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ABSTRACT

This review provides an overview of microchannel emulsification (MCE) for production of functional
monodispersed emulsion droplets. The main emphasis has been put on functional bioactives
encapsulation using grooved-type and straight-through microchannel array plates. MCE successfully
encapsulates the bioactives like S-carotene, oleuropein, y-oryzanol, g-sitosterol, L-ascorbic acid and
ascorbic acid derivatives, vitamin D and quercetin. These bioactives were encapsulated in a variety of
delivery systems like simple and multiple emulsions, polymeric particles, microgels, solid lipid particles
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and functional vesicles. The droplet generation process in MCE is based upon spontaneous transformation
of interfaces rather than high energy shear stress systems. The scale-up of MCE can increase the
productivity of monodispersed droplets >100 L h~' and makes it a promising tool at industrial level.

Introduction

The deficiency of essential nutrients is regarded as “hidden
hunger” and it effects almost every segment of world popula-
tion. These nutrient deficiencies post devastating consequences
in developing countries and affect both social development
and public health. Omega-3-fatty acids, phytochemicals, pro-
teins and antioxidants are common functional compounds
that can be added to food to improve its palatability and
nutritional profile. These value-added foods in turn prevent
diseases like heart diseases, micronutrient deficiencies, cancer
and many others. However, the major challenges in incorpo-
rating these functional compounds in food matrix are their
susceptibility towards oxidative deterioration, unpleasant
odor, hydrophobicity and many more. These factors affect the
organoleptic and sensory properties of the foods in which
they are incorporated.

The recent trends in food and nutritional science proves that
diet plays a significant role in maintaining health and homeo-
stasis of body. The term “functional food” itself was first used
in Japan, in the 1980s, for food products fortified with special
constituents that possess advantageous physiological effects
(Siro et al.,, 2008). Functional foods not only satisfy hunger but
also provide vital nutrients for mitigation of many diseases.
However, there is no clear definition of functional foods. Tech-
nically, these are defined as foods that have a potentially posi-
tive effect on health beyond basic nutrition (Siro et al., 2008).
In last decade (Fig. 1), there was more than 50,000 publications
that describes functional attributes of these functional foods.
The global market of functional food is estimated to at least 33

billion US$ (Hilliam, 2000). Other experts like Sloan (2002) has
calculated the global functional food market to be 47.6 billion
US$, being the United States the largest market segment, fol-
lowed by Europe and Japan. Some estimations report even
more global market value (nearly 61 billion US$) (Benkouider,
2004).

Different nutrient delivery systems like emulsification and
encapsulation are prime tools to deliver these important
nutrients in different food and pharmaceutical systems with
good efficiencies. These systems encapsulates vital nutrients in
form of emulsions, microspheres, solid lipid nanoparticles,
polymeric nanoparticles, nanocomplexes and many more
(McClements, 2010). In recent decade numerous emulsification
devices have been developed to encapsulate functional
nutrients, each of these devices has numerous advantages and
disadvantages (McClements, 2010). The choice of particular
device depends upon production method, volume of materials
to be homogenized, droplet size distribution and required phys-
icochemical properties of final products (Santana et al., 2013).
Recently, microfluidic devices have getting more popularity in
comparison to conventional devices on the basis of energy and
encapsulation efficiencies. Microfluidic devices produce mono-
disperse emulsions and limits the process of Ostward ripening
and flocculation (Taylor, 1998). The better stability and physi-
cochemical properties of monodisperse emulsions have
attracted various industries to produce valuable emulsion prod-
ucts like functional microparticles, nanoparticles and multiple
emulsions (Shah et al., 2008). Various microfluidic and micro-
structure devices are there for production of monodisperse
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Figure 1. The functional foods development in terms of scientific publications
from 2000 to 2013. The values are obtained from Thomson Reuters “IS| Web of
Knowledge” search engine.

emulsion droplets. These includes T- or Y-shaped junctions
(Steegmans et al., 2009; Wehking et al., 2014), flow focusing
devices (Anna et al., 2003), step emulsification (Li et al., 2015),
edge-based droplet generation (EDGE) emulsification system
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(van Dijke et al, 2009), and microchannel emulsification
(MCE) system (Vladisavljevic et al., 2012).

These microfluidic devices have their own merits and
demerits. T- and Y-junctions are easy to fabricate and as well
as operate. They allow synchronized droplet production but
monodipsersity is not well maintained with time together with
productivity (Seemann et al., 2011). The flow focusing geome-
try can be manipulated by adjusting the flow rates of dispersed
and continuous phases, hence droplet sizes with greater flexibil-
ity can easily be obtained in flow focusing devices (Gandn-
Calvo, 1998). The step emulsification is the modified version of
coflowing geometry, in which T-and Y-junctions are sealed
into a high aspect ratio. Step emulsification has many desirable
properties, like droplet homogeneity, worked at relatively high
dispersed phase volume ratios typically up to 96% (Priest et al.,
2006; Saeki et al., 2008). The EDGE based emulsification
involves the combination of geometrical step with T-junction
geometry (van Dijke et al., 2009). The EDGE based emulsifi-
cation produce monodisperse emulsions with good production
rates, however, the coefficient of variation (CV) among pro-
duced droplets is slightly higher than 8% (van Dijke et al.,
2010a). In comparison these microfluidic devices, MCE
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Figure 2. Schematic presentation of MCE setups. (a) Dead-end type MCE, (b) cross-flow type MCE, and (c) straight-through MCE used for encapsulating bioactives.
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produce extremely monodispersed droplets with CV <5% with
higher productivity of >100 L h™'. Moreover, monodispersity
is well maintained even with less viscous fluids (Vladisavljevic
et al,, 2012). The detail of production mechanism and as well as
merits and demerits are described in later sections.

This detailed review focuses on the functionality of mono-
disperse emulsions produced from MCE. The production of
functional monodisperse emulsions using MCE is reviewed and
its applications in functional food development is described in
detail.

Microchannel emulsification

The MCE was firstly proposed by Kawakatsu et al. (1997). It is
an emulsification technique that have ability to produce mono-
dispersed emulsion droplets with extremely small CV and it is
typically less than 5% as standard CV in many MCE studies
(Vladisavljevic et al., 2012). The typical setups of MCE are pre-
sented in Fig. 2. The setup is technically called as module com-
prises of various stainless parts, glass plates for visualizing the
flow of phases and variety of O-rings and spacers for holding
dispersed and continuous phases. Moreover, these modules
also contain MCE plates (reviewed in later section). Typically,
the MCE has ability to produce monodisperse emulsion drop-
lets ranging from few microns to 550 um (Vladisavljevic et al.,
2012, 2013).

Microfabrication technology is used to fabricate micro-
metre-sized channels on a microfluidic array plates. These
plates enable the formulation of emulsions with size controlled
droplets at high encapsulation and energy efficiencies (Ushi-
kubo et al, 2015). Variety of encapsulated products can be

produced using MCE ranging from single to multiple emul-
sions, microspheres, lipid vesicles, microcapsules, gel microbe-
ads, giant vesicles and many others (Boom and Schroen, 2011;
Neethirajan et al., 2011; Vladisavljevic et al., 2013; Wang et al.,
2015). The other advantage of MCE is very narrow size droplet
distribution normally in order of less than 1% (Boom and
Schroen, 2011). In comparison, the tradition emulsification
devices use intense forces to disrupt the droplets into smaller
sizes and produces polydisperse droplets in the emulsion sys-
tem. However, these traditional devices are favorable at indus-
trial level due to easy scale up methodologies and homogeneity
in products in comparison to microfluidic devices (Neves et al.,
2015).

In MCE, droplets are generated via MC arrays with a unique
and precise geometry (Kobayashi and Nakajima, 2006; Vladi-
savljevic et al, 2012) with spontaneous transformation of an
oil-water interface (Sugiura et al., 2001a). The mild droplet
generation in MCE with no involvement of energy makes it
preferable system to prevent denaturation of sensitive bioactive
compounds (Maan et al., 2011, 2015). MCE array plates have
been fabricated on a variety of substrates like single silicon crys-
tal, silicon-on-insulator, stainless steel and polymeric substrates
(Fig. 3). The surface and material properties of different sub-
strates are presented in Table 1. Mostly silicon crystal and sili-
con-on-insulator is used to fabricate grooved and straight-
through MC arrays, since the surface properties can easily be
modified using hydrophobic and hydrophilic treatments
(Kobayashi et al., 2008a, 2010, 2012b). Due to spontaneous
droplet generation process, the MCE is highly energy efficient
with typical energy input less than 10°-10* J/m’ (Kobayashi
et al., 2008b; Sugiura et al., 2001a).

Grooved type microchannel array plates

(a) (b)

Figure 3. Photographic view of different type of microchannel array plates: (a) silicon, (b) poly(methyl methacrylate, (PMMA)), and (c) stainless steel MC array plates.
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Table 1. Physicochemical properties of different substrates used for fabrication of MC array plates.

Substrate Fabrication techniques Surface properties References
Silicon Anisotropic wet etching, Hydrophilic but can be changed to Kobayashi et al. (2005b); Kawakatsu et al. (1997);
chemical dry etching hydrophobic after treatment with Kobayashi et al. (2009b)
different saline coupler reagents
PMMA Injection moulding, Hydrophobic Liu et al. (2004); Kobayashi et al. (2008a)
synchrotron lithography
Stainless steel Mechanical dicing and end milling Hydrophilic (Tong et al., 2001); (Kobayashi et al., 2012b)

MCE devices

The MCE is divided into two major types depending up the
arrangement of MCs on the surface of MC array plates.
These are either grooved type or straight-through type. In
grooved type MCE, the MCs are fabricated parallel to the
plate surface (Kawakatsu et al., 1997) and in straight-
through, the MCs are located on the surface of plate
(Kobayashi et al., 2002, 2008b). The different MCE types
have its own merits and demerits. The droplet generation
characteristics can easily be observed in grooved type MCE,
while droplet productivity can easily be scale up in straight-
though MCE. This section briefly describes the geometry and
characteristics of different MCE types.

(a) Dead end MC module

terrace

Grooved MCE devices

Grooved MCE devices are made of single-crystal silicon and are
fabricated using photolithography techniques coupled with ani-
sotropic wet etching (Vladisavljevic et al., 2012). Grooved MCE
devices are further categorized into dead- end and cross-flow
types (Fig. 4). Currently available grooved MC devices can pro-
duce monodisperse emulsions with droplet sizes of 1-550 um
(Kobayashi et al., 2007b, 2010).

The simplest geometry of grooved MCE contains at least
two grooved MC arrays positioned on MCE array surface. The
other geometries includes four grooved MC arrays arranged on
all four sides of a array (Kawakatsu et al., 1997). The dead-end
type MC arrays provide better understanding of droplet

(b) Cross flow MC module
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Figure 4. Grooved-type MC array plates: (a) dead-end plate with motionless continuous phase, (b) simple cross flow type MC array plate with recirculating continuous

phase. Reprinted with permission from (Vladisavljevic et al., 2013).
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generation characteristics visually. The grooved MCE with dead
end type structure had a major drawback in collecting the
formed droplets. To solve this problem, Kawakatsu et al. (1999)
and Kobayashi et al. (2007b) developed a cross flow type
grooved MCE arrays. The simplest cross-flow array, contains
two grooved MC arrays arranged at both longitudinal sides,
while the central well was used as the cross-flow channel. The
cross-flow type devices have capacity to produced micron scale
droplets over longer period of time. To evaluate the long term
production strategy, Zhang et al. (2013) demonstrated a suc-
cessful long-term production of monodisperse oil-in-water (O/
W) emulsions for seven days using a cross-flow grooved MC
array array. The monodispersity of micron-sized droplets can
be controlled using an appropriate MC depth (Kobayashi et al.,
2001). It is worth to mention that, the greater the channel
length/depth ratio, the higher the pressure drop in the dis-
persed phase flowing in the channel and a result more mono-
disperse droplets can be generated in MCE devices (Sugiura
et al.,, 2002).

The grooved MC devices typically have 8.3 channels/mm?,
such low number of channels depict low productivity as major
drawback. The typical dispersed phase flow rate in grooved
MCE is typically less than 0.1 mL/h (Kawakatsu et al., 1999).
The productivity can be increased in cross flow MCE by using
many parallel MC arrays on a single MC plate. Recently,
Kobayashi et al. (2010) designed large cross-flow MCE device,
each consisting of 14 parallel MC arrays with a total of 11,900
channels and have a channel depth of 1-2 um (Fig. 5a). The
new design can produce uniform oil droplets with average
droplet size of 10 ym at maximum dispersed phase flow rate of
1.5 mL/h (Fig. 5b). The productivity of droplets was although
increased in large cross-type MCE but collecting the formed
droplet is the still limiting factor in cross flow type MCE.

Straight-through MCE devices

The throughput capacity of MCE can be increased using
straight-though MC array plates since these allows integration
of hundreds and thousands of MCs on a single plate (Kobaya-
shi et al., 2002). The straight-through devices are fabricated by
a process including deep reactive-ion etching and a latticed
support layer on the bottom side of a silicon-on-insulator plate
to protect and reinforce the delicate straight-through holes
(Kobayashi et al., 2002). The straight-through MC devices typi-
cally have 47 to 411 channels/mm? to increase the throughput
capacity of emulsion system. The straight-through array plates
(Fig. 6) comprises of either symmetric to asymmetric design
with numerous circular and oblong channels and micronozzles
(MNs) that are compactly arranged on the surface of array plate
(Kobayashi et al., 2008b).

Most of the studies in MCE was conducted with asymmetric
design with circular channels since the rectangular (oblong)
channels cannot perform well with low viscosities fluids having
viscosities less than 1 mPas. In asymmetric straight- through
MCE, the circular channel are located on the upstream side,
while the microslot on the downstream side (Kobayashi et al.,
2005b). The use of these arrays enabled the stable production
of monodisperse emulsions having viscosities less than 1 mPa s
(Kobayashi et al., 2005b; Kobayashi et al., 2009b). The straight-

(b)

Figure 5. (a) Schematic diagram of scale-up grooved MC array plate from cross
flow type MCE. Each MC array consisting of 850 MCs. (b) Optical micrograph show-
ing droplet productivity at dispersed phase (soybean oil) flow rate of 1.5 mL h™".
1.0 wt% SDS in Milli-Q water was used as continuous phase. Reprinted with per-
mission (Kobayashi et al., 2010; Vladisavljevic et al., 2013).

though MCE arrays depicted in Fig. 7 produced uniform n-tet-
radecane droplets with dispersed phase flux over 2700 L/(m?* h)
indicating throughput capacity of 3.2 million droplets per sec-
ond. The summary of straight-thought MCE is presented in
Table 2. Recently, Kobayashi et al. (2012a) developed a scale-
up model for asymmetric straight-through MC array plates
containing four MCs arrays with total active cross-sectional
area of 484 mm”. This scale-up version increased the produc-
tivity of n-tetradecane monodisperse emulsions up to 1.4 L/h.

Droplet generation process in MCE

The droplet generation process in MCE have been evaluated
using variety of techniques ranging from experimental
approach using high speed microscopy (Sugiura et al., 2001a;
Sugiura et al.,, 2001b) or numerical simulation and modelling
like Lattice Boltzmann methods (van der Zwan et al., 2009; van
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Figure 6. Straight-through MC array plates: (a) symmetric plate with microslots on both sides, (b) asymmetric plate with circular channels on the upstream side and slots
on the downstream side, and (c) Symmetric plate with MNs. Reproduced with permission (Vladisavljevic et al., 2012).

Dijke et al., 2008) and computational fluid dynamics (CFD)
(Kobayashi et al.,, 2004, 2006, 2007a, 2011; van Dijke et al.,
2008). These simulation methods depicted spontaneous change
of dispersed phase in droplets on the microchannel surface,

(@)

cover slip

. el

@

im

@ @

Figure 7. (a) Typical droplet generation in asymmetrical straight-through MCE. (b)
Optical micrograph of n-tetradecane droplets with Sauter mean droplet diameter
of 27 um at 900 L m~2 h™". Reprinted with permission (Vladisavljevic et al., 2011).

which was further depended upon interfacial tension on a
micron scale. Figure 8 shows the droplet-generation mecha-
nism in MCE. The droplet-generation process begins when the
dispersed phase (Fig. 8a) starts to expand in the terrace
(grooved MCE) or microslot (straight-through MCE). This
expansion process ends, when the expanding dispersed phase
reaches the outlet of microslot or terrace (Fig. 8b) and then
leading the expansion phase to detachment phase. In the initial
stage of the detachment process, the dispersed phase slowly
expands over the microslot outlet or terrace surface, as the
internal pressure of the dispersed phase over the microslot out-
let is higher than inwards (Fig. 8c). The difference in pressure
corresponds to Laplace pressure difference between the two
phases. The difference in pressure continues until the pressure
balance becomes opposite and a neck is formed (Figs. 8d and
8e) in the microslot due to rapid flow of the dispersed phase. In
this stage, the dispersed-phase flux at the neck exceeds than
that present in the front of the neck leading to the instanta-
neous pinch-off of the neck and the completion of the detach-
ment process (Figs. 8e and 8f) (Kobayashi et al., 2011).

Operating factors effecting droplet generation in MCE

The droplet generation process in MCE is extremely selective
and is influence by variety of factors that ensure stability of dif-
ferent emulsion systems. The droplet generation mechanism in
MCE is effected by temperature (Fujiu et al, 2011a, 2011b,
2012), composition of different dispersed and continuous
phases, flow velocities and viscosities of different phases (van
Dijke et al., 2010b; Vladisavljevic et al., 2011) and also electro-
lyte composition (Kobayashi et al., 2014). Besides these physio-
chemical parameters, optimization of processing conditions,
mixing of different ingredients and choice of emulsifiers are
important parameters for obtaining monodispersity and stabil-
ity in MCE (Neves et al., 2015).

Temperature controlled emulsification is needed to pro-
duced solid lipid microparticles, microparticles and high melt-
ing point dispersions. MCE enables production of these
emulsion systems with monodispersity (Iwamoto et al., 2002;
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Table 2. Overview of straight-though MCE array plates. The droplet diameter, coefficient of variation and throughputs capacities were presented from previously pub-

lished research works.

Droplet size Maximum dispersed

MC array plate Code name Channel number and (CV) Throughput capacity phase flow rate References

24 x 24 mm (symmetric) — 4,300 MCs 39.1 um (2.5%) 53 x 10%s™" 6mLh™’ Kobayashi et al. (2003)

24 x 24 mm (symmetric) — 10,000 MCs 41.9 um (1.9%) — — Kobayashi et al. (2004b)

40 x 40 mm (symmetric) — 211,248 MCs ~ 31-32 um (<10%) 3.2-53 x 10°s™" 20-30mLh™"  Kobayashi et al. (2005c)

15 x 15 mm (symmetric) — 23,548 MCs 6.7 um (3.9%) 88 x 10*s™! 0.05mLh~" Kobayashi et al. (2008b)

15 x 15 mm (symmetric) — 92,575 MCs 4.4 pum (5.5%) 28 x 10*s™! 0.004mLh™"  Kobayashi et al. (2008b)

24 x 24 mm (asymmetric) WMS 1-2 10,313 MCs 35 um (1.9%) 10 droplets s™' per active MC — Kobayashi et al. (2005b)

24 x 24 mm (asymmetric) WMS 1-3 23,348 MCs 26-35 um (<3%) 250 droplets s~ per active MC  100-2700 mL h~" Vladisavljevic et al. (2011);
Kobayashi et al. (2014)

24 x 24 mm SUS-304 7 MCs 143 mm (4.4%) 0.1 droplets s~ per active MC — Kobayashi et al. (2008c)

(asymmetric-stainless steel)

Sugiura et al., 2000). The formulation of different emulsion sys-
tems containing functional compounds at high temperature
will be discussed in later section. Monodisperse O/W emulsions
were produced in MCE that were independent of the tempera-
ture applied and the type of emulsifier used. Moreover, at high
temperature the droplet size decreased to a slight extend (Fujiu
et al,, 2011a, 2011b). Similarly, in case with W/O emulsions the
droplet diameter remains constant below the dispersed phase
critical flow velocity. On the other hand, the droplet generation
frequency increased with increasing operating temperature,

a b

Qil - water
Slot
interface

Flow
direction

(Soybean oil)
d e

Channel

probably due to reduction in velocities of the operating fluids
(Fujiu et al,, 2012).

Viscosity of different phases is one of the critical parameter
in MCE. van Dijke et al. (2010b) evaluated the effect of the
viscosities in MCE using sodium dodecyl sulfate (SDS), poly-
ethylene glycol (PEG) and their mixtures as continuous phase
in MCE. They found that the droplet size was constant at
higher viscosity ratio (defined as the ratio of the dispersed
phase viscosity over the continuous phase viscosity) in com-
parison to low viscosity ratio. At lower viscosity ratio, the

Droplet

Figure 8. CFD-ACE+ simulation results for successful droplet generation in asymmetrical straight-though MCE. (a) t; = -40.0 ms, (b) t; = -0.0 ms, () t; = =35.3 ms,
(d) t; = -41.8 ms, (e) t; = —48.7 ms, and (f) t; = —51.9 ms. t4 corresponds to detachment time. CFD-ACE-GUI software with a finite volume code was used to set the equa-

tions and parameters. Reproduced with permission (Kobayashi et al., 2011).
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Figure 9. Effect of viscosities of dispersed phases on droplet generation in microchannel emulsification. The droplet generation regime is divided into stable, expanding
and blow up regime in relation to dispersed phase flux. Three oil types (medium chain triglycerides (MCT), soybean oil and n-tetradecane) are evaluated) in relation to dis-

persed phase flux. Reproduced with permission (Vladisavljevic et al., 2011).

droplet size increased until a critical viscosity ratio is reached,
where there is no more formation of droplets from MCs.
Moreover, the viscosity effect was further depends upon MCE
geometry and design. The droplet generation is possible even
at low viscosity ratio, if longer MCs will be used, since in lon-
ger MCs there is a higher hydrodynamic flow resistance,
which slows down the flow from channel to the terrace during
droplet formation. The frequency of droplet generation in
MCE is depended upon viscosity of the fluids. Vladisavljevic
et al. (2011) studied the effect of dispersed phase viscosity on
the droplet generation frequency in asymmetric straight-
through MCE. They divided the droplet generation with dif-
ferent dispersed phase viscosities into three regimes: the stable
generation regime, the expanding and blow up regime
(Fig. 9). The dispersed phase with lowest viscosity perform
well, even at higher dispersed phase flux.

Kobayashi et al. (2014) studied the effect of table salt (NaCl)
on generation of O/W droplets in straight-through MCE. They
mentioned the threshold concentration of 0.3-0.5 mol L™" of

NaCl in SDS and Tween 20 stabilized emulsions. Moreover, the
droplet generation was slower and less stable, when the concen-
tration of NaCl was increased, indicating the sensitivity of MCE
towards electrolyte concentration.

Encapsulation of lipophilic compounds using MCE

Variety of food grade materials were used in MCE for produc-
tion of, O/W emulsions. These includes vegetable oils (e.g., sun-
flower oil, safflower oil, soybean oil, and olive oil). Most of the
studies were also conducted with MCT oil, that contain mixture
of 75% caprylic acid and 25% capric acid (Kawakatsu et al.,
1997; Neves et al., 2015; Vladisavljevic et al,, 2012). Similarly,
variety of food grade emulsifiers were used for encapsulation,
including non-ionic emulsifiers and protein based emulsifiers
(Kobayashi and Nakajima, 2002; Saito et al., 2005, 2006). The
results of various studies showed that hydrophilic-lipophilic
balance (HLB) greater than 10 is necessary for generating
monodisperse emulsion droplets in MCE. Recently, Souilem

d,
CV=62%

=91 m

Figure 10. Micrographs of a S-carotene loaded O/W emulsions. (a) Obtained from straight-though microchannel emulsification and (b) obtained from grooved type

microchannel emulsification. Reproduced with permission from (Neves et al., 2008b).
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et al. (2014a) investigated the emulsifying ability of oleuropein
and olive leaf extracted oleuropein (a natural polypenolic com-
pound extracted from olives) using MCE. Successful MCE was
conducted with refined soybean oil, refined olive oil and extra
virgin oil olive oil with d,, of 25 um and CV of <5%. The con-
tinuous phase in all of these emulsion systems constitute 0.6
wt% oleuropein in Milli-Q water (Souilem et al., 2014a).
Various lipophilic compounds have been encapsulated in
O/W emulsions using MCE. These include p-carotene (Neves
et al, 2008a; Neves et al., 2008b), y-oryzanol (Neves et al.,
2008b), ergocalciferol (Khalid et al., 2015¢), mixture of cholcal-
ciferol and ergocalciferol (Khalid et al, 2015d), quercetin
(Khalid et al., 2016), B-sitosterol together with y-oryzanol
(Khalid et al.,, 2017) and various functional oils like argan oil

10 L./{m"+h)

40 1..{im"-h)

(El-Abbassi et al., 2013) and clove oil (Purwanti et al., 2015).
The important production characteristics and functionality is
described in this section.

Various model studies have been conducted with MCE to
check the stability and generation characteristics of O/W emul-
sions containing various oils like soybean oil, MCT and olive
oil. MCT oil was encapsulated in O/W microspheres using
MCE, the produced microspheres were well stable and have d,,
of 3.7-3.8 um with CV of 6-7% (Kobayashi et al., 2001). Olive
oil was encapsulated in monodisperse O/W emulsions using
straight-through MCE using 1 wt% polyglycerol monooleate as
emulsifier. The monodisperse emulsion droplets exhibit good
stability and the droplet size was independent of the continuous
phase flow rate (Neves et al., 2009).

10 L. {m h)

10 L./{m" *h)

28.5 um

SO L.{tm *h)

Figure 11. Optical micrographs showing droplet generation of PUFAs loaded O/W emulsions at various dispersed phase fluxes. The monodisperity can be visualized at
low dispersed phase flux (a to d), while polydispersity can be observed at higher dispersed phase flux (e and f). Adopted with permission (Neves et al., 2008a) American

Chemical Society.



Encapsulation of antioxidants

Antioxidants compounds like S-carotene, y-oryzanol and
quercetin play an important role in maintaining healthy life,
these compounds protect the body against various aliments
like cancer, cardiovascular diseases, immune functions and
also reducing risks of obesity (Pisoschi and Pop, 2015). These
antioxidants are very sensitive towards light, heat and oxida-
tion, moreover the solubility of these compounds is very low
in food grade materials (Shahidi and Ambigaipalan, 2015).
B-carotene and other carotenoids are very sparingly soluble in
oil (~0.2 g/L), quercetin ((~0.2-0.4 g/L), the solubility can be
increased with increasing temperature. However, the bioacces-
sibility and bioavailability of these bio-active in gastro-
intestinal fluids are quite low even after production from
MCE. B-carotene is the precursor of vitamin A and have func-
tionality in numerous food products like beverages, bakery
products and dietary supplements. In order to increase the
functionality Neves et al. (2008b) formulated O/W emulsions
containing 3.2 g p-carotene/L oil using grooved type and
straight-through MCE. The p-carotene was dissolved in
refined soybean oil, while the continuous phase constitutes
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1 wt% gelatin or sucrose monolaurate. Successful MCE was
conducted with average droplet diameter (d,,) of 27.6 um and
a CV of 2.3% (Fig. 10). The B-carotene encapsulated emul-
sions remained stable for 4 month and resist polydispersity
when stored in dark conditions at 5°C. The O/W emulsions
containing y-oryzanol were stabilized by 1 wt% gelatin or
sucrose monolaurate with d,, of 28.8 um and a CV of 3.8%
(Neves et al., 2008b). The MCE array plate used in this study
have 23, 348 MCs, each having a circular channels of 10 um
in diameter with depth of about 70 um.

Encapsulation of polyunsaturated fatty acids

Polyunsaturated fatty acids (PUFAs) play an important role in
maintaining blood cholesterol levels, brain functionality and in
maintaining lipid membranes (Calder, 2015). These PUFAs are
prone to oxidation that limit their functionality in numerous
food products. Moreover, encapsulation of PUFAs in different
systems also increased the absorption in vitro (Yonekura and
Nagao, 2007). PUFAs were also encapsulated in sized con-
trolled O/W emulsions by Neves et al. (2008a) using straight-
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Figure 12. Droplet generation of O/W emulsions encapsulating mixture of vitamin D, and D; from MC arrays (i) Tween 20 stabilized emulsions (ii) sodium cholate stabi-
lized emulsions. (b) Droplet sizes of O/W emulsions suing different oil types. Reproduced with permission (Khalid et al., 2015d).
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through MCE (Fig. 11). The continuous phase include mixture
of pB-lactoglobulin and sucrose monolaurate, while the dis-
persed phase composed of B-carotene enriched palm oil loaded
with 45 g/L PUFAs. The monodispersed O/W emulsion drop-
lets were collected by regulating the flow of continuous and dis-
persed phases. The monodispersity of emulsion droplets varied
with dispersed phase flux (J5). Monodisperse droplets with d,,
of 28.5 um and a CV of >3.3% was obtained at J3 < 40 L m~>
h™", the higher ], leads to polydispersity in the emulsion system
(Fig. 11). However, the continuous phase flow rate has no pro-
nounced effect on monodispersity in MCE.

Encapsulation of vitamin D

There are an estimated one billion people worldwide who are
either vitamin D deficient or have insufficient vitamin D intake
(Holick, 2007). Vitamin D is a seco-steroid hormone with two
active forms, cholecalciferol (vitamin D;) and ergocalciferol
(vitamin D,) (Gonnet et al., 2010). Vitamin Dj is produced in
the skin upon exposure to sun-light (Lund and DeLuca, 1966),
while vitamin D, is formed by the irradiation of ergosterol
(Rosenheim and Webster, 1928).

Most dietary products are poor source of vitamin D, includ-
ing breast milk (Wagner et al., 2006). Moreover, the high phy-
tate and fibre content of vegetarian diets may also reduce the
vitamin D absorption. The deficiency of this important vitamin
can be corrected by using supplementation and fortification
techniques. The fortifying foods with vitamin D can be difficult
due to its hydrophobicity in food systems (Loftsson and
Hreinsdottir, 2006), variable oral bioavailability (Haham et al.,
2012), degradability at high temperatures (Grady and Thakker,
1980), narrow pH range (Markman and Livney, 2012) and oxi-
dation (DeRitter, 1982). We recently encapsulated vitamin D in
various emulsion systems using MCE. The brief overview of
encapsulation system is described below.

Khalid et al. (2015d) encapsulated mixture of vitamin D,
and Dj; using straight-through MCE. The dispersed phase con-
tains 0.5% (w/w) vitamin D, and D; in soybean oil, olive oil
and MCT. While, the continuous phase comprises either 1%
(w/w) sodium cholate or Tween 20 in Milli-Q water. Monodis-
perse emulsion droplets were generated using all type of contin-
uous and dispersed phases under optimized conditions
(Fig. 12). The optimized conditions include dispersed phase
flow rate of 2 mL h™' with continuous phase flow rate of
250 mL h™". The O/W emulsions have Sauter mean diameter
(ds,) of 28 to 32 pum and relative span factor (RSF, the width of
the droplet size distribution) below 0.3. The vitamin D loaded
emulsions have physical stability of more than 30 days at 25°C
with both emulsifiers, but have stability of more than 30 days at
4°C with only Tween 20. The reduced stability with sodium
cholate at low temperature might be due the aggregation of
sodium cholate at low temperature (Calabresi et al., 2007; Jojart
et al., 2014). The O/W emulsions stabilized by Tween 20 have
encapsulation efficiencies (EEs) over 70% at 4 and 25°C after
30 days of storage period. In contrast, those stabilized by
sodium cholate have EE of 70% only at 25°C (Fig. 13) after
30 days of storage period.

Vitamin D, was encapsulated in O/W emulsions using both
grooved type and straight-through MCE by (Khalid et al,
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Figure 13. Encapsulation efficiencies of O/W emulsions encapsulating mixture of
vitamin D, and D; (a) Tween 20 stabilized emulsions (b) sodium cholate stabilized
emulsions. Reproduced with permission (Khalid et al., 2015d).

2015¢). They used variety of food grade oils (MCT, soybean oil,
olive oil and safflower oil) with varying concentration of vita-
min D, as dispersed phase while continuous phase contains
either 1% (w/w) decaglycerol monolaurate (Sunsoft A-12),
Tween 20 or B-lactoglobulin. The optimized composition
includes 0.5% (w/w) vitamin D, in soybean oil with 1% (w/w)
Tween 20 in Milli-Q water as continuous phase. Monodisperse
emulsion droplets were generated from straight-though MCs
with d;, of 34 pm with a RSF of less than 0.2. The vitamin D,
emulsion droplets were stable for more than 15 days with EE of
over 75% during storage period.

Encapsulation of functional oils

The use of essential oils as functional material in food, drinks,
cosmetics and toiletries are getting popularity due to their fla-
vor and fragrance aspects, health promoting properties and
generally having safe status in food products (ALi et al., 2015;
Vergis et al, 2015). The argan tree is an endemic tree in
Morocco and traditionally well known for its cardioprotective
and antioxidant properties (El Abbassi et al., 2014). The argan
oil has a specific fatty acid composition that make it, as an
excellent nutraceutical ingredient in food, pharmaceutical and
cosmetic products. However, the self-life of argan oil is quite
small and can be prolonged using encapsulation techniques
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Figure 14. (a) Droplet size distribution of argan O/W emulsion stabilized by Twt%
Tween 20. (b) Optical micrographs showing argan O/W emulsion stability at 90°C
with function of time at 0 and 24 h after formulation. The emulsion was stabilized
using 0.25 wt% Tween 20. Reproduced with permission (El-Abbassi et al., 2013).

(El-Abbassi et al., 2013). El-Abbassi et al. (2013) formulated
argan O/W emulsions using straight-through MCE (Fig. 14a).
They check the effect of different non-ionic emulsifiers and
processing temperature on droplet size and distribution of O/
W emulsions. In terms of stability, the argan O/W emulsions
were stabilized with 0.5-3 wt% Tween 20 and the temperature
was increased to 90°C, even at low emulsifier concentration of
0.25 wt%, the O/W emulsions show stability against coales-
cence even after 24 h of formulation (Fig. 14b). The emulsions
stabilized by 1 wt% Tween 20 remained stable of more than
4 months at room temperature without showing any creaming
or phase separation. The results of their study highlighted that
emulsifier concentration and temperature are the major factors
that affect the droplet size and distribution of O/W emulsions.
Clove oil is widely used in fragrance, flavor, and pharmaceu-
tical industries. The clove oil has many functional properties
ranging from antioxidant, anti-inflammatory, analgesic, and
many others (Sarfraz and Shahid, 2015). In many applications
clove oil is encapsulation or formulated in order to preserve the
functionalities over period of time. Numerous delivery systems
have been developed to preserve the essence and functionality
of clove oil including polymer matrixes, solid lipid particles,
and O/W emulsions. However, the stability of clove oil in
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formulated system is still a challenging task (Purwanti et al,
2015; Sarfraz and Shahid, 2015; Shahavi et al., 2015). Monodis-
perse O/W emulsions encapsulating clove oil was successful
formulated using MCE (Liu et al., 2001; Purwanti et al., 2015).
The continuous phase constitutes different concentrations of
sodium dodecyl sulfate (SDS) in Milli-Q water as emulsifier.
Monodisperse clove oil droplets of 20 ;um size were successfully
generated from MCs and the monodispersity was depended
upon SDS concentration. The SDS concentration above critical
micelle concentration (CMC) results in formulation of polydis-
perse oil droplets that broke up with time (Liu et al., 2001). The
droplet instability mechanism in MCE at high SDS concentra-
tion was recently proposed by Purwanti et al. (2015), they pro-
posed diffusion driven, spontaneous emulsification and reverse
micelle formation (Fig. 15) as main instability mechanism of
clove oil encapsulation during MCE. Moreover, they proposed
that the instability mechanism can be suppressed by saturating
the continuous and dispersed phases prior to emulsification.

Encapsulation of hydrophilic compounds using MCE

MCE methods are also applicable for production of micro-
spheres, monodisperse water-in-oil (W/O) and water-in-oil-in-
water (W/O/W). However, surface modification of MC array
plate is necessary for production of W/O emulsions and micro-
spheres. The surface modification of MC array of plate can be
performed using silicon coupler reagents like octadecyltriethox-
ysilane and hexamethyldisilazane with different treatment pro-
tocols (Chuah et al., 2009; Fujiu et al., 2012). The hydrophobic
treatment produces an uncharged surface on silicon MC plate
and create no strong repulsive interaction between the hydro-
phobic surfactant molecules and MC plate surface (Kobayashi
et al., 2009b). Premix homogenization is needed for production
of W/O/W emulsions from MCE. The premix homogenization
is performed using either rotor-stator homogenizer (RSH) or
high pressure homogenizer (HPH). In some cases, a combina-
tion of both RSH and HPH was utilized to produce fine W/O
emulsion droplets before conducting MCE (Kobayashi et al.,
2005a; Sugiura et al., 2004).

Many fundamental studies were conducted to formulate and
characterize W/O emulsions, giant vesicles (GVs) and micro-
spheres using silicon and polymer based MCE. Kobayashi et al.
(2009b) formulated W/O emulsions using triglyceride oils by
straight-though MCE. There was successful production of
monodisperse W/O emulsions but the generation of droplets
were highly depended upon operation conditions and viscosi-
ties of dispersed and continuous phases. Moreover, the droplet
productivity of W/O emulsions increased exponentially with
increasing temperature without effecting droplet sizes of W/O
emulsions (Fujiu et al., 2012). Acrylic polymer based MC array
plates were used to produce W/O emulsions using tetraglycerin
condensed ricinoleic acid esters (CR-310) as emulsifiers. Mono-
disperse W/O droplets were generated having d,, of 40-98 pum
with CV < 10% (Liu et al., 2004; Liu et al., 2005). MCE is also a
useful technology for production of monodisperse micro-
spheres and microbeads. Chuah et al. (2009) produces alginate
microspheres with narrow size droplet distribution using com-
bine operation of MCE and external gelation method. These
microspheres have d,, of 18-22 um with CV < 5-26%. The
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Figure 15. Droplet instability mechanism depiction for clove oil encapsulation in MCE. The clove oil was encapsulated in O/W emulsions using different concentrations of

SDS in Milli-Q water. Reproduced with permission (Purwanti et al., 2015).

gelation of these microspheres shrinks the d,, to 6.2 um with
CV < 10%.

Kobayashi et al. (2005) formulated W/O/W emulsions using
combined operation of microfluidizer and MCE. They use tet-
raglycerin monolaurate condensed ricinoleic acid esters
(TGCR) or polyglycerin polycondensed ricinoleic acid esters
(PGPR) in soybean oil as emulsifiers in the continuous phase of
the W/O emulsions. The high-pressure homogenizer produced
W/O emulsions with d,, of 0.15-0.25 um for PGPR-stabilized
system and 0.16-0.26 um for the TGCR-containing system.
Monodisperse W/O/W emulsions with an d,, of 39.0-41.0 um
and a CV < 5% were formulated using an oblong straight-
through MCE and with polyoxyethylene (20) sorbitan mono-
leate (Tween 80) as hydrophilic emulsifier to stabilize the other
aqueous phase. Similarly, Sugiura et al. (2004) formulated W/
O/W emulsions using different oil types (MCT, ethyl oleate,
decane, and triolein). They used 5% CR-310 as emulsifier in the
oil phase and Tris-HCI buffer as aqueous (dispersed) phase.
Successful MCE was conducted with different oil types
(Fig. 16). Monodisperse oil droplets with d,, ranging between
32.6 and 35.7 um with CV's of 5-8% were successfully prepared
using different oil types. The entrapment efficiency was over
91% with different oil types.

In another study Kawakatsu et al. (2001) formulated mono-
dispersed W/O/W emulsions using different lipophilic emulsi-
fiers and oil types. They noticed that lipophilic emulsifiers had
effect on stability and monodispersity of W/O/W emulsions.
Similarly, they also formulated solid-in-oil-in-water (S/O/W)
microcapsules using calcium solution and Tween 20 as external
water phase (outer aqueous phase). The results indicate that it
is possible to change the texture of W/O/W emulsion after
using appropriate gelation agents. The above mention funda-
mental studies do not encapsulate any functional hydrophilic
agents but provide valuable information regarding generation
characteristics and stability profiles using MCE. This section

briefly explains the encapsulation of hydrophilic functional
compounds using MCE.

Encapsulation of L-ascorbic acid in different emulsion
systems

L-ascorbic acid (AA) is a powerful antioxidant and have variety
of applications and functions in a living body. It has the capac-
ity to regulate the immune system, provide efficient protection
against various type of cancers and also regulates the heart
function. Besides numerous health benefits, it is prone to heat,
light and oxidation. These agents limit it functionality in living
bodies. The positive aspect of this vital compound is the no-
toxicity even at high concentrations (Grosso et al., 2013). In the
last two decades variety of encapsulation strategies was devised
to encapsulate AA, each of these has its own limitation and pos-
itive values (Abbas et al., 2012). We used MCE to encapsulate
high concentration of AA in numerous delivery systems like
W/O, W/O/W emulsions and microspheres (Khalid et al,
2014b, 2015a, b).

Khalid et al. (2014b) encapsulated high concentration of AA
in W/O/W emulsions using two step homogenization. The first
step involves encapsulation of AA in W/O emulsions using
rotor-stator homogenizer and the second step re-homogenize
the W/O emulsion droplets into W/O/W emulsions using
straight-through MCE. The dispersed phase comprises of 1%
(w/w) gelatin, 10-30% (w/w) AA and 1% (w/w) magnesium
sulfate as stabilizer in Milli-Q water. The continuous phase
contains 4-8% (w/w) CR-310 in soybean oil. The W/O emul-
sion droplets had d,, of 2.6-2.9 um with CV > 15%. The W/O
was re-homogenized by using outer aqueous phase containing
1% (w/w) decaglycerol monolaurate and 10-30% (w/v) glucose
to counter the osmotic pressure. The second homogenization
using MCE produced W/O/W emulsion droplets with d,, of
26-31.5 pum and CV < 10%. They also mentioned that
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Ethyl oleate

Figure 16. Optical micrographs of W/O/W emulsions from MCE. Differential interference contrast (DIC) microscopy was used to detect the oil phase. Reproduced with per-

mission (Sugiura et al., 2001).

concentration of CR-310 as a critical parameter for successful
droplet generation in MCE (Fig. 17). The higher CR-310 (6-8%
(w/w) concentration resulted in formation of unstable droplets
probably due to rapid adsorption of CR-310 molecules at the
newly created interface. The monodisperse W/O/W emulsions
had EE of over 80% during evaluated storage period. The simi-
lar dispersed and continuous phase composition had EE of less
than 50% in W/O and W/O/W emulsions formulated by con-
ventional devices (Khalid et al.,, 2013a, b). The higher EE of
emulsion system formulated by MCE clearly demonstrate its
advantage over conventional devices.

Khalid et al. (2015b) formulated aqueous microspheres con-
taining high concentration of AA using different concentration
of sodium alginate (Na-ALG) in grooved type MCE. The oil
phase contain water saturated decane and 5% (w/w) CR-310 or
Span 85. The optimized condition for obtaining monodisperse
aqueous microspheres include 2% (w/w) Na-ALG and 1% (w/w)
magnesium sulfate together with varying concentration of AA.
At optimized conditions, the MCE produces aqueous micro-
spheres with d,, of 14-16 um and CV < 8%. The higher Na-
ALG reduces the droplet generation frequency and subsequently
produces polydisperse microspheres. Similarly, lower magnesium
sulfate concentration results in unstable microsphere production
(Fig. 18), while high concentration results in bursting of micro-
spheres due to high osmotic potential (Khalid et al., 2015b).

The optimized conditions for Na-ALG containing aqueous
microspheres were used in straight-through MCE for analyzing
physical and chemical stability of 20% (w/w) AA. The mono-
disperse aqueous microspheres with d,, of 18.7-20.7 um and
CV < 6% were generated from straight-through MCs (Khalid
et al., 2015a). The produced microspheres remained stable for
more than 10 days with EE >70% at 40°C storage temperature
(Fig. 19a). Moreover, the d,, of microspheres increased with
increasing J4, the monodisperse aqueous microspheres were
produced under J4 of 5-10 L m~> h™"' (Fig. 19b and c). The

further increased in ] results in out flow of dispersed phase
from MCs (Khalid et al., 2015a).

Encapsulation of ascorbic acid derivatives

Ascorbic acid derivatives have been used as additivities in numer-
ous food and pharmaceutical industries. Ascorbic acid derivatives
also possess strong antioxidant activity just like ascorbic acid.
These derivatives are added in different formulations to prevent
oxidation of the loaded drugs or sensitive food components
(Foco et al.,, 2005; Moribe et al., 2011). MCE was used to encap-
sulate calcium ascorbate (Ca-As) and ascorbic acid
2-glycoside (AA-2G) in W/O emulsions (Khalid et al., 2014a).
The continuous phase constitutes 5% (w/w) CR-310 or Span 85
in different oil types like soybean oil, decane and equal mixture
of decane and soybean oil. Dead end type MCE was used to
encapsulate ascorbic acid derivatives. Successful emulsification
was conducted with both Ca-As and AA-2G. The W/O emul-
sions have d,, of 17-28 um and CV < 7%. The d,, of the W/O
emulsions increased with increasing dispersed phase viscosities
but maintaining monodispersity. It was also observed that the d,,
of W/O emulsions remain unaffected by the dispersed phase flow
rate below the critical values (Fig. 20). The critical flow rate of
dispersed phase ranged between 1.2 and 1.6 mL h™". The results
also indicated that emulsifier type have stronger effect on the sta-
bility of W/O emulsions. The AA-2G have long chain structure
with no ion involvement and helps in better penetration of emul-
sifier at the interface of W/O emulsions in comparison to Ca-As
that have ionic structure and hinders the absorbance at emulsifier
at nearly created interface (Khalid et al., 2014a).

Encapsulation of oleuropein

Oleuropein is a major phenol compound extracted from olive
leaves, privet’s leaves and olive oil. Oleuropein in a specified
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50 pm

Figure 17. Encapsulation of L-ascorbic acid in W/O/W emulsions using straight-through MCE. (a) Droplet generation containing 4% (w/w) CR-310 and with 10% (w/w) AA,
(b) 4% (w/w) CR-310 and with 20% (w/w) AA, (c) 4% (w/w) CR-310 and with 30% (w/w) AA, (d) 6% (w/w) CR-310 and with 30% (w/w) AA, (e) 8% (w/w) CR-310 and with
30% (w/w) AA and (f) Optical micrograph of W/O/W emulsions containing 30% (w/w) AA. Reproduced with permission (Khalid et al., 2014b).

quantity have great functional attributes like antioxidant, anti-
diabetic, anticancer, antibacterial and many others (Khan et al.,
2007; Vissers et al., 2004). Despite of its great functional attrib-
utes, the bitter taste, prone to oxidation and enzymatic degra-
dation limits it usage in food and pharmaceutical products

(Fang and Bhandari, 2010). Moreover, oleuropein is easily
degraded in small intestine and hence have poor solubility
(Fang and Bhandari, 2010). In order to overcome these limita-
tions, oleuropein is encapsulated in numerous emulsions sys-
tems (Mourtzinos et al., 2007; Souilem et al., 2014b).

Figure 18. Optical micrographs showing aqueous microspheres containing 30% (w/w) L-ascorbic acid. (a) 1% (w/w) magnesium sulphate and (b) No addition of magne-

sium sulphate. Reproduced with permission (Khalid et al., 2015b).
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Figure 20. Droplet generation of W/O emulsions in microchannel emulsification encapsulating calcium ascorbate. (a) Stabilized by CR-310 and (b) stabilized by Span 85.
(i) Below critical flow rate, (ii) above critical flow. The arrows indicate unstable W/O droplets. Reproduced with permission (Khalid et al., 2014a).

Recently, Souilem et al. (2014b) encapsulated oleuropein in
food grade W/O/W emulsions using combined operation of
HPH and MCE. The dispersed phase constitute 5 wt% glucose
and 0.1-0.7 wt% oleuropein in 5 mM phosphate buffer, while
the continuous phase contain 3-8 wt% CR-310 in soybean oil.
The primary W/O emulsions had d,, of 0.15 um with mono-
modal droplet size distribution. The W/O emulsion droplets
were re-emulsified in outer aqueous phase containing 5 wt%
glucose and 1 wt% decaglycerol monolaurate in 5 mM phos-
phate buffer using grooved type MCE. Monodisperse oil drop-
lets were produced with d,, of 27 um with CV < 5%. The
droplet generation was further depended upon MC dimensions
(Fig. 21). The MC array plate having channel depth of 5 um
and width of 18 um (CMS 6-2) produces more monodisperse
oil droplets in comparison to narrow width of 8 um (CMS

CMS6-1 0.1 wi% oleuropein CMS6-2 0.1 wit% oleuropein

6-1). Moreover, their study concluded that higher hydrophobic
emulsifier concentration and low oleuropein concentration
stabilized emulsions were stable for more than 40 days of
storage in comparison to emulsions stabilized by low concen-
tration of hydrophobic emulsifier or emulsions containing high
concentration of oleuropein (Souilem et al., 2014b).

Encapsulation of enzymes and polysaccharides in giant
vesicles

MCE was also used to produce GVs (Fig. 22a), the production
method involves the preparation of W/O emulsions by keeping
water droplets in frozen state. Afterwards, the emulsifier was
replaced by a lipid bilayer mixture and then oil phase was evap-
orated. Later on, the lipid bilayer was hydrated that surrounds

CMS6-2 0.3 wt% oleuropein CMS6-2 0.5 wi% oleuropein

1 hour

1hour

24hours

24hours

(a) (b)

(c) (d)

Figure 21. Effect of MC array plates dimensions on droplet generation characteristics of W/O/W emulsions encapsulating oleuropein. (a) Droplet generation together with
optical micrograph of W/O/W emulsions produced in MCE with channel width of 8 .um. (b) W/O/W emulsions produced in MCE with channel width of 18 um. (c) Effect of
oleuropein concentration as function of time during droplet in MCE. Reproduced with permission (Souilem et al., 2014b).
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Figure 22. (a) Schematic presentation of giant vesicles. (b) Schematic presentation of “Lipid-coated Ice Droplet Hydration Method” for preparing giant vesicles from a
monodisperse W/O emulsion with controllable size and high encapsulation efficiency (Ichikawa and Kuroiwa, 2008).

the water droplets. This production method was also called as  water-soluble fluorescent dyes like calcein in the inner part of
“lipid-coated ice droplet hydration method” (Fig. 22b). The GVs. The optical microscopic observations confirmed structure
size of the GVs can be controlled by controlling the size of ranging from oligolamellar to multilamellar (Sugiura et al,
water droplets in W/O emulsions (Ichikawa and Kuroiwa, 2008). MCE successfully formulated GVs having d,, ranging
2008, Kuroiwa et al., 2009, 2012, Kuroiwa et al, 2009). The from 7 to 40 um (Kobayashi et al., 2009a; Kuroiwa et al., 2009,
structure of GVs formulated from MCE can be observed using  2012; Sugiura et al., 2008).



2382 N. KHALID ET AL.

100 um

W/O emulsion

Giant vesicles

Figure 23. Monodisperse W/O emulsions produced for formulating giant vesicles (a) optical micrograph of emulsion (b) fluorescent micrograph of emulsion and (c) giant

vesicle encapsulating carboxylesterase in W/O emulsion (Kuroiwa and Ichikawa, 2008).

Variety of hydrophilic compounds like fluorescent
markers (calcein and FTIC (fluorescein isothiocyanate), bio-
polymers like enzymes and polysaccharides were entrapped
in the inner water phase of GVs (Kobayashi et al., 2009a;
Kuroiwa et al., 2009, 2012; Sugiura et al., 2008). The EE of
encapsulated compounds is depended upon the droplet size
of water droplets, the composition of external water phase,
type of solvent used and other operating conditions in MCE.
The optimized conditions produced GVs with EE ranging
from 20% to 50% of encapsulated compounds (Kuroiwa
et al., 2009; Sugiura et al., 2008).

Encapsulated enzymes in its active state can be used as com-
partments for microbioreaction system. Fig. 23 shows GVs
encapsulating carboxylesterase and «-chymotrypsin using
MCE. The encapsulation activates the activity of carboxylester-
ase and a-chymotrypsin by transporting substrate molecules
via permeation through the lipid bilayer in the GVs. The effi-
ciency of enzymatic reactions can be increased using appropri-
ate substrate molecule (Kuroiwa and Ichikawa, 2008).

Conclusion and outlook

This review has outlined the recent developments in encapsula-
tion of functional ingredients using MCE. MCE is a useful tech-
nology to produce monodisperse emulsion droplets using
precisely fabricated microchannels with well-defined geometry.
The MCE is capable of producing micro-emulsions with nar-
row size distribution in comparison to conventional homogeni-
zation devices. Recently, the development of nanochannel
emulsification by our group leads to the formulation of nanoe-
mulsions, however the fabrication of nanochannel emulsifi-
cation is still in development stage. The production of
emulsion droplets in MCE is much gentle with no involvement
of high shear forces. Moreover, variety of emulsified products
can be obtained in MCE ranging from simple to multiple
emulsions.

The development of straight-through MCE enable the
mass scale-up production of emulsion droplets. MCE enable
formulation of emulsion droplets with average droplet sizes
from 1 to 550 um. Moreover, this emulsification technology
is highly energy efficient in comparison to traditional
homogenization processes. The production efficiency in
MCE is highly depended upon choice of dispersed and
continuous phases, type of emulsifiers and physicochemical
properties of functional compound. The further scale-up of
MCE following channel parallelization principle can enable
production of encapsulated nutraceuticals at industrial level
in near future.
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