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Droplet microfluidics is an interesting tool in the encapsulation process due to its potentiality
for microparticles and microcapsules fabrication with uniform size and narrow size distribution. The
formation of water-in-oil (W/O) emulsion droplets in a microfluidic flow-focusing device for microparticles
production were investigated under a wide selection of operating parameters together with liquid
materials. Experimental results of 12 data sets from over 100 experiments in two different-sized channels
were assessed. The stable narrowing jet and tip streaming regime noticeably created monodisperse
droplet formation with high throughput. The droplet size to junction size has been found to correlate with
the three dimensionless numbers which are flow rate ratio (Q/Q,), viscosity ratio (u/J,), and capillary
number (Ca). This correlation will be beneficial in predictable and controllable monodisperse droplets in a
high flow process regime. To generate either the microparticles or microcapsules using alginate as a
carrier in a biphase system, it is necessary to focus on the crosslinking method. The internal gelation of
alginate microparticles using a water-soluble calcium-ethylenediaminetetraacetic acid (Ca-EDTA) as a
calcium source was studied to control crosslink density and the shape of particles. Effects of
emulsification speed, Ca-EDTA concentration, crosslinking time on morphology, %yield, mechanical
properties, rheological properties, and Ca content for crosslink density were studied in the oil (W/O)
emulsification method. The optimum condition of internal gelation was used in the microfluidic technique
which generated monodisperse alginate particles with more uniformity and controllable size. Then,
singled- and multipled-core-shell microcapsules were fabricated by connecting two flow-focusing
microfluidic chips. The oil droplets as a core were first formed and then entrap with the alginate substance
via microfluidic technique and crosslinked to a solid shell. Droplet size and shell thickness over the
operating parameters were studied. The resultant would show a great potential application in the field of
food and pharmaceutical encapsulation.
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Chapter 1

Introduction

1.1 Background and motivation

The microfluidic technique has been applied in various fields including
preparing small particles. Droplet microfluidics is an interesting tool in the encapsulation
process due to its potentiality for microparticles, microcapsules, and microgels
fabrication with uniform size and narrow size distribution. The monodisperse particles
from droplet microfluidic present a sustained release of active ingredients compared
with polydisperse particles made by a conventional method. Droplet size can also be
controlled and fabricated at low energy consumption using a continuous process,
resulting in reduced batch-to-batch variation. Droplet formation can be prepared by an
emulsion of two immiscible fluids. Moreover, the microfluidic technique capacitates the
fabrication of single, double, and higher-order multiple emulsions with a continuous
process. Double emulsions are typically produced by a random shear in a two-step
emulsification process resulting in poorly controlled structures. Accurate control of
particle size, payloads, and thickness of particles via the microfluidic technique enables
optimization of double emulsions with high uniformity and encapsulation efficiency.

The core-shell structure which is a droplet-in-droplet is precious when the active
present different solubility with the carrier material. The shell which offers protection of
core material can be a liquid membrane or converted to a solid shell for enhancing the
performance in encapsulation application. Core-shell structure is not only able to
encapsulate a hydrophobic-active ingredient but also shows a greater amount of active
ingredient compared with ordinary microsphere.

Alginate, a biopolymer derived from brown seaweeds, is composed of (1-4)-
linked ﬁ—D—mannuronic (M) and @-L-guluronic acid residues (G). It is generally
recognized as a safe (GRAS) material by the US Food and Drug Administration (FDA)
and is a "not specific" acceptable daily intake (ADI). It is biodegradable, biocompatible,

non-toxic, low cost, soluble in water, and thermally stable, resulting in one of the widely



used biomaterials for drug delivery, tissue engineering, biomedical, waste-water
treatment, food, and supplement. The simplest and the most common technique to
fabricate alginate particles for encapsulation applications in extrusion/external gelation,
by which the alginate is extruded from a nozzle. The technique is called the dripping
method. The alginate solution was extruded through a nozzle into the air phase. It
became dropwise into a gelling bath containing cations such as calcium chloride
(CaCl,), the most used ionic crosslinking agent. The cations diffuse from the outside into
the internal alginate phase and form an alginate matrix, resulting in a gel-like state with
the high crosslinking density of alginate reducing in the interior and the calcium at the
surface. This was a limitation of external crosslinking. In addition, the dense peripheral
matrix inhibits the exchange of ions between the particle core and the environment.
Although the size of the bead is typically highly uniform, the main limitation of
extrusion/external gelation is the large size of the alginate bead, which depends on the
diameter of the nozzle extruder.

In the internal gelation, also known as in situ gelation, the divalent cations are
released internally from the alginate phase. The alginate solution containing a calcium
source would emulsify into an oil phase. The calcium remains in the solution but cannot
crosslink with alginate chains. By adding acid, the detachment of the complex releases
the calcium ions to react with the alginate chains. Therefore, the selection of a calcium
source for internal gelation is critical. The gelation method is critical in controlling
particle uniformity and crosslink density when using divalent ions. Slower gelation
produces more uniform structures and greater mechanical properties. Moreover, internal
gelation has an advantage in the biphase system in the prevention of coagulation into
large masses before properly hardening. Especially in the droplet microfluidic technique
which needs to use immiscible fluid to fabricate droplets. The superior benefit of internal
gelation is controlling the shape of particles. The spherical shape will be maintained in
both microparticles and microcapsules.

Therefore, this research focused on droplet formation in droplet microfluidics.

Initially, this study investigated droplet generation in a flow-focusing microfluidic device,



resulting in the production of monodisperse droplets over a wide range of fluid
characteristics and operating parameters. The effects of fluid viscosity, interfacial
tension, density, and flow rate were studied on droplet formation. The narrowing jet and
tip streaming regimes were focused on and analyzed. The dimensionless correlation of
these regimes was proposed to predict droplet size. The results show in chapter 4 with
the title “Hydrodynamic control of droplet formation in narrowing jet and tip streaming
regime using microfluidic flow-focusing”

Then, internal gelation of alginate crosslinking by using a water-soluble calcium-
ethylenediaminetetraacetic acid (Ca-EDTA) complex was explored in chapter 5 with the
title “Internal gelation of alginate microparticle prepared by emulsification and
microfluidic method: Effect of Ca-EDTA as a calcium source”. The crosslinking network
and particle reduction were used by two methods, including water in oil (W/O)
emulsification and the microfluidic technique. The effect of emulsification speed, Ca-
EDTA concentration, crosslinking time were investigated in terms of morphology, %yield,
mechanical properties, rheological properties, and Ca content for considering crosslink
density.

Finally, singled- and multipled-core-shell microcapsules are fabricated in
chapter 6. The title “Fabrication of single- and multipled-core-shell of alginate
microcapsules via microfluidic flow-focusing” is presented. The oil droplets as a core
are first forming and then entrap with a shell substance. The alginate with
biocompatible, biodegradable, and non-toxic properties is formed as a shell via
microfluidic technique and crosslinked to a solid shell. Droplet size and shell thickness
over the operating parameters were studied. The resultant would show a great potential

application in the field of food and pharmaceutical encapsulation.



1.2 Objective of this research

The main objectives of this present study are: (1) to study effect of processing
parameters on droplet formation via microfluidic technique (2) to study effect of
processing parameters on singled-core-shell microcapsules formation via microfluidic
technique (3) to study effect of processing parameters on multipled-core-shell

microcapsules formation via microfluidic technique

1.3 Scope of research
1.3.1 Hydrodynamic control of droplet formation in narrowing jet and tip streaming
regime using microfluidic flow-focusing
The pre-emulsion droplets are created from two immiscible fluids in flow-
focusing devices. The flow rate ratio of fluid which is an operating parameter is
controlled by the pressure pumps. A variety of fluids represent physical parameters
which are density, viscosity, and interfacial tension. The scopes are shown below:
- Droplet-microfluidic geometry: Flow-focusing geometry with 100 um and
190 um etch depth (junction size of 105 um and 195 um).
- Fluid | (Oil phase): Miglyol“812 oil, Jojoba oil
- Fluid Il (Water phase): 1%(w/w) alginate, 2%(w/w) alginate and
3% (w/w) alginate
- Physical parameter: Density, viscosity, and interfacial tension

- Operating parameter: Flow rate ratio

1.3.2 Internal gelation of alginate microparticle prepared by emulsification and
microfluidic method: Effect of Ca-EDTA as a calcium source
Alginate particles are fabricated using internal gelation method. Ca source in the
form of a water-soluble calcium-ethylenediaminetetraacetic acid (Ca-EDTA) complex
was explored for crosslinking reaction. The crosslinking network and particle reduction
were used by two methods: water in oil (W/O) emulsification and the microfluidic
technique. The effect of emulsification speed, Ca-EDTA concentration, crosslinking time

were investigated in terms of morphology, %yield, mechanical properties, rheological



properties, and Ca content for considering crosslink density. The optimal operating
conditions in the microfluidic technique were determined to best control the size of the

internal gelation-alginate particles.

1.3.3 Fabrication of single- and multipled-core-shell of alginate microcapsules via
microfluidic flow-focusing

Singled and multipled-core-shell microcapsules are studied. The microcapsules
are formed in a two-step process which using two flow-focusing geometry. The inner
droplets are first forming then created double in the second channel. The flow rate ratio
of fluid which is an operating parameter is controlled by the pressure pumps. The
scopes are shown below:

- Droplet-microfluidic geometry: Two flow-focusing geometry
- Core: Active ingredient which soluble in oil phase
- Shell: Biopolymer such as alginate

- Operating parameter: Flow rate of fluid

1.4 Expected benefits

Expected benefits to be obtained from this research would be able to explain the
effect of the physical and operating parameter, predict and control the droplet size from
droplet microfluidics. The aim is also to fabricate a model of singled and multipled-core-

shell microcapsule for potential application in encapsulation.



Chapter 2

Theory literature review

2.1 Encapsulation technology

Encapsulation is a technology that can control active agent release, improve the
stability, and shelf life, and protect against external agents i.e., oxidation, UV, heat, acid,
base, etc. by coating or entrapping an active ingredient with the wall material. The
entrapped substances may be called the core material, active agent, actives, fill,
internal phase, nucleus, or payload, and coating substances may be called the coating,
membrane, shell, carrier material, wall material, external phase, or matrix. The type of
encapsulation might be defined by its particle size; microencapsulation has a particle
size range from 1 um to 1 mm and particle size under 1 pm is nanoencapsulation. The

various structure of microparticles and nanoparticles shown in Figure1.

1 mm 1um 1nm

encapsulation Nanozricz0su ko)

N

Filled hydrogel particles Solid lipid nanoparticles
(SLNs)

z

. . . I
Microcapsule Microcapsule Microspheres W)
(Single core) (Multiple core) (Mixture of matrix/

encapsulated agent)

Nanoemulsion Double emulsion Double emulsion
0/W/0)

(o/w) (w/o/w)

Figure 1 Microstructure and nanostructure particle.



A variety of encapsulation techniques are used. Table 1 show the method of

encapsulation.

Table 1 The common method of encapsulation [1]

Method

Process step

Structure

% Loading

Spray-drying

1. Disperse or dissolve active in
coating solution
2. Atomize

3. Dehydrate

Matrix

5-50%

Fluid bed

coating

1. Fluidize active powder
2. Spray coating

3. Dehydrate or cool

Coating

5-50%

Spray-chilling/

cooling

1. Disperse or dissolve active in
heated lipid solution
2. Atomize

3. Cool

Matrix

10-20%

Melt injection

1. Melt the coating

2. Disperse or dissolve active in the
coating

3. Extrude through filter

4. Cooling and dehydrating

Matrix

5-20%

Melt extrusion

1. Melt the coating
2. Disperse or dissolve active in the
coating

3. Extrude with twin-screw extruder

Matrix

5-40%

Emulsification

1. Dissolve active and emulsifiers in
water or oil phase
2. Mix oil and water phases under

shear

Matrix

1-100%




Table 1 The common method of encapsulation (cont.) [1]

Method Process step Structure % Loading
Preparation of 1. Prepare O/W emulsions with Capsule 1-90%
emulsions with lipophilic active in oil phase and
multilayers ionic emulsifiers

2. Mix with aqueous solution
containing oppositely charged
polyelectrolytes

3. Remove excess of free
polyelectrolytes (option)

4. Repeat steps 2 and 3

Coacervation 1. Prepare O/W emulsions with Capsule 40-90%
lipophilic active in oil phase

2. Mix under turbulent conditions
3. Induce three immiscible phases
4. Cool

5. Crosslink (optionally)

Preparation of 1. Dissolve or disperse active in Matrix 20-50%
microspheres forming solution

via dropping 2. Drop into gelling bath

Preparation of 1. Emulsify water with biopolymer in Matrix 20-50%

microspheres via | oil phase

emulsification 2. Add gelling agent under shear




Table 1 The common method of encapsulation (cont.) [1]

Method Process step Structure % Loading
Co-extrusion 1. Dissolve or disperse active in oll Capsule 70-90%
2. Prepare aqueous or fat coating
3. Use a concentric nozzle, and
press the oil phase through the
inner nozzle and the water phase
through the outer one
4. Drop into gelling or cooling bath
Inclusion 1. Mix carrier, active and water Molecular 5-15%
complexation together inclusion
2. Incubate and dry if necessary
Liposome 1. Disperse lipid molecules in water, Various 5-50%
entrapment with active agent in lipid or water
phase
2. Reduce size by high shear or
extrusion
3. Remove free active (option)
Encapsulation by | 1. Create a dispersion of active Matrix 20-50%
rapid expansion | and dissolved or swollen shell
of supercritical material in supercritical fluid
fluid (RESS) 2. Release the fluid to precipitate
the shell onto the active
Freeze- or 1. Dissolve or disperse active agent Matrix Various
vacuum and carrier material in water
drying 2. Freeze the sample

3. Drying under low pressure

4. Grinding (option)
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2.2 Microfluidic technique

Microfluidics is the science that deals with a small (10'9—10’18 liters) volume fluid
inside a micrometer-sized channel called a ‘microfluidic device’ or microfluidic chip’.
Microfluidic devices have microchannels ranging from submicron to millimeters. It can
be fabricated from a range of materials using different methods. The microfluidic system
firstly focused on analytical chemistry, but recently developed in many areas such as
chemistry, engineering, biotechnology, biochemistry, physic, and nanotechnology. The
type of microfluidics is classified into continuous-flow microfluidics and digital
microfluidics as shown in Figure 2.

Continuous-flow microfluidics enables to manipulation of the continuous flow of
liguid through micro-channels devices by using external pressure pumps. Mixing and
separation are the two main tasks of continuous-flow microfluidics. Mixing in
microfluidics presents a controllable and rapid mixing. According to the laminar flow of
fluid, mixing generally is occurred by molecular diffusion. Some biological processes
such as protein folding and enzyme reactions that need initiators have used this
technique in their reaction. The separation of particles can procure by an external force
such as hydrodynamic, electrophoretic, dielectrophoretic, magnetophoretic, acoustic,
and inertial forces. In terms of analytical chemistry and biological applications,
separation in microfluidics is useful. The low Reynolds number leads to the controllable
fluid. The high surface-to-volume ratio in microfluidics also reduces the required sample.

Droplet microfluidic is one kind of digital microfluidics that is perhaps called
emulsion science. This allows to generate and control of uniform, reproducible droplets
over the experiments’ parameters. There are numerous benefits such as minimum
reagent requirement, fast response rate, and low energy consumption. Another
development in digital microfluidics is liquid marble which is a small droplet
encapsulated by a hydrophobic coating. Due to a floating particle on a liquid surface,
liguid marble has shown potential in biclogical applications, especially in cell culture.

Moreover, microbioreactor is also used because of convenient transportation.[2]
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Figure 2 The field of microfluidic liquid handing.

2.2.1 Droplet microfluidics

Droplet microfluidics is a technology for synthesizing a uniform stream of
droplets or bubbles. Droplet formation is the result of an emulsion created using two
immiscible fluids which can be liquid/liquid or gas/liquid systems. The droplet phase is
identified as a dispersed phase while a continuous phase is a medium phase. The small
volume of fluid leads to low Reynolds number flow, in which fluid flow is laminar and
controllable. Microfluidic systems can fabricate droplets with uniform particle size,
narrow size distribution, desirable properties, and tunable features such as droplet size,
structure, and surface. Moreover, there enable continuous online synthesis which can

reduce the batch-to-batch variations.

2.2.2 Droplet-microfluidic geometry
The geometry of the microfluidic channel plays an important role in droplet
generation. Three types of common geometry are co-flow, cross-flow, and flow-focusing
devices as shown in Figure 3. Co-flow geometry demonstrates the parallel streams of
the dispersed and continuous phase fluids. The uniformity of droplet size in co-flow
geometry depends on the flow regime which reveals high monodisperse with the
coefficient of variation or CV < 3% in the dripping regime [3] and polydisperse in jetting

regime [4]. The cross-flow geometry refers to the channel in which two immiscible fluids
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meet at an angle from 0° to 180°. Due to its simplicity, this geometry is widely used [5,
6]. The monodisperse with CV < 2% water in oil droplets was generated in a simple T-
junction which has an angle of 90° [7]. In addition, another angle was studied for droplet
producing, for instance, Y-junction [8], K-junction [9, 10], and V junction [11, 12]. Flow-
focusing geometry focuses on the elongating flow after passing through a junction which
can generate smaller droplets. Two categories of flow-focusing configuration are sorted,
one is 3D axisymmetric, and another is quasi-2D planar. In comparison, 3D
axisymmetric can produce monodisperse droplet (CV < 5%) with higher throughputs
[13]. Both co-flow and flow-focusing geometries produce droplets with smaller
dimensions than the dispersed phase channel, with flow-focusing geometry generating
a narrower stream than co-flow. The droplet size is smaller than the orifice diameter to

reduce the chance of clogging [14].

\
y

o !
XXX
o —

T"‘c W, (@)

Figure 3 The three main droplet-microfluidic geometries used.

(a) Co-flow (b) Cross-flow (in T-junction) (c) Flow focusing [15].

2.2.3 Droplet generation
Passive droplet generation which occurs by two immiscible fluids is controlled

by providing a fluid flow rate leading to the formation of droplets in one of five regimes:
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squeezing, dripping, jetting, tip streaming, and tip-multi-breaking (Figure 4) [16]. The
squeezing regime initiates at a low continuous phase (Cac<10'2 in T-junction [17-19]).
Due to the formation being confined by channel geometry, squeezing is often called a
‘geometry-controlled’ regime. When the continuous phase capillary number (Ca,)
increased, the regime transforms from squeezing to dripping. The breakup of immiscible
fluid occurs at the nozzle, orifice, or junction in the dripping regime [19]. A smaller size
than the channel dimension is obtained due to the dispersed phase break up before the
growing droplet hampers a channel. The jetting regime appears to increase either
continuous flow rate or dispersed flow rate [4]. Droplets are generated in the tip
streaming regime when the dispersed phase is forced into steady a conical shape or
cone-jet structure and onwards break into small droplets. The droplet size in this regime
can be small as submicrometer-scale and monodisperse. Howsoever, tip-multi-breaking

will be displayed since the dispersed cone structure is unsteady.

Cross-flow Co-flow Flow-focusing

a

— =m0
Squeezing - ;

b

o —ﬁT—po o L 2000 \."{rt‘;"
Dripping
“Jettmg

Tip-streaming :
e
Tip-multi-breaking -L

Figure 4 The droplet generation with different regime in cross-flow, co-flow and
flow-focusing geometries. (a) Squeezing regime (b) Dripping regime (c) Jetting regime

(d) Tip streaming regime (e) Tip-multi-breaking regime[16].
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2.2.4 Dimensionless number
Droplet formation in microfluidics utilizes two immiscible fluid which is dispersed
and continuous phase flow. The physical parameters which are the common fluid

properties are the viscosities, y,and y,, the densities, P4 and P., and the interfacial

tension, 0. The subscripts ‘d" and ‘c’ refer to dispersed and continuous phase fluid,
respectively. The fluid flow rate, Q,, and Q_, which are driven by pressure input, P, and

P, are classed as the operating parameter. Four key forces reveal the droplet

CY
generation: inertial force, viscous force, gravity, and capillary force. Thus, several
dimensionless numbers are developed to study. Dimensionless parameters in droplet

microfluidics are shown in Table 2.



Table 2 Dimensionless parameters in droplet microfluidics
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Symbol Dimensionless Formula Physical meaning
vD '
Re Reynold number Re = Py M
U Viscous force
v :
Ca Capillary number Ca = i Viscousforce
o Interfacial force
We Weber number = pv2L Intertial force
oo Interfacial force
2
Bo Bond number AL ApglL Buoyancy
o Interfacial force
Dispersed viscosity
" u Continuous viscosity
A Viscosity ratio A="2or= or
U Ha . . .
Continuous viscosity
Dispersed viscosity
Continuous flow
0 0 Dispersed flow
®, Q Flow rate ratio 0,Q=— or 22 or
Qd Qc

Dispersed flow

Continuous flow
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2.2.5 Parameters of droplet formation

Physical parameters such as viscosity and interfacial tension influence droplet
generation. The microdroplet size is inversely proportional to the viscosity of the
dispersed (Figure 5). I. Kobayashi et al. [20] confirmed that viscosity affected droplet
size, not the chemical nature of the fluid used. In terms of interfacial tension, large
energy is needed with large tension. The small droplet was found when the interfacial

tension of the dispersed phase was low [21].

80 T
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40

Droplet diameter, d,, (um)

30

20 L '
0 10 100 1000

Viscosity of the dispersed phase,
g (mPa s)

Figure 5 The effect of dispersed-phase viscosity from various type of fluid

with droplet size [20].

The fundamental operating parameter in droplet microfluidics is the flow rate of
two immiscible fluid which is dispersed and continuous phase. K.S. Huang et. al. [22]
studied the relationship between flow rate and droplet size in a T-junction microchannel.
For keeping a continuous phase (oil flow) constant, the droplet size increased with the
dispersed phase (water flow) as shown in Figure 6. In the case of fixing the dispersed
phase, the droplet size was decreased with the continuous phase. The same tendency

was observed in other studied [23-26].



17

2500 Coil 0.8 mLﬁ'min-
g 2000 |Ooil 1.0 mL/min :
£ 1500
1000
500 | H—I
0 m TN |
005 0.1 02 04 06 0.8
water flow rate (mL/min)
(a)
ggg : " Owater 0.05 mL/min
— ™ O water 0.1 mL/min
E 500 = Bl ] '
E 400
TE" 300 =
7 200
11
D | |
04 05 06 08 ] 1.2
oil flow rate (mL/min)
(b)

Figure 6 Relationship between droplet size and flow rates:

(a) fixed dispersed phase (water) flow rate (b) fixed continuous phase (oil) flow rate [22].

The ratio of flow rate ratio, Q, as dimensionless number is defined.

0o,

Qd Qc

where Q, and Q. is the fluid flow rate of dispersed and continuous phase flow
Q
rate, respectively. The small droplet size was obtained with the larger Q = Q—C [271.
d
Moreover, the influence of flow rate ratio on flow regime was studied by H. Liu et al. [28].

Q
They defined the flow rate ratio as Q = Q—d which showed three flow patterns: droplet
Cc
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generation at cross-junction (DJS), downstream (DC), and parallel flow (PF). At low Q,
droplet formation was in the squeezing regime. When Q was increased, droplets are

formed downstream and eventually reached to parallel stream as presented in Figure 7.

DCJ DC
P -, . = ) | 7 L -
Q=0.6 U Q=2.5 U Q=3
. \ . _ Qg
Figure 7 Droplet flow pattern as a function of flow rate ratio, Q = Q_ [28].
C

Capillary number, Ca, also plays an important role in droplet size and flow
regime. The droplet size decreased with an increased capillary number of the
continuous phase (see Figure 8). The transition from squeezing to dripping regimes
identify at the critical capillary point, Ca_, at all Q. However, at a low viscosity ratio, Ca,
was not found in the squeezing-to-dripping transition [29] due to the droplet formation

downstream.
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Figure 8 The effect capillary number of continuous phase at different flow rate ratio [30].
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2.2.6 Model of droplet formation
P. Garstecki et al. [18] first proposed a simple scale law (Eq.(1)) for droplet size
in T-junction microfluidics. The size of droplets or bubbled singly depended on the flow
ratio. They showed the agreeable results of their experimental data and the model in
Figure 9.
L
e 1+ aQ (1) [18]
where L is the length of the immiscible slug, w, is the width of the channel, Q is
the flow ratio between dispersed and continuous phase, and (X is a constant value that

rely on the geometry of the T-junction.

12 T T T
(@) (b) [ o 10mPas

jo[ O 100mPas
[ e 10mPas, DC3225C
b m (Quwater /Qoil) + 1 o
oil

rT‘ Win : L 'Qwater/QoiI

Figure 9 (a) a schematic illustration of the T junction microfluidics (b) an agreeable

experimental and model derived results of P. Garstecki et al.’s study[18].
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Figure 10 A fitting experimental and model results of J. H. Xu et al.’s study [31].

J. H. Xu et al. [31] compared the experimental results in T-junction microfluidics
with P. Garstecki et al. [18] , J. H. Xu et al. [7, 32, 33] and J. D. Tice et al. [34]. They
suggested that there was a parameter relevant to the growth length which made the
equation as

L
e =&+ w(Q (2) [31]

where € and W are fitting parameters which mainly affected by the different
geometry. However, the capillary number was conducted in the pattern flow. The
models of droplet size as a function of the capillary number in T-junction microfluidics

were numerously studied as shown in Table 3.



Table 3 The models for a droplet size in T-junction microfluidics
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Capillary number Model Author
% =1+0Q P. Garstecki et al. [18]
10" < Ca < 0.002 L_i3g +2.520 J.H. Xu et al. [35]
w
% = 1.9+ 1.45Q J. D. Tice et al. [34]

0.002 < Ca < 0.01

L 1
— =0.75QY3 - ((—)/5
. Q7" (=)

J.H. Xu et al. [35]

L (_1_) : (W'h—0'785d2_h) J.H. Xu et al. [31]
w Ca w
0.01<Ca<0.2
£ = 1.42Cq~911 T. Fuetal. [36]
w
L
Ca>0.2 —=a/uV. T. Thorsen et al. [5]
w

In flow-focusing microfluidics, model in Eq.(3) and mechanism of droplet

formation was originally studied by J. Tan et al. [37].

Lk (&)tx CaP

Qa

(3) [37]

where Kk, &C and ,8 are constant values which were 1.59, -0.20, and -0.20,

respectively, in a cross-junction microfluidic device with a 100mm x 20mm x 5mm

configuration.
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Figure 11 (a) a schematic illustration of the cross-junction microfluidics (b) an agreeable

experimental and model derived results of J. Tan et al.’s study [37].

Howsoever, H. Liu et al. [28] numerical simulated the droplet breakup in cross-

junction which indicated influential capillary number on scaling law shown in Eq.(4).

L (e + wQ)Ca™ (4) [28]

We 7
where €, W, and M are the fitting parameters mainly depending on the channel
geometry. The various geometrical channel in Figure 12(a) resulted in £€=0.551,
W=0.277, and M =-0.292. While tailor-made microfluidics (Figure 13(a)) by F. Lapierre

et al. showed the results of £=0.2, (W=0.68, and ™M =-0.2 [38].
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Figure 12 (a) a schematic illustration of the cross-junction microfluidics (b) an agreeable

predicted results and simulated results of H. Liu et al.’s study [28].
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Figure 13 (a) a schematic illustration of the microfluidics (b) an agreeable experimental

and model derived results of F. Lapierre et al.’s study [38].

2.3 Biopolymer

Biopolymers are polymeric biomolecules produced by living organisms. There
are two main types of biopolymers used to fabricate particles in terms of the
encapsulation process: protein and polysaccharides. The selection of biopolymer
depends on a functional requirement for the final particle such as a target of active
ingredient release. Molecular, physicochemical, and electrostatic characteristics affect
the optical, rheological, and stability of particles. The chemical and molecular
differences such as structure, the degree of branching, molecular weight, and electrical
charge also have an effect on the functional properties of polysaccharide-biopolymers
such as solubility, thickening, and gelling mechanism, water holding capacity,

digestibility, and surface activity [39].

The biopolymer-based microparticle fabrication usually has two steps: particle
formation and particle gelation. In the first step, the hydrophilic actives are usually
directly dissolved with biopolymer in the aqueous phase, whereas lipid droplets or
vehicles are produced before in the case of hydrophobic actives. In the second step,
the mixture of biopolymers and active agents is formed by environmental conditions to

cross-link the biopolymer chain. The common forming method is brief in Table 4.
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Table 4 The common method of biopolymer-based particle forming [39-41]

Method

Schematic

Injection

Simple extrusion

- The mixture was injected into
the gas phase and then formed
by temperature changing or by
the gelling solution. The
particles have a spherical shape
due to the relative surface
tension between solution-air is

high.

O Bioactives &
& Biopolymers
Solution

Simple
Extrusion
Method

Gelling

Solution Bioactive-Loaded

Hydrogel Beads

Atomization

- The dehydrated particles are
produced by spray drying or
spray chilling. The biopolymers
are cross-linked when

reconstituted in water.

Core material Homogeniser

— 100000

Mix

Microfluidics

- The biopolymers and active
ingredients are injected into
a channel to form particles,
and then cross-link in

the environmental condition.

High-pressure microfluidization

- The battle of a mixture stream
into a cross-link agent stream
at high velocity produces

particles.
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Method

Schematic

Templating

Emulsion-based

- The mixture is emulsified
a water-in-oil emulsion
by a homogenizer.
The cross-linking is formed
inside the water droplet by
changing the system in

proper conditions.

Ol Phase

ormation

Lithographic

- The mixture is filled into a
mold, and then cross-linked
in the alter environmental

condition.

Gelling Microgel

Phase

separation

Electrostatic complexation

- The particle formation
occurs from electrostatic
attraction between two
oppositely charged

biopolymers.

Thermodynamic

incompatibility

- The particle formation
occurs from repulsion
interaction between

biopolymers.

Protein
Solution

o8 I
3" Y "‘j‘. Polysaccharide

Solution
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Transition | &5~ *L7%
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Antisolvent

precipitation

The particles are formed
based on the solubility in

different solvent.

Addition of Antisolvent to
create supersaturation
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2.4 Alginate

Alginate is a hydrophilic biopolymer derived from brown seaweeds. Alginate is
an anionic polysaccharide consisting of a linear copolymer of (1-4)-linked B-D-
mannuronic (M) and Ql-I-guluronic acid (G) residues. Due to its great properties such as
biodegradable, biocompatible, low cost, and non-toxic, alginate is widely used in many
applications. Alginate has been used for encapsulating numerous active ingredients
both hydrophilic and hydrophobic substances. The classification of alginate particles is
shown in Figure 15. The alginate particles with a dispersing of active compounds in the
polymer matrix are defined as ‘beads’. ‘Capsules’ are the particles comprised of the
polymer which holds a liquid core containing the active ingredient. The ‘microparticles’
refer to beads with smaller particle sizes. Multiple layers of polymers are classified as

‘multi-membrane’.

M
COOH COOH

COOH COOH
O oH OH

HOOC,
HOGC
HOOC

M= B-p-mannuronic acid G =o-L-guluronic acid

Figure 14 Structure of alginate.
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Alginate matrix

Shape: Spherical Shape: Spherical Shape: Irregular Shape: Spherical , oval

+ Hydrophilic cargo
Cargo location: Cargo location: Cargo location: Cargo location:
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spensions (proteins, ining cells, solids or suspensions, liquid oil,
nanomaterials etc.), colloidal suspensions, carrier oil containing
hqmd oil, urntr oi Inqlnd ol or carner oil lipophilic compounds
compounds compounds

Figure 15 Design of alginate particle.
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2.4.1 Alginate-particle formation

The particle formation of alginate is assorted to three main methods (see Figure
16). The liquid-air methods which generated droplets using a nozzle system are
generally used. The particles have a spherical shape due to the relative surface tension
between solution-air is high. The dripping, jetting, and atomization method depends on
the volumetric flow rate of the alginate solution extruded from the nozzle. In terms of the
liquid-liquid method, the droplets are formed by two immiscible fluids which could be
water-in-oil emulsions prior to gelling. Alginate particles are also produced without high

energy input in the self-assembly method [42].

Particle formation

1
[ 1

Liquid-liquid Self-assembly

| R E—
Dripping Jetting Atomization Channeled Non-channeled —  Dilute solution
CD-?[J;I\:'BIF — Vibration |~ Pressure — Membrane — Me;?;:l:al —  PIT emulsification
— Vibration — Sp:‘?:'l(ng — Sp;?::(ng — Microfluidic —— High speed “— Pickering emulsion
— Electrostatic — Electrostatic '— Co-axial — High
pressure

| RSENIEE | Jet-cuttin

disk 9

—Co-extrusion

Figure 16 Method of alginate-particle formation.
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2.4.2 Alginate-particle gelation

The alginate polymer chain is simply cross-linked with divalent cations. The
cross-linking process occurs by the incorporation of divalent cations into the structure of
guluronate blocks, forming an ‘egg-box’ structure (Figure 17). Calcium (Ca’") is the most
generally used cation for ionotropic gelation thanks to its non-toxic property. A variety of
calcium salt can be used in alginate gelation. Calcium chloride (CaCl,) is a readily
soluble calcium salt which commonly used whereas insoluble calcium salt like calcium
carbonate (CaCO,) can also be used when need to slow or control the cross-linking
[42]. Gelatin mechanisms: external, internal, inverse, and interfacial gelation are shown
in Figure 18-21. In the external gelation, the Ca”"ions are introduced externally into the
discrete alginate droplets. The alginate solution is normally dropped into a gelling bath.
However, the cross-linking which occurred inside the alginate droplet is internal
gelation. The released Ca’’ ions are internally cross-linked with the alginate polymer
chains. In contrast to external gelation, the solution containing Ca’" ions are dropped
into an alginate bath in inverse gelation. In the case of interfacial gelation, cross-linking

starts assembling at the interface of the droplet.
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Figure 17 Gelling mechanism of calcium crosslinked alginate

(egg-box like conformation).
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Figure 18 Mechanism of external gelation for bead formation :
(a) alginate droplet in contact with calcium solution, (b) inward diffusion of calcium ions,

(c) inward gelation of droplet, and (d) completed gelation [42].

- Alginate solution - Insoluble calcium salt - Ca?* ions

- cargo - Hydrogen ion Hydrogel matrix

Figure 19 Mechanism of internal gelation for bead formation :

(a) dispersion of alginate droplet in oil, (b) addition of acid to dissolve the calcium salt,

and (c) localized gelation of droplet [42].
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- Alginate solution - Ca?* ions
- Cargo - Hydrogel matrix

Figure 20 Mechanism of inverse gelation for liquid-core capsule formation :
(a) droplet containing calcium ions in contact with alginate solution,

(b) outward diffusion of calcium ions, and (c) gelation at droplet interface [42].

Figure 21 Mechanism of interfacial gelation for oil-core capsule formation :
(a) oil droplet emulsified in a dispersion of CaCO,, (b) self-assembly of CaCO,
at the interface, (c) addition of the alginate solution followed by acid to dissolve CaCO,,

and (d) gelation at the droplet interface [42].
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2.5 Droplet microfluidic in encapsulation technology

Over the past three decades, a few microfluidic approaches have been
developed and widely applied for encapsulation technology. It is an alternative
technique to prepare emulsions and microparticles. The reason of interesting is its ability
to produce monodisperse droplets with narrow size distribution and the controllable
system to precise the size of the droplet. Particle size and size distribution play an
important role in controlling drug release. Monodisperse particles show a slower drug
release than polydisperse particles with a similar average size. The preparation
procedure of particles for encapsulation is based on the combination of droplet
microfluidic and droplet-to-particle technology. The single droplets, double emulsions,
and multiple emulsions are first generated in the microfluidic device, in which the droplet
phase consists of a polymer, natural polymer, or inorganic substance along with the
payload ingredient. The liquid droplet phase can be solidified by different methods such
as evaporation, polymerization, and reaction. Then, the microparticles are formed with

encapsulation of any active compound [43, 44].

The O/W emulsion is usually used as a template for microparticles which
composes of hydrophobic materials. Many active compounds especially drugs are
encapsulated into a polymeric particle-matrix such as poly(lactic-co-glycolic acid)
(PLGA), polylactide (PLA), poly- E-caprolactone, and hydroxypropyl methylcellulose
acetate succinate (HPMCAS) [24, 45, 46]. These polymeric particles are typically
dissolved in a volatile solvent which can evaporate after the emulsion is formed. The
final microparticle size is controlled by the emulsion size and how much the droplet
shrinks during solvent removal. Compared with the conventional method, the model
drug, bupivacaine, in PLGA microparticles prepared from the microfluidic technique
showed a slower release profile [46]. Moreover, the model drug, sorafenib(SFN) and
celecoxib, which were encapsulated into the hollow acetylated dextran (AcDX) and

HPMCAS microparticles using a microfluidic technique also showed a slower release
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rate of payloads [24]. In addition, two lipophilic active molecules, ,B—c;arotene and Y-
oryzanol were generated as O/W emulsions in microfluidic with uniform droplet size and

low coefficient variation and had good stability for 4 months [47].

The W/O emulsion is also used as a template for encapsulating the hydrophilic
materials which are efficient for encapsulating bioactive water-soluble agents such as
peptides, proteins, antibodies, and living cells. The hydrophilic polymers such as
alginate [48], chitosan [49], and poly(N-isopropylacrylamide) [50] were used. The model
drug, iopamidol, was studied in different morphology of sodium alginate microgel.
Monodisperse microparticles with narrow size distribution have been prepared based
on a W/O emulsion template in different microfluidic devices, including T-junction [51,
52] and cross junction [53]. Moreover, chitosan microparticles were also fabricated
based on a W/O emulsion template [54-56]. The properties of chitosan microparticles

can be controlled by encapsulating different substances into the initial chitosan solution.

Double emulsions are an interesting template when the payloads are present in
different solubility. The W/O/W double emulsion template was used for the drug model,
doxorubicin (DOZ), and paclitaxel (PTX) which were loaded as the inner aqueous core
in the lipid shell by using the microfluidic technique [57]. The uniform microcapsules can
be prepared in microfluidic devices based on a double emulsion template through
different kinds of solidification methods. Oil core poly(L-Lactic acid) (PLLA)
microcapsules were successfully prepared in the microfluidic technique using
evaporation [568]. PLA microcapsules with a shell thickness of a few nanometers were
generated based on a W/O/W double emulsion template and evaporation-induced
solidification [59]. Moreover, polymersomes such as poly(ethylene-glycol)-b-polylactic
acid (PEG-b-PLA) and also liposomes could be prepared in a microfluidic device using
a W/O/W double emulsion template [60]. For encapsulation of hydrophobic substance,

oil core in alginate [61], chitosan [62], and gelation [63] microcapsules were fabricated
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based on the O/W/O double emulsions template. The hollow microgel could be also

produced by a microfluidic technique using the O/W/O emulsion template [64].

With the advantage of microfluidics, a wide variety of encapsulated particles with
controlled size, structure, and composition have been fabricated, including single
emulsion, double emulsion, microparticles, and microcapsules. The scalability, low cost,
and reproducibility of microfluidic strategies make them an excellent process for

encapsulation technology.
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Chapter 3
Experiment
3.1 Chemical and reagents
Sodium alginate (Sigma-Aldrich, USA) was dissolved in distilled water at
concentrations of 1, 2, and 3% (w/w). The oil phase was jojoba oil and I\/Iiglyol®812 oil
(Sasol Germany GmbH, Germany). Span®80 was purchased from Croda International
(United Kingdom). Ca-EDTA and Coumarin 6 were purchased from Sigma-Aldrich, USA.
Medium-chain triglyceride (MCT) oil was obtained from Wilmar International, Singapore.
Calcium chloride dihydrate and Rhodamine 6G were provided by Merck, Germany.
Acetic acid was obtained from Carlo Erba, ltaly. Alpha-mangostin was purchased from
Hansea chemical biotech, China. Water used for all experiments was obtained from a

MilliQ Plus system (Millipore, Schwalbach, Germany).

3.2 Experimental procedures

Experimental works would be separated into 3 sections.

3.2.1 Hydrodynamic control of droplet formation in narrowing jet and tip streaming
regime using microfluidic flow-focusing
In this section, the experimental setup was composed of two streams as the
continuous phase and the dispersed phase (Figure 22). The fluids were pumped
through a Teflon tube to the flow-focusing geometry of the Droplet Junction Chip. Two-
size junctions with 100 and 190 um etch depth, junction size (j) of 105 and 195 um, and
channel size (c) of 300 and 390 um were used. Various concentrations of sodium
alginate solution (1, 2, and 3% (w/w)) were used as the dispersed phase, whereas
jojoba oil or Miglyol®812 oil was used as the continuous phase. The surfactant Span®80
was added for stabilization. The flow rate of the dispersed and continuous phases
varied from 10 to 250 ul/min and 1 to 140 pl/min respectively. The fluid flow was allowed
to reach a steady regime and the process was captured by a high-speed camera
(Dolomite, UK). A stereo microscope (model SMZ745T, Nikon, Japan) connected with
microscopy software (Pixelink Capture Program, USA) was set above the microfluidic

chip to observe fluid characteristics inside the channel. Droplets were collected and
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immediately observed by an optical microscope (model IX71, Olympus, Japan).
Emulsion droplet size was measured, with the average value obtained from at least 100
droplets at different positions using ImagedJ software (National Institute of Mental Health,

USA).
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Figure 22 Schematic of droplet formation of experiment.
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Figure 23 Geometry of droplet microfluidic channel.
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3.2.2 Internal gelation of alginate microparticle prepared by emulsification and
microfluidic method: Effect of Ca-EDTA as a calcium source
Alginate microparticles were prepared by emulsification/internal gelation and
microfluidic/internal gelation technique. Calcium-ethylenediaminetetraacetic acid (Ca-
EDTA) was used as a calcium source, which could release Ca”" ions to crosslink with
the alginate chain by adding acid. The schematic of the experiment setup of the
emulsification method is shown in Figure 24. Water in oil emulsion of Ca-EDTA mixed
with sodium alginate solution in oil phase was prepared. The emulsification and gelation
steps were performed using a magnetic stirrer (RCT basic, digital, IKA, Germany) and a
high-speed homogenizer (T25 digital, IKA, Germany). Various concentration Ca-EDTA
(0.1, 0.2, 0.3 and 0.5 M) was dissolved in 2%(w/w) sodium alginate. The sodium alginate
with Ca-EDTA solution was mixed with MCT oil, which was used as a medium phase to
emulsify at 400 rpm of the magnetic stirrer, followed by 5,000, 7,500, and 10,000 rpm of
the high-speed homogenizer. The acetic acid was added to form the alginate particles
while stirring at 400 rpm. The crosslinking was investigated at 1, 3, 5, and 10min. After

stirring, the samples of alginate particles were washed and collected with water until no

oil was left by centrifugation at 2,500 g, 25°C for 10 min and then redispersed with

water for further analysis.
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Figure 24 Schematic of emulsification method for alginate microparticle.
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Figure 25 shows the experimental setup of the microfluidic technique was
composed of two streams of the continuous phase and dispersed phase. The fluids
were pumped through the 100 um etch depth flow-focusing geometry of the Droplet
Junction Chip. The 2%(w/w) sodium alginate solution with Ca-EDTA was used as the
dispersed phase, whereas MCT oil with 1%(v/v) acetic acid was used as the continuous
phase. A stereo microscope connected with microscopy software was set above the
microfluidic chip to observe the fluid characteristics inside a channel. Droplets were
collected with MCT oil while stirring. After droplet collection, the samples were washed

with water as well as the emulsification method.
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P Microfluidic chip
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Figure 25 Schematic of microfluidic method for alginate microparticle.
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3.2.3 Fabrication of single- and multipled-core-shell of alginate microcapsules via
microfluidic flow-focusing

The two flow-focusing channels are set for core-shell microcapsule as shown in
Figure 26. The dispersed phase contained any active ingredient in the hydrophobic part
which would be the core of the final particle. The continuous phase which would be a
shelf of the final particle was alginate solution mixed with the crosslinking agent of Ca-
EDTA. The oil in water emulsion from the first chip was the dispersed phase of the
second chip. The continuous phase of the second chip was an oil phase containing any

acid for crosslinking. The singled and multipled-core-shell microcapsules are studied.
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Figure 26 Schematic of core-shell microcapsule formation for experiment.
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3.3 Fluid properties

The physical properties of the experimental fluids are shown in Table 5. The
viscosity (u) of each phase was measured using a viscometer with an LV2-spindle
(model DV2T Brookfield, USA). The pendant drop method was employed to measure the
interfacial tensions (O) between two immiscible liquids. Liquid density (P) was
determined using a modified pycnometer method. Since the volume of investigated fluid
was small, we assumed that the fluid properties remained constant through the channel.
For convenience, MIG and JJB mean Miglyol® 812 oil and jojoba oil, and the 1, 2, and

3% (w/w) of sodium alginate solution were labeled as 1%A, 2%A, and 3%A respectively.

Table 5 Physical properties of fluids at 25°C (a) density (P) and viscosity (u); (b)
interfacial tension (O)

(a)

Fluid P (kg/m®) W (mPa-s)
1%(w/w) Sodium alginate solution 1007 26.94 + 0.27
2% (w/w) Sodium alginate solution 1008 67.00 + 0.67
3% (w/w) Sodium alginate solution 1012 148.09 + 1.48
Miglyol® 812 oil 945 38.13 £ 0.38
Jojoba ail 865 46.50 £ 0.47

(b)

. Aqueous phase
Oil phase _ _ _ O (mN/m)
Sodium alginate solution

1% 14.11 + 0.68

Miglyol® 812 oil with
2% 13.42 + 0.53

2% (w/w) Span“80
3% 6.29 + 0.85
1% 9.30 + 2.52

Jojoba oil with

2% 2.56 + 1.27

2% (w/w) Span”80
3% 0.65 + 0.18




40

3.4 Characterization
3.4.1 Morphology
The morphology of alginate hydrogels was observed by an optical microscope
(model IX71, Olympus, Japan). The dried alginate particles were examined by Emission
Scanning Electron Microscope, E-SEM (S-3400N, Hitachi, Japan) operating at 15 kV.
The alginate beads and particles were air-dried overnight and coated with gold using a

sputter coater (E-1010, Hitachi, Japan) for 60 s.

3.4.2 %Yield
%Yield determination was carried out using the dry weight of the alginate
particles (W) and initial weight (W,). After collecting and redispersing with water, the
alginate particles were air-dried on filter paper (Whatman™ No.1) for 24 h at room

temperature. The initial weight was counted from alginate and crosslinking agent at

each factor. %Yield was calculated using the following formula:

; Wo
%Yield = W, x 100

2

3.4.3 AFM measurement

Surface images of alginate microparticles were acquired with a NanoWizard® 3
Bioscience Atomic Force Microscope, AFM (JPK BioAFM, Bruker Nano GmbH,
Germany) used in quantitative imaging (QI™) mode. The parameters were set to a Z-
length of 2,500 nm and a setpoint of 5 nN for the measurement. Size scan was 5 x 5 um.
The OLTESPA probe (OPUS by MikroMasch, Germany) having a tip radius <7 nm,
cantilever force constant of 2 N/m, and resonance frequency of 70 kHz was used. The
alginate particles were dropped onto the aminosilane-coated glass slide. The
measurements were carried out in water. Polynomial line fit with second order was
applied to the AFM height images to subtract surface curvature. The Roughness values
(Ra) and apparent Young's modulus (E, ) was determined using JPK Data Processing
software (version spm-6.1.49). The values were calculated based on 5 images at

different particles and are reported as mean + standard deviation.
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3.4.4 Rheological properties
Rheological properties of samples were measured using the Modular Advances
Rheometer System (HAAKE™ MARS™, Thermo Scientific, USA) equipped with 35 mm
diameter plate geometry. The rheology test was performed at room temperature (25°C).
In the dynamic measurement, the strain varied from 0.1% to 1000% while keeping the
frequency of 1 Hz for strain sweep. In frequency sweep, the frequency range up to 100

Hz was investigated. All measurements were conducted in triplicate.

3.4.5 Ca content
Ca content was analyzed by Field Emission Scanning Electron Microscope, FE-
SEM equipped with Energy Dispersive X-Ray Spectrometer, EDX (Versa 3D, FEI, Japan)
operating at 10 kV.
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Chapter 4
Hydrodynamic control of droplet formation in narrowing jet

and tip streaming regime using microfluidic flow-focusing

Highly monodisperse droplet production has attracted attention in numerous
fields including chemical synthesis [65, 66], cell biology [67, 68], drug delivery and
pharmaceuticals [46, 69-71], and food and food supplements [72, 73]. Compared with
conventional methods such as mechanical stirrer, high-shear rotor-stator, extrusion, and
membrane emulsification, the microfluidic technique provides a droplet with a narrower
size distribution. Droplet size can also be controlled and fabricated at low energy
consumption using a continuous process, resulting in reduced batch-to-batch variation.
Droplet formation can be prepared by an emulsion of two immiscible fluids. A droplet
phase is identified as a ‘dispersed phase’, whereas a ‘continuous phase’ is identified as
a medium phase. Droplets can be generated with various hydrodynamics and
characteristics by varying channel geometry. Cross-flow, co-flow, and flow-focusing
geometries are the three main types of microfluidic channels. T-junction, which is the
cross-flow geometry at 90°, is frequently used due to its simplicity. Flow patterns, flow
regimes, and scaling laws have been examined in several models and experimental
studies [7, 18, 36, 74-79]. A co-flow setup was developed to produce droplets in a
parallel stream by inserting microcapillaries into a channel, while two streams of fluid
flowed either in parallel or opposite directions in flow-focusing geometry. The streams of
fluid were then forced through a junction to form droplets. Both co-flow and flow-
focusing geometries produce droplets with smaller dimensions than the dispersed
phase channel, with flow-focusing geometry generating a narrower stream than co-flow.
The droplet size is smaller than the orifice diameter to reduce the chance of clogging

[14].

Fluid behavior is analyzed by dimensionless numbers including flow rate ratio
(Q/Q,) and viscosity ratio (u/y,) of a continuous phase to a dispersed phase. With no

external force, inertial, viscous, gravity and interfacial forces are dominant for droplet
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generation. Thus, several dimensionless numbers have been developed to study fluid
behavior. The Reynolds number (Re) indicates the relative effect of inertial to viscous
force. The Re typically presents as Re<<1 in microfluidic flow, which shows a
predominant viscosity over the inertial force. The inertial force plays the least important
role in liquid-liquid droplet generation, while the interfacial tension plays a key role. The
capillary number (Ca) describes the relative effect of viscous force on interfacial force.
The Weber number (We) represents the relative inertial effect to interfacial force. The
Bond number (Bo) is defined as the relative buoyancy and surface tension. This is
usually negligible in liquid-liquid droplets due to the small difference in densities

between the two phases. [15, 16].

The flow-focusing device consists of the main channel and two side channels, in
which the two immiscible fluids meet at an intersection. The flow regimes of squeezing
and dripping provide monodisperse droplets. The squeezing regime occurs at a low Ca
and flow rate ratio [80]. The squeezing mechanism is conducted by the flow of the
continuous phase force to the dispersed phase that then pinches off to form droplets
[81-83]. The flow rate of two-phase fluids is the key to the break-up process [84]. In the
dripping regime, the viscaosity of the fluids is critical to controlling the size distribution of
droplets [85]. Interfacial tension was simulated to analyze droplet generation [86]. Liu
and Zhang used squeezing and dripping regimes to study the influence of operating
parameters such as Ca and channel geometry. They proposed a scaling model using
the three-dimensional lattice Boltzmann model [28]. The increasing flow rate of either
phase or both phases caused a transition from dripping to the jetting regime [4, 87-90].
Many studies have analyzed squeezing and dripping regimes but there are no
systematic studies on the jetting regime, especially the narrowing jet and tip streaming
regimes. This may be due to a lack of stability that is difficult to control. However, tiny
uniform droplets that are smaller than the channel size could be created. A submicron
emulsion with a narrow size distribution could be generated as a continuous process for

48 h under the tip streaming regime in flow-focusing [90]. The tip streaming regime
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occurred at an extremely low dispersed-to-continuous velocity ratio in co-flow geometry

[91]. Moreover, high throughput products can be collected at a high flow rate.

Hence, this study investigated droplet generation in a flow-focusing microfluidic
device, resulting in the production of monodisperse droplets over a wide range of fluid
characteristics and operating parameters. First, the effects of fluid viscosity, interfacial
surface tension, density, and flow rate were studied on droplet formation. Second, the
narrowing jet and tip streaming regimes were focused on and analyzed. Finally, a

dimensionless correlation of these regimes was proposed to predict droplet size.

4.1 Flow regime inside the channel

Water in oil (W/O) emulsion was produced in a junction with 100 um etch depth.
The 2%(w/w) alginate solution and Miglyol®812 oil with 2%(w/w) Span“80 were used as
the dispersed and continuous phases, respectively. The flow rate of the dispersed
phase (Q,) and continuous phase (Q,) were controlled. At constant Q, of 14.68 pl/min,
five regimes of fluids were observed when increasing Q_from 2.25 to 11.08 pl/min, as
shown in Figure 27-(). The ratio of emulsion droplet size to microfluidic junction size
decreased along with the flow rate ratio of the continuous phase to the dispersed phase.
Figure 27(a) shows the co-flow regime, in which the dispersed phase fluid was driven in
the same direction as the continuous phase fluid. Droplets could not be generated in
this regime. When the flow rate of the continuous phase was increased, the dispersed
fluid was deformed to the squeezing regime (Figure 27(b)). The droplet size in this
regime was larger than the junction size of the microfluidic chip. A uniform droplet size
was restricted by the junction size known as “geometry-controlled” [89, 92, 93].
Monodisperse droplets smaller than the junction dimension were found in the dripping
regime (Figure 27(d)). The viscous force of the continuous fluid over the interfacial
tension effect broke up in the dispersed fluid, occurring near the junction [94]. This
phenomenon found in the dripping regime was also reported by Fu et al. [36] when
forming uniform particles in a microfluidic T-junction. Several studies [7, 24, 46, 48]

reported highly monodisperse microparticle production in the dripping regime. The fluid
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was partly broken up, as shown in Figure 27(c) by the squeezing-dripping transition
regime, where polydisperse droplets were incurred due to an unstable force balance.
Finally, Figure 27(e) shows the reverse regime which arose from the high flow rate range
of the continuous phase, with droplets not found in this regime.

Microscopic photos of W/O emulsion droplets were observed in a junction depth
of 100 pm, as shown in Figure 28. Monodisperse emulsion droplets are shown in Figure
28(b) and (d) for the squeezing and dripping regimes respectively. Emulsion droplets
from the dripping regime were 62.07 + 543 pm, smaller than droplets from the
squeezing regime at 254.06 + 4.56 ym. Polydisperse emulsion droplets were found in
the squeezing-dripping transition (Figure 28(c)) with emulsion size 130.16 + 49.74 um,
while emulsion droplets were not observed in the co-flow and high flow rate ratio
regimes, as shown in Figure 28(a) and (e).

When keeping Q, constant at 49.33 pl/min, Figure 27-(ll) displays the flow
regime in a different way with a long jet. The co-flow regime (Figure 27(f)) was mostly
originated. When increasing Q_, the fluid thread ejected from the dispersed channel and
became polydisperse droplets due to Rayleigh-Plateau instability. This unstable fluid
characteristic is known as the “jetting-transition” or “widening jet” regime (Figure 27(g))
[4]. The size of 174.84 + 28.59 ym was indicated when Q_/Q, was 1.05. An unsteady
thread was resulted by an imbalance force of the two-phase flow. This regime showed
polydisperse emulsion droplets of larger size than the junction size (Figure 28(qg)).

Regimes which produced smaller uniform droplets than channel size were
investigated in this study and high yields of monodisperse droplets were obtained. The
“narrowing jet” regime (Figure 27(h)) occurred when the viscous force of the continuous
phase predominated over the capillary force. At Q /Q, of 1.56, the emulsion size was
97.64 £ 8.33 um which approximately the range of the junction size found in this regime.
The emulsion droplets are shown in Figure 28(h). A very thin jet was dragged and
broken up into tiny and uniform droplets as in the tip streaming regime (Figure 27(i)).
The droplets were produced from a balance between the shear force of both phases to

provide a cone-jet structure. The dispersed fluid became a conical shape resembling
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the Tayler cone of electrically conductive liquid in electrospraying. This phenomenon
was based on hydrodynamics, not on electrical force. Tip streaming generated smaller
droplets compared with the narrowing jet regime. Figure 28(i) shows monodisperse and
smallest size of emulsion droplets at 41.47 + 3.62 ym, presented at Q/Q, of 2.09.
However, the higher forces from the continuous phase compared with the dispersed
phase caused a reversed regime in the channel when the flow rate ratio increased, as

shown in Figure 27(j) and emulsion droplets were not observed.
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Figure 27 Flow regime inside the channel of 2%(w/w) alginate solution in Miglyol® 812 ol
with constant dispersed phase at flow rate of (I) 14.68 ul/min and (1) 49.33 ul/min
((a) Co-flow; (b) Squeezing; (c) Squeezing-dripping transition; (d) Dripping; (e) Reverse;
(f) Co-flow; (g) Widening jet; (h) Narrowing jet; (i) Tip streaming; (j) Reverse).
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Figure 28 Micrograph emulsion droplets of 2%(w/w) alginate solution in l\/IiegoI® 812 oil
with constant dispersed phase at flow rate of (I) 14.68 ul/min and (1) 49.33 ul/min
((a) Co-flow; (b) Squeezing; (c) Squeezing-dripping transition; (d) Dripping; (e) Reverse;
(f) Co-flow; (g) Widening jet; (h) Narrowing jet; (i) Tip streaming; (j) Reverse)

ina junction depth of 100 um.

4.2 Effect of fluids Interfacial tension on the droplet formation in the narrowing jet and
tip streaming regime

In microfluidics, droplet creation is created when the interfacial tension between
two phases is deformed. Surfactants are commonly used to reduce the liquid surface
tension or interfacial tension of a two-phase system. Because of mass transport, an
addition of surfactants reduces the time of droplet creation. During the squeezing and
dripping regimes, in which droplet production mainly depends on shear force and
interfacial tension, droplet size is varied by the concentration of surfactant. Droplet size
decreased with reduction of interfacial tension because the shear force easily broke the
interfacial tension [95]. However, a small amount of surfactant encouraged the tip
streaming effect. Surfactant also plays a key role in the tip streaming regime. The
surfactant molecules, which often dissolve in the continuous phase, are diffused into the
interface when two phases meet at the junction. Adsorption and desorption occur until
they reach equilibrium. The flow of continuous fluid drives the surfactant molecules to
form a steady cone-jet structure. So, the steady tip streaming effect is affected by both

fluid properties and the fluid flow rate.
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Figure 29 shows the effects of interfacial tension at a high flow rate in
microfluidics. The presence of the surfactant impacted thread stability, especially at low
Q./Q,. However, at high Q_/Q,, a stable with a slender thread was found either with or
without surfactant. The stable region produced uniform droplets (Figure 29(c,e,f,g,h,i)),
while polydisperse droplets were investigated in the unsteady region (Figure 29(a,b,d)).
To verify the shape of thread to the polydispersity of droplets, the coefficients of
variation (CV) of emulsions droplets were determined. The widening jet regime (Figure
29(a,b,d)) displays the formation of polydisperse droplets of larger size compared with
the junction size. The CV of droplets from Figure 29(a), 27(b), and 27(d) were 16.85,
13.13, and 11.72, respectively. While droplets similar to the junction size were found in
the narrowing jet and tip streaming (Figure 29(c,e,f,g,h,i)). When they reached a
balance, tiny droplets with uniform size were obtained. Droplet size was influenced by
the flow rate ratio of both phases when increasing Q_/Q, resulted in a smaller droplet
size. The CV of droplets from Figure 29(c), 29(e), 29(f), 29(g), 29(h), and 29(i) were 9.04,
9.51, 9.97, 8.89, 7.92, and 9.81, respectively. Results verified the monodispersity since

the CV was smaller than 10%, as the standard criterion for monodispersity [96-98].
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Figure 29 Micrograph emulsion droplets of 2%(w/w) alginate solution in Miglyol® 812 oil
with Experimental images of fluid characteristics in a microfluidic channel showing
the effect of interfacial tension (O) on tip streaming state at different continuous phase
flow rate (Q.) (2%(w/w) alginate droplets in Miglyol®812 oil system at dispersed phase
flow rate of 49.33 ul/min in a junction depth of 100 um).

((a)-(c) O = 23.80 mN/m which Q, of (a) 34.74, (b) 68.94, and (c) 103.14 pl/min,
(d)-(f) O = 13.43 mN/m which Q_ of (d) 34.74, (e) 68.94, and (f) 103.14 pl/min,
and (g)-(i) O = 6.44 mN/m which Q_ of (g) 34.74, (h) 68.94, and (i) 103.14 pl/min).
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Since a larger production will be obtained, the production of droplet streams at
the high flow process is very challenging. The tip streaming regime was generated in
the flow-focusing device when operated within the parametric range. When the two
streams met at the microfluidic junction, the viscous force of the continuous phase acted
to deform the interface, while deformation was resisted by interfacial tension. Molecules
of the surfactant diffused to the fluid interface and were carried by the fluid flow towards
the pole. Accumulation of surfactant molecules at the pole caused overwhelming
adsorption on the interface over desorption. As a result of these molecular motions,
interfacial tension at the pole reduced near to zero. Surface curvature increased to
maintain the stress balance at the interface. At high curvature, the viscous forces
dragged a thread from the tip that then broke into droplets due to the Rayleigh breakup
mechanism [89]. So, the formation of monodisperse droplets relied on the balance of
two-phase effects from both fluid properties and fluid force. However, backward flow
was excessive. Thus, droplet formation in the tip streaming regime depended on both

fluid properties and flow rate.

4.3 Flow regime

The capillary number (Ca) describes the relative effect of viscous forces to

interfacial tension forces affecting droplet formation and is defined as:

Ca=¥ (5)
o
where pis the viscosity of the fluid (mPa-s); v is the velocity of the fluid (m/s) and
O is the interfacial tension between the dispersed and continuous phases (mN/m). Ca of
the continuous phase (Ca,) is frequently used to investigate droplet production because
the balance of shear stress and interfacial tension. The Ca_ value was determined using
the viscosity and velocity of the continuous phase. The squeezing regime which
generated geometry-controlled droplets occurred at low capillary number. Increasing

Ca, caused a dripping regime where the interfacial tension was broken by the viscous
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force [16]. Figure 30 shows the flow regime of 2%(w/w) alginate droplets in Miglyol®812
oil for various Ca of continuous and dispersed phases. Co-flow, squeezing, transition,
dripping and reverse regimes were found when Ca,was lower than 0.031. The green
circle and light blue square represent the squeezing and dripping zones where
monodisperse droplets were generated. However, these two zones were not found when
Ca, was higher than 0.031, where four regimes of co-flow, jetting, tip streaming and
reverse were observed. The dark blue diamond symbol shows the tip streaming regime.
Comparing with the dripping regime, a larger area of tip streaming production was
found. Moreover, higher yields of monodisperse and smaller droplets than junction size

were produced via tip streaming due to the higher dispersed flow rate.
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Figure 30 Flow regime of 2%(w/w) alginate droplets in I\/liglyol®812 oil at various
capillary numbers of dispersed phase (Ca,) and continuous phase (Ca,)
in junction depth 100 um (a) Ca of Ca, at 0.0015 - 0.0285 and Ca,at 0.015 - 0.038 and

(b) flow regimes at Ca, and Ca,up to 0.0896 and 0.0807 respectively.
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The transition between different regimes occurred by changing dispersed and/or
continuous phase capillary numbers. The turning point from the squeezing to the
dripping regime was characterized by a critical capillary number of the continuous
phase (Ca_)[99]. A larger Ca

indicated a higher fluid viscosity. Ca_, values of 0.001 to

crti crit

0.005 and 0.002 to 0.015 were explored in water-MIG and 2%AI-MIG systems
respectively. Figure 30(a) shows the turning point to a dripping regime in the 2%AI-MIG
system. A larger viscosity of the dispersed phase stabilized the interface, while Ca_,

tended to increase with decreasing viscosity ratio (u./u,). Concurring with the literature,

Ca_, was reported as a transition point between values of 0.002 to 0.01 [100] and 0.01

crit

to 0.1 [101] in the T-junction device and Ca_,, 2 0.01 in the flow-focusing device [88].

In the 2%AI-MIG system, when Ca, was higher than 0.031, the flow-regime
pattern changed. As mentioned earlier, jetting and tip streaming were found instead of
squeezing and dripping regimes. A turning point to the tip streaming regime that
produced monodisperse emulsion droplets also occurred at Ca, > Ca_,. From Ca, of
0.031 to 0.081, a turning point to the tip streaming regime was shown at Ca_ values from
0.037 to 0.076. However, in the water-MIG system (not shown), the flow regime pattern

changed when Ca, was higher than 0.128. A turning point to the tip streaming regime

occurred at Ca_ of 0.015 to 0.046, with Cajof 0.128 to 0.535.

4.4 Effect of flow rate ratio and viscosity ratio on the ratio of droplet size to junction size

Flow rates of the dispersed and continuous phases were controlled. Droplet size
(d,), averaged from a minimum of 100 droplets, was normalized by junction size (j). Flow
rate ratio (Q./Q,) (0.11 to 8.34) of Miglyol® 812 oil and jojoba oil and three concentrations
of alginate solution (1, 2 and 3%(w/w)) in an aqueous phase were studied. Figure 31
shows the relationship between flow rate ratio (Q./Q,) and the proportion of droplet size
and junction size (d/j). Figure 31(a) shows results under Ca, of 0.031 in the system of
2%(w/w) alginate solution and Miglyol® 812 oil in junction depth of 100 pm, in which all
droplets were in a squeezing-dripping transition and a dripping regime. Increase in the

flow rate ratio resulted in decrease in droplet size, concurring with a previous study [22].
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Droplet size decreased with increasing continuous phase flow rate when the dispersed
phase flow rate was kept constant. By contrast, when keeping the continuous phase
flow rate constant, increase in the dispersed phase flow led to increased droplet size. At
high flow rates of the continuous phase, the high shear force interrupted the dispersed
phase, resulting in breaking up into smaller droplets.

Likewise, continuous phase resistance occurred at a higher flow rate of the
dispersed phase (Ca, higher than 0.031), as shown in Figure 31(b). The bars in Figure
31 represent droplet size distribution. Narrow size distribution was found at low d /],
especially under 1. Results revealed that uniform and smaller droplet sizes were
obtained at dripping, narrowing jet and tip streaming regimes compared with the
junction size. The transition regime contained larger droplet size than the junction

droplets.

Table 6 Fluid viscosity ratios (u./u,)

Aqueous phase

Oil phase M/ Mg
Sodium alginate solution

Miglyol® 812 oil 1.42

1%
Jojoba all 1.73
Miglyol® 812 oil 0.57

2%
Jojoba ail 0.69
Miglyol® 812 oil 0.26

3%

Jojoba ol 0.31
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The graph also indicates the trend of viscosity ratio (u/u,) observed from various
concentrations of sodium alginate solution and the two types of oil (Table 6). The blue
zone in Figure 31 represents p/u, of 3%(w/w) sodium alginate droplets with Miglyol®
812 oil and jojoba oil. This showed the lowest p_/u, for monodisperse droplet production
(dy/i <1) at high Q/Q,. Higher viscosities of the dispersed fluid (lower p /u,) showed
higher flow rate of the continuous phase to maintain droplet size due to liquid flow
resistance. By contrast, higher viscosity of the continuous phase (higher p_/u,) exerted a
larger shear force on the dispersed phase and a lower flow rate was needed for droplet
production. Droplet size increased with decreasing p/u, (i.e., high p, or low p.) when
keeping Q./Q, constant. Low p_ value reduced the shear force in droplet production.

This pronounced effect of viscosity was found in every phase.
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Figure 31 Effect of flow rate ratio (Q./Q,) on droplet size (dp) normalized
by junction size (j) (a) when Ca,was lower than 0.031 and
(b) when Ca,was higher than 0.031 at different conditions.

Legends refer to dispersed phase (continuous phase)[junction size].
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4.5 Dimensionless correlation for droplet formation in the narrowing jet and tip
streaming regimes

The capillary number of the continuous phase (Ca_) that defines viscosity and
velocity is an extensive parameter that correlates droplet size in the dripping regime due
to the dominance of shear force [16]. Fitting of the experimental results and literature
data in the power law relationship is shown in Figure 32(a). The scaling power of Ca,
was observed from -0.10 to -0.40 in T-junction [30, 94, 101, 102] and -0.64 to -0.70 in
flow-focusing [103]. Our experimental results, whereby droplets formed in a flow-
focusing device, showed the power law of -0.67. Three sets of results with different
systems showed the same power law correlation. The negative power was reported due
to droplet size decreasing with the increasing capillary number of the continuous phase.
The capillary number was increased due to the increase of the continuous phase flow
rate. The high shear force of the continuous phase interrupted the dispersed phase,
resulting in breaking up into smaller droplets. However, different zones of the fitting
curve were re-done since different fluid viscosities were used in similar microfluidic
geometry. Moreover, different values were investigated because of the different fluid
properties.

Figure 32(b) shows the fitting relationship in the narrowing jet and tip streaming
regimes presented at Ca > Ca_,. Results showed that d /j was lower than 1, indicating
smaller emulsion droplets than the junction size. All systems showed the same trend in
which droplet diameter decreased when Ca_ increased. The scaling power of Ca_ was
from -1.10 to -1.80 depending on the kind of fluid. For the 2%AI-MIG system in 100 pym
junction depth, scaling powers were -0.67 for the dripping regime and -1.35 for the tip
streaming regime. However, droplet creation in the tip streaming regime occurred from
the effect of viscous forces on interfacial tension forces and from the effects of both fluid

properties and fluid force.
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Figure 32 Correlations of droplet size (dp) normalized by junction size (j)

at varied capillary number of continuous phase (Ca,) for (a) dripping and

(b) narrowing jet and tip streaming. (For interpretation of the references

in this figure legend, please refer to the web version of the article).
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The tip streaming regime was attractive due to smaller size droplets with high
production yield. However, the narrowing jet regime was also remarkable because of
droplet size distribution. Coefficients of variation (CV) of tip streaming at Q/Q, of 2.09
and narrowing jet at Q/Q, of 1.56 were 8.73 and 8.53 respectively. Both showed
monodisperse emulsion size smaller than junction size. Thus, we focused on the
correlation of these two regimes. The viscous force and interfacial tension, represented
by the capillary number, are dominant in curve creation, while the flow balance between
two phases is also crucial in stretching and leads to thread formation. As previously
discussed, viscosity is a liquid property that influences the force balance in droplet
generation. Q /Q,, u /Uy and Ca_ are used to express the dimensionless droplet size to
junction size. From the experimental results, the droplet size (dp) normalized by the
junction size (j), was expressed in terms of the dimensionless numbers Q/Q,, Y./u4 and
Ca, when a smaller emulsion droplet than the junction size (d /j under 1) was formed by

the narrowing jet and tip streaming regimes.

d]_.p _ 053 (&)—1.19 (Z_;)—1.56 (Ca,)-00? o

Figure 33 shows the droplet size (d,) normalized by junction size (j) as predicted
by the correlation fit, with 12 experiments providing over 100 data points of the two sizes
of microfluidic channels. The operation condition was performed at the dispersed phase
flow rate in the range 7 < Q, < 315 pl/min. The continuous phase flow rate in the range
156 < Q. < 137 pl/min covered Q/Q,in the range 0.17 to 8.34. Viscosity and interfacial
tension between both phases varied from 26.94 to 148.00 mPa-+s and 0.65 to 14.11
mN/m respectively. Model performance with the sum square error (SSE) of 1.09 and root
mean square error (RMSE) of 0.138 was evaluated. Errors lower than +10% were found.
Because of the tip streaming and narrowing jet regimes, a smaller emulsion size than
the junction size was formed (d /j< 1). Over this point, the droplets merged into larger

droplet sizes.
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Figure 33 Comparison of the calculated and experimental data.

Legends in the graph refer to dispersed phase (continuous phase)[junction size].

Droplet generation in the microchannel depends on various parameters.
Correlation of droplet size was reported in the squeezing regime, as shown in Table 7
since it was an initial regime. Correlation was indicated in terms of the dispersed phase
length (L) in the squeezing regime because of larger droplet size than the geometry
size. However, the droplet size was used because of smaller droplet size than geometry
size in the dripping and tip streaming regimes. The correlation of droplet size in the
narrowing jet and tip streaming regimes considered all parameters that affected the
production of droplets in microfluidic flow-focusing proposed in this study. This

correlation can be used to predict and control droplet generation at high production

rates as well as droplet size prediction.



Table 7 Droplet size correlation
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Flow regime t Correlation Reference
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Table 7 Droplet size correlation (Cont.)
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Flow regime Channel Correlation Reference
geometry
d. ) 1/2
Tip streaming Co-flow %a I\ k1/3 = 1.25Kk1/3 [&] [108]
D D v,D?
Jetting Flow-focusing P _-31 (_d) [109]
j Qc
Narrowing jet d_p
and Flow-focusing J This study

tip streaming

=053 (&)_1'19 (ﬁ)_l'% (Ca,)~003

Qq 1%}
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Chapter 5
Internal gelation of alginate microparticle prepared by emulsification and

microfluidic method: Effect of Ca-EDTA as a calcium source

Alginate, a biopolymer derived from brown seaweeds, is composed of (1-4)-
linked B—D—mannuronic (M) and @-L-guluronic acid residues (G). It is generally
recognized as a safe (GRAS) material by the US Food and Drug Administration (FDA)
[110] and is a "not specific" acceptable daily intake (ADI). It is biodegradable,
biocompatible, non-toxic, relatively low cost, soluble in water, and thermally stable,
resulting in one of the widely used biomaterials for drug delivery [111, 112], tissue
engineering [113], biomedical [114, 115] waste-water treatment [116-118], food and
supplement [119-123]. Its three-dimensional network, in which cations are interacting
with carbonyl groups of guluronate moieties, could generate an alginate matrix. The
gelation mechanism is called the "egg-box" model, which is ionotropic gelation causing
the formation of a strong thermostable material. The binding relevance for cations
increases in the following order: Mg~ << Mn*" < Zn*" < Ni*" < Co”" < Ca’’ < 8" < Ba”’

2+

< Cd”" < cu®’ < Pb”, with a higher relevance resulting in a stronger gel [124-126].
However, calcium is the most commonly used gelation agent due to its nontoxicity and
low cost. Moreover, the use of Ca is acceptable for food and pharmaceutical

applications.

The simplest and the most commonly used technique to fabricate alginate
particles for encapsulation applications is extrusion/external gelation, by which the
alginate is extruded from a nozzle. The technique is called the dripping method. The
alginate solution was extruded through a nozzle into the air phase. It became dropwise
into a gelling bath containing cations such as calcium chloride (CaCl,), the most used
ionic crosslinking agent. The gelation of alginate is highly dependent on the
concentration of the crosslinker agent. It increases entrapment efficiency and decreases
active ingredient release with increasing CaCl, [127, 128]. The alginate beads prepared

by external gelation usually are larger than 1,000 um [42] with an inhomogeneous
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structure [129]. The cations diffuse from the outside into the internal alginate phase and
form an alginate matrix, resulting in a gel-like state with the high crosslinking density of
alginate reducing in the interior and the calcium at the surface [130-133]. This was a
limitation of external crosslinking. In addition, the dense peripheral matrix inhibits the
exchange of ions between the particle core and the environment [134]. Although the
size of bead is typically highly uniform, the main limitation of extrusion/external gelation

is the large size of alginate bead, which depends on the diameter of the nozzle extruder.

In the internal gelation, also known as in situ gelation, the divalent cations are
released internally from the alginate phase. The alginate solution containing a calcium
source would emulsify into an oil phase. The calcium remains in solution but cannot
crosslink with alginate chains. By adding acid, the detachment of the complex releases
the calcium ions to react with the alginate chains. Therefore, the selection of a calcium
source for internal gelation is critical. It was reported that calcium carbonate (CaCO,)
could provide the alginate beads with more spherical, stable, and uniform than calcium
salt from oxalate, tartrate, phosphate and citrate [135]. However, mechanical and
rheological properties were dependent on CaCO, concentration. A high concentration of
CaCO, made alginate gel stiffer and denser than a low concentration [136]. In terms of
morphology, size and size distribution of alginate particles, emulsification/internal
gelation from CaCO, was better than CaCl, in emulsification/external gelation [137].
However, the suspension of CaCO, in sodium alginate solution might obstruct the

emulsification, producing particles with a board size distribution [138].

The gelation method is critical in controlling particle uniformity and crosslink
density when using divalent ions. Slower gelation produces more uniform structures and
greater mechanical properties. Moreover, internal gelation has an advantage in biphase
system in prevention of coagulation into large masses before properly hardening.
Especially in the droplet microfluidic technique which needs to use immiscible fluid to
fabricate droplet. The superior benefit of internal gelation is controlling the shape of
particle. The spherical shape will be maintained in both microparticles and

microcapsules.
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Here, we explore deeply for the first time the water-soluble calcium-
ethylenediaminetetraacetic acid (Ca-EDTA) complex as Ca” source for crosslinking
reaction via internal gelation. Production of alginate microparticles was achieved by two
methods: water in oil (W/O) emulsification and the microfluidic technique. The effect of
emulsification speed, Ca-EDTA concentration, crosslinking time were investigated in
terms of morphology, %yield, mechanical properties, rheological properties, and final
Ca content from EDX analysis for considering crosslink density. Moreover, the optimal
operating conditions in the microfluidic technique were determined to achieve best size

control of the internal gelation-alginate particles.

5.1 Mechanism of internal gelation using Ca-EDTA as a calcium source
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Figure 34 lllustration of the internal crosslink process.

The alginate particles were prepared by internal gelation which could control the
gelation by slowly releasing Ca”". Internal gelation was interested due to the crosslinking
being initiated and occurring inside the alginate droplet which overcome the problem of

clumping encountered in external gelation. Moreover, the gelation enabled the design of
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the crosslink density. We used the Ca source in the form of a water-soluble calcium-
ethylenediaminetetraacetic acid (Ca-EDTA) complex. With the chelation of Ca” with
EDTA, the ions remained in the solution but inaccessible to the alginate chains. The
superior advantage of Ca-EDTA is soluble calcium with water, which can well mix with
sodium alginate solution. In contrast, CaCO,, the most popular calcium source, has low
solubility and can hinder emulsification [138]. The dissolution of calcium source caused
a heterogeneous distribution of Ca’" inside particles, resulting in the broad size

distribution of resulting particles.

The homogenous solution could provide a uniform gel structure. The ca”’
reacted with alginate chains in a highly controlled way forming alginate gel with
excellent structure. Figure 34 shows the schematic illustration of internal crosslink using
Ca-EDTA as a calcium source. The Ca-EDTA was completely dissolved in sodium
alginate solution. The droplets of sodium alginate solution with Ca-EDTA were emulsified
as a water in oil emulsion. The emulsification and microfluidic technique were used to
form the W/O emulsion droplets. Without hydrogen ion (H"), the Ca-EDTA complex was
highly stable. Therefore, the calcium remained complexed in the solution and could not
crosslink with alginate chains. The Ca”" was released by manipulating the content of H"
by the addition of acetic acid. In the emulsification method, the acetic acid was added
after the W/O emulsification ended (Figure 24), whereas it was added to oil phase in the
process of reducing particle size in the microfluidic technique (Figure 25). Hydrogen ion
diffused to the water dispersed phase and encountered the calcium complex. The ca”’
was released immediately and alginate gel in situ formed a homogeneous gel network.
However, the H™ also competed with Ca”' to interact with the alginate chains. Thus,
manipulating acetic content in the medium phase was the key factor in the internal
gelation method [130, 132]. The experiment observed that the alginate particles were
formed at an acetic acid concentration over of 0.05%(v/v) (the concentration of acid was
calculated based on total volume of W/O emulsion). This result indicates that at a
concentration higher than 0.05%(v/v), the Ca” tended to discharge and crosslink with

the alginate chain. Finally, the alginate particles were formed via ionotropic gelation. The
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particles size was varied due to the preparation method and the conditions that were

used (Figure 35).

(a) (b) (c)

N.D. N.D. N.D.

(e) Ml 1 )

Figure 35 Optical micrographs of alginate particles prepared via emulsification method
by 2%(w/w) sodium alginate solution crosslinked with 0.1M Ca-EDTA
from the acetic acid concentration of (a) 0 %(v/v), (b) 0.005%(v/v), (c) 0.01%(v/v),

(d) 0.05%(v/v), (e) 0.1%(Vv/v), (f) 0.5%(v/v), (g) 1%(Vv/v), and (h) 2%(v/v).

5.2 Emulsification/internal gelation

The alginate particles were prepared by the emulsification gelation method.
First, the water-soluble calcium complex was dissolved in an alginate solution. Then, the
water in oil emulsion was emulsified via the shear force of the high-speed homogenizer.
Subsequently, acetic acid was added into the emulsion to the final concentration of
1%(v/v), which induced the release of Ca" from Ca-EDTA, while stirring at 400 rpm. The
release of Ca”" ions lead to crosslinking of the alginate polymer chains. The samples
were collected by centrifugal force instead of the gravity force to reduce the

coalescence of the particles at the interface between oil and water phase.

(d)
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5.2.1 Effect of emulsification speed

The effect of emulsification speed was studied in 2%(w/w) sodium alginate with
0.1M Ca-EDTA in MCT oil. The sodium alginate with Ca-EDTA solution in MCT oil was
emulsified at 400 rpm of the magnetic stirrer and at 5,000, 7,500 and 10,000 rpm of the
high-speed homogenizer for 5 min. Figure 36(a) shows the optical image of alginate
particles. Their size varied from 300 to 800 um when the magnetic stirrer at 400 rom was
used. The size of alginate particles was further reduced to 39.97 + 11.51 um when the
high-speed homogenizer at 5,000 rom was used (Figure 36(b)) due to the higher shear
force reducing the emulsion droplet. The average particle size of alginate was 42.26 +
11.46 and 52.70 £ 17.96 pym at a high-speed homogenizer of 7,500 and 10,000 rpm,
respectively. However, at the shear force higher than 5,000 rpm no size reduction of
alginate particles was found (Figure 36(c) and 36(d)). In general, the high-speed
homogenizer produced smaller particles because more energy was provided for
dispersion. However, the size of alginate particles using internal gelation was not
inversely proportional with energy input when the agitation was over 5,000 rpm. In
addition, the oil droplets in alginate particles were indicated due to the chaotic mixing
through mechanical stirrer. However, the average particles agreed with the work by
Ahmed et al., 2013 when used the magnetic stirrer, which studied the stirrer speed from
200, 400 and 600 rpm in internal gelation of CaCO,. They found that the stirring speed
was the most important parameter to control the particle size. The particles were
reduced to average size of 100 to 160 um when the high stirring speed of 600 rpm was
used [139]. The alginate particles of 103.2 + 3.5 was obtained at speed of 800 rpm
[140]. M. Alnaief et al., 2011 used a higher stirrer speed of 1,400 rpm to decrease the
alginate particles size to 75 + 10 pym [141]. However, in this work, the smaller alginate
particles without oil droplets were produced by using high-speed homogenizer at 5,000

rem. So, this speed was set to consider other parameters in next chapter.
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Figure 36 Optical images of alginate beads from samples stirred with

(a) a magnetic stirrer at 400 rpm; a high-speed homogenizer at (b) 5,000 rpm;

(c) 7,500 rpm; and (d) 10,000 rpm.

5.2.2 Effect of Ca-EDTA concentration
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The water in oil emulsion was prepared by using MCT oil as the medium phase.

The 0.1, 0.2, 0.3, and 0.5M of Ca-EDTA mixed with 2%(w/w) sodium alginate solution

were studied (Figure 37). The crosslinking time was fixed at 5 min at a magnetic stirrer

speed of 400 rpm. The isolated particles were found when the Ca-EDTA concentration

of 0.1M was used (Figure 37a). A higher concentration of Ca-EDTA increased the

aggregate particle formation due to the higher divalent ions to crosslink with alginate

chains. Higher concentrations of Ca-EDTA lead to increased aggregation of particles.

Particles at 0.2M of Ca-EDTA were partially lumped together, as presented in Figure

37(b). Finally, the particles were strongly agglomerated at 0.3 and 0.5M of Ca-EDTA

(Figure 37(c) and (d)). The high Ca”" content tends to coagulate the aggregate particles

before proper gelation.
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Figure 37 Optical micrographs of alginate particles prepared by 2%(w/w) sodium
alginate solution with (a) 0.1M (b) 0.2M (c) 0.3M and (d) 0.5M of Ca-EDTA.

The crosslink density of internal alginate particles was investigated through the
mechanical and rheological properties. The effect of changing Ca-EDTA concentration
on surface morphology was investigated by AFM measurement. AFM height images
(recorded in QI™ mode) for Ca-EDTA concentration from 0.1M, 0.2M, 0.3M, and 0.5M
are shown in Figure 38(a)-(d), respectively. The average size of surface structures,
which may be correlated with the pore size network decreased with increasing Ca-EDTA
concentration. At the same time, the increase of Ca-EDTA concentration led to lower
surface roughness with calculated roughness values of Ra = 157 + 28 nm for 0.1M, Ra =
100 £ 22 nm for 0.2M, Ra = 85 = 8 nm for 0.3M, and 66 = 23 nm for 0.5M, respectively.
As the images were recorded in QI™ mode, a force vs. distance curve was taken in
every pixel of each image. The AFM manufacturer software was used to fit all the force-

distance curves using a Sneddon model for indentation with a pyramidal tip, to obtain an



72

apparent Young’'s modulus (E__ ). As the mechanical response of the alginate particles

aop)
in indentation is not fully elastic, the modulus obtained by this fit procedure cannot be
taken as Young's modulus and we therefore call it apparent Young's modulus.
Increasing Ca-EDTA concentration increased E_ . The E_ values were calculated as
averages of all pixels from 5 images recorded for different particles. The E,  of 3.4 + 0.5
kPa, 31.0 + 2.3 kPa, and 111 + 24 kPa were obtained for 0.1M, 0.2M, and 0.3M Ca-
EDTA concentration, respectively. At 0.56M Ca-EDTA, we observed large variation of
E.oor With an average E_  of 74 + 30 kPa for isolated particles and values of up to 2.2
MPa for particle agglomerates. Although the higher E_  showed a higher crosslink
density, the large distribution of E_  was gained due to the aggregated particles at 0.3M
(Figure 37(c)) and 0.5M (Figure 37(d)) Ca-EDTA concentration.

The mechanical properties of alginate particles were also investigated through
rheological measurements. The experiments were carried out in both strain and
frequency sweep mode. Storage modulus (G') and loss modulus (G") represent the
elasticity and viscosity of the materials, respectively. Figure 39(a) presents the strain
dependence at the frequency of 1 Hz of the G', G", and phase angle delta, for internal
gelation of alginate particle at Ca-EDTA concentration of 0.1M. G' was constant from
%strain of 0.1 to 90 and decreased after 100 %. At low strain amplitude, G' was
independent of strain amplitude, which showed that the particle structure was entirely
reversible. The results represented that the deformation of particles could occur at high
strain (over 100 %strain). It can be noted that, under the strain of 90%, the deformation
of the network structure was completely reversible. However, over 90% of strain, the
deformation was no longer reversible. All samples showed the same results, which
indicated all these samples behaved like viscoelastic materials at high strain. The
rotational speed dependence of G' and G" was plotted at various Ca-EDTA
concentrations (Figure 39(b)). All samples revealed larger G' than G", which indicated
that these samples showed elastic behavior predominated over their viscous behavior
for lower strain and all frequencies studied. Increasing Ca-EDTA concentration

increased the G' at all frequency up to 100 Hz while G” was hardly influenced, which
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showed an increase in rigidity of the material. An increase in Ca-EDTA resulted in higher
stiffness because higher concentration of Ca”" allowed more rapid ion diffusion. This
encouraged the formation of alginate matrix and generated a dense and rigid structure
of alginate particles. This agrees with a previous study which used Ca’" from carbonate

source [142, 143].

770 nm 508 nm

[um]

0nm 0nm

471 nm = 347 nm

0nm

Figure 38 AFM height images of alginate particles prepared by 2%(w/w) sodium
alginate solution with (a) 0.1M (b) 0.2M (c) 0.3M and (d) 0.5M of Ca-EDTA.
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Figure 39 Rheological characterization of internal gelation of 2%(w/w) alginate particles
(a) strain dependence when Ca-EDTA of 0.1M

(b) frequency dependence at different concentration of Ca-EDTA.
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5.2.3 Effect of crosslinking time

Internal gelation of alginate with Ca-EDTA particles were prepared. After
collected samples and redispersed with water, the alginate particles were air-dried on
filter paper for 24 h at room temperature. %Yield was carried out via the ratio of dry
weight of the alginate particles (W ) and initial weight (W). The %yield of internal
gelation of 2%(w/w) alginate particles crosslinked with 0.1M Ca-EDTA was studied at the
optimum concentration in different crosslinking times. %Yield of 76.62 + 1.23, 75.75 +
2.47,74.13 £ 1.05, and 66.46 + 3.29 was obtained for crosslinking time of 1, 3, 5, and 10
min, respectively. The results showed that the %yield tended to decrease with
increasing crosslinking time. High crosslinking time caused particles to lump together
around the beaker rim due to the aggregation of crosslinked particles. This could be
explained by the expansion of crosslinking reaction between Ca’" and the COO of
alginate chains as the crosslink time increased. The crosslinking time did not
significantly influence on the morphology but more on rheological properties. The
frequency dependence of internal gelation of 2%(w/w) alginate particles crosslinked
with 0.1M Ca-EDTA at different crosslinking time is shown in Figure 40. The G” had
almost the same value from crosslinking time from 1 to 10 min while G' increased with
increasing crosslinking time from 1 to 5 min, then decreased at the crosslinking time of
10 min. As mentioned earlier, a larger shear modulus indicated denser particles. The
highest shear modulus appeared at crosslinking time of 5 min, which meant the most
rigid particles were generated at that time. From the results, the optimum crosslinking
time was 5 min when the alginate particles had the most rigid structure and still got a
high %yield. The optimum crosslinking time was significantly lower than that of alginate
beads prepared via external gelation with the optimum crosslinking time of 110 min
[144]. The lower time needed might be due to the preparation method and the size of

alginate particles.
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Figure 40 Effect of crosslinking time on frequency dependence of G’ and G” of 2%(w/w)

alginate particle crosslinked with 0.1M Ca-EDTA at different crosslinking time.

5.2.4 Internal and external crosslink

The dripping method has been widely used due to the simple equipment
required for bead production. Although the size of the beads depended on the nozzle,
most of the beads produced had the size in millimeter scale. SEM was used to
investigate the physical morphology and surface structure of alginate beads and
particles. Figure 41(A1-D1) displays the SEM images at the original magnification of 75k
from dripping method, which indicated that the original alginate beads had the average
size of 2 mm. All beads were air-dried for overnight and coated with gold using a sputter
coater. After drying, the beads reduced to average size of 500 um. The surface
morphology of all beads was examined at magnification of 10,000x to show more
details, as shown in Figure 41(A2-D2). The beads of 2%(w/w) sodium alginate with 0.1M
of Ca-EDTA were dripped in MCT oil containing 1%(v/v) acetic acid with the crosslinking
time of 5 min. The morphology of this internal gelation bead was shown in Figure 41(A1)
illustrating a smooth and clear surface feature as shown in Figure 41(A2) due to the

crosslinks interacted from the internal. Compared with the bead generated from the
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external gelation, which used 2%(w/w) alginate solution dripped to 0.037M CaCl,
solution, a rough of surface morphology was indicated in Figure 41(B1) and (B2). The
roughness was caused from the rapid crosslinking of Ca”" from CacCl, at the interface.
Increasing of CaCl, concentration to 0.074M and 0.185M increased the roughness at the
surface of the beads as presented in Figure 41(C1) and (D1), respectively. The surface
morphology of beads was obviously craggy as shown in Figure 41(C2) and (D2)
because the crosslinks of external gelation started at periphery of the bead which
exhibited inhomogeneous structure. Ca’" was also higher at the surface than in the
center. On the contrary, internal gelation showed a homogeneous structure due to its
more homogeneous release of Ca”' [145, 146]. The smooth surface morphology of the
internal gelation might contain a looser network at the surface than that under the rough

surface of the external gelation [147, 148].
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Figure 41 SEM image of (A)-(D) alginate beads which (A1),(A2) internal gelation of
Ca-EDTA of 0.1M; (B1),(B2) external gelation at 0.037M, (C1),(C2) 0.074M,
and (D1),(D2) 0.185M of CaCl,; alginate particles which (E1),(E2) internal gelation of
0.1M Ca-EDTA,; (F)-(H) internal gelation of 0.1M Ca-EDTA and, then external gelation
at (F1),(F2) 0.037M, (G1),(G2) 0.074M, and (H1),(H2) 0.185M of CaCl,.

The internal gelation via emulsification method reduced the alginate particles
size to 39.97 + 11.51 ym when using 5,000 rpm speed of the homogenizer. The 2% (w/w)
sodium alginate which internal crosslink with 0.1M Ca-EDTA showed the least
aggregation between the particles was used as the control particles. The morphology
was investigated by SEM as shown in Figure 41(E1). The smooth and clear surface
morphology (Figure 41(E2)) also found even if the different size of particles was
prepared. Figure 41(F1-H1) show morphologies of the internal gelation, which prepared

first at the above conditions followed by an external gelation with different concentration
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of CaCl, solution for 60 min and washed with water. The control particles dispersed in
water were used at 1:1 ratio with CaCl, solution at 0.037M, 0.074M and 0.185M. The
particles displayed edges more clearly with increasing CaCl, concentration. The
roughness on the surface of particles was apparent when using CaCl, at 0.074M (Figure

41(G2)) and 0.185M (Figure 41(H2)).

441 nm

Figure 42 AFM height images of internal gelation of
2%(w/w) alginate particles crosslinked with 0.1M Ca-EDTA
and then external gelation with CaCl, at (a) 0.037M (b) 0.074M and (c) 0.185M.

Although the surface morphology from SEM was not significant, the AFM height
image showed a drastically different. Figure 42 presents the AFM height images of
internal gelation of 2%(w/w) alginate particles crosslinked with 0.1M Ca-EDTA and then
external gelation with CaCl, at different concentration. Compared to only internal
gelation with 0.1M Ca-EDTA (Figure 38(a)), the pore size of crosslinking network
decreased when had an external crosslink with CaCl, (Figure 43(a-c)). The mean
roughness values of Ra = 156.74 + 28.25 nm for only internal gelation with 0.1M Ca-
EDTA and decrease to 101.31+ 10.62 nm for internal and then external gelation with
0.037M CaCl,, 83.63 * 6.84 nm for 0.074M CaCl,, and 63.10 = 6.10 nm for 0.185M CaCl,
were obtained. The E_  also increased with an increasing of calcium concentration for
double gelation. The internal gelation with 0.1M Ca-EDTA had the E,  of 3.4 £ 0.5 kPa

as mentioned earlier. The E,  increased to 53 + 10 kPa for external gelation with 0.037M
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CaCl,, 66 + 15 kPa for 0.074M CaCl,, and 75 + 24 kPa for 0.185M CaCl,. The results

indicated the high crosslink density was obtained by increasing calcium concentration.
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Figure 43 (a) Frequency dependence of G’ and G” and (b) tan & of internal gelation of

2%(w/w) alginate particles crosslinked with 0.1M Ca-EDTA

and then external gelation with CaCl2 at different concentration ;

Legends refer to (Ca-EDTA concentration) [CaCl2 concentration].
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The rheological properties show in Figure 43. Compared to internal and then
external gelation by CaCl, solution, only internal gelation indicated the lower G’ and
higher G” which shows fewer rigid particles were obtained (Figure 43(a)). However,
compared in only double-gelation, the G' was higher at all frequency when increasing of
CaCl, concentration while G” was quite constant. The double-gelation via external
gelation after internal gelation enhanced the surface strength of the internal particles.
The particles were more rigid because of the increase of Ca’*, which promoted the
formation of alginate matrix. The results point out in Figure 43(b) that the loss tangent
(tan 5) which shows the ratio of loss modulus to storage modulus of only internal
gelation was higher than double-gelation. The higher tan O indicated that the softer
particles were obtained. However, comparing particles from only internal gelation, the G'
profile of double-gelation showed more stable matrix of alginate particles from

frequency of 1 to 100 Hz.
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Figure 44 EDX analysis of (a) internal gelation of 2%(w/w) alginate particles crosslinked
with 0.1M Ca-EDTA (b) 2%(w/w) alginate particles crosslinked with 0.1M Ca-EDTA
and then external gelation with 0.185M CaCl,, and %Weight of Ca on (c) internal
gelation of alginate particles prepared by 2%(w/w) sodium alginate solution at different
Ca-EDTA concentration (d) the 2%(w/w) sodium alginate which internal crosslink with

0.1M Ca-EDTA and then external gelation at different concentration of CaCl,

The alginate particles were analyzed to determine calcium distribution by Field
Emission Scanning Electron Microscope (FE-SEM) equipped with an Energy Dispersive
X-Ray Spectrometer (EDX). EDX analysis in the point mode confirmed that the alginate
particles contained calcium as shown in Figure 44(a) and (b). The results of %Ca were
identified from calcium, carbon, and oxygen content. The peak of gold was not

considered because it was from the coating layer of the samples. The %weight of Ca on
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alginate particles prepared via internal gelation by 2% (w/w) sodium alginate solution at
different Ca-EDTA concentrations was displayed in Figure 44(c). Figure 44(d) shows
%weight of Ca of the 2%(w/w) sodium alginate which internal crosslink with 0.1M Ca-
EDTA and then external gelation at different concentrations of CaCl,. An increase of Ca-
EDTA or CaCl, concentration increased the %weight of Ca of particles due to the
increased number of Ca’". The results agreed with the mechanical and rheological
properties as mentioned earlier because increasing crosslinking agent increased the

strength of particles due to the denser crosslinking network.

5.3 Microfluidic/internal gelation

The microfluidic technique has attracted attention in droplet production because
of controllable droplets production. Generally, alginate particles can be produced by
emulsification of an alginate solution in an oil phase and then ionic crosslinking with
divalent ions in a gelling bath. The reaction could form at the interface between oil and
water phase. Drawbacks of the technique included the irregular shape of particles, the
clogging in the channel, and the crosslinking network at the interface while particle
collecting [149, 150]. To solve these problems, the internal gelation, which Ca”" could
not interact with the alginate chain, was investigated.

Microfluidics mainly composed of two streams, continuous phase, and
dispersed phase. The alginate particles which created from water in oil phase emulsion
was generated by using 2%(w/w) sodium alginate solution with 0.1M Ca-EDTA as a
dispersed phase whereas MCT oil with 1%(v/v) acetic acid was used as the continuous
phase. The optimum condition of crosslinking was obtained from emulsification/internal
gelation in previous study. The flow rate of each phase was control in a range of
narrowing jet and tip streaming regime since the high yield of monodispersed droplets
were obtained [90, 108, 151]. Droplets were collected by MCT oil which was stirring.
After droplet collecting, the sample was washed with water as well as emulsification
method. Alginate particles, which use Ca-EDTA of 0.1, 0.2, 0.2 and 0.5M, were

successfully prepared as shown in Figure 45. A higher concentration of Ca-EDTA
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tended to create aggregate particles due to the higher Ca’‘could interact with the

alginate chain. The results were consistent with the emulsification method.

(@) (b)

200 Hm 200 pm

(c) | | (@ SR

200 pm 200 ym >

Figure 45 Optical micrographs of alginate particles prepared via microfluidic method
by 2%(w/w) sodium alginate solution with

(@) 0.1M (b) 0.2M (c) 0.3M and (d) 0.5M of Ca-EDTA.

In narrowing jet and tip streaming regime, the particle size of alginate particles
could control by both of fluid properties and operating condition. In case of keeping the
fluid properties constant, the flow ratio which is the operating condition was the key
factor. The experimental images of fluid characteristic in microfluidic channel at flow rate
ratio (Q/Q,) 1.72, 2.09, and 2.50 was shown in Figure 46(a), (b), and (c), respectively.
An increase in the flow rate ratio resulted in a decrease in droplet size. The high shear
force was found at the high flow rate of the continuous phase, causing interruption of the

dispersed phase to break up into smaller droplets. The W/O emulsion size of 71.43 +
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6.66 um (Figure 46(d)), 55.66 + 4.13 um (Figure 46(e)), and 41.64 = 3.25 um (Figure
46(f)) were found at Q/Q, 1.72, 2.09, and 2.50, respectively. The result of the w/o
emulsion size was agreed well with the predicted correlation of droplet size in narrowing
jet and tip streaming regime in Eq. 6 [151].

The alginate particles form a complex matrix in which the spaces between
polymeric chains could be filled with water molecules. So, the particle size of alginate
particles in the water phase could increase. The alginate particles size could raise to
107.71 + 8.47 pm (Figure 46(g)), 70.48 + 4.22 um (Figure 46(h)), and 47.35 + 3.78 um
(Figure 46(i)) were found at Q./Q, 1.72, 2.09, and 2.50, respectively. The coefficient of
variation (C.V.) from the microfluidic technique in both emulsion size and particles size
were found to be below 10%. The results verified the monodispersity since the C.V. was
smaller than 10%, which was the standard criterion for monodispersity [96-98] while the
alginate particles from emulsification method showed the C.V. of 28.80%. Therefore, the
microfluidic method could provide controllable particle sizes and monodispersed

particles.
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Chapter 6
Fabrication of single- and multipled-core-shell of alginate microcapsules

via microfluidic flow-focusing

Core-shell microparticles are particles that are composed of two or more
different material layers. One forms the inner core, and the others make the outer layer
or shell. The composite material that has different characteristics and properties which
not achievable by individual materials can combine into the core-shell structure. So, this
type of structure has numerous potential for the development of encapsulation in many
fields such as the food industry [152], agriculture [153], cosmetics [154, 155], and
pharmaceutics [156, 157]. Moreover, encapsulation of hydrophobic components that
are water-insoluble has attracted increasing interest, since many active components are
water-insoluble. Shell materials can be selected according to the particular application.
The main purpose of the shell is to enhance the controlled release, protect chemically
active components in the core against oxidative degradation, and increase
biocompatibility. Alginate is well-known material due to its favorable properties,
including biocompatibility, biodegradability, low toxicity, and low cost. This makes
alginate one of the most suitable materials used as the shell in the design of

encapsulation systems.

The alginate microcapsules which contain the oil phase inside offer excellent
compartmentalized structures for encapsulation. The shell of microcapsules provides a
matrix structure for protecting the components and controlling their release. Typically,
the core-shell alginate microcapsules were produced by co-extrusion using vibration or
electrostatic force [158, 159]. The limitation was the size of the particle. Two-stage
emulsification process using an inverse gelation technique was also used [160, 161].
However, most of the oil used the during process was not encapsulated and could not
be recovered. Compared with microfluidic technique, emulsification method is

associated with low batch-to-batch reproducibility, lack of precise control over process
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parameters and high material and energy consumption. While the droplet size from
microfluidic technique can be finely tuned by adjusting the flow rate of dispersed and
continuous phase. The uniform droplet size could be obtained. Many glasses capillary
microfluidic devices have fabricated to prepare double emulsion which is the template
of core-shell microcapsules. The two round glass capillaries were inserted coaxially into
the glass square tube was fabricated for preparation of core-shell droplets [61, 162,
163]. The device with two circular capillaries for injection and collection was also
developed [164-166]. The glass capillaries device with a little difference in shape and
surface modification were employed for production multiple emulsion drop [44, 165].
However, the limitation of capillary microfluidic is the production specificity. While the
flow-focusing type is flexible and has a versatile process that allows for the generation of
microemulsion with two, three, or even more cores. Liao et al. [167] used the two flow-
focusing device to fabricate cell-laden calcium alginate microbead. Cells were firstly
encapsulated in sodium alginate droplet, and then entrapped in oil droplet to form
double emulsion. The water in oil in water (W/O/W) double emulsion strategy could help
to improve their cell viability. The gas in water in oil (G/W/O) double emulsion also were
studied in flow-focusing device [168]. The flow-focusing pattern was used to generate
the porous polyacrylamide hydrogel microspheres in both single-core and multiple-core.

Also, the high-order multiple emulsion could prepared in flow-focusing device [169].

P2 P3

Oil droplet +
Active agent

P1

~~~ Alginate

Microfiuidics Droplet model

Figure 47 Schematic of core-shell microcapsule fabrication

using microfluidic flow-focusing.
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Thus, this chapter presents the fabrication of alginate microcapsules using
microfluidic flow-focusing. Microcapsules were fabricated from continuously connected
two flow-focusing microfluidic chips as shown in Figure 47. The core-shell
microcapsules develop from oil in water in oil (O/W/O) double emulsions containing oil
internals for encapsulating hydrophobic components. The first chip was hydrophilic
coating with 100 um etch depth and the second chip size was hydrophobic with 190 pym
etch depth. The first chip would produce an O/W emulsion which has an oil phase as a
dispersed phase and a water phase as a continuous phase. The oil phase could contain
any active ingredient in the hydrophobic part which would be the core of the
microcapsule. While the water phase (continuous phase) was an alginate solution and
crosslinking agent of Ca-EDTA. The 2%(w/w) alginate solution with 0.1M Ca-EDTA was
used. The product from the first chip would be dispersed phase of the second chip. The
continuous phase was an oil phase in the second chip to produce O/W/O emulsion.
Alginate microcapsules were fabricated in the second microfluidic chip via the internal
gelation method. Firstly, acetic acid of 0.1%(v/v) which was added in the continuous
phase diffused into the dispersed phase, leading to Ca’" to be released from the Ca-
EDTA complex. Then, the release Ca*" was crosslinked with the alginate polymer to form
calcium alginate hydrogel. This method could help maintain the morphology of the
particles. The core-shell microcapsules which alginate as the shell and have an oil
phase as the core was generated. In this experiment, alpha-mangostin was used as a
model drug in an oil phase. The fluorescence dye of green from coumarin6 was used in
the oil phase and red from rhodamine6G was used in the water phase for clear
observation. The surfactant span®80 and tween®20 were added for stabilization in the oil
phase and water phase, respectively. From now on, P1, P2, and P3 represent the
dispersed phase and continuous phase of the first chip and the continuous phase of the
second chip, respectively. Also, the Q,, Q,, and Q, represent the dispersed phase and
continuous phase flow rate of the first microfluidic chip and the continuous phase flow

rate of the second microfluidic chip, respectively.
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6.1 Effect of flow rate on droplet regime

The effect of Q,, Q,, and Q, on transitions of droplet generation regimes have
been investigated. The first chip would produce an O/W emulsion which has an oil
phase as a dispersed phase and a water phase as a continuous phase. The oil phase
contained alpha-mangostin as a model drug. While the water phase (continuous phase)
was 2%(w/w) alginate solution and crosslinking agent of 0.1M Ca-EDTA. The transition
between different regimes in the first microfluidic chip occurred by changing dispersed
and/or continuous phase flow rates as shown in Figure 48. Five regimes of fluids were
investigated at low flow rates (Q, from 2.1 to 5.2 pl/min and Q, from 0.5to 7.1 pyl/min at a
constant Q, of 1.2 pl/min). The co-flow was firstly observed. When the flow rate of the
continuous phase was increased, the dispersed fluid was deformed to the squeezing
regime. Then, the transition, the dripping, and the reverse regime were respectively

found when the continuous phase flow rate was raised [151].

Z-V.IIIIIIXXXXXXX
YV e e B B B B B B X X X X v Co-flow
§3_xvvvvvoo "TEEERE * Squeezing
"—E_ X X X VYV Vo oo EE RN = Dripping
5-4—xxxxVVVVVoooo-- Transition
XX X XXV VYV VVV o oo x Reverse
5-XXXXXXVVVVVOOOC
T T T
0 2 4 6

Q, (ul/min)

Figure 48 Flow regime of MCT oil in 2%(w/w) alginate droplets at various flow rate of
dispersed phase (Q,) and continuous phase (Q,) in first chip

(at constant Q, of 1.2 pl/min).
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As mentioned in chapter 4, monodisperse droplets could be produced in a
squeezing and dripping regime at a low flow rate and narrowing jet and tip streaming at
a high flow rate. So, core-shell microcapsules with uniform sizes could be created in
these regimes. Figure 49 presents the flow regime in the first chip which produced O/W
droplets at constant Q, of 2.6 pl/min. The results indicated that monodisperse O/W
droplets would be generated at Q, of 1.4 — 5.2 pl/min which was the squeezing and
dripping regime (Figure 49(a)). Then, the droplets in the second chip would be focused.
The O/W emulsion from the first chip would be the dispersed phase of the second chip.
The MCT oil was used as the continuous phase for the second chip. The flow regime of
the second chip showed the same pattern (Figure 49(b)) as the first chip which
transition between different occurred by changing dispersed and/or continuous phase
flow rates. The co-flow has initially occurred in which O/W/O droplets could not generate
in this regime (Figure 50(a)). When the flow rate of the continuous phase was increased,
the dispersed fluid was deformed to the squeezing regime (Figure 50(b)). Figure 50(c)
displays the squeezing-dripping transition which occurred due to an unstable force
balance. Finally, the dripping regime which forms uniform particles was investigated
(Figure 50(d)). However, at high flow rate (above the Ca, of 0.031), the regime pattern
was changed. The widening jet, narrowing jet, and tip streaming regimes were found
instead of squeezing and dripping regime. The fluid thread ejected from the dispersed
channel which was the widening jet regime (Figure 51(a)) and became polydisperse
droplets due to Rayleigh-Plateau instability. The narrowing jet regime (Figure 51(b))
occurred when the viscous force of the continuous phase predominated over the
capillary force. Then, a very thin jet was dragged and broken up into tiny and uniform
droplets as in the tip streaming regime (Figure 51(c)). The regime pattern was consistent

with the results in chapter 4.
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(b) O/W/O droplets in second chip at various flow rate (at constant Q, of 2.6 pl/min).
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Figure 50 Experimental images of fluid characteristics in a microfluidic channel
at different continuous phase flow rate of second chip (Q,) which
(a) Q,= 1.2 pl/min; co-flow, (b) Q,= 2.1 pl/min; squeezing,
(c) Q,= 4.1 pl/min; transition, and (d) Q, = 6.2 yl/min; dripping
(at Q, of 2.6 pl/min and Q, of 3.3 pl/min in a junction depth of 190 um).

Figure 51 Experimental images of fluid characteristics in a microfluidic channel

at different continuous phase flow rate of second chip (Q,) which (a) Q,= 17.6 pl/min;
widening jet, (b) Q,= 51.8 pl/min; narrowing jet, and (c) Q,= 86.0 pl/min; tip streaming
(at Q, of 10.4 pl/min and Q, of 18.8 pl/min in a junction depth of 190 pum).
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6.2 Effect of the dispersed phase flow rate of the first microfluidic chip (Q,)

As mentioned earlier, under Ca, of 0.031, the regimes which could produce
monodisperse droplets were squeezing and dripping [151]. Therefore, microcapsules
preparation under Ca, of 0.031 would be focused on these two regimes. Effect of the
dispersed phase flow rate of the first chip (Q,) when keeping Q, at 3.3 and Q, at 8.8
pl/min is shown in Figure 52. Increasing Q, which increased the O/W emulsion droplets
due to the high dispersed phase flow rate resisted the shear force of the continuous
phase. The fluid characteristic inside the channel is displayed in Figure 52(A1-E1).
Figure 53 shows the results which indicated that the core size of the microcapsule
increased with an increase in Q,. However, at Q, of 2.1 pl/min, the dispersed phase flow
rate of the second chip was too slow to create the droplet due to the slack flow rate in
the first chip which shows the transition regime in Figure 52(A2). The irregular shape like
bullet microcapsules was produced as shown in Figure 52(A3). The microcapsules were
formed as singled-core-shell when Q, of 2.6 to 3.6 pl/min (Figure 52(B3-D3)) which was
produced from the dripping regime in Figure 52(B2-D2). The shell size of microcapsules
was nearly constant at 130 - 140 ym. The thickness of singled-core-shell microcapsules
was 59.10, 55.68, and 19.01 ym at Q, at 2.6, 3.1, and 3.6 pl/min, respectively. However,
when Q, reached 4.2 ul/min, the shell size was still constant while the core increased,
and the smaller shell was unable to contain the bigger core. The core turned inside out

from the shell as presented in Figure 52(E3).
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Figure 52 Experimental images of fluid characteristics in (A1-E1) the first microfluidic

chip, (A2-E2) the second microfluidic chip, and (A3-E3) core-shell-microcapsules
micrograph at constant Q, of 3.3 and Q, of 8.8 pl/min

which Q, of (A1, A2, A3) 2.1 pl/min, (B1, B2, B3) 2.6 pl/min, (C1, C2, C3) 3.1 pl/min,
(D1, D2, D3) 3.6 pl/min, and (E1, E2, E3) 4.2 yl/min.
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Figure 53 Effect of the dispersed flow rate of the first microfluidic chip (Q,) on core and

shell diameter of microcapsules at constant Q, of 3.3 and Q, of 8.8 pl/min.
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Above the Ca, of 0.031, the narrowing jet and tip streaming would be focused
instead of a squeezing and dripping regime due to the potential of tiny and
monodisperse droplets producing. The effect of Q, was studied when keeping Q, and
Q, constant at 3.3 and 8.8 pl/min, respectively. The too low dispersed phase flow rate
was the cause of the reverse regime (Figure 54(A1)). Microcapsules could not be
produced at this stage (Figure 54(A2 and A3)). Increasing Q, increased the O/W
emulsion droplets in the first chip. The fluid characteristic inside the channel is
displayed in Figure 54(B1-D1). However, raising Q, in the high flow rate range also
affected fluid characteristics in the second channel. The shell was increased by
increasing Q, due to the high dispersed phase flow rate resisted the continuous phase.
The results affected the core and shell size of microcapsules (Figure 55). The singled-
core-shell microcapsules with the thickness of 79.31 and 42.83 ym were investigated at
Q, at 10.4 and 15.6 pl/min, respectively. At Q, of 20.8 pl/min, the bigger cores were
unable to contain in the smaller shells which make some cores turn inside out from the

shell (Figure 54(D3)).
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Figure 54 Experimental images of fluid characteristic in (A1-D1) the first microfluidic

chip, (A2-D2) the second microfluidic chip, and (A3-D3) core-shell-microcapsules
micrograph at constant Q, of 18.8 and Q, of 86.0 pl/min
which Q, of (A1, A2, A3) 5.2 pl/min, (B1, B2, B3) 10.4 pl/min,
(C1, C2, C3) 15.6 pl/min, and (D1, D2, D3) 20.8 pl/min.
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Figure 55 Effect of dispersed flow rate of the first microfluidic chip (Q,) on core and shell

diameter of microcapsules at constant Q, of 18.8 and Q, of 86.0 ul/min.
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6.3 Effect of the continuous phase flow rate of the first microfluidic chip (Q,)

Under Ca, of 0.031, the effect of the continuous phase flow rate of the first chip
(Q,) when keeping Q, of 2.6 and Q, of 8.8 pl/min is shown in Figure 56. The Q, affected
both droplets from the first and the second channel. Increasing Q, decreased the O/W
emulsion droplets due to the high continuous phase flow rate resulting in high shear
force which can interrupt the dispersed phase and break up into smaller droplets. The
fluid characteristic inside the first channel is displayed in Figure 56(A1-E1). Figure 57
shows the results which indicated that the core size of the microcapsule decreased with
an increase in Q,. The bigger shell was affected by the high Q, which makes a high flow
rate in the dispersed phase in the second channel. As mentioned earlier, the high
dispersed phase flow rate could resist the shear force of the continuous phase which
produces the bigger droplets. The microcapsules were formed as singled-core-shell
(Figure 56(A3-E3)) which was produced from the dripping regime in Figure 56(A2-E2).
The thickness of microcapsules was 22.70, 25.23, 38.57, 59.10, and 63.10 ym at Q, of

1.9, 2.4, 2.8, 3.3, and 3.8 ul/min, respectively.
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Figure 56 Experimental images of fluid characteristic in (A1-E1) the first microfluidic

chip, (A2-E2) the second microfluidic chip, and (A3-E3) core-shell-microcapsules
micrograph at constant Q, of 2.6 and Q, of 8.8 pl/min
which Q, of (A1, A2, A3) 1.9 pl/min, (B1, B2, B3) 2.4 pl/min,
(C1, C2, C3) 2.8 pl/min, (D1, D2, D3) 3.3 pl/min, and (E1, E2, E3) 3.8 pl/min.
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Figure 57 Effect of continuous flow rate of the first microfluidic chip (Q,) on core and

shell diameter of microcapsules at constant Q, of 2.6 and Q, of 8.8 pl/ml.
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Above the Ca, of 0.031, the narrowing jet and tip streaming would be focused
instead of a squeezing and dripping regime. The effect of Q, was studied when keeping
Q, and Q, constant at 10.4 and 86.0 upl/min, respectively. The Q, also affected both
droplets from the first and the second channel. Increasing Q, decreased the core size
(Figure 59). The fluid characteristic inside the first channel is displayed in Figure 58(A1-
E1). Figure 58(A2-E2) represents the fluid characteristic inside the second channel.
However, the bigger cores were unable to contain in the smaller shells which make the
cores turn inside out from the shell at Q, of 9.4 to 11.8 pl/min (Figure 58(A3-B3)). The
singled-core-shell microparticles were obtained with the thickness of 41.10, 65.95, and

79.31 pm at Q, of 14.1, 16.5, and 18.8 pl/min, respectively (Figure 58 (C3-E3)).

Figure 58 Experimental images of fluid characteristic in (A1-E1) the first microfluidic

chip, (A2-E2) the second microfluidic chip, and (A3-E3) core-shell-microcapsules
micrograph at constant Q, of 10.4 and Q, of 86.0 pl/min
which Q, of (A1, A2, A3) 9.4 pl/min, (B1, B2, B3) 11.8 pl/min,
(C1, C2,C3) 14.1 pl/min, (D1, D2, D3) 16.5 pl/min, and (E1, E2, E3) 18.8 ul/min.
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Figure 59 Effect of continuous flow rate of the first microfluidic chip (Q,) on core and

shell diameter of microcapsules at constant Q, of 10.4 and Q, of 86.0 pl/min.

6.4 Effect of the continuous phase flow rate of the second microfluidic chip (Q,)

The effect of the continuous phase flow rate of the second chip (Q,) when
keeping Q, at 2.6 and Q, at 3.3 pl/min is shown in Figure 60. Under Ca, of 0.031, the Q,
did not show a significant effect on O/W emulsion in the first channel which made the
core have an average size of 70-90 ym. However, Q, showed a major effect to shell
size. At Q, of 3.3 pl/min indicated the squeezing regime (Figure 60(A1)) which the shell
was big enough to contain the multiple cores as presented in Figure 60(A2). When Q,
increased, the size of the shell size was decreased due to the higher shear force of the
continuous phase over the interfacial force (Figure 61). The singled-core-shell
microcapsules were obtained at Q, of 8.8 pl/min. The average shell size was 130.70 +
5.81um and the core size was 71.60 = 2.21 pym. Thus, the thickness of singled-core-shell
microcapsules was 59.10 pm (Figure 60 (E2)). It can be said that Q, is the key factor to
control the number of core-shell microcapsules. Figure 62 presents the confocal laser
scanning microscopy (CLSM) images to confirm the core-shell microcapsule structure.
The fluorescence dye of red from rhodamine6G was used in the alginate solution phase

which was the shell of the microcapsule (Figure 62 (A2, B2, C2)). The core of the
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microcapsules which was the oil phase was added by green color from coumarin6

(Figure 62 (A3, B3, C3)). Figure 59(A4) shows the combined color of the core and shell

of the microcapsule at Q, of 3.3 pl/min which indicated the multipled-core-shell

microcapsule. The number of the core in one shell decreased when increase in Q, to 6.0

pl/min (Figure 60(B4)). The singled-core-shell was obtained at Q, of 8.8 pl/min (Figure

60(C4)).
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Figure 60 Experimental images of fluid characteristic in (A1-E1) the second microfluidic

chip, and (A2-E2) core-shell-microcapsules micrograph at constant Q, of 2.6 and

Q, of 3.3 pl/min which Q, of (A1, A2) 3.3 pl/min, (B1, B2) 4.6 pl/min,

(C1, C2) 6.0 pl/min, (D1, D2) 7.4 pl/min, and (E1, E2) 8.8 pl/min.
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Figure 61 Effect of continuous flow rate of the second microfluidic chip (Q,) on core and

shell diameter of microcapsules at constant Q, of 2.6 and Q, of 3.3 pl/min.
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Figure 62 Confocal laser scanning microscopy (CLSM) images of core-shell
microcapsules at constant Q, of 2.6 and Q, of 3.3 pl/min which Q, of (A1-A4) 3.3 pl/min,
(B1-B4) 6.0 pl/min, and (C1-C4) 8.8 ul/min; (A2, B2, C2) images from rhodamine 6G with

excitation at 559 nm and emission at 570-670 nm and (A3, B3, C3) images

from courmarin6 with excitation at 473 nm and emission at 490-590 nm.

Above Ca, of 0.031, the effect of Q, was studied when keeping Q, and Q,
constant at 10.4 and 18.8 pl/min, respectively. The Q, still did not show a significant
effect on droplet in the first channel which made the core have an average size of 20-40
pum. However, Q, showed a higher impact on shell size than core size. The widening jet
regime was investigated when Q,was 17.6 to 34.4 pl/min (Figure 63(A2 and B2)). The
shell size of 379.07 + 54.31 and 220.68 + 43.47 um were obtained at Q,was 17.6 and
34.4 pl/min, respectively (Figure 63(A3 and B3)). The smaller size than junction size of
droplet was obtained in narrowing jet regime which showed at Q, of 51.8 to 68.9 pl/min
(Figure 63(C2 and D2)). The average of shell size was 128.61 + 10.81 and 113.00 + 9.85
pum at Q, of 51.8 and 68.9 pl/min, respectively. When Q, reach to 86.0 pl/min, the tiny

and uniform droplet from tip streaming regime were acquired (Figure 63(E2)). The shell
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with average size of 100.28 + 8.89 ym was obtained. The CV of droplets from Q, of 51.8,
68.9, and 86.0 pl/min were 8.4, 8.7, and 8.9, respectively. Results from narrowing jet and
tip streaming regime also verified the monodispersity since the CV was smaller than
10%, as the standard criterion for monodispersity [96-98]. However, the singled-core-
shell could be produced only in tip streaming regime which confirmed in confocal laser
scanning microscopy (CLSM) images in Figure 65(B1-B4). While the multipled-core-
shell microcapsules were obtained in widening jet and narrowing jet regime. Figure
65(A1-A4) asserts the multipled-core-shell from narrowing jet regime at Q, of 51.8

pI/min.

Figure 63 Experimental images of fluid characteristic in (A1-E1) the first microfluidic

chip, (A2-E2) the second microfluidic chip, and (A3-E3) core-shell-microcapsules
micrograph at constant Q, of 10.4 and Q, of 18.8 pl/min
which Q, of (A1, A2, A3) 17.6 pl/min, (B1, B2, B3) 34.4 pl/min,
(C1, C2, C3) 51.8 pl/min, (D1, D2, D3) 68.9 pl/min, and (E1, E2, E3) 86.0 pl/min.
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Figure 64 Effect of continuous flow rate of the second microfluidic chip (Q,) on core and

shell diameter of microcapsules at constant Q, of 10.4 and Q, of 18.8 pl/min.

Figure 65 Confocal laser scanning microscopy (CLSM) images of core-shell
microcapsules at constant Q, of 10.4 and Q, of 18.8 pl/min
which at Q, of (A1-A4) 51.8 pl/min and (B1-B4) 86.0 pl/min; (A2, B2) images from
rhodamine 6G with excitation at 559 nm and emission at 570-670 nm and (A3, B3)

images from courmarin6 with excitation at 473 nm and emission at 490-590 nm.
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6.5 Dimensionless correlation

Oil in water (W/Q) emulsion was produced in the first microfluidic chip with a
junction of 100 um etch depth. The alpha-mangostin in MCT oil and 2%(w/w) alginate
solution with 0.1M Ca-EDTA were used as the dispersed and continuous phases,
respectively. The flow rate of the dispersed phase (Q,) and continuous phase (Q,) were
controlled. The ratio of W/O emulsion core size to microfluidic junction size (d.../})
decreased along with the flow rate ratio of the continuous phase to the dispersed phase
(Q,/Q,) as shown in Figure 66. The oil in water in oil (O/W/O) emulsions were generated
in the second microfluidic chip with a junction of 190 uym etch depth. The MCT oil was
used as the continuous phase in the second chip. Also, the shell size to microfluidic
junction size (d,,/j) decrease with an increase in the flow rate ratio of the continuous
phase to the dispersed phase (Q,/(Q,+2Q,)) in the second chip. The result of shell size
to junction size presents in Figure 67. Droplet size either core or shell decreased with
increasing continuous phase flow rate when the dispersed phase flow rate was kept
constant. By contrast, when keeping the continuous phase flow rate constant, increase
in the dispersed phase flow led to increased droplet size. The results showed the same
trend either in low or high flow rate system. At Ca, < 0.031, the d /j was investigated
around 1 due to the droplet sizes were obtained at squeezing and dripping regime.
However, at Ca, > 0.031, the d /j could show the lower value which indicated that a
smaller droplet size was obtained from narrowing jet and tip streaming regimes. So, the
narrowing jet and tip streaming regime were also remarkable due to the smaller than
junction size, narrow size distribution, and high production yield in both single emulsion

and double emulsion production.

The red symbols in Figure 66 and 67 show the singled-core-shell microcapsules
while the black symbols show multiple-core-shell microcapsules. The effect of the flow
rate ratio in the first chip could not differentiate the number of the core microcapsules as
shown in Figure 66. However, Figure 67 displays the effect of the flow rate ratio in the
second chip which shows that the single-core-microcapsules could be generated when

increasing Q./(Q,+2Q,). The results indicated that Q, was the key factor to control the
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number of core-shell microcapsules. Increase continuous flow rate, the flow regime
pattern in a low flow rate (Ca, < 0.031) system could initiate from co-flow and then
squeezing, transition, dripping, and reverse, respectively. The regime pattern was
changed at a high flow rate system (Ca, > 0.031). The widening jet, narrowing jet, and
tip streaming regimes were found instead of the squeezing and dripping regime. The
single-core-shell microcapsules could be generated only in the dripping regime in a low
flow rate system and the narrowing jet and tip streaming regime in a high flow rate
system. While in other regime, the multiple-core-shell microcapsules could be

produced.
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Chapter 7

Conclusion

This research firstly investigated W/O emulsion droplet formation of various fluid
properties based on two junction sizes of a flow-focusing device. Seven flow regimes
during droplet generation were identified as co-flow, squeezing, transition, dripping,
jetting, tip streaming and reverse. Four regimes of squeezing, dripping, narrowing jet
and tip streaming produced monodisperse droplets. Large production rate with tiny
droplet was found in the narrowing jet and tip streaming regimes. The effect of flow rate
ratio (Q./Q,), viscosity ratio (u/u,) and capillary number (Ca_) were also investigated on
droplet size at both low and high flow rates. The results showed that droplet size
decreased with increase of Q_/Q, and Ca_, while p_/u, did not directly affect droplet size.
The droplet forming process in the narrowing jet and tip streaming regimes was
influenced by flow rate ratio, viscosity ratio and capillary number. An empirical
correlation was presented to estimate the droplet size. The prediction agreed well with
the experimental results from 12 data sets over 100 experiments in two different-sized
channels. Therefore, the dimensionless correlation can be used as a guideline for
droplet and microparticle preparation, with predictable and controllable size using the
flow-focusing device.

Then, Internal gelation using water-soluble calcium-ethylenediaminetetraacetic
acid (Ca-EDTA) complex as a calcium source was studied to use in biphase system of
alginate crosslinking. The effects of homogenizer speed, Ca-EDTA concentration and
crosslinking time were investigated in W/O emulsification method. Isolated alginate
particles with the average size of 39.97 £ 11.51 ym were obtained from emulsification
using 5,000 rpm speed of a high-speed homogenizer. Increasing of Ca-EDTA increased
the stiffness and %weight of Ca. However, the particles would aggregate at high
concentration of Ca-EDTA. The crosslinking time of 5 min was the optimum time of
internal gelation via Ca-EDTA, which showed the highest rigid particle with a reasonable

high yield. The double-gelation which was internal gelation and then external gelation



110

resulted in the higher stiffness compared with the particles from only internal
crosslinking. In comparison with the emulsification method, the microfluidic method

produced particles with more uniform and controllable sizes.

Finally, the core-shell microcapsules were prepared using two connecting
microfluidic chips. The first chip would produce an O/W emulsion which had an oil
phase contained any active ingredient in the hydrophobic part which would be the core
of the microcapsule. The crosslinking of shell was taken place in the second chip via
internal gelation using acid to detach the Ca" from Ca-EDTA. The operating condition
which was the flow rate was studied. Increasing the dispersed phase flow rate of the first
chip (Q,) increased the core size due to the high dispersed phase flow rate resisted the
shear force of the continuous phase in both of low and high flow rate system. In the
between stream like the continuous phase flow rate of the first chip (Q,) affected both
core and shell size. For the continuous phase flow rate of the second chip (Q,), when Q,
increased, the size of the shell was decreased due to the higher shear force of the
continuous phase over the interfacial force. However, the Q, had an effect to the ability
of containing single or multiple cores. At low Q,, the squeezing in low flow rate system
and widening jet in high flow rate were obtained, the shells were big enough to contain
the multiple cores. When increase Q, to the point, dripping in low flow rate and tip
streaming in high flow rate, the singled-core-shell microcapsules were investigated. So,

the key factor to control the number of cores was Q,.
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