 nm. The compound was 
shown to have free radical scavenging activity and was effective in sustained release 
of the bioactive compound. In another study, the nanofibers obtained by electrospin-
ning curcumin and cellulose acetate (approximately 314–340 nm) retained their 
chemical integrity for a storage period of 4 months and the product was confirmed 
to be nontoxic to human dermal fibroblasts (Suwantong et al. 2007, 2010). Apart 
from these, volatiles and aroma compounds have also been encapsulated success-
fully using electrospinning techniques. Kayaci and Uyar (2012) formed nanofibers 
of PVA containing a vanillin-cyclodextrin inclusion complex. The average diame-
ters were in the range of 120–230 nm and the encapsulated vanillin was found to be 
thermally stable.

Fig. 5.4 Scanning electron micrographs of curcumin-loaded PVA nanofibers with (a) 5, (b) 10, (c) 
15, and (d) 20 wt% drug content, and complex-loaded fibers containing (e) 20, (f) 30, (g) 40, and 
(h) 50 wt% complex (Sun et al. 2013)

5.2  Electrospinning



            Nanoencapsulation techniques are used to produce nanosuspensions of active com-
pounds with a coating or encapsulated with wall materials, in liquid or dried form. 
The major problems of nanocapsules are irreversible aggregation and chemical 
instability and leakage of the encapsulated active ingredients. Therefore, it is desir-
able to convert nanocapsule suspensions into dried form to maintain their stability. 
The drying of nanoparticles facilitates easier handling and storage and they are 
readily dispersible in aqueous solutions. Hence, nanoencapsulation methods in 
combination with drying techniques are essential for converting encapsulated sus-
pensions to a dried, stable form. This chapter reviews the various drying techniques 
for nanoencapsulation. 

 Freeze-drying and spray-drying techniques are commonly employed for drying 
of nanosuspensions and it is clear that the operating conditions of spray drying and 
freeze-drying are signifi cantly important in the stabilization of nanocapsules. 
Besides higher stability compared to the original nanoparticle suspension, the dried 
powders have the ability to control and promote sustained bioactive compound 
release. However, drying aggravates additional stress on the nanocapsules during 
processing. This chapter discusses in detail the different drying techniques used for 
production of nanoparticles and described in table  6.1  (Ezhilarasi et al.  2013 ).  

    Chapter 6   
 Drying Techniques for Nanoencapsulation 
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6.1               Spray Drying 

 Spray drying is a widely used industrial process for the continuous production of 
dry powders. Spray drying is the process of transforming a feed (solution or suspen-
sion) from a fl uid into a dried particulate form by spraying the feed into a hot drying 
medium. The spray drying yields fi ne particles with less processing time and more 
economical unit operation (Masters  1991 ). Due to its continuous production of dry 
powders with low moisture content, it is widely used for industrial processes 
(Anandharamakrishnan et al.  2007 ; Kuriakose and Anandharamakrishnan  2010 ). 
Moreover, it is a well-established technique in the food industry and has been widely 
used for encapsulation for the past few decades.

6.2        Principles of Spray Drying 

 Spray drying involves three stages of operation: (1) atomization of liquid feed 
into a spray chamber, (2) contact between the spray and the drying medium, and 
(3) separation of dried products from the air stream (as shown in Fig.  6.1 ).

   Atomization is a process in which the bulk liquid breaks up into a large number 
of small droplets. The choice of atomizer is most important in achieving economic 
production of high quality products (Fellows  1998 ). The different types of atomizer 
(Masters  1991 ) are:

    Centrifugal or rotary atomizer:  Liquid is fed to the center of a rotating wheel with 
a peripheral velocity of 90–200 m/s. Droplets are produced typically in the range 
of 30–120 μm diameter. The size of droplets produced from the nozzle varies 
directly with the feed rate and feed viscosity, and inversely with wheel speed and 
wheel diameter.  

Furnace Air 

Exhaust gas 

Product 

Feed Liquid 

2

Spray-drying 

1

3

Cyclone 

separator

  Fig. 6.1    The process stages of spray drying:  1  atomization of liquid feed;  2  contact between the 
spray and the drying medium; and  3  separation of dried products from the air stream       
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   Pressure nozzle atomizer : Liquid is forced at 700–2,000 kPa pressure through a 
small aperture. The size of droplets is typically in the range of 120–250 μm. The 
droplet size produced from the nozzle varies directly with feed rate and feed 
viscosity, and inversely with pressure.  

   Two-fl uid nozzle atomizer : Compressed air creates a shear fi eld, which atomizes the 
liquid and produces a wide range of droplet sizes.    

 During spray–air contact, droplets usually meet hot air in the spraying chamber 
either in co-current fl ow or counter-current fl ow. In co-current fl ow, the product and 
drying medium pass through the dryer in the same direction and the arrangement is 
suitable for the drying of heat-sensitive materials. The advantages of co-current 
fl ow processes are rapid spray evaporation, shorter evaporation time, and less ther-
mal degradation of the products (Masters  1991 ). In contrast, in the counter-current 
confi guration, the product and drying medium enter at opposite ends of the drying 
chamber. The outlet product temperature is higher than the exhaust air temperature 
and is almost at the feed air temperature with which it is in contact. This type of 
arrangement is used for non-heat-sensitive products only. In another type, called 
mixed fl ow, the dryer design incorporates both co-current fl ow and counter-current 
fl ow. This type of arrangement is used for drying of coarse free-fl owing powders, 
but the drawback is that the temperature of the product is high. 

 The dry powder is collected at the base of the dryer and removed by a screw 
conveyor or a pneumatic system with a cyclone separator. Other methods for col-
lecting the dry powder are bag fi lters and electrostatic precipitators (Fellows  1998 ). 
The selection of equipment depends on the operating conditions such as particle 
size, shape, bulk density, and powder outlet position. Nanosized particle are sepa-
rated by electrostatic precipitators or Tefl on-coated scrubbers. 

 Spray drying is also used to encapsulate a wide range of food ingredients such as 
fl avors, vitamins, minerals, colors, fats, and oils in order to protect them from their 
surrounding environment and to extend shelf-life stability during storage (Pillai 
et al.  2012 ). It can be considered a good microencapsulation technique. Encapsulation 
is achieved by dissolving, emulsifying, or dispersing the core substance in an aque-
ous solution of carrier material, followed by atomization and spraying of the mix-
ture into a hot chamber (Zuidam and Shimoni  2010 ). However, the wall material has 
to be soluble in water and some of the available wall materials are gum acacia, 
maltodextrins, modifi ed starch, polysaccharides (alginate, carboxymethylcellulose, 
guar gum), and proteins (whey proteins, soy proteins, and sodium caseinate). 

 Jafari et al. ( 2007b ,  2008 ) encapsulated oil through production of nanoemulsions 
along with spray drying, using modifi ed starch (Hi-Cap) and whey protein concen-
trate as wall material. In both the studies, only the emulsion droplets were found to 
be nanosized (200–800 nm) but they were converted to micron size (above 20 μm) 
during spray drying. Ferreira et al. ( 2007 ) encapsulated catechin in a carbohydrate 
matrix using homogenization followed by spray drying at an inlet temperature of 
150–190 °C. The nanocapsules were spherical with a smooth surface and a diameter 
of 80 nm. The zeta potential of the nanocapsules was highly negative, and that con-
tributed to their stabilization. The release of catechins from the nanocapsules was 
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observed at pH 5 after heating the solution to a temperature above 80 °C. The stability 
of the nanocapsules was not affected by decreasing the pH as the catechin content 
was same at pH 3 and 5. Moreover, encapsulation of catechins prevented them from 
oxidizing and may improve bioavailability. Similarly, De Paz et al. ( 2012 ) encapsu-
lated β-carotene by formulating nanosuspensions using modifi ed  n -octenyl succi-
nate-starch through emulsifi cation evaporation and spray drying techniques. The 
nanosuspensions were produced with various experimental operating conditions 
and resulted in high encapsulation effi ciency (65–90%) and antioxidant activity, 
with particle sizes in the range of 300–600 nm. However, particles collected after 
spray drying were around 12 μm in diameter (Fig.  6.2 ). Moreover, it was reported 
that process parameters such as concentration of modifi ed starch and the organic 
solvent/water fl ow ratio have the most infl uence on the product properties.

   Recently, Liang et al. ( 2013 ) encapsulated β-carotene through production of 
 nanoemulsions along with spray drying, using modifi ed starch (Hi-Cap) as wall material. 
The nanoemulsion had mean droplet size of about 114–160 nm. However, these nano-
emulsions were converted to micron-sized powders after spray drying. The powders 
showed a good dissolution in water and the reconstituted emulsions had similar par-
ticle sizes to the fresh nanoemulsions, suggesting that the spray drying process did not 
affect the characteristics of the nanoemulsions. The infl uence of relative humidity on 
the storage stability of β-carotene powders at 25 °C for a storage period of 30 days was 
analyzed. The β-carotene degradation profi les over time were found to be closely 
related to the fi lm property of the matrix, moisture sorption property, and glass transi-
tion temperature of the powder. Moreover, it was found that modifi ed starches with 
lower fi lm oxygen permeability had a higher retention of β-carotene during storage. 
The glass transition temperature of powder in different relative humidities also 
affected the rate of β-carotene degradation. 

 In contrast to freeze-drying, spray drying is more economical and faster and is 
a single-step drying method. It yields uniformly spherical particles that offer 

  Fig. 6.2    Scanning electron micrograph of particles (nanosuspensions of β-carotene encapsulated 
using modifi ed  n -octenyl succinate-starch) obtained after spray drying (De Paz et al.  2012 )       
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complete protection of the core material on encapsulation. On the other hand, spray 
drying yields particles of micron size on drying the nanoemulsions and nanosuspen-
sions. However, the core material encapsulated inside the matrix of micron-sized 
particles was found to be in the nanosize range (nanosuspensions and nanoemul-
sions) and, hence, Jafari et al. ( 2007b ,  2008 ) considered spray drying to be a 
nanoparticle encapsulation technique. Moreover, nanoencapsulation by spray dry-
ing depends on other nanoencapsulation techniques (like emulsifi cation) prior to 
spray drying. Therefore, the conventional spray drying technique itself may not be 
considered to be a nanoencapsulation technique. However, in spray drying it is pos-
sible to control particle size and morphology by varying process parameters and 
formulations (Anandharamakrishnan et al.  2007 ,  2008 ).  

6.3     Freeze-Drying 

 Freeze-drying or lyophilization is a drying method in which water in a solution or 
suspension is crystallized at low temperatures and sublimed from the solid state 
directly into the vapor phase (Anandharamakrishnan et al.  2010 ). The quality of 
freeze-dried products is very high in comparison with that of products dehydrated 
using other techniques, due to the prevention of heat damage (King  1970 ). A freeze- 
drying process provides a product that is stable (in dry form), rapidly soluble (large 
surface area), and elegant (uniformly colored cake). The freeze-drying process con-
sists of four steps as follows:

    Freezing : A substance is frozen to form crystallized ice. The crystallization depends 
on the cooling rate, initial concentration, and end temperature of cooling. Most 
food components remain in an amorphous, glassy state (i.e., do not crystallize), 
but the water component does crystallize.  

   Primary drying : Ice is removed by sublimation at low temperature and low pres-
sure. Sublimation occurs at the interface between the frozen and dry material and 
this starts at the ice surface.  

   Secondary drying : Unfrozen water is removed by desorption. This step typically 
takes one third of the drying time. The fi nal moisture content for food stuffs is 
2–10% and for biological products is 0.1–3%.  

   Final treatment : The drying chamber is fi lled with an inert gas (nitrogen for food-
stuffs, argon for biological products) for preserving the products after drying.    

 During the freezing of foods, the temperature decreases and water is removed 
from the food in the form of ice, and the solutes present in the unfrozen products are 
freeze-concentrated. Hindmarsh et al. ( 2003 ) measured the temperatures when 
freezing single-distilled water droplets on a thermocouple junction and recorded the 
images of freezing droplets using a high magnifi cation video camera. They observed 
an expanded recalescence stage. 
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 A problem in the primary drying step is that “collapse” can occur when the 
viscosity of the structural material is reduced to a level at which it cannot support its 
weight against gravity (Bhandari et al.  1997 ). The term “collapse” has been used to 
describe loss of structure, reduction in pore size, and volumetric shrinkage in dried 
food materials (Levi and Karel  1995 ), resulting from a time-, temperature-, and 
moisture-dependent viscous fl ow that results in loss of structure. The collapse tem-
perature ( T  c ) decreases with decreasing molecular weight and also decreases with 
increasing moisture content (Oetjen  1999 ).  T  c  can be related to the glass transition 
temperature ( T  g ). When the temperature is higher than  T  g , the amorphous matrix 
viscosity decreases. 

 Freeze-drying is a highly stabilizing process and is generally applied to enhance 
the physicochemical stability of the nanoparticles to achieve an acceptable product, 
especially in case of unfavorable storage conditions. However, energy intensive-
ness, long processing time (more than 20 h) and an open porous structure are the 
main drawbacks of freeze-drying (Singh and Heldman  2009 ). Nevertheless, freeze- 
drying is normally used for separation of nanoparticles (i.e., removal of the water 
from the substances) produced by other nanoencapsulation techniques. During 
freeze-drying, pores are formed due to ice sublimation. Hence, this process is not 
purely encapsulation because active food ingredients are exposed to the atmosphere 
due to the presence of pores on the particle surface. Therefore, it is diffi cult to use 
any release mechanism such as diffusion or erosion techniques. Currently, freeze- 
drying is widely used to remove the water from nanocapsules without changing 
their structure and shape. However, spray-freeze-drying may be an effective alterna-
tive to conventional freeze-drying in terms of reducing the pore size and drying time 
(Anandharamakrishnan et al.  2010  and Ezhilarasi et al.  2013 ). 

 Shaikh et al. ( 2009 ) encapsulated curcumin by an emulsion–diffusion–evaporation 
method along with freeze-drying. The nanocapsules had a mean diameter of about 
264 nm and 77 % entrapment effi ciency at 15 % loading. The curcumin- loaded 
nanoparticles were reported to be stable during a 3-month stability study period. The 
in vivo pharmacokinetics revealed that curcumin entrapped in nanoparticles demon-
strated at least a nine fold increase in oral bioavailability compared to curcumin 
administered with piperine as absorption enhancer. Similarly, Anitha et al. ( 2011 ) 
developed curcumin-loaded  O -carboxymethyl chitosan nanoparticles by an ionic 
crosslinking reaction along with freeze-drying. The nanoparticles were found to be 
spherical with 150 nm mean diameter and 87 % entrapment effi ciency. The in vitro 
release profi le indicated slow, controlled and sustained release of curcumin from the 
nanocapsules as well as enzyme-triggered degradation and release in the presence of 
lysozyme. The nanocapsules also exhibited toxicity towards cancer cells and nontox-
icity towards normal cells. Similarly, Rejinold et al. ( 2011 ) encapsulated curcumin 
with biodegradable thermoresponsive chitosan- g -poly( N - vinylcaprolactam ) by a sim-
ple ionic crosslinking method using tripolyphosphate along with freeze-drying. The 
nanocapsules were in spherical in shape with a size range of 180–220 nm. Curcumin-
loaded nanoparticles showed specifi c toxicity to cancer cells. 
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 Fish oil (FO) was encapsulated using β-cyclodextrin (β-CD) by a self- aggregation 
method and also using poly(ε-caprolactone) (PCL) via an emulsion diffusion 
method, followed by freeze-drying (Choi et al.  2010 ). The mean particle size of 
β-CD–FO was reported to be 250–700 nm and that of PCL:FO particles was less 
than 200 nm. It was found that PCL:FO had a higher fi sh oil loading, lower fi sh oil 
leakage, and higher encapsulation effi ciency (99 %) than β-CD–FO (84–87 %). The 
storage stabilities of freeze-dried β-CD–FO complexes at 10:20 (w/w) mixing ratio 
at various relative humidities retained 97 % of fi sh oil within the particles for 3 days. 
Moreover, PCL more effi ciently retarded the release of fi sh oil in liquid or powder 
form due to its water insolubility, despite the fact that particles were broken by 
freeze-drying. Recently, Bejrapha et al. ( 2010 ) compared the effects of vacuum 
freeze-drying (vacuum pressurized freezing and drying) and conventional freeze- 
drying (atmospheric pressurized freezing and drying) processes on the stability of 
fi sh oil-loaded nanocapsules, encapsulated in PCL. The nanocapsules were reported 

  Fig. 6.3    Scanning electron micrograph of fi sh oil-loaded nanocapsules (Bejrapha et al.  2010 ): 
( a ) before freeze-drying, ( b ) after conventional freeze-drying at −10 °C freezing temperature, and 
( c ) after vacuum freeze-drying at −30 °C    freezing temperature       
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to be below 360 nm in size and were aggregated (Fig.  6.3 ) with thin membrane 
layers surrounding the surface of the fi sh oil. The encapsulation effi ciency of 
conventional freeze-drying was greater than that of vacuum freeze-drying, except at 
a freezing temperature of −30 °C. In addition, the authors revealed that the vacuum- 
freezing process may affect the fragility of the PCL membrane due to its lower 
encapsulation effi ciency and aggregation of particles. It was also found that the 
conventional freeze-drying process was more effective than vacuum freeze-drying 
in improving the oxidative stability of fi sh oil-loaded nanocapsules. Vacuum freeze- 
dried nanoparticles did not endure the stress of vacuum freezing, as shown by breaks 
in weak and thin membranes, resulting in oil release from their interiors.

   Capsicum oleoresin was encapsulated in PCL using the emulsion diffusion 
method, which involves the formation of an emulsion between water-miscible sol-
vent containing drug and polymer aqueous phase (Surassamo et al.  2010 ). Addition 
of water to the system causes solvent to diffuse to the external phase, resulting in 
formation of nanospheres (Quintanar-Guerrero et al.  1998 ); this is followed by 
freeze-drying. By varying the concentration of surfactant (Pluronic F68), the pro-
cess parameters were optimized. The obtained nanoemulsions were in the size range 
320–460 nm. The size of nanocapsule particles decreased on increasing the emulsi-
fi er and surfactant concentrations. Similarly, using a modifi ed emulsion–diffusion 
method combined with freeze-drying, Bejrapha et al. ( 2011 ) produced capsicum 
oleoresin-loaded nanocapsules with PCL. Various freezing temperatures such as 
−40 °C, −20 °C, and −15 °C were applied to study the effects of cooling temperature 
on the properties of the capsicum oleoresin-loaded nanocapsules. The effects of 
excipients such as gelatin and  κ -carrageenan on the stability of nanocapsules during 
freeze-thawing and freeze-drying procedures were studied. The results clearly 
showed that a relatively high freezing temperature (−15 °C) had an effect on the 
maintenance of nanocapsule size after freeze-thawing and freeze-drying. 

 Capsicum oleoresin was encapsulated in PCL, stabilized with gelatin through 
emulsion-diffusion followed by freeze-drying, and its dispersibility studied 
(Nakagawa et al.  2011 ). The mean diameter of the nanocapsules was below 200 nm. 
Moreover, the freeze-dried capsules had different dispersion characteristics at dif-
ferent positions in the dried bulk sample. This heterogeneity was dependent on the 
cooling program used during the processing. The freezing front velocity and 
the viscosity of the solution at/around the freezing front were estimated by using the 
simulated thermal profi les. A correlation was found between the dispersibility of the 
freeze-dried nanocapsule–gelatin suspension, the freezing front velocity, and 
the viscosity at/around the freezing front. It was suggested that the gel network 
formation of nanocapsule gelatin would be advantageous to avoid unfavorable 
denaturation and to produce excellent dispersion characteristics in the dried matrix. 

 Abdelwahed et al. ( 2006b ) studied the freeze-drying of PCL nanocapsules 
encapsulating miglyol 829 oil prepared by the emulsion-diffusion method and sta-
bilized by PVA. Different parameters were tested throughout the freeze-thawing 
study, including PVA and PCL concentration, cooling rate, cryoprotectant concen-
trations (sucrose and polyvinyl pyrolidone), nature of encapsulated oil, and nano-
capsule purifi cation. The type of cryoprotectants had practically negligible effects 

6.3 Freeze-Drying



60

on the size and the rehydration of freeze-dried nanocapsules, and the annealing 
process accelerated sublimation with the conservation of nanocapsule size. Dube 
et al. ( 2010 ) encapsulated (+)-catechin and (−)-epigallocatechin gallate (EGCG) in 
chitosan–tripolyphosphate by an ionic gelation method and sonication along with 
freeze- drying. The effectiveness of nanoencapsulation was compared with the 
method of adding reducing agents such as ascorbic acid, dithiothreitol, or tris(2-
carboxyethyl)phosphine (TCEP) for their potential to protect catechin and EGCG 
from degradation. The nanocapsules had a mean particle size of less than 200 nm. 
Encapsulation in chitosan–tripolyphosphate had effectively protected the catechins. 
It took 8 and 24 h for the non-encapsulated and encapsulated (+)-catechins, respec-
tively, to degrade to 50 % of their initial levels, and the corresponding values for the 
nonencapsulated and encapsulated    (−)-epigallocatechin gallate were 10 and 40 min, 
respectively. Nanoencapsulation of catechin and EGCG provided better protection 
than reducing agents TCEP and ascorbic acid. Recently, Luo et al. ( 2011 ) encapsulated 
tocopherol in zein and a zein/chitosan complex using a freeze-drying technique. 
The physicochemical and structural analysis showed that the electrostatic interactions 
and hydrogen bonds were major forces responsible for complex formation. The 
scanning electron microscopy study revealed the spherical nature of the nanocap-
sules and the smooth surface of the complex. The particle size of the complex varied 
from 200 to 800 nm and encapsulation effi ciency was 77–87 %. 

 Freeze-drying can improve the stability of core compound against degradation 
and result in better encapsulation effi ciency of above 70 % (Ezhilarasi et al.  2013 ). 
However, the characteristics of the fi nal freeze-dried nanoparticles depend on a suit-
able high-energy emulsifi cation technique and other encapsulation techniques to 
break down the droplets into nanosized form. Moreover, freeze-drying requires 
cryoprotectants such as sucrose, trehalose, or mannitol to conserve the particle size 
and to avoid aggregation during freeze-drying. The various freezing temperatures 
are also reported to affect the nanocapsule size (Ezhilarasi et al.  2013 ). Thus, freeze- 
drying seems to be an effi cient drying technique for stabilizing nanocapsules and is 
capable of retaining the particle size in the nanometric range, even after drying.                                          
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            Food-grade nanoemulsions constitute one of the most promising systems for improv-
ing the solubility, bioavailability, stability, and functionality of many bioactive com-
pounds. These improved properties of nanoemulsions can be exploited for many 
novel and technological innovations that fi nd various industrial applications. 
Furthermore, there are challenges such as suitable processing operations and facili-
ties to scale-up for industrial production that need to be overcome for wide utilization 
of nanoemulsions. This chapter reviews the various applications of nanoemulsions.   

7.1               Application of Food-Grade Nanoemulsions 

 The major applications of food-grade nanoemulsions are currently as antimicrobial 
agents and for transdermal delivery. These, as well as the bioavailability and bioef-
fi cacy of the bioactive compounds, are discussed in detail in the following sections. 

7.1.1     Antimicrobial Activity 

 The use of bioactive compounds (essential oils) as natural antimicrobial agents in 
extending the shelf life of foods has been well established through various research 
studies. The same bioactive compounds in nanoemulsion form exhibit higher anti-
microbial activity than the conventional form due to the smaller droplet size. The 
discrete droplets of nanoemulsion selectively fuse with bacterial cell walls or viral 
envelopes, destabilizing the pathogen’s lipid envelope and initiating their disruption 
(Baker et al.  2003 ). Moreover, the nanoemulsion may potentially increase the pas-
sive cellular absorption mechanisms, thus reducing the mass transfer resistances 
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and increasing antimicrobial activity (Donsi et al  2011a ). Donsi et al. ( 2011a ) inves-
tigated the antimicrobial activity of nanoemulsions prepared with various essential 
oils such as carvacrol, limonene, and cinnamaldehyde against three different micro-
organisms,   Escherichia coli ,  Lactobacillus delbrueckii , and  Saccharomyces cerevi-
siae . The nanoemulsions were stabilized by different emulsifi ers (lecithin, pea 
proteins, sugar ester, and a combination of Tween 20 and glycerol monooleate) and 
had a mean droplet size of about 100–200 nm. The nanoemulsions based on sugar 
esters or combination of Tween 20 and glycerol monooleate exhibited higher bacte-
ricidal activity over short time scales (2 h) whereas nanoemulsions based on lecithin 
or pea protein exhibited bactericidal activity over a longer time scale (24 h). The 
antimicrobial activity of nanoemulsions was correlated to the concentration of 
active molecules in the aqueous phase and the emulsifi er capability. Following this 
study, Donsi et al. ( 2011b ) investigated the minimal inhibitory concentration (MIC) 
and minimal bactericidal concentration (MBC) of nanoemulsions prepared with a 
terpene mixture and  d -limonene against similar classes of microorganisms. It was 
reported that antimicrobial activity increased with the change in the emulsion drop-
let size as well as with the class of microorganism. Moreover, the high intensity 
processing during nanoemulsion production may affect the chemical stability of 
several active compounds. The application of the most effi cient antimicrobial nano-
emulsions was tested in pear and orange juices .  

 Joe et al. ( 2012a ) prepared nanoemulsions using selected cooking oils such as 
sunfl ower, castor, coconut, groundnut, and sesame oils using a biosurfactant 
(Surfactin). The Surfactin-based sunfl ower oil nanoemulsion (AUSN) was highly 
transparent with a particle size of 72 nm and survived thermodynamic stability tests 
with low surface tension, viscosity, and density. Moreover, AUSN showed the 
highest activity against  Salmonella typhi , followed by  Listeria monocytogenes , 
and  Staphylococcus aureus . It also demonstrated high fungicidal activity against 
 Rhizopus nigricans , followed by  Aspergillus niger  and  Penicillium  sp. and a greater 
sporicidal activity against  Bacillus cereus  and  Bacillus circulans . In situ evaluation 
of AUSN for antimicrobial activity on food products such as raw chicken, apple 
juice, milk, and mixed vegetables showed a signifi cant reduction in the bacterial and 
fungal populations of these products. Continuing this work, Joe et al. ( 2012b ) stud-
ied the infl uence of AUSN on the microbiological, proximal, chemical, and sensory 
qualities of Indo-Pacifi c king mackerel ( Scomberomorus guttatus ) steaks stored at 
20 °C over a time period of 72 h. AUSN treatment signifi cantly decreased the values 
of chemical indicators of spoilage throughout the storage period, and organoleptic 
evaluation exhibited an extension of shelf life up to 48 h compared with control and 
antibiotic-treated samples. Likewise, Sugumar et al. ( 2012 ) studied antimicrobial 
activity of eucalyptus oil nanoemulsion (16 nm) against three different microorgan-
isms ( B. cereus ,  S. aureus,  and  E. coli ). Nanoemulsions showed 100 % bactericidal 
activity at tenfold dilution. Recently, Karthikeyan et al. ( 2012 ) investigated the MIC 
and MBC of soybean oil nanoemulsion (308 nm) against  Streptococcus mutans, 
Lactobacillus casei, Actinomyces viscosus, Candida albicans , and mixed culture. 
However, higher MIC was observed for  A. viscosus  and  S. mutans.   
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7.1.2     Transdermal Delivery 

 Nanoemulsions have great potential for transdermal delivery of drugs and bioactive 
compounds. The rate and extent of active compound/drug penetration into different 
layers of skin and into systemic circulation are governed by the physicochemical 
properties of the drug, such as drug solubility in the vehicle, relative solubility in the 
vehicle and skin (partition coeffi cient), molecular size, and formulation characteris-
tics. The concentration gradient drives the passive permeation of drug molecules 
through the skin (Venuganti and Perumal  2009 ). Hence, the nanoemulsions having 
smaller droplet size can improve the active compound/drug solubility, which in turn 
enhances skin penetration and permeability. Zhou et al. ( 2010 ) prepared a lecithin 
nanoemulsion of droplet size 58–92 nm using the high-pressure homogenization 
technique. In an in vivo study, cream incorporated with lecithin nanoemulsions 
exhibited 2.5-fold higher skin hydration capacity at 10 % concentration. Moreover, 
lecithin nanoemulsions loaded with Nile Red dye showed improved penetrability 
into the dermis layer on the abdominal skin of rat. 

 Similarly, Shakeel and Ramadan ( 2010 ) produced a caffeine nanoemulsion and 
performed in vitro skin permeation studies on Franz diffusion cells using rat skin as 
permeation membrane. Caffeine nanoemulsions exhibited signifi cant increase in 
skin permeability as compared to an aqueous solution of caffeine. The enhancement 
ratio was found to be 17 in an optimized nanoformulation compared with other    
formulations. Recently, Nam et al. ( 2012 ) prepared nanoemulsions using tocoph-
eryl acetate along with a mixture of unsaturated phospholipids and polyethylene 
oxide- block -poly(ε-caprolactone) (PEO- b -PCL). The effects of the lipid–polymer 
composition on the size and surface charge of the nanoemulsions, microviscosity of 
the interfacial layer, and skin absorption of tocopheryl acetate were investigated. 
The amount of tocopheryl acetate absorbed by the skin increased with an increase 
in lipid-to-polymer ratio, as determined using guinea pig skin loaded in a Franz- 
type diffusion cell. A mixture of unsaturated phospholipids and PEO- b -PCL in 8:2 
ratio exhibited the most effi cient delivery of tocopheryl acetate into the skin.  

7.1.3     Bioavailability and Bioeffi cacy 

    Bioavailability is a complex process involving several different stages: liberation, 
absorption, distribution, metabolism, and elimination. Bioavailability is a key step 
in ensuring bioeffi cacy of active food compounds and oral drugs (Rein et al.  2012 ). 
A nanoemulsion is a good candidate for delivery of various bioactive compounds 
due to its ability to improve bioactive solubilization and absorption in the gastroin-
testinal tract, caused by surfactant-induced permeability changes. The bioactivity of 
a component, which is a measure of its specifi c biological affect, is determined by 
the fraction available for absorption. Improving the bioavailability of bioactive food 
compounds can improve their bioeffi cacy (Rein et al.  2012 ). Hatanaka et al. ( 2008 ) 
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reported the 1.7-fold higher bioavailability of coenzyme Q10 nanoemulsions 
(60 nm) than its crystalline form in an in vivo study. 

 Similarly, Kuo et al. ( 2008 ) produced nanoemulsions of an antioxidant synergy 
formulation (ASF), containing delta-, alpha- and gamma-tocopherol and analyzed 
their infl uence on anti-infl ammatory activity and bioavailability in mice. The ASF- 
nanoemulsions exhibited enhanced anti-infl ammatory properties compared with 
their suspensions, and nanoemulsions of gamma-tocopherol showed a signifi cant 
effect. The bioavailability of nanoemulsions with gamma- and delta-tocopherol was 
enhanced (2.2- and 2.4-fold, respectively) in comparison to the suspensions. 
Similarly, Wang et al. ( 2008b ) reported enhanced anti-infl ammatory activity of the 
curcumin nanoemulsions in the mouse ear infl ammation model. The nanoemulsions 
produced through high-speed homogenization (619 nm) and high-pressure homog-
enization (80 nm) exhibited 43 % and 85 % inhibition, respectively, of mouse ear 
edema induced by 12- O -tetradecanoylphorbol-13-acetate. 

 Vishwanathan et al. ( 2009 ) analyzed the bioavailability of lutein nanoemulsions 
(150 nm) in human subjects. The subjects consumed a lutein supplement pill or a 
lutein nanoemulsion added to orange juice (6 mg/day in study 1 and 2 mg/day in 
study 2) for 1 week. The mean serum lutein concentrations increased by 104 % and 
167 % after consuming the 6 mg supplement or nanoemulsion, respectively (study 1). 
Similarly, the consumption of 2 mg lutein supplement or nanoemulsion increased 
serum lutein concentrations by 37 % and 75 %, respectively (study 2). Despite the 
fact that there was lutein loss during nanoemulsion preparation, subjects consuming 
nanoemulsions showed greater serum lutein concentrations compared with subjects 
receiving the lutein supplement. Based on the two studies, it was concluded that 
lutein nanoemulsions had signifi cantly greater bioavailability than the supplement 
in pill form. 

 Recently, Ragelle et al. ( 2012 ) investigated the antitumor activity and bioavailability 
of a nanoemulsion produced using fi setin (3,3′,4′,7-tetrahydroxyfl avone), a natural 
fl avonoid. The nanoemulsion had mean droplet diameter of 153 nm and was stable 
at 4 °C for 30 days. Pharmacokinetic studies in mice reported that fi setin nanoemul-
sion had 24-fold increased relative bioavailability than free fi setin when adminis-
tered intraperitoneally. Additionally, fi setin nanoemulsion exhibited antitumor 
activity in mice at lower doses (37 mg/kg) than free fi setin (223 mg/kg). Likewise, 
Anuchapreeda et al. ( 2012 ) formulated curcumin lipid nanoemulsions (47–55 nm 
droplet size) by a modifi ed thin-fi lm hydration method using soybean oil, hydroge-
nated  l -α-phosphatidylcholine, and co-surfactants. The nanoemulsions were stable 
for 60 days at 4 °C with respect to particle size. Curcumin nanoemulsions showed 
more effi cient anticancer activity than curcumin solution in cytotoxicity studies 
using B16F10 and leukemic cell lines.                            
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            Synthesis of nanoparticles using different techniques of encapsulation has attracted 
a lot of interest these days and the incorporation of nanoparticles into food items has 
made food more “functional.” But, this fi eld of research is still under trial and is not 
yet knocking on the door of industry. There are some limitations that are hindering 
the path of revolution. Before the incorporation of nanoparticles into any food prod-
uct or drug, it is necessary to characterize the behavior of the miniature product. 
This chapter reviews the various techniques for characterization of nanoparticles.   

8.1               Analysis of Particle Size and Morphology 

 To analyze the size of micro- and nanoscale particles, dynamic light scattering 
(DLS) and electron microscopy are preferred. Two types of electron microscopy are 
mainly used: scanning electron microscopy (SEM) and transmission electron micros-
copy (TEM). Electron microscopy offers better resolution than the optical 
microscopy. Surface morphology of the particles can be analyzed by atomic force 
microscopy (AFM). 

8.1.1     Dynamic Light Scattering 

 The most common tool for analyzing the size of nanoparticles is dynamic light scat-
tering (DLS). The basic principle of this method is to observe the movement of 
particles and measure their Brownian motion. The velocity of the particles is 
inversely proportional to the size of the particle and is called translational diffusion 
coeffi cient (Quintanilla-Carvajal et al.  2010 ). DLS mainly calculates the fl uctuation 
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occurring in the path of light passing through the sample due to Brownian motion of 
the particles (Nobbmann et al.  2007 ). The DLS method is very sensitive and able to 
measure particle size down to the 0.001 μm level, which cannot be measured with 
any other method. Its major advantages are cost-effectiveness and quick results. 
Moreover, the properties of the solution are not deteriorated by the beam. However, 
this technique is very crude, performs indirect measurements, and can only be used 
for liquids and gels.  

8.1.2     Scanning Electron Microscopy 

 In scanning electron microscopy (SEM), an electron beam from a tungsten source 
or lanthanum hexaboride thermionic emitters is allowed to strike the surface of the 
sample for its visualization. The fi laments emit the electrons when heated within the 
temperature range of 2,000–2,700 K. An electron gun generates the electron beam 
with energy of 0.1–30 keV. The electron beam passes through the infl uence of an 
electromagnetic fi eld generated by lenses, which forces the electron beam to strike 
the surface of the sample (Lawes  1987 ). After striking the surface of sample, the 
electron beam is diffracted in different directions and generates a number of signals 
that can be imaged on the screen. The signal-generating electrons are mainly of two 
categories: secondary electrons (SE) and backscattered electrons (BSE) that gener-
ate the SEM image of the sample. The image is generated when a positive voltage 
is applied to the collector screen in the front of the detector. As the electron hits the 
inner shell electron and knocks it out, the electron from the outer shell drops to 
lower energy levels and allows the low energy Auger electrons to be expelled. This 
technique is called  Auger electron spectroscopy (Lawes  1987 ). SEM is mainly used 
for micron-sized particles and can also occasionally be used for nanoparticles. 
Moreover, SEM helps to reveal the high degree of dispersion and uniformity of the 
metallic nanoparticles (Herrera and Sakulchaicharoen  2009 ).  

8.1.3     Transmission Electron Microscopy 

 The basic principle of transmission electron microscopy (TEM) is derived from the 
de Broglie wavelength. A limit is set for the wavelength, which gives maximum 
resolution when a beam of electrons penetrate the sample. The basic difference 
between the SEM and TEM is that former scans the surface of sample whereas latter 
penetrates through the sample and generates an image of the particle by interacting 
with the electrons and is best suited to analyze nanosized particles. TEM provides 
better resolution than SEM because the energy of the electron beam is higher in 
TEM (Williams  1996 ).  
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8.1.4     Atomic Force Microscopy 

 Atomic force microscopy (AFM) is mainly used to study the surface morphology of 
a particle in the  x ,  y , and  z  directions. This technique has created a revolution in the 
research fi eld. A cantilever with a sharp tip is allowed to move over the surface of 
the sample and bends according to the response given to force applied between the 
tip and sample. AFM has been observed to overcome the limitations of the micros-
copy imaging techniques (SEM and TEM), as they can image only conducting sur-
faces. AFM can also be used to study the structural characterization of bioactive 
molecules and the morphology, size, and process dynamics of lipid nanocapsules 
(Luykx et al.  2008 ). However exposure to the rough surfaces when the tip is in 
direct contact with surface, will impose diffi culties.   

8.2     X-Ray Diffraction 

 X-ray diffraction (XRD) is mainly used for determining the basic crystal structure 
of the particles. The interatomic distance of any crystalline particle is nearly 2–3 Å, 
which is found to be compatible with the electromagnetic wavelength of the X-rays. 
A diffraction pattern is observed when a beam of X-rays strikes the different layers 
of the crystal at a specifi c angle; consequently, a constructive and destructive inter-
ference is observed. Three types of detectors are mainly used to capture the dif-
fracted electrons: photographic fi lm, imaging plate, and charge-coupled device are 
used to produce a digital image from the diffracted electrons. 

 Various studies have demonstrated that XRD is a suitable technique for investigating 
the structure of nanoparticles. Sathishkumar et al. ( 2009 ) synthesized silver nanopar-
ticles and confi rmed their crystalline structure using TEM and XRD analysis. XRD 
has also stretched its arms to characterize lipid nanocapsules as well as to study 
albumin-zinc nanoparticles, albumin-protamine-oligonucleotide nanoparticles, and 
lactoglobulin aggregates (Luykx et al.  2008 ).  

8.3     Zeta Potential 

 Zeta potential is the measure of overall charge a particle acquires in a specifi c 
medium and gives an indication of the potential stability of a colloidal system (Tiede 
et al.  2008 ). It also explains the electrostatic interaction and mobility of a colloidal 
solution. Electrostatic repulsion interaction is used to measure and control the sta-
bility of the solution. It explains the reasons for the occurrence of dispersion, aggre-
gation, or fl occulation and can be used to improve the conditions of the colloidal 
solution (Weiner et al.  1993 ). Van der Waals forces are present over a short range 
and dominate the electric charge and cause aggregation in solution. This mainly 
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            Today’s consumers are conscious about what they eat. “Safety” is the buzzword in 
the current food scenario. Food safety is an area of major concern today and there 
are many demands on the food production system. Delivering safe food is the 
responsibility of all the stakeholders in the food processing chain, including 
researchers and manufacturers. As with any new technology, nanofoods are also 
expected to face this safety challenge and gain acceptance before they fi nd a place 
on the consumer’s shelf. To date, there is no clear implication that nanofoods are 
either safe or dangerous or that they have harmed human health on ingestion. 
According to the World Health Organization, it is established that consumers are 
likely to benefi t from nanotechnology, however new data and measurement 
approaches are needed to ensure the safety of products. Incorporating nanotechnol-
ogy into food systems should be done with clarity on its health and safety impacts. 
In this context, the safety considerations of nanofoods are briefl y discussed in this 
chapter.  

           The food that we consume inherently contains components like proteins and 
carbohydrates whose molecular size falls in the nanoscale dimension. Food pro-
teins, which are globular particles between tens and hundreds of nanometers in size, 
are true nanoparticles. Linear polysaccharides with one-dimensional nanostructures 
are less than 1 nm in thickness, and starch polysaccharides having small 3D crystal-
line nanostructures are only tens of nanometers in thickness (Chi-Fai et al.  2007 ) 
and are not known to pose any safety issues. Hence, it is necessary to understand 
why the debate on safety implications centers only on the nanoingredients that are 
deliberately added to foods. From the reports already available on the safety con-
cerns of nanofoods, it can be seen that uncertainties on the use of nanoparticles in 
food or food contact materials still exist (Cheftel  2011 ). Furthermore, the in-depth 
potential risks of nanomaterials to human health and to the environment are still 
unknown (Dowling  2004 ). This is because there is little or no scientifi c information 
on the effects of nanotechnology applications on human and animal health or on the 
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environment (Casabona et al.  2010 ). Moreover, clear regulatory principles on the 
use of nanomaterials in foods are lacking. All the above reasons mean that the ques-
tions on the safety of nanofoods remain unanswered after several years. 

 According to Chaudhry and Castle ( 2011 ), the concern about consumption of 
nanofoods is split into three areas, namely, that of least concern, some concern, and 
major concern. The area of least concern is where processed food that contains non- 
biopersistent nanomaterials is digested or solubilized in the gastrointestinal tract. 
Where a food product contains non-biopersistent nanomaterials that are not digested 
but carried across the gastrointestinal tract is an area of some concern. Other areas 
of some concern are increased bioavailability of vitamins and minerals and a greater 
uptake of food colors or preservatives so that uptake exceeds the acceptable daily 
intake (ADI) and may not always be benefi cial for consumer health. The areas of 
major concern are where foods include insoluble, indigestible, and potentially biop-
ersistent nanoadditives (for example, metals or metal oxides) or functionalized 
nanomaterials. Such applications may pose a risk of consumer exposure to “hard” 
nanomaterials, the adsorption, distribution, metabolism, and elimination (ADME) 
profi le and toxicological properties of which are not fully known at present. 

 Another concern raised by Mukul et al. ( 2001 ) was that most nanomaterials used 
in foods are organic moieties and may contain and carry other foreign substances 
into the blood through the nutrient delivery system. ZnO is an example of an organic 
moiety that has a zinc moiety and an oxygen moiety. Powell et al. ( 2010 ) also 
reported that it is possible, under certain conditions, for very small nanoparticles to 
gain access to the gastrointestinal tissue via paracellular transcytosis across tight 
junctions of the epithelial cell layer. However, whether there are realistic situations 
of nanoparticle exposure that lead to signifi cantly abnormal reactive oxygen species 
and infl ammasome activation responses (in vivo) in the gut has not been 
established. 

 Thus, the available literature on nanofood safety shows clearly that the negative 
statements about the risks associated with nanofood consumption are assumptions 
and lack a strong scientifi c basis. Still, it is important to bridge the gaps between 
hypotheses on nanofood safety and the gaps in knowledge through intensive research 
and risk assessment studies. This necessity has drawn the attention of regulatory 
authorities to establish more organized rules and regulations for the use of 
nanofoods. 

 Many nanotechnology initiatives, commissions, or centers have been launched 
by governments, academia, and private sectors in the USA, Europe, Japan, and 
some other countries around the globe to ensure the rapid development and deploy-
ment of nanotechnology, promote economic growth, maintain global competitive-
ness, and improve the innovative capability (Chen et al.  2006b ; ETC Group  2005 ). 
Up to now, there is no international regulation of nanotechnology or nanoproducts. 
Only a few government agencies or organizations from different countries have 
established standards and regulations to defi ne and regulate the use of nanotechnol-
ogy. The existing regulations on nanotechnology are presented by countries such as 
the USA, UK, Japan, and mainland China. The US Food and Drug Administration 
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(FDA) is one of the fi rst government agencies around the world to give a defi nition 
for nanotechnology and nanoproducts. Details of organizations and institutions ini-
tiated to work on the safety prospects of nanofoods have been listed by Chau et al. 
( 2007 ). 

 In a few countries (e.g., the USA), some existing laws, notably the Toxic 
Substances Control Act; the Occupational Safety and Health Act; the Food, Drug 
and Cosmetic Act; and the major environmental laws provide some legal basis for 
regulating nanotechnology. The Codex Alimentarius Commission, jointly estab-
lished by the Food and Agriculture Organization (FAO) and the World Health 
Organization (WHO), aims at monitoring and coordinating the food safety and 
regulation standards formulated by food operators worldwide. The involvement of 
this premier organization in regulating the use of nanocomponents and nanoscale 
equipments in foods may bring positive insight into the concept of nanofood safety. 
The National Nanotechnology Initiative (NNI) set out to describe the uses and 
applications of nanotechnology in three areas, namely, development of products of 
dimensions 1–100 nm, creating and using nanostructures that exhibit novel proper-
ties because of their small sizes, and the ability to control on the atomic scale (Chau 
et al.  2007 ). The above are some of the measures put forth to initiate and bring 
nanofoods within the boundaries of regulatory bodies. 

 Even though the above-mentioned initiatives are expected to strengthen the 
safety and regulatory aspects of nanofoods, a proactive approach is needed to iden-
tify the potential areas of improvement. The European Food Safety Authority 
(EFSA  2009 ) has issued a draft opinion that there are broad uncertainties over the 
safe use of nanotechnology for foodstuffs, and more research is recommended. The 
European Commission carried out a review of nanotechnology regulations adopted 
in June 2008 and concluded that “Current legislation covers in principle, the poten-
tial health, safety and environmental risks in relation to nanomaterials. The protec-
tion of health, safety and the environment needs mostly to be enhanced by improving 
implementation of current legislation.” Earlier studies have provided many recom-
mendations with the view of improving nanofood safety. The signifi cant recommen-
dations suggested by different groups are listed in Table  9.1 .

   Thus it is clear that, even though nanofoods are promisingly expected to deliver 
their full potential in future years, the safety and regulatory aspects are still at the 
nascent stage. Walsh et al. ( 2008 ) commented on this scenario that the pace of the 
regulatory process lags far behind the speed of nanotechnology products’ commer-
cial introduction. The regulations must be designed as a precautionary measure to 
promote nanofood safety but not to prevent the innovations expected in the applica-
tions of nanotechnology in the food sector. With the nanofood products expected to 
fl ood the food market in near future, it is necessary that the ambiguities on the safety 
of nanofoods be cleared to enable consumers to pick nanofoods from the market 
shelves with trust and confi dence.                      
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   Table 9.1    Recommendations on the development of regulations for nanofoods   

 Recommendation  Author(s)/group 

 Concerning the changes in the bioactivity, physicochemical property, 
and functions of nanoscale materials in relation to their size reduction 

 Chau et al. ( 2007 ) 

 Dividing nanofood products into different categories such as liquid, 
powder, aerosol, suspension, emulsion, and liposome for proper 
classifi cation, management, and analysis 

 Safety assessment or nanotoxicity studies should be required for 
nanoscale materials that are chemically modifi ed 

 Requirement of food labeling to identify the presence of nanomaterials in 
products and provide possible particle size range and relevant safety 
information 

 Regulations governing nanomaterial developments, verifi cation of their 
safety, fate, and how to dispose of them through remediation 
treatments need to be understood 

 Neethirajan and 
Jayas ( 2010 ) 

 Research into the consequences of the ingestion of nanoparticles  International Union 
of Food Science 
and Technology 
( 2007 ) 

 Research on materials not normally adsorbed, digested, and metabolized 
on ingestion 

 Where the safety data or ADIs for manufactured nanoparticles of 
food-approved ingredients or additives differs from that of the bulk 
materials, then there may be a need for selective or distinctive labeling 
of these nanoproducts 

 The toxicokinetic properties of engineered nanomaterials after oral 
exposure into the human body should be correlated with their 
physicochemical properties to determine whether these nanomaterials 
can be categorized on the basis of appropriate dose metrics 

 European Food 
Safety Authority 
(EFSA  2009 ) 
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