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ABSTRACT

Adsorption and Release Properties of Proteins on 3815

Nanoparticles Functionalized with Aminosilanes

Pham Thi Tra

Advisor: Prof. Sun-Il Kim, Ph.D
Department of Chemical Engineering
Graduate School of Chosun University

Mesoporous silica materials have received muchiidie due to their attractive
features, such as stable mesoporous structureshifgice area, large pore volume, regular

and adjustable nano-pore sizes (2-10 nm). Among %$Ba&nta Barbara Amorphous)

materials, SBA-15 attracted researchattention due to its prominent properties. Based

on morphology of SBA-15 particles, each has its osynthesis procedure and
characteristics, results in different adsorptiopazdty as well as application in drug
delivery system. This study focused on the synshesimesoporous material SBA-15 with

both rod-shaped and spherical morphology.

Mesoporous silica SBA-15 has been obtained viacastwp synthesis process (gel
formation and subsequent hydrothermal treatmentudigg a triblock copolymer as a
template. Multi-amine-grafted mesoporous silicaA9B were prepared by attaching 3-
aminopropyltriethoxysilane, N-2(-aminoethyl)-3-ampmopyl trimethoxy silane and (3-

trimethoxysilylpropyl) diethylenetriamine via posgnthesis method. The obtained
VI



mesoporous silica SBA-15 were characterized by ay)diffraction (XRD), transmission
electron microscopy (TEM), scanning electron micopy (SEM), fourier transform
infrared (FT-IR), and BET analysis. The proteing@disn adsorption experiments were
Bovine Serum Albumin (BSA), Lysozyme (LYS) and Myalgin (MYQO). The protein
adsorption properties such as equilibrium and lisetere investigated. The results show
that the original SBA-15 samples (R for rod-shapad S2 for sphere) have the highest
adsorption capacity for all proteins due to thangkst pore size and internal surface area.
Moreover, the release study of original and modifsamples also were carried out to
assess application for controlled drug deliverytays The adsorbed proteins can be
readily desorbed on amine-modified samples. Es|hgcihe diamine-modified sample

(S2-AEAPS) has the highest release amount for tetejms, LYS and MYO.
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CHAPTER 1. INTRODUCTION

1.1. Mesoporous materials

Since the discovery of ordered mesoporous silidd by Mobil Oil researchers in
1992 [1,2], a variety of ordered mesoporous mateiielve been synthesized by using the
template technique. The ordered hexagonal porectste) high surface area, and inert
framework of these materials have allowed usevargty of applications including catalysis,
separation, sensor design, nano-science and drugemelystem during the last decade.
However, M41S materials are limited to a pore di@meif approximately 80 A, and,
furthermore, they have significant external surface afidasse characteristics limit use in size-
selective separation of large biomolecules suclprageins and enzymes [4]. In 1998, the
Stucky group synthesized the Santa Barbara AmopliSBA) materials by using neutral
triblock template agents [3]. Among these SBA matsyi SBA-15 attracted researchers’
attention due to its prominent properties. This mialtgvas synthesized by Zhao et al. [9] using
triblock copolymers (P123 or PEPPOPEQ,) as a structure directing agent. The formation
of the mesostructure is based on the synthesisvasthiSH") (X1*) under acidic conditions
(H"X). The nonionic block copolymer {Sforms an organized structure due to self assembly
of the template in aqueous solution. The procesgitsedn microphase separation and thus
divides the space into hydrophilic and hydrophdléenains. The micelle formed during the
self assembly consists of a core of hydrophobiclklBPO and a shell of hydrophilic block
PEO. Under acidic conditions, the self assembly iBoi@d by the hydrolysis and
condensation of silica source (TEOS) which resultthe formation of inorganic ) network
of silica. The synthesis route is shown in Fig. 1.Aiede copolymers have the advantage that

their ordering properties can be changed by altedhirgsolvent composition and the copolymer

-1 -



architecture. Furthermore, thicker pore walls argioled in SBA-15, compared to MCM-41,

which improves the hydrothermal stability of these materi

Fig. 1.1. Schematic representation of the two different am@sms used to describe the

synthesis of ordered mesoporous silica materials [34].



Many methods have been reported for controlling ploee size of mesoporous
materials. The most frequently used procedure isnineduction of a swelling agent into the
structure directing template. Common swelling aganslarge organic hydrocarbons such as
dodecane [30], 1,3,5-trimethylbenzene [31] and triispplbenzene [32]. The introduction of
these agents has been shown to lead to the sweflpgre volumes of around 30%, but loss of
long-range order of the mesoporous structure igmks. Other common methods have been
reported such as mixing surfactant blends to t#ilerpore size of mesoporous silicas, showing
nanometer-level control over the pore diameterbpatjh the longest surfactant chain governs
the largest pore size achievable. In this studyptire size of SBA-15 can be tuned by using
swelling agents and controlling the aging time #rdperatureAs a result, SBA-15 is utility

material for separating large biomolecules such as pso#id enzymes [5].

Particle shape has been shown to have an effettieomgglomeration and circulation
properties of several non-porous nanoparticlestin.vT here are three methods that have been
developed to tune the particle morphology of mesmp® silica materials. The first method
involved the use of a series of antimicrobial rotmmperature ionic liquids with various alkyl
chain lengths as templates for the synthesis obpwsus silica materials. The second method
was based on a co-condensation reaction with TE@Sdédferent organoalkoxysilanes. The
effect of other co-condensing species on morpholeagy studied in detail, which enabled us to
control the formation of mesoporous silica withfeliént particle shapes. The third method to

control particle morphology was done by tuning the ratfasactants [38].

Modified silica materials with amine or other orgamoieties have been widely used
as fixed phases in high performance liquid chrograiphy (HPLC) [15,16], as adsorbents for
the removal of organic compounds or metal ions fv@mous sources [17,18] and as catalysts

[19,20]. In some previous studies, multi-amine-fumtdlized mesoporous silicas have been
-3-



prepared and used to adsorb heavy metal ions abdrcdioxide [21,22]. There are two ways,

including post-synthesis (grafting) and direct &gsis (co-condensation) methods to
incorporate functional groups into the mesoporowadrisn [23,24]. In post synthesis, organic

functional groups are grafted through the reactiba silane coupling agent with the free and
germinal silanol groups on the surface of mesopdrae organic functional groups can be
easily chosen and designed to meet different remugints. The resultant materials generally
maintain highly ordered structures and show redffivhigh hydrothermal stability after

grafting reaction. However, the distribution of thumdtional groups on the surface of the pore
wall is likely not uniform and the organic group® grafted mainly on the external surface of
the mesoporous particles or near the pore mouthusecof the mass transfer. Comparatively,
the direct synthesis pathway by co-condensatiosilokane and organosiloxane precursors
often offers a better control of the resultant mate in terms of a higher and more uniform

surface coverage of the organic functionalitieshait the blockage of the mesopores.
Nevertheless, the resultant materials usually shesg Istructural ordering than the pure
siliceous counterpart, and the organosiloxane psecsirmust be carefully chosen to avoid
possible phase separation and Si-C bond cleavagggdhe synthesis and surfactant removal
processes. To date, just several of the organiciuradtgroups can be synthesized through the

direct co-condensation method.
1.2. Drug delivery systems

Drug delivery is the method or process of administea pharmaceutical compound
to achieve a therapeutic effect in humans or amimatug delivery technologies are patent
protected formulation technologies that modify dmedease profile, adsorption, distribution

and elimination for the benefit of improving prodedficacy - safety and patient convenience -



compliance. Drug delivery technology is a multigidioary science involving the physical,
biological, medicinal, pharmaceutical, biomedical eegring and biomaterial fields.
Especially, chemists and chemical engineers have beerested in finding new material,
controlling the rate and period of drug deliveryddargeting specific areas of the body for
treatment. Recently, a new application of mesoposdies as a drug delivery system has been
explored owning to their non-toxic nature and gbastompatibility. In terms of drug delivery
system, the development of mesoporous materialssoffew possibilities for incorporating
biological agents within silica samples and for teolting the kinetics of their release from
matrix. One of the interesting features of mesopemilica for controlled drug release is the
multitude of possible modifications that can bedus® both adjust surface functionality and
change textural properties [37]. Functionalizatiyneither co-condensation of organic species
during synthesis or subsequent surface modificagg@mits tuning surface properties, and thus

could provide higher selectivity for specific controllezlidery.
1.3. Objectives

Based on morphology of SBA-15 particles, each tmaewmn synthesis procedure and
characteristics, resulting in different adsorptiapacity as well as application in drug delivery
system. This study focused on synthesis mesoporaterial SBA-15 with both rod-shaped

and spherical morphology.

Mesoporous silica SBA-15 has been obtained via astep synthesis process by
using a triblock copolymer as a template. Multi-agrgrafted mesoporous silicas SBA-15
were prepared by attaching 3-aminopropyltriethdays, N-2(-aminoethyl)-3-aminopropyl
trimethoxysilane and (3-trimethoxysilylpropyl) digtenetriamine via post-synthesis method.

The characteristics of these samples have beeyzadaby XRD, TEM, SEM, FT-IR and BET.

-5-



The protein adsorption properties such as equilibi@nd kinetics were investigated. Moreover,
the release study of initial samples and modifiacthges also were carried out to assess
application for controlled drug delivery system.e§h proteins were Bovine Serum Albumin

(BSA), Lysozyme (LYS) and Myoglobin (MYO).

This study is divided into 4 chapters. The firstngoduction, the next two chapters
mention on SBA-15 mesoporous silica in both two morphekguch as rod-shape and sphere.

The final chapter is Overall Conclusion.



CHAPTER 2. ROD-SHAPED SBA-15

2.1. Introduction

One of the main areas of interest in materials abteynis the synthesis of
mesoporous molecular sieves with highly controBalphorphologies for the purpose of
providing catalytic, separation, and adsorption a&agibns to industry. Nonionic templates
such as poly(ethylene oxide) (PEO) and block capelg have received a great deal of
attention in the synthesis of mesoporous matebiedguse of their ability to self-assemble into
well-defined mesophases with crystalline-like loagge orders. Furthermore, such nonionic
surfactants are easily separated, nontoxic, biodegladand relatively inexpensive. The
[S°H'][X1T] assembly pathway using block copolymer templatiag resulted in various
morphological mesoporous silicas arising from wed&rface interactions mediated by the X

anions under conditions, like in th&SI" assembly pathway using a cationic surfactant.

In this chapter, rod-shaped SBA-15 particles wenethesized by using Pluronic
P123 triblock copolymer (PEGPO,;PEQy) as a structure-directing agent and tetraethyl
orthosilicate (TEOS) as a silica source. We cordtblthe pore size of SBA-15 by using
swelling agent at different conditions of aging lsw&s temperature and time. As a result, the
largest pore size SBA-15 nanoparticles were obtkailkilti-amine-grafted mesoporous silicas
SBA-15 were prepared by attaching 3-aminopropyhderysilane, N-2(-aminoethyl)-3-
aminopropyltrimethoxysilane and (3-trimethoxysildpyl)diethylenetriamine via post-
synthesis method. The protein adsorption propewiE® investigated by Langmuir equation.
Moreover, the release study of initial samples aratlifired samples also were carried out

under neutral pH condition.



2.2. Experimental
2.2.1. Materials

The chemicals used in this study include: pluromt23 triblock copolymer
(poly(ethylene glycol)-block-poly(propylene glycdijock-poly(ethylene glycol), MW:5800,
Aldrich), tetraethyl orthosilicate (TEOS, 98%, SigmhtAch), hydrochloric acid (35-37%,
Junsei), mesitylene (1,3,5-trimethylbenzene, 98%, Aliirebdium azide (Junsei). The various
aminosilanes used as grafting agents  were 3-anupgliriethoxysilane
(HoNCH,CH,CH,Si(OCH,CHj3)3, abbreviated as APTES, 99%, Aldrich), N-2(-aminoetByl)
aminopropyltrimethoxysilane (or N-[3-(trimethoxysd)propyl]-ethylenediamine, iNCH,CH,
NHCH,CH,CH,Si(OCH)s, AEAPS, 97%, Aldrich), R[3-(trimethoxysilyl) propyl]diethylene
triamine (HNCH,CH,NHCH,CH,NHCH,CH,CH,Si(OCHs)s, TA, tech, Aldrich). Three
proteins were Bovine Serum Albumin (BSA, A-3912, Sightdrich), Lysozyme (LYS, L-6876,

Sigma Aldrich), and Myoglobin (MYO, M-0630, Sigma Aldrjch
2.2.2. Synthesis of rod-shaped SBA-15

Rod-shaped SBA-15 was synthesized by a procedundasito that described
previously [25], via two-step synthesis: gel forroatand subsequent hydrothermal treatment.
An initial gel formation was done under acidic citioths using Pluronic P123 triblock
copolymer (PE@PO,)PEQy, Aldrich) as a structure-directing agent and teknde
orthosilicate (TEOS, Aldrich) as a silica source.tthe specific procedure, 4 g of P123 is
dissolved completely in 104 g of deionized wated &0 mL of fuming HCI (37%) added
under stirring condition for 2 h. TMB was used, inagapropriate ratio with the surfactant, as a
swelling agent for increasing the pore size. Nex® §.5f TEOS was added drop wise and the

mixture was vigorously stirred for 24 h at 5. The synthesized gel was then transferred into

- 8-



heatproof plastic bottle at different temperatuaesl periods of time depending on targeted
pore size. The solid products were filtered, washigd distilled water repeatedly and dried at
room temperature overnight. The powdery SBA-15 waained by calcination in ambient air
from room temperature to 55C, with a heating rate of °C/min. The temperature was held

constant at 556C for 6 h, the cooling rate was’6/min.
2.2.3. Modification of SBA-15

Modified mesoporous materials with aminopropyl grethave alternatively been
prepared by refluxing freshly activated mesoporgilga in toluene solution containing
aminosilane. 5.0 g of calcined rod-shaped SBA-15, whias previously dried at 128 for 6
hours in air, was refluxed in the toluene solutibmminosilane (1.7%, 250 mL) at 12G for
24 hours under an Ar flow. The amine-functionaliZ2BA-15 was collected by filtration,
washed with dry toluene, and dried at®@Dovernight [22]. These materials are designated as
R-APTES, R-AEAPS and R-TA, where APTES, AEAPS and TAe a3-
aminopropyltriethoxysilane, N-2(-aminoethyl)-3-aminopropyltrimethoxysilane, ani’-[3-

(trimethoxysilyl)-propyl]diethylene triamine, respeely.

2.2.4. Characterization

X-ray diffraction (XRD) patterns were obtained orPANalytical (Philips) XPert

PRO MRD diffractometer using CudKradiation source of wavelength 1.5486for 2theta

ranging from 0.01 to 5 with a scan speed of 3/tin at 40kV and 30 mA. Nitrogen
physisorption isotherms were measured on a miclitioce ASAP 2020 analyzer at 77K. The
specific surface areas were evaluated using Brustamenett-Teller (BET) method. The pore

size distribution was calculated using the Bardettner-halenda (BJH) method based on the

-9-



adsorption branch of the isotherms, and the porewsas reported from the peak position of
the distribution curve. The pore volume was takethaf/Po = 1.00. Transmission electron
microscopy (TEM) was performed on a Hitachi H-7100 elecinicroscope, operating at 75kV.
The scanning electron microscopy (SEM) was carged on a Hitachi S-800 electron
microscope. Fourier Transform Infrared (FT-IR) speeaif mesoporous materials before and

after modification were observed by using FT-IR-410 Jasco
2.2.5. Protein adsorption and release study

Protein adsorption was measured by the classidah lejuilibration method. Batch
adsorption experiments were carried out by comgcO0 mg of SBA-15 with 10 mL of
different protein concentrations in buffer solutiah 25°C. In order to prevent microbial
contamination, sodium azide was added into the isolufThe adsorbent and solution were

sealed and kept in a shaking incubator at 250 gm24 h. The supernatant was diluted in a

buffer and then filtered through O.@n HT Tuffryn low protein binding membrane filtersh&

protein concentration in the supernatant was aedlyan a UV spectrophotometer with
wavelength of 280 nm. A mass balance was appliechlzulate the protein adsorbed on the

SBA-15.

In order to investigate the release kinetics oftgins, the experiments were
performed as follows. 100 mg of treated SBA-15 waaked in 20 mL of neutral phosphate
buffer solutions. The temperature was maintainedstamtly at 37°C and the solutions were
continuously shaked with a speed of 250 rpm. Sampfe8 mL were withdrawn from
dissolution medium at appropriate time intervalsl aeplaced with an equal volume of
dissolution medium to maintain perfect sink comtii. The cumulative release amount was

determined by a mass balance equation similar to the peesexction.

- 10 -



2.3. Results and discussion
2.3.1. Characterization of rod-shaped SBA-15

The synthesized SBA-15 samples R, R-APTES, R-AEAP8 BATA were
characterized by XRD. Fig. 2.1 shows the XRD pattefrthese samples. The first diffraction
peak is clearly observed in R, which could be index® (100) diffraction peak associated with
p6mm hexagonal symmetry. For R-APTES, R-AEAPS and R-TA, ittensities decrease
drastically compared to that of R because of ino@fing amine group onto the original
sample R. After attaching the amine functional groups ¢ eitica surface, the XRD patterns
changed. No peak is found in the XRD patterns ofifieasdrod-shaped SBA-15. According to
the previous studies, the XRD pattern of conventi@BA-15 was obtained from°1o 7 of
260 [3, 27]. In this work, we want to get a target samplth the large pore size by controlling
aging conditions and using swelling agent. Hencep#ak of sample R was changed a little in

position, but it still characterizes tpémm hexagonal symmetry.
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Fig. 2.1. XRD patterns of rod-shaped SBA-15 samples
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The TEM image shows the very well-ordered hexagstmatture of original SBA-15.
The conventional SBA-15 possesses very long rogeshanaterial, but the SEM image, which
is shown in Fig. 2.2, indicates the SBA-15 after oahihg the pore size to be unshaped
material. Obviously, the presence of TMB causes arease in the pore size and a more

amorphous morphology [36].

Fig. 2.2. SEM image of rod-shaped SBA-15

Fig. 2.3 shows the pore size distribution and theogén physisorption isotherms of
original SBA-15 sample R, which gives a typicaleirersible type IV isotherm with a.H
hysteresis loop as defined by IUPAC [26]. The nignogdsorption at low relative pressures
(P/P0<0.1) is accounted for by monolayer adsorption togen on the pore walls, and does
not necessarily imply the presence of microporeg. dtfarp inflection in th®/Po range from
0.6 to 0.8 of the isotherm is characteristic of tapi condensation within uniform mesopores,
the position of which is clearly related to a diaenen the mesopore range. The pore volume
and the surface area of the amine-grafted samiglesicantly decrease as compared with that
of original SBA-15. The more amino groups or longkain the silane coupling agents have,

the smaller the pore diameter is and the lowelaserfirea and pore volume are [21]. The BET

-13 -



surface area and average pore volume of rod-shaped SBA-65&nig™" and 1.08 crig™.
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Fig. 2.4 shows the infrared spectra of SBA-15 bef®eand after modification (R-

APTES, R-AEAPS and R-TA). There are several bandsapm in the amino-functionalized
SBA-15. In fact, it is difficult to determine the fotional group-NH, attached on the surface
mesoporous material by observing peak around 3#6bbecause the band elNH, overlaps

with that of O-H stretching vibration [5]. The appeace of peaks at 1560 ¢raorresponds to

the N-H (primary amine) bending vibration. It confs the presence ofSi(CH,);NH,

functional groups on the wall surface [39].
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Fig. 2.4. IR spectra of rod-shaped SBA-15 sample functimewalvith aminosilanes
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2.3.2. Protein adsorption and release study

Because the pl values of BSA, LYS, MYO are 4.8, 1d anrespectively, the protein
adsorption experiments were carried out at°@5and pH values of 4.8, 11 and 7. The
isoelectric point is the pH value in solution atigéhthe sum of charges on the protein is zero.
The protein molecular is positively charged at a Ipélow the pl. On the contrary it is
negatively charged at a pH above the pl. The prgseof BSA, LYS and MYO are shown in

Table 2.1.

Table 2.1. Physical properties of proteins [27]

Proteins Molecular weight Isoelectric point Molemusize A)
BSA 69,000 4.7-4.9 40 x 40 x 140
Lysozyme 14,400 11 30x 30 x 45
Myoglobin 17,600 7.0-7.2 25x35x45

The amount of protein adsorbeg,(mg/g) at any intermediate timewas calculated

from the mass balance equation as follows:

C -C)V
A=) "

whereC, is the initial concentration of solution (mg/mlQ, is the concentration of solution at

timet (mg/mL),V is the volume of solution (mL) armd is the mass of adsorbent (g).

In order to investigate the properties of proteisaption on SBA-15, the isotherm
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model Langmuir was applied.

_ K. G

2
1+K,C, )

Qe

In equation (2),ge is the equilibrium adsorption amount (mg/g); is maximum
adsorption capacity (mg/giK. is the Langmuir constant ai@ is equilibrium concentration of

solute (mg/mL).

The isotherm parameters were determined by minmgizhe mean percentage
deviations between experimental and predicted amadsorbed, based on a modified
Levenberg-Marquardt method (IMSL routine DUNSLF) eTdbject function(%), represents

the average percent deviation between experimental adittekresults as follows:

Oexpx ~ Yea ,k‘

E(%) = 120Z

k=1 qexpk

®3)

In equation (3),n is the number of experimental dath,,x is the experimental
adsorption capacity, angLak is the calculated adsorption capacity. The isothdata were
fitted with Langmuir equation very well. The detenmil isotherm parameters of proteins on

SBA-15 are listed in Table 2.2.

Table 2.2. Langmuir isotherm parameters of proteins (fistaped SBA-15).

Protein SBA-15 samples Om b E(%)
R 863.57 5.48 1.58
BSA R-APTES 790.00 1.58 1.75
R-AEAPS 778.70 0.29 3.79
R-TA 913.71 0.13 6.62
LYS R 51.56 0.80 4.82
R-APTES 10.56 0.53 6.93
R-AEAPS 12.39 3.99 2.70
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R-TA 7.11 13.38 1.29

R 243.31 62.91 5.07
MYO R-APTES 37.14 0.46 9.31
R-AEAPS 21.33 2.98 7.39
R-TA 21.46 151 6.18

Fig. 2.5 shows the adsorption isotherms of BSA, L¥i8 kYO on SBA-15 at 25C.
The sample which has the highest adsorption capfmitall proteins is the original sample R
due to its largest pore size and internal surfaea.a\fter attaching of functional groups onto
the surface, the adsorption amounts of R-APTES, R-AFARd R-TA were decreased due to a
significant decrease in pore size and surface dfea.BSA, the adsorption capacity is
decreased with increase in amine group amounthatiionto original SBA-15 surface. The
R-TA sample has the lowest adsorption capacithatsame condition considered with others.
This result was in accordance with previous stiyrglated to BSA adsorption onto SBA-15
samples before and after modification. There areesdifferences in adsorption capacity of
SBA-15 samples between proteins. For LYS and MYO, dhmple which has the lowest
adsorption capacity is R-APTES (not R-TA as for BSFhe largest pore size of R compared
to the modified samples is a very good candidatesdparation of large size biomolecules, i.e
BSA. Compared with some previous reports [27, 36hoalgh the pore size of R is smaller
than that of their samples, the adsorption capacity ofvBrishigh because of the large surface
area. The interactions between proteins and SBAabapke R are both chemical bond and
physical bond (hydrophilic interaction), due to firesence of hydroxyl groups on the surface
of SBA-15 and the functional groups of proteins.efftodification via post synthesis, the

hydroxyl groups on surface of silica are partiallyst because of high temperature
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hydrothermal and calcination treatment. Moreover, tachment of nonpolar and
hydrophobic methyl groups in grafted chains madedinface of SBA-15 more hydrophobic
and a decrease in pore size. Hence, the amounbtdims adsorbed on the amine-modified

sample is reduced in comparison to that before modificgbpb

1000 25
LYS
*
o 800 | = 20 *R 74
=3 > B RAPTES
£ 5 ® R-AEAPS
2 g A RTA
‘E 600 F é 15 H — Langmuir ®
2 g
c =2
c
2 .5 10 } y o °
‘é 400 = °
[=] - B
7] L ] e 3 ®
©
< . ./ 2
/ O R 5 |
200 é /l A R-APTES " m
/ - ® R-AEAPS
[]
" R-TA
) —— Langmuir /./I/J/-—/J/
0 L L L n 0 L 1 1 1
0 2 4 6 8 0 0.2 0.4 0.6 0.8 1
Concentration (mg/mL) Concentration (mg/mL)
300 20
MYO MYO
L
250 F -
Gy D5t —r
= = s
£ 200 } £ /
2 > v
A
S 150 S 10} / /'
o =3
g : 4
2 100 a / /
o o o
3 3 5 o
< < A RAPTES
50 ¢ R = R-AEAPS
—— Langmuir ® RTA .
—— Langmuir
0 0
0 05 1 15 2 0 05 1 15 2

Concentration (mg/mL) Concentration (mg/mL)

Fig. 2.5 Adsorption isotherms of BSA, LYS and MYO on rodgstd SBA-15
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Fig. 2.6 shows the release amount of proteins foBBA-15 samples. Although the
adsorption capacity of R was highest among all $asnthe amount released by R-APTES, R-
AEAPS and R-TA was higher than that of R in neus@ution for all proteins. In comparison
between proteins, the release amount of LYS is lbfesll samples. According to the results
of Song et al, the release rate of BSA from amineliffred SBA-15 via post synthesis was
very high and all the adsorbed protein could be releasegletely after 3 hours. However, the
loading amount of BSA on their modified sample @&ros$o carry out the release study was
only 1.5 wt% at pH 4.8 because of the small pore aizd BET surface area [24]. Thus, most

of protein molecules adsorbed on the external surface Af1SBcould be easily desorbed.
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Fig. 2.6. Release amount of proteins for rod-shaped SBA-15
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2.4. Conclusion

In this chapter, we have made the rod-shaped SBgafriple with the large pore size
by using swelling agent under certain conditions,atehigh aging temperature and prolonged
aging time. In addition, the surface characterigiicSBA-15 can be modified by incorporating
amine functional groups via post synthesis methde: ddsorption equilibrium of BSA, LYS
and MYO on conventional and amine-modified SBA-&&ahes the maximum value at the pl
of proteins because the lateral repulsion betwesorhed proteins is minimal. The original
rod-shaped SBA-15 has the highest adsorption dgp@eiall proteins due to its largest pore
size and internal surface area. The isotherm daal fvery well with Langmuir equation. It
was also found that the adsorbed proteins can dwilyedesorbed in the neutral solution on
amine-modified samples. Thus, the modified samples lwa applied for controlled drug

delivery system.
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CHAPTER 3. SPHERICAL SBA-15

3.1. Introduction

The morphological control is one of the main sutgeia this rapidly developing
research field because the overall morphology ismgmrtant as the internal structure of a
mesoporous material for certain applications. Régeifie disclosure of mesoporous SBA-15
sparked off considerable interest for its largerepsize, thicker wall and better stability. The
most common morphology of SBA-15 are fiber-like ex@ tens of micrometers in length,
composed of “basic” rod-like particles, or individusell-defined rod-like particles [6,7,8].
Other morphologies with doughnut, rope, egg, sausagere, discoid, and hyperbranched
shapes of SBA-15 materials have been obtained, wsgapic reagents, strong electrolytes, or
metal ions as additives [9,10]. Among various molphies, spheres are required as column
packing materials and easy-to-handle forms in medgplications such as chromatographic
separations and controlled drug delivery [11,12,0Rjsoporous SBA-15 materials with nearly
spherical shapes have been prepared by using ckibbmpolymer with cetyltrimethyl-
ammonium bromide (CTAB) as co-surfactant or throaghtrolling the synthetic temperature
at 20 °C [6]. Lee et al. synthesized nearly sphere-shag@d-5 silica under ultrasonic
irradiation [14]. The pore diameters of the aboveesps are all below 10nm. However, for
many applications, such as biomacromolecule separairug-delivery, bio-molecular release
and guest molecule encapsulation, much larger pdresaterials are highly required, as well

as their entirely uniform shape.

In this chapter, mesoporous silica spheres have di#ained via a two-step synthesis
process by using a triblock copolymer as templateombination with a co-surfactant and co-
solvent. Multi-amine-grafted mesoporous silicas SBA-were prepared by attaching 3-
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aminopropyltriethoxysilane, N-2(-aminoethyl)-3-aminopropyl trimethoxysilane ang3-

trimethoxysilylpropyl) diethylenetriamine via posgnthesis method. The protein adsorption
properties such as equilibrium and kinetics wevestigated by various models. Moreover, the
release study of initial samples and modified sasphlso were carried out to assess
application for controlled drug delivery system.e§h proteins were Bovine Serum Albumin

(BSA), Lysozyme (LYS) and Myoglobin (MYO).
3.2. Experimental
3.2.1. Materials

The chemicals used in this chapter include mosmatas used in chapter 2.
Furthermore, there were supplemental agents sucleeagirimethyl ammonium bromide

(CTAB, Aldrich), ethanol (Junsei, absolute) and toluengk(isan, 97%).
3.2.2. Synthesis of spherical SBA-15

Mesoporous silica spheres were synthesized by ustraethyl orthosilicate (TEOS)

as the silica source, Pluronic P123 triblock cop@ynPEQPPGPEG,,, Aldrich) as a

structure-directing agent, cetyltrimethylammoniurorbide (CTAB) as the co-surfactant, and
ethanol as the cosolvent. HCl was also employed to catdigzermplating process reaction. In
a typical synthesis, 3 g of P123 was dissolved im&0OHCI (1.5 M). The desired amount of
CTAB (0.6 g) and TMB were first mixed with 25 mL deized (DI) water separately, and then
the two solutions were mixed thoroughly as ethg®6D%) was added. The amount of TMB
added was matched to the P123 used. The specificofaf MB:P123 varied depending on the
pore size targeted. The resulting solution is refktio as the surfactant solution. 10 mL of
TEOS was added drop by drop to the surfactant isaluaind the mixture was vigorously

stirred (=500 rpm) for 45 min at 3&. After stirring, the mixture was transferred to a heatjpro
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plastic bottle and stored under static conditiolrafC and then aged at 198. The white
precipitate was recovered by filtration, dried at’@0for 24 hours, and calcined in air at from
room temperature to 55, with a heating rate of IC/min. The temperature was held

constant at 556C for 6 hours, the cooling rate wa§Gmin.
3.2.3. Modification of SBA-15

The procedure to modify surface of spherical mesmm materials SBA-15 by
grafting aminopropyl groups is similar to rod-sh&8BA-15. The materials after modification
are designated as S-APTES, S-AEAPS and S-TA, whefBESP AEAPS and TA are 3-
aminopropyltriethoxysilane, N-2(-aminoethyl)-3-aminopropyltrimethoxysilane, and*-[&

(trimethoxysilyl)-propyl]diethylene triamine, respeely.
3.2.4. Characterization
The initial and modified spherical SBA-15 samplesrev characterized by XRD,

nitrogen adsorption and desorption analysis, SEM, Ta&id FT-IR. These characterization

procedures are the same as rod-shaped SBA-15 samples.
3.2.5. Protein adsorption and release study

Protein adsorption equilibrium and release expartsavere carried out similarly to

the rod-shaped SBA-15 in chapter 2.

The kinetic adsorption experiments were performedaibatch at 25C. In each
adsorption experiment, 200 mg of the different aosots was suspended in 50 mL of the
protein solution with 2 mg/mL concentration. Theprssions were continuously shaken with
a speed of 250 rpm. The concentrations of protdirgff@rent time intervals were analyzed

using UV-spectrophotometer. For all experimentsceoming adsorption and kinetic, pH values
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of buffer solutions were 4.8 for BSA, 7.0 for LYS and MYO.
3.3. Results and discussion

3.3.1. Characterization of spherical SBA-15

XRD patterns

The synthesized spherical SBA-15 samples S1, S2S&8nevere characterized by
XRD. Fig. 3.1 shows the XRD patterns of these samplagh shows that spherical SBA-15
exhibited single diffraction peaks, characterisfier@soporous materials with a pore structure
lacking long-range order. After attaching aminectional group onto the silica surface, the
XRD pattern is changed. There is no peak in the XgRiftern of S2-AEAPS and this is

consistent with literatures [5,35].
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Fig. 3.1. XRD patterns of spherical SBA-15.
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SEM

CTAB was used as a co-surfactant while ethanolusas as co-solvent to synthesize
spherical SBA-15 particles. Zhao et al. [9] synthesizarious morphological structures using
difference synthesis conditions. The morphologyhaf 8BA-15 was said to be controlled by
condensation rate of silica species (pH and s#icarce), stirring rate, micelle shape, and
inorganic species present. The morphology of these rastésihighly dependent on the energy
of local curvature. The attainment of a lower loeakrgy of curvature will result in a more
curved morphology. TEOS was selected as the silmarce to reduce the local energy of

curvature; TEOS has slower condensation rates as cethfmaTMOS.

A. Katiyar et al. [36] showed that the use of higherount of co-surfactant CTAB
does not have a significant effect on the morphploigthe particles. Also, the particle size of
the spherical SBA-15 was not significantly affecteldwever, the yield of spherical particles
decreased as the CTAB concentration was increashds Ibeen proposed that in the absence
of co-surfactant, the surfactanf @nd positively charged silica” Interact in an acidic
environment mediated by an ionic paiPHSX1*. This hydrogen bonded interaction is
relatively weak and allows the preparation of parsolids with different shapes. The use of
CTAB allows adjustment of the shape and size ofghsicles during the synthesis. In the

absence of CTAB we have obtained particles with undeBhege and size.

Ethanol plays a very important role in determinihg characteristics of the SBA-15
particles [28]. To examine the effect of ethanoltbe morphology of the product, a synthesis
was performed in the absence of ethanol with atbaction conditions kept similar to that for
E1l. The resulting product exhibited a mixture ofslof irregular particles and some

microspheres. The addition of the cosolvent etham} decrease the polarity of the solvent
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and thus decrease the rate of nucleation and grofattie mesostructured products because of
the slower TEOS hydrolysis and mesostructure adyemlhich could contribute to the
formation of silica spheres with smooth surfacekalt been reported that uniform mesoporous
silica microspheres can be obtained by using afkiyla as a template and ethanol as an
auxiliary solvent, and a remarkable improvement lué spherical morphology has been
attributed to the presence of ethanol [29]. It idedothat mesoporous SBA-15 particles
obtained by using P123 as the template and CTABi@sosurfactant did not show a perfect
spherical morphology [9], which suggested that thsotvent ethanol played an important role
in the formation of perfect spheres of mesopordlisas However, an increased amount of

ethanol destroys the spherical structure as well as thestnesture (Fig. 3.2).

-08 -



e
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Fig. 3.2. SEM images show effect of ethanol on morphology ofrigeh&BA-15: (E1)

absence of ethanol; (E2) ethanol 20 mL; (E3) ethanol 30 mL.
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The addition of swelling agent increases the pdee.sHowever, the particle
morphology can be changed. Fig. 3.3 shows the changariicle morphology as the amount

of swelling agent is increased and the ethanol amount i4.20 m

nnm x5.00k SE(L) 10.0um.

Fig. 3.3. SEM inmages showing effect of TMB on morphology bespal SBA-15: (S1)

TMB/P123 = 0.25; (S2) TMB/P123 = 0.50; (S3) TMB/P123 =50.7

- 30 -



BET

Fig. 3.4 shows the pore volume of the nitrogen plypion isotherms of the
samples S1, S2 and S3, which gives a typical irrddergype 1V isotherm with a Hhysteresis
loop as defined by IUPAC [26]. The nitrogen adsanptat low relative pressureB/P,<0.1) is
accounted for by monolayer adsorption of nitrogertte pore walls, and does not necessarily
imply the presence of micropores. The sharp infbectn theP/P, range from 0.6 to 0.9 of the
isotherm is characteristic of capillary condensatiathin uniform mesopores, the position of
which is clearly related to a diameter in the meseprange. The pore size distribution of

samples S1, S2 and S3 displayed in Fig. 3.5. was determiried ByH method.
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Fig. 3.4. Nitrogen adsorption and desorption isothermptudrical SBA-15.
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Fig. 3.5. BJH desorption pore diameter distribution pattefisgnthesized SBA-15 spheres.

The effect of swelling agent (TMB) on the propestif SBA-15 is summarized in
Table 3.1. In many previous studies, the additiosvadlling agent increases the pore size. This
is agreement for S1 and S2, the mean pore dianmetezaise as the TMB amount is increased.
However, as the amount of swelling agent is incéased.75 of TMB/P123 ratio, the pore

diameter is decreased and the change in particle morphisleggn at the same time.

Table 3.1. Physical properties of synthesized SBA-15rsphe

BET Mesopore volume Mean mesopore
Sample  TMB/P123 surface area (cnlg) diameter  (A)
(nrg) BJHAds. BJHDes. BJHAds. BJHDes.
S1 0.25 737 157 1.62 86 72
S2 0.50 552 143 1.49 92 81
S3 0.75 714 1.15 1.28 58 63
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Among three samples, S2 has the largest pore sidethen most clear spherical
morphology, thus it had been chosen for incorpogatimine groups onto the surface. The
nitrogen adsorption-desorption isotherms and theesponding BJH pore size distribution
curves of the original SBA-15 sphere and functionalizedpesrare shown in Fig. 3.6 and Fig.
3.7, respectively. The reduction of the mesopore velwfter functionalization has been
observed, which is attributed to the lower affirfity N, of the grafted surface as well as to less
accessibility to the mesopores. The uniform pore sizghiiton was retained for aminosilane-
modified SBA-15. The mean pore diameter of aminectionalized SBA-15 were lower than
those of the SBA-15 support (S2), indicating thairasilanes were anchored on pore walls of
SBA-15. The mean pore diameter of APTES-, AEAPS- akanddified SBA-15 decreased in
the following order: APTES > AEAPS > TA. This ordems in accordance with the order
molecular sizes of respective aminosilanes. Thesiphalproperties of original and modified

samples are summarized in the Table 3. 2.

Table 3. 2. Physical properties of original and aminetfanalized SBA-15 spheres

Mesopore volume (cty) Mean mesopore diameter (A)

Sample igas;gg;: €
BJH Ads. BJH Des. BJH Ads. BJH Des.
S2 552 1.43 1.49 92 81
S2-APTES 522 1.00 1.04 53 49
S2-AEAPS 466 1.00 1.01 49 46
S2-TA 486 0.77 0.81 47 46
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Fig. 3.6. Nitrogen adsorption and desorption isothernagiginal and amino-functionalized
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functionalized SBA-15 spheres.
TEM

A typical high-resolution TEM image of the SBA-1ph&res is presented kig. 3.8

(a), which shows irregularly aligned mesopores wétlatively uniform pore sizes. This result
is in good agreement with the related XRD andasorption results. It has been documented
that mesoporous silica with a hexagonal structunebeaprepared via the co-assembly of either
CTAB or P123 with cationic silica species in acahdition [3,33]. Mesoporous silica products
obtained in the presence of single CTAB or P123euitide current synthesis conditions have
not exhibited the spherical morphology, suggesting thghtbgence of both CTAB and P123 is
essential for the formation of the mesoporousasiipheres. In the present synthesis, the molar
ratio between CTAB and P123 is about 3 but the kteigtio between them is actually very
low (1/5). Therefore, the polymer P123 contributegdly to the final mesopores whereas the
surfactant CTAB mainly plays a role of co-surfattahhe fact that the mesoporous silica
obtained by using the mixed P123-CTAB templateswsha monodisperse rather than a
bimodal pore size distribution indicates that thesopores could be formed by the co-
assembly of the mixed P123-CTAB micelles with aaitiosilica species (Fig. 3.9). Since the
mixed P123-CTAB micelles are not so uniform asdimgle P123 or CTAB micelles, the final

mesopore structure tends to lack a long-range hexagatel or

The TEM image of modified sample shows the sigaificdifference in the spacing
between channels from the original SBA-15. It i:redd to the amine group coated on the

surface of original SBA-15 spheres (Fig. 3.8 (b)).
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Fig. 3.8. TEM images of original (a) and amine-functionali3BA-15 spheres (b).

-37 -



Fig. 3.9. Schematic diagram shows the assembly of the Rik28CTAB micelles and the

formation of the final mesopore structure.
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FT-IR

Fig. 3.10 shows the infrared spectra of SBA-15 sphdrefore (S2) and after
modification (S2-APTES, S2-AEAPS and S2-TA). There several bands appearing in the
amino-functionalized SBA-15. In fact, it is difficulb determine the functional group —\H
attached on the surface mesoporous material bynobgepeak around 3460 c¢hbecause the
band of —NH overlaps with that of O-H stretching vibration .[9he appearance of peaks at
2937 and 1560 cthcorresponds to the C-H stretching and N-H (primamyine) bending
vibration, respectively and this confirms the prese of —Si(CH)3NH, functional groups on

the wall surface.

I

CH stretehing, 2937

SZ-AEAPS

S2-APTES

Transmittance, %

L L L L L L

400 9040 1400 1900 2400 2900 34H) 3900
Wavenumber, cm'!

Fig. 3.10. Infrared spectra of SBA-15 spheres before (S2af@dmodification (S2-APTES,

S2-AEAPS and S2-TA).
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3.3.2.Protein adsorption and release study

The isoelectric point is the pH value in solutidnndaich the sum of charges on the
protein is zero. The protein molecular is positivelyarged at a pH below the pl, on the
contrary it is negatively charged at a pH abovepth@&ecause the pl values of BSA and MYO
are 4.8 and 7.0, respectively, the protein adsormiqeriments were carried out at @5 and
pH values of 4.8 and 7.0. However, there is an elaeior LYS concerning breakableness of
SBA-15 in alkali solution. Although the pl of LYS id, the pH value of buffer solution used

for LYS adsorption experiment is 7. This was also camwigdn previous study [36].

We have also used equations (1), (2), and (3) prsant chapter 2 to calculate
isotherm data. The determined isotherm parametepsotéins on SBA-15 are listed in Table

3.3.

Table 3.3. Langmuir isotherm parameters of proteinssffberical SBA-15).

Protein SBA-15 samples Om b E(%)
BSA S2 48.62 0.66 4.08
S2 110.49 149.9 3.13
LYS S2-APTES 11.58 5.01 7.47
S2-AEAPS 2.25 20.01 2.59
S2 215.4 71.08 10.05
MYO S2-APTES 39.50 0.41 152
S2-AEAPS 79.15 0.76 4.69
S2-TA 48.89 1.07 4.33
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Fig. 3.11. Adsorption isotherm of BSA on original SBAskhere.
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Fig. 3.12. Adsorption isotherms of LYS on amino-funcéilized SBA-15 spheres.

- 4] -




300 45
MYO
40
250
=4 —_—
L S 3 5%
£ * 2
=200 * E 30
g 2 25
<
T 150 g_
g c 20
= S
£ =
g 100 245 L
= 2
< o
< 10 + S2-APTES
50 . S2 A S2-AEAPS
. ) 5 H S2-TA
angmult —Langmuir
0 L 0K
0 0.1 0.2 0.3 04 05 0.6 0 05 1 15 2
Concentration (mg/mL) Concentration (mg/mL)

Fig. 3.13. Adsorption isotherms of MYO on amino-functigresd SBA-15 spheres.

There are some differences in adsorption capaditsBA-15 samples between
proteins (Fig. 3.11, 3.12, 3.13). The sample which hashiphest adsorption capacity for all
proteins is the original sample S2 due to its Ilsrgmre size and internal surface area. After
attaching functional groups onto the surface, the atisaramounts of S2-APTES, S2-AEAPS
and S2-TA were decreased due to a significant deern pore size and surface area. Besides,
all modified samples do not have adsorption capdoit BSA and S2-TA also does not have
adsorption capacity for LYS. Only original SBA-15ngale (S2) has adsorption capacity for
BSA, but the amount of adsorption is not as highfoasLYS and MYO. Moreover, thd®
parameter expresses the weak affinity of S2 for B34 very high affinity for LYS and MYO.
The affinity of modified samples is lower than tledtoriginal sample for LYS and MYO, too.
The interactions between proteins and original SIEBAsample S2 are both of chemical bond
(covalent and electrostatic bonds) and physicaldb¢mydrophilic interaction), due to the
presence of hydroxyl groups on the surface of SBAafid the functional groups of proteins.
After modification via post synthesis, the hydrogybups on the surface of silica are partially

lost because of high temperature hydrothermal rireat. Moreover, the attachment of
_ 40 -



nonpolar and hydrophobic methyl groups in graftedis (Si-CH-CH,-CH,-NH;) made the
surface of SBA-15 more hydrophobic and a decreaspore size. Hence, the amount of
proteins adsorbed on the amine-functionalized sanplreduced in comparison with that

before modification.

The ability to control protein uptake based on size, size-selective separation, is
also demonstrated in Fig. 3.14. The results of adisorginetics show that original S2 sample
has the most rapid uptake for all proteins and re@th saturation level for 10 hours. On
spherical S2 with pore size of 9 the amounts of BSA, LYS and MYO adsorbed at
equilibrium are around 50, 120 and 220 mg/g, respaytiThe dimensions of BSA molecule
is reported to be 48 x 40A x 1404, while the dimensions of LYS and MYO are x 30A
x 45A and 25A x 35A x 454, respectively. Since the largest dimensions of B@Alarger
than the pore size, this molecule can be expectdak texcluded from the pores; the small
amount adsorbed is expected to be located on teenak surface of the particles or at the pore
mouths. In contrast, since the largest dimensionY®& Bnd MYO is approximately a half of
the pore diameter of S2, these molecules were bedarith high capacity. For all modified
SBA-15 samples, the uptake rate for LYS is fastantthat for MYO. The saturation amounts
are different for each modified sample because itférdnce in pore size and affinity as

expressed above.

- 43 -



Adsorption capacity (mg/g)

250

200

150

100

50

Fig. 3.14. Protein adsorption kinetics of spherical SEAsamples.
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The release study was performed for LYS and MYOhdugh the adsorption
capacity of S2 was highest among all samples, trmuanhreleased by functionalized samples
was higher than that of S2 for LYS and TA (Fig. 3.163pecially, S2-AEAPS has highest
release amount. As it has been stated, the intemalotitween the adsorbed molecules and the
functionalized SBA-15 surface is governed by bogtrbphobic and electrostatic interaction.
In addition, there are some differences in naturthe$e interactions among SBA-15 samples.
Hence, the release amounts are different from saatple. Generally, S2-AEAPS is a very

good candidate to apply in controlled drug delivery system

100

aLys
BEMYO

80

38.97
60
47.00

40

Release amount (%)

20 f

52 52-APTES S52-AEAPS 82-TA

Samples

Fig. 3.15. Release experiment for original and modified SBAgheres.
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The protein release profiles from mesoporous mat&BA-15 as a function of time
are shown in Fig. 3.16. Generally, the release cwaase separated into two parts: an initial
fast release followed by a slow release pattern. fhise release is mainly caused by the
dissolution of the proteins which is physically adeed in SBA-15, and the slow release may

be attributed to the chemically adsorbed proteins.

The S2-AEAPS exhibited 62 wt% of LYS pronouncing thitial burst release within
5.5 h, 95 wt% has been released within 30 h, and 98 kds been released within 90 h.
Although the release amounts of LYS from S2 andABZES are lower than that from S2-
AEAPS, the cumulative release rates of LYS from 8@ &2-APTES are faster than that from
S2-AEAPS. Namely, the fast initial burst release ¥6lfrom S2 and S2-APTES are 30 wt%

and 5.5 wt%, respectively, within 3 h.

For MYO, the cumulative release rates from S2 and\B2ZES are faster than that
from S2-AEAPS and S2-TA. The fast initial burst ede of MYO from S2 and S2-APTES is

within 5 h, whereas this is within 35 h for S2-AEAPS and S2-TA

Different release mechanisms, either surface or teymendent, were also observed
as a consequence of the diverse drug-matrix gawgtinieraction. Thus, a range of different
adsorption and release kinetics are here presemteidh is of importance to achieve the
desired dosage of a specific protein. These reandtsof great interest for designing silica-

based materials for the adsorption and controlled retéfgs®teins.
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3.4. Conclusion

In this chapter, we have made the SBA-15 sampleb sggtherical morphology.
Ethanol plays a very important role in determinihg characteristics of the SBA-15 particles.
The amount of swelling agent was investigated deoto find the best condition ensuring that
the SBA-15 sample has the largest pore size asawéhie best complete spherical morphology
(S2). In addition, the surface characteristics ofc82 be modified by incorporating amine
functional groups via post synthesis method. Them atisn equilibrium and kinetics of BSA,
LYS and MYO on conventional and amine-modified SB&-samples were performed. The
original SBA-15 has the highest adsorption capdoaityall proteins due to its largest pore size
and internal surface area. Langmuir equation wasieapfor fitting the isotherm data. It was
found that the adsorbed proteins can be readilpred in the neutral solution on amine-
modified samples, too. Among amino-functionalized giasy S2-AEAPS has the highest
release amount (97.56% for LYS and 96.55% for MYO). The sel&metics experiments were
also carried outThese results are of great interest for designiligasased materials for the

controlled drug delivery system.
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CHAPTER 4. OVERALL CONCLUSIONS

Based on morphology of SBA-15 particles, each tsaewn synthesis procedure and
characteristics, resulting in different adsorpti@apacity as well as application in drug delivery
system. This study focused on synthesis mesoporaterial SBA-15 with both rod-shaped

and spherical morphology.

The rod-shaped SBA-15 sample with the large pare bas been synthesized by
using swelling agent under certain conditions, i.ehigh aging temperature and prolonged
aging time. In addition, the surface characterigiicSBA-15 can be modified by incorporating
amine functional groups via post synthesis methda ddsorption equilibrium of BSA, LYS
and MYO on conventional and amine-modified SBA-&&ahes the maximum value at the pl
of proteins because the lateral repulsion betweksorded proteins is minimal. The original
rod-shaped SBA-15 has the highest adsorption dgpiaciall proteins due to its largest pore

size and internal surface area. The isotherm data fittgdmedr with Langmuir equation.

The SBA-15 samples with spherical morphology hatttssized, too. Ethanol plays
a very important role in determining the charastes of the SBA-15 particles. The amount of
swelling agent was investigated in order to find test condition ensuring that the SBA-15
sample has the largest pore size as well as thecbewplete spherical morphology (S2). In
addition, the surface characteristics of S2 can bdifted by incorporating amine functional
groups via post synthesis method. The adsorptioflileum and kinetics of BSA, LYS and
MYO on conventional and amine-modified SBA-15 sagsplWere performed. The original
SBA-15 has the highest adsorption capacity fompadteins due to its largest pore size and
internal surface area. Among amino-functionalizaehgles, S2-AEAPS has the highest release

amount (97.56% for LYS and 96.55% for MYO).
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The release kinetics experiments were also carried outrfiooafunctionalized SBA-
15 samples with both rod-shaped and spherical notwgk It was also found that the
adsorbed proteins can be readily desorbed in th#atesolution on amine-modified samples.

Thus, the modified samples can be applied for controlled dizligery system.
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