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ABSTRACT

SURFACE FUNCTIONALIZATION OF SBA-15 PARTICLES FOR CELECOXIB
DELIVERY

Gezer, Gamze
M. Sc., Department of Chemistry
Supervisor: Assoc. Prof. Dr. Aysen Yilmaz

June 2013, 72 pages

Mesoporous silica particles have been used to enhance the loading capacity of drugs into these
particles, increase bioavailability and control drug release.

In this study SBA-15 particles were synthesized and functionalized to improve the loading
capacity and release rate of drug. Then, drug loading and release process were investigated.
Celecoxib was chosen as a model drug which is very hydrophobic. SBA-15 particles were used
due to their highly ordered, well-defined mesoporous structure. These particles were modified by
post-grafting method. In order to synthesize SBA-15 particles, hydrothermal synthesis method
was used, Pluronic 123 triblock copolymer was used as starting material and tetraethyl
orthosilicate was added as a silica source. SBA-15 samples were functionalized by post-grafting
method with (3-Aminopropyl) triethoxysilane (APTES). Moreover, Boron doping of SBA-15
samples was prepared and so borosilicate samples were obtained. After functionalization process,
drug loading of samples were performed with different concentration of drug in silica and to
control drug release rate, release experiments results were compared.

For the characterization process of pure and drug loaded samples, X-ray Diffraction (XRD),
Small-Angle X-ray Spectrometry (SAXS), N, adsorption-desorption, Fourier Transform Infra-red
(FTIR), Elemental Analysis, Scanning Electron Microscope (SEM), Transmission Electron
Microscope (TEM), Ultra-Violet Spectrometry (UV-VIS), Zeta Potential and High-Performance
Liquid Chromatography (HPLC) methods were applied.

According to characterization process, amine functionalized SBA-15 samples and borosilicate
samples showed the best results in loading and release experiments. For loading process amine
functionalized SBA-15 particles had 61.72 % efficiency and borosilicate samples had 76.33 %
efficiency. Besides, Borosilicate and amine functionalized SBA-15 samples had highest release
rate of Celecoxib which were 37.57 % and 41.61 % respectively.



Functionalization process was successful to improve drug loading capacity and release rate.

Keywords: SBA-15 particles, surface functionalization, borosilicate, drug delivery systems,
Celecoxib.
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SELEKOKSIBIN SBA-15 PARCACIKLARINA YUKLENMESI iCiN YUZEY
AKTIiFLEME CALISMALARI

Gezer, Gamze
Yiiksek Lisans, Kimya Bolimii
Tez Yoneticisi: Dog. Dr. Aysen Yilmaz

Haziran 2013, 72 Sayfa

Mezo gozenekli silika pargaciklart kontrollii ilag salinimi, ilaglarin biyoyararlanimlarini
arttirma ve ilaglarin silika pargaciklarma yiliklenme kapasitelerini arttirmak amaciyla
kullanilmaktadir.

Bu calismada ilag yiikleme kapasitesini ve ilag salinimini arttirmak i¢in SBA-15 parcaciklart
sentezlenmesi ve ylizey aktiflenmesi yapilmistir. Daha sonra ilag yiikleme ve salimim
caligmalar1  gerceklestirilmigtir. Model ila¢ olarak suda ¢oziinmeyen Selekoksib
kullanilmistir. SBA-15 parcaciklar oldukca diizgiin sekli ve diizgiin gézenek boyutlarindan
dolay1 tercih edilmistir. SBA-15 parcgaciklar1 sentezlemek i¢in, baslangi¢ maddesi olarak
Pluronic 123 kopolimer ve silika kaynagi olarak TEOS kullanilmigtir. SBA-15
parcaciklarmin sentezlenmesi igin hidrotermal sentez yontemi kullanilmigtir. SBA-15
pargaciklarinin yiizey aktiflenmesi APTES ile yapilmistir ve SBA-15 pargaciklarina Bor
eklenereck Borosilikat pargaciklari elde edilmistir. Yiizey aktifleme g¢alismalarindan sonra
degisik konsantrasyonlarda ilag yiikleme yapilarak kontrolli ila¢ saliimi deneyleri
gerceklestirilmistir.

Saf ve ilag yiikli 6rneklerin karakterizasyonu X-Iginlar1 toz kirinimi (XRD), kiiciik - a¢1 X-
1sinlar1 sagilmast (SAXS), N2-adsorpsiyon/desorpsiyon, fourier-transform kizil6tesi (FTIR),
elemental analiz, taramali electron mikroskobu (SEM), gecirimli electron mikroskobu
(TEM), ultra-viyole spektroskopi (UV-VIS), zeta potansiyel ve yiiksek performans sivi
kromatografisi (HPLC) kullanilarak yapilmistir.

Karakterizasyon sonucunda amine fonksiyonlu SBA-15 ve Borosilikat parcaciklari yiikleme
ve salimim deneylerinde en iyi sonuglar1 vermislerdir. Yiizey fonksiyonlama ilag yiikleme
kapasitesini ve salinim miktarini artirmigtir. Yiikleme sonucunda amine fonksiyonlu SBA-15
pargaciklari % 61.72, Borosilikat pargaciklari % 76.33 basariya ulagmistir. Ayrica,
Borosilikat ve amine fonksiyonlu SBA-15 pargaciklar1 % 37.57 ve % 41.61 salimim miktari
ile en yiiksek salinimi gostermislerdir.

Anahtar Sozciikler: Mezo gozenekli SBA-15 parcaciklari, ylizey aktiflenmesi, borosilikat,
kontrollii ilag salinimi, Selekoksib.
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CHAPTER 1

INTRODUCTION

Porous materials are classified according to their pore sizes; microporous, mesoporous and
macroporous. Materials have pore size smaller than 2 nm are labeled as microporous, whereas
materials have pore size larger than 50 nm are called as macroporous, and herein main interest is
mesoporous materials which have pores in the size range of 2 and 50 nm [1].

1.1. MESOPOROUS MATERIALS

Although the most well-known porous materials are microporous zeolites, their applications are
limited by their small pore size and so it was required to discover a material with a large pore
size. In the early 1990s, new types of material from M41S family mesoporous materials have
been synthesized [1, 2].

After the discovery of M41S family by Mobil researchers in 1992, synthesis and applications of
mesoporous materials have been interested by many scientists. Ordered mesoporous materials
have preferred many researchers due to their exclusive properties; highly ordered structure,
tunable pore size, high surface area and good thermal stability. Moreover, these mesoporous
materials have concerned for many applications such as; sensors, adsorption, catalysis and ion
exchange. Even though these types of materials have used for many applications, they were not
attracted for drug delivery systems until 2001. Today, intensive researches are ongoing to
increase applications of ordered mesoporous materials in controlled drug delivery systems [2, 3,
4].

Mesoporous materials also get attention for drug delivery systems due to their biocompatibility.
Mesoporous materials are biocompatible and nontoxic. Sarah P. Hudson and her coworkers did
some experiments with animals to control the biocompatibility of mesoporous samples by using
both SBA-15 and MCM-41 samples. They exhibited that mesoporous silicate particles had
biocompatibility. Besides, nontoxic properties of mesoporous silicates were specified by Blumen
et al [57].



1.2. TYPES OF MESOPOROUS MATERIALS

In order to understand different types of mesoporous materials their structures have been given
below in Figure-1.

(a) Hexagonal (P6mm), (b) Bicontinuous cubic gyroid (Ta3d),
Example: MCM-41, SBA-15 Example: MCM-48, KIT-6

(C) Facec-centered cubic (Fm3m), (d) Body-centered cubic,
Example: FDU-12 Example: SBA-16

P

(€) Lamellar.
Example: MCM-50

Figure-1: Structure of Mesoporous Materials [8].



1.2.1. M41S

The MA41S type of silica materials are the first known mesoporous materials discovered by
Kresge and collaborators. Self-assembly of surfactants structure used - the line agents form silica
materials. M41S is the label of the member of several forms of MCM (Mobil Composition of
Matter) materials. Different forms of M41S can be distinguished by using after the abbreviation
MCM. Three of them are mostly significant: cubic MCM-48, hexagonal MCM-41 and lamellar
MCM-50. M41S family materials have ordered structure and uniform pores. Quaternary
ammonium salts or gemini salts are used to synthesis of these type materials. The most important
considerations affecting the synthesis of M41S are the synthesis time, the carbon chain length
and kind of surfactant, the hydrogel composition, the temperature and alkalinity [5].

1.2.1.1. MCM-41

MCM-41 is a mesoporous silicate which comes from M41S family with its hexagonal structure
and uniforms pores [6]. It also has high surface area, large pore volume and its pores are settled
in honeycomb structure. Generally, MCM-41 has a pore diameter in the range of 1.5 and 20 nm.
This material has a low hydrothermal and chemical stability due to its very thin pore walls [5].

1.2.1.2. MCM-48

MCM-48 can be synthesized only surfactant to silica ratios higher than 1. MCM-48 has a cubic
structure and it displays a similar surface area, pore size and volume like a MCM-41. It has also
thin pore walls like a MCM-41 so its chemical and hydrothermal stability is not good. MCM-48
is a three-dimensional structured material therefore; interest of its structure has been increased

[5].



1.2.2. SBA

Due to limited usage of M41S materials, highly ordered mesoporous silica materials have been
discovered in 1998 by using non-ionic triblock copolymer in acidic conditions which were
labeled as SBA (Santa Barbara Amorphous) types materials. These materials possess pores in the
size range between 2 and 30 nm and they have different types such as SBA-11, SBA-14, SBA-15
and SBA-16. SBA-15 is the mostly used them due to its desirable features [5, 7].

1.2.2.1. SBA-15

SBA-15 has a hexagonally ordered structure with micro and meso pores. It is synthesized by
using tri-block copolymer (P123) which is known as poly(ethylene glycol)-poly(propylene
glycol)-poly(ethyleneglycol) and its chemical formula is HO(CH,CH,0)y
(CH,CH(CH,)0)+,(CH,CH,0),H  and it has a large surface area, large pore diameter and thick
pore walls. Therefore; SBA-15 has high hydrothermal stability compared to MCM-41. The micro
and mesoporous of SBA-15 particles change with experimental conditions. The tri-block
copolymers have polyethylene oxide blocks which helps the formation of micropores, and
polypropylene oxide which constructs mesopores [5, 7]. The schematic representation is given
below in Figure-2.

mesopore
(4-14 nm)

micropore

Figure-2: Schematic Representation of SBA-15 [5]
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Moreover; morphology of SBA-15 particles are affected by pH, temperature, stirring rate and
ionic strength [5, 7]. Due to unique properties of SBA-15 particles such as tunable pore size,
ordered structure, thick pore walls, good hydrothermal stability and easy synthesis, these
particles have been used in the fields of absorption, catalysis, photoluminescence, proton
conductivity and controlled drug delivery systems [5, 9]. The schematic representation of tunable
pore sizes of SBA-15 is given below in Figure-3.

Si(OEt), +
EO,POLEQ,,
+ H,0 / Ha

Si(OEt), +
EO,PORED;,
+ H, 0/ HA

Figure-3: Scheme of Tunable Size of SBA-15 [15]

1.2.3. APPLICATIONS

After the discovery of ordered mesoporous materials, their applications has been increased
several areas such as catalysis, sorption, separation, optics, sensing and drug delivery [5].
Moreover, these materials are used in repair of bone defect processes. Recently many researchers
have been working on mesoporous materials for controlled drug delivery systems. Mesoporous
silica nanoparticles have been used for controlled drug delivery systems by Vallet-Regi and M.
Linden et al .They also indicated that mesoporous materials were used for drug delivery systems
in cancer treatment [3, 16]. Ordered mesoporous silicates are used as a carrier in drug delivery
systems due to their exclusive properties such as large surface area, pore size, good
biocompatibility and easy functionalization process [10].

5



1.3. SYNTHESIS

The interest in synthesis of micro and meso porous materials, which are used in many
applications, have been increasing due to their larger pore sizes compared to zeolites [11]. The
host-guest chemistry has an important role in synthesis of mesoporous silicates. New members of
mesoporous silicates can be obtained by using acid-base pairing or self-assembly of organics
[12]. Moreover, by changing experimental conditions such as pH, temperature and time, different
morphology of mesoporous materials can be synthesized [5].

1.4. SURFACE FUNCTIONALIZATION

Two different methods can be used for surface functionalization:

14.1. ONE-POT SYNTHESIS (CO-CONDENSATION)

One-Pot synthesis (direct synthesis) occurs directly when the organic groups combined with
mesoporous structure. These types of reactions are dependent on co-condensation process
between silica source and organosilane groups [13]. In this synthesis method, morphology of the
particles can be changed by functionalization process [14].

1.4.2. POST-GRAFTING (SILYLATION)

Post-grafting synthesis method consists of reaction between organoalkoxysilanes and silanol
groups. In this reaction, removal of surfactant is occurred due to prevent the reaction of
organosilanes with other materials. This method is good way for surface selectivity [14].



1.4.3. ADVANTAGES AND DISADVANTAGES

Although the both synthesis methods contain the integration of organic groups within silica by
organosilanes, they have some advantages and disadvantages. First of all, direct synthesis is an
easy process and it has a good control capacity for loading of organosilanes. Secondly, in the
one-pot synthesis functional groups concentrations are getting much more compared to post-
grafting method. Therefore, post-grafting synthesis appears to be time consuming and less
efficient procedure. However, post-grafting synthesis has a surface selectivity properties and this
helps to interaction of mesoporous silicates during the surface functionalization [13, 14].

In drug delivery systems functionalization method is also very important. Although the direct
synthesis seems to be easy way, it has some problems for drug delivery. The solubility of drug
could be affected badly from direct synthesis because phase separation may not be done.
Moreover; reproducibility problems could be occurred due to non-homogenous distribution of
drug. Therefore; these problems can be solved by post-grafting synthesis by increasing synthesis
steps and using suitable solvents [16].

Morphology of SBA-15 particles also can be changed by using functionalization process.
Recently many researchers have been used pure SBA-15 for drug delivery systems, but it is not
very effective. Pure SBA-15 particles contain only silanol groups and these silanol groups do not
have strong hydrogen bond interaction with drugs. Therefore; to sustain efficient loading and
release of drugs, surface of SBA-15 could be modified suitable functional groups [17].

1.5. CONTROLLED DRUG DELIVERY

Controlled drug delivery systems have very important role in human health. These systems are
preferred instead of other techniques due to their properties such as reducing toxicity, increasing
efficiency and improving suitability of patients [18]. Moreover, few amount of drug is enough to
obtain good therapeutic effects in patients by using controlled release systems. Controlled drug
delivery systems consist of two types. One of them is sustained delivery which proceeds over
days, weeks, months or years. The other one is targeted delivery which is targeted to a tumor on a
one-time. [19]. The schematic representation of controlled drug release is given below in Figure-
4,



......... One dose

. -~ == —  Repeated doses

* ——ewe—  Controlled release

Therapeutic
level

Drug concentration in the organism

Desired time of action —_—

Figure-4: Graph of Controlled Drug Release [20]

1.6. DRUG DELIVERY SYSTEMS

The aim of the designing drug delivery systems (DDS) are changed the pharmacokinetics and
bio-distribution of either their related drugs or to role as drug pools. Drug delivery systems have
many advantages for pharmaceuticals. First of all, effect of drugs can be improved for diseases
sites such as tumor targeting by using drug delivery systems. Secondly, DDS help to enhance
therapeutic effects of substantial drugs. Thirdly, some new types of pharmaceuticals rising from
developments in biotechnology such as proteins, plasmids or peptides does not reach target
tissues or cells absence of some kinds of carrier systems [21].

Although the mostly used drug consumptions are oral administration and injection, these systems
have inefficiency for some therapies. Besides, poorly soluble drugs and proteins need novel
delivery systems. To overcome these problems, nanotechnology represents new materials in nano
range and so they are used for many applications. Especially, silica based nano particles are used
for drug delivery systems [22].



1.6.1. POLYMERIC DRUG DELIVERY SYSTEMS

The usage of polymers as drug delivery systems is well known and many polymer-based
controlled drug delivery systems are designed [23]. However, polymeric systems have some
problems such as poor stability, non-homogeneous dispersion and premature degradation. For
that reason, inorganic drug delivery systems are investigated [24].

1.6.2. INORGANIC/ORGANIC HYBRID DRUG DELIVERY SYSTEMS

Ordered mesoporous silica materials have a significant role in controlled drug delivery systems.
Well-ordered mesoporous of silicates help to homogeneous distribution of drugs during
absorption and release process [22]. In the first time MCM-41 was used as a carrier of ibuprofen
and its properties were controlled for controlled drug delivery systems [4]. Besides, by using
functionalization process mesoporous silica surface has been changed and so drug release
kinetics could be controlled according to pore-size diameter [3]. Until now MCM-41, MCM-48
and SBA-15 and their types have been used for controlled drug delivery systems [10].

1.6.3. ADVANTAGES AND DISADVANTAGES

Mesoporous silica nanoparticles have been concerned as drug delivery systems due to their stable
structure, good biocompatibility, and large surface area. Moreover, surface modification of
mesoporous particles alters the interaction of drugs and matrix so drug delivery rate increases
[10]. Mesoporous silica particles have an important role in poorly water soluble drugs. Due to
their large surface area and porosity they are appropriate for hydrophobic drugs. Besides,
different from polymer-based drug delivery systems, inorganic materials can tolerate various
organic solvents [25]. Mesoporous silicates also display low toxicity and good efficiency as a
drug carrier system [26].

To obtain best efficiency and least toxicity loaded drugs can be protected before reaching
targeted tissue. However, drug delivery systems encounter the premature drug release. Drugs
loaded by electrostatic interactions or physical absorption in pores leads to altering the drugs and
matrix [27].



1.7. HYDROPHOBIC DRUGS

Poorly soluble drugs show low bioavailability. They do not dissolve and absorbed completely
because Gl tract (Gastro Intestinal tract) reduce them. Therefore, the usage of poorly soluble
drugs is restricted [28].

Although oral administration is the best way of administration, it is not suitable for poorly
soluble drugs. To increase bioavailability and decrease the systemic side effect of drugs different
drug delivery systems are used. These DDS consist of ordered mesoporous systems, lipid
micelles or liposomes. By using these methods hydrophobic and hydrophilic surroundings are
generated and so, solubility of poorly soluble drugs are improved [21, 29].

Generally, anticancer drugs have limited bioavailability because of their hydrophobic natures.
Nanoparticles have an important role for drug delivery of anticancer drugs. Nanoparticles are
used as drug carriers because they help to carrier of drug molecules to the targeted cells [25, 30].

1.8. CELECOXIB
HH:& —"'F
S
L4
0

l"'q"n_‘ CF,

e —

CH;

Figure-5: Structure of Celecoxib; 4-[5-(4-methylphenyl)-3-(trifluoromethyl)-1H-pyrazol-1-
yl] benzenesulphonamide [32].
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Celecoxib is an effective drug to treatment of dysmenorrhea, rheumatisim and osteoarthritis.
Besides, Celecoxib is an inhibitor of COX-2 enyzme and it shows less gastrointestinal adverse
effects compared to other non-steroidal anti-inflammatory drugs such as Aspirin. Recently,
Celecoxib have been used as a chemo-preventive and it is a hydrophobic drug and its
bioavailability is very low [32, 33]. Besides, Celecoxib have an important side effect on
cardiovascular system. High dosage of Celecoxib increases the risk of cardiovascular problems
[58]. However, Celecoxib has chemo-preventive property when it is used at higher dosage [33].
Therefore, in order to prevent risk of cardiovascular problem of Celecoxib drug carrier systems
can be used.

In pharmaceutical industry, poor water solubility of drug is one of the most important problems
because dissolution of drug is the first stage of absorption process. Therefore, pharmaceutical
scientists try to improve solubility and dissolution rate of poorly soluble drugs to obtain
maximum absorption [34]. However, there have been few studies about increasing the release
rate of Celecoxib. In these studies, lipid-hybrid nanoparticles and fibrous ordered mesoporous
carbon materials was used as a drug carriers. By using lipid-hybrid nanoparticles enzymatic
digestion was controlled and absorption of compounds with poor water solubility was improved.
In the other case, bioavailability of Celecoxib was enhanced and gastric irritancy was reduced by
fibrous ordered mesoporous carbon [29, 34, 35].

The aim of this thesis was to overcome the poor water solubility of Celecoxib and improve its
bioavailability by using SBA-15 particles. Besides, to try whether amine functionalization or
boron doping would improve the loading capacity and release rate of Celecoxib.
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2.1. MATERIALS

CHAPTER 2

MATERIALS AND METHODS

In this study numbers of compounds were used and they are listed in Table 1.

Table-1: List of Materials, Labels and Molecular Weights.

Chemicals Label Molecular Weight (g/mole)
Pluronic 123 Aldrich 5800
HCI Sigma-Aldrich 36.46
TEOS* Aldrich 208.33
EtOH Sigma-Aldrich 46.07
MeOH Merck 32.04
APTES* Sigma-Aldrich 221.37
H3BO; Merck 61.83
PBS*
H,O 18.00

*TEOS: tetra ethyl orthosilicate, APTES: (3-Aminopropyl) triethoxysilane, PBS: phosphate
buffer solution

2.2. INSTRUMENTATION

2.2.1. FURNACE

For all heating process occurred in Protherm furnace was used whose heating capacity up to 1300
°C with a heating control panel.
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2.2.2. FOURIER TRANSFORM INFRARED SPECTROMETER (FTIR)

The FTIR spectra of samples were obtained by using Bruker IFS 66/S ATR spectrometer at
Department of Chemistry. The analysis processes were done in the range of 500 to 4000 cm ™
and number of scan was adjusted in 128.

2.2.3. UV-VIS SPECTROMETRY

Concentration change of Celecoxib in the loading and release process were observed by using
Cary-100 Bio UV-VIS Spectrometry at Department of Chemistry.

2.2.4. X-RAY DIFFRACTOMETER

The powder X-Ray diffraction data of samples were collected by using Rigaku X-Ray
Diffractometer (Model, Miniflex) with CuK, (30kV, 15mA, A= 1.54051 A). The analyses were
done in 2 theta range between 1.5 and 4.0.

2.2.5. SMALL ANGLE X-RAY SCATTERING (SAXS)

Small angle X-Ray scattering measurements were accomplished in Hecus X-Ray system (Graz,
Austria SWAXS) by Prof. Dr. Leyla Yildirim at Hacettepe University. The 2 kW X-Ray source
was used and for the SAXS results scattering pattern range was utilized between 0.04 and 0.550
A.
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2.2.6. TRANSMISSION ELECTRON MICROSCOPE (TEM)

The TEM analyses were done in METU Central Laboratory by using JEOL JEM 2100F STEM
instrument at 80 kV. Before the analyses, samples were dissolved in ethanol in the EIma S 30 H
ultrasonic bath.

2.2.7. SCANNING ELECTRON MICROSCOPE (SEM)

The SEM analyses were obtained in METU Central Laboratory by using QUANTA 400F Field
Emission SEM instrument.

2.2.8. HIGH PERFORMANCE LIQUID CHROMATOGRAPHY (HPLC)

HPLC analysis was done in METU Biotechnology & Molecular Biology Central
Laboratory by using Varian Prostar instrument. For the analysis, Inerstil ODS-3 C18
column (Spm x 250 mm x 4.6 mm) was used at room temperature and flow rate was
adjusted 0.8 ml/min. Measurements were observed at wavelengths of 254 and 260 nm.

2.2.9. ELEMENTAL ANALYSIS

Elemental analyses were performed in METU Central Laboratory by using CHNS-932 (LECO)
elemental analyzer instrument.

2.2.10. NITROGEN-SORPTION

The N, adsorption-desorption analysis was accomplished in METU Central Laboratory by using
Quantachrome Autosorb-6 instrument. Before the analysis, all samples were heated at 200 °C for

15



16 hours. To calculated surface areas and pore size data, multiple point Brunauer - Emmett -
Teller (BET) method and Barrett - Joyner - Halenda (BJH) method were used respectively.

2.2.11. ZETAPOTENTIAL ANALYSIS

Zeta potential measurements were done by using Malvern Zetasizer Nano ZS instrument.

2.3. EXPERIMENTAL METHODS

2.3.1. SYNTHESIS OF SBA-15

4 g Pluronic 123 triblock copolymer was dissolved in 130 ml H,O and 19.5 ml 37 % HCI
solution. The prepared solution was mixed at room temperature for 75 minutes. After that, 9.5 ml
TEQS, which is a source of silica, was added to this solution and temperature was increased to 40
OC. This mixture was stirred for 24 hours at 40 °C.

After 24 hours, the solution was put into the Teflon bottles for aging process. The furnace was
adjusted to 80 °C and the bottles were kept at that temperature for 24 hours. Over a day, obtained
solution was filtered from two different phases that were colorless solution and white precipitate.
Then filtered solution was washed with water and kept to dry at ambient temperature.

When the dried sample was obtained, it was put into furnace for calcination process. In the
furnace, this sample was heated at 400 °C for an hour and at 600 °C for 5 hours in the ramp rate 5
°C /min. In this process, previous synthesis method was applied [36]. The schematic
representation of SBA-15 was shown in Figure-6.
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Pluronic 123

HCI

H,0

+TEOS at 40 °C

Figure-6: The Schematic Representation of Synthesis of SBA-15.

2.3.2. SYNTHESIS OF BOROSILICATE

1 g Pluronic 123 triblock copolymer was dissolved in 19 ml ethanol and 14 ml 37 % HCI
solution. This solution was stirred at room temperature for 90 min. After that, 2.25 ml TEOS was
added to the solution and stirred for 60 min additionally. Then 0.62 g HsBOs (Si/B: 1 mole/mole)
was added to the mixture and stirred about 6 hours more [37].
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This prepared solution was kept at ambient temperature for 6-7 days to obtain a gel without any
filtration process. The obtained gel was put into furnace at 500 °C for calcination process [37].

2.3.3. SURFACE FUNCTIONALIZATION OF SBA-15

Surface functionalization of SBA-15 was done by using APTES. 1 g of SBA-15 was taken and
added 1 ml APTES. This mixture was dissolved in 50 ml ethanol. Then, prepared solution was
stirred at 50 °C (+5 °C) for 6 hours [38]. To complete the functionalization process, obtained
solution was filtered and dried for 2 days at room temperature. Functionalization process was
summarized in Figure-7.

Figure-7: Functionalization Process of SBA-15

Surface functionalization was done because in pure SBA-15 only silanol groups exist and these
silanol groups create weak hydrogen bonds with drugs. To improve the interaction capacity of
silica and drug molecules the surface functionalization of SBA-15 with organic groups was
needed. The SBA-15 particles were functionalized by using post-grafting method [17]. The
structure of APTES functionalized sample was given below in Figure 8.

l NH,o L
OH OH OH OH 5\ o® o)

| | | | |
l SBA-15 I I SBA1Sp1ES

Figure-8: The Scheme of Pure and Functionalized SBA-15 [39].
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2.3.4. CELECOXIB LOADING

During the Celecoxib loading process, 0.01 g SBA-15 (SBA-15+A, Borosilicate) and Celecoxib
were taken and stirred in 10 ml methanol for 2 days at ambient temperature. Celecoxib loading
procedure was done by using three different concentrations (Si:C: w/w) to control whether the
concentration changes affects drug loading or not. These concentration differences were given in
Figure-9-10-11.

Celecoxib loading was observed by using Cary-100 Bio UV-VIS Spectrometry. Loading of
Celecoxib was done for 2 days and so; measurements were performed different time length: 4
hours, 8 hours, 24 hours, 32 hours and 48 hours. While the measurements wavelength interval
was adjust between 200 and 500 nm and absorption peaks for Celecoxib were detected in 254
nm.
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(A refers to amine functionalized sample, C refers to Celecoxib)

Figure-9: The Scheme of Different Concentration of Celecoxib Loaded SBA-15

Figure-10: The Scheme of Different Concentration of Celecoxib Loaded SBA-15+APTES
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Figure-11: The Scheme of Different Concentration of Celecoxib Loaded Borosilicate

2.3.5. CELECOXIB RELEASE

Celecoxib release process was done by using two different methods.

a. UV ANALYSIS:

0.01 g Celecoxib loaded SBA-15 (SBA-15+A, Borosilicate) samples were mixed in 10
ml phosphate buffer solution and stirred within the time interval of 6 hours. Then, these
solutions were centrifuged and precipitates dissolved in 10 ml of methanol. Release
capacity of Celecoxib was obtained at wavelength of 254 nm by using concentration
changes within the time interval of 6 hours: 30 minutes, 1 hour, 2 hours, 4 hours and 6
hours [40, 41].
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HPLC ANALYSIS:

In order to perform HPLC analysis, 0.01 g Celecoxib loaded SBA-15 (SBA-15+A,
Borosilicate) samples were mixed in phosphate buffer solution. Then, these samples
were dried under vacuum and dissolved again in methanol. For the analysis 85:15 (v/v)
methanol-water mobile phase was used and detection of samples were done at the

wavelengths of 254 nm and 260nm [59].
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CHAPTER 3

RESULTS AND DISCUSSION

SBA-15 particles were synthesized and functionalized to improve the loading capacity and
release rate of drug. Then, drug loading and release process were investigated. SBA-15 samples
were functionalized by post-grafting method with (3-Aminopropyl) triethoxysilane (APTES).
Moreover, Boron doping of SBA-15 samples was prepared and so borosilicate samples were
obtained. For the characterization process of pure and drug loaded samples, X-ray Diffraction
(XRD), Small-Angle X-ray Spectrometry (SAXS), N, adsorption-desorption analysis, Fourier
Transform Infra-red (FTIR), Elemental Analysis, Scanning Electron Microscope (SEM),
Transmission Electron Microscope (TEM), Ultra-Violet Spectrometry (UV-VIS), Zeta Potential
and High-Performance Liquid Chromatography (HPLC) methods were applied.

3.1. POWDER X-RAY DIFFRACTION PATTERN OF SBA-15 PARTICLES
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Figure-12: XRD Patterns of Celecoxib Loaded SBA-15 Particles. a) Pure SBA-15 b) SBA-

15+C 1:1 ¢) SBA-15+C 2:1 d) SBA-15+C 4:1
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Figure-13: XRD Patterns of Celecoxib Loaded Amine Functionalized SBA-15 Particles. a)
SBA-15+A b) SBA-15+A+C 1:1 ¢) SBA-15+A+C 2:1 d) SBA-15+A+C 4:1
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Figure-14: XRD Patterns of Celecoxib Loaded Borosilicates Particles. a) Borosilicate b)
Borosilicate+C 1:1 c) Borosilicate+C 2:1 d) Borosilicate+C 4:1

Figure 12, Figure-13 and Figure 14 indicate the XRD patterns of the pure, functionalized and
Celecoxib loaded SBA-15 samples. Popovici and coworkers obtained that XRD patterns of SBA-
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15 types of mesoporous materials show intense peaks between 2 theta degree in 0.9 and 1.05.
SBA-15 particles have also other diffraction peaks in 2 theta degree that are 1.8 and 2.0 [42].
Besides, borosilicates show intense peak at 20 =0.92 ° and less intense peaks at 20 =1.65 ° and
1.90 ° and these values obtained by Paul et al [37]. According to Figure-12 SBA-15 particles had
diffraction peaks at 20 =1.8 and these diffraction peaks are indexed as the planes (1 0 0), (11 0)
and (2 0 0). These types of matrix exhibit hexagonal (P6mm) 2D structure. For the pure SBA-15
and amine functionalized samples had only one same diffraction peaks which is given in
literature. For borosilicate samples which were given in Figure-14, there is no observable peak in
the powder XRD pattern means there is no long range order of the pores. Besides, for amine
functionalized samples SBA-15+A+C 4:1 sample was seems to have more ordered structure and
this might be explained by decreasing of concentration helps to maintain ordered structure.
However, not all of these peaks were observed clearly because of the instrumental limitations
[37, 38, 42].

Consequently, the peaks around 20 =2.0 ° and 2.5 ° having very low intensity were observed for
pure and 4:1 ratio of amine functionalized SBA-15 samples. These peaks were observed after
Celecoxib loading also. Therefore, these particles maintained their hexagonal structure and
stability after drug loading.

3.2 SMALL ANGLE X-RAY SCATTERING (SAXS)

Small angle X-ray scattering is a useful technique to characterize hexagonally ordered SBA-15
particles. By using small angle X-ray scattering three diffraction peaks were observed in many of
SBA-15 particles except borosilicate samples. The — d spacing values were calculated by using
Bragg Law (A=2d.sin6 and q=4 n.sin6/ 1). The diffraction peaks of samples were observed as (1 0
0), (11 0) and (2 0 0). These were characteristic of pbmm hexagonal pore structure and they have
similar structures the ones reported in literature by Glatter, Khodakov and Kang et al [43, 44,
45].

In Table-2 d-spacing values, unit cell parameters and g- values are given.
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Table-2: d- spacing, g- values and unit cell parameters of SBA-15 samples.

Sample (hkl) d (A)-SAXS q (1/ &) a(A)
(100) 108.52 5.79x107
SBA-15 (110) 62.89 9.99x10” 125.41
(200) 54.17 1.16x10"
(100) 107.04 5.87x107
SBA-15+C (110) 61.60 1.02x10" 123.24
. (200) 53.70 1.17x10"
(100) 105.42 5.96x107
SBA-15+C (110) 61.00 1.03x10* 121.72
“ (200) 52.80 1.19x10*
(100) 108.52 5.79x107
SBA-15+C (110) 62.89 9.99x10™ 125.41
4:1 (200) 54.17 1.16x10™
(100) 102.33 6.14x107
SBA-15+A (110) 59.28 1.06x107 118.25
(200) 51.08 1.23x10™
(100) 111.9 5.61x10”
SBA- (110) 129.33
15+A+C
1:1 (200)
(100) 107.04 5.87x107
SBA- (110) 61.6 1.02x10" 123.54
15+A+C
2:1 (200) 53.70 1.17x107
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Table-2: d- spacing, g- values and unit cell parameters of SBA-15 samples (cont’d).

Sample (hkI) d (A)- q (1/A) a(d)
SAXS
(100) 102.33 6.14x10”
SBA-15+A+C 4:1 (110) 118.25
(200)
(100) 110.23 5.70x10”
BOROSILICATE (110) 127.34
(200)
(100) 107.04 5.87x10”
BOROSILICATE+C (110) 123.54
1:1
(200)
(100) 103.85 6.05x10
BOROSILICATE+C (110) 119.96
2:1
(200)
(100) 108.52 5.79x10”
BOROSILICATE+C (110) 125.41
4:1
(200)

The d-spacing values were calculated by using diffraction peaks of SAXS patterns. They are
nearly the same after functionalization process. The d-spacing value of pure SBA-15 was
obtained as 10.9 nm and it is the quite similar with reported value which is 10.7 nm. Besides, ‘a’
parameter of pure SBA-15 particle was 12.5 nm and it was also similar with other results. After
functionalization of SBA-15 samples with amine groups ‘a’ parameter was decreased as 11.8 nm
and in the article it is given as 12.2 nm. Moreover, d- spacing value of amine functionalized
sample was obtained as 10.23 nm. In borosilicate case, ‘a’ parameter was found as 12.73 nm and
d-spacing value was 11.02 nm. In the literature d-spacing value of borosilicate was found 9.46
nm by Paul et al [37, 46]. Thus, the results are like as estimated. However, only ‘a’ parameter of
SBA-15+A+C 1:1 sample was increased. It might be caused by drug would not attach to inside of
the pores and due to the attachment of drug to outside of pore the wall becomes thicker to form
higher unit cell dimension than pure and amine functionalized form of silica.
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Figure-15: SAXS Patterns of SBA-15 Samples. a) SBA-15, b) SBA-15+C 1:1, c) SBA-15+C
2:1,d) SBA-15+C 4:1
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Figure-16: SAXS Patterns of Amine Functionalized SBA-15 Samples. a) SBA-15+A, b)
SBA-15+A+C 1:1, ¢) SBA-15+A+C 2:1, d) SBA-15+A+C 4:1
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Figure-17: SAXS Patterns of Borosilicates. a) Borosilicate, b) Borosilicate+C 1:1, c)
Borosilicate+C 2:1, d) Borosilicate+C 4:1

Figure-15, Figure-16 and Figure-17 indicate the SAXS graphs of SBA-15 samples, amine
functionalized SBA-15 samples and borosilicate particles respectively. According to results,
intensity of SBA-15 and borosilicate particles increased with loading of Celecoxib but amine
functionalized SBA-15 particles showed as an opposite trend. Pure SBA-15 samples showed
lower intensity in (1 1 0) and (2 0 0) which were given in Figure-15. However, these small
diffraction peaks were not observed in amine functionalized SBA-15 samples and this indicate
that after functionalization process ordered structure were not maintained completely. Moreover,
borosilicate samples had broader peaks than SBA-15 samples. Although the SBA-15 samples had
more ordered structure, amine functionalized and borosilicate samples had quite hexagonal
ordered structure [38].

3.3. FTIR ANALYSIS

3.3.1. PURE, AMINE FUNCTIONALIZED SBA-15 AND BOROSILICATE
SAMPLES

FTIR spectra of pure, amine functionalized SBA-15 and borosilicate samples are given in Figure-
18. For SBA-15 samples there was a small band in 3000-3500 cm™ which refers as silanol
groups. The asymmetric NH, stretching band occurs in 1602 cm™ but it was very small peaks.
Amine functionalized SBA-15 sample had more intense peak at around 1600 cm™ than pure
SBA-15 sample. Besides, in 2900 cm™ there was a small peak which refers to C-H stretching of
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CH, or CHj; and it was detected due to remaining ethoxy groups. Same results were obtained by
Wong et al [17]. For borosilicate sample, there was a strong peak at 3420-3474 cm™ which was
due to O-H stretching of silanol groups and this O-H band was the most intense peak compared
with pure and amine functionalized SBA-15 samples. Moreover, there was a quite strong peak at
1082 cm™ due to Si-O bands. B-O stretching was also observed at near 1400-1500 cm™. In the
literature, there is also some peaks at 3000-3700 cm™ which refers to silanol groups and there is a
small peak around 1600 cm™ for NH, stretching in SBA-15 and amine functionalized SBA-15
sample. Besides, silanol groups showed a band around 3400 cm™ and B-O stretching band at
1400-1500 cm for borosilicate samples and they were also found by Paul et al [17, 37].
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Figure-18: FTIR Spectra of SBA-15 Samples. a) SBA-15, b) SBA-15+A, c) Borosilicate

3.3.2. CELECOXIB LOADED SBA-15 SAMPLES

FTIR spectra of Celecoxib loaded pure SBA-15, amine functionalized and borosilicate samples
are given in Figure-19, Figure-20 and Figure-21 respectively. Generally, Celecoxib loaded
samples showed quite similar peaks with pure SBA-15 sample. There was a difference at 3000-
3500 cm™ and this might be linkage of drugs and SBA-15 and borosilicate samples. The intensity
of Si-OH stretching was decreased for borosilicate a sample which was given in Figure-21. This
showed that borosilicate sample and drug had an interaction by using Si-OH bonds. In the
literature, Rayikovitch and coworkers indicated that Celecoxib gives a characteristic peak at
about 3341 cm™ due to N-H stretching of drug [47]. In the graphs, small peaks were observed
about 3300-3400 cm™ compared with pure samples. As a result, there was a difference between
pure and Celecoxib loaded amine functionalized SBA-15 samples around 1600 cm™. This might
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be explained by Celecoxib had a bond with NH, group because, after drug loading intensity of
this peak about 1600 cm™ was decreased which was given in Figure-20. Besides, Celecoxib
loaded borosilicate samples indicated reducing in intensity of O-H peaks and this shows that
Celecoxib was bonded with OH groups of borosilicate samples. However, there were not any
differences in pure SBA-15 samples and so, functionalized samples showed more interaction
with drug.
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Figure-19: FTIR Spectra of Pure and Celecoxib Loaded SBA-15 Samples. a) SBA-15, b)
SBA-15+C 1:1, ¢) SBA-15+C 2:1, d) SBA-15+C 4:1

31



A Si-O stretching

%Transmittance (a.u)

NH, stretching

mfl === SBA-15+A

=== SBA-15+A+C 1:1
== SBA-15+A+C 2:1
== SBA-15+A+C 4:1

T T T T T
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm )

Figure-20: FTIR Spectra of Amine Functionalized and Celecoxib Loaded SBA-15 Samples.
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Figure-21: FTIR Spectra of Celecoxib Loaded Borosilicate Samples. a) Borosilicate, b)
Borosilicate+C 1:1, ¢) Borosilicate+C 2:1, d) Borosilicate+C 4:1
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3.4. ELEMENTAL ANALYSIS

Elemental analysis results are given in Table-3. The percent efficiency of loaded Celecoxib was
calculated by using carbon percentage. According to the results, amine functionalized SBA-15
(SBA-15+A+C 2:1) had the best result with 54.91% of Celecoxib. Functionalization process
seems to be good way for drug loading because amine functionalized SBA-15 and borosilicate
samples indicate higher loading capacity than pure SBA-15. Besides, the amount of Celecoxib
can be calculated by using UV-VIS spectroscopy. In the elemental analysis, results were obtained
from the solid samples. However, loading process of Celecoxib was performed in methanol
solution. Therefore, filtration process might cause the Celecoxib lost.

Table-3: Elemental Composition of Celecoxib Loaded SBA-15 and Borosilicate Samples
(%C and %H).

Sample % C % H % Efficiency
SBA-15+C 1:1 7.9 2.33 29.59
SBA-15+C 2:1 5.3 242 29.73
SBA-15+C 4:1 3.87 241 28.95

SBA-15+AC 1:1 11.61 3.52 43.48
SBA-15+AC 2:1 9.79 3.20 54.91
SBA-15+AC 4:1 6.12 2.77 45.77
Borosilicate+C1:1 9.54 2.56 35.73
Borosilicate+C2:1 5.44 2.03 30.51
Borosilicate+C4:1 3.63 1.80 27.15
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3.5. N, ADSORPTION-DESORPTION ANALYSIS

3.5.1. BET ISOTHERMS

According to the pore size distribution, samples show different types of geometries of pores such
as slit-like, cylindrical or ink-bottle. Mesoporous materials are known with their cylindrical pores
which are described as H1 type hysteresis loop. Pure SBA-15 and amine functionalized SBA-15
samples display type IV isotherms with H1 hysteresis loop due to their highly ordered
mesoporous structures [54, 55, 56].

The N, adsorption-desorption analysis is done to define pore size distribution at constant
temperature and variety of pressures. N, adsorption-desorption analysis is used to obtain
information about pore structure properties of mesoporous materials such as SBA-15 samples.
SBA-15 particles show a H1 type hysteresis loop and it is the typical properties of mesoporous
materials. Desorption and absorption of flexible mesoporous is related to this type hysteresis loop
[47, 48].

The BET isotherms of pure, functionalized and Celecoxib loaded SBA-15 and borosilicate
samples are given in Figure-22, Figure-23 and Figure-24. According to graphs hysteresis loops
were observed where P/P, is between 0.4-0.8 and this also is same in literature [49]. Besides, all
of the samples had a quite similar hysteresis loop shape after drug loading and so the results
show that pore shapes were not changed intensely and drug release was steady [29].
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Figure-22: BET Isotherms of Pure and Celecoxib Loaded SBA-15 Particles.
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Figure-23: BET Isotherms of Pure and Celecoxib Loaded Amine Functionalized SBA-15
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Figure-24: BET Isotherms of Pure and Celecoxib Loaded Borosilicate Particles.

The pore size, pore volume and surface area of pure and Celecoxib loaded SBA-15 and
borosilicate samples are given in Table-4, Table-5 and Table-6.
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Table-4: Pore Size Data of Pure and Celecoxib Loaded Samples.

Pore Size
Data

SBA-15

SBA-15-A

BOROSILICATE

BJH Method
Adsorption
Pore Diameter
(nm)

6.824

6.539

2.211

Pore Size
Data

PURE-
C-11

PURE-
C-2:1

PURE-
C-4:1

BS-
C-1:1

BS-
C-2:1

BS-C-
4:1

BJH Method
Adsorption
Pore Diameter
(nm)

5.647

6.563

6.54

6.570

5.665 | 5.601

1.943 | 3.485 | 2.756

The Table-4 illustrates the decrease in pore size data after Celecoxib loading except two of
borosilicate samples. The pore size diameters were decreased due to Celecoxib loading of pores.
However, increase in pore size diameter was observed of two borosilicate samples. This might be
a consequence of poor absorption or connection of drugs with outer surface of pores. According
to published article about borosilicate samples, only pure borosilicate sample’s pore diameter is
published and drug loaded sample’s diameter values were not mentioned [37]. Besides, according
to SAXS results, borosilicate samples do not have ordered pore structure and so, pore size
diameter of borosilicate samples which were found in BJH method had some limitations.
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Table-5: Pore Volume Data of Pure and Celecoxib Loaded Samples.

Pore
Volume
Data

SBA-15

SBA-15-A

BOROSILICATE

BJH
Method
Cumulative
Adsorption
Pore
Volume
(cm®lg)

1.119

0.6183

0.9265

Pore
Volume
Data

PURE-

PURE- | PURE-

C-1:1 C-2:1 C-4:1

A-C-
1:1

2:1

A-C- A-C-

4:1

BS-C-
1:1

BS-C-
2:1

BS-
C-4:1

BJH Method
Cumulative
Adsorption
Pore Volume
(cm®lg)

0.6484 2.195 0.9239

0.2467

0.3437 | 0.5510

0.3109

0.6554

1.104

The Table-5 shows that pore volume data of samples were decreased after Celecoxib loading.
The reason of the reducing of the pore volume data of samples was the filling of pore channels
with Celecoxib [29]. However, in some cases there was an increase in pore volume data and this
might be caused by attachment of Celecoxib outer surface of samples.

Table-6: Surface Area Data of Pure and Celecoxib Loaded Samples.

Surfg‘;et?rea SBA-15 SBA-15-A BOROSILICATE
Multipoint
BET (/o) 816.8 201.8 4277
Surface Area | PURE- | PURE- | PURE- | A-C- | A-C- | A-C- B(;S Eés Eés
Data C-1:1 Cc-2:1 C-4:1 1:1 2:1 4:1 11 21 41
Multipoint 365.1 | 501.3 | 716.3 | 84.23 | 1293 | 253.2 | 365 | 477 | 4748
BET (m%/g) : : ' ' ' ' '

The Table-6 demonstrates the reducing of surface area after Celecoxib loading. However, some
of borosilicate samples had an increase of surface area data. This might be as a result of poor
adsorption of Celecoxib or connection of inner surface.
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To conclude, the pore size, pore volume and surface area values of samples were reduced after
Celecoxib loading process. Generally, all samples had an expected result except borosilicate
samples [38].

3.5.2. BJH METHOD

According to results, pure SBA-15 samples indicated pore size distribution in between 5.5-7.5
nm. After the Celecoxib loading samples showed quite same range of pore size.
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Figure-25: Pore Size Distribution of Pure and Celecoxib Loaded SBA-15 Samples.

Amine functionalized SBA-15 sample had a pore size distribution in the range of 5.0-8.0 nm.
Celecoxib loaded samples had narrower pore size distribution.
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Figure-26: Pore Size Distribution of Pure and Celecoxib Loaded Amine Functionalized

SBA-15 Samples.

Borosilicate samples have disordered mesopores because during the borosilicate synthesis aging
process was not applied to improve ordering of pores. Therefore, in pore size measurements the
regular pore size distributions were not obtained.
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Figure-27: Pore Size Distribution of Pure and Celecoxib Loaded Borosilicate Samples.

3.6. TEM ANALYSIS

TEM images of samples exhibits that SBA-15 particles had hexagonal structure and well-defined
mesopores. Amine functionalized SBA-15 samples also had highly-ordered mesoporous structure
and so functionalized samples maintained their ordered and stable structure. However,
borosilicate samples had disordered mesopores. This might be caused by boron incorporation.
Therefore, boron doping reduced the ordered structure of silica materials [17, 37, 50]. TEM
images of pure SBA-15, amine functionalized SBA-15 and borosilicate samples are given in
Figure-28, Figure-29, Figure-30 respectively.
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Figure-28: TEM Images of Pure SBA-15 Sample.

Figure-29: TEM Images of Amine Functionalized SBA-15 Sample.
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Figure-30: TEM Images of Borosilicate Sample.

TEM images of Celecoxib loaded pure SBA-15, amine functionalized SBA-15 and borosilicate
samples are given in Figure-31, 32, 33, 34, 35, 36, 37, 38. According to TEM images of
Celecoxib loaded samples, it is clear that all samples maintained their ordered and stable
structure after drug loading process.
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Figure-32: TEM Images of SBA
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Figure-34: TEM Images of SBA-15+A+C 1:1 Sample.
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Figure-35: TEM Images of SBA-15+A+C 2:1 Sample.

Figure-36: TEM Images of SBA-15+A+C 4:1 Sample.
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Figure-37: TEM Image of Borosilicate+C 1:1 Sample.

Figure-38: TEM Image of Borosilicate+C 2:1 Sample.
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Figure-39: TEM Image of Borosilicate+C 4:1 Sample.

3.7. SEM ANALYSIS

SEM images of pure SBA-15, amine functionalized SBA-15, borosilicate samples and their
Celecoxib loaded morphologies are given in Figure-40, 41, 42, 43, 44, 45, 44, 46, 47, 48, 49 and
50. According to SEM images; the pore system, hexagonally ordered structure and rodlike
particles of SBA-15 samples were observed. After the functionalization and drug loading
process, samples were maintaned their structral properties [51, 52]. Besides, borosilicate samples
had tiny spherical units and aggregation of some of these nanoparticles. Also, borosilicate
samples were preserved their structure after Celecoxib loading process [37].
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Figure-40: SEM Images of SBA-15 Sample.

Figure-41: SEM Images of SBA-15+C 1:1 Sample.
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Figure-42: SEM Images of SBA-15+C 2:1 Sample.
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Figure-43: SEM Images of SBA-15+C 4:1 Sample.
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Figure-44: SEM Images of SBA-15+A Sample.

Figure-45: SEM Images of SBA-15+A+C 1:1 Sample.
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Figure-47: SEM Images of SBA-15+A+C 4:1 Sample.
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Figure-48: SEM Images of Borosilicate Sample.

Figure-49: SEM Images of Borosilicate+C 1:1 Sample.
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Figure-51: SEM Images of Borosilicate+C 4:1 Sample.
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3.8. ZETAPOTENTIAL MEASUREMENT

Zeta potential measurement gives information about surface properties of samples by using
electric potential of surface. It gives information about electrical charge of the layer. Pure SBA-
15 sample had quite neutral value at pH= 2 and negative zeta potential at other pH range due to
negative charges of silanol groups. Borosilicate sample’s surface also was highly negative and it
had a negative value of zeta potential because of existence of hydroxyl groups on its surface.
However, SBA-15+A sample had a more positive zeta potential values. Between the pH= 2 to 7,
SBA-15+A samples had positive zeta potential value and after the pH= 7 this particle had
negative zeta potential value. This might be caused by substitution of silanol groups with amine
groups [53]. According to acid-base properties of the surface of the SBA-15, amine
functionalized SBA-15 and Borosilicate samples, these equilibriums were suggested:

-NH, + H,0 = -NH;" + OH"

-Si-OH + H,0O ey -Si-O" + H30"

.-"'!
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Figure-52: Zeta Potentials of Pure SBA-15, Amine Functionalized SBA-15 and Borosilicate
Samples.
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3.9. UV MEASUREMENTS

3.9.1 CELECOXIB LOADING

In order to do UV experiments standard solutions were prepared and used to plot of calibration
curve. Solutions were prepared by dissolving of 0.01 g samples in 10 ml methanol and standard
solutions were prepared in different concentrations that were 0.003125 M, 0.00625 M, 0.0125 M
and 0.025 M. Then, the percentage of loaded Celecoxib was calculated by using Beer’s Law
(A=E.b.c). In this equation, molar absorptivity coefficient is equal to slope of calibration curve.
Calibration curve’s equation was obtained as y = 3.4477x + 0.0902 (R? = 0.5443).

Table-7: Absorbance Values of Celecoxib Loaded Pure SBA-15 Samples.

SBA-15+C 1:1 SBA-15+C 2:1 SBA-15+C 4:1
Time (h) Absorbance Time (h) Absorbance Time (h) Absorbance

0 0 0 0 0 0

4 0.232 4 0.299 4 0.283
8 0.246 8 0.284 8 0.291
24 0.277 24 0.351 24 0.366
32 0.188 32 0.372 32 0.298
48 0.358 48 0.363 48 0.392
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Table-8: Absorbance Values of Celecoxib Loaded Amine Functionalized SBA-15 Samples.

SBA-15+A+C 1:1

SBA-15+A+C 2:1

SBA-15+A+C 4:1

Time (h) Absorbance Time (h) Absorbance Time (h) Absorbance
0 0 0 0 0 0
4 0.298 4 0.332 4 0.373
8 0.291 8 0.309 8 0.321
24 0.361 24 0.297 24 0.351
32 0.242 32 0.333 32 0.353
48 0.398 48 0.385 48 0.411

Table-9: Absorbance Values of Celecoxib Loaded Borosilicate Samples.

Borosilicate+C 1:1

Borosilicate+C 2:1

Borosilicate+C 4:1

Time (h) Absorbance Time (h) Absorbance Time (h) Absorbance
0 0 0 0 0 0
4 0.277 4 0.328 4 0.323
8 0.293 8 0.335 8 0.360
24 0.193 24 0.279 24 0.481
32 0.291 32 0.407 32 0.505
48 0.305 48 0.671 48 0.575
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Table-10: % Loaded Celecoxib of Pure SBA-15, Amine Functionalized SBA-15 and

Borosilicate Samples.

Sample

SBA-15+C 1:1

SBA-15+C 2:1

SBA-15+C 4:1

%l oaded Celecoxib

24.63

36.05

58.46

Sample

SBA-15+A+C 1:1

SBA-15+A+C 2:1

SBA-15+A+C 4:1

%l oaded Celecoxib

29.83

34.85

61.72

Sample

Borosilicate+C 1:1

Borosilicate+C 2:1

Borosilicate+C 4:1

%L oaded Celecoxib

25.80

46.90

76.33

According to results, in all type of samples, highest efficiency of drug loading achieved by the
silica: Celecoxib ratio of 4:1by weight. While preparing precursor solution with same weight of
silica and Celecoxib the lowest efficiency of loading obtained. The reason of the effect of
different concentration of drug in solution to loading efficiency may be related with the
mobility’s of molecules in aqueous media: In highly concentrated solution Celecoxib molecules
have lower possibility to interact with the functional groups available on the silica surface.
Another reason may be the functionalization of the surface of silica is limited to make interaction
with drug molecules. Highest drug loading measured in borosilicate sample with 4:1 weight ratio
of silica and drug, means that there were more hydroxyl groups on the surface to create strong
interaction with Celecoxib and borsilicate surface. Celecoxib loaded graphs of samples are given
in Figure-53, Figure-54 and Figure-55.
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Figure-53: Graph of Celecoxib Loaded Pure SBA-15 Samples. a) SBA-15+C 1:1, b) SBA-
15+C 2:1, ¢) SBA-15+C 4:1

20 =
N

E)
& 15w
o
g b)
o
©
S
X

10 =
3 a)
Q
[J]
g
>

5w

mmm SBA-15+A+C 1:1
mmm SBA-15+A+C 2:1
= SBA-15+A+C 4:1

Time (h)
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3.9.2. CELECOXIB RELEASE

Release experiment was done as a same method with loading process instead of methanol.
Standard solutions were prepared with different concentrations that were 0.003125 M, 0.00625
M, 0.0125 M and 0.025 M. Then, calibration curve was obtained and calibration curve’s equation

was equal to y = 7.596x - 0.0127 (R? = 0.9784). In order to calculate % amount of released
Celecoxib Beer’s Law equation was used.
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Table-11: Absorbance Values of Celecoxib Released Pure SBA-15 Samples.

SBA-15+C 1:1 SBA-15+C 2:1 SBA-15+C 4:1
Time (min) | Absorbance | Time (min) | Absorbance | Time (min) | Absorbance
0 0 0 0 0 0
30 0.337 30 0.274 30 0.314
60 0.294 60 0.148 60 0.284
120 0.313 120 0.282 120 0.272
240 0.282 240 0.271 240 0.253
360 0.251 360 0.260 360 0.284

Table-12: Absorbance Values of Celecoxib Released Amine Functionalized SBA-15

Samples.

SBA-15+A+C 1:1

SBA-15+A+C 2:1

SBA-15+A+C 4:1

Time (min) | Absorbance | Time (min) | Absorbance | Time (min) | Absorbance
0 0 0 0 0 0
30 0.338 30 0.285 30 0.281
60 0.304 60 0.323 60 0.370
120 0.255 120 0.268 120 0.361
240 0.266 240 0.269 240 0.335
360 0.276 360 0.270 360 0.309
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Table-13: Absorbance Values of Celecoxib Released Borosilicate Samples.

Borosilicate+C 1:1 Borosilicate+C 2:1 Borosilicate+C 4:1
Time (min) | Absorbance | Time (min) | Absorbance | Time (min) | Absorbance
0 0 0 0 0 0
30 0.275 30 0.286 30 0.281
60 0.298 60 0.273 60 0.328
120 0.284 120 0.289 120 0.299
240 0.298 240 0.281 240 0.296
360 0.321 360 0.168 360 0.292

Table-14: % Released Celecoxib of Pure SBA-15, Amine Functionalized SBA-15 and

Borosilicate Samples.

Sample SBA-15+C 1:1 SBA-15+C 2:1 SBA-15+C 4:1
%Released 14.85 18.61 33.09
Celecoxib

Sample SBA-15+A+C 1:1 SBA-15+A+C 2:1 SBA-15+A+C 4:1
%Released 14.47 21.32 41.61
Celecoxib

Sample Borosilicate+C 1:1 Borosilicate+C 2:1 Borosilicate+C 4:1

%Released
Celecoxib

14.88

19.55

37.57

According to results, SBA-15+A+C 4:1 and Borosilicate+C 4:1 had the best release rates because
they had the best release percentage of Celecoxib. Loading capacity of SBA-15++C 4:1 and
Borosilicate+C 4:1 also showed best results. Besides; Figure-54, Figure-55 and Figure-56
indicate that release of Celecoxib could be controlled by using SBA-15and borosilicate samples
as a drug delivery systems.
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3.10. HPLC ANALYSIS

HPLC analysis was done for only all borosilicate samples and 4:1 (sample/drug) ratio of SBA-15
samples. By using HPLC method the best release rates were obtained for SBA-15+A+C 4:1 and
Borosilicate+C 4:1 sample as a 41.00 % and 30.27 % respectively. % Release rate of Celecoxib
of samples are given in Figure-59. These results had some differences from UV analysis due to
instrumental differences. In HPLC experiments, column was used and this might be more
efficient way small amount of drug release. However, release rate of pure Celecoxib was
obtained 26.00 % in HPLC experiment and this shows that amine functionalized SBA-15 and
borosilicate samples had more efficient release rates. Release of Celecoxib could be maintained
by using SBA-15 and borosilicate samples as controlled drug delivery systems.
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CHAPTER 4

CONCLUSION

In order to enhance drug delivery, SBA-15mesoporous silica surface were functionalized with
amine group and borosilicate samples were prepared. Characterization of samples were applied
both pure, functionalized and Celecoxib loaded silica samples.

Elemental analysis was done to control the percent efficiency of drug loading process. Besides,
loading capacity of drugs was controlled by using UV spectrometry. According to results SBA-
15+A+C 4:1 and Borosilicate+C 4:1 had the best drug loading capacities which were 61.72 %
and 76.33 % respectively. These results showed that functionalization process helps to enhance
drug loading capacity.

By using powder X-Ray diffraction method, the order of pores of samples was determined as
hexagonal unit cell (P6mm) 2D structure. XRD method was not the good way to observe highest
intensity diffraction peaks (1 0 0). Therefore, SAXS analysis was done. In the SAXS analysis, 3
diffraction peaks (1 0 0), (1 1 0) and (2 0 0) of most samples were obtained. Moreover, most
intense (1 0 0) diffraction peaks were obtained in all samples. After the Celecoxib loading
ordered structure of samples were maintained and this showed that samples were ordered and
stable. Besides, d-spacing values of samples were calculated by using SAXS analysis. These
values were also in accordance with the data in literature.

The FTIR spectra of all samples were quite same except some differences. There was a
difference at 3000-3500 cm™ and this might be linkage of drugs and SBA-15 and borosilicate
samples. Additionally, small peaks were observed about 3300-3400 cm™ compared with pure
samples and this might be caused by Celecoxib loading.

In order to analyze pore size distribution, pore volume distribution and surface area of particles
N, adsorption-desorption method was used. Pore size distribution of samples quite same after
Celecoxib loading process. As a result; pore size, pore volume and surface area of samples were
decreased after Celecoxib loading.

TEM and SEM analysis of samples gave information about their structure. Both method showed
that SBA-15 samples had hexagonally ordered mesoporous structure. Besides, these samples had
rod like structure and ordered porous. Borosilicate samples showed spherical, porous structure.
After Celecoxib loading process, it was observed that all samples prevented their ordered, porous
structures.

In order to do surface analysis zeta potential measurement was conducted. According to zeta
potential results, SBA-15 and borosilicate samples gave more negative values than SBA-15+A
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sample. This might be caused by silanol and hydroxyl groups in SBA-15 and borosilicate
samples. Due to amine groups of SBA-15+A sample had a more positive zeta potential value.

UV spectrometry and HPLC were used to control release rate of Celecoxib. The percentages of
release rate of Celecoxib were calculated by using these two methods. As a result, controlled
drug release was obtained for all samples and Borosilicate+C 4:1 and SBA-15+A+C samples had
highest release rate of Celecoxib which were 37.57 % and 41.61 % respectively.

In conclusion, loading capacity and release rate of Celecoxib are changeable according to
concentration of Celecoxib and functionalization type. However, it is clear that surface
functionalization is a good method to enhance drug loading capacity.
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APPENDIX

UV ANALYSIS AND CALIBRATION CURVES OF CELECOXIB
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Figure-60: UV Analysis of Celecoxib Loaded Samples.
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Figure-61: Calibration Curve of Loading Process of Celecoxib
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Figure-62: Calibration Curve of Release Process of Celecoxib
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