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CHAPTER |
INTRODUCTION

Amorphous structure is one of the most promising solid state structure for
generic drug product development due to the less possibility on the patent
infringement. Original drug product commonly is comprised of the solid state structure
of active ingredient that developed by their own rights. Most of that goes to crystalline
structure. Meanwhile, amorphous is not favorable to develop due to its
thermodynamic instability. In addition, amorphous structure is not precisely
determined on the ordering of molecule arrangement in solid state. Therefore, the
patent rights on amorphous is less possible. Amorphous state can be prepared by
various approaches. However, some approaches provide the less stable amorphous
due to the faster rate of interconversion to crystalline. One of the most interesting
alternative approach is the utilization of mesoporous substrate which facilitates the
deposition of interested drug molecule as amorphous (49). Mesoporous silica has been
widely studied in term of the potential of drug adsorption for improving water
solubility. It showed the positive result of amorphous phase formation of adsorbed
drug on silica particle with more favorable stability (32). However, there are several
reports found the ability of amorphous stabilization with specified polymer (35). The
main mechanism of polymeric stabilization dealt with the inhibition of recrystallization.
The polymer chain influenced on the molecular mobility of non-order arrangement of
drug molecule which eventually resulted in the slower recrystallization. Reactive group
and chain length of polymer are an important characteristic on the ability of
amorphous stabilization. Thus, combination between the adsorption of interested drug
molecule on silica particles in conjunction with polymer might provide a better solid

state stability of amorphous nature (34).



Objectives of the study

1. To prepare X-ray amorphous salbutamol sulfate (SS) adsorbed on mesoporous
silica (SYLOID $244® FP silica).

2. To investigate the effect of SYLOID $244® FP silica and poly (vinylpyrrolidone)
(PVP) K12 on the deceleration of X-ray amorphous SS to crystalline solid state

structure.



CHAPTER Il
LITERATURE REVIEW

2.1 Amorphous

The amorphous state is high energy form of substance that contains no long -
range order of molecular arrangement. Amorphous materials generally have more
molecular motion and provide the high thermodynamic properties that eventually
resulting in higher apparent solubility, dissolution rate and bioavailability, respectively.
Pharmaceutical features of crystalline and amorphous of drug are summarized and
shown in Table 1 (54). There are several main advantages of amorphous material over
its crystalline counterpart such as the high solubility. However, most of amorphous
materials typically have a high internal energy leading to high chemical reactivity and
finally tend to crystallize at the end. Thus, the production of stabilized amorphous
drugs is a challenging and more promising approach in order to maintain its non-order

structure (15,38).

Table 1 Pharmaceutical features of a crystalline and its amorphous counterpart.

Feature Crystalline Amorphous
Schematic structure of
one powder particle

L
%
630

. = one drug molecule, == = crystal bond

Molecule orientation  Regular Imegular
Particle size Large Small
Particle surface area Small Large
Stability physical Strong Weak
structure

Dissolution

Concentration

Time

Reprinted from Moes et al [58] with permission from Elsevier. Precipitation inhibitor is the hydrophilic

excipient of a solid which supports sup and increases Togsmsen

Suasc highest apparent solubility.
Tpeecipation: time at which drug starts to precipitate after having reached its highest apparent solubility.
Sequibeium intrinsic solubility of the drug.



2.2 Characterization of amorphous

The characterization of pharmaceutical solids can be performed by using
several techniques. Solid-state analytical techniques are divided into four categories
based on the type of solid-state phenomena involving with the particular studies (10).

1. Studies involving crystal polymorphism and polymorphic transformations
2. Studies involving amorphization and recrystallization

3. Studies involving solvate systems

4. Studies involving cocrystals

Amorphization and recrystallization of drug may be occurred during common
pharmaceutical processes such as spray drying, freeze drying or milling. This
phenomena can be detected by several techniques. Polarized light microscopy (PLM)
and X-ray powder diffraction (XRPD) are primary method of used for the investigation
of amorphous due to simple and precise technique (10). Moreover, the determination
of degree of amorphization is an important issue in order to monitor the progress of
such phenomena. Example of quantification technique of particular amorphous or
crystalline counterpart is XRPD including calorimetry, microscopy and spectroscopy.
The combination of multiple methods mentioned earlier provides the comprehensive
of solid-state structure evaluation. XRPD is one of the most favorable technique that
has been used in the pharmaceutical field (62). The experiments using XRPD technique
related to the quantification of amorphous or crystalline content are as following.
Zellnitz et al. determined the level of amorphous/crystalline ratio by using
chemometric approaches with the using of partial least squares (PLS) method
implemented in the PANalytical HighScore (71). On the same hand, Zidan et al.
calculated the percent of crystallinity by using PLS models constructed with
Unscrambler software (73). However, above method are quite complicated because
the specified software needed to be used for calculation. Anyhow, it has an alternative
technique dealing with the utilization of the relationship between amorphous content
and Bragg’s characteristic peak responses of specified crystalline form from XRPD.
Curtin et al. used the calibration curve of peak intensity versus crystalline SS weight

fraction to quantify the degree of crystallinity (13).



2.3 Preparation method of amorphous phase

— Vapor condensation

—] Melt-quenching

Amorphous state Dehydration

—Milling and compaction

— Solvent evaporation

Figure 1 Approach for preparing of amorphous phase.

Amorphous material can be prepared by various approaches as shown in Figure
1 (22,38,40,49,70). Milling is the unit operation that is commonly used for reducing the
particle size of material. However, it is the destructive method contains high
mechanical activation energy. The impaction and attrition energy found in milling
process lead to induce the polymorphic transformation or the disordering of drug
structure (@morphous formation) (14,42,68). There are many milling techniques can
cause the amorphization such as jet milling (56), ball milling (5,13,19), cryogenic milling
(12). Ball milling is the most common technique for size reduction of particles used in
pharmaceutical industry. This simple milling technique can produce amorphous phase.
The examples of amorphous prepared by ball milling are as follows. X-ray amorphous
state of salbutamol sulfate was generated by planetary ball milling (5). X-ray
amorphous lactose was also produced by planetary ball milling (68). In addition,

fananserine was amorphized when ground by planetary ball milling (14).



2.4 Stabilization an amorphous drug

The principal advantage of amorphous drug is a high solubility and
bioavailability. However, the amorphous drug is thermodynamically unstable due to
high internal energy level and high entropy. Freshly prepared amorphous usually
converts to it stable crystalline counterpart upon certain specific environment.
Amorphous salbutamol sulfate started to crystallize and yielded stable crystalline form
| within 1.5 hours after kept at 25°C and 70% relative humidity (RH) (71). Amorphous
ketoconazole turn to be crystalline form at 85°C within 20 minutes (45). The
temperature of 49°C and water vapor pressure of 23 Torr of storage could induce the
transformation of amorphous carbamazepine to crystalline within less than 50 minutes
(40). Thus, there are many development of effective approaches in order to maintain
the existing of amorphous content (38). Polymeric solid dispersions (PSD) and
mesoporous media are the interesting alternative approaches for amorphous

stabilization since they are practical and flexible to be used in pharmaceutical industry.

2.4.1 Polymeric solid dispersion
The concept of PSD is the distribution of drug molecules throughout the matrix
of polymer network molecularly. Each individual drug molecule is embedded in the
network of polymer via physical interaction (the appropriateness between molecular
volume of drug and the free space between polymer chains) and/or chemical
interaction through the active functional group of both polymer and drug. Polymer
directly influenced on the stabilization of amorphous drug by several mechanisms
such as crystallization inhibition, anti-plasticization (increase g¢lass transition
temperature (T,)), reduction of molecular mobility of drug molecule (4), intermolecular
interactions and reduction of the chemical potential of drug (60).
There are several approaches for the preparation of PSD based on the aid of
solvent.
2.4.1.1 Non-solvent method
Fusion method, non-solvent used method, are performed by heating

the physical mixture of drug and polymer until molten homogeneous mixture



is gained and then allowed to cool down. The final output is presented in the

form of solid mass contained molecular dispersed drug. It has been sieved,

pulverized or crushed to obtain the optimal particles of PSD before using. This
method shows disadvantages particularly for thermo labile drug. In particular,
high melting point drug is not suitable for using with this method of preparation
due to the requirement of high meting temperature that can cause degradation.

2.4.1.2 Solvent method

This method comprising of freeze drying, spray drying and solvent
evaporation. It has the benefit for heat degraded drug according to no need of
the excessive heat for preparation. Generally, this method is involving the
dissolving of drug and polymer in selected solvent. The polymeric solution
containing drug is then subjected into appropriated instrument for removing
the excess solvent (4). The final product yield the molecular drug dispersed in
polymer.

The examples of polymer used in PSD are hydroxypropyl methylcellulose
acetate succinate (HPMCAS), hydroxypropyl methylcellulose (HPMC) and poly
(vinylpyrrolidone) (PVP). They were the effective polymer that could decrease the
nucleation rate of amorphous felodipine in spin-coated film form at low concentration
(3-25% w/w). The T, of solid dispersion containing HPMC and HPMCAS was not
significantly different from pure felodipine whereas T, of solid dispersion containing
PVP was increased significantly. It might be due to the fact that HPMC and HPMCAS
stabilized the amorphous felodipine through stearic stabilization. Meanwhile, PVP
stabilized amorphous felodipine via anti-plasticization. However, hydrogen bonding
interactions were formed between felodipine and all of polymers (34). Higher level of
PVP (70-90% w/w) was used with resveratrol or griseofulvin in the preparation of solid
dispersion, the amorphous solid dispersions nature was found. PVP and resveratrol
form the hydrogen bonding while PVP had not shown any interaction with griseofulvin.
Therefore, PVP-resveratrol dispersion showed the more stable amorphous than PVP-
griseofulvin under the accelerated testing condition (66).

However, the matching of appropriated polymer to interested drug molecule

in order to gain stable PSD was complicate. It is very important that drug and polymer



must correlated in term of chemical structure, functional groups, molecular weight,
structural flexibility, complexity, melting temperature (T,,) or T, including the viscosity

of drug and polymer (4).

2.4.2 Porous media system

Porous media is a solid material which contains cavities, channels or interstices.
It may be regarded as porous (28). It demonstrated the ability of amorphous formation
and stabilization synchronously. The mechanism involving amorphous stabilization of
porous media was proposed through both physical and chemical interaction. Physical
interaction related to the pore size and surface area. Chemical interaction involved
the interaction between drug molecule and surface functional group of porous media.
Regarding to the appropriateness of both physical and chemical interaction of drug
and porous media, drug molecule was adsorbed and fix on the surface of porous
media. Therefore, drug molecules were become low free energy and existed in an
amorphous state (49,51).

In term of physisorption, International Union of Pure and Applied Chemistry
classification of porous media has classified porous media by their pore size (Table 2)

27).

Table 2 International Union of Pure and Applied Chemistry classification of porous

media.
Type of Pores Mean Pore Diameter (nm)
Micropore Less than 2
Mesopore Between 2 and 50
Macropore Greater than 50

Different size of porous media provides the different physisorption isotherm
and adsorption behavior. Macroporous media has a large pore with the behavior like
flat surface whereas microporous media has too small pore dominated the interaction

between wall to wall. On the other hand, mesoporous media has the mean pore



diameter around 2-50 nm. It has the adsorption behavior depend not only on
adsorbate-pore wall interaction but also adsorbate-adsorbate interaction. They will
lead to capillary condensation which affected the equilibrium of adsorbate molecules
(43,49,58). Itraconazole loaded on mesoporous media such as Syloid® AL-1 silica (SAL-
1 silica), Syloid® 244 silica (5244 silica), thermally oxidized Psi and thermally carbonized
Psi particles had not shown the characteristic diffraction peaks of crystalline form
itraconazole. In addition, there were no extra bands found in Fourier Transform Infrared
(FTIR) spectra when compared with physical mixture. Therefore, non-crystalline
itraconazole was possibly formed due to physical interaction between itraconazole
molecule and surface of mesoporous media (32). Another amorphous system prepared
from adsorption with mesoporous silica was ezetimibe. It was loaded on Sylysia® 740
and yield amorphous state of ezetimibe due to the disappearing of diffraction peaks
of crystalline form including broad diffusive X-ray scattering pattern. Solid-state nuclear
magnetic resonance results also confirmed and indicated the strong hydrogen bonding
between ezetimibe and Sylysia® 740 (65).

Mesoporous silica had been used to stabilize amorphous drug for a period of
time. It can be classified into two main groups as ordered and non-ordered
mesoporous silica. Ordered mesoporous silica means porous materials that exhibit
uniform mesopore (for example SBA-15 and MCM-41) (9). Whereas non-ordered
mesoporous silica are referred to the disordered of pore structure material (for
example SYLOID®, SYLYSIA®, AEROPERL® and NEUSILIN®) (9,37). The advantage of non-
ordered mesoporous silica is the availability in manufacturing scale and inexpensive
while ordered mesoporous silica is available only in lab scale and so more expensive.
Hence, non-ordered mesoporous silica is now prompt to be used by several research
particularly in the manufacturing scale of amorphization.

Preparation of drug adsorbed on porous media mainly used organic solvent.
The common process is relating to the dissolving of drug in organic solvent and loaded
on the mesoporous media to allow drug adsorption. Then, the residual solvent was
removed at elevated temperature or vacuum (49,69). The mixing process between
drug solution and mesoporous media could be distinguished as two type. The first

one, solvent evaporation, the porous media was added to drug solution with excess



amount of solvent. Whilst, the second was incipient wetness impregnation, a sufficient
quantity of solvent was indicated and brought to make the drug solution. It was then
added to mesoporous media in order to provide the wet state of mesoporous powder.
This method was proved to be the more efficient of drug loading.

The polarity of solvent used for incipient wetness impregnation is an important
factor for providing the high drug loading. The competition between solvent and drug
molecules to be adsorbed on mesoporous surface should be considered. High polarity
solvent more frequent effected on the lower drug loading. lbuprofen solution prepared
with different organic solvent showed the different drug loading on silicon dioxide. The
higher the polarity of solvent the lower the amount of ibuprofen loaded. It was due
to the competitive interaction between ibuprofen and solvent molecules on functional
surface of silicon dioxide (8). The optimization of polarity of solvent system used for
incipient wetness impregnation was critically concerned. The blending of solvents of
different polarity was able to achieve the optimum polarity and would be used for
amorphous preparation by surface adsorption.

According to the argument of the utilization of fume silica in pharmaceutical
industry, safety concerned was recognized. Safety of mesoporous silica depended on
the size, morphology, surface functionalization and concentration of use (57,69).
Smaller particles and lower concentration had negligible effect when compared with
larger particles and higher concentration in terms of uptake, viability and immune
regulatory markers (23,64). The morphology of mesoporous silica play an important
role on cellular toxicity. Long rod-like silica nanoparticles were more susceptible than
spherical nanoparticle on the apoptosis of A375 human melanoma cell (24). Surface
functionalization was also a key role on safety. MCM-41 grafted aminopropyl groups
and grafted mercaptopropyl groups that had been known as surface functionalization
ordered-mesoporous silica showed the less cytotoxicity than MCM-41 (17). The most
significant factor was concentration of mesoporous silica used. It was found that the

lower the concentration the less the toxicity (69).



2.5 Model drug

Salbutamol sulfate (SS) or bis [(1 RS)-2-[1, 1-dimethylethyl) amino]-1-[4-
hydroxy-3-(hydroxymethyl) phenyl] ethanol] sulfate showed the chemical structure as
seen in Figure 2 (46). It is Bz—adrenoceptor agonist used for the treatment of bronchial

asthma. It is freely soluble in water and less soluble in ethanol.

OH OH
CH,
NH | “CHs
+H,S0,
CH,
HO

- -2
Figure 2 Chemical structure of SS.

In term of the solid state structure of SS, it shows polymorphism. Solid state
structure of SS consisted of three crystalline forms (50,53) (form I, Il and Ill) including
an amorphous counterpart (5,11,13,71). Crystalline form | is the most stable form. The
characteristic of amorphous SS was investigated with XRPD. Amorphous halo pattern
was found when SS had been ground (Figure 3) (5). Meanwhile, three of crystalline
polymorphs provide the specific X-ray diffraction patterns as seen in Figure 4-6 (50).
Crystalline SS form | is characterized with the distinct peaks at 10.6, 18.4, 21.3 and 23.0
°20 while form Il 'is characterized with the distinct peaks at 8.7, 15.2, 19.1 and 27.2 °26.

For form Ill, the major peak response is 5.5, 6.9, 7.3 and 18 °20.

0 5 10 15 20 25 30 35 40 45
26 (degrees)

Figure 3 XRPD of ground SS.
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Among crystalline forms of SS, the thermal history of form | and form Il was
available. DSC thermogram of crystalline form | showed the first endothermic peak
around 205-210°C that referred to melting with decomposition (13,16,39,56).
Meanwhile, form Il showed 7°C higher melting temperature than that of form | (Table

3) (47).

Table 3 DSC of crystalline SS form | and form |l

Thermal events RSS Form 1 RSS Form I1
Endotherm Heat Endotherm Heat
(°C) J/g) (°C) J/g)
Decomposition 1 210 14 217 19
Decomposition 2 288 15 283 15
Decomposition 3 328 11 328 9

The interconversion pathway of amorphous and crystalline SS was discovered.
Amorphous SS was possibly prepared by several approaches such as spray drying (71),
milling (13). Unfortunately, freshly prepared amorphous SS was not stable and turn to
be more stable crystalline after storage. The rate of interconversion of amorphous SS
to stable crystalline was rapid after exposure under high humidity and/or high
temperature. Pure crystalline SS was gained after amorphous SS was stored at 70%
and 90% RH within 4 and 1 hour, respectively (Figure 7). The higher temperature of
35°C led to induced the faster recrystallization of amorphous SS when compared with
lower temperature of 25°C (71).

110 T T T T T T T T T T T T

y I --A--25 °C 90% RH
L] --m--25 °C 80% RH
] a‘. ° --@--25 °C 70% RH

Amount of amorphous phase (wt%)

0 g ® o 0000000
R L AL R L R s T . T
0 50 100 150 200 250 300 350 400 450 500 550 600
Time (min)

Figure 7 Rate of recrystallization of amorphous SS at 25°C and 70, 80 and 90 %RH.
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As described earlier, SS existing in both three crystallines and amorphous state.
Amorphous state of SS could recrystallize within short time after exposure to severe
condition of humidity and/or temperature. Thus, SS was suitable to use as a model
drug because the investigation of recrystallization of amorphous phase was possibly

determined in the short term period.

2.6 Mesoporous silica

SYLOID® FP silica was in the class of non-ordered mesoporous silica (disordered
pore structure) which has high internal porosity, high surface area and high adsorptive

capacity as seen in simulate figure (Figure 8) (18).
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Figure 8 Simulate figure of SYLOID® FP silica.

It can be applied to use as multifunctional ingredient such as glidant,
adsorbents (18,32). Moreover, it can act as carrier to produce an amorphous drug in
order to improve drug solubility (38). S244 silica and SAL-1 silica were used in the study
of enhancing dissolution of poorly soluble drug (32,41,48). Low and high concentration
of itraconazole solution were possibly loaded on S244 and SAL-1 silica by using
immersion method. They were appeared as amorphous phase in which resulted higher
dissolution (Figure 9) (32). The amount of itraconazole loaded into S244 silica was
higher than that of SAL-1 silica as a result of the high pore volume of S244 (32).
Comparison of physical characterization of the S244 silica and SAL-1 silica shown in

Table 4 (32).
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Figure 9 XRPD patterns of itraconazole loaded on mesoporous silica

Table 4 Physical characterization of the S244 silica and SAL-1 silica.

Particles Particles Surface area  Pore volume Average pore
size (um) (m?/s) (cm®/g) diameter (nm)
SAL-1 silica 6.5-8.1 683 + 11 0.130 + 0.005 3.2 +£0.02
S244 silica 25-3.7 311 + 14 1.42 + 0.04 19.0 £ 1.1
2.7 Polymer

PVP is soluble synthetic polymer which had the chemical structure shown in
Figure 10 (7). Different grade with different the number of monomers in polymer chain
eventually resulted in different viscosity (Figure 11) (7). The degree of viscosity had
been declared as K-value that directly related to the average molecular weight (Table
5) (33). The higher K-value commonly utilize as a binder in tablet formulation due to
the higher binding strength. The lower K-value such as K12 typically applied in the
suspension for injection as a function of suspending agent. However, the lower K-value
has alternatively use as crystallization inhibition. It also provided the amorphous
stabilization by reduction of molecular mobility of drug molecule, anti-plasticization,

intermolecular interactions and reduction of the chemical potential of drug (60).
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Figure 10 Chemical structure of PVP.
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Figure 11 Viscosity curves for the soluble Kollidon® grades in water.

Table 5 Average molecular weight of PVP at different K-value.

K-value Molecular weight (g/mol)
12 2500
25 25,000
30 40,000
90 1,100,000

Mechanism of PVP-stabilized amorphous drug are described herein after. PVP
K29/32 could decrease the nucleation rate of felodipine spin-coated films at dry state

as seen in Figure 12. Anti-plasticizing agent properties and H-bonding interaction were

14

the main mechanism on stabilization (Figure 13 and 14) (34). Amorphous paracetamol

with PVP K17 prepared by co-spray drying showed the mixture between crystalline and
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amorphous whereas K29/32 able to provide more purify X-ray amorphous (Figure 15)
(72). Amorphous paracetamol with PVP K29/32 showed the stable of non-crystalline
arrangement of paracetamol upon storage. Co-milled mixture between SS and
different concentration of PVP K30 expressed different ability on amorphous
stabilization (5). The effective concentration of PVP K30 of at least 80% w/w was
determined (Figure 16). The main mechanism involving the stabilization of amorphous

SS with PVP was H-bond interaction (Figure 17).
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Figure 12 Nucleation rate as a function of PVP K29/32 concentration.
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Figure 13 T, of amorphous felodipine as a function of weight fraction of PVP.
(The broken line represents the fit to the Gordon-Taylor equation, the solid

line represents the fit to the Couchman—Karasz equation.)
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Figure 14 FTIR of felodipine/PVP solid dispersion at different weight ratio.
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Figure 15 Comparative XRPD of 50% w/w paracetamol dispersions spray dried with
various PVP freshly prepared.
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Figure 16 XRPD patterns of co-milled SS: PVP and physical mixture of milled SS: PVP

after stored at 22°C and 15/75% RH for 7 days.
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Figure 17 FTIR spectra of SS, milled SS, PVP, physical mixture of milled SS: PVP 1:1,

co-milled mixtures of SS: PVP (1:1, 3:1 and 5:1).
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Not only PVP but other polymer such as HPMC or HPMCP also had a spectrum
on amorphous stabilization (34-36,61,63,72). It was therefore necessary to be consider
the type of polymer on the ability of recrystallization inhibition by taking into account

of the chemical structure including polymer chain length.
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CHAPTER 1lI
MATERIALS AND METHODS

MATERIALS

Absolute ethanol (American Chemical Society grade, EMSURE®, Merck KGaA,

Darmstadt, Germany)

Acetonitrile (HPLC Grade, J.T.Baker®, Avantor Performance Materials, Inc.,

Pennsylvania, USA)
Deionized water

Hydrochloric acid (36%, Analytical reagent, Ajax Finechem Pty Ltd., New South
Wales, Australia)

Poly (vinylpyrrolidone) K12 (Kollidon® 12, BASF, Ludwigshafen, Germany) was
obtain from VIV group (Bangkok, Thailand)

Potassium dihydrogen orthophosphate (Analytical reagent, Ajax Finechem Pty
Ltd., New South Wales, Australia)

Salbutamol sulfate crystalline form | (SS) Batch No. SS10112003 (Neuland

Laboratories Limited, Telangana, India)

Sodium chloride (American Chemical Society Reagent, J.T.Baker®, Avantor
Performance Materials, Inc., Pennsylvania, USA)

SYLOID®244 FP Silica Batch No. 1000277196 (Grace GmbH & Co., Worms,
Germany) was obtain from Tinnakorn Chemical and supply Co., Ltd. (Bangkok,

Thailand)

Ultrapure water



20

EQUIPMENT

® Amber glass bottle 20 mL (diameter 2.00 cm, length 5.50 cm) with aluminium
cap

® Analytical balance (A200s, Sartorius Goettingen, Germany), (ML303, Mettler
Toledo, Schwarzenbach, Switzerland), (XP205, Mettler Toledo, Schwarzenbach,
Switzerland)

® (Central processor (FP90, Mettler Toledo, Columbus, USA)

® (Centrifuge (Centrifuge 5810, Eppendorf AG, Hamberg, Germany)

® Cryomill® (Retsch GmbH, Haan, Germany)

® Desiccator

® Differential scanning calorimeter (DSC822°, Mettler Toledo, Columbus, USA),
(DSC 201 F1 Phoenix, NETZSCH, Selb, Germany)

® Fourier transform infrared spectrometer (Nicolet iS10, Thermo Fisher Scientific,
Wisconsin, USA), (Perkin Elmer, Spectrum One, Perkin Elmer, Massachusetts,
USA)

® High performance liquid chromatography (Shimadzu, Kyoto, Japan) equipped
with a model series LC-20AD pump, SIL-20A HT Autosampler and SPD-20A UV-
Vis detector

® Hot air oven (Memmert, Schwabach, Germany)

® Hot stage (FP82HT, Mettler Toledo, Columbus, USA)

® High performance liquid chromatography column Capcell PAK C18, 150x4.6 mm
(Shisedo Co., Ltd., Japan)

® Hygro-thermometer (Brannan, Leconfield Industrial Estate, Cumbria, England)

® Magnetic stirrer (MSH-300, BIOSAN, Riga, Latvia)

® Membrane filter holder (Whatman, GE Healthcare, Illinois, USA)

® Microscope (Nikon Eclipse E200-LED, Tokyo, Japan)

® Nylon membrane filter 0.45 um (Membrane solution, Washington, USA)

® Nylon syringe filter 0.45 um (VertiClean™, Vertical Chromatography Co., Ltd.,

Nonthaburi, Thailand)
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pH meter (FiveEasy™ FE20-I, Mettler Toledo, Columbus, USA)

Polarizing set (Nikon MBB 75310, Tokyo, Japan)

Shaking incubator (LabTech, New Delhi, India)

Sonicator (VGT-1730QT, GT Sonic, Guangdong, China)

Thermogravimetric analyzer (TGA/SDTA851°¢, Mettler Toledo, Columbus, USA)
Vacuum pump (General electric motor, Arthur H. Thomas Co., Philadelphia,
USA)

X-ray powder diffractometer (Miniflex Il, Rigaku, Tokyo, Japan)
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METHODS

3.1. Preparation of X-ray amorphous SS powder

SS was ground at room temperature by using Cryomill® (a planetary ball mill).
The milling was equipped with stainless steel jar 25 mL in conjunction with 5 zirconium
oxide balls (Diameter 10 mm). The frequency of shaking of 25 Hz was employed. Two
governing process conditions of loaded quantity of SS and time of milling were

investigated in order to achieve X-ray amorphous SS as shown in Table 6.

Table 6 Loaded quantity of SS and time of milling of the preparation of amorphous
SS.

Loaded quantity of SS (gram) Time of milling (hour)
1.0 2
0.5 2
0.5 2.5
0.5 3

After milled sample powder was fabricated, it was collected and kept in air
tight amber glass vial. It was then stored under dry condition by using silica gel as
desiccant at room temperature. The sample obtained was characterized by using XRPD
as soon as possible due to the fact that amorphous milled SS was rapidly crystallized

and eventually interconverted to more stable crystalline form | (11,71).

3.2. Preparation of SS adsorbed on mesoporous silica

SS was loaded on 5244 silica by using incipient wetness impregnation method.
The hydroalcoholic (50:50 v/v) solution of SS at concentration of 3% w/w was
incorporated onto S244 silica powder with gently and thoroughly mixing by using
mortar and pestle. The ratio of 1:4 (gram of S244 silica: mL of drug solution) was used
for each time of impregnation. The remained solvents of sample prepared were then
evaporated by hot air oven at 40°C for 6 hours. The specification of the total residual

solvents was not more than 6 %w/w since the weight loss of the sample of SS
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adsorbed on S244 silica was found to be lower than 6.0 (appendix A). The S244 silica

were impregnated several times with a solution of SS.

3.3. Preparation of SS adsorbed on mesoporous silica with polymer

The hydroalcoholic (50:50 v/v) solution of SS at concentration of 3% w/w
combined with PVP K12 at concentration of 0.1, 0.5, 1, 5, 10, 20 and 30% w/w of SS
were prepared and incorporated to S244 silica by impregnation at the ratio of 1:4 (gram
of 5244 silica: mL of drug solution) for each time of impregnation. The impregnation

procedure was conducted the same as in the method of 3.2.

Table 7 Master formula of SS with PVP K12 in hydroalcoholic solution.

SS (9) PVP K12 (g) (% of SS) | hydroalcoholic (50:50 % v/v) gs. to (g)
3 0.003 (0.1%) 100
3 0.015 (0.5%) 100
3 0.03 (1%) 100
3 0.15 (5%) 100
3 0.3 (10%) 100
3 0.6 (20%) 100
3 0.9 (30%) 100

The control group referred to SS adsorbed on S244 silica at 4.5 times of impregnation

without the addition of PVP K12.

3.4. Solid state characterization

3.4.1 Crystal morphology

Microscope equipped with hot stage was used to observe the physical
appearance of sample. A small amount of sample was placed on glass slide and
subjected on the stage of microscope. Heating with the range of 30-300°C at a rate of
10°C/min was performed in case of the investigating of the thermally assisted particle

deformation. Polarized setting device comprised of polarizer and analyzer was utilized
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in conjunction with microscope when the investigating of birefringence was needed to

analyzed.

3.4.2 Solid state molecular arrangement

XRPD was employed to detect the solid state structure. The sample was gently
packed and carefully flattened on zero-background silicon holders and analyzed
without humidity or temperature controller. The scanning condition was in the °26
range of 5-35° with scan speed of 2°/min. The PDXL analytical software was used for

analyzing the performed data.

3.4.3 Thermal analysis

3.4.3.1 Differential scanning calorimetry (DSQO):

Sample of 3-5 mg was weighed accurately in aluminium pan 40 pl with
pin holed lid. It was then hermetically sealed. Temperature scan range was 25
to 300 °C with heating rate at 10°C/min. Nitrogen gas purged was set up at 60
ml/min as protective gas. STARe evaluation software was used for data analysis.

3.4.3.2 Thermogravimetric analysis (TGA):

Sample of 5-10 mg was weighted accurately in alumina crucible 70 pl
wherein covered with pierce lid. The scanning range of temperature was 25 to
300 °C with heating rate of 10°C/min. Purged nitrogen gas at 30 ml/min was

applied as protective gas. STARe evaluation software was used for data analysis.

3.4.4 Molecular interaction

Attenuated total reflectance infrared spectroscopy (ATR-IR) was utilized
for investigating any possible molecular interaction. Sample powder was placed
on the window of ATR sampling accessory. The scanning range was in between
4000-600cm™. Spectral setup data was averaged 32 scan at 4 cm™ resolution.
Spectral subtraction with blank is needed to be routinely done before gaining

the final spectra. It was then analyzed by OMNIC software.
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3.5. Quantitative determination of the degree of crystallinity of SS

The calibration curve between percent crystallinity of SS versus corresponded
to the Bragg’s peak height at 10.6 °26 was constructed. Spike-placebo method was
used as a platform for quantitative determination. S244 silica particles represented the
placebo since it existed in the product as an inert material including their amorphous
nature. Spiking of crystalline SS form | should regularly be prepared at different
concentrations in order to provide the responses their characteristic (10.6 °28). One of
the most important concerning factor of this method is the homogeneous of sample
prepared. Spike placebo method of solid state mixture is generally non homogeneous
system. Thus, the particle size of each component should have the comparable
particle size that would give homogeneous mixture. In this case, SS raw material has
been proved to be crystalline form | with the average particle size of 3.79 um.
Nevertheless, loose agglomeration of S244 silica particle was found. That was the
reason of the disadvantages of non-homogeneous physical mixture (1). The grinding
can give the smaller particle size of crystalline SS. Unfortunately, preliminary result
showed the grinding induced amorphization of SS. Therefore, there was an alternative
way to fabricate comparable size of crystalline SS to S244 silica. Smaller particle with
amorphous nature of SS was prepared by milling. It was then kept in high humidity
chamber to drive the polymorphic transformation

To achieve the different % concentration of crystalline SS form I, pure
amorphous 5244 silica was gently mixed with crystalline SS form | at different weight
ratio in mortar. The target concentration of crystalline SS form | was in the range of 10-
50% w/w. All concentration standard mixture were packed on the quartz sample
holder to ensure a constant irradiated throughout the sample volume for XRPD
measurements. The peak position at 10.6+1 °268 was used for the quantification of
crystalline SS (because it was the obvious respond peak after stored interested sample
from preliminary stability test). The PDXL software was used to determination the peak
height for each sample using hide background procedure. Linearity of above method
was considered from the coefficient of determination (r?). Acceptable procedure

should provide r* more than 0.95. Limit of detection (LOD) and limit of quantification
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(LOQ) were determined according to the criteria of signal to noise (S/N) ratio of 3 and

10, respectively.

3.6. Determination of SS quantity adsorbed on mesoporous silica

Samples of approximately 5 mg were suspended in ultrapure water 50 ml. It
was then vigorously shake at 100 rpm for 12 hours and centrifuged at 1000 rpm for 30
min. The clear supernatant was decanted and filtered through membrane 0.45 um.
The drug content was analyzed by High Performance Liquid Chromatography (HPLC)
system which was modified from Maithani and Singhn (44). Separation and quantitation
was made on a C18 Column 150x4.6 mm. For HPLC condition, mobile phase consisted
of acetonitrile and 0.05M phosphate buffer 65:35 (v/v) (pH 4.2 + 0.02, adjusted with
0.1N hydrochloric acid (HCL). Flow rate of mobile phase was 1.0 ml/min. and injection
volume was 5 pL. The UV detector was set up at 235 nm.

This method had been validated in accordance with ICH guideline Q2(R1)(26)

in terms of linearity, range, specificity, precision and accuracy (appendix C).

3.7. Stability investigation

Stability of amorphous SS powder, SS adsorbed on mesoporous silica and SS
with polymer adsorbed on mesoporous silica were investigated.

Samples were stored in humidity chamber at 75 + 5% RH and room
temperature. The humidity control chamber of 75 + 5% RH comprised of saturated
sodium chloride solution filled in desiccator. It was equilibrated for a week before
using. The level of humidity in chamber was determined by using hygro-thermometer
every time before starting of storage. Sample was then monitored in term of the solid
state structure by using XRPD. The starting time of changing from amorphous to

crystalline was investigated and named as induction time.
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CHAPTER IV
RESULTS AND DISCUSSION

4.1. Characterization of SS raw material and milled SS

4.1.1 Characterization of SS raw material

SS raw material was received and used without any further treatment for this
experiment as reference. Most of starting material used is necessary to be correctly
identified and characterized in order to avoid the misinterpretation. Firstly, the
identification of SS was performed by using FTIR spectroscopy in accordance with
British Pharmacopoeia (BP) 2015. The FTIR spectra of SS raw material is shown in Figure
18B. The result showed that the spectra of SS provided a nearly identical pattern
including several peak responses well agreed with FTIR spectra of SS in BP 2015 (Figure
18A). Therefore, raw material used in this studies was identified as SS.

Generally SS showed a few crystalline forms. At least three crystalline forms
had already been characterized and published by Rao et al. (50). However, our studies
need to use only specified crystalline form | as a starting material due to the most
stable crystalline form (53). Thus, SS used is needed to be further characterized
precisely in term of polymorphic form. IR spectra of different polymorphic forms of SS
were previously reported (47,50) but they were not clearly distinguished amidst them.
More precise method of polymorphic determination, XRPD, was then selected for
characterization. XRPD pattern of SS raw material exhibited main characteristic peak
responses at 10.6, 18.4, 21.3 and 23.0 °20. It was well corresponded to the diffraction

pattern of crystalline form | (Figure 19) (50,53).
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Instrument: Dispersive Phase: Potassium Bromide Dis;

Salbutamol Sulfate RS315
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Figure 18 Comparative FTIR spectra of SS reference standard referred to BP 2015 (A)

and SS raw material used (B).
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Figure 19 Comparative XRPD of SS crystalline form | (A) and SS raw material used (B).

In order to confirm the existence of the crystallinity of SS raw material, the
investigation of birefringence was performed with PLM. SS showed an elongate shape
crystal habit with an illumination under polarized light (Figure 20) which was a good
evidence of crystalline state. It was hence confirmed that SS was in the crystalline

state.



(B)
Figure 20 Photomicrograph of SS under bright field (A) and polarized light (B) (at

magnification of 400).
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Thermal analysis of SS were additionally investigated in order to know about
thermal history and properties of SS. DSC thermogram of SS raw material (Figure 21)
comprised of the first broad endothermic at initial condition (25 °C) until 165 °C, the
second sharp endothermic peak (170-220 °C) and followed with the third endotherm
in between 220 and 290 °C. To clearly identify the thermal event of SS, TGA was
operated simultaneously. During the first endothermic peak, weight loss of less than
0.5% w/w was observed. It was negligible and should be therefore related to the
dehydration of adsorbed water on SS particles. The second thermal event showed the
sharp endothermic peak in conjunction with two consecutive steps of weight change.
Less than 1 % of weight loss was recorded at the initial condition temperature range
of 170 till 195 °C and followed with the weight loss of around 11% afterward (195-230
°Q). This result suggested that the second thermal event was found to be the melting
with decomposition synchronously (39,47,56). The third endotherm obviously involving
the thermal decomposition due to huge weight loss. Further study of the thermal
history of SS was carried out by using hot stage microscopy (Figure 22). The SS sample
was heated on hot stage from 30 to 165 °C (comparable to the first endotherm). The
crystal habit remained intact while it became more brownish at the higher temperature
(230 °Q). Discoloration of SS crystal under high temperature might be the effect of the
instability or degradation. All of above DSC and TGA results indicated the crystalline
form | of SS. It was due to the fact that the melting endotherm of SS appeared at
approximately 205 °C was related with melting point of SS crystalline form | from
previous reported (56) whereas crystalline form Il had the higher melting endotherm
(around 7 °C) than that of form | (47). In conclusion, SS raw material used in this studies

was found to be crystalline form I.
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4.1.2 Characterization of milled SS produced

Amorphization of SS was prepared via milling method. SS was previously
reported on the ability of amorphization after grinding (5,6,13,19,20). Generally, the
critical process parameters (CPP) of milling were the type and process condition of
milling. In this study, ball milling was selected as milling equipment because of ease
and convenience. The CPP of ball milling were loaded quantity of material and time
of milling. (31,42) Initially, the CPP of loaded quantity was studied by controlling the
milling time at 2 hours constantly. It was due to the fact that 2 hours of milling for SS
would not provide any degradation which was observed by HPLC (data not shown).
Two levels of loading 0.5 and 1.0 g of SS were loaded into ball mill. After milling was
operated with the predetermined time, the samples were collected and further solid
state characterized. XRPD results revealed that milled sample of loaded quantity of
1.0 g exhibited the peak responses at 10.6, 18.4, 21.3 and 23.0 °28 with less crystallinity
comparing to that of starting material. It was shown that the degree of amorphization
was remarkably increased after milling process. However, it was found to be the
mixture between crystalline form | and amorphous. Therefore, this condition was not
appropriate to generate pure X-ray amorphous SS. When loaded quantity was reduced
about 50% (0.5 ¢), XRPD result indicated that the higher degree of X-ray amorphous SS
was produced which was seen from halo pattern with the disappearance of most of
the characteristic Bragg’s peak of crystalline form I. Nevertheless, some peak responses
at 18.4, 21.3 °26 which corresponded to crystalline form | still existed (Figure 23). Thus
the obtained sample was incomplete X-ray amorphous which containing the trace of
crystalline form I. In order to produced pure X-ray amorphous SS, the CPP of milling
time was varied. Three levels of milling time were studied (Figure 24). At the moderate
level of milling time (2.5 hours), XRPD showed the absence of peak at 18.4 °20 but the
peak at 21.3 °20 was presented. It would be said that the longer milling time provided
the more X-ray amorphous SS with the remained of small amount of crystalline form
l. At the longest time period of milling in this studies (3 hours), the disappearance of
both peaks at 18.4 °20 and 21.3 °20 was investigated. Therefore, complete X-ray
amorphous SS was generated with no degradation (data not shown). The longer the

milling time the more the X-ray amorphous production. In conclusion, X-ray
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amorphous SS was prepared by ball milling with the process condition of 0.5 g loaded

quantity and 3 hours of milling.
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Figure 23 Comparative XRPD of milled SS at time of milling of 2 hours with different

of loaded quantities.
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Figure 24 Comparative XRPD of milled SS at loaded quantity of 0.5 ¢ with different

times of milling.
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X-ray amorphous milled SS showed irregular crystal habit with no birefringence
under polarized light (Figure 25B). It agreed with XRPD that X-ray amorphous milled

SS was non-crystalline state.

(B)
Figure 25 Photomicrograph of X-ray amorphous milled SS under bright field (A) and
polarized light (B) (at magnification of 400).
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To confirm the state of X-ray amorphous SS produced by milling, thermal
analysis was carried out. Amorphous material commonly shows T, while crystalline
counterpart is absent. DSC results of milled SS consisted of four consecutive responses.
The first response was the endothermic peak from 25 °C to 130 °C with the transition
of baseline at around 60 °C. The second response was exothermic peak in between
140 to 155 °C. The third endothermic peak (160-205 °C) followed with the last fourth
endothermic peak (230-300 °C) were later found. The investigation of weight loss of
milled SS sample was synchronously performed. Comparative TGA and DSC
thermograms were constructed (Figure 26). The result demonstrated that the first
broad endothermic peak has the weight loss around 4% w/w that might be due to the
adsorbed water. However, the larger amount of such water content should be related
to the more adsorbed water on huge surface area of milled sample (small particles).
Unfortunately, the transition of baseline was found in that temperature range. It
directly correlated and was inferred to the glass transition state. Above results agreed
well with previous studies (5,16). Negligible change of weight (less than 1%) was found
and supported the glass transition state. Next exothermic peak related to the
recrystallization of amorphous SS which eventually resulted in the crystalline state.
During above temperature range, there was no weight loss that supporting the
recrystallization without any degradation. The second endothermic peak was the most
important characteristic of amorphous SS produced by milling which had been found
by Curtin, et al. (13). It concerned with the melting of amorphous SS. In addition,
significant weight loss of 8% w/w was investigated in that temperature range. It also
indicated the decomposition with melting which was clearly supported from the
discoloration of sample (Figure 27). The last endothermic peak had the greatest weight

loss (more than 12% w/w) that indicated the major decomposition.
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Initial (room temperature) 80°C

230°C 300°C

Heating temperature
Figure 27 Physical appearance of X-ray amorphous milled SS under different heating

temperature.
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Molecular disorder of amorphous might be resulted in difference of hydrogen-
bonding pattern between its molecules. Thus, FTIR spectra of amorphous might pose
the broadening and/or diffusion of bands attributed to the differences of hydrogen-
bonding patterns of two solid-state forms (30). The FTIR spectra of X-ray amorphous
milled SS and crystalline SS are remarkable difference that shown in previous studies
(5,19,20)

When considering the SS chemical structure (Figure 28), there were ten possible
hydrogen atoms playing a function of hydrogen bond donor. They were found in
hydroxyl group (eight atoms) including two atoms in secondary amine group.
Meanwhile, the proton acceptors available for hydrogen bonding are (i) four oxygen
atoms of sulfate ion, (ii) six oxygen atoms of C-O-H bond and (iii) two nitrogen atoms
of secondary amine. FTIR spectra of X-ray amorphous SS produced showed the
distinguished pattern with crystalline counterpart (Figure 29). The changing of hydrogen
bonding due to the peak shift including peak broadening and intensity decreasing at
several wavenumbers were observed as described herein in Table 8. In addition, the
non-hydrogen bonding site of CHs; bending, C-H bending and CH,/CH; rocking also
changed. It might be due to the greater flexible of conformational in the amorphous

state, thus allowing increased interaction with other functionalities in molecule (30).

— Hydrogen-bond donor

= — = Hydrogen-bond accepter

Figure 28 Chemical structure of SS.
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Table 8 FTIR band assignments, positions, and intensities of SS and X-ray amorphous

milled SS.
SS Milled SS
No Vibration Position | Intensity | Position | Intensity | Reference
(em™ | (%T) (cm™) (%T)

1 | OH stretching/ 3472 92.8 broad 90.6 (19,25)
NH stretching

2 | NH stretching 3262 88.8 broad 80.3 (19)

3 | Secondary amine 1616 82.2 1614 77.6 (25)
salt (C-N-Q)

4 | C=C-C stretching/ 1506 80.8 1508 78.8 (25,67)
Secondary amine
salt (C-N-C)

5 | CH,N bending 1438 80.7 1445 73.6 (29)

6 | CH; bending 1386 76.2 1379 67.6 (29)

7 | C-H bending 1239 72.5 1268 70.1 (67)

8 | Phenolic CO 1205 72.6 1200 71.1 (5,67)
stretching

9 | Sulphate ion/ CH 1110 4a7.2 broad 53.1 (29,67)
bending/OH bending

10 | C-O stretching/ 1084 48.6 broad 42.6 (29)
C-H bending

11 | S=0 stretching/ 1028 34.1 1038 335 (29,67)
CH5 rocking/
CG; stretching

12 | C-O stretching 977 47.9 broad 62.7 (29)

13 | CH, rocking/ CHs 916 67.4 broad 75.9 (29)
rocking

14 | C-H bending 838 52.9 829 63.5 (29)
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4.2. Stability of X-ray amorphous milled SS

Amorphous SS which were prepared from different methods showed the solid
state instability under moderate to severe storage condition (humidity and
temperature) (11,71). The rate of interconversion of amorphous SS to the stable
crystalline form occurred within 5 hours when storage at 25 °C and 70% RH that had
previously been reported (71). In our studies, milled SS powder was necessary to
investicate the solid state stability in order to determine the optimum storage
condition including the time of interconversion or induction time for using as a
reference in the next studies.

XRPD pattern of X-ray amorphous milled SS after storage at 75 + 5% RH, room
temperature within 2 hours exhibited the same responses comparable to the freshly
prepared (Figure 30). However, the signal responses of crystalline form appeared after
2.25 hours of storage and would be then remarkably seen after 2.5 hours. In this study,
the criteria of the solid state interconversion was employing the use of S/N ratio at
10.6 °28 as shown in chapter 2 title 3.5 . The r? of calibration curve was found to be
0.9829 which has been accepted according to the criteria (>0.95). The value of LOQ of
this method (appendix B) was quite high (more than 24.14% of crystalline form 1)
whereas LOD was around 6% of crystalline form I. All response in this study was found
to be lower than LOQ. Thus, it was not appropriate to report the level of crystallinity
as % of crystalline form | but it should only be observed on the transformation by
using the LOD (S/N ratio of 3). At 2 hours, the S/N ratio was less than 3. It was revealed
that no acceptable solid state transformation was occurred. Nevertheless, the sample
kept for longer time period (2.25 hours) provided the S/N ratio above 3 that would be
inferred to the more transformation. Therefore, the transition period of solid state
interconversion of X-ray amorphous milled SS to crystalline SS form | would be
occurred within 2 to 2.25 hours. In this experiment, the time of interconversion or
induction time was found in the range of 2 to 2.25 hours for X-ray amorphous milled

SS.
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Figure 30 Comparative XRPD of X-ray amorphous SS powder stored for 75 + 5% RH,

room temperature for 2, 2.25 and 2.5 hours, respectively.

Photomicrograph of X-amorphous SS powder stored at 75 + 5% RH, room
temperature for 1 day showed the unclear bright appearance under dark field (Figure
31B). It might due to the crystal size and aggregation state. The smaller the particle
size the more complicated the reflection of light. Above result primarily indicated the

crystalline state of SS that well agreed with XRPD result.
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(B)

Figure 31 Photomicrograph of X-ray amorphous SS powder stored at 75 + 5% RH, room
temperature for 1 day under bright field (A) and polarized light (B) (at magnification of
400).
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4.3. Preparation and solid state characterization of SS adsorbed on mesoporous
silica

In this study, amorphous SS was intentionally prepared based on the molecular
adsorption on solid substrate approach. 5244 silica was selected and utilized as solid
substrate. It was due to the fact that silica material provides more possibility on
molecular adsorption according to its reactive silanol group. Hydrogen bonding is a key
role on such molecular interaction (49). In addition, silica material has a wide varieties
of physical structure particularly with the porosity. Macroporous, mesoporous and
microporous silica are now available in the market. Currently, mesoporous silica is one
of the most solid substrate which was studied on solubility improvement via
amorphization of several drugs (3,8,65). Therefore, it was appropriate for employing in
drug amorphization.

The S244 silica were impregnated several times with an aqueous solution of
SS. Initially, three, six and nine times of impregnation were proposed and roughly
investigated the state of SS adsorbed on $244 silica surface in term of crystallinity with
XRPD. XRPD was interpreted by observing the presence of distinct peak responses of
crystalline form I. The results showed that the sample after three times of impregnation
provided no any signs of crystallization of SS. It could be seen from the absence of
any peak responses of crystalline form (Figure 32). For the sixth impregnation time, the
presence of small Bragg’s peaks at 10.6, 18.4, 21.3 and 23.0 °20 was detected which
revealed the formation of crystalline SS form | (Figure 33). It was further clearly
demonstrated that the impregnation of nine times showed the remarkable peak

responses with higher intensity that determined the existence of crystalline form I.
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Figure 32 Comparative XRPD of crystalline SS form | (A), S244 silica (B) and SS
adsorbed on S244 silica three times (Q).
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Figure 33 Comparative XRPD of SS adsorbed on 5244 silica at three, six and nine

times of impregnation, respectively.
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There are an argument of amorphous phase formation on the surface of porous
solid substrate. It was explained that the formation of amorphous state was the result
of the deposition of fewer adsorbed molecules onto the larger surface of adsorbent
that resulted in the longer distance between each adsorbed molecule. Thus, each
molecule is more difficult to come close together due to the longer distance on
mobile. To get rid of above limitation, maximum number of adsorbed molecule on
the silica adsorbent surface was determined. Therefore, the maximum loading of SS in
which still obtained X-ray amorphous state should be within three to five times of
impregnation. In Figure 34, the impregnation time of four and five were additionally
prepared. They provided the identical XRPD pattern comparing with that of three times
of impregnation. Amorphous halo pattern with no any significant peak responses of
crystalline form were investigated. It should be concluded that the impregnation of SS
on S244 silica with up to five times yielded the X-ray amorphous SS. Hence, the
incipient wetness impregnation with optimal loading successfully generated the X-ray
amorphous SS on S244 silica. Loaded quantity of SS on S244 silica of five times
impregnation was determined by HPLC and found to be 36.64 % w/w.

Intensity (cps)

5 10 15 20 25 30 35
2theta (deg.)

Figure 34 Comparative XRPD of SS adsorbed on 5244 silica at three, four and five

times of impregnation, respectively.
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Further characterization of the sample with five time impregnation was
performed. The detection of birefringence of the surface of SS adsorbed on $244 silica
sample was done. S244 silica commonly showed the nature of amorphous which
should not provide any sign of birefringence under polarized light (Figure 35B). The
loaded S244 silica sample particles showed irregular crystal habit with also no
birefringence of the surface under polarized light (Figure 36B). It was the good
supporting evidence that SS adsorbed on surface of S244 silica was presented in the

form of non-crystalline state.

(B)
Figure 35 Photomicrograph of S244 silica under bright field (A) polarized light (B) (at
magnification of 400).
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Figure 36 Photomicrograph of SS adsorbed on S244 silica under bright field (A)
polarized light (B) (at magnification of 400).
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Thermal analysis of X-ray amorphous SS adsorbed on S244 silica, S244 silica,
the physical mixture of SS raw material and S244 silica of 40% w/w and the physical
mixture of X-ray amorphous milled SS and S244 silica of 40% w/w samples were
performed and compared.

In Figure 37, DSC thermogram of SS adsorbed on S244 silica sample showed
the first broad endothermic peak (30 to 115 °C), the second endothermic peak in
between 150-210 °C followed with third endothermic peak from 215-300 °C. The first
broad endothermic peak has the weight loss around 3% w/w that might be related to
the desolvation of adsorbed water and/or ethanol. The second and third endothermic
peak has weight loss around 4 and 10%, respectively. It was suggested that they were
the decomposition with melting of surface adsorbed SS which could be physically
seen from the discoloration from brownish and later became darker homogeneously
(Figure 38). The TGA result had also confirmed the decomposition of SS in such above

temperature range by obvious weight loss.
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Figure 37 DSC and TGA thermograms of SS adsorbed on S244 silica.
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Figure 38 Physical appearance of the SS adsorbed on S244 silica under difference

heating temperature.

Comparative DSC thermogram of SS adsorbed on S244 silica sample and the
physical mixture between SS with S244 silica at the same concentration (40% w/w)
exhibited the different pattern. The endothermic peaks of physical mixture were found
to be comparable to that of SS raw material (endothermic peak at 205 and 275 °Q).
Meanwhile the SS adsorbed on S244 silica sample showed two different endothermic
peaks (Figure 39). It might indicate that the SS adsorbed on silica surface was different
from SS crystalline form | (37). Once, when comparing the DSC thermogram between
X-ray amorphous SS adsorbed on 5244 silica sample and the physical mixture between
X-ray amorphous milled SS with S244 silica at the same concentration (40% w/w), it
was found that endothermic peak responses of both sample were well agreed in term

of the peak temperature (Figure 40). However, there was a significant difference at



52

endothermic sharp peak at 180 °C. It was possibly due to the difference in the state
of X-ray amorphous. X-ray amorphous produced by milling was composed of only SS
molecule itself with non-ordered arrangement in its crystal lattice whereas the X-ray
amorphous produced by impregnation was the non-ordered molecular arrangement
by the adsorption between each SS molecule and surface of silica material. It might

hence be concluded that the state of SS which has been adsorbed on 5244 silica with

five times of impregnation was X-ray amorphous.
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Figure 39 Comparative DSC thermograms of S244 silica (A), SS adsorbed on $244 silica
(B) the physical mixture of SS with S244 at 40% w/w (C) and SS (D).
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Figure 40 Comparative DSC thermograms of SS adsorbed on S244 silica (A) and the
physical mixture of X-ray amorphous milled SS with S244 silica at 40% w/w (B).

In term of the investigation of molecular interaction between adsorbed SS
molecule and S244 silica, FTIR was employed as a tool. FTIR spectra of the physical
mixture between SS with S244 silica at the concentration of 40% w/w exhibited the
combination of peaks from both SS and S244 silica without any more responses (Figure
41). It should be concluded that no interaction between SS and S244 was occurred.
Meanwhile, the interaction of SS adsorbed on S244 silica sample was detected which
could be seen by the shift of peaks when comparing with pure SS and S244 silica
(Table 9). The promising peaks shift were at 1447 and 1386 cm’’, respectively. The first
peak shift at 1447 cm™ was related to CH,N group that might be governed a hydrogen
bond formation. The second peak shift was at 1386 cm™ which was assigned to CHs
vibration. It might have the possibility to interact with S244 silica via weak interaction
force. Other broad peak responses at 976, 916 and 838 cm™ were not clearly

interpreted the interaction due to the dilution effect of adsorbed SS and 5244 silica.
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Figure 41 Comparative FTIR spectra of SS adsorbed on 5244 silica, the physical mixture
of SS with 5244 silica at 40% w/w, SS and 5244 silica.
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Table 9 FTIR band assigcnments, positions, and intensities of SS adsorbed on S244
silica, the physical mixture of SS with S244 silica at 40% w/w.

SS adsorbed on SS-5244 40% PM
No Vibration S244 silica Reference
Position | Intensity | Position | Intensity
(cm™ (%T) (cm™) (%T)
1 | CH,N bending 1447 97.04 1438 97.90 (19,29)
2 | CHsbending 1382 96.08 1386 97.07 (29)
3 | C-O stretching 969 82.91 976 82.29 (29)
4 | CH, rocking/ broad 91.15 916 89.89 (29)
CHs rocking
5 | C-H bending broad 90.54 838 87.94 (29)

4.4. Stability of SS adsorbed on mesoporous silica

For the solid state stability of SS adsorbed on S244 silica which was produced
by five times of impregnation. The 24 hours of storage at 75 + 5% RH, room
temperature provided the X-ray amorphous SS on $244 silica due to the X-ray halo
pattern without any distinct Bragg’s peaks of crystalline form. Nevertheless, the
characteristic peak at 10.6 °20 appeared at 44 hours and 64 hours, respectively. The
criteria of the solid state interconversion rate was mentioned earlier (section 4.2). The
S/N ratio of 10.6 °28 at 44 hours of storage was found to be lower than 3 while the
S/N ratio above 3 was obtained at 64 hours (Figure 42) (crystallinity around 9%). It
might be concluded that the induction time of SS adsorbed on S244 silica was found
in the range of 44 to 64 hours. The solid state stability was further observed in the
longer period of storage. The result revealed the higher of crystalline form | formation
that reflected directly on the peak response at 10.6 °28. In addition, some of minor
peaks were gained. In conclusion, the longer the storage time the higher the degree of

crystallinity (Figure 43) (% crystallinity more than 10).
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Figure 42 Comparative XRPD of SS adsorbed on S244 stored at 75 + 5% RH, room

temperature at different storage times of 2.5, 24, 44 and 64 hours, respectively.
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Figure 43 Comparative XRPD of SS adsorbed on 5244 stored at 75 + 5% RH, room

temperature at different storage times of 26, 64 and 117 days, respectively.
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The incipient wetness impregnation of SS on S244 silica showed the better solid
state stability of X-ray amorphous SS produced comparing to that of milling which
could be proved from the longer induction time. However, the better stability of X-ray
amorphous SS adsorbed on S244 silica was quite short and could not effectively
preserved their non-ordered structure when it will be used in the formulation that
might have humidity involved such as wet granulation. Stabilization of amorphous SS
nature with polymer should be proposed and studied in the next section. Conclusively,
the method of adsorption of interested compound on the porous material could
retard the solid state interconversion rate of amorphous to crystalline.

4.5. Preparation and solid state characterization of SS adsorbed on mesoporous

silica with polymer.

Nowadays, amorphous stabilization by means of the aid of polymer was
extensively studied (5,34,35,55). It was due to the fact that polymer with different
functional group or molecular structure can be applied with the amorphous in order
to gain stearic stabilization and eventually resulted in stable molecular non-ordered
arrangement. Typical polymer used for amorphous solid dispersion was short chain
polymer because of low viscosity, less occupy space and less competitive surface
adsorption. In this study, short chain PVP K12 was employed as a model polymer on
stabilization of X-ray amorphous SS adsorbed on S244 silica. The effect of polymer
concentration used was investigated. PVP K12 at maximum estimated concentration
of 30% w/w of SS was preliminary loaded on S244 silica by adding in the
hydroalcoholic solution of SS with five times of impregnation. Unfortunately, the XRPD
results of above freshly prepared sample showed the appearing of response peaks of
crystalline state (Figure 44). Meanwhile the control sample (without PVP K12) provided
the amorphous halo pattern without any Bragg’s peaks of crystalline. It might be due
to the occupying of free space of silica surface by PVP K12 (2,21,52,59). The competitive
interaction between drug and polymer with silica surface affected the available free
surface area of silica. The less of free space from the occupying of PVP K12 directly
impacted on the closeness of SS molecules resulted in high tendency of SS

recrystallization.
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Figure 44 Comparative XRPD of SS adsorbed on S244 silica with and without PVP K12

30% w/w of SS at five times of impregnation.

To overcome mentioned problem, an adjustment of loaded quantity of SS by
minimizing the impregnation time was performed. Four and a half time of impregnation
was proposed and studied. The result showed that no any Bragg’s peak were occurred
(Figure 45). On the molecular interaction point of view, the interaction between three
components by FTIR showed unclear peak responses due to dilution effect (Figure 46)
but the presence of C=0 at 1652 cm™ still existed that showed the characteristic of
PVP. Further investigation of chemical interaction amidst PVP K12, SS and/or S244 silica

with more sensitive analytical instrument are required in order to precise clarification.
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Figure 45 Comparative XRPD of SS adsorbed on 5244 silica with PVP K12 30% w/w of

SS between four and haft times and five times of impregnation.
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Figure 46 Comparative FTIR spectra of SS adsorbed on S244 silica with PVP K12 at

30% w/w of SS, SS adsorbed on 5244 silica and PVP K12.
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However, the less of impregnation times absolutely provided lower drug
loading. The quantitative determination of SS with HPLC indicated that SS could be
loaded at 33.42 + 0.51 % w/w (without PVP K12) whereas 29.80 + 1.18 % w/w of
loaded quantity was found when PVP K12 (30% w/w of SS) was added. There was a
significant difference (p < 0.05). Therefore, the prototype of sample in the experiment
governing the effect of polymer concentration on solid state interconversion of SS was
set up at four and half time of impregnation. XRPD patterns of freshly prepared SS
adsorbed on S244 silica with different concentrations of PVP K12 showed X-ray
amorphous halo comparable to the control sample (without PVP K12) (Figure 47). It
could not clearly explain about the effect of PVP K12 on the formation of X-ray
amorphous SS on 5244 silica since X-ray amorphous could be formed even PVP K12
was not added.

However, the assumption of the utilization of short chain polymer on
amorphous stabilization is still directly governed with the time of retardation of solid

state interconversion.
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Figure 47 Comparative XRPD of SS adsorbed on S244 silica with PVP K12 at different

concentration freshly prepared.
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4.6. Stability of SS adsorbed on mesoporous silica with polymer

As seen in several publications, amorphous SS possibly transformed to
crystalline state under ambient condition that depended on the humidity and time of
exposure (11,71). The higher the humidity the faster the rate of interconversion (71).
Thus, the storage condition in this experiment was chosen at 75 + 5% RH and room
temperature. Above storage condition was alike accelerated condition in order to
investigate the induction time. The solid state stability of samples prepared with PVP
K12 at 10, 20 and 30% w/w of drug were investigated under specified condition as
mention earlier for 6 days. XRPD results showed the presence of some Bragg’s peaks
of samples with PVP K12 at 20 and 30% w/w with the S/N ratio higher than 3 (%
crystallinity around 8 and 9, respectively) (Figure 48). These demonstrated that SS
tended to crystallize. Meanwhile, the sample with PVP K12 at 10% w/w of SS remained
unchanged due to no sign of crystalline formation. Thus, the higher concentration of
PVP K12 at 20 and 30% w/w of SS could not effectively retard the crystallization of X-

ray amorphous SS.
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Figure 48 Comparative XRPD of SS adsorbed on S244 silica with PVP K12 at 10, 20
and 30% w/w of SS stored at 75 + 5% RH, room temperature for 6 days.
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Besides, the lower concentrations of PVP K12 might provide the better
crystallization inhibition due to the less of silica surface area occupying. The
preparation of SS adsorbed on S244 silica with lower PVP K12 concentrations at 1 and
5% w/w of SS were additionally done. Freshly prepared samples were then stored at
75 + 5% RH, room temperature for the longer time (12 days) than that of previous
studies. The result showed that Bragg’s peak of samples with PVP K12 at 5 and 10%
w/w of SS with the S/N ratio above 3 were investigated (crystallinity around 9%) (Figure
49). It was indicated that SS starting to crystallize and would turn to be the crystalline
form. On the other hand, the XRPD of sample with PVP K12 at 1% w/w of SS seem to
be changed but the S/N ratio of all Bragg’s peaks were lower than 3. Thus, the lower
concentration of PVP K12 at 1% w/w seem to be more effective on the deceleration

of the recrystallization of X-ray amorphous SS.
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Figure 49 Comparative XRPD of SS adsorbed on 5244 silica with PVP K12 at 1, 5 and

10% w/w stored at 75 + 5% RH, room temperature for 12 days.
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To find tune the most appropriated concentration of PVP K12 on the
retardation of recrystallization, the samples with PVP K12 at 0.1 and 0.5% w/w of SS
were fabricated and then characterized after kept in the predetermined condition with
the longer time (20 days). The results showed that all of sample exhibited some of
Bragg’s peaks with lower S/N ratio (less than 3). Therefore, the interconversion time of
sample with above concentration ranges of PVP K12 were the same as control (without

PVP K12) (Figure 50).
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Figure 50 Comparative XRPD of SS adsorbed on 5244 silica with PVP K12 at 0.1, 0.5
and 1% w/w of SS stored at 75 + 5% RH, room temperature for 20 days.
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Our result was not agree according to the previous findings. Konno and Taylor
found that amorphous solid dispersion of homogeneous felodipine molecularly
dispersed in polymer of PVP K29/32 which was created as a thin film showed the
relatively slower nucleation rate when higher amount of polymer was applied (35).
They proposed that larger amount of polymer could have ability on retarding the
nucleation rate of felodipine through the interaction between drug and polymer. If the
nucleation rate of drug was slower, the crystallization tendency was also lower. The
physical or chemical interaction between drug and polymer chain played a pivotal role
on the recrystallization inhibition. However, the molecular mechanism of the
transformation X-ray amorphous SS produced by surface adsorption to crystalline
might be result from the competitive interaction between drug-silica and polymer-
silica including drug-polymer. The main mechanism was proposed to polymer-silica
surface interaction. PVP could be adsorbed over the surface of silica via hydrogen bond
as a function of molar mass of the polymer (2,21,52,59). It affected on the availability
of free silica surface space and later impacted on the adsorption of SS molecule. It
was therefore led to the faster recrystallization of free SS. Hence, it was not surprising

that our results is controversial with Konno and Taylor findings.
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CHAPTER V
CONCLUSIONS

X-ray amorphous SS particles could be prepared by grinding which was
confirmed by amorphous halo pattern. It also showed non birefringence under
polarized light and supported the non-ordered structure. The rapid interconversion of
X-ray amorphous SS to crystalline form | was observed within 2.25 hours after storage
under high humidity condition (75 + 5% RH). On the other hand, X-ray amorphous SS
could be fabricated via incipient wetness impregnation with S244 silica. The maximum
SS loading of 36.64 % w/w was found. It was clearly demonstrated that the quantity
of SS loaded on S24 silica affected to its solid state form. The higher the quantity of
loaded on S244 silica the more possible the formation of crystalline form. The time of
interconversion to crystalline of X-ray amorphous SS adsorbed on S244 silica was
longer than milled amorphous SS produced. It was proposed that SS molecules was
directly adsorbed on the surface of silica via hydrogen bond and other attractive forces.
Meanwhile, X-ray amorphous milled SS converted to the former crystalline structure

due to their own molecular interaction.

In order to extend the interconversion time or stability improvement of x-ray
amorphous SS adsorbed on $S244 silica, short chain polymer of PVP was introduced
and investigated. In general, polymer could stabilize the non-ordered state of drug
from their stearic hindrance. Unfortunately, this study showed that higher
concentration of PVP K12 did not provide positive effect on amorphous solid state
stabilization. The higher range of PVP K12 concentration (20 and 30% w/w of SS) gave
the faster rate of interconversion than that of control (SS adsorbed on S244 silica
without PVP K12). In addition, the lower level of concentration (5 and 10% w/w of SS)
still also showed the faster interconversion rate. Nevertheless, the concentration of
0.1 to 1 % w/w of SS apparently interconversed the X-ray amorphous SS as same as
the control (without PVP K12). It might be explained with the concept of competitive
surface adsorption of SS molecules and PVP K12 polymer chain on the silica free

surface area. PVP K12 was more favorable to be adsorbed and located on the surface
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of S244 silica than SS molecule itself (2,21,52,59). The free space on silica surface for
SS molecules was then reduced according to the readily occupy space of PVP K12.
Consequently, SS molecule were closely located together on the surface and prone

to be recrystallize at the end.
However, not only the effect of polymer concentration but chemical structure
of polymer might also an important role on the deceleration of X-ray amorphous SS

adsorbed on S244 silica that would be planned in future study.
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Appendix A

The total residual solvents
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Figure 51 % Weight loss of freshly prepared SS adsorbed on S244 silica after
subjected into hot air oven at 40°C for different drying time.
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Incipient wetness impregnation process

5244 silica 1 g

l Drug solution 4 mL

impregnation 1 time

J Het air oven 40°C for 6 hours

SS adserbed on 5244 silica

l - impregnhation 2, 3, 4 times

SS adsorbed on 5244 silica

l Drug solution 2 mL + solvent 2 mL

impregnation 4.5 times

l Hot air cven 40°C for 6 hours

SS adsorbed on 5244 silica

Figure 52 the flow chart of incipient wetness impregnation process with different
impregnation times.

** Remark: In case of 4.5 times, it meant to the process of 4 times of impregnation
with the additional load of the mixture of two milliliters of drug solution and equal
volume of solvent that eventually resulted in the constant volume of loading

solution.
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Appendix B

Quantitation of crystalline SS form |

Intensity (cps)
——10% PM

——20 % PM

——30 % PM

——40 % PM

“ ——50 % PM

3 10 17 24 31 38
2ttheta (deg.)

Figure 53 XRPD of the physical mixture between moisture equilibrated milled SS
(crystalline form | small particle size) and S244 silica (as the placebo) at different spike

concentrations.
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Figure 54 XRPD calibration curve of peak height at 10.6 °26 and % crystallinity of SS

form I.
25
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Figure 55 XRPD calibration curve of signal to noise ratio and % crystallinity of SS

form |I.

Signal to noise = 3, concentration = 6.20%

Signal to noise =10, concentration = 24.14%
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Appendix C
Quantification of SS by using HPLC
® Milled SS
100.86 + 0.61
® SS adsorbed on 5244 silica

Table 10 Quantity of SS in sample of SS adsorbed on S244 silica at different time of

impregnation

Time of impregnation Quantity of SS
1 10.75 + 0.27
2 17.48 + 0.88
3 22.61 + 1.96
4 30.95 + 0.75
4.5 33.42 + 0.51
5 36.64 + 0.93

® SS adsorbed on S244 silica with PVP K12 (four and half time of impregnation)

Table 11 Quantity of SS in sample of SS adsorbed on S244 silica with PVP K12 at
different concentration of PVP K12.

Concentration of PVP K12 (% w/w of SS) Quantity of SS
0.1% 33.87 + 0.88
0.5% 33.59 + 0.63
1% 33.06_+ 1.36
5% 32.64 + 0.65
10% 29.46 + 1.13
20% 30.75 + 1.02
30% 29.80 + 1.18




Method validation of HPLC

Linearity and rance

Table 12 HPLG; linearity and range of SS.

concentration | Replicate Peak area Average Peak % RSD
area

10.040 1 34081
2 34209 34047 0.53
3 33851

20.125 1 80731
2 80866 80798.67 0.08
3 80799

30.250 1 120413
2 120846 120597.7 0.18
3 120534

40.250 1 158601
2 159152 158929 0.18
3 159034

50.200 1 204295

203905.7

2 203791 0.16
3 203631

60.500 1 247625
2 248527 248444 0.31
3 249180

70.400 1 288480
2 289732 288792.3 0.29
3 288165
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Figure 56 HPLC; calibration curve of SS.

Specificity
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Figure 57 HPLC chromatogram of SS.
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Figure 58 HPLC chromatogram of S244 silica.
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Det AChi

min

Figure 59 HPLC chromatogram of PVP K12.
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Figure 60 HPLC chromatogram of SS adsorbed on 5244 silica.

Det A Chil

Figure 61 HPLC chromatogram of SS adsorbed on S244 silica with PVP K12 30% w/w
of SS.



Precision

Table 13 HPLG; repeatability and intermediate precision.

Conc. Rep. Day 1 Day 2 % RSD
Average Average of 2
Peak % %
peak Peak area | peak days
area RSD RSD
area area
30.250 1 120413 119540

2 120846 | 120597.7 | 0.19 119827 119670 | 0.12 0.55

3 120534 119643

40.250 1 158601 157603

2 159152 158929 | 0.18 157920 157691.3 | 0.13 0.55

3 159034 157551

50.200 1 204295 203095
2 203791 | 203905.7 | 0.17 202062 202459 | 0.27 0.50

3 203631 202220

Accuracy
Table 14 HPLC; percent recovery of SS.

Concentration | Replicate Assay % recovery | Average % | % RSD
recovery

30.25 1 30.29 100.14 100.29 0.17
2 30.40 100.49
3 30.32 100.24

40.25 1 39.39 97.87 98.06 0.17
2 39.52 98.19
3 39.49 98.12

50.20 1 50.28 100.15 99.97 0.16
2 50.16 99.91
3 50.12 99.84




Forced degradation studies

Thermal stress
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Figure 62 HPLC chromatogram of SS solution incubated at 80°C for 42 hours.

r r
50

r T r
75

DetACh1

min

85



86

VITA

Miss Treeruk Prasertsri was born in Chaiyaphum, Thailand, on May 14th,
1990. She received her Bachelor in Pharmaceutical degree in 2013 from Faculty of
Pharmacy, Rangsit University, Thailand. She presented a proceeding poster of title
"PREPARATION AND STABILITY EVALUATION OF X-RAY AMORPHOUS SALBUTAMOL
SULFATE ADSORBED ON MESOPOROUS SILICA" in the The JSPS-NRCT Follow-Up
Seminar 2017 and 33rd International Annual Meeting in Pharmaceutical Sciences

(JSPS-NRCT 2017 and IAMPS33) on March 2-3, 2017 at Bangkok, Thailand.



	THAI ABSTRACT
	ENGLISH ABSTRACT
	ACKNOWLEDGEMENTS
	CONTENTS
	LIST OF TABLES
	LIST OF FIGURES
	LIST OF ABBREVIATIONS
	CHAPTER I INTRODUCTION
	CHAPTER II LITERATURE REVIEW
	2.1 Amorphous
	2.2 Characterization of amorphous
	2.3 Preparation method of amorphous phase
	2.4 Stabilization an amorphous drug
	2.4.1 Polymeric solid dispersion
	2.4.2 Porous media system

	2.5 Model drug
	2.6 Mesoporous silica
	2.7 Polymer

	CHAPTER III MATERIALS AND METHODS
	3.1. Preparation of X-ray amorphous SS powder
	3.2. Preparation of SS adsorbed on mesoporous silica
	3.3. Preparation of SS adsorbed on mesoporous silica with polymer
	3.4. Solid state characterization
	3.4.1 Crystal morphology
	3.4.2 Solid state molecular arrangement
	3.4.3 Thermal analysis
	3.4.3.1 Differential scanning calorimetry (DSC):
	3.4.3.2 Thermogravimetric analysis (TGA):

	3.4.4 Molecular interaction

	3.5. Quantitative determination of the degree of crystallinity of SS
	3.6. Determination of SS quantity adsorbed on mesoporous silica
	3.7. Stability investigation

	CHAPTER IV RESULTS AND DISCUSSION
	4.1. Characterization of SS raw material and milled SS
	4.1.1 Characterization of SS raw material
	4.1.2 Characterization of milled SS produced

	4.2. Stability of X-ray amorphous milled SS
	4.3. Preparation and solid state characterization of SS adsorbed on mesoporous silica
	4.4. Stability of SS adsorbed on mesoporous silica
	4.5. Preparation and solid state characterization of SS adsorbed on mesoporous silica with polymer.
	4.6. Stability of SS adsorbed on mesoporous silica with polymer

	CHAPTER V CONCLUSIONS
	REFERENCES
	VITA

