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Fluoride ion (F) is an important ingredient in a toothpaste. It protects caries
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CHAPTER |

INTRODUCTION

1.1 Introduction

Fluoride ion (F) is a crucial ingredient in a toothpaste because it
can protect tooth decay. The mechanism of F for protecting dental caries
comprises of inhibiting bacterial enzymes, inhibiting demineralization, and
enhancing remineralization [1]. Some researchers found that F~ cannot pass
through a cell wall of bacteria but it is partly converted to hydrofluoric acid
(HF), which can inhibit bacterial enzymes in acidic conditions produced
by bacteria themselves [2-4]. The process of demineralization
simultaneously occurs because bacteria produce acids such as lactic, acetic,
propionic, and formic acids by metabolizing fermentable carbohydrates.
These acids can dissolve calcium phosphate minerals in a tooth enamel
[5-6]. F enhances remineralization by reacting with hydroxyapatite
[Ca10(PO)4(OH),] in tooth enamel to form insoluble fluorapatite
[Ca10(PO)4(F)2]. For this chemical reaction, the hydroxide ion (OH) in
hydroxyapatite is completely replaced by F [1, 5, 7]. Fluorapatite is highly
resistant to acidic dissolution because the solubility constant of fluorapatite

(K= 3.2x10°%%) is lower than hydroxyapatite (K, = 5.0x10°°) [8].



Unfortunately, F can also interact with calcium species in the toothpaste
(e.g., calcium phosphate and calcium carbonate) causing F to be
deactivated [9]. Therefore, to store F~ and calcium species together in the
toothpaste is very challenging.

An encapsulation process is defined as a process to entrap one
material within another material by forming a small bead. The entrapped
material is called core material, active agent, or internal phase while
the entrapping material is called coating, membrane shell, wall material, or
external phase. This process has been continuously developed until now.
There are several processes that are used to encapsulate active ingredients
such as spray drying, spray cooling, freeze drying, fluidized bed coating,
extrusion, and coacervation. The encapsulation process is widely used in
various applications, such as food, medical, pharmaceutical, cosmetic,
chemical, agricultural, and printing industries. The advantage of this
process is to protect active ingredients (e.g., vitamins, minerals, colorants,
enzymes, and agro-chemicals) from pH, moisture, light, or oxygen.
In addition, this technique can enhance shelf-life and stability of some
active ingredients until they are required to be released [10-15]. Generally,
polymers, such as alginate, gelatin, chitosan, carrageenan, and shellac, are
used as a wall material due to their nontoxicity, biodegradability, and

biocompatibility.



Shellac is a natural polymer produced by lac insect, Kerria lacca,
which parasitically grows on host trees in China, India, and Thailand.
Shellac has a complicated chemical structure which contains hard and soft
resins of polyester and single ester (see chemical structure of shellac in
Figure 1.1). The main acid component consists of aleuritic acid and
terpenic acid. Shellac is insoluble in water at low pH or in acidic solutions,
but soluble in alcohols and alkaline solutions. Recently, shellac has been
widely used in food, pharmaceutical, agricultural, and painting industries
because of an excellent film forming, moisture protecting, and acid

resisting conditions [16-22].
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Figure 1.1 Chemical structure of shellac.

In this work, we propose a simple extrusion method to fabricate
polymer beads from shellac for encapsulating F-, and study various
experimental parameters to entrap F in polymer beads for a long

shelf-life time. The efficiency of shellac beads to store F in calcium matrix

Is also investigated for a use in a toothpaste application.

Jalaric acid
Laccijalaric acid



1.2 Objective

To fabricate the F-encapsulated shellac beads which can maintain

properties of F in a calcium matrix.

1.3 Scopes of research

Studying the effect of various experimental parameters on
the preparation of F-encapsulated shellac beads, i.e., shellac concentration,
shellac-dissolution time, bead-formation time, and bead-hardening time,
and then studying the efficiency of shellac beads to store F ina 5 % CacCl,

solution.



CHAPTER I

THEORETICAL BACKGROUND

2.1 Encapsulation process

Generally, the encapsulation process has various processes that
were used to encapsulate active ingredients. Here, common encapsulation

processes are introduced.

2.1.1 Spray drying

Spray drying is the oldest process that was used to encapsulate
active ingredients. It is commonly used in a food industry because this
process can encapsulate active ingredients into dry ingredients.
The advantages of this process include shelf-life extension, good stability
of active ingredient, good preservation of volatile, low process cost, and
large-scale production of food industry. However, the limitation of this
process is that it cannot encapsulate some ingredients with low boiling
points because the active ingredients may be coated on a bead surface
causing a deactivation during a spray drying process. Properties of good
wall materials for spray drying are good emulsifying agent, low viscosity,

and low hygroscopicity.



The process of a spray drying begins with a dissolution of an active
ingredient in an aqueous solution of wall material. All components are
atomized into heated air for rapid evaporation of water. Droplets are mixed
with hot air in a drying chamber causing the encapsulation of active
ingredients in the wall material. The resulting powder particles are
separated from dying air at lower temperature [10, 13, 23-25], as shown in

Figure 2.1.

FEED wmip

TO EXHAUST
ATOMIZER
DRYING
I'" CHAMBER
CYCLONE
HOT AIR SEFARATOR t GGING
MOIST AIR fLONE

=

J

== PRODUCT CONVEYING ==p
PRODUCT DISCHARGE

Figure 2.1 Schematic drawing of the spray drying process.

2.1.2 Spray chilling and spray cooling
Spray chilling and spray cooling are the least expensive technology

to encapsulate active ingredients. Firstly, the active ingredients are mixed



with fat or oil, and then the solution is transferred into a cold air spray
dryer. Finally, this method produces free flowing powder that is the active
ingredients encapsulated in fat or oil. Generally, those processes are quite
similar to spray drying, but there is no water evaporated from wall material
in the drying chamber. Moreover, the wall materials in this process are
hydrophobic materials, such as hydrogenated vegetable oil, vegetable oil,
and other materials which have melting points in the range of 32-122 °C.
In spray chilling, the wall materials have melting points in the range of
3242 °C, while the wall materials of spray cooling must have melting
points in the range of 45-122 °C [26]. The advantage of this process is wall
materials with a controlled-release property and the disadvantage is a

requirement of special storage conditions [11-12, 27-30].

2.1.3 Freeze drying

Freeze-drying process, which is a freeze dehydration or
lyophilization, is suitable for encapsulating themosensitive ingredients.
The freeze-drying steps are quite complicated. First of all, active
ingredients and wall materials are dissolved in water. Then, the solution is
frozen under low temperatures in the range of -90 to -40 °C. After that, the

sample is dried under low pressure, and low temperatures (in the range of



-90 to -20 °C). Finally, this process produces small pieces with pores.
However, this process has several disadvantages such as high energy
usage, long processing time, and porous products. Therefore, this process

IS not attractive for various industries [11, 31-35].

2.1.4 Air suspension coating

Air suspension coating (fluid bed coating or spray coating) is a
process that is used to encapsulate the active ingredients which are powder
or solid particles by coating with coating materials. This process is also
widely used in food industries. For the air suspension coating procedure,
coating materials are dissolved in the solvent that is easy to evaporate.
Then, the solution is sprayed onto the active ingredients that are suspended
In a coating chamber by air stream at a specific temperature. The coating
materials are deposited on the active ingredients while they are suspended.
Finally, the coating materials change from liquid phase to solid film and
cover on the surface of active ingredients. The coated active ingredients
are moved out from the bottom to the top of the chamber, as shown in
Figure 2.2. Even the coating process occurs randomly, the coating film on
solid particles of active ingredients is still uniform because the temperature

and the humility of air flow in this process can be controlled. In addition,
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the volume of air for fluidization is also controlled because the height of
the active ingredients to move freely can be controlled. Air temperature is
another important parameter because it produces surface spreading of the
coating materials onto the active ingredients. Unsuitable temperature
results in incomplete coating of active ingredients.

Viscosity, thermal stability, and film forming ability are the factors
used to consider which are suitable coating materials. The coating
materials are commonly used in this process, such as cellulose derivatives,
dextrins, emulsifiers, lipids, proteins, and starch derivatives. Besides,
the hydrogenated vegetable oils or stearines, such as soybean, cottonseed,
palm, canola, fatty acids, bee wax, and carnauba wax, are the suitable
coating materials for a hot melt coating. However, this process has some
disadvantages of a long processing time and a substantial amount of

coating materials [36-38].
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Figure 2.2 Schematic drawing of the air suspension coating process.

2.1.5 Extrusion

Extrusion process is widely used to encapsulate active ingredients,
such as flavors, vitamins, and colors. The extrusion process starts with
dissolving the active ingredients in a polymer solution. Then, the mixed
solution is dropped into a hardening bath by using pipette, syringe,
vibrating nozzle, spraying nozzle, jet cutter, coaxial air-flow, electrostatic
potential, or atomizing dish. After that, the beads encapsulating the active
ingredients are formed. Lastly, the beads are separated from the hardening

bath and dried [12, 39-43], as shown in Figure 2.3.
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Figure 2.3 Schematic drawing of the extrusion process by dropping the
solution by (a) jet-cutter, (b) pipette or vibrating nozzle, (c)
atomizing disk, (d) coaxial air-flow, or (e) electrostatic

potential into the hardening bath.

2.1.6 Coacervation

Coacervation is a process occurring in colloids. There are two types
of processes depending on the type of polymers used in the process.
The first type is “simple coacervation” involving only one type of
polymers. The other is “‘complex coacervation”, which uses two or more
types of polymers. For a mechanism of simple coacervation process
(the encapsulation of citrus oil in gelatin), gelatin was dispersed in water.

The citrus oil was added into gelatin solution. Then, this solution was
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agitated. The gelatin solution occurs around the citrus oil droplets.
After that, the temperature of this solution was reduced to lower than
40 °C because the solubility of gelatin in water is reduced at lowering the
temperature causing to form the microcapsules. The limitation of
coacervation process is its sensitivity to pH, ionic strength, and temperature

[26, 39, 44-47].

2.2 Materials for encapsulation

There are several types of materials used to encapsulate or coat
solids, liquids, or gases, depending on their properties and origins.
However, materials used in a food industry are stricter than those used in
pharmaceutical or cosmetic industries. The materials used in a food
industry need a certification for food applications as “generally recognized
as safe” (GRAS).

The requirements of materials used for an encapsulation process
are to not react with active ingredients, to protect active ingredients from
environmental conditions, and to hold active ingredients within beads for
a long time. In addition, the cost of the coating materials is also a key factor.

Materials which are extensively used in a food industry for
encapsulation are polysaccharides, starch and their derivatives (amylose,

amylopectin, dextrins, maltodextrins, polydextrose, syrups, and cellulose
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and their derivatives), plant extracts (gum arabic, gum tragacanth, gum
karaya, mesquite gum, galactomannans, pectins, and soluble soybean),
animal polysaccharides (dextran, chitosan, xanthan, and gellan), marine
extracts (carrageenans and alginate), proteins (caseins, gelatine, and
gluten), lipid materials (fatty acids and fatty alcohols, waxes (beeswax,
carnauba wax, and candellia wax), glycerides, and phospholipids), PVP,

paraffin, shellac, and inorganic materials [14, 48].

2.3 Encapsulation of F in gelatin and ethylcellulose microparticles

Dental caries is a chronic and infectious disease. It occurs from
bacteria that generate acids leading to a change in pH within the mouth. A
decrease in pH then induces a dissolution of hydroxyapatite in tooth enamel
causing the dental carries finally. Nowadays, the dental caries becomes an
important public health problem in the world and F is used for preventing
the caries [49-51].

F is encapsulated in gelatin and ethylcellulose microparticles by
spray drying and emulsification with solvent evaporation. Generally, F in
forms of sodium fluoride, sodium monofluorphosphate (MFP), or
aminofluoride is used in the encapsulation process. For the preparation of

gelatin microparticles using gelatin, F is dissolved in a gelatin solution.
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Then, the mixed solution is spray-dried by a spray dryer. After that, gelatin
microparticles are dried and kept in desiccator. For the preparation of
ethylcellulose microparticles using ethylcellulose, F is dissolved in an
ethylcellulose solution. This solution is emulsified by an ultra-disperser,
and then solvent is evaporated. Finally, ethylcellulose microparticles were
freeze-dried. These processes are easily to encapsulate F and they can

release in a sustained manner for, at least, 8 hours [52].
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CHAPTER 111

METHODOLOGY

3.1 Chemicals

Wax-free shellac and calcium chloride (CaCl,) were purchased
from Sigma-Aldrich. Ethanol (> 99.8 %) was purchased from Merck Ltd.,
Thailand. Sodium fluoride (NaF) was purchased from Ajax chemical Ltd.,

Sydney-Melbourne.

3.2 Preparation of shellac bead

A stock solution of 5000-ppm F was prepared by dissolving
2.76 g of sodium fluoride (NaF) in 250 mL of deionized (DI) water. To
prepare an ethanolic solution of shellac with a shellac concentration of
80 %wl/v, 8.00 g of shellac was dissolved in 10 mL of ethanol under a mild
stirring for 5 days (shellac-dissolution time). For preparing shellac beads,
a solution of 5000-ppm F was injected into 10 mL of shellac solutions
using a syringe pump with a rate of 500 pL/minute. The NaF droplets in a
shellac solution were incubated for 1 minute (bead-formation time) without
stirring. Consequently, shellac beads were formed. The formed beads were

transferred to DI water, and then further incubated for 2 hours
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(bead-hardening time). The beads were dried under an ambient condition.

The schematic process is shown in Figure 3.1.

Shellac wall

'

® NaF solution
®—

in water ‘\
(i) incubated for 1 min (i) incubated for2 h NaF solution
(bead-formation time) (bead-hardening time) @ .
——) (@] (o) — L ® in water
0, ® . .
(i) transferred to DI water (& bt (ii) dried for30 min  ®  ©® (Active fluoride)

80 % shellac solution DI water Shellac beads

Figure 3.1 Schematic drawing of shellac bead preparation.

3.3 Characterizations

3.3.1 Size and wall thickness of shellac beads

Digital images of shellac beads were collected for determining bead
size using an ImageJ software. The thickness of bead wall was analyzed
from cross-sectioned shellac bead, which images of bead wall were
recorded by a CCD camera (Carl Zeiss, AxioCam HRc) attached on an

optical microscope (OM, Carl Zeiss Axio Scope Al).
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3.3.2 Morphology and chemical composition

3.3.2.1 Scanning electron microscopy (SEM)

The surfaces of shellac beads were characterized by scanning
electron microscope (SEM, JEOL JSM-6510A). A working distance was
set at 10 mm. An accelerating voltage was 1 kV using a secondary electron
imaging (SEI) mode. For a sample preparation, shellac beads were cross-
sectioned by a razor blade, and then washed by DI water. The sample was
attached on an aluminum stub using carbon tape and dried under a vacuum

condition for 30 minutes before measuring.

3.3.2.2 Energy-dispersive X-ray spectroscopy (EDS)

The chemical compositions of shellac beads were examined using
energy-dispersive X-ray spectroscopy (EDS). EDS detector with a liquid
nitrogen cooling (JEOL HVB51-X0394) was equipped with SEM (JEOL
JSM-6510A). The measurements were operated using a working distance

of 10 mm and an acceleration voltage of 20 kV.

3.3.2.3 Fourier-transform infrared (FT-IR) spectroscopy
The functional groups of shellac beads were investigated using

Nicolet 6700 FT-IR spectrometer (Thermo Electron Corporation). All FT-
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IR spectra were collected by attenuated total reflection (ATR) technique in
a single reflection mode with a zinc selenide prism (Harrick, IRK-FTS).
The spectral resolution was 4 cm™ and the number of scans was 64 in the

spectral range of 4000-700 cm.

3.3.3 Crystallinity
The crystallinity of shellac bead was investigated by differential
scanning calorimeter (DSC, Mettler Toledo, Stare system DSC 1). Indium
was used as a reference and aluminum pan was used as a holder.

A heating rate was 10 °C/minute.

3.3.4 Efficiency to store F
Efficiency of shellac beads to store F was investigated by
immersing a single bead in 10 mL of DI water or 5 % CacCl, for different
storing times (1-90 days). Then, the bead was rinsed with DI water and
transferred to another 10 mL of DI water. After the bead was squeezed, the
concentration of F in DI water was measured by a waterproof fluoride

meter (FL700, Extech).
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CHAPTER IV

RESULTS AND DISCUSSION

In this chapter, we discuss about the formation mechanism of a
shellac bead by using the results from IR spectroscopy. Then, we focus on
the optimization for F-encapsulation process of shellac beads by varying
several experimental parameters, i.e., shellac concentration, shellac-
dissolution time, bead-formation time, and bead-hardening time. Finally,
shellac beads before and after F releasing are characterized to explain an

encapsulation mechanism.

4.1 Size and wall thickness of shellac beads

Image of shellac beads and OM image of cross-sectioned shellac
bead are presented in Figure 4.1. The average size of F-encapsulated
shellac beads is 2.59 = 0.33 mm counted from 300 beads using
a spherical geometry, as shown in Figure 4.1A. Inset also shows a
histogram of bead diameters indicating a normal distribution of shellac
bead sizes. The wall thickness of bead was analyzed from cross-sectioned
shellac beads. The results show that the wall thickness is not uniform due

to a gravitational force during the bead-formation step. The thickest and



21

the thinnest bead walls are 314 + 82 and 163 = 31 um, respectively, as
shown in Figure 4.1B. The size of F-encapsulated shellac beads can be
controlled by the size of syringe needles in the range of 2.5-10 mm.

Unfortunately; the wall thickness cannot be controlled.

Figure 4.1 (A) F-encapsulated shellac beads prepared from an ethanolic
solution of 80 % shellac. Inset shows a histogram of bead
diameters. (B) OM image of the cross-sectioned bead

showing the thickest and the thinnest walls.

4.2 The formation mechanism of shellac beads

To understand the formation of shellac beads, the formation

mechanism of shellac film was firstly investigated by monitoring an
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evolution of shellac solution from a liquid phase to a solid film by casting
and drying an ethanolic solution of shellac under an ambient condition.
Time-dependent IR spectra of shellac during the film formation process are
displayed in Figure 4.2. These results give informations about molecular
structure changes from a liquid phase to a solid film. From the results, the
characteristic peaks of ethanol are at 2969 (C-H stretching), 1085 (C-O
stretching), and 1043 cm?® (C-O stretching) [53-54] while the
characteristic peaks of shellac are at 2929 (in-phase stretching of —CHj -
—CHg3), 2853 (out-of-phase stretching of —-CH, - —CHj;), 1710
(C=0 stretching), and 1247 cm™* (O-H bending) [55-56]. At the beginning
(0 minute) of the film formation process, the spectrum shows the
combination peaks between those of ethanol and shellac. During
30-120 minutes of the process, the peak intensities at 2969, 1085, and 1043
cm, which are characteristic peaks of ethanol, decrease with an increase
in film formation times. At 120 minutes of the process, the shellac solution
completely changes from a liquid phase to a solid film. By comparing the
spectrum of shellac before dissolved in ethanol to that of shellac film at
120 minutes of the process, no significant difference can be observed in
both spectra, except the characteristic peaks of ethanol. Moreover, by
comparing the spectrum of shellac before dissolved in ethanol to that of

shellac film kept for 3 days, they are totally superimposed. It implies that
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the change from a liquid phase to a solid film occurs from the evaporation

of ethanol in the shellac solution with no chemical reaction, as shown in

Figure 4.3.
2972 cmr! 1710 cor! 1247 em!
C-H stretching C=0 stretching O-H bending
shellac m
_/“"h—’\_‘_‘_
shellac film kept for 3 days
p = —/\"\-_._,.._. M—
S | 120 mi * X
=' min ) N M
g *K
> |90 min . TN
) *
*
5 | 60 min * X
= N "
S |30 min N W
I *
*
*
ethanol * J*U——
| —— A
] ; 1 f /f/f f 1 \ ]
3500 3000 1500 1000

Wavenumbers (cm'?)

Figure 4.2 Time-dependent IR spectra of shellac film after casting
and drying an ethanolic solution of 80 % shellac under

an ambient condition.
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Figure 4.3 The formation of shellac film by an evaporation of ethanol

from shellac solution.

Figure 4.4 shows IR spectra of shellac before dissolved in ethanol,
shellac film, and shellac bead. These spectra show no significant difference
in the main peak of shellac. Therefore, it can be concluded that the process
of bead formation is like the process of film formation, which is due to a

removal of ethanol in shellac solution.
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Figure 4.4 IR spectra of shellac before dissolved in ethanol, shellac

film, shellac beads.

Similar to the formation of shellac film, the formation mechanism
of F-encapsulated shellac bead is depicted in Figure 4.5. Firstly,
an aqueous solution of F is dropped into an ethanolic solution of shellac.
Ethanol in the shellac solution diffuses into an aqueous droplet (inside the
bead), and then thin-wall shellac bead is formed, which can encapsulate
F. This step is a “bead-formation” step. After that, the formed bead is

transferred to incubate in DI water. In this step, the wall of shellac bead is
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strengthened and hardened by a diffusion of ethanol in a bead wall to an

aqueous phase (outside the bead). This step is a “bead-hardening” step.

Shellac Ethanol - Water

nurgde ' .' "‘ outside
lnsidr l " 1 | I inside |
() ingubaipcier 3 i (i) incubated for 2 hours @
(bead-formation time) = 1bead -hardening time)
——
(i) transferred to DI water O O 0O )d ried for 30 min

Shellac wall

NaF solution

4
nside

!

° o o—umm

in water

Shellac

Ethanol

- Water

80 % shellac solution Dl water Shellac beads

Figure 4.5 The formation of shellac beads by a diffusion of ethanol

from shellac solution to aqueous phases.

4.3 Optimization for the preparation of shellac beads

The effects of experimental parameters, i.e., shellac concentration,
shellac-dissolution time, bead-formation time, and bead-hardening time,

on the formation of shellac beads were elucidated and optimized in this

part.
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4.3.1 Effect of shellac concentration

Shellac concentration is a crucial parameter for the formation of
shellac beads because a viscosity of shellac solution depends directly on
the shellac concentration. Figure 4.6 shows percentages of active F
remaining in shellac beads prepared by various shellac concentrations
(60—80 %) after immersed in DI water (1-7 days). Percentages of active F
in shellac beads after immersed in DI water for 1 day are in the range of
68.00 £ 17.89 to 84.00 £ 4.18 %. The percentages continuously decrease
and, after 7 days, the range of percentages is 18.00 £ 5.70 to 27.00 £ 9.08
%. By comparing the percentages of active F at the same releasing times,
they decrease with an increase in the shellac concentration. The shellac
concentration of 80 % is chosen due to the best encapsulation efficiency.
For the shellac concentrations of > 80 %, the beads cannot be produced due
to a too high viscosity. Moreover, surface morphologies of shellac beads
prepared using 70 and 80 % shellac solutions were investigated using SEM.

Figure 4.7 illustrates the effect of shellac concentration on the
surface morphologies of shellac beads. The surfaces of both samples show
porous morphology. By using 70 % shellac concentration, large pores with
a diameter of approximately 5.0 um on a bead surface are observed. When
the shellac concentration is increased to 80 %, small pores with a diameter

of approximately 0.36 pm are observed. This result could be due to higher



28

viscosity of higher shellac concentration. With a higher viscosity, a

diffusion of ethanol in shellac solution to aqueous phases is very slow

leading to more uniformity of surface and small pore sizes [57].
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Figure 4.6 Percentages of active F* remaining in shellac beads prepared

by using different shellac concentrations (60-80 %) after

immersed in DI water (1-7 days).
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Figure 4.7 SEM images of bead surfaces prepared by using ethanolic

solutions of (A) 70 and (B) 80 % shellac.

4.3.2 Effect of shellac-dissolution time
Shellac-dissolution time is another important parameter because,
after dissolved in ethanol for long times, polymer chains are swelled and
stretched [58], which would alter packing between shellac molecules in the
bead. In this section, the shellac-dissolution time was varied from
6 hours to 5 days. Figure 4.8 shows active F contents remaining in shellac

beads prepared by using various shellac-dissolution times after immersed
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in DI water (1-7 days). The results show that percentages of active F in
the beads decrease with an increase in times of immersion in DI water.
After immersed in DI water for 7 days, percentages of active F in shellac
beads prepared by using the shellac-dissolution times of 6 hours, 1, 2, 3, 4,
and 5 days are 27.00 + 9.08 %, 4845 <+ 1376 %,
43.88 + 7.20, 35.37 £ 5.55 %, 48.17 + 7.24 %, and 62.07 £ 9.519 %,
respectively. It indicates that an increase in shellac-dissolution time
prevents a release of F from shellac beads. It can be explained that shellac
chains are swelled and stretched after dissolved in ethanol. Then, shellac
chains are packed closely together to form the bead which reduces leakage
of F. However, too long shellac-dissolution time is not practically used.

Five days of shellac-dissolution time is chosen in this study.
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Figure 4.8 Percentages of active F* remaining in shellac beads prepared

by using various shellac-dissolution times after immersed in

DI water (17 days).

To support an idea about swelling and stretching of polymer chains
after dissolving shellac in ethanol. We investigated the viscosity of shellac
solution after dissolving shellac in ethanol for 1 day and 5 days. The results
show that the viscosity of shellac solution after dissolving shellac in

ethanol for 1 day and 5 days are 64.08 and 100.76 poises, respectively.
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Therefore, it can imply that shellac in the solution after dissolved for 5 days
is swelled and stretched more than that after dissolved for 1 day.

To prove that shellac-dissolution time affects packing between
shellac molecules in the beads, crystallinity of the shellac beads was
studied using a differential scanning calorimetry (DSC). Figure 4.9 shows
DSC profiles of shellac beads with different shellac-dissolution times and
shellac before dissolved in ethanol. The results show that DSC
thermograms of the shellac before dissolved in ethanol, shellac bead with
1-day shellac-dissolution = time, and shellac bead with 5-day
shellac-dissolution time show peaks (with onsets) at temperatures of
251.33 (250.03), 169.83 (167.76), 173.50 (172.28) °C, respectively,
suggesting that they were molten at different points. It means that
the crystallinities of all shellacs are different. DSC thermograms of the
shellac beads with 1-day and 5-day dissolution times show a sharp peak
implying that shellac chains are rearranged to pack uniformly in
the beads. Furthermore, the shellac bead with a 5-day dissolution time
shows a sharper peak than that with a 1-day dissolution time indicating

more uniformity of shellac chain packing in the bead.
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Figure 4.9 DSC thermograms of shellac before dissolved in ethanol and
shellac beads prepared Dby using shellac-dissolution

times of 1 and 5 days.

4.3.3 Effect of bead-formation time
Figure 4.10 shows the relation between active F remaining in
shellac beads and bead-formation time of beads. The results show that
percentages of active F remaining in shellac beads prepared by using bead-

formation times of 0.5, 1.0, and 1.5 minutes after immersed in DI water for
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7 days are 48.94 + 9.29 %, 67.97 + 6.70 %, and 43.96 + 13.02 %,
respectively. The results do not show a trend. However, the suitable bead-
formation time of 1 minute is chosen because it shows the highest
percentages of active F remaining in shellac beads after immersed in DI
water for 7 days. When the bead-formation times are less than 0.5 minute,
it cannot form the bead because a bead wall is too thin. In the other hand,
when the bead-formation times are more than 1.5 minutes, they also cannot
form the bead because the thin wall is dissolved by ethanol in an ethanolic

solution of shellac resulting that the beads cannot transferred to DI water.
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Figure 4.10 Percentages of active F remaining in shellac beads prepared
by using various bead-formation times after immersed in

DI water (1-7 days).

4.3.4 Effect of bead-hardening time
To optimize the bead-hardening time in the preparation process of
shellac beads, the bead-hardening time was varied from 0.5 to 5 hours.
Figure 4.11 shows the active F remaining in shellac beads prepared by
using various bead-hardening times. The results show that percentages of

the active F decrease with an increase in times of immersion. After
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immersed in DI water for 7 days, percentages of active F in shellac beads
prepared by using the bead-hardening times of 0.5, 1, 2, 3, 4, and 5 hours
are 48.29 + 19.86 %, 39.91 + 8.04 %, 48.39 + 19.71 %, 46.98 + 8.43 %,
38.89 = 10.31 %, 44.70 £ 12.50 %, respectively. The bead-hardening time
of 2 hours provides the highest percentages of active F remaining in
shellac beads after immersed in DI water for 7 days. Hence,

the bead-hardening time of 2 hours is suitable and chosen in this work.
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Figure 4.11 Percentages of active F- remaining in shellac beads prepared
After optimizing the conditions for the preparation of shellac bead
optimal condition is 80 % shellac concentration, shellac-dissolution time

to achieve the best encapsulation efficiency of active F
of 5 days, bead-formation time of 1 minute, and bead
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2 hours. This condition gives the active F~ of 48.39 £ 19.71 % remaining
in shellac beads after immersed in DI water for 7 days.

Next, the morphologies of bead surfaces before and after immersed
in DI water for 7 days were studied using SEM. The results suggest that,
before immersed in DI water, the bead surface contains several small pores,
as shown in Figure 4.12A. After immersed in the DI water for 7 days, the
pores are expanded because shellac can be partially dissolved and swelled
in a solution which has pH 6 [59-61], as shown in Figure 4.12B. As pH of
DI water is 6, shellac bead is partially dissolved and swelled resulting in
enlargement of pores on the bead surface. Thus, F can be released to DI

water by passing through the pores on the bead surface.
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Figure 4.12 SEM images of bead surfaces (A) before and (B) after

immersed in DI water for 7 days.

The chemical functional groups of shellac beads before and after
immersed in DI water for 7 days were investigated by IR spectroscopy.
Their IR spectra are presented in Figure 4.13. From the results, there is no
significant difference in both spectra. It can be concluded that no chemical

functional group changes during a process of F release.
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Figure 4.13 IR spectra of bead surfaces (A) before and (B) after

immersed in DI water for 7 days.

4.4 F encapsulation in 5 % CacCl; solution

To monitor F encapsulation of shellac beads in a calcium matrix,
shellac beads were immersed in 5 % CaCl, for 1-90 days and the
concentrations of active F remaining in the beads were determined.
Figure 4.14 shows percentages of active F remaining in shellac beads after
immersed in 5 % CacCl, for 1-14 days. Percentages of active F are quite

constant in the range of 7087 + 511 % to 82.00 + 546 %.
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On the other hand, percentages of active F decrease continuously when

immersed in DI water and it completely depletes after immersed for

14 days.
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Figure 4.14 Percentages of active F remaining in shellac beads after

immersed in DI water and 5 % CaCl; for 1-14 days.

Figure 4.15 shows percentages of active F remaining in shellac

beads after immersed in 5 % CaCl, for 1-90 days. Percentages of active F
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are still quite constant in the range of 67.78 = 6.31 % to
82.00 + 5.46 %. After 90 days of immersion, the percentage of active F
remaining in the beads is still 71.03 £ 4.18 %. It suggests that this shellac

beads can encapsulate the active F for, at lease, 90 days or 3 months.
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Figure 4.15 Percentages of active F remaining in shellac beads after

immersed in 5 % CaCl, for 1-90 days.
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4.5 Morphology of shellac beads in 5 % CaCl2

The morphologies of bead surfaces before and after immersed in
5 % CaCl, for 7 days were investigated using SEM. The bead surface
before immersed in a CaCl, solution contains several small pores with
the size of approximately 0.36 pm, as shown in Figure 4.16A.
Figure 4.16B shows the morphology of shellac bead after immersed in
a CacCl, solution. The bead surface is totally different from the bead surface
before immersion. A lot of white spots on the surface are observed. The

size of the white spots is in the range of 4.14 to 12.25 um.



44

SEI  1.0kV x3.000 Spm ez e SEI  1.0kV x10.000 1um J—

Figure 4.16 SEM images of bead surfaces (A) before and (B) after

immersed in 5 % CacCl, for 7 days.

The white spots would be CaF, because they are insoluble in water
[62]. To confirm that, the elemental compositions of white spots on the
bead surface were investigated using EDS technique. Figure 4.17A-E
shows the elemental maps (carbon, oxygen, fluoride, and calcium)
representing the distribution of atoms on the bead surface. The results show
that carbon and oxygen distributed in the bead surface, but they are not
found in the areas of white spots. On the other hand, fluoride and calcium

are found in white spot areas, but they are not found at other positions.
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Figure 4.17F shows an EDS spectrum collected from the (X) position in
Figure 4.17A. The results show that fluoride and calcium are found with %
atoms of 1.98 and 0.82 %, respectively. A ratio of % atoms between
fluoride and calcium is also approximately 2 : 1. These results strongly

confirm that the white spots on the surface bead are CaF,.

| F
% %
Atom Atom Error
F 1.98 0.12
Ca 0.82 0.36

Figure 4.17 (A) SEM image and elemental maps of (B) carbon, (C)
oxygen, (D) fluoride, and (E) calcium collected from the
surface of shellac bead after immersed in 5 % CaCl,
for 7 days, (F) EDS spectrum collected from the (X) position

in Figure 4.17A.
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4.6 The proposed mechanism of CaF. formation on the bead surface

A cross-sectioned shellac bead after immersed in a CaCl, solution
was also characterized using EDS technique, as shown in Figure 4.18
The results show elemental maps of carbon, oxygen, fluoride, and calcium
comparing to the original SEM image. Figures 4.18D-E present the
distributions of fluoride and calcium in the bead wall, which indicate a
pathway of CaF, formation inside a channel of the pore. It suggests the
formation mechanism of CaF; on the bead surface. Figure 4.19 presents the
proposed mechanism of the CaF, formation on the bead surface after
immersed in 5 % CaCl,. The active F inside shellac beads goes through
the channel of pore on the bead surface. Meanwhile, Ca?* outside
the bead goes into the bead thru the pores. Once active F- meets Ca?* in the
channel, they react each other and CaF; is formed. Therefore, CaF;, can
block the releasing channel of active F resulting that the bead can
encapsulate the active F for, at least, 3 months with the encapsulation

efficiency of 71.03 + 4.18 %.
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Figure 4.18 (A) SEM image and elemental maps of (B) carbon, (C)
oxygen, (D) fluoride, and (E) calcium collected from the

shellac bead wall after immersed in 5 % CaCl, for 7 days.



48

outside Cazt outside

é

inside inside

CacCl, CaCl,

Figure 4.19 The proposed mechanism of the CaF, formation on the bead

surface.
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CHAPTER V

CONCLUSIONS

5.1 Conclusions

According to our designed and developed protocol, F was
encapsulated in shellac beads by a simple extrusion method.
F-encapsulated shellac beads are formed by injecting an agueous solution
of F into an ethanolic solution of shellac using a syringe pump. After that,
the formed shellac beads were transferred to DI water for hardening a bead
wall. The mechanism of bead formation was confirmed by IR
spectroscopy. From the results, the beads were formed due to a diffusion
of ethanol in the bead wall to aqueous phases. The average size of shellac
beads was 2.59 £ 0.33 mm. The wall thickness was not uniform due to
a gravitational force during the bead-formation step. The thickest and
the thinnest bead walls were 314 + 82 and 163 = 31 um, respectively.
To obtain the best encapsulation efficiency of active F in shellac bead, the
optimal condition of bead formation was 80 % shellac concentration,
shellac-dissolution time of 5 days, bead-formation time of 1 minute, and
bead-hardening time of 2 hours. This condition provided the highest

efficiency of F encapsulation after immersed shellac beads in DI water for
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7 days, which was 48.39 + 19.71 % of active F remaining in
the beads. Unfortunately, active F completely released after immersed in
DI water for 14 days. However, after immersed in 5 % CaCl, for 14 days,
percentages of active F remaining in the beads were slightly fluctuate in
the range of 70.87 £ 5.11 % to 82.00 = 5.46 %. Moreover, F was still in
the beads after immersed in 5 % CaCl, for 90 days with the percentage of
71.03 £ 4.18 %. This long encapsulation time comes from the formation of
CaF, which blocks releasing channels of F on the bead surface.
From these results, this research greatly provides a potential application in

oral care industries.

5.2 Suggestions

The size of shellac bead is still too big for applying in a toothpaste
application. Further experiments are needed to minimize the size of the
polymer bead down to approximately 500 micrometers by using a

microfluidic method.
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