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Abstract

In the past decade, there has been a great interest in using nanotechnology by different industries, including
food, pharmaceutical, and beauty. Nanotechnology provides many advantages to produce functional
compounds which tend to be delivered for desired properties, such as protection from the environment or
food matrix, controlled release, and increased bioavailability and bioaccessibility (Muhammad et al., 2019,
Sedaghat Doost et al., 2019b, Sedaghat Doost et al., 2018c). There is a variety of methods to prepare food
nanomaterials. Specialized equipment is frequently employed for the production of efficient nano-delivery
systems, which is the focus of this chapter; the basic principle of conventional and recent techniques, as well
as their advantages and disadvantages are described.

5.1. Introduction

The size of a carrier system in food materials is one of the most vital factors with a powerful contribution to
the physicochemical properties of the system. Nanotechnology refers to the production of nanomaterials,
i.e. usually possess a particle size between 10 to 1000 nm (Sedaghat Doost et al., 2020). The nano scale size
of these materials have the potential to enhance the bioavailability and improve the controlled release due
to their small size. Nano-sized delivery systems remain to be considered as one of the most promising
technologies. These systems have many advantages due to their small size and changes in their mechanical,
electrical, and optical properties. One of the advantages is their increased surface-to-volume ratio, which
improves their reactivity and provides an efficient absorption through cells, controlled release and accurate
targeting of bioactive compounds (Prakash et al., 2018). The solubility and thermal stability of encapsulated
bioactive compounds can also be enhanced and they can be protected against natural and processing effects,
including chemical, enzymatic, and physical instability during processing. Moreover, the incorporation of
nano-size delivery systems in food applications can improve their sensory attributes, such as texture, flavor
retention, coloring strength, and technological properties such as processibility, and stability during shelf-life
(Ferreira and Nunes, 2019, Prakash et al., 2018). Different methods have been proposed for the fabrication
of food nanomaterials based on two classifications, including top-down and bottom-up methods. Top-down
methods are based on the breakage of a systems into smaller size scales, fo instance, through mechanical
size reduction input by applying high energy. On the other hand, bottom-up methods require low energy and
the process can be controlled by the intrinsic physicochemical properties (Sedaghat Doost et al., 2019b).
These include solvent demixing, self-emulsification (spontaneous emulsification) and phase inversion assays.
Top-down methods usually need specialized equipment, including high-pressure, ultrasonication,
electrospinning, spray drying, and ball milling (Prakash et al., 2018). Most of these methods have been
currently scaled up and industrialized. The reproducibility and large scale production are the considerable
advantages of the high pressure techniques while vortex fluidic device (VFD) needs lower cost and its
environmental friendly technique.However, there are some drawbacks that may limit the utilization and
promote the modification of these methoods or the development of a new technique. The preparation
technique can indeed exert a considerable influence on the physicochemical stability as well as desired
functionality of the produced materials. For instance, despite the fact that the temperature of the mixture
during sonication can be controlled to some extent, the chemical degradation can be induced, specially if the
mixture contains a volatile compound, because of the high pressure and temperature of the cavitation effect
(Salvia-Trujillo et al., 2014). Another drawback of some of these techniques is high energy consumption,
which makes it an expensive processing step for industry. Additionaly, the scaling up and infrastructure
required for these techngiues are also rather dear. In this chapter, the basic principle of techniques that need
specialized equipment for the production of food nanaomaterials are introduced as well as their advantages
and disadavantages.



5.2. High-pressure techniques

5.2.1. Microfluidization

Microfluidic processing has been used for the size reduction of emulsions (Bai and McClements, 2016), nano-
dispersions, liposomes (Guldiken et al., 2018), and for preparing nanomaterials (Ganesan et al., 2018).
Microfluidization can be used as a high-energy approach for the fabrication of nanoemulsions. Basically, a
microfluidizer consists of three main constituents, an intensifier pump, an air motor, and an interaction
chamber, as shown in Figure 5-1. For emulsification applications, a coarse emulsion is initially prepared by
mixing the oil phase and the aqueous phase containing an emulsifier using a high shear mixer. After that, this
pre-mix emulsion is fed into an interaction chamber in the microfluidizer by force. Two streams of the coarse
emulsion flow at high velocities through channels with small diameter to the direction of an impingement
area. The two streams of the pre-mix emulsion bump into each other and generate rigorous turbulent forces,
including cavitation, turbulence, and shear, resulting in the size reduction of the oil droplets (Jafari et al.,
2007). A significant advantage of microfluidization is the large scale production with higher reproducibility
(Ganesan et al., 2018). It has been reported that microfluidization is more efficient and more successful in
the fabrication of emulsions with small droplet sizes than other homogenizers, such as high-pressure jet and
rotor-stator devices (Silverson) (Perrier-Cornet et al., 2005). In contrast, Alliod et al. (2019) reported that
nanoemulsions produced by microfluidization showed a higher chemical degradation of all-trans retinoic acid
compared to other emulsification processes, e.g., ultrasound and premix membrane emulsification.
Moreover, microfluidized nanoemulsions were unstable at a 4-fold droplet size enhancement under stress
conditions.
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Figure 5-1.Schematic representation of Microfluidizer (redrafted from Microfluidics-M110S manual).

As the coarse emulsions are forced into the microfluidizer through a reservoir with one inlet, conventional
microfluidizers are called single-channel devices which have some limitations. One of their limitations is the
necessity of a high-shear mixer to fabricate the coarse emulsion which needs extra devices, cost, and time.
Furthermore, several cycles of homogenization passes of the coarse emulsion through the chamber are often
required. Another limitation of conventional microfluidizers is that due to the requirement of the rinsing
before the main preparation, some extent of the pre-mix emulsion is wasted; hence, decreasing the yield.
Moreover, the content of the used oil is limited since increasing the oil level results in higher viscosities which
may become an obstacle to be forced through the device. Thus, dual-channel microfluidization has been



designed for the efficient fabrication of nanoemulsions in which the oil phase and aqueous phase are
separately fed into the device. The advantages of this method in comparison to its conventional single-
channel counterpart are lower consumption of time, cost, energy, and labor since the additional step of
preparing a coarse pre-emulsion with another equipment is omitted, and one cycle of homogenization could
be enough for some cases. Moreover, the separate entering the oil and water phase provides the opportunity
of no requirement to feed a pre-mix coarse emulsion, thus there is no limitation for the content of the used
oil. Therefore, concentrated nanoemulsions with high oil contents can be produced; thus, boosting its
application in food and nutraceutical fields (Ganesan et al., 2018, Bai and McClements, 2016).

The pressure of microfluidization, the number of cycles of the homogenization, oil content, and the emulsifier
content are the most cheif process parameters that influence the performance of the apparatus for the
fabrication of nanoemulsions (Jafari et al., 2007, Sedaghat Doost et al., 2018a). By increasing the
microfluidization pressure, the droplet size of nanoemulsions decreases, as was observed by Uluata et al.
(2016). Bai and McClements (2016) reported that the droplet size of nanoemulsions stabilized by polysorbate
80 was lineary log-log related to the homogenization pressure. It has been also suggested in the literature
that by increasing the number of passes through the homogenizer as well as an enhancement in surfactant
content decreased the droplet size of the nanoemulsion (Sedaghat Doost et al., 2018a, Uluata et al., 2016).
Lv et al. (2018) observed that by increasing the content of vitamin E in the carrier oil (corn oil), the droplet
size of the quillaja saponin stabilized nanoemulsions, which were fabricated by a dual-channel microfluidizer,
increased. This droplet size increase was triggered by the enhancement in the viscosity of the oil phase.
Consequently, these plant-based nanoemulsions creamed faster and showed lower physical stability during
storage.

The incorporation of bioactive compounds into microfluidized nanoemulsions is able to improve their
efficiency and bioavailability in addition to increase their physical and chemical stability, which is due to their
smaller droplet size. For example, in a study conducted by Raviadaran et al. (2018), curcumin-incorporated
nanoemulsions were developed applying microfluidization for increasing the bioavailability of the curcumin.
Luo et al. (2017) also showed that the water dispersibility and chemical stability of B-carotene could be
improved by its incorporation into microfluidized nanoemulsions. In order to increase the functionality and
bioavailability of essential oils, microfluidization has been used in different studies to prepare oil-in-water
nanoemulsions (Sedaghat Doost et al., 2018b, Sedaghat Doost et al., 2017, Sedaghat Doost et al., 2019e). In
addition to conventional nanoemulsions, Pickering nanoemulsions with high stability against coalescence can
be fabricated using microfluidization (Schréder et al., 2018).

The disadvantages of the microfluidization approach for the fabrication of nanoemulsions are the high energy
input requirement, and its wasting since the emulsification only consumed 0.1% of the input energy, and the
remaining part is wasted as thermal energy. Furthermore, several passes are required for obtaining more
monodispersed droplets since all droplets are not exposed to an equal shear stress because of their different
positions in the interaction chamber. Moreover, the generated heat during the process limits its application
for heat-labile materials (Alliod et al., 2019).

Microfluidization can be used for the development of solid lipid nanoparticles (SLNs) without the
disadvantages of other fabrication methods such as high-speed homogenization, spray drying, hot
homogenization, cold homogenization, ultrasonication, and supercritical technology, which are partitioning
of the lipids, weaker stability, and higher consumption of organic solvents. Due to the above-mentioned
disadvantages, the development of novel SLNs becomes limited. Microfluidization provides the opportunity
to produce SLNs with considerably small particle sizes, which boosts their application as a delivery system.
For example, Helgason et al. (2015) fabricated transparent SLNs ranging from 36 to 136 nm by cooling 10
wt% octadecane and 1-5 wt% sodium dodecyl sulfate nanoemulsions homogenized using high-pressure
microfluidization (5000—-28,500 psi) which are applicable in clear beverages and juices or other transparent
food products. Furthermore, the produced SLNs by microfluidization provide higher encapsulation
efficiencies for incorporated bioactive compounds. Moreover, the microfluidized SLNs provide higher
stability and bioaccessibility for the encapsulated compound because of their small particle size (Arora et al.,
2015, Singh et al., 2016).



Nanoliposomes have also been developed using microfluidization with small particle size, high encapsulation
efficiency, and sustained release of bioactive components. It has been said that the incorporation of bioactive
components into microfluidized nanoliposomes with small size (60-100 nm) provided higher stability and
bioaccessibility, and controlled release of tea polyphenols than ultrasonication and high-pressure
homogenization (Zou et al., 2014a, Zou et al., 2014b). Guldiken et al. (2018) also developed black carrot
extract-loaded nanoliposomes as an antioxidant agent with a particle size lower than 50 nm using this
method. Microfluidization can be further used for the deagglomeration of nanoparticle clusters. This method
was used by Gavi et al. (2018) for completely breaking up silica nanoparticle clusters into submicron
aggregates with a size of 150 nm through erosion; additionally, the effect of the particle content and the
viscosity of continuous phase on the deagglomeration of clusters was investigated. More passes or a higher
power intensity was required for samples with a higher particle content or the viscosity of continuous phase.

5.2.2. High-pressure homogenizer (HPH)

High-pressure (HP) homogenization is a type of top-down high energy technique which fabricates
nanoparticles (Riegger et al.,, 2018), nanoemulsions (Agarwal et al., 2019, Jasmina et al., 2017), and
nanodispersions (Tan et al., 2016b) by producing powerful disruptive forces including shear stress, cavitation,
and turbulent flow. The created disruptive force due to the intense energy can disrupt larger particles and
oil droplets into the nano-size range as shown in Figure 5-2 (Agarwal et al., 2019). The standard range of
hydrostatic pressures (i.e., which is generally used for HP-homogenization) is 150 to 200 MPa; whereas, 350
to 400 MPa is applied for ultra-HP homogenization using intensifier technology (Singha et al., 2016). The
requirements of an HP-homogenizer are an HP positive displacement pump and a restriction assembly.
Depending on the kind of the pump, and the kind and the number of restrictions, their designs could be
different. The HP can be transferred to the fluid using piston-type pumps. The liquid is withdrawn to the
pump by its suction valve; then, it is pushed to the pump depletion valve and the homogenizing valve by the
forward stroke of the piston. The restriction assembly is another part of an HP-homogenizer which exists in
three types: with adjustable valve, with nozzle, and with microchannels. The relative distribution of shear,
turbulence, impact, and cavitation varies categorically in the homogenizer based on the type of restriction
assembly. The kind of the nozzle is usually a better option among other valves since tunable valves may
generate higher variations in different batches (Singha et al., 2016).


https://www.sciencedirect.com/topics/chemical-engineering/nanoparticles

Figure 5-2. A simple homogenization valve. Reprinted from dos Santos Aguilar et al. (2018).

HP homogenizers can be used as a highly efficient nanoemulsification method by flowing the two liquid
phases (i.e., including surfactants and co-surfactants) through the small orifice of a piston homogenizer called
the homogenizing valve, nozzle, or microchannel, under a high pressure (500-5000 psi) (Li et al., 2018b, Xu
et al., 2018). These authors used HP homogenization for the production of nanoemulsions based on soy
protein. These researchers reported that HP homogenization improved the functionality of the protein as an
emulsifier. It has been reported that the structural changes of the protein after exposure to HP
homogenization could improve its functional properties (Sedaghat Doost et al., 2019d).

Several hydrophobic bioactive compounds such as curcumin (Ma et al., 2017), essential oils including pepper
oil (Galvao et al., 2018), carotenoids such as B-carotene (Borba et al., 2019) and jackfruit extract (Artocarpus
heterophyllus Lam) (Ruiz-Montariez et al., 2017), vitamin E (Ozturk et al., 2015), and kenaf seed oil (Cheong
and Nyam, 2016) have been incorporated into HP homogenized nanoemulsions.

Similar to other high energy methods, the parameters that affect the obtained droplet size are energy
intensity, holding time of the energy input, interfacial tension, the difference between the viscosity of the
phases, type and level of the emulsifier, and emulsifier-to-oil ratio (Karthik et al., 2017, Xu et al., 2018). The
influence of the type of emulsifier on the droplet size of HP-homogenized nanoemulsions has been previously
investigated. Ozturk et al. (2015) reported that whey protein isolate performed better as an emulsifier at low
concentrations in producing smaller droplets than Arabic gum for stabilizing Vitamin E fortified
nanoemulsions applying HP-homogenization. By increasing the emulsifier content, homogenization time, or
energy input the droplet size of the fabricated nanoemulsions could be decreased (Li et al., 2018b). Silva et
al. (2015) reported that an enhacement in the homogenizing pressure decreased the droplet size of
nanoemulsions stabilized by different surfactants (polysorbate 20, SDS and DTAB) from 177 to 128 nm. It was
also observed that an enhancement in the surfactant level triggered a decrease in the droplet size. Cheong
and Nyam (2016) investigated the effect of homogenization pressure in the range of 16,000 to 28,000 psi and
number of homogenization cycles of 3 to 5 cycles on the droplet size and stability of kenaf seed oil
nanoemulsions stabilized with sodium caseinate, Tween 20, and B-cyclodextrin complexes. It was observed
that increasing the homogenizing pressure and the number of passes yeilded a smaller nanoemulsion droplet
size and a higher stability. They fabricated nanoemulsions with a particle size of 122 nm, a span of 0.147, and
a surface charge of -46.6 mV through the optimum HP-homogenization conditions which were 28,000 psi for
4 cycles. Another effective parameter is the level of the oil phase and its ratio in comparison to the emulsifier.

An enhancement in the level of the oil phase, increased the droplet size of HP-homogenized nanoemulsions
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incorporating curcumin (Ma et al., 2017). Contrary to these results, Silva et al. (2015) reported that by
increasing the portion of oil in comparison to water in nanoemulsions stabilized with nonionic surfactants,
the droplet size decreased from 341 to 171 nm.

HP homogenizers can be used for the fabrication of lipid-based nanoparticles such as SLNs and NLCs (Akhavan
et al.,, 2018). HP homogenization associated with hot and cold approaches is one of the most common
methods for the fabrication of these lipid-based particles since it provides the opportunity to scale up the
production without any requirement for using organic solvents (Akhavan et al., 2018). The hot HP
homogenization is the dissolvation of the bioactive compound and the melted lipid in a hot emulsifier
solution with the same temperature followed by a pre-homogenization using a high-speed stirrer and then
passing through a high-pressure homogenizer. The cold HP homogenization is defined by dispersing the
bioactive component in the lipid melt, and their mix is then cooled. The resulting solid is subsequently ground
to prepare solid microparticles which are dispersed in a cold emulsifier solution and exposed to HP
homogenization (Miiller et al., 2002). Different bioactive compounds have been incorporated into lipid-based
nanoparticles which were produced using HP-homogenization. For instance, citral into glyceryl monostearate
SLNs based on polysorbate 80 and span 80 (Tian et al., 2018). Biopolymer based particles were also fabricated
using HP homogenization. Starch nanoparticles were produced through HP homogenization associated with
mini-emulsion cross-linking (Ding et al., 2016, Shi et al., 2011). In another study, Riegger et al. (2018) by using
1-7 passes of HP homogenization at 40 MPa fabricated chitosan nanoparticles in the size range of 125 —
250 nm. Nanodispersions can also be prepared using HP-homogenization. High-pressure valve
homogenization was used for the formation of lutein nanodispersions based on polysorbate 80 and
comparison with their fabricated counterparts with the solvent displacement method by Tan et al. (2016b).
It was observed that the particle size and poly dispersity index were not significantly different for both
methods, while lutein retention was better in the nanodispersion formed via the solvent displacement
technique.

The disadvantage of HP-homogenization like other high energy methods is its high energy consumption which
limits its large-scale application in industry. Moreover, the increase in the temperature during the process
can be harmful to heat-sensitive compounds. Nevertheless, this is the most common method for the
preparation of nanoemulsions (Jasmina et al., 2017).

5.3. Sonication

Sonication is an effective method to prepare various nanomaterials. This method has also been used for
different food applications such as the microbial inactivation in liquid food products (Knorr et al., 2004,
Piyasena et al., 2003), or extraction (Vilkhu et al., 2008). Ultrasound or power ultrasound is term for the sonic
waves, also known as acoustic waves ehich have higher frequencies than those of audible sounds for the
human ear (higher than 16 kHz). Based on the frequency and intensity ranges, there are two ultrasound
processings: low and high intensity. Low intensity (high- frequency) ultrasound has hardly destructive effects
during passing through the medium due to its low power. On the other hand, high intensity (low-frequency)
ultrasound can be used for destruction purposes, including depolymerization of macromolecules, breaking
down particles and aggregates down to the nanometer size range, emulsification (homogenization),
deflocculating droplets, and extracting bioactive compounds from diverse matrices. Cavitation phenomena
induced through this method have the ability to stimulate several chemical reactions. Cavitation is the
phenomenon that is induced by high-intensity sonic waves in the range of 16 kHz — 100 MHz through the
mass of liquid and is determined by the sequential creation of millions of vapor microbubbles or microcavities
in the liquid. When these bubbles are nonlinearly collapsed or burst, the concentrated energy within these
bubbles is released considerably fast, resulting in hot spots, turbulence, and free radicals, which can be
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generated in the cold fluid in a short period of time (Suslick and Price, 1999). A conventional ultrasonication
setup consists of different parts, including the electrical supply, a piezoelectric transducer, and an emitter
which is typically in the form of a titanium horn (probes) or bath (Suslick and Price, 1999). Nanoparticles
based on different food-grade biopolymers have been fabricated via sonication. The generated physical
forces, such as shear forces, which are formed by micro-streaming and normal impingement from the water
jets at the interfaces of solid and liquid result in breaking down the biopolymers into nanometric range
particles or aggregates. Gilca et al. (2015) prepared lignin nanoparticles by ultrasonication. Ultrasonication
can not only be used for the fabrication of nanoparticles from biopolymers but can also improve their
functional properties and boost their application. Zhang et al. (2018b) reported that ultrasound treatment
was able to unfold the conformation of rice bran protein resulting in the exposure of its interior functional
groups, which improved its solubility, emulsifying, and foaming properties. Jiang et al. (2019) combined pH-
shifting and sonication to prepare and functionalize pea protein nano-aggregates for the fabrication of
nanoemulsions and nano complexes as nanocarriers for cholecalciferol (vitamin D3). It has been suggested
that ultrasound-treated pea proteins had an improved antioxidant capacity and provided a higher
bioavailability for D3. The association of ultrasonication with low hydrostatic pressure and low heat, is called
mano-thermo-sonication (MTS) which is able to increase the cavitation activity and can be used for the
fabrication and modification of protein nanoparticles. Yildiz et al. (2017) fabricated and functionalized
spherical shaped soy protein nanoparticles with a size of 27+1 nm using this process in combination with pH-
shifting. Their results revealed that the MTS process enhanced the solubility, emulsifying properties, surface
hydrophobicity, and antioxidant activity of the soy protein. The fabricated nanoparticles also showed the
ability to stabilize canola oil-in-water nanoemulsions during 21 days of storage.

The ultrasonication process can also be used as an aid for decreasing particle size in other particle fabrication
methods. For example, in a study conducted by Feng et al. (2019), ultrasonication was used for further
decreasing the size of anti-solvent precipitated zein nanoparticles. Moreover, the surface charge,
encapsulation efficiency, and the encapsulation capacity for stigmasterol incorporation of zein
nanodispersions significantly increased after exposure to the ultrasonication treatment. Furthermore,
ultrasonication can be used as a post-formation process in the final step of the preparation of liposomes for
reducing the number of bilayers which helps to fabricate smaller liposomes (Pimentel-Moral et al., 2018).

Sonication has also been used for the fabrication of nanoemulsions. The advantages of this method include
lower consumption of energy and surfactant, smaller droplet size and size distribution, and higher stability
among other high-energy emulsification methods such as HP homogenization and microfluidization. This
process also needs less maintenance and handling time compared to other mechanical methods (Li et al.,
2019). Ultrasonication can form nanoemulsions by breaking down the mixture of oil and water, increasing
the diffusion rate, and dispersing the aggregates by cavitation (Peshkovsky et al., 2013). This process is
schematically represented in Figure 5-3. It has been reported that the ultrasonication was 18 times more
energy-efficient in the fabrication of nanoemulsions in comparison to microfluidization (Kumar et al., 2017).
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Figure 5-3. Schematic illustration of ultrasonication to produce nanoemulsions taken from Cheaburu-Yilmaz et al. (2019).

The properties of the fabricated nanoemulsions (i.e., including droplet size, optical and rheological stability)
depend on the applied emulsification technologies, their process variables, and emulsifier types (Li et al.,
2019). The main effective process variables in nanoemulsification through ultrasonication are the sonication
time and intensity (Salvia-Trujillo et al., 2017). By increasing the sonication time, the power level, and the
emulsifier concentration, the droplet size decreased (Sedaghat Doost et al., 2019f). Tan et al. (2016a) also
investigated the effect of ultrasonic parameters including pre-sonication ultrasonic intensity, sonication time,
and temperature for the formulation of a valproic acid-loaded nanoemulsion stabilized by lecithin and tween
80 with response surface methodology. Their results displayed that the relation between ultrasonic intensity
and time had the most impact on the size of the nanoemulsions. The increase of the ultrasonic intensity
decreased the span. Sedaghat Doost et al. (2019f) identified the ultrasonication time and intensity as the
most effective variables for the droplet size of nanoemulsions (i.e., fabricated for encapsulation of thymol as
a major compound of some essential oils with antimicrobial and antioxidant activity) (Sedaghat Doost et al.,
2019c). However, Mehmood et al. (2018) observed that the most effective parameter on the droplet size of
B-carotene nanoemulsions obtained by ultrasonication was the emulsifier content, rather than ultrasonic
homogenization time and oil content. Using sonication for the fabrication of nanomaterials may have some
drawbacks. One of these drawbacks is the temperature increase (in some cases up to 80 °C) due to the hot
spots produced during bubble implosion and high shear rates, which may result in deterioration of
components susceptible to heat. Moreover, the degradation of lipids due to the hydrolysis or oxidation of
triglycerides can occur (Salvia-Trujillo et al., 2017). Free radicals released in acoustic cavitation during the
process can also increase the rate of oxidation (Chemat et al., 2004). Another limitation of industrial
application of ultrasonication in the fabrication of nanomaterials is the probability of the migration of metal
ions or metal particles from the sonication probe into the product as a result of the cavitational abrasion
which causes contamination for the food-grade labeled products (Freitas et al., 2006).

5.4. Electrohydrodynamic devices

Electrospinning is a novel and popular top-down method for the fabrication of nanomaterials in the form of

nanofibers with dimensions in the range of 40 to 2000 nm from a wide variety of starting materials with

different applications (Reneker and Chun, 1996, Sedaghat Doost et al., 2019d). The term “electrospinning”
11



was coined since 1994 while this technique was used by Anton (1934) for the first time. There has been
considerable attension to this method because of being cost-effective, scalable, and straightforward
(Schiffman and Schauer, 2008). The basic requirements (Figure 5-4) for this process are a high power voltage
supply, which is connected to a capillary tube containing a polymeric solution with a needle or pipette, as
well as a collector or target, through electrical wires. The capillary tube can be simply a syringe connected to
a pump while the collector could be a copper plate (Schiffman and Schauer, 2007a, Schiffman and Schauer,
2007b), or an aluminum foil, plate, or rotating drum (Chew et al., 2005). By applying a high voltage, a pendant
droplet of the solution is altered into a conical shape with an angle of 33.5° called Taylor cone due to the
generated electric field between the tip of the syringe needle of the capillary tube and the target, located at
a short distance from each other (Taylor, 1969, Yarin et al., 2001). This is because the created electric field
reduces the surface tension of the polymer solution, resulting in the creation of a Taylor cone at the tip of
the syringe needle which is changed to a straight jet that releases from the cone and reaches the collector
when the voltage exceeds a critical value. At this voltage level, the electrostatic repulsion is higher than the
surface tension between the solution droplets resulting in stretching them at the needle tip and throwing
them out on the collector. Dry micro- or nano-sized electrospun fibers can be collected from the collector in
the form of non-woven mats due to solvent evaporation during the process (Kakoria and Sinha-Ray, 2018,
Schiffman and Schauer, 2008).

Collector
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Figure 5-4. Illustration of basic setup for electrospinning (Hu et al., 2014).

The electrospinning process can be influenced by several parameters. Some of these are related to the used
components, including their molecular weight (MW), molecular weight distribution, solubility, and glass
transition temperature; while some others are related to their solution properties such as concentration,
viscosity, viscoelasticity, surface tension, electrical conductivity, and solvent quality, which are not
independent of each other. The solution feed rate, field strength, applied voltage, geometry of electrodes
and their materials, spinning distance, and vapor pressure of the solvent are effective process parameters.
The selection of electrospinnable biopolymer is a critical parameter. Biopolymers with too high or too low
MW are hard to electrospin. For example, Pirzada et al. (2019) observed that both native high MW (~2x10°
Da) and hydrolyzed low MW (~1.6x10* Da) guar were not electrospinnable at the applied conditions.
Therefore, they used a blend to tune the MW. It is also important to note that polymers with higher MW
need a lower concentration in the solution since they are able to deliver a sufficient number of polymer
entanglements and appropriate solution viscosity even at low concentrations (Gomez-Mascaraque et al.,
2016). The content of the polymer in the solution is also an important parameter in the electrospinning
process. Higher concentrations of the biopolymer result in higher viscosities of the solution because of the
intensive overlap of polymer chains, which resists the thinning of the solution jet; thus, yielding larger fibers.
The viscosity of the solution by itself should be optimized since at too low values, droplets are formed instead
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of the Taylor cone while at too high values the ejection of the polymer solution jets and the fiber formation
become difficult (Bhardwaj and Kundu, 2010). Surface tension is an effective parameter on the size and
morphology of the fabricated nanofibers, especially when low concentrations of polymers or polymers with
lower molecular weights are used. More the surface tension of the solution is, more electric field is required
for the electrospinning. At too high surface tensions, the jet is unstable and may spray out in the form of
droplets instead of fibers (Sunil, 2017). The surface tension of the polymer solutions can be tuned by the
addition of surfactants, ionic salts, or electrolytes. These additives have the ability to decrease the surface
tension or enhance the net charge density of the solution. Sodium dodecyl sulfate (SDS), dodecyl trimethyl
ammonium bromide (DTAB), and Triton X-100 (TX-100) were added to a lignin solution to reduce the surface
tension of the spinning dopes for obtaining smooth, beadles, and small nanofibers (Fang et al., 2017). The
electrical conductivity of the solutions is another important parameter that is related the used solvent and
the used polymer. Solutions with lower electrical conductivity yield fibers with larger diameters due to their
shorter stretching of the electrified jet (Bhardwaj and Kundu, 2010). The spinnability of a WPI-maltodextrin
blend was observed to be more successful in comparison to an SPI-maltodextrin blend due to its lower
electrical conductivity (Kutzli et al., 2019). Fonseca et al. (2019) performed starch phosphorylation to increase
the charge density by producing electrostatic charges, which helped it to become electrospinnable. The
addition of additives such as salts and surfactants can also be effective to modify the electrical conductivity
of the solutions. Salts provide migrating ions which transport charges in the solution and due to the increase
in charge density result in higher conductivities (Sunil, 2017). It has been suggested by many researchers that
by increasing the voltage, which usually varies between 6 and 30 kV, more larger fibers are electropsun due
to the increase in polymer ejection power. On the other hand, some reports revealed that the increased
voltage resulted in more electrostatic repulsive forces on the fluid jet, leading to more stretching of the
solution.

The polymer solution flow rate, which usually varies between 0.01 mL/h and 1 mL/h, is another effective
process parameter. An increase in polymer flow rate yields larger fibers with larger pore size with more beads
since, at higher flow rates, there is not enough time for the fibers to dry during their travel to the collector.
The length of the gap between the tip of the needle and the collector, which generally varies between 10
and 30 cm, is also important and should be optimized because it determines the time for the solvent
evaporation and fiber drying before reaching the collector and it is decisive for the number of the formed
beads in the fiber structure. A larger distance, which means a larger flight time and more stretching, usually
produces thinner fibers with less beaded structures. Therefore, a too-large distance causes less stretching of
the fibers and an increase of their diameter because of the reduction of the electrostatic forces and an
effective voltage drop. On the other hand, a smaller distance yields beaded structure fibers due to a too
strong electrostatic field and jet instability.

Electrospun nanofibers can be used in different fields and applications including drug delivery, tissue
engineering, wound dressing materials, , filtration and wastewater treatment, fuel cells, and biosensing. In
the food industry, nanofibers fabricated from biopolymers can be used for designing new food ingredients
and food additives, as delivery systems of bioactive compounds with sustained release, food novel packaging
material, edible food coating, and food sensor as they are non-toxic, edible, and biocompatible. The three-
dimensional open porous structure of electrospun nanofibers which is associated with a high specific surface
area that enables mass transfer and effective delivery makes them suitable for delivering food bioactive
agents with controlled release (Neo et al., 2018).

Since the electrospinning process is a non-thermal process, it is suitable for the encapsulation of biological
components that are susceptible to high temperatures. Moreira et al. (2019) suggested that the thermal
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stability of phycocyanin, an antioxidant agent extracted from Spirulina microalga, increased after
encapsulation by LEB 18/poly(ethylene oxide) (PEO) nanofibers.

In addition to use electrospun fibers from proteins and polysaccharides as a bio-material for food packaging,
this method also opens a promising route for adding active properties such as antimicrobial (Deng et al.,
2017, Kuntzler et al., 2018a, Kuntzler et al., 2018b), antioxidant (Li et al., 2018a), and biosensing activities
(Moreira et al., 2018, Neo et al., 2018).

For the encapsulation of bioactive agents, different approaches of electrospinning including blend, co-axial,
and emulsion electrospinning and surface modification of the electrospun fiber mats have been used. Blend
electrospinning, as the most common encapsulation approach, is the direct addition of the bioactive agent
to the biopolymeric solution. In this method, both the bioactive agent and the biopolymer are dissolved in
the one solvent. By solidifying the solution jet during the process, the active agent is encapsulated within the
polymeric fibers. This method of electrospinning is straightforward and simple while it is not suitable for the
encapsulation of sensitive bioactive compounds including proteins, enzymes, and cells. This is because using
organic solutions and mechanical stirring, homogenization or ultrasonication for blending can cause
conformational changes or destroy their biological integrity.

Coaxial electrospinning (i.e., with the same setup as conventional electrospinning except having a core-shell
syringe) has been developed to prepare core and shell fibers which are sufficient for the delivery of food
bioactive components that are not soluble in organic solvents. In this process, the polymer and the bioactive
component are separately dissolved in their proper solvent and separately ejected through two confocal
nozzles as the shell and core solutions, respectively. In this method, the sensitive bioactive agent is
concentrated in the core of the fibers providing its effective protection.

Emulsion electrospinning is another method in which the active agent is surrounded by emulsifiers or
surfactants and impregnated into a polymeric carrier whereby a controlled encapsulation process with
sustained-release is achieved. Hydrophilic and hydrophobic compounds including carotenoids, polyphenols,
vitamins, enzymes, peptides, oils, essential oils, flavors, and probiotics, can be encapsulated using this
method with W/O and O/W emulsions, respectively. This method of electrospinning fabricates core and shell
nanofibers using only a single nozzle. Another advantage of this method is minimizing the need for organic
solvents which makes them appropriate for food applications (Zhang et al., 2018a).

The electrospinning equipment and nanofibers are moving forward to commercialization and scaling up to
industrialization. Fabricating nanofibers using the electrospinning method, as well as solution bowling, are
methods among the other techniques for nanofiber production (such as drawing, template synthesis, self-
assembly, and phase separation), that can be used on an industrial scale (Leidy and Maria Ximena, 2019).
Donaldson Co., Inc in the United States in the early 1980s introduced the first commercial products of sub-
micron sized fibers mainly for air filtration applications. The process scaling-up is still largely an issue. The
issues which should be concerned are large volume processing, accuracy and reproducibility, safety and
environmental attributes (Persano et al., 2013). Moreover, the electrospinning of food-grade biopolymers is
difficult since their high molecular weight distribution and their complex chemical structure interfere with
the entanglement necessary for spinnability (Kutzli et al., 2019). The throughput of the electrospinning is also
one of its general limitations. This problem can be solved with a novel method known as solution blowing
which belongs to the group of melt blowing in which a polymer in molten state is extruded through a
spinneret (Kakoria and Sinha-Ray, 2018). Therefore, the solution blowing method is suitable for biopolymers
which are sensitive to degradation or denaturation after exposure to high temperatures while melting.
Electrospraying, like electrospinning, is an electrohydrodynamic technique that has gained an increased
interest in food technologists. Electrospraying, which is a process first described in 1914 (Zeleny, 1914),
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requires a setup that is similar to electrospinning. However, in electrospraying small droplets are scattered
to the target rather than fibers due to the lower viscosity of the solution. Therefore, instead of micro- or
nano-sized fibers, particles are fabricated with a particle size in the range of a few nanometers to 100 um.
Polymer chain entanglement, polymer molecular weight, and the evaporation rate of the polymer-solvent
are the effective parameters for the formation of particles in this process. Polymer chain entanglement,
which is determined by the polymer concentration, is a key factor in the electrohydrodynamic process. A
solution with higher biopolymer concentration would be suitable for electrospinning rather than
electrospraying due to its higher chain entanglement and higher viscosity (Niu et al., 2020).

The polymer molecular weight was reported to affect the concentration, viscosity, surface tension, and
conductivity in the case of chitosan solutions, which subsequently influenced the morphology and the size of
the electrosprayed nanoparticles. The lowest chitosan molecular weight (25 kDa) allowed the highest
solution concentration and the highest productivity of nanocapsules for the encapsulation of
epigallocatechin gallate (EGCG) (Gémez-Mascaraque et al., 2016). Coaxial electrospraying can be used for
the fabrication of multilayer encapsulation structures with food-grade materials as delivery systems for both
hydrophilic and hydrophobic active agents with improved encapsulation efficiency in food applications
(Gémez-Mascaraque et al., 2019). EGCG as a model hydrophilic component and a-linolenic acid (ALA) as a
model hydrophobic agent were encapsulated in zein and gelatin coaxially electrosprayed capsules compared
to uniaxially electrosprayed particles. Coaxial ones showed a higher encapsulation efficiency and enhanced
bioactivity protection in thermal degradation assays (for ALA), as well as enhanced antioxidant activity after
in-vitro digestion (for EGCG).

5.4.1. Solution blowing

Solution blowing is a process for fabricating fibers with the size in the range of nanometers to micrometers.
This process is similar to electrospinning whereby a high-velocity gas flow is applied instead of an electric
field (Figure 5-5). In this method, the polymer solution in the nozzle is pressed out through the orifices by
compressed air which is obtained from a high-speed air-supply, and drag out by a high-velocity gas flow.
Therefore, a co-axial die is required, consisting of a core nozzle for the polymer solution flow and a shell
nozzle for the high-speed air flow. Fibers can be collected on the collector by the evaporation of the solvent.
The fiber production rate and the diameter of the fabricated fibers are larger in comparison to
electrospinning (Kakoria and Sinha-Ray, 2018). The air flow rate, nozzle dimensions, collecting distance,
viscoelasticity of the polymer solution, and ambient temperature are the key parameters that play an
important role in controlling the solution blowing process. By increasing the air pressure and temperature,
the fiber diameter is decreased. The advantage of this technique is its capabality to blend biopolymers and
its scalability (Kolbasov et al., 2015). In a study by Kolbasov et al. (2015), nanofibers with the size of 0.5 and
1.5 um were fabricated by this method from soy protein isolate solutions containing chitosan, lignin, sodium
alginate, or zein, in the range of 900 to 1600 cm? in 10 s with a solid weight of 5.1 g by using nozzles of 0.002
inch I.D.
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Figure 5-5. Solution blow spinning (Zhuang et al., 2012).

Blowing assisted electro-spinning or electro-blowing is the association of blowing solution and
electrospinning. The aerodynamic stretching is associated with the electrostatic force since the nozzle is
connected to a high voltage power supply, resulting in the additional stretching of the polymer jets. This
method can solve the limitation of polymer solutions with extremely high viscosities which are hard to have
successfully electrospun (Wang et al., 2005).

5.5. Spraydryer

Spray drying is a continuous and intensive nanomaterial manufacturing approach. This technique has been
used for the preparation of micro/nano-capsules, controlled release particles, composite microparticles,
nanoparticles, solid lipid nanoparticles, and liposomes. In this method, the stream of a liquid is transformed
into dried particles with a one-step process via spraying in a chamber with a stream of hot air or inert gas,
which can be fully automatically controlled (Assadpour and Jafari, 2019a, Masters, 1985). A spray drier set-
up comprises several components, including a feed solution container, feed pump, spray nozzle, drying
chamber, exhaust filter, cyclone, and collector. A basic illustration of a spray dryer is given in Figure 5-6.
Briefly, the feed solution is pumped and then atomized through a nozzle to the drying chamber in which the
atomized droplets are exposed to the hot air or inert gas (e.g., nitrogen). By passing the drying chamber,
energy-mass transfer occurs at the dynamic droplet surface and eventually the dried powder is separated
from the drying air via a cyclone and is collected in a collector (Assadpour and Jafari, 2019a, Masters, 1985).
The main purpose of the atomization process is enhancing the surface area over which heat and mass transfer
occur. Different types of atomizers can be used, such as rotary, hydraulic (pressure), pneumatic or ultrasonic
nozzles, which determines the type of the used pump. Moreover, the viscosity of the feed solution can also
affect this selection. For instance, when rotary atomizers or bi-fluid nozzles are applied, low-pressure pumps
are suitable, while high-pressure pumps must be used for pressure nozzles. After going through the nozzle,
the atomized droplets are dispersed into the drying chamber with a usual height to diameter ratio of 5:1 (tall)
or 2:1 (small) to expose to the drying hot air. There are different flow directions of the drying air including
co-current, counter-current or mixed flow. The concurrent type is the most common flow type, especially for
heat-sensitive components. In this type of flow, the atomized droplets and the drying air (150 to 220 °C)
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follow a similar route and the produced powder is exposed to a neigther high nor low temperature (50 to 80
°C) (Shishir and Chen, 2017). The drying air increases the temperature of the atomized droplets, which results
in the evaporation of the solvent (water). At the end of the drying chamber separation devices (e.g., scrapping
devices including vibratory devices, mechanical brushes, and/or compressed air) are embedded for powder
recovery. Since scrappers can have adverse effects on the phase behavior of the dried dispersions due to the
generated stress, cyclones may be used instead. The tangential entry of the gas-solid mixture into the cyclone
body generates a circular flow whereby the centrifugal force triggers the separation of the two phases.
Therefore, the particles in the air/gas, which is passing through the cyclone, get deposited on the cyclone
walls due to the centrifugal force. Finally, the particles settle down due to the gravitational force to the
bottom of the cyclone and are collected in the collector. Another type of collector generally used for spray
driers with ultrasonic atomizers and with the ability to collect even nano-sized particles is the electrostatic
particle collector. This device consists of two electrodes: a star electrode and a tubular particle gathering
electrode which are defined as a cathode and an anode, respectively. As a result of the high voltage between
them particles are collected on the surface of the tubular electrode due to their electrostatic deposition
(Arpagaus et al., 2018, Arpagaus et al., 2017).
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Figure 5-6. Different parts of a spray dryer apparatus (from Arpagaus et al. (2018) with permission from Elsevier).

The morphology (size, shape, structure, and surface attributes) of the obtained particles depends on the
material characteristics, feed solution variables such as feed concentration, solution dynamics of the feed,
viscosity, bioactive component/polymer ratio, sort and concentration of the carrier agent, and process
parameters including inlet temperature, feed rate, drying air/gas flow rate, atomization variables (type of
atomizer, speed of atomizer, pressure of atomizer), and outlet temperature (Assadpour and Jafari, 20193,
Shishir and Chen, 2017). Higher inlet temperatures increase the rate of the drying, which result in lower
residual moisture in the final particles. Moreover, the applied temperature determines the particle size of
the dried powders. Larger particles are fabricated at higher inlet temperatures due to the faster water
evaporation without time for the shrinkage of the spheres. Furthermore, at higher temperatures, the bulk
density of the powder will be deceased since the larger particles are more porous.

Atomization is considered as the most important part of the spray drying process. Thus, it is called the heart
of the spray dryer, since the quality and characteristics of the process and the produced particles depend on
this feature. The purpose of atomization is to convert the feed stream into fine droplets to increase the
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surface area for preparing the opportunity for better effective and sufficient drying. Higher atomization
speeds result in a higher drying rate and a lower residual moisture content. Beck-Broichsitter et al. (2015)
reported that reducing the spray rate resulted in a decreased particle size and increased span. Higher
atomizer pressures provide smaller particles with a larger surface area. It has also been reported that adding
surfactants can be effective in modifying the morphology of the spray-dried particles. Adding surfactants
forms a smooth spherical surface on the dried particles due to their ability to tune the surface-to-viscous
forces inside the droplets (Arpagaus et al., 2017). Abdel-Mageed et al. (2019) reported that Tween® 80 could
be effective in controlling the morphology of spray-dried nanoparticles containing a-amylase.

Spray drying has been used for the nanoencapsulation of different types of food bioactive components, such
as probiotics (Gong et al., 2019, Su et al., 2018), flavors (Prasad Reddy et al., 2019), PUFA-rich oils (Prasad
Reddy et al., 2019), essential fatty acids (Chang and Nickerson, 2018), vitamins (Penalva et al., 2015),
antioxidants (Ferreira Nogueira et al., 2019, Khanji et al., 2018, Kritchenkov et al., 2019), antimicrobial agents
(Hu et al., 2016, Wang et al., 2019), enzymes (Abdel-Mageed et al., 2019), and natural food colorants (de
Boer et al., 2019, Fang et al., 2017). Spray drying is a favorable technique for bioactive components since it
transforms a liquid feed into a powder form which is easier to handle, store, transport, and has higher stability
(Veneranda et al., 2018). This method can be directly used for the encapsulation of hydrophilic and indirectly
for the encapsulation of hydrophobic compounds after emulsification with high encapsulation efficiency.
Carbohydrate biopolymers, protein biopolymers, lipids and waxes, polymers, surfactants, emulsifiers, and
stabilizers can be used as wall material in the feed solution. Using different emulsifiers for stabilizing the
prepared emulsions containing hydrophobic bioactive agents before spray drying can be effective in
modifying the properties of the final dried particles.

Nano-spray drying, which is realized by the Bichi Nano Spray Dryer B-90, is a novel technique for the
production of nano scale particles that can be used for drug and nutraceuticals delivery (Li et al., 2010). Some
modifications should be performed on the set up of conventional spray dryers to prepare a nano-spray dryer.
Commonly, ultrasound nozzles are used, and a proper collector such as an electrostatic particle collector is
also required since conventional cyclones do not have the ability to collect particles with the size below 2 um
(Arpagaus et al., 2018, Arpagaus et al., 2017). The major advantages of a nano-spray drier over conventional
ones are the smaller required sample quantities (minimum 2 ml which is 30 ml for the conventional ones),
lower maximum drying temperature (i.e. 120°C which is 220°C for the traditional ones), higher yield, and
smaller particle size. However, these nano-spray driers have lower scale-up capability compared to
traditional spray dries due to their limited vibrating mesh technology and using an electrical particle collector
(Arpagaus et al., 2017). Prasad Reddy et al. (2019) prepared roasted coffee bean oil with whey protein as wall
material by both nano- and conventional spray drying and their results showed that the nano-spray dried
capsules were approximately 11-fold smaller than the microencapsulates with more uniform particle size
distribution and smoother, and more spherical morphology. In another study, zein-sodium caseinate-pectin
complex nanoparticles were formed by Veneranda et al. (2018) for the nanoencapsulation of eugenol using
nano-spray drying. These nanoparticles loaded with eugenol were spherical and had a small size distribution
with a size of 140 nm.

The encapsulation of nutraceuticals and bioactive compounds using spray drying protects them and their
active performance against environmental stress conditions with high encapsulation efficiencies. Khanji et
al. (2018) reported that the encapsulation of curcumin in casein micelle powder produced by spray-drying
protected its antioxidant activity. Kyriakoudi and Tsimidou (2018) also nanoencapsulated saffron extract in
maltodextrin wall using a Blichi B-90 nano-spray dryer to improve the thermal and in-vitro gastrointestinal
stability of saffron apocarotenoids. It has been also shown that the encapsulation of nutraceuticals by spray
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drying improves their bioavailability. Penalva et al. (2015) reported that folic acid encapsulation in casein
nanoparticles (150 nm), prepared by spray-drying, promoted its oral bioavailability in male adult rats.

There are some reports on food applications of spray-dried particles incorporated with bioactive
components. For instance, Moncada et al. (2015) directly incorporated the nano spray-dried sodium chloride
in cheese cracker production and compared its sensory and antimicrobial properties with two other salt sizes.
The cheese cracker with nano-sized salt on its surface had a significantly higher preferred saltiness and
significantly lower yeast counts. Thus, using nano-spray dried salt can be helpful in decreasing sodium
consumption in this kind of product.

The first industrial use of spray drying in the milk and detergent manufacturing was reported to be in the
1920s while its application has been spread to various types of food products including egg products,
beverages, vegetable proteins, fruit and vegetable extracts, carbohydrates, tea extracts, and yogurt (Masters,
1985). One of the limitations of spray drying, especially in the case of applying conventional atomizers, is the
large particle size distribution, high electric energy consumption, and the blockage of the nozzle. Another
limitation of spray drying is using high temperatures which can have adverse effects on sensitive components
such as PUFA-rich oils, lycopene, B-carotene, anthocyanins, vitamin C, colors and flavors (Assadpour and
Jafari, 2019). Living bacterial agents such as lactic acid bacteria and probiotics can also be damaged due to
the exposure to high temperatures even for short times and the reduction in the water content. Therefore,
there is an increasing interest in association of other methods with spray drying such as ultrasound-assisted
spray drying (which is discussed above), vacuum spray drying (Islam et al., 2017), ultrasound-assisted vacuum
spray drying (Liu et al., 2019), and dehumidified air spray drying (Jedlinska et al., 2019).

Vacuum spray drying is the combination of vacuum drying and spray drying which applies low temperatures
for drying as the process is done under vacuum. Therefore, this technique is suitable for materials that are
labile to heat (Shishir and Chen, 2017). Dehumidified air spray drying is a modification of the conventional
spray drying for having a better performance in decreasing the stickiness limitations and improving the
powder collecting by connecting a dehumidified air drying system to its chamber via the air inlet. The
recovered powder in this method contains a lower moisture level and higher bulk density compared to the
conventional method. Moreover, because of the lower outlet temperature and moisture content of the
drying air, the produced particles have a smooth surface.

5.6. Micro/nanofluidic system

The microfluidic technique was originally developed in the 1950s and firstly used in different
chromatographic systems (Golay, 1957). Later on, this technique was used for capillary electrophoresis to
improve the separation process. After the 1990s, the use of microfluidic systems boosted and was further
studied by several researchers (Khan et al., 2015). The microfluidic and nanofluidic methods (i.e., particularly
focused on nano-sized productions) are modern low-energy and bottom-up technologies for the fabrication
of nanomaterials. Interestingly, these methods have also been used for the manufacture of nanocarriers as
drug delivery systems. However, their application for the nanoencapsulation of food nutraceuticals and
bioactive components still require further research and comprehensive study (Ran et al., 2017, Zhang et al.,
2019). A microfluidic device has coaxial assemblies of a series of rigid glass capillaries with dimensions of 10-
100 um which are resistant to chemicals. Also, they have a 3D geometry that enables the production of
different types of nanomaterials (e.g., nanoemulsions, nanoparticles, and nanoliposomes) (Balbino et al.,
2017, Joshi et al., 2016). Moreover, these channels work with significantly small amounts of sample due to
their small dimensions. Other advantages of this method are the low energy consumption and low cost of
the whole system, in addition to the use of low amounts of sample and ingredients. Furthermore, this is a
rapid technique that provides the opportunity to develop in-vitro evaluations. The specific size of the
channels makes it possible to fabricate sophisticated nanoparticles with specific sizes and narrow size

19



distributions. Also, nano- to micro-seconds of mixing, reaction and self-assembly, real-time monitoring or
imaging, and direct scale-up, are some favorable properties of this method (Assadpour and Jafari, 2019b,
Zhang et al., 2019). The laminar flow in this method (i.e., small Reynolds number) is continuous and
controllable. As an emulsification technique, this method does not require high energy inputs; thus, providing
a mild process. Besides, there are no temperature fluctuations, making this method suitable for the
encapsulation of heat-labile compounds and live microorganisms such as prebiotics and yeasts (Feng and
Lee, 2019).

Figure 5-7. Different types of microfluidic devices: A) T-junction, B) flow focusing, C) capillary-based, D) cross-flow, E) flow focusing.
CP= Contineous phase and DP = Dispersed phase (Khan et al., 2015).

There are several different types of microfluidic devices, including terrace-like, T-junction, flow-focusing,
capillary-based, co-flow, cross-flow, and flow-focusing devices (Figure 5-7). Among them, channel-based and
capillary-based devices are the most common. Microchannel-based devices are manufactured through
different microfabrication processes such as micro-milling, micromachining, lithography, and mold
replication, by applying varied materials (e.g., metal, glass, silicon, or polymer). However, capillary-based
systems are usually fabricated from low-cost commercially available parts in less time with the same
efficiency as microchannel-based devices (Khan et al., 2013). Therefore, the fabrication and use of capillary-
based systems are more time and cost-efficient. Additionally, they can be applied under aggressive chemical
conditions. However, it is more difficult to handle and to be paralleled to achieve larger yields in comparison
to microchannel-based counterparts.

The microfluidic process is achieved by mixing two phases: a) continuous, and b) dispersed phases. The
miscibility of these two phases determines the type of final product. The mixing of miscible fluids enables
chemical reactions and can be used for the production of nanoparticles while mixing two immiscible fluids
provides the formation of droplets (Feng and Lee, 2019).

The control over the microfluidic process is usually conducted by adjusting the flow rate of both continuous
and dispersed phases which can also determine the characteristics of the fabricated nanostructures. The
terrace geometry of microfluidic devices is another effective parameter. Y-junction, T-junction, and flow-
focusing are three types of terrace geometry that provide different shear rates that determine the size and
properties of the final product. Among the mentioned geometries, T-junction geometry provides the highest
shear rate which generates emulsions with smaller droplet size distribution. In addition to the terraced
geometry, its angle is also an important factor in the mixing efficacy at the joint of two microchannels where
the two phases meet (Feng and Lee, 2019, Zhang et al., 2019).

The microfluidic devices have been used as a novel technology for the fabrication of particles. Biopolymeric
particles are usually fabricated through nanoprecipitation effect and by an anti-solvent process. In this
process, the stream of biopolymer solution is merged with the stream of anti-solvent solution where the two
microchannels meet; whereby, the diffusion of solvents results in achieving equilibrium in the concentrations
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of solvent and anti-solvent. At this point, the biopolymer-based nanoparticles are formed with precise control
over size and characteristics (Feng and Lee, 2019). It has been reported by Abstiens and Goepferich (2019)
that the microfluidic nanoprecipitation results in smaller nanoparticles with monodisperse size distribution
in comparison to the bulk nanoprecipitation method. The type and rate of the flow are the most effective
factors on the size and properties of the final nanoparticles. For example, turbulent flows result in larger
particle size distributions due to its chaotic condition and various shear rate distribution. However, laminar
flows can form more homogenous particles. Microfluidics provides the opportunity of preparing Janus
particles in a simpler and more accurate way compared to other conventional methods. Two different
polymers within two channels are merged at the junction to fabricate Janus particles which consisted of two
distinct segments that are chemically and physically amphiphilic or bipolar (Zhang et al., 2017). Different
biopolymers have been used for the fabrication of nanoparticles using microfluidic techniques including
chitosan (Pessoa et al., 2017), polylactic acid (Othman et al., 2015), and zein (Olenskyj et al., 2017).
Electrostatic complexes can also be prepared using microfluidic devices. For instance, B-lactoglobulin/gum
arabic complexes were assembled using this new technique by Amine et al. (2017). SLNs can also be produced
using this method with particle sizes significantly smaller than those of biopolymeric nanoparticles. For
example, Chen et al. (2016) fabricated SLNs using this method with a final particle size of 27 nm.

Food nutraceuticals and bioactive compounds can be encapsulated within the self-assembled nanostructures
using the microfluidic technique as a novel nanoencapsulation method. Joshi et al. (2016) simultaneously
encapsulated either or both water-soluble and water-insoluble drugs using microfluidic fabricated
nanoliposomes with a final particle size ranging between 90-300 nm.

The microfluidic devices can be used for the fabrication of nanoemulsions by injecting the dispersed phase
into another immiscible or partially immiscible liquid phase. Due to the competition between the shear stress
imposed by the flow of the continuous phase and the interfacial force at the junction where the two phases
meet, the droplets are exposed to shear stress while their droplet size is reduced (Khan et al., 2015, Shaddel
et al.,, 2019). Also, the spontaneous emulsification process (i.e., mechanism of emulsification) uses a
microfluidic system based on Laplace pressure differences in the dispersed phase on the terrace and in the
channel. Usually, the microfluidic device is used for further reduction in the droplet size of pre-mixed
emulsions (Feng and Lee, 2019).

Another limitation of this method is the low production per hour due to the low capacity of the channels.
This issue can be solved by parallelizing droplet generators (Khan et al., 2015, Khan et al., 2013). For scaling-
up the microfluidic process, the best option for the terraced geometry is the Y-junction due to its control
over the droplet size (Feng and Lee, 2019). Another limitation of the application of this technique in the field
of food industry is the heterogeneity of food ingredients which may result in the clogging of the microfluidic
channels. This problem can be solved by an auto-cleaning system; nevertheless, it requires an additional cost
(Feng and Lee, 2019).

5.7. Vortex Fluidic Device (VFD)

The vortex fluidic device (VFD) is a relatively new processing platform used in thin-film microfluidics and thin-
film flow chemistry. The processing efficiency of VFD is improving. Thus, it is applicable in many fields of
scientific research and industry, including the synthesis of small molecules, processing in pharmaceutical
industry, and manipulating single-cell organisms. Some of the problems of traditional batch approaches
include limited mixing and heat transfer, both of which are solved in VFD (Yasmin et al., 2013). The vortex
fluidic device consists of a rotating glass tube tilted at an angle 0 relative to the horizontal position (Figure 5-
8).
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Figure 5-8.Schematic representation of the vortex fluidic device (Sitepu et al., 2018).

The movement of the tube causes the liquid inside to accelerate upwards and form Stewartson/Ekman layers
on the sides, whereby the rotation causes the formation of a dynamic film (Kumari et al., 2016). VFD can
operate in confined mode and continuous flow mode. The confined mode is used when the volume of
reactants is finite. The speed, which can be controlled within 1 rpm, has to be sufficient to ensure that a
vortex is maintained to the base of the tube, but the liquid must not fall out of the tube. Alternatively, in the
continuous flow mode, liquid is continuously delivered to the base or a specific points in a tube, while the
products are collected from the top. The conversion rate is affected by the residence time of the liquid in the
tube. Thickness of the film depends on the volume of the liquid in the tube (which under continuous flow
depends on the flow rate), the speed of rotation and angle 8. For a fixed tilt angle and rotational speed, the
residence time can be expressed as the ratio of the fluid volume retained in the device to the incoming fluid
flow rate. The optimization of the parameters is crucial for the successful use of the VFD since even small
alterations can have significant consequences for the final result. For instance, Britton and Raston (2014)
used the VFD for room-temperature, catalyst-free conversin of sunflower oil to biodiesel. They found that
the percentage of conversion dropped from 100 to 80% when they increased the flow rate from 1 mL/min to
5 mL/min. Furthermore, Sitepu et al. (2018) used the VFD to transesterificate wet microalgae biomass to
biodiesel and reported an increase in the conversion efficiency from 30 to 90% when the speed of rotation
increased from 4000 to 8000 rpm. Also, in the confined mode, when using the base catalyst, the conversion
efficiency dropped for the speed of rotation less than 6000 rpm. Generally, VFD shows the optimal
performance for the speed of rotation from 2000 to 9000 rpm and tilt angles ©® > 0°, whereby a tilt angle of
45° is most commonly used. Jones and Raston (2017) reported that, for a specific speed along the tube, the
film thickness decreases towards the exit and also decreases with speed, with an average thickness 530 um
at 6000 rpm and 294 um at 8000 rpm.

The possibility of controlling the reactivity and selectivity, as well as the ability of simple and efficient
preparation of complex molecules resulted in various chemical transformations being performed using the
VFD. Britton et al. (2016) demonstrated the acceleration of enzymatic catalysis for four enzymes using the
VFD and established a method to make biocatalysis more practical. Vimalanathan et al. (2017) reported a
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surfactant-free, one-step method for the controlled growth of stable nanotubules of fullerene Cg within the
VFD as a thin film microfluidic platform, avoiding the incorporation of solvent molecules. The VFD tube
surface can be easily altered to increase the efficiency of micro-mixing or covalent attachment. Furthermore,
it is possible to control the surface contact angle in order to change the fluid’s viscous drag. Incorporation of
field effects is also achievable, including light sources and lasers. Besides the fact that the product
characteristics can be modified by changing the processing parameters, the main advantages of the VFD lie
in its low environmental impact and low cost. A possible limitation of the VFD is the use of highly viscous
liquids in continuous flow mode, where clogging of the system can happen.

In food technology, the encapsulation of fish oil using VFD has been researched. He et al. (2019) studied the
nano-encapsulation of fish oil in the presence of phospholipids. They also compared the results obtained
using VFD with those obtained using conventional homogenization. It was reported that the diameter of the
encapsulated particles changed significantly; spheroidal particles from 50 to 250 nm in diameter were
generated in the VFD, while conventional homogenization yielded particles with diameters ranging from 2
um to 4 um. Smaller particles could potentially exhibit better absorption of fish oil. Additional benefits of
VFD include elimination of organic solvents and a smaller number of processing steps. Furthermore, the
utility of a VFD thin-film microfluidic platform for enzymatic hydrolysis, pasteurization, and encapsulation
was explored (He et al., 2019). It was found that the processing time of enzymatic hydrolysis shortens from
about 2 to 3 h to 20 min when using the VFD. Additionally, the usage of VFD reduced the processing time of
standard pasteurization of raw milk from 30 min to 10 min. VFD was also effective in reducing the size of
curcumin particles encapsulated with fish oil and sucrose monolaurate from approximately 1000 nm to less
than 100 nm, while avoiding the need for expensive homogenization equipment. Although the VFD is just
starting to be used in food processing, these preliminary results show that it has a great potential in the food
industry.
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5.8. Ball milling

A ball mill is a type of grinder which belongs to the group of tumbling mills, which are divided into few
categories, with respect to the type of grinding media and feed particle’s size. Besides ball mills, there are
pebble mills, autogenous mills, rod mills, and tube mills, which work on the same principle.

Tumbling mills consist of a hollow rotating cylinder, which is usually horizontal but it can also be tilted at a
small angle. The length of the cylinder is usually 1 to 1.5 times the cylinder diameter and it contains the
grinding media and the particles that need to be broken. As it rotates, the mass inside the mill initially moves
up the wall of the cylinder and acquires potential energy. When the force of gravity surpasses the friction
and centrifugal forces, it falls into the “toe” of the mill, as potential energy becomes kinetic. This type of
movement causes collisions between the grinding media and the mill wall, as well as between the grinding
media themselves. The ultimate result is grinding of the particles which are caught in those collisions.

Grinding balls

Figure 5-9. Schematic representation of the working principle of ball milling process.

There are two general types of movements that occur during the grinding process in a mill. Cataracting is a
process in which grinding balls rise higher inside the cylinder and detach from the interior walls, describing
an approximately parabolic trajectory. Cascading implies rolling of the balls one on top of another without
falling (Figure 5-9). When a ball mill is working, those movements are combined and they are determined by
the friction, centrifugal and gravitational forces, as well as the mutual effect of the lining of the mill and the
grinding bodies. The resultant of the gravitational and centrifugal forces cause the occurrence of a centrifugal
force field. The center of that field is at a distance of Y = g/w? above the mill axis. When that distance is
equal to the radius of the mill shell, the gravitational and centrifugal forces are in equilibrium at the top of
the mill shell. At this point, the peripheral speed of the mill is so great that instead of falling, the grinding
balls adhere to the mill shell and stay on the perimeter of the mill for a complete revolution, thus causing no
further grinding, and the mill starts acting like a centrifuge. This speed is called the critical speed (n.) and is
equal to:
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Ne = ﬁ rpm
where D is the inside diameter in meters. The operational speed (expressed in rpm) is usually given as a
percentage of the critical speed. Although there have been instances in which ball mills have been
successfully operated at speeds ranging from 60 to 90 percent of their critical speed, it is a common practice
to run the mills at speeds between 65 and 80 percent of their critical speed. A cascading movement (Figure
5-10) occurs always, while a cataracting movement depends on the grinding body charge and a friction
coefficient, which can be influenced by the shape of the liner plates (Bellopede et al., 2009). Cascading causes
finer grinding than cataracting, which is why the mill charge should be bigger for coarser grinding. Ball mills
are more applicable for cataracting purposes since the weight effect is well accomplished by spherical bodies.

A) B)

Figure 5-10. Cascading (a) and cataracting movement (B) in a rotary cylinder (Bellopede et al., 2009).

Some parameters need to be considered to get the best possible results. One is the sample to media ratio,
which is critical because too much powder will limit the milling efficiency due to the poor media-media
contact, resulting in less effective tumbling. Furthermore, the rotation speed must be well adjusted. If it is
too fast, the centrifugal force will cause the grinding balls to stick to the sides of a mill. On the other hand, if
it is too slow, the balls will only roll around the bottom since there will not be sufficient force to lift them.
The right choice of the grinding media is crucial when designing an experiment. Among the materials used as
grinding balls, ceramic or steel balls are the most common. The balls should be denser and their size should
considerably exceed that of the largest pieces of the sample to be ground. They must be durable enough to
grind the particles for a significant amount of time but not so tough that they cause damage to the tumbler.
Possible interactions of grinding media and the sample have to be considered. For example, iron can react
with corrosive substances, so ceramic or stainless-steel grinding media need to be used. Flammable samples
can become explosive as they become smaller. This can be circumvented by selecting balls made from
ceramic or lead, which don’t produce sparks on impact, and by filling the cylinder with inter gas, which
prevents explosive reactions with air.

The main advantage of ball milling is the low cost of installation and grinding media (Takacs, 2002). It is
applicable for a variety of materials, with a possibility of open as well as closed circuit grinding. Ball mills can
produce powders with average particle sizes less than 1 um. Also, ball mills are powerful tools in
mechanochemistry where the procedure usually offers one-pot, solvent-free reaction routes with large
yields, making it environmentally friendly. The milling process can be carried out using dry or wet samples
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making this procedure possible for a wide variety of materials. Wet milling requires additional caution
because the liquid medium must be removed when the process is complete which can cause the formation
of agglomerates.

A possible disadvantage is the fact that the final product may be contaminated from the wear of the grinding
balls or the container. To prevent that, the grinding media and container can be coated with hard-wearing
ceramic materials such as zirconia. If only the grinding balls are coated, a polymer container must be used.
Also, after the completion of the milling process, the sample must be withdrawn. Although there are methods
for efficient draining of the mill, it is common that the material remains sticking on the cylinder wall and the
surface of the grinding balls. These residues can be washed out, and a part of the sample can be lost.

Planetary ball mill (Figure 5-11) is a special type of ball mill which consists of two or more jars mounted on a
disc which is sometimes called the sun wheel. The jars are rotating at an angular velocity w around their axis,
opposite of the movement of the disc (ratio -2:1 or -1:1), which subjects the grinding balls in the jars to
centrifugal and Coriolis forces, which ultimately results in a reduction of the particle size. Compared to
common ball mills, planetary ball mills are smaller in size and are mainly used in laboratories for grinding
sample materials since this alternative offers a higher degree of energy to create finer or more homogenous
size distributions.

Planetary disk

Ball grinding jars

Figure 5-11.Schematic representation of a planetary ball mill (Chauruka et al., 2015).

Recently, a great deal of interest for particle size reduction emerged in the field of food science and
biotechnology (Chen et al., 2018). That is mainly due to the altered physical and chemical characteristics of
compounds when their size is sufficiently reduced. A smaller size of the particles means that they have a
larger surface area which causes better water absorption and solubility. Kim et al. (2001) used ball milling
under to convert native potato starch to the relaxed glassy state at ambient temperature and to induce its
transition from the glassy to the rubbery state. They showed that the process of ball milling can accelerate
enthalpy relaxation and provide an alternative way to make glassy starches of different states. He et al. (2014)
studied the physicochemical properties of maize starch subjected to ball milling. It was found that after the
ball milling, the surface morphology of starch granules is altered compared to their native state, which causes
anincrease in their surface area. Furthermore, the transparency and cold-water solubility of starch increased
26



as well. Those results are consistent with the ones obtained by Huang et al. (2008). Besides maize starch,
they also studied cassava starch and concluded that the gelatinization temperature and the enthalpy of
gelatinization decrease after ball milling, while their apparent amylose content, cold water solubility, and
transparency increase. When compared to milled maize starch, milled cassava starch showed a lower
amylose content and a greater cold-water solubility and transparency. Ball milling increased the amorphous
regions of the starch granules and decreased their crystalline regions. In addition to starch, the effect of
milling on the physicochemical properties was investigated using the peels of root and tuber crops, including
yam (Dioscorea alata L.), taro (Colocasia esculenta L.) and sweet potato (lpomea batatas L.) (Huang et al.,
2010). The ball milling process resulted in a redistribution of fibore components from insoluble to soluble,
decreased the bulk density and increased the solubility and water-holding capacity of the micronized peels.

5.9. Membrane technology

Membrane technology has been widely used as both processing and separation methods in the food industry.
Generally, this technology is used as an alternative to conventional techniques or as an advanced technology
for processing foods and production of new ingredients (Dhineshkumar and Ramasamy, 2017). Membranes
are semipermeable barriers that allow the separation of certain species by a combination of sieving and
diffusion mechanisms into two fractions: a) filtrate or permeate (i.e., fraction passing through the
membrane), and b) concentrate or retentate (fraction retained by the membrane).

Depending on the driving force, there are mainly two types of membrane technologies used in the food
industry. Membranes based on pressure-driven process, in which the main driving force for separation is
transmembrane pressure to overcome natural osmotic pressure (Dhineshkumar and Ramasamy, 2017,
Kotsanopoulos and Arvanitoyannis, 2015). These pressure-driven membrane processes include
microfiltration, ultrafiltration, nanofiltration, and reverse osmosis. Conversely, electrodialysis (ED) enables
separation based on an electrical potential difference as a driving force.

Depending on the specific applications, membrane materials can be hydrophilic or hydrophobic. They could
be made of various organic and inorganic materials, providing different properties as a function of the desired
separation process. Polymeric membranes are extensively used in the food industry and can be found in a
wide range of pore sizes (Dhineshkumar and Ramasamy, 2017). Compared to the inorganic membranes (e.g.,
ceramic membranes with different metal oxides coatings as active layers), polymeric membranes are
significantly cheaper and offer high packing densities. Nevertheless, polymeric membranes are not as
mechanically resistant as their inorganic counterparts. They can only work at certain ranges of temperatures,
pH, and transmembrane pressures. Inorganic membranes are mainly applied in more extreme industrial
conditions but they are considerably expensive. Membranes are packed in membrane modules of different
types: plate-and-frame, tubular, hollow-fiber, spiral-wound, or membrane cassette. These modules differ in
price and packing density (Dhineshkumar and Ramasamy, 2017). Hollow-fiber and spiral-wound modules
have the largest packing density, while plate-and-frame and tubular modules have the lowest packing
density. One of the main advantages of membrane technology in the food industry is its green technology
approach. Briefly, membrane technology aims to reduce the negative ecological impact of the processes in
the food industry. Membrane technology is also considered as a cold process since it does not increase the
temperature during process, which allows the natural taste of food products to be preserved (Dhineshkumar
and Ramasamy, 2017, Tragardh, 1991).

In the food industry, one of the most common uses of membrane technology is in the dairy industry. For

instance, milk consists of a wide variety of particles of different charges and sizes which enables the use of

membranes for an efficient selective separation (Ahmad and Ahmed, 2014). Additional use of membrane

technology includes the preparation of food nanomaterials. Membrane emulsification can be used for the
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fabrication of nanoemulsions whereby the dispersed phase is converted into fine droplets after passing by
force under pressure through the membrane into the continuous phase containing surfactant. The small
droplets are surrounded immediately after formation by surfactants present in the continuous phase. The
characteristics of the dispersed and continuous phases can have noticeable influences on the droplet size of
the membrane emulsified nanoelumsions as well as the properties of the membrane such as its pore size,
pore size distribution, pore shape, and hydrophobicity and the type and concentration of surfactant
(Charcosset, 2016, Vladisavljevi¢, 2018). The properties of the dispersed phase such as its viscosity play an
important role on the membrane emulsification process since it should be passed through the pores of the
membrane. In the case of dispersed phased with high viscosities, the process faces troubles. Pre-mix
membrane emulsification technique could be an alternative in such situations since the initial coarse
emulsion has lower viscosity in comparison to the dispersed phase and make the process easier (Gehrmann
and Bunjes, 2017, Charcosset, 2016). For example, Alliod et al. (2018) used pre-mix membrane emulsification
for the fabrication of nanoemulsions, which were stable for nine months with an average droplet size of
260 nm. By increasing the pore size, the droplet size of the final produced nanoemulsions increases. Narrow
pore-size distribution membranes result in monondispersed nanoemulsions. It has been reported that the
distance between the pores of the membrane have also effect on the properties of the fabricated
nanoemulsions. The membranes with a higher porosity yielded nanoemulsions with the higher risk of
droplets coalescence since the pores are placed close to each other. The type and content of surfactant are
also effective parameters on the droplet size. Different types of nanoemulsions have been fabricated using
this method applying different types of membranes. For instance, oil-in-water nanoemulsions are emulsified
using hydrophilic membranes and water-in-oil nanoemulsions are fabricated using hydrophobic conterparts.
Multiple emulsions including water-in-oil-in-water and oil-in-water-in-oil can also be prepared by the
membrane emulsification method (Charcosset, 2016, Vladisavljevi¢, 2018).

Two immiscible phases Two miscible phases

=  Membrane emulsification =  Membrane mixing

— ] | — N N 1 I
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Figure 5-12. Schematic illustration of memebrane emulsification (a) and membrane mixing (b) (Charcosset, 2016).

The membrane mixing method is another technique (Figure 5-12) which has been reported for the
preparation of different colloidal systems such as nanocapsules, nanoparticles, nanoliposomes and SLNs with
a high efficiency by introducing one solution into another. It has been found that nanoemulsions can also be
prepared using membrane mixing method in addition to membrane emulsification method. In this method,
in contrast to the membrane emulsification method, there may be a reaction between the two solutions
(Charcosset, 2016). Yedomon et al. (2013) prepared nano scale bovine serum albumin particles (139 nm) with
a narrow particle size distribution using the membrane mixing method associated with antisolvent method.
This protein was first dissolved in ethanol and then passed through the membrane.

For the preparation of nanoliposomes using membrane technique, at first large-size liposomes are formed in
the dispersed phase and then their mixture is passed through the membrane pores. This method is called
membrane extrusion method, which is a straightforward, efficient and reproducible method for the
preparation of nanoliposomes with high encapsulation efficiency. The properties of the formed
nanoliposomes depend on the pore size of the membrane as well as the used pressure and tempreture during
the process. Membrane mixing method can also be used for the preparation of nanoliposmes, which is based
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on the ethanol injection method whereby the bioactive component and the lipids are passed through a
membrane under pressure generated by a pump after being dissolved in ethanol.

The process of fabricating SLNs is the same as emulsions using membrane technology while in the
preparation of SLNs, the lipid before passing through the membrane is heated at higher temperature of its
melting point. The advantage of the preparation of SLNs using the membrane method is the possibility of
tuning their size by adjusting the process parameters. Moreover, scaling-up can be achieved easiliy by using
membranes with a larger surface.

5.10. Conclusions and future perpective

Food nanomaterials have attracted great interest due to their unige characteristics. Among different
approaches that exist to produce the nano scale systems, the techniques which require specialized
equipment were briefly highlighted in this chapter. Despite the fact that some conventional approaches are
expensive to scale up or they use high energy, the reproducibility and the insutrial scale production make
them usefull. On the other hand, there is an increasing interest for new methods such as electrospinning,
vortex fluidic or micro/nanofluidic devices. These methods are not yet insudtrilized but much of the reaserch
has been conducted on them to study different aspects, i.e. optimization of the process. It seems that the
novel techniques need an in-depth knowledge to understand the utilization possibility for different food
ingredients as variable features such as viscosity, sensitivity to heat, solvent limitation, or size may limit their
utilization.
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