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Abstract

Monodisperse agueous microspheres containing high concentrations of L-ascorbic acid with
different concentrations of sodium alginate (Na-ALG) and magnesium sulfate (MgSQOa4) were
prepared by using microchannel emulsification (MCE). The continuous phase was water-
saturated decane containing a 5% (w/w) hydrophobic emulsifier. The flow rate of the continuous
phase was maintained at 10 mL h, whereas the pressure applied to the disperse phase was
varied between 3 and 25 kPa. The disperse phase optimized for successfully generating agueous
microspheres included 2% (w/w) NaALG and 1% (w/w) MgSOs. At a higher MgSOs
concentration, the generated microspheres resulted in coa escence and subsequent bursting. At a
lower MgSOs concentration, unstable and polydisperse microspheres were obtained. The
agueous microspheres generated from the MCs under optimized conditions had a mean particle
diameter (dav) of 14 to 16 um and a coefficient of variation (CV) of less than 8% at the disperse

phase pressures of 5 to 15 kPa.

Keywords:. L-ascorbic acid, microencapsulation, microchannel emulsification, monodispersity,

sodium alginate, magnesium sulfate
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I ntroduction

Encapsulation technology has attracted interest in fields including food and pharmaceutical
industries, and its advancement will stimulate the development of novel drugs and become a
driving force for drug therapy and baby food development (Reis et al., 2006). The food industry
has utilized controlled-release technology for food additives, sweeteners, colors, nutrients,
essential ails, antioxidants, and antimicrobial agents (Desai and Park, 2005). Controlled release
helps overcome both the ineffective utilization and the loss of food additives during processing

and storage (Pothakamury and Barbosa-Canovas, 1995).

Techniques frequently used for microencapsulation include spray-drying, coating,
extrusion, liposome entrapment, coacervation, and freeze drying (Desai et al., 2006). All of these
techniques have numerous advantages and disadvantages. Recently, microfluidic devices have
surpassed these conventional techniques to produce microencapsulated products with more
monodispersity (Vladisavljevi¢ et al., 2012). Bioactive substances can be encapsulated using
carbohydrates; gums; lipids, proteins, polymers such as polylactides, polyglycolides, and
poly(lactide-co-glycolides); and copolymers such as poly(DL-lactide-co-glycolide). A few
suitable polymers have been approved for use in foods, so certain food materials can be modified
to increase their porosity and to alter other characteristics, thus enabling their use as coating

materials in microencapsulation (Stevanovic and Uskokovic, 2009).

Anionic polysaccharide gels like alginate (ALG) particles have numerous applications for
encapsulation and delivery systems. Potential applications include encapsulation of drugs
(Caballero et a., 2013), probiotics (Jiang et al., 2013), control flavor release (King Alan, 1988),
enzyme protection, and guided delivery of drugs to their target organs (Anal et al., 2003). ALGs

have an inert nature, high porosity, superior coverage, superior penetration rate, mild
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encapsulation temperature, and biocompatibility with numerous bioactive substances (Capone et
a., 2013). Sodium aginate (Na-ALG) is a water-soluble compound that gels in the presence of
divalent cations (Aslani and Kennedy, 1996). Such gels can be heat-treated without melting,
athough they may eventualy degrade. Gelling depends on ion binding (Ca"< Zn*’< Sr*2<
Ba'?), with the control of cation addition being important for producing homogeneous gels (Reis

et al., 2006).

ALG composition is an important parameter in ALG particle formation. At a NacALG
concentration below 1.0%, almost no spherical particles were formed, probably due to the lack of
enough carboxyl groups for gelation. Increasing Na-ALG concentration causes higher viscosity
of an aqueous phase, resulting in larger droplets with awide distribution (Liu et al., 2003; Rel's et
a., 2006). Thus, for a given application, the Na-ALG concentration must be controlled in

particle size, shape, and size distribution.

Different emulsification techniques have been adapted to produce emulsions using
conventional and microfluidic devices. Traditional emulsification devices include rotor-stator
homogenizers (e.g., colloid mills, toothed-disk dispersing machines, and stirred vessels) and
ultrasonic and high-pressure homogenizers (McClements, 2004). These devices incorporate
intense energy in the system because of vigorous external forces, resulting in a broader droplet
size distribution with polydispersity (Herrera, 2012). Over the last two decades, membrane
emulsification (ME), microchannel emulsification (MCE), and microfluidic emulsification
(MFE) using different types of geometries (Vladisavljevi¢ et a., 2012) have been developed to
produce monodisperse emulsions with narrow size distributions. The major advantages of these

emulsification techniques include the generation of uniform droplets, the precise control of
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droplet size and shape, and in situ microscopic monitoring (unusua for ME) that enables fine

tuning of the process parameters during droplet generation (Vladisavljevi¢ et a., 2012).

Kawakatsu et al. (1997) introduced MCE, a promising technique that is capable of
generating uniformly sized droplets with average diameters of 1 to 500 um and coefficients of
variation (CVs) of <5% (Kobayashi et al., 2007; Kobayashi et a., 2012). MCE works on the
mechanism of spontaneous transformation of the liquid-liquid interface on the terrace and is
driven by interfacia tension (Sugiura et al., 2001). Microchannel (MC) arrays fabricated for
MCE are classified as grooved MC arrays (each consisting of parallel MCs with dlit-like terraces
outside them) (Kawakatsu et al., 1997) and straight-through MC arrays (each consisting of two-
dimensionally positioned through-holes) (Kobayashi et a., 2005b). Droplet generation via each
grooved MC array can be easily judged using direct microscopic observation, whereas straight-
through MC arrays are advantageous for producing monodisperse emulsions at higher droplet
productivity. Kobayashi et al. (2012) recently produced monodisperse O/W emulsions at a

maximum droplet productivity of 1.4 L h.

Various food-grade materials (e.g., refined vegetable oils, a medium-chain triglyceride
oil, hydrophilic and hydrophilic emulsifiers, proteins, and hydrocolloids) have been examined for
producing monodisperse O/W, W/O, and W/O/W emulsions using MCE (Vladisavljevi¢ et a.,
2012). MCE has promising potential for producing uniformly sized oil droplets containing
functional lipids such as -carotene (Neves et al., 2008b), y-oryzanol (Neves et a., 2008a), and
hydrophilic compounds like oleuropein (Souilem et al., 2013) and L-ascorbic acid (Khalid et al.,
2014). L-ascorbic acid is a powerful antioxidant because of its capacity to neutralize free
radicals. The chemistry, functions, metabolism, bioavailability, and effect of processing have

been comprehensively reviewed in a recent publication (Abbas et al., 2012). L-ascorbic acid is
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also important in minimizing the risk of serious diseases (e.g., heart disease, cataracts, and
cancer) and improving the immune system. L-ascorbic acid exposed to high temperature during
cooking and processing, moisture, oxygen, pH, and light has decreased antioxidant activity, thus

resulting in the formation of toxic compounds (Gallarate et al., 1999).

The objective of this study was to develop monodisperse aqueous microspheres
containing high concentration of hydrophilic bioactive compound using MCE. We encapsul ated
L-ascorbic acid in liquid microspheres at high concentrations (up to 30% (w/w)) aong with
varying concentrations of NaALG. We also investigated optimization of the formation
conditions and effects of osmotic pressures and varying concentrations of L-ascorbic acid on

MCE.

Experimental
Materials

NaALG (viscosity 80 to 120 mPa s), sorbitan trioleate (Span 85), magnesium sulfate (MgSQOs.),
n-hexane, L-ascorbic acid (purity 99.9%), and n-decane were purchased from Wako Pure
Chemical Industries, Ltd. (Osaka, Japan). Tetra glycerin condensed ricinoleic acid ester (TGCR,
CR-310) was kindly supplied by Sakamoto Y akuhin Kogyo Co., Ltd. (Osaka, Japan). 1,1,1,3,3,3-
Hexamethyldisilazane (L S-7150), purchased from Shin-Etsu Chemica Co., Ltd. (Tokyo, Japan),
was used for surface hydrophobization of the silicon MC array plate and the glass plate. Milli-Q

water with aresistivity of 18 MQ cm™ was used for preparing all aqueous solutions.

Emulsification Setup
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Fig. la depicts a ssimplified schematic diagram of the experiment setup used for MCE. A
hydrophobized silicon MC array plate is tightly attached to a hydrophobized glass plate in the
emulsification module initialy filled with the continuous phase. A syringe pump (Model 11,
Harvard Apparatus, Inc., Holliston, USA) was used to supply the continuous phase. The heating
system provides temperature-controlled water circulation inside the module and outside the
reservoir. A microscope video system was used to monitor and record droplet formation by MCE
(Kobayashi et a., 2009). Fig. 1b and c depict a dead-end silicon MC array plate (Model M S407,
EP Tech., Co. Ltd., Hitachi, Japan) consisting of 400MCs fabricated on four MC arrays. Each
channel has terraces outside its inlet and outlet, and wells are fabricated outside the terraces.

Channel and terrace dimensions are presented in Fig. 1(d), except for channel and terrace depth

(7 um).

The glass and silicon MC array plates were treated with LS-7150 to make their surfaces
hydrophobic, so that they became suitable for preparing aqueous liquid microspheres in the
continuous oil phase. This hydrophobic treatment was performed using slight modification of the
procedure by Kawakatsu et a. (2001a). Briefly, these plates were surface-oxidized in a plasma
reactor (PR500, Yamato Scientific Co., Ltd., Tokyo, Japan) for 15 min. The plates were then
dipped in LS-7150 for the MC array plate or in a mixture of LS-7150 (20% (w/w)) and hexane
(80% (w/w)) for the glass plate for two nights at room temperature. Finally, the unreacted

materials were washed away.

Emulsification Procedure

Na-ALG solutions at different concentrations of 0.5 to 4.0% (w/w) were prepared by dissolving

Na-ALG powder in Milli-Q water for at least 2 h with constant stirring using a magnetic stirrer at
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room temperature. The solutions at 4+1 °C were stored overnight to ensure complete hydration.
They were then maintained at 45+1 °C prior to MCE. The disperse agueous phase used for MCE
contains 0.5 to 4.0% (w/w) Na-ALG, 0 to 2% (w/w) MgSOs, and 5 to 30% (w/w) L-ascorbic
acid. The continuous phase is a solution of water-saturated decane containing 5% (w/w) Span 85
or TGCR. To prevent water diffusion from the surface of Na-ALG droplets, decane was pre-
treated prior to preparing the continuous phase. Decane was saturated with water by mixing at a
volume ratio of 9:1 (decane:water) for 30 min, after which they were separated by centrifugation
at 1500 x g for 15 min using a table centrifuge (KN-70, Kubota Co., Tokyo, Japan). The decane

supernatant part was used as the continuous phase (Sugiuraet al., 2008).

The disperse phase in a reservoir was introduced into a module filled with the continuous
phase by applying pressure using a pumping device (Fig. 1a). The module temperature was kept
at 45+1 °C during MCE. Liquid microsphere generation occurred when the disperse phase was
forced through the MCs into the continuous phase. The resulting microspheres were then swept
away by the cross-flow of the continuous phase, which was set at 10 to 15 mL h’. The flows of
the disperse and continuous phases were controlled in rea time by monitoring liquid

microsphere generation viaMC arrays.

After the MCE experiments, the MC array plate was cleaned using an ultrasonic bath
(VS-100111, As One Co., Osaka, Japan) at a frequency of 45 kHz in the following sequence: the
MC plate was cleaned in Milli-Q water for the first 20 min followed by Milli-Q water containing
a non-ionic detergent for another 20 min, Milli-Q water containing ethanol (1:1 v/v proportion)
for the next 20 min, and another round of cleaning with Milli-Q water for the final 20 min. The
cleaned MC array plate was | eft to dry in an oven at 60 °C and subsequently stored in air at room

temperature until the next use.
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Deter mination of particle size and distribution

The particle diameter of the microspheres was determined by measuring the diameter of the
captured images of over 200 particles using image-processing software (Winroof, Mitani Co.,

Fukui, Japan). The CV was calculated using the following equation:
CV = (dij x 100, )

where o is the standard deviation and da is the average particle diameter.
Deter mination of viscosity and interfacial tension

The viscosities of the dispersed and continuous phases were measured using a vibrational
viscometer (SV-10, A &D Company Ltd., Tokyo, Japan) at 25 °C. The vibrational viscometer
measures fluid viscosity by detecting the electric current necessary to resonate two sensor plates
(immersed in the fluid sample whose viscosity is to be determined) at a constant frequency and
amplitude. The driving electric current is detected as the magnitude of viscosity produced
between the sensor plates and the fluid sample. The fluid viscosity measured was then cal culated

to obtain the absolute viscosity (n) using the following formula:

N = Nmedp, )
where Nmea IS measured fluid viscosity and p is fluid density.

The interfacial tension between disperse and continuous phases was determined using the
pendant drop method; the density of each phase was measured using a digital density meter (DA-
130 N, Kyoto Electronics Manufacturing, Kyoto, Japan). The profile of the disperse-phase drop

formed in the continuous phase was measured using a fully automatic interfacial tensiometer
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(PD-W, Kyowa Interface Science Co., Ltd., Saitama, Japan). Each measurement was repeated at

least 20 times, and the calculated mean values were used.

Results and discussion

Effect of MgSOa4 concentration on preparation of liquid microspheres

Salt content is a key factor affecting the interfacial properties of emulsions and their stability
(Binks and Rodrigues, 2005; Binks et al., 2006), so we investigated the influence of salt content
on the preparation of liquid microspheres using MCE and their stability. MCE experiments were
conducted using varying concentrations of MgSO4 (0 to 2% (w/w)) in the disperse phase
containing 2% (w/w) Na-ALG and 5% (w/w) L-ascorbic acid. The disperse phase was fed into
the module at 15 kPa, while the flow rate of the continuous phase was set at 10 to 15 mL h.
Stable microspheres were generated using the MC array at a MgSO4 concentration of 1% (w/w).
The generated microspheres detached smoothly from the MC arrays and had a day of 15.5 um
and a CV of 5.0%, demonstrating their monodispersity (Figs. 2a and b). Higher MgSOa4
concentrations produced polydisperse microspheres, and at 2% (w/w) MgSOa the microspheres
first exhibited a high degree of coalescence and then disappeared (burst). This phenomenon leads
to unstable microsphere generation. The microspheres obtained at 1% (w/w) MgSOs remained
stable for more than 2 h inside the module without coalescence. In contrast, the microspheres
generated without adding MgSOs (Fig. 2c) exhibited little coalescence after 30 min in the MC
module, indicating that a certain osmotic pressure is needed to generate microspheres by MCE.

The da of microspheres containing 2% (w/w) MgSOs increased to 21 pm with aCV of 16%.

The disperse phase osmotic pressure (Iq) for the two-phase systems used in this section

can be calculated using the van’t Hoff equation (Strathmann, 1990):
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[la =1 : 3)

where i is the van’t Hoff factor with a value of 1.51 for MgSO4 and 1 for L-ascorbic acid; M is
the molar concentration of MgSO4 (kmol m™), L-ascorbic acid, and Na-ALG; R is a constant
with a value of 8.31 kPa m® K1 mol?; and T is the thermodynamic temperature (K). Iq in the
absence of MgSOs was 0.17 MPa, and I1q in the presence of MgSO4 ranged from 0.39 to 0.50
MPa. Shimizu et al. (2002) and Cheng et al. (2006) reported that the use of disperse phases with
T4 over athreshold value is needed to stably produce W/O emulsions with narrow droplet size
distributions by ME using surface-modified Shirasu Porous Glass (SPG) membranes. Similar to
ME, MCE aso has a certain threshold Iy necessary to generate droplets from MCs. Kobayashi
et a. (2009) demonstrated that Ilq exceeding a certain threshold level stably produces
monodisperse W/O emulsions with a CV of less than 3%. Similarly, at a higher ITg, the transport
of water molecules via the water—ail interface is suppressed because of weak interaction between
charged hydrophilic groups and emulsifiers at the interface of W/O emulsions (Opawale and
Burgess, 1998). The generation stability of liquid microspheres viaMC arrays in this study might

correspond to this mechanism.

The aqueous microspheres generated without adding MgSO4 exhibited coalescence just
after formation, and there in situ stability was quite low. In contrast, the in situ stability of
microspheres generated in the presence of 0.5 to 1% (w/w) MgSOs was very high. The generated
microspheres remained stable for more than 2 h without any coalescence. It has been reported
that microgel particles containing ionizable groups become deswollen in an agueous phase
containing salt because increased ionic strength decreases the Debye screening length on the

particle surface and reduces the repulsive electrostatic forces between charged groups on the
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neighboring particles (Kratz et a., 2000; Kim and Vincent, 2005). In our study, the electrostatic
interactions at low MgSOas concentrations between the charged groups (MgSOs, water, and L-
ascorbic acid) in the liquid microspheres are in the stable range, leading to microsphere stability
and monodispersity. In contrast, the electrostatic repulsive force in the liquid microspheres at
high MgSO4 concentrations increases due to higher osmotic pressure, which could burst the

microspheres and result in less monodispersity.

Effect of Na-AL G concentration on preparation of liquid microspheres

Fig. 3a illustrates the effect of Na-ALG concentration on the preparation of liquid
microspheres using MCE. The generated aqueous microspheres contained 0.5 to 4% (w/w) Na
ALG, 1% (w/w) MgSOs, and 5% (w/w) L-ascorbic acid. The disperse phase was supplied into
the MC module at 15 kPa with the flow rate of the continuous phase was maintained at 10 mL h
1. A decrease in day Of microspheres was observed with increased concentration of Na-ALG up to
a certain concentration (2% (w/w)), whereas further increase in the NaeALG concentration
increased the day of microspheres. Microspheres with the largest day of 24.6 um and a CV of 10%
were observed at a Na-ALG concentration of 4% (w/w). At alow NaALG concentration of
0.5% (w/w), arelatively broader particle size distribution occurred with a day of 20 um and a CV
of 12% (Fig. 3b). The optimum condition for successful microsphere production was 2% (w/w)
NaALG, since a narrow size distribution was observed with a da of 15 um and the smallest CV
of 5% at this NaALG concentration (Fig. 3b). As presented in Table 1, the viscosity of the
disperse phase increased sharply at NaALG concentrations exceeding 2% (w/w). Such high
viscosities of the disperse phase (>100 mPa s) impeded crossing the narrow MCs, and only afew

MCs made microspheres in the whole MC array plate. The viscosity of the disperse phase
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containing Na-ALG increased in the presence of MgSO4 (Table 1), which plays a key role in the

stability of microspheres as well asin microsphere generation.

ALG microspheres have traditionally been produced by extruding Na-AL G solution from
a needle into a divalent cationic solution (Poncelet et a., 1992; Kuo and Ma, 2001). These
cationic solutions then induce gelation in microspheres. Gelling depends on ion binding (Ca?*<
Zn?*< Sr**< Batt). Mg?* sdlt is al'so divalent but does not completely gelatinize the solution. This
soft gel-like structure could modify the structure of ALG, as indicated by reduction of the
viscosity of the disperse phase in the presence of MgSOa4 (Table 1). Furthermore, this soft gel-
like structure creates weak linkage of Mg*™ ions with the ALG structure (Fig. 4), giving
microspheres better stability. Improved stability in the presence of MgSO4 was observed in our

study.

Factors controlling microsphere production include the MC geometry, the composition
of two liquid phases, and the type of emulsifiers (Tong et al., 2000; Saito et al., 2005). The
viscosity ratio of the dispersed phase to the continuous phase was indicated as an important
factor affecting the size of emulsion droplets generated by MCE (Kawakatsu et a., 2001b). In
our study, the viscosity of the disperse phase containing Na-ALG increased with increased Na-
ALG concentration, while interfacial tension remained amost unchanged a the NaALG
concentrations applied (Table 1). In our study, da decreased with increasing Na-ALG
concentrations (0.5 to 2% (w/w)) and increased with increasing Na-ALG concentrations (2 to 5%
(w/w)). These results at higher Na-AL G concentrations deviate from the previous study of Chuah
et a. (2009), who found size reduction in the resultant emulsion droplets with increasing Na-
ALG concentration. However, these emulsion droplets do not contain any hydrophilic bioactive

substance. The result presented in Fig. 3a correlated well with the previous MCE study of
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Kobayashi et al. (2005d), who reported that a decrease in the dav of oil-in-water (O/W) emulsion
droplets stabilized using sodium dodecyl sulfate is influenced by increased viscosity of the

disperse phase (silicone ail).

Effect of pressure of the dispersed phase on preparation of liquid microspheres

In order to investigate the effect of the hydraulic pressure of the disperse phase on the size and
size distribution of the resultant microspheres, the disperse phase pressure was varied from 3 to
25 kPa at a fixed continuous flow rate of 10 mL h. It should be noted that the flow rate of the
continuous phase hardly affected the day and CV of the generated microspheres (Fig. 5a), which
is advantageous for stable preparation of monodisperse liquid microspheres. The disperse phase
used here contained 1 to 4% (w/w) Na-ALG, 1% (w/w) MgSOa, and 5% (w/w) L-ascorbic acid in

Milli-Q water.

Fig. 5b illustrates the effect of the disperse phase pressure on the dov and CV of the
microspheres prepared at different Na-ALG concentrations. The breakthrough pressure ranged
from 3 to 7 kPa with increasing concentration of Na-ALG. The day of the microsphere decreased
with increasing disperse phase pressure. A higher disperse phase pressure produced more active
MCs generating microspheres. Monodisperse liquid microspheres with da of 15 to 18 um and
CV of 4.5 to 9.5% were prepared at disperse phase pressures of 10 to 15 kPa, regardless of Na
ALG concentration. There was a dight effect on their dav and CV at disperse phase pressures
exceeding 15 kPa at Na-ALG concentrations of 2 and 3% (w/w). At a certain disperse phase
pressure, dav depended on the Na-ALG concentration. The da, of microspheres increased with
increasing concentration of Na-ALG. The microspheres prepared with 4% (w/w) Na-ALG and

generated at a disperse phase pressure of 25 kPa had a day of 26 um and a CV of 10%. The
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results obtained from this part of the study confirmed the existence of a range of optimum

disperse phase pressures for successfully preparing monodisperse liquid microspheres.

Effect of L-ascorbic acid concentration on preparation of liquid microspheres

Fig. 6 illustrates the effect of L-ascorbic acid concentration on the da and CV of liquid
microspheres prepared using MCE. Different concentrations (5 to 30% (w/w)) of L-ascorbic acid
were dissolved in Milli-Q water solution containing 2% (w/w) Na-ALG and 1% (w/w) MgSQOa.
CV and da of the resultant microspheres increased dlightly with increasing L-ascorbic acid
concentration. Smooth and stable generation of microspheres was observed with increasing L-
ascorbic acid concentration. The da ranged from 14.4 to 15.5 um, and the CV ranged from 6 to
10%. In our previous studies using a rotor-stator homogenizer, L-ascorbic acid of a high
concentration (up to 30% (w/w)) was encapsulated in W/O and W/O/W emulsions with similar
compositions in the absence of Na-ALG (Khalid et a., 2013a; Khalid et a., 2013b; Khalid et dl.,
2014). The encapsulation efficiency of freshly prepared microspheres encapsulating 20% (w/w)
L-ascorbic acid was determined using straight-through MCE. The freshly prepared aqueous
microspheres had an initial concentration of 2.7 mg mL™ (total emulsion volume) and exhibited
encapsulation efficiency exceeding 70% (data not shown) during the 10 days of storage at 40°C
(Khalid et al., 2015). These results indicate that MCE has the ability to encapsulate a high
concentration of L-ascorbic acid and other bioactive compounds into liquid microspheres with

more monodispersity than conventional emulsification devices.

L-ascorbic acid encapsulated within a polymeric matrix such as poly(DL-lactide-co-
glycolide) and D,L-lactide-co-glycolide has significantly higher efficiency (above 90%) than

traditional simple conventional emulsions (Stevanovic et a., 2007; Stevanovic et al., 2007). In
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order to overcome chemical instability of L-ascorbic acid, a considerable amount of research has
focused on its encapsulation or immobilization (Stevanovié et al., 2007; Feczko et al., 2008).
Stevanovi¢ et a. (2007) prepared poly(lactide-co-glycolide) (PLGA) particles using
physicochemical methods and centrifugal processing. L-ascorbic acid was encapsulated in the
polymer matrix using homogenization of aqueous and organic phases. The mean size of
nanoparticles containing PLGA/L-ascorbic acid ranged from 130 to 200 nm. Desal et a. (2006)
encapsulated L-ascorbic acid in tripolyphosphate-chitosan microspheres. The obtained
microspheres were relatively polydisperse with doy of 3 to 6 um. The present methodol ogy
encapsulated 30% (w/w) L-ascorbic acid in agueous microspheres without any significant

increase in particle size diameter and is more stable than other formulation techniques.

Conclusions

The findings obtained from this study provide the foundation for preparing monodisperse
aqueous microspheres loaded with L-ascorbic acid using MCE, which is an extremely mild
emulsification technique. The methodology presented in this study enables producing
encapsulated products containing high concentrations of L-ascorbic acid with potential
applications in food, pharmaceutical and cosmetic industries. Appropriate control of Na-ALG
and MgSO4 concentrations, compositions of the dispersed and continuous phases, and operating
conditions are needed to prepare stable monodisperse agueous microspheres containing high
concentrations of L-ascorbic acid via MC arrays. The successful composition includes 1% (w/w)
MgSOs4, 2% (w/w) Na-ALG, and a maximum L-ascorbic acid concentration of 30% (w/w). The
results also indicated that partial linkage of Mg?* ions with Na-ALG could develop a soft gel-like
structure, resulting in smooth detachment and generation of microspheres from MC arrays.

Uniformly sized agqueous microspheres generated under mild processing conditions with MCE
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could increase the encapsulation efficiency and storage stability of L-ascorbic acid in different

food and pharmaceutical products.
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Figuresand Table caption

Fig. 1. (&) Simplified schematic of microchannel emulsification (MCE) setup. (b) Top and cross-
section views of the MC array plate (model MS407). (c) Schematic diagram of part of an MC
array. (d) Optical micrograph and dimensions of part of an MC array.

Fig. 2. (a) Effect of the MgSO. concentration on the average particle diameter (da) (—#) and
CV (-%-) of the resultant liquid microspheres. (b, c) Optical micrographs of monodisperse liquid
microspheres of different MgSO4 concentrations.

Fig. 3. (@) Effect of Na-ALG concentration on da (—#) and CV (-%-) of the resultant liquid
microspheres. (b) Droplet size distributions of the liquid microspheres of different Na-ALG
concentrations.

Fig. 4. Potential mechanism representing the soft gel-like structure of Na-ALG in the presence of
MgSOa.

Fig. 5. (a) Effect of the flow rate of the continuous phase (decane containing 5% (w/w) TCGR)
on da (—#=) and (-=-) of the resultant liquid microspheres containing 2% (w/w) Na-ALG. (b)
Effect of the hydraulic pressure of the disperse phase on the doy and CV of the liquid
microspheres of different Na-ALG concentrations. NaeALG concentrations are denoted as (—=)
for 1% (w/w), (—) for 2% (w/w), (—==) for 3% (w/w), and (—+) for 4% (w/w), while similar
open keys represents CV's of microspheres at different Na-ALG concentrations.

Fig. 6. Effect of L-ascorbic acid concentration on da (—#=) and CV (-=-) of the resultant liquid

microspheres of different L-ascorbic acid concentrations.

Table 1. Viscosity and interfacial tension data for the liquid phases used for this study.



390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

References

Abbas S, DaWel C, Hayat K, Xiaoming Z. Ascorbic Acid: Microencapsulation Techniques and
Trends—A Review. Food Rev Int, 2012;28:343-74.

Ana AK, Bhopatkar D, Tokura S, Tamura H, Stevens WF. Chitosan-alginate multilayer beads
for gastric passage and controlled intestina release of protein. Drug Develop Ind Pharm,
2003;29:713-24.

Adlani P, Kennedy RA. Studies on diffusion in alginate gels. |. Effect of cross-linking with
calcium or zinc ions on diffusion of acetaminophen. J Cont Release, 1996;42:75-82.

Binks BP, Murakami R, Armes SP, Fujii S. Effects of pH and salt concentration on oil-in-water
emulsions stabilized solely by nanocomposite microgel particles. Langmuir
2006;22:2050-7.

Binks BP, Rodrigues JA. Inversion of emulsions stabilized solely by ionizable nanoparticles.
Ange Chem Inter Ed, 2005;44:441-4.

Caballero F, Foradada M, Minarro M, et a. Characterization of alginate beads loaded with
ibuprofen lysine salt and optimization of the preparation method. Int J Pharmaceutics,
2013.

Capone SH, Dufresne M, Rechel M, et a. Impact of Alginate Composition: From Bead
Mechanical Properties to Encapsulated HepG2/C3A Cell Activities for In Vivo
Implantation. PLoS ONE 2013;8:e62032.

Cheng CJ, Chu LY, Xie R. Preparation of highly monodisperse W/O emulsions with

hydrophobically modified SPG membranes. J Colloid Interface Sci, 2006;300:375-82.



411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

Chuah AM, Kuroiwa T, Kobayashi I, Zhang X, Nakagima M. Preparation of uniformly sized
alginate microspheres using the novel combined methods of microchannel emulsification
and externa gelation. Colloids and Surfaces A, 2009;351:9-17.

Desal KG, Liu C, Park HJ. Characteristics of vitamin C encapsulated tripolyphosphate-chitosan
microspheres as affected by chitosan molecular weight. J Microencapsul 2006;23:79-90.

Desa KG, Park HJ. Encapsulation of vitamin C in tripolyphosphate cross-linked chitosan
microspheres by spray drying. J Microencapsul 2005;22:179-92.

Feczkd T, Téth J, Gyenis J. Comparison of the preparation of PLGA-BSA nano- and
microparticles by PVA, poloxamer and PVP. Colloids and Surfaces A, 2008;319:188-95.

Gallarate M, Carlotti M, Trotta M, Bovo S. On the stability of ascorbic acid in emulsified
systems for topical and cosmetic use. Int J Pharmaceutics, 1999;188:233-41.

Herrera M. Nano and Micro Food Emulsions. In: Analytical Techniques for Studying the
Physical Properties of Lipid Emulsions: Springer US; 2012:7-14.

Jang T, Kim YK, Singh B, Kang SK, Choi YJ, Chol CS. Effect of microencapsulation of
Lactobacillus plantarum 25 into aginate/chitosan/alginate microcapsules on viability and
cytokine induction. J Nanosci Nanotechnol, 2013;13:5291-5.

Kawakatsu T, Kikuchi Y, Nakgima M. Regular-sized cell creation in microchannel
emulsification by visual microprocessing method. J Am Oil Chem Soc, 1997;74:317-21.

Kawakatsu T, Tragardh G, Tragardh C. Production of W/O/W emulsions and S/O/W pectin
microcapsules by microchannel emulsification. Colloids and Surfaces A,189:257-64.

Kawakatsu T, Tragardh G, Tragardh C, Nakgiima M, Oda N, Yonemoto T. The effect of the

hydrophobicity of microchannels and components in water and oil phases on droplet



433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

formation in microchannel water-in-oil emulsification. Colloids and Surfaces A,
2001b;179:29-37.

Khalid N, Kobayashi |, Neves MA, Uemura K, Nakgiima M. Preparation and characterization of
water-in-oil-in-water emulsions containing a high concentration of L-ascorbic acid.
Bioscience, Biotechnol Biochem, 2013a;77:1171-8.

Khalid N, Kobayashi |, Neves MA, Uemura K, Nakgiima M. Preparation and characterization of
water-in-oil emulsions loaded with high concentration of |-ascorbic acid. LWT - Food Sci
Technol, 2013b;51:448-54.

Khalid N, Kobayashi I, Neves MA, Uemura K, Nakgima M, Nabetani H. Monodisperse W/O/W
emulsions encapsulating I-ascorbic acid: Insights on their formulation using
microchannel emulsification and stability studies. Colloids and Surfaces A, 2014;458.69-
77.

Khalid N, Kobayashi I, Neves MA, Uemura K, Nakgima M. Monodisperse ageuous
microspheres encapsul ating high concentration of L-ascorbic acid: Insights of preparation
and stability evaluation from straight-through microchannel emulsification. Bioscience,
Biotechnol Biochem, 2015. In Press.

Kim K, Vincent B. pH and temperature-sensitive behaviour of poly(4-vinylpyridine-co-N-
isopropylacrylamide) microgels. Korean Polymer J, 2005;37:565-70.

King Alan H. Flavor Encapsulation with Alginates. In: Flavor Encapsulation: American
Chemical Society; 1988:122-5.

Kobayashi |, Mukataka S, Nakgiima M. Novel asymmetric through-hole array microfabricated

on asilicon plate for formulating monodisperse emulsions. Langmuir 2005a;21:7629-32.



455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

Kobayashi I, Mukataka S, Nakajima M. Production of monodisperse oil-in-water emulsions
using a large slicon straight-through microchannel plate. Ind Eng Chem Res,
2005h;44:5852-6.

Kobayashi |, Murayama Y, Kuroiwa T, Uemura K, Nakajima M. Production of monodisperse
water-in-oil emulsions consisting of highly uniform droplets using asymmetric straight-
through microchannel arrays. Microfluid Nanofluid 2009;7:107-19.

Kobayashi |, Uemura K, Nakajima M. Formulation of monodisperse emulsions using submicron-
channel arrays. Colloids and Surfaces A, 2007;296:285-9.

Kobayashi |, Wada Y, Hori Y, Neves MA, Uemura K, Nakgima M. Microchannel
Emulsification Using Stainless-Steel Chips: Oil Droplet Generation Characteristics.
Chem Eng Technol, 2012;35:1865-71.

Kratz K, Hellweg T, Eimer W. Influence of charge density on the swelling of colloidal poly(N-
isopropylacrylamide-co-acrylic acid) microgels. Colloids and Surfaces A, 2000;170:137-
49.

Kuo CK, Ma PX. lonically crosslinked aginate hydrogels as scaffolds for tissue engineering:
part 1. Structure, gelation rate and mechanical properties. Biomaterials 2001;22:511-21.

Liu XD, Bao DC, Xue WM, et a. Preparation of uniform calcium aginate gel beads by
membrane emulsification coupled with internal gelation. J Appl Poly Sci, 2003;87:848-
52.

McClements D, ed. Food Emulsions: Principles, Practice and Techniques. Boca Raton, Florida:

CRC Press; 2004.



476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

Neves MA, Ribeiro HS, Fujiu KB, Kobayashi I, Nakagjima M. Formulation of controlled size
PUFA-loaded oil-in-water emulsions by microchannel emulsification using beta-
carotene-rich palm oil. Ind Eng Chem Res, 2008a;47:6405-11.

Neves MA, Ribeiro HS, Kobayashi |, Nakgima M. Encapsulation of lipophilic bioactive
molecules by microchannel emulsification. Food Biophys, 2008b;3:126-31.

Opawale FO, Burgess DJ. Influence of Interfacial Properties of Lipophilic Surfactants on Water-
in-Oil Emulsion Stability. J Colloid Interface Sci 1998;197:142-50.

Poncelet D, Lencki R, Beaulieu C, Halle JP, Neufeld RJ, Fournier A. Production of alginate
beads by emulsification/internal gelation. I. Methodology. Applied Microbiol Biotechnol,
1992;38:39-45.

Pothakamury UR, Barbosa-Cénovas GV. Fundamental aspects of controlled release in foods.
Trendsin Food Sci Technol,1995;6:397-406.

Reis CP, Neufeld RJ, Vilela S, Ribeiro AJ, Veiga F. Review and current status of
emulsion/dispersion technology using an internal gelation process for the design of
alginate particles. J Microencapsul,2006;23:245-57.

Saito M, Yin LJ, Kobayashi |, Nakgima M. Preparation characteristics of monodispersed oil-in-
water emulsions with large particles stabilized by proteins in straight-through
microchannel emulsification. Food Hydrocolloid, 2005;19:745-51.

Shimizu M, Nakashima T, Kukizaki M. Preparation of W/O emulsion by membrane
emulsification and optimum conditions for its monodispersity. Kagaku Kogaku
Ronbunshu 2002;28:310-6.

Souilem S, Kobayahi I, Neves MA, Sayadi S, Ichikawa S, Nakgima M. Preparation of

monodisperse food grade oleuropein-loaded W/O/W emulsions using microchannel



499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

emusdlification and evaluation of their storage stability. Food Bioprocess Technol2013;In
Press:DOI:10.1007/s11947-013-1182-9.

Stevanovic M, Savic J, Jordovic B, Uskokovic D. Fabrication, in vitro degradation and the
release behaviours of poly(DL-lactide-co-glycolide) nanospheres containing ascorbic
acid. Colloids and surfaces B, 2007;59:215-23.

Stevanovic M, Uskokovic D. Poly(lactide-co-glycolide)-based Micro and Nanoparticles for the
Controlled Drug Déelivery of Vitamins. Curr Nanosci, 2009;5:1-14.

Stevanovi¢ MM, Jordovi¢ B, Uskokovi¢ DP. Preparation and characterization of poly (D, L-
lactide-co-glycolide) nanoparticles containing ascorbic acid. BioMed Res Int, 2007;2007.

Strathmann H. Membrane processes. Von R. Rautenbach und R. Albrecht. Ubersetzt von V.
Cottrell, John Wiely & Sons, Chicester — New York, 1989, X, 459 S, zahlr. Abb. u. Tab.,
US-$ 155,25. Chemie Ingenieur Technik 1990;62:261-.

Sugiura S, Kuroiwa T, Kagota T, et a. Novel method for obtaining homogeneous giant vesicles
from a monodisperse water-in-oil emulsion prepared with a microfluidic device.
Langmuir 2008;24:4581-8.

Sugiura S, Nakgiima M, Iwamoto S, Seki M. Interfacial tension driven monodispersed droplet
formation from microfabricated channel array. Langmuir 2001;17:5562-6.

Tong JH, Nakgima M, Nabetani H, Kikuchi Y. Surfactant effect on production of
monodispersed microspheres by microchannel emulsification method. J Surf Deterg,
2000;3:285-93.

Vladisavljevi¢ GT, Kobayashi |, Nakajima M. Production of uniform droplets using membrane,
microchannel  and microfluidic emulsification devices. Microfluid Nanofluid,

2012;13:151-78.



522

523

524

525



4

(@)

Dispersed phase
n—— —
=
e
Continuous
phase
Module
Water Bath
Droplet Quartz device
glass plate {}1@
Microscope
video system
Gas cylinder
(b)
Top view of (c) (d)
MC plate
Channel length ET4
00 —> -
B O 1 5 1 o C“f‘"e' 10 um. - | 433 m
= = o P
- - - O =13 channelwidth _----°¢ i
= >3 $(Average) um 61.7 um
o ot Bt i
= e — Terrace
—> - _

Cross section view of
MC plate

Y \J
A00um 3 e sl 2'5“"“

Figure 1

Terrace length



E -
= 50 100 ¥
3 >
= —8— day (um) O
-~ 40} -&= Cv 180 -
8 5
[ _ ©

E 30 60 £
© >
[:1} e
o 20 | 140 E
o 10 | s 120 E
s 0 ' ' - ' ' 0 ©
= 00 05 10 15 20 25

, MgSO4 concentration [% (w/w)]

8

(b) 1% (w/w) (c) 0% (w/w)

9 50 um

10 Figure?2

11



(@)

12

[%%] AD ‘uonjeliea jo Jualdiyaon

o
=) =] =) =) =)
- ) ) < ~ =)
- . . - ©w
(=]
s = = 2 ®
=
) z £ 3
n”u {1 = M - - ™ g ~
\ 2 j
\ =
| 2 ]
— [
c
1o §
1 - 0
V| 2 -
1 c
| 3
lean £ =
P15
I o
..n 9
-
I w
/ 3
_,\_c Tz = = ) =
I = £ S 2 o
[=] [=] [=] [=] oo o [=] o [=] (=]
¢ 2 88 $8 °228 88 ] °8 88 ¢8R °3¢2¢8 ¢8R
= = =
. . . o abejuaatad % abejuasiag % abejuaotad %, abejuasiad 9,
o o o o o =)
wn <t L] ™~ -

[wri]*p “ajawelp ajoned abesaay

(b)

13
14

Average particle diameter, d_, (um)

Figure 3

15
16



17

18

19

20

21

22

23

24

25

26

27

Figure 4



(@)

28

[%] AD ‘uoneuea jo juaioiso)

o
o (= (=4 = (=]
- © ©o < o™~ (=]

Aw
m,
|
|
b

o wn o wn o wn o
(2] 3] 3] - -

[wri] “p ‘Jojowelp ajonied abesany

30

25

20

15

10

o

Flow rate of continuous phase [mL h'1]

29

30

(b)

31

[%] AD ‘uoneLIeA JO JUBIOLIE0D

(=]
[=] [=] [=] [=) [=]
- [-=] [[=] <t (3] o
E\
0
n
n
i
1
[
n
n
[ | [ I 1
Iy
]
A_w,
| L
&)
| @
/
@
[=] uw [=] w [=] wn [=]
(3] o~ o~ - -

[wri] “°p ‘Jsjowelp ajonied abelaAy

15 20 25 30

10
Hydraulic pressure of the dispersed phase [kPa]

32

33

Figure 5

34



[%] AD ‘uoneliea jo juaidiyeo)

o o o (=]
©Q ©o < ™ (=]

100

@

|

¥
i
1
I
i
I
i
1
I
@
I
|
i
i
]
1
i
1
nv.
\
|
1
|

o uwn o n (=] w o
™ [y | o~ - -

[wri] “p ‘19jowelp ajonied abeiany

35

30

25

20

15

10

L-ascorbic acid concentration [% (w/w)]

35

Figure 6

36

37

38

39

40

41

42

43

44

45

46



47 Tablel

concentration Viscosity,  Viscosity, Interfacial Interfacial
% (w/w) m* (mPas) n° (mPas) te(rlr:;?r,n)yc tension,
v¢ (MN/m)
DP composition*
0.5 1.67+0.02 4.11+0.01 6.5+0.1 6.9+0.2
1 3.750.05 8.850.05 6.7+0.5 6.6+0.4
2 34.943.51 59.4+1.80 6.9+0.1 6.7+0.1
3 1124211 334+3.51 7.0£0.5 6.8+0.3
4 73146.50 777+8.50 6.2+0.7 6.4+0.6
DP with L-AA**
(5-30% (wiw))
10 40.20.40 62.50+1.50 6.9+0.3 6.7+0.3
20 45.7+0.88 69.21+4.01 7.0£0.2 6.9+0.1
30 50.6+3.06 73.72+6.32 7.0+0.4 6.8+0.3

CP composition***
Decane+Span 85 0.80+0.005 -

Decane+TGCR 0.84+0.004 -

48  *Dispersed phase composition
49  **L-ascorbic acid

50  **Continuous phase composition

51  ?Viscosity of dispersed phase in presence of 1% (w/w) MgSO4

52 PViscosity of dispersed phase in presence of 0% (w/w) MgSOs

53  CInterfacial tension in presence of 1% (w/w) MgSQOa4
54  YInterfacial tension in presence of 0% (w/w) MgSO4
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