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Summary

Summary

Organosilica particles of a narrow size distribution made from different silanes (VTMS,PTMS
and MerTMS), were prepared by means of a one-step synthesis. Inaone-step synthesis, vinyl,
phenyl and 3-mercapto-functionalized silica particles with the range of 1.2 to 4.7 um were
synthesized by hydrolysis and condensation using the semi-batch process. The particles are
always monodisperse apart from phenyl-functionalized silica particles. Reaction parameters
by means the amount of silane, additives (hexane, toluene, mesitylene, n-tridecane), stirring
speed and dosing rate were systematically investigated and discussed with respect to the
target variables particle size, particle size distribution, particle morphology and porosity. All
variants as well as the additives dosing rate interaction have a high influence on the particde
size, shape and morphology. In most of the cases the addition of additives decreases the final
particle size but an addition of n-tridecane increases the final particle size. Increasing the
amount of TEOS gives a bowl like smaller particles in size while silane (VTMS, PTMS) gives
bigger particles with wrinkle a surface. In the presence of n-tridecane MerTMS form porous
particles in the range from 1- 2 um but without n-tridecane non-porous particles are
generated up to 4.7 um in size. The particles were characterized with different analytical
methods. Furthermore, for a better understanding of particle growth, the reaction was

followed overtime.

Porous microspheres are often used for drug delivery. However, systems for simultaneous
delivery of multiple drugs are scarce. Here anisotropic and amphiphilic dumbbell core -shell
silica particleswere prepared by a simple etching process that can load and release two drugs.
The dumbbells consisted of large dense lobes and smaller hollowhemispheresboth with shells
of mesoporous channels as revealed by electron microscopy. The properly adjusted stirring
speed and the application of ammonium fluoride as etchingagent determined the shape and
the surface anisotropy of the particles. In particular the surface of the dense lobe and the
small hemisphere differed intheir zeta potentials as confirmed by drug loading experiments.
Confocal Raman microscopy and spectroscopy showed that the two polyphenols curcumin
(Cur) and quercetin (QT) accumulated in different compartments of the amphiphilic particles.
The overall drug loading efficiency of Cur plus QT was high for the amphiphilic particles but
differed widely between Cur and QT compared to controls of core-shell silica microspheres



Summary

and uniformly charged dumbbell microparticles made by using ammonium carbonate as
etching agent. For the amphiphilic particles, we found up to 98 % drug loading and 100 %
release efficiency after 6 h at pH 5.5. Furthermore, Cur and QT loaded microparticles showed
different cancer cell inhibitory activities. The highest activity was detected for the dual drug
loaded amphiphilic microparticles (ICso 13.5 nM) in comparison to the controls. In the
longterm, amphiphilic microparticles are promising carriers for the simultaneous delivery of

multiple drugs.



Zusammanfassung

Zusammenfassung

Organosilica-Partikel mit enger GrofRenverteilung, hergestellt aus verschiedenen Silanen
(VTMS,PTMS und MerTMS), wurden mittels einer einstufige n Synthese hergestellt. In einer
einstufigen Synthese wurden Vinyl-, Phenyl- und 3-Mercapto-funktionalisierte
Kieselsdurepartikel im Bereich von 1.2 bis 4.7 um durch Hydrolyse und anschliefende Co-
Kondensation von VTMS, PTMS, MerTMS und TEOS nach dem Semi-Batch-Verfahren
synthetisiert. Die Partikel sind immer monodispers, abgesehen von phenylfunktionalisierten
Kieselsdurepartikeln. Reaktionsparameter mittels der Menge an Silan, Additiven (Hexan,
Toluene, Mesitylen, n-Tridecane), Riihrgeschwindigkeit und Dosierrate wurden systematisch
untersucht und im Hinblick auf die ZielgroBen PartikelgréRe, PartikelgréBenverteilung,
Partikelmorphologie und Porositat diskutiert. Alle Hauptfaktoren sowie die Interaktion der
Dosierrate der Additive haben einen signifikanten Einfluss auf die PartikelgréRe, -form und -
morphologie. Inden meisten Fallen verringert die Zugabe von Additiven die EndpartikelgroRe,
aber eine Zugabe von n-Tridecan erhdht die EndpartikelgréRe. Eine Erhéhung der Menge an
TEOS ergibt schisselartige kleinere Partikel, wahrend Siloxan (VTMS, PTMS) groRere Partikel
mit faltiger Oberflache ergibt. In Gegenwartvon n-Tridecan bilden MerTMS pordése Partikel im
Bereich von 1- 2 um, aber ohne n-Tridecan erzeugen nichtporose Partikel eine GroRe von bis
zu 4.7 um. Die Partikel wurden mit verschiedenen analytischen Methoden charakterisiert.
Daruber hinaus wurde zum besseren Verstandnis des Partikelwachstums die Reaktion uber
die Zeit verfolgt.

Porose Silicapartikel werden haufig flirden Transport von Medikamenten verwendet. Systeme
fur die gleichzeitige Verabreichung mehrerer Medikamente sind jedoch rar. Hier werden
anisotrope und amphiphile Hantel-Kern-Schale-Silicapartikel durch einen einfachen
Atzprozess hergestellt, die zwei Medikamente laden und freisetzen kénnen. Die anistropen
Partikel bestehen aus einer groBen dichten von einer Schale umgebenen Kugel an die eine
kleinere hohle Halbkugel gebunden ist. Die Schalen der grofRen und kleinen Kugel weisen
mesopordsen Kandle auf, wie die Elektronenmikroskopie ergab. Die richtig eingestellte
Riihrgeschwindigkeit und die Anwendung von Ammoniumfluorid als Atzmittel bestimmten die
Form und die Oberflachenanisotropie der Partikel. Insbesondere die Oberflache der groflen
dichten Kugel und die der kleinen Hemisphare unterschieden sich in ihren Zetapotentialen,

was durch Experimente zur Medikamentenbeladung bestatigt wurde. Konfokale Raman-

Vv
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Mikroskopie und -Spektroskopie zeigten, dass sich die beiden Polyphenole Curcumin (Cur) und
Quercetin (QT) inverschiedenen Kompartimenten deramphiphilen Partikelanreicherten. Die
Gesamteffizienz der Wirkstoffbeladung von Cur plus QT war fiirdie amphiphilen Partikelhoch,
unterschied sich jedoch stark zwischen Cur und QT im Vergleich zu Kontrollen von Kern-
Schale-Silicapartikeln und gleichmaRig geladenen anisotropen Silicapartikeln, die unter
Verwendungvon Ammoniumcarbonat als Atzmittel hergestellt wurden. Bei den amphiphilen
Partikelnfanden wir biszu 98 % Wirkstoffbeladungund 100 % Freisetzungseffizienznach 6 h
bei pH 5.5. Dartiber hinaus zeigten Cur- und QT-geladene Mikropartikel unterschiedliche
krebszellhemmende Aktivitaten. Die hochste Aktivitat wurde fur die mit zwei Medikamenten
beladenen amphiphilen Mikropartikel (IC50 13,5 nM) im Vergleich zu den Kontrollen
festgestellt. Auf lange Sicht sind amphiphile Mikropartikel vielversprechende Trager fir die

gleichzeitige Verabreichung mehrerer Medikamente.

VI



Chapter 1. Introduction

Chapter 1. Introduction

Silicon is one of the most frequently occurring elements on the earth's crust! with a mass
fraction of approx. 26% and usually bound in the form of silicates or silicon dioxide (silica).
Silicondioxide is present in amorphous or crystalline form are the main components of sand
and quartzand contribute up to 90% of the mass of the earth's crust. Due toits unique physical
and chemical properties, silica has become increasingly important, not only in research but
alsoinindustry.z-4Silicahasa special positioninthe production of hybrid particles and is often
used as an inorganic matrix for coating. This silica coating has several advantages compared
to other inorganic materials.

Synthesis of silica particlesin the range of nano to micrometre size isnow well knowninterms
of defined particle sizes and small particle size distribution. However the demands for nano
and micro particles as an innovation for modern applications are increasing enormously. In
addition, new technology and medical applications require silica particles with different types
of functionalities and structures.> A general method for the synthesis of inorganic/organic
materials is the sol-gel process. In the first step, by means of hydrolysis and condensation
reactions, a colloidal suspension of particles in the nanoscale (Sol) is formed, which in the
second step unites to form a three dimensional network (Gel). Two distinct processes
differentiated the synthesis of silica particles with the acid and base catalysed sol-gel process.®
In recent years, several modification have been identified, such as the use of surfactants,
polymers as a template, variation in precursors and reaction conditions.” CTAB is the most
commonly used surfactant to prepare highly mesoporoussilicanano-/microparticles.®
Transportation of drugs into cells for medical diagnostics and treatment is of fundamental
importance. Many of the present drugs are suffering from stability problems in a biological
environmentand/orpoor water solubility making the drugs less effective.® Thus drug delivery
strategies based on different materials have been developed.®14

So far, several types of drug vehicles have been reported which include liposomes,®
peptides,1®polymers,17-1?inorganicnano and microparticles29-25 and organic/inorganic hybrid
materials.26:27, A drawback of many materialsistheirlow drugloading capabilities. Toimprove
theirtherapeutic efficacy large amounts of carrier have to be applied. Unfortunately, most of

the carriers are accompanied by drawbacks such as poor biocompatibility, the application of
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large amounts of surfactants, the requirement for chemical modifications and complex
preparation protocols that restrict their access.

Mesoporous silica nano and microparticles provide networks of pores with a large surface
area and high pore volume.28-31The opportunity to tailor particle size and shape as well as to
tune the pore size on the nanometre scale have made these materials attractive for many
applications in different fields.3234 Moreover, their intrinsic biocompatibility and
biodegradability make mesoporous silica particles ideal platforms for drug delivery
systems.23:33,35,36 By trapping the drugin the mesoporous network, mesoporous silica prevents
the degradation of the drugs and can act as a solubility enhancer generating higher solution
concentrations compared to the correspondingsolid form.22 Thus, this enhancement has led
to a dramatic increase in the interest of mesoporous silica-based formulations in the last
decade.?3’

This work aims the developing silica particles by using different silanes and additives in the
sol-gel process. First part of this work is dedicated to the synthesis of functionalized silica
particles with vinyl, phenyl and 3-mercaptopropyl silane. The emphasis is on the systematic
determination of the influences of selected reaction parameters on the particle size, shape,
morphology and porosity of the silica particles.

In the second part of this work deals with the synthesis of core-shell (CS) and anisotropic,
amphiphilic dumbbell core-shell (DCS) silica particles. The aim is to establish a reproducible

method. Furthermore, the particles will be comprehensively/systematically characterised.
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Chapter 2. Theoretical discussion

2.1 Sol-gel process 384

The sol-gel process is defined as the synthesis of a sol with the following transition to a gel.
The sol isa colloidal dispersion of a solid substance that is distributed veryfinelyina liquid or
gaseous medium. The sol particles must be floated in the solution due to the Brownian
motion. A gel is defined as a solid body consisting of two phases. The solid phase forms a
network which includes the liquid phase. Through the sol-gel process, a colloidal dispersion
(sol) is obtained in a solution of chemical precursors via hydrolysis and condensation
processes. Silica sols and silicic acid esters are used as typical production precursors.
Hydrolysis and condensation of the precursors can be catalysed both acidically and basically
and further take place according to the principles of substitution reactions. In this case, the
reaction components hydrolysis and condensation were influenced differently. The sol-gel
processis relatively fastinanacidicmedium, resultingin numerous very small particles. While
inan alkaline medium, as contrast spherical particles were formed, due to the slow hydrolysis
reaction produces a stable sol of individual particles. The alcohol used in the sol-gel process
acts as a co-solvent which is able to dissolve water and silica precursors. The sol-gel process
allows the production of many other types of materials such as fibres, thin films, non-porous

glasses and ceramics as well as porous and non-porous, nano and microparticles.*?
2.2 Stober process

The Stober process is a special form of the Sol-gel process. In 1968, Stober et al. developeda
process for the controlled synthesis of monodisperse, non-porous and spherical silica partices
in a size range from 0.05 um to 2.0 um.*3 The process is based on the ammonia-catalyzed
hydrolysis of TEOS and consecutive condensationinthe presence of ethanol as solvent.444>

For synthesis, the tetra alkoxy silicate (methyl-, ethyl, n-propyl-, n-butyl-) is used as a
precursor, which hydrolyses and condensesinthe presence of water and ammonia. There are
numerous studies in the literature dealing with the effects of reaction conditions on partide
size. However, due to the frequently inconsistent concentration ranges of the reactants, these

results are not directly comparable. Therefore, the following statements are kept general.
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With more precise control, it is possible to reproduce a certain particle diameter by following
parameters for controlling the particle size.

With increasingammonia concentration43.46:47 water concentration“® and chain length of the
alkyl residue of the alkoxysilane*3 oralcohol#3andin the presence of conducting salts*®, larger
particles are formed. High temperature leads to smaller particle sizes. 4150 The reaction
conditions set at the beginning have a significant influence on the resulting particle size and
distribution as well as its properties.

Later Bogush et al>! and LaMer et al®2, have proposed differentviews on the growth process
of silica particles.

The mechanism of Bogush and Zukoski is based on a permanent aggregation of silica
particles®! .In the growth model of LaMer et al;>2 the progressive hydrolysis of the precursor
results in the successive increase of the hydrolysed monomer concentration until
supersaturation occurs. The supersaturationinducesthe so-called nucleation, in which nuclei
are formed from low-molecular silanes. Consequently, the concentration of dissolved
monomers decreases and the nucleation phase ends. The successive condensation of
hydrolysed TEOS molecules on the silica particles generates particle growth. 254 As long as
the critical nucleation concentrationis not exceeded again, no new nuclei are formed.
Typical synthesis processes are the batch and semi-batch process. In the batch process, all
starting materials are completely added to the reaction solution at the beginning of the
synthesis. The high accumulation rate leads to smaller particle sizesand abroader particle size
distribution.>® In the semi-batch process, the precursor is temporarily added to the reaction
solution by means of a dosing device. The dosing results in larger particles with a narrower
particle size distribution compared to the batch process under identical reaction conditions.®
A sufficiently low dosing rate ensures that the critical supersaturation concentration is not
exceeded again. The renewed exceeding of the supersaturation concentration induces a

second nucleation phase and leads to bimodal particle size distributions.

2.3 Microemulsion process

An alternative process for the production of the metal oxide nanoparticles by sol-gel process
is the water in oil (W/0O) or oil in water (O/W) microemulsion process (Figure 1). Normally
water and oil are not miscible, due to the high specificinterfacial energy, the total interfacial

energy is minimized by phase separation. A microemulsion is an isotropic and

4
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thermodynamically stable single-phase system consisting of three components viz water, oil
and surfactants (Figure 1). Surfactant molecules reduce the interfacial surface tension
between water and oil. Consequently, the water-loaded micelles are formed, which allow a
sol-gel process to take place.>® In a microemulsion condition, except forthermal variationsall
micelles exhibit the same size. Thus the micelles in microemulsions are ideally suitable as

nanoreactors for synthesis with particle size control.

A~ @ Surfactant molecule
A~ Hydrophobic part
® Hydrophilic part
QOil

Figure 1: Structure of microemulsion.

One of the main advantages of the microemulsion process is the possibility of encapsulating
various nanoparticles in the silica particles. Therefore, this method is used to produce the
inorganic core-shell particles. Inthis process nanoparticles consisting of e.g. silver,>” cadmium
sulphides®®andiron oxides had already been coated with silica.>® These coated particles show
a good monodispersity and possess a smooth surface.®0 It is interesting to note that, the
nanoparticles with hydrophobic ligands can be coated on the surface with silica by
microemulsion processes, which has specificsignificance for the application of these materials

in biomedicine.t!

2.4 Nomenclature

The silane (a brief note about silane) species are classified according to the units attached to
asiliconatomintoQ, T, D and M groups (Figure 2). The Q groups have foursiloxane bonds (Si-
O-Si) in a three dimensional structure. In the case of T-groups consisting of three siloxane
bonds lead to the formation of two-dimensional layer structures. The D groups only lead to
the formation of chains and rings, since only two siloxane bonds can be formed. However the
M-groups represent a dimeric form, where only one siloxane bond is formed. With the 2°Si

solid state NMR spectroscopy the groups can be differentiated. Here the displacement ranges
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are characterised between -90 and -110 ppm for Q groups and -50 and -80 ppm for T groups
and -10 and -30 ppm for D groups®2.

R R R
S i
/ RS R /
0—Si—0 Si—0 Si NA—Ci R
R O\ R R g R \R'
R R/ R
Q-silane T-silane D-silane M-silane

Figure.2 Schematic nomenclature of silicaspecies

2.5 Core-shell silica material

Core-shell particles basically consist of a non-porous shell.63 These particles are hybrid
particles consisting of a core and a shell and there issignificant difference inthe morphology
betweenthe core and shell.®3The shell part whichis made up of a different material or have
a different morphology from the core. This allows an extensive combination of different
materials and therefore gives access to different types of particles with a wide range of
applications.®* In dependence of the final application the shell materials for the core-shell
particles are selected. As illustrated below, the core-shell particles can be classified as

follows.83

Organic-organic
Organic-inorganic
Inorganic-inorganic

Inorganic-organic Shell Core

Silica has a specificrole in the preparation of core-shell nanoparticles and is also used as a
coating matrix since it has various advantages over other inorganic materials.®> The
manipulation of the silica surface makes it possible to synthesize core-with multi shell

particles,®® which has a special significance inthe development of multifunctional particles.
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2.6 Anisotropic material

In general, monodisperse, spherical particles are used for diagnostics, chromatography or
medicine.®-5%Additional isotropic properties’®are introduced by subsequent modifications of
the particles and the applicationrange is improved. However, production of the particles with
complex structure is becoming increasingly important. In the context, it is important to
implementanisotropic properties and create multiple morphologies. Anisotropiccompounds
have diverse features, such as chemical properties, polarity and ability to transform into a
single molecule, charge and functionin many spatially focused areas.’!

The term anisotropic particles refers to sol, a substance that can be represented in various
forms by targeted synthesis. In comparison to the classical isotropic particles, anisotropic
particles have complex shapes. Due to theirarchitecture, anisotropic particles can be classified

into four main categories as shown in Figure 3.72

oORow

Figure 3: Schemes of anisotropic particles architecture (1) Janus particles; (2) Patchy Janus

particles; (3) Multi-compartment particles; (4) Patchy particles

Janus particles have two separate domains. The combination of the different classifications
results in patchy Janus particles or patchy multi-compartment particles.”2 The integration of
anisotropic propertiesis achieved by a chemically different structure or surface modification
of materials. Janus particles are usually produced by templating, electrospinningor Pickering
emulsions.20-23 Potential applicationsinclude stabilisersin emulsions, water-repellent fabrics,

catalysis, optical sensorsand various devices which are used in medicine. 20 23



Chapter 2. Theortical discussion

2.7 Mesoporous silica materials

Porosity can be classified by pore size according to IUPAC, porous materials are divided into
micro, meso and macroporous materials on the basis of their pore diameter.”* The
microporous, mesoporous and macroporous materials have pore diameters smallerthan2nm
and between 2 and 50 nm and larger than 50 nm, respectively. The mesoporous silica based
materials are an intensely researched class of materials that can be produced by sol-gel
processesin the presence of surfactant micelles astemplates. The mesoporous orderedsilica
materials were first published by Mobile Oil Corporation scientists in 1992.7> The silica
materials have characteristic properties, such as highly ordered pore systems with sharp pore
size distributions, large specific surfaces and high thermal stability up to 600°C.7¢ Most well-
known mesoporoussilica materials are MCM-41 and MCM-48.77 The Hexagonal Mesoporous
Silica (HMS or wormlike),”8and materials with large pores diameter are SBA-1,7° SBA-1580 and
SBA-16.7730 The MCM materials belong to a class of the best known mesoporous silica
materials. The MCM-48 is composed of two three-dimensional pore networks that are
completely independent of each other. Figure 4a, the MCM-48's pore walls consist of X-ray
amorphous silica units. Figure 4b, in contrast the MCM-41 has a standard structural

arrangement of cylindrical mesopores, which are aligned hexagonally to each other.

Figure 4: Structure of MCM-48 with template (a) and MCM-41 without template (b)77
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Chapter 3. Synthesis of T- group particles

3.1 Introduction:

Organosilica materials have always been aninteresting research topicbecause of their organic
and inorganicmatrices and interactive characteristics. Their promising properties, such as low
toxicity, good thermal stability and mechanical strength® make them useful in various
applications like colloidal photonics crystal,82 biosensors® and in biomedical such as
multicolour imaging® or an antimicrobial organic coating.8> So far in the studies on
organosilica particles mainly focused onto modified silica surface by using different functional
group like  vinyltrimethoxysilane (VTMS),82  methyltrimethoxysilane  (MTMS),86
phenyltrimethoxysilane (PTMS)8 and mercaptopropyltrimethoxysilane (MerTMS).888 The
synthesis of organic/inorganic silica particle is typically carried out with the help of
templates®%-92 or emulsion polymerization.?3 These method have various difficulties such as
continuesimplementation of required preliminary steps and the use of several chemicals. As
a consequence, the synthesis of organically functionalized silica particles by one-pot synthesis
and the replacement of organic solvents by water have recently earned attention.82.88,89,34

Up to now inthe studies on organosilica particles, several types of nonspherical silica particles
have been synthesized like raspberry-like,?> golfball-like and bowl-like (Scheme 1). Organically
functionalized silica particles are formed due to stress shrinking.?® Meester et al. synthesized
silicaincluding crumpled, wrinkled with the rough and smooth surface.?’ Zhou et al made-up
hollow organosilica microspheres like golfball-like with wrinkled surface and proposed
mechanism based on Ostwald ripening.8¢ Yang et al. developed a synthesis of organically
functionalised silica particles in agueous solution in the presence of VTMS and TEOS. By
varying the VTMS:TEOS ratio and the ammonia concentration, spherical, golf ball-like or cup-
shaped particles are formed.%¢ Later there were several mechanism discussed for the synthesis
of organosilica porous particles with surfactants and further these silica particles behaved
superiorly in the field of drug delivery and cell imaging.®8°° Whereas Hah et al. prepared

monodisperse hollow silica particles without using templates. 100
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In Scheme 1, Product a), b) and c) describe by the concentration ratio will be controlled from
TEOS to VTMS. The sphere particles (a) can only be with VTMS,:TEOS with long reactiontime,
(b) an increase in TEOS penetration leads to bowl-shaped particles however, the

concentration ratio age of VTMS/TEOS (4:1) golf ball-like particles (c).%

According to Yang et al.the formation of the golf ball-like morphology is due to differencesin
hydrolysis and condensation rates between TEOS and VTMS. With progressive reaction time,
the degree of condensation inside the particle successively increases. Consequently, a
pressure builds up at the interface of the inner part to the outer part of the particle, which has
a higher degree of condensation at the beginning of the reaction. Exceeding the critical
pressure value generates the golf ball-like surface.?%®

According to Zhou et al.8® his theory is based on a core-shell principle with the Ostwald
ripening (Scheme 2). Due to the more rapid hydrolysis of TEOS compared to MTMS under
identical conditions,”® aggregates of TEOS form in the first step. MTMS condenses
consecutively on the aggregates to polymethylsilsesquioxane. The more hydrophilic inner

silicacore migrates to

10
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the water phase over time, while the more hydrophobic polymethylsilsesquioxane diffuses
into the core to eliminate the high surface energy. During this process, the particle
morphology changes from a spherical shape to a golfball-like shape. The conversion to the
golfball-like morphology reduces the final particle size. The exclusive condensation of TEOS or
MTMS does not generate golfball-like particles. Due to the rapid hydrolysis and condensation
of TEOS, small, spherical particles are quickly formed. The hydrolysis and condensation of
MTMS produces larger particles compared to the co-condensation of MTMS and TEOS. In the
investigation of the synthesis particles from TEOS and MTMS a possible reaction mechanism
was discussed. TEOS under basic conditions is faster hydrolysed than MTMS whereby the
hydrolysed product of TEOS is converted to silica (SiOz). This is followed by the hydrolysisand
condensation reaction of MTMS to polymethylsilsesquioxane (PMSQ). Here the resulting
PMSQ isstored around the previously formedsilica particles and forms a core-shell structure.
PMSQ is due to its CHs residues more hydrophobicthansilicaand therefore insolublein water.
In view a thermodynamicimbalance arises, which leadsto an expansion of the interior. At the
same time the migration of polymethylsilsesquioxane takes place inside. This has the

consequence that the surface morphology changes from smoothto wrinkle.
Nucleation Copolycondensation Ostwald repening
Soy
i
il

g’ PMSQ
S’ Sio2

Scheme 2. Mechanism of hollow and wrinkled surface .86

Here we describe the mechanism of the formation of a bowl like to spherical monodisperse
organosilica particles without using TEOS. The addition of organic solvents, particle size, shape
and morphology can be tuned as well as porous particles can form without using templates
withthe controlled monodispersity. These are unique features of this work. This chapterdeals
with the synthesis of non-spherical to spherical and nonporous to porous silica particlesinthe
range of 1 um-5 um. By the optimization of the synthesis with the variation of feed rate,

stirring speed, reaction time and concentration of additives.

11
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3.2 Result and Discussion

Preparation of organosilica particles in micrometre size were performed in a one pot
synthesis, where a stirring solution of water and aqueous ammonium hydroxide is added a
mixture of the corresponding T group silane; vinyltrimethoxysilane (VTMS),
Phenyltrimethoxysilane (PTMS) and 3-mercaptopropyltrimethoxysilane (MerTMS) and
optionally tetraethoxysilane (TEOS) and/ or an organic solventover a period of minutes with

a syringe pump.

Table 1 Differentapproaches which were investigated

Source of silanes Additives Variations
VTMS Hexane Molar concentration of TEOS and silane
PTMS Toluene Amount of additives
MerTMS Mesitylene Speed of stirringand drop rate of silane
TEOS n-tridecane Time

3.2.1 Particles V1-V9 made of vinyltrimethoxysilane (VTMS)

3.2.1.1 Influence of the reaction time

This series of experiment was preformed at differentreaction times to observe how reaction
time influences the size, shape and morphology of the particles. Figure 5 shows the SEM
micrographs of the particles V1-V6, which were generated from VTMS by the variation of
reaction time from 50 minutes to 20 hours. Comparing the SEM images of V1 and V2 show
that within minutes monodisperse, uniform particles are formed with a wrinkled surface
morphology. While the particles V3-V6 obtained with long reaction times are showing
monodisperse, less wrinkled surfaces and first decreas and then increase again in their size

withlong reaction time (Figures5 and 6).

12
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Figure 5: The SEM images of the particles V1-V6 influenced by reaction time.
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Figure 6: Particle size distribution of V1-V6 with variation of reaction time.

The box whisker plotin Figure 6 clarifies the distribution of particlesize from left to right where
V1 and V2 generated particles with the diameter of 4.6 um, 2.9 um and thus display a
significant difference in the particle sizes in a very small time gap. While with increasing
reaction time the particles of V3-V6 were formed with increasing diameter of 2.7 um, 2.9 um,
3.4 and 3.6 um, respectively. With the longreactiontime barely any wrinkles are found on the

surface, but particles are compressed and decreasedin size.

13
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3.2.1.2 Influence of the molar ratio of VTMS and TEOS particles V7-V9

In the following experiments the ratio of the silanes VTMS:TEOS were changed to see the
effecton the particlessize, shape and morphology. Shown in Figure 7 are the particles V7-V9
synthesized with the molar ratios of TEOS:VTMS of 1:2, 1:1 and 4:1 respectively. Particles V9
were molded with more TEOS and less VTMS has a huge effect on the surface morphology
have been observed. These particleslook like bowl-like particles. In the following Images we
can see whereas V8 has greater effectin terms of size whereas V7 were carrying an equal
amount of TESO:VTMS and apart from smooth a surface didn’t observe any effect on the

surface.

Figure 7: The SEM images of the organosilica particles with different molarratio. V7 (1:2), V8

(1:2), v9 (4:1).

3.2.2 Particles P1-P18 made of Phenyltrimethoxysilane (PTMS)

The morphology of the organosilica particles are regulated by adjusting the molar ratio of
TEOS and PTMS. Particles synthesized with different molar ratios have different sizes and

shapes. Figure 8, comparing the SEM images from the molar ratio (P1a) 1:4, (P1b) 1:2, (P1c)

1:1, (P1d) 2:1 and (P1e) 4:1. It is clearly visible that the particle's surface and morphology
drastically changed by changing the molar ratio of silane. Figure 8 P1a and Ple are showing
bowl like particles with one compressed fold in the middle, while for P1b-P1d non uniform

polydisperse particles are observed and hardly see any shape of the particles.

14
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Figure 8: Influence of the silane molar ratio on the morphology and shape of the particles.

General overview of changes in morphology by using different additives in

the sol-gel process.

To modify the oil droplet of the T-group various solvents were tested. It was expected that
expendingthe oil drop and dilute/diluting the silane inthe droplet should/would generate an
effecton the size, morphology and porosity of the particles. Hexane, toluene, mesitylene and

n-tridecane were added to the increasing size of the droplet.

3.2.2.1 Influence of hexane P3,P5and P6

In Figure 9 the SEM images of P3, P5 and P6 are showing the effect of hexane in the droplet
duringthe formation of the particles. P3 and P5 show bowl like wrinkled surface particles with
a minor difference in particle sizes. These particles were synthesized with the addition of 0.43
ml and 0.7 ml of hexane to the droplet. While P6 represents monodisperse and spherical

particles prepared with 0.86 ml hexane inthe droplet. Compared to the morphology of P3, P5

material P6 is smooth (Figure 9 P6).
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Figure 9 SEM Images of particles P3, P5 and P6 influenced by addition of hexane.

Table 2. Variation of hexane on particle morphology and size.

Hexane Size
P3 0.43 mL 2 um
P5 0.7 mL 2.1 um
P6 0.86 mL 1.9 um

By varyingthe amount of hexane accordingto Table 2 in the synthesis of P3, P5 and P6 (Figure
10) the size of the particles decreases with increasingthe amount of hexane. Particle P3 and
P5 have a diameterof about 2 um, 2.1 um and didn’t show much effect on the morphology of
the particles. Whereas particles P6 have a diameter of 1.9 um with small monodisperse
particles. Table 2 and Figure 10, reveals that the particle size can be regulated by varying the

addition of solvent while keepingthe other process parameters constant.
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Figure 10 Particle size distribution of P3, P5 and P6.
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3.2.2.2 Influence of toluene particles P7-P10

In the following increasing addition of toluene was employed (Table 3). The SEMimages of the
particles P7-P10, which were formed with addition of 0.35 ml, 0.59 ml, 0.6 ml and 0.7 ml
toluene respectively, can be seen in Figure 11. P7 and P8 shows non-uniform polydisperse
distributions with wrinkledsurfaces; monodisperse smaller particles with smooth surfaces are

produced by particles P9, P10.

Table 3. Variation of toluene on particle morphology and size.

Toluene Size
P7 0.35 mL 2.3 um
P8 0.59 mL 2.4 um
P9 0.6 mL 1.3 um
P10 0.7 mL 1.5 um

Figure 11: SEM Images of particlesinfluenced by addition of toluene. P7-P10 respectively.

At lower concentration of toluene can significantly increas the size of the particles. Compared

to P9 and P10, P7 and P8 provides a larger range of particle size. (Seein Figure 11).
3.2.2.3 Influence of mesitylene particles P11-P13

In Figure 12 SEM pictures are illustrating aseries of experiments where mesitylene was added
to the droplet. The synthesis of P11, P12 and P14 are performed in a semi-batch Process at

600 rpm. In the micrograph of P11 it is shown that spherical particles were formed with
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wrinkled surfaces while in the case of P12 and P13 it is seenthat particles were molded from
one directionand formed bowl like particles. With the addition of mesitylene, particles have

a similarkind of wrinkled surface as well as decreasing order of particle sizes.

J0um IPTC-TUE 1.0kV 2.4n

Figure 12: SEM Images of particles P11-P13 influenced by addition of mesitylene.

Table 4. Variation of mesitylene on particle morphology and size.

mesitylene Size
P11 0.46 mL 3.1 um
P12 0.78 mL 3um
P13 1.25 mL 2.5 um
4.5
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Figure 13: Particle size distribution of P11, P12 and P13 with mesitylene.

The box plot shows a descendingtrend in particle size from 3.1 um to 2.5 um. The distribution

also decreases with an increasingly small amount of mesitylene. It illustrates that the
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hydrolysis and condensation reactions have carried out very quickly. Othe rwise, no particles

of approximately the same size would form. By varying the amount of mesitylene seein.

3.2.2.4 Effecton particles by varying the stirring speed and rate of addition

of silane drop

In this study two parameters were compared, varying the stirring speed of the reaction as well
as the rate of addition of silane. P14 is carried out with the stirring speed at 600 rpm,
producing particles with a diameter of 2.7 um.The synthesis of P15 takes place at a stirring
speed of 300 rpm and particles with a diameter of 1.7 um are produced. With compare the
morphology P14 shows monodisperse, larger particles with wrinkled surface while P15
displays smaller particles with less wrinkles on the surface. Only in the case of PTMS
correlation between stirring speed and particle size confirms that the particle size increases

withincreasing stirring speed (Figure 14)

Figure 14: Effect of stirring speed.

As the second parameter, the rate of the addition of silane was varied. In Figure 15F the SEM
micrograph of particles P17 and P18 are displayed. (prepared at 200 and 600 rpm).Witha
slow rate of addition (18 mL/h) the spherical, monodisperse particles P17 with the diameter
of 2.4 um and with the smooth surface are observed. Inthe case of faster rate of addition
(72mL/h), particles P18 with a diameterof 3.2 um and a bowl like wrinkled surface are

observed.
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2.00um

Figure 15: Effect of drop speed.

3.2.3 Particles M1-M28 made of 3-mercaptopropyltrimethoxysilane
(MerTMS)

The same approach was used to prepare micron size silica spheres functionalized with 3-
mercaptopropyltrimethoxysilane based on the above findings. The variance amount of
MerTMS, addition of TEOS and additives were used to develop new particles with controlled
size, shape, morphology, and porosity. A time dependent analysis of the particle formation
with MerTMS and TEOS was performed and the role of selective additives such as mesitylene,
hexane and n-tridecane have beendiscussed. In all conditions, the sizes of these particles was

well controlled.

3.2.3.1 Time dependent investigation with TEOS

In this experiment the molar ratio of MerTMS:TEOS was constant. The condensation of TEOS
and MerTMS did not generate golfball-like particles and did not have a reasonable effect on
the particles M1, M2 and M3 (Figure 16). Long reaction times formed less dimples on the
surface as well as the particle size steadily reduces. There have been few modifications that
are noticeable. Asseenin M1 duringlong reaction time, larger particle displays with wrinkled
surface whereas M2 and M3 are synthesizedinshort reaction time, those displaying smaller

particle sizeswith less wrinkles onthe surface (seeinFigure 16).
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Figure 16: Particles M1, M2 and M3 Influenced by reaction time.

The particle diameterin the SEM images was randomly measured and corresponding box-
whisker diagrams were created in order to betterexplainthe interaction between particle size
and reaction time, and then examinedtheir association shown in Figure 17. M1, M2 and M3
were prepared at 17, 14 and 10 hrs with 3.8, 2.9 and 2.4 um diameter. Figure 18 shows a

noticeable trendis the particle size gradually decreases with decreasing reaction time.
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Figure 17: Particle size distribution of M1, M2 and M3.

Time-dependent investigation without TEOS but with the addition of

mesitylene

Inthe experiments which were performed here (Figure 18) the reaction time was varied during
the formation of MerTMS particles in the presence of mesitylene. Figure 18 shows particles
M4 and M8 which were formed after 8 and 16 hours while other parameters were constant.
Particles M4 prepared with short reaction time display agglomerated particles but larger in

size, whereas particles M8 generated with long reaction time display monodisperse particles
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witha smooth surface but smallerinsize. The M4 display patches on the surface that indicate
the agglomeration occurred at the early stage of the reaction while monodisperse
microspheres were seenin M8with the long reaction time. In both the images particle surface

was smooth. Particle diameters of M4 and M8 are 3.6 and 1.9 um.

IPTC-TUE 1.0

Figure 18: Effect of mesitylene on the particles.

3.2.3.2 Changesin the amount of silanes

In the following, the amount of MerTMS were changed in the presence of mesitylene to see
the effect on the particle size,shape and morphology. Particles M5-M7 shown in Figure 19
were synthesized withthe amount of 10.2, 16.4 and 29.4 mL of MerTMS, respectively, while
the amount of mesitylene remained constant. Particles M5 formed with less silanes showed

small diameter whereas particles M6 and M7 which were formed with more silane showed

bigger sizes.

Figure 19: The SEM images of the particles M5, M6 and M7 influenced by changesinthe molar

ratio of silane.

In general, the addition of more silane or additives formed larger particle. Figure 20 shows the

particle size distribution of M5, M6 and M7 with diameters of 1.7, 3.7 and 3.5 um,
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respectively. Interestingly, particles M7 are generated with alarger size distribution compared

to M5 and Meé.
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Figure 20: Particle size distribution of M5, M6 and M7.

3.2.3.3 Effect of hexane on the growth of particles

Particles M9 to M12 were synthesized with the addition 0.3, 0.4, 0.6, and 2.4 ml of hexane
respectively (Figure21,Table 5). In the cases of M9and M10 with only small amounts of hexane
the microparticles aggregate. Interestingly on the surface of M19 small granules were
observed. Whereas with a high addition of hexane, monodispersed particles were formed with

smooth surfaces (Figure 21).

Figure 21: Particlesinfluenced by amount of hexane.

Table 5. Variation of hexane on particle and size
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Hexane Size
M9 0.3 mL 4.4 ym
M10 0.4 mL 3.8 um
M11 0.6 mL 2.7 um
M12 2.4 mL 2.9 um

The diameter of the particles M9-M12 of 4.4, 3.8, 2.7 and 2.9 um were obtained from their
box-whisker plots (Figure 22). The particles M12 display the narrowest size distribution with
small diameters. Thus use of high amounts of hexane is responsibleto the formation of smaller

monodisperse particles.
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Figure 22: Particle size distribution of particle M9, M10, M11 and M12 influenced by
differentamount of hexane.

3.2.3.4 Effect of n-tridecane

After mesitylene and hexane the role of n-tridecane as additive in the MerTMS oil droplets
was investigated.

Figure 23 displays particles M13, M14 which were formed with an addition of n-tridecane
while other parameters remained constant resulting in huge differences in the surface
morphology, size and porosity. In particle M13 higher amount 5.47 mL of n-tridecane were

used and shows a smooth surface with large particle diameter 2.5 um in size, whereas M14
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were formed with the addition of 2.7 mL of n-tridecane and monodisperse porous particles

with a diameter 1.9 um were observed.

14 /N
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Figure 23: Effect of n-tridecane.

3.2.3.5 Role of n-tridecane on the particle size and porosity.

The n-tridecane concentration has been discussed here for the preparation of highly porous
organosilica particles functionalized with MeTMS. Figure 24 showing the SEM micrographs of
the particles M15-M22 which were prepared by the addition of n-tridecane. The effecton the
particle size and porosity was investigated due to variation of n-tridecane. In this reaction
condition, when the amount of n-tridecane was adjustedin the range from 1.31-3 mL (Table
6) mesoporous organosilica particles were obtained (Figure 24). The porosity and surface area
were characterized by BET analysis (see in Figure 28). Figures 24 and 25 show that particle size
increased continuously as n-tridecane concentration increased from 1.31 to 2.7 mL. Further

addition of n-tridecane has no effecton the particlessize.

Figure 24: Size influences due to variation of n-tridecane
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Table.6 Variationin concentration of n-tridecane

MerTMS n-tridecane Diameterin (um)
M13 20.4 mL 2.7
M14 204 mL | 2.7 mechanical 1.9
Stirring
M15 20.4 mL 1.31 mL 1
M16 20.4 mL 2 mL 1.2
mM17 20.4 mL 2.5 mL 14
M18 20.4 mL 2.6 mL 15
M19 20.4 mL 2.7 mL 1.6
M20 20.4 mL 2.8 mL 1.7
M21 20.4 mL 2.9 mL 1.7
M22 20.4 mL 3mL 1.7

In order to evaluate the monodispersity and size of the particles, 100 random particles were

chosento determine theirsize distribution by SEM. These data clearly show ed that the size of

the particlesincreased with increasingamount of n-tridecane (Figure 25).
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Figure 25: Concentration of the n-tridecane influenced ssize of the particles.
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3.2.3.6 Controlthe morphology and porosity by using mechanical stirrer

There was another method used to form porous silica microspheres by using a mechanical
stirrer. The particles M23-M25 shown in Figure 26 were synthesized with the addition of 2.5,
2.7 and 3 mL n-tridecane and 8 hours of reaction time. In all cases monodisperse porous
particles were formed. As shown in Figure 26 the particles M23 and M24 which were
synthesized with less amount of n-tridecane have smooth surfaces and diameters of 1.52 and
1.57 um while particle M25 formed with more n-tridecane had a ruptured surface morphology

withthe diameter 1.4 umin size.

Figure 26 Representative effectonthe morphology, size and porosity of the particles with less
reaction time by using mechanical stirrer.

In contrast particles M26, M27 and M28 were also obtained by usinga mechanical stirrer with
long reaction time (16 hours) rest parameters remained similar as M23-M25. With long
reactiontime particlesincreasedinsize alsoin porosity but at particular condition. In Figure27
the particle M26 was observed smallerinsize with less porosity as compared to M27 and M28,
those were observed largerinsize with high porosity.

The morphology of the particles M26-M28 could be readily adjusted by controlling the

concentration of n-tridecane and reaction time.

1.00um

Figure 27 lllustrating the effect on the porosity and size of the particles with longreaction time
by using mechanical stirrer.
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MerTMS + Hydroly5|s Condensatlon
n-tridecane

crosslmkmg

Water

@ droplet of MerTMS and n-tridecane

gho pores on the surface '
' stress shrinking % \ —

porous particle

Scheme 3. The reaction mechanism of the particlesfunctionalized by MerTMS an addition of

n-tridecane.
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3.2.3 Physisorption

Reversible nitrogen adsorption and desorptionisotherms are found forthe materials M27 and
M28 which displays atypical LangmuirlV hysteresis (Figure 28).1921 The H1 loopis characteristic
fornarrow uniform mesopores101.102 3s found in MerTMS silica particles. The average pore size
calculated from the adsorption branch of the nitrogenisotherms by the BJH method (Table 7)

ranged from 5.3 to 6.7 nm. Interestingly, stirring for were observed.
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Figure 28: Nitrogen Adsorption and DesorptionIsotherms (A) and BJH Pore volume and pore

diameter(B) for M27 (®)and M28 (M)

Table 7. Pore size distribution and specificsurface area obtained by nitrogen physisorption

of M27 and M28.

Pore volume Surface area Pore size Particle
[em3/g] [m2/g] [nm] diameter [pum]
mM27 0.55 334 5 1.8
M28 0.47 368 5.2 1.6

3.2.4 Characteristion of particles

The particles genrated from PTMS and MerTMS are characterised by DRIFT, 13C and 2°Silica

solid state NMR spectroscopy.

Representative DRIFT spectra of the phenyl and mercapto particles are shown in Figures 29 to
31. Particularly characteristic vibration ranges are shown in Table 8. The absorption band
foundin 1000 — 1200 ¢m ™1 correspondingto valence vibration of Si-O-Si groups. The Si-CeHs
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groups can be clearly assigned by the bands at 700 cm~1,740 cm~1,1430 cm~! and

1593 cm~1. The phenyl ring can be characterized by the aromatic C-H valence oscillations

above 3000 cm™1. The FTIR spectrometer is also able to assign the bands of the terminal Si-

OH deformation oscillation at 5=918 ¢m ™. In addition, Si-OH groups, a strong and wide band

occurs at 3624 cm™

Transmittance —

1

P1d
P1lb

4,000 3,500 3,000 2,500 2,000 1,500 1,000 500
Wavenumber [cm1]

Figure 29: DRIFT spectra of the materials P1, P1b, and P1d in comparison with the different

molar ratio pf silane.

L B | T T T T T
4,000 3,500 3,000 2,500 2,000 1,500 1,000 500

Wavenumber [cm]

Figure 30: DRIFT spectra of the materials M5,M6.and M7 in comparison with the different

amount of silane.
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M12
M28

Transmittance —

4,00‘0‘ ‘3,500 3,000 2,500 2,000 1,500 1,000 500

Wavenumber [cm™]
Figure 31.a: DRIFT spectra of the materials M12 and M28 in comparison with the addition of
hexane and n-tridecane.
From the spectrum it can be seen that these differentsilica particles are the cross-linked
products resulting from the hydrolysis and condensation of PTMS, and the addition of organic

low molecular weight solvents maintains the original structure.

Table 8. Classification of Absorption bands

Wavenumbers in [cm1] Vibrations

3600 v (OH)

3500-3000 Various v (OH)

3000-2900 v (CH2), v (CH3)
2554 v (H-S)
1600 v (C=C)
1400 6 (C=C)
1300 6 (CH)

1200-1000 Vas (Si-O-Si)
950 v (Si-OH)
800 & (O-Si-OH)
600 vs (Si-O-Si)
450 & (0-Si-0)
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In the 13C solid state NMR spectra of the VTMS, PTMS and MerTMS particles characteristic
resonances for the vinyl (Figure 32), phenyl (Figure 33 and mercapto (Figure 34) functionsare

observed.
V8
Vi
‘ T T 1 I ‘

150 100 50 0

5(*3C) in ppm

Figure 32: Representative 13C-NMR spectra (CP/MAS) of the vinyl particles V1, V6 and V8

w
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Figure 33: Representative 13C-NMR spectra (CP/MAS) of the vinyl particles P1, P1b and P1d.
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Figure 34: Solid state 13C-NMR spectra (CP/MAS) of the particles M6 and M7
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In the 23Si solid state NMR spectra of the VTMS, PTMS and MerTMS particles characteristic
resonancesfor T2 and T3 groups (Figures 35 and 36) are found. In those cases where TEOS was

applied as additive Q groups were found as well.

-

M2
M1

0 -50 -100 -150
6(2%si) [ppm]

Figure 35: Solid-state 2°Si NMR spectra (CP/MAS) of the compared particles M1, M2 and M3.

2T
T2 = SH(CH:),-Si(0Si-),0H
T3 = SH(CH,),~ Si(0Si-),
M28
T | T | T | T T T ‘ T T T ‘ T T T
50 0 -50 -100 -150

6(2°Si) in ppm

Figure 36: Solid-state 2°Si NMR spectra (CP/MAS) of the particles M28.with of n-tridecane.
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3.5 Conclusion

The oil in water emulsion technique was applied to produce organic inorganic hybrid
materials. The shape, size, surface morphology, and porosity strongly depend on the organic
function of the T-group silane precursor and the reaction conditions, like stirring speed and
reaction time. Additives like TEOS or organic molecules like hexane and n-tridecane further
allow to fine tune characteristic features of the particles.

Based on the evaluation of the results presented here and those reported earlier following
mechanism of the formation of the particlesis proposed. The precursors, consisting of VTMS,
PTMS and MerTMS are insoluble in waterand form small oil droplets, which are distributed in
the water under strong stirring. As ammonia as a catalyst dissolvesin the water those silane
precursors which are located on the surface of the droplets would first start to hydrolyse and
condense. The hydrolysed product groups are hydrophilic, vinyl, phenyl and 3-mercapto
groups are hydrophobicin nature. The hydrolysed silanes are distributed on the surface of the
oil droplets. Consequently, the condensation of the Si-OH groups takes place on the boundary
surface between the oil-water interface, forming a cross-linked organosilica network
immediately on the surface of oil drop. Thus a skin of a silane network is formed around the
droplet. As water and catalyst diffuse through the porous skin the frontline of hydrolysisand
condensation moves from the outside to the inside of the dropletand the viscosity of the skin
increases with increasing thickness. The hydrolysis and condensation within the droplet has
two further consequences. As T-groups are applied three moles of alcohol per T-group are
generated. Second, the formation of Si-O-Si bonds from two Si-OR unitsleads to a reduction
of the volume of the final silica material. This shrinking process leads to a pressure on the silica
particle. When the critical value of structural stability is exceeded, the particles deform, to
escape the stressand thenform a wrinkled surface while methanol and ethanolis released to
the water. Due to the different rates of hydrolysis and condensation of VTMS, PTMS, and
MerTMS there are some differencesinthe degree of networking duringthe process between
the exteriorand the interiorof the organosilica particles. Interestingly use of different silanes
particles were formed with different morphology, shape and size and porosity. With VTMS
golfball-like particles were observed, while with PTMS bowl-like particles with one cut in the
middle were obtained, and with MerTMS particles greater in size, as well as the porous

surface, was observed.
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Chapter 4. Synthesis of core-shell dumbbell silica particles with
simultaneous drug delivery

4.1 Introduction:

Mesoporous materials with multilevel morphology and hierarchical pore structures have been
developed.’2103-106 Sych particles provide different compartments and phase separated
domainsand are thusinteresting candidates for multi drug delivery purposes. 197-109 Moreover
the amphiphilic character, which is often accompanied by such multifunctional particles,
increases the interfacial activity which improves the particle cell interaction. 110

Recently anisotropic dumbbell core-shell silica microparticles, that are composed of two
different hemispheres (Figure 37) were prepared.111 The two lobes differin size so that the
particles are shaped like dumbbells, snowmen or acorns.12 The shells of both lobes are
constructed of mesoporous MCM-41 type channels and differ in their thickness. On the
surface of the large lobe many SiOH functions were replaced by Si-F groups. Consequently,
the surface charge of the smaller hemisphere is more negative than that of the larger
hemisphere which gives the particles an amphiphilic character. While the core of the large
lobe is dense, the interior of the small hemisphere is hollow. Thus, three compartments can
be identified: (i) the shell of the large lobe with a weak surface charge, (ii) the shell of the small
lobe that is negatively charged and (iii) the hollow cage that is covered by the small
hemisphere. The diversely functionalized hemispheres (SiF vs SiOH) as well as the different
compartments make these particles attractive materials for the co-delivery of multiple drugs

with different propertiesand functions.

dc = dumbbell core
dcs = dumbbell core shell
dl = dumbbell lobe
dls = dumbbell lobe shell

2 um

Figure 37. Cartoon of the anisotropic, amphiphiliccore-shell dumbbell particle (dl, dls, dcand
dcs: diameterand thickness of the hollow cavity and its shell as well as of the dense core and
its shell, respectively)
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Although several studies have highlighted the controlledrelease of various therapeuticagents
with mesoporoussilica particles,113-11>in most of the reported examples only one kind of drug
is entrapped into the mesoporous silica materials.116 Up to date, the co-delivery of multiple
drugs with different molecular properties remains difficult. 127 However, the possibility to load
and release different drugs on the same systems allows to combine therapies and increases
the opportunitiesfor treating diseases. This co-delivery requires materials with the ability to
load and release drugs with different properties and functions.

The natural polyphenols curcumin (Cur) and quercetin (QT) affect numerous cellular targets
and show activity on the cellularlevel.118-123 Both compounds sufferfrom poor bioavailability
due to their low solubility inaqueous solutions and low stabilityin a biological environment.
Consequently, several approaches to deliver both natural polyphenols with different types of

drug carriers have been suggested.124-131

4.2 Results and discussion

4.2.1 Synthesis of CS1,CS2, DCS1, DCS2, DCS3 and DCS4 microparticles

The protocol of the recently reported one-pot synthesis of monodisperse dumbbellsilica core-
shell particles was applied to prepare the CS1, CS2, DCS1, DCS2, DCS3 and DCS4 particles
(Figure 38 and 39).111 To this end, a homogeneous suspension of nonporous dense spherical
silica particles (d = 1.5 um), CTAB and n-tridecane was treated under stirring with a water
solution of ammonia/ammonium fluoride at 90°C. Stirring below 190 rpm generated the
spherical core-shell particles CS1 and CS2 (Figure 38 a-b, g-h), while stirring between 210 and
240 rpm produced the amphiphilic dumbbell particles DCS1-3 (Figure 39 c-e,i-k). If the
ammonium fluoride is replaced by ammonium carbonate the DCS4 particles (Figure 39 f,land
Table 9) were obtained. In this etching process,*116-118 sjlica species are gradually dissolved
from the surface of the dense silica particles and re-condensed close to the site of
dissolution.32In cooperation with the CTAB micelles, which are located on the surface of the
silica particles, these silicaspecies generate MCM41 type, mesoporous shellsaround the silica
particles.132Due to the addition of the swelling agent n-tridecane, additional droplets formed
that adsorbed on the surface and served as templates for the formation of the second

hemispheresin DCS1-DCS4 (Figure 39).
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Scheme 4: Proposed mechanism for the formation of the MCM-41 structure and core-shell

MCM-41 structure

dumbbellsilica particles.

Table 9. Experimental conditions of the CS and DCS silica particle synthesis

m(Si0z)  V(H.0) V(NHaOH) n(NH.F) trid\tle(cr;ne) rete;rcr;ctleon stirrer S:;Jr;endg
(g] [mL] [mL] [mmol] [mL] [h] [rpm]
Cs1 2.1 210 12 2.38 22 24 mechanic 210
CS2 2.1 210 12 1.35 50 24 mechanic 210
DCS1 2.1 210 12 1.35 60.1 24 mechanic 240
DCS2 2.1 210 12 1.35 50 16 mechanic 250
DCS3 2.1 210 12 2.02 75 43 mechanic 170
DCS4 7.0 700 40 -2 38.7 24 anchor 210

-2 Instead of 4.86 mmol NHsF, 4.86 mmol (NH4)2CO3 was used.

Figure 38: SEM images of CS1 and CS2 (a, b), STEM (g, h) of silica particles.
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Figure 39: SEM (c-f) and STEM (i-l) images of DCS1 (c,i), DCS2(d,j), DCS3(e,k) and DCS4 (f,l)

silica particles.

4.2.3 Characterization of the particles

According to the SEM and STEM micrographs, the protocol produces monodisperse spherical
CS1, CS2 (Figure 38 a,b,g,h) and dumbbell like anisotropic particles DCS1, DCS2, DCS3 and
DCS4 (Figure 39 c-f,i-1). The core and the shell as well as the hollow cavity of the small
hemispheresin DCS1 to DSC4 can be distinguished fromthe STEM micrographs (Figure 39 i-l
and Table 8). The shellsthat coverall particles consisted of highly hexagonally ordered tunnels
with uniform pore sizes of approximately 4.3-5.9 nm (Figure 39, Table 10). The thickness of
the mesoporous shell of the spherical CS1, CS2 was 176 ,316 nm and can be adjusted with the
reaction time.191 Changing in reaction time, a shell as thick as 139, 118 , 121 and 124 nm
around the dense cores in DCS1-DCS4 were formed. The shells of the small hemispheres,
which cover the hollow cavity, were 53, 66, 74 and 47 nm thick, respectively (Table 10).

Table 10. Pore size distribution and specific surface area obtained by nitrogen physisorption

of CS1, CS2 and DCS1-4. Geometrical parameters dc, dcs, dl and dls (for definition see Figure
38)

Specific Total pore Average dc dc, dl dis
surface volume pore (nm) (nm) (nm) (nm)
area (m?/g) (cm3/g) size (nm)
Cs1 239 0.32 4.3,5.7 1230 176
CS2 192 0.26 4.6,5.1 1171 316
DCS1 118 0.18 4.8,6.1 1446 139 189 53
DCS2 121 0.17 4.2,5.3 1359 118 362 66
DCS3 107 0.19 4.6,5.8 1325 121 379 74
DCS4 201 0.30 4.5,5.9 1220 124 340 47
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Reversible nitrogen adsorption and desorption isotherms are found for the core-shell
materials CS1, CS2 and DCS1-DCS4, which display a typical Langmuir IV hysteresis (Figure
40).The H1 loop is characteristic for narrow uniform mesopores as found in template MCM-
41 silica.192 The average pore size calculated from the adsorption branch of the nitrogen
isotherms by the BJH method (Table 10) ranged from 4.3 to 5.9 nm. Interestingly, for CS2 and
DCS3 bimodal pore distributions within this range were observed.101 All physicochemical data
of the anisotropiccore-shell particles compare well with those reported for dumbbells of this
type.111

Interestingly, the only dumbbell particle DCS4 is generated by the RCle reaction calorimeter
(Thesis of Bjorn Brodbeck, University Tibingen 2020) compared to the CS1, CS2 and DCS1-3
particles synthesized with the mechanical stirrer (Table 9). Average pore size distributions
calculated from the adsorption branch of the nitrogen isotherms by the BJH method (Table
10) range from 4.5nm to 6.7nm. All physicochemical data of the anisotropic core-shell
particles compare well with those reported for dumbbells of this type.111 The remaining
relevant reversible nitrogen adsorption desorptionisotherms and pore size distributions are

shown in (Figure 40).
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Figure 40: Nitrogen Adsorption and Desorption Isotherms (a) and BJH Pore volume and pore
diameter(b) for CS1 (A ),CS2 (¥ ), DCS1 (<), DCS2 (¢ ),DCS3 (M) and DCD4 (@)

Dying experiments with positively and negatively charged dyes of the rhodamine family
demonstrated the amphiphiliccharacter of the anisotropic particles DCS1 (Figure 39).111 The
different zeta potentials on the smaller and larger lobe were traced back to the exchange of

surface SiOH groups with SiF functions on the larger hemisphere.!11Thisis a consequence of
39



Chapter 4. Synthesis of core-shell dumbbell silica particles with simultaneously drug deliver

the application of NH4F as etchingagent. Introducing ammonium carbonate as etchingagent
generatedthe anisotropic dumbbell particles DCS2 with a uniform charge distribution across
the particle surface. This finding agrees with an overall smaller Zeta potential for DCS2 (-47.4
+ 0.9 mV) than for DCS1 (-25.5 + 0.6 mV). Compared to the spherical CS and anisotropic DCS2
particles, the amphiphilicdumbbellsDCS1have smallerspecificsurface areas and smaller pore

volumes.

The amphiphilic properties of the anisotropic dumbbell particles (DCS3) were demonstrated
with negatively and positively charged dyes (Figure 42 a-c). DCS3 was coloured with a positive
charged dye (Alexa Fluor® 514, Figure 42 a) and a negative charged dye (sulforhodamine B,
Figure 42 b), respectively, and with both dyes simultaneously (Figure 42 c). Alexa Fluor® 514
accumulates in the hollow cavity of the dumbbell particle, while sulforhodamine B
accumulates on the core-shell particle. This discriminationisinduced by the use of ammonium
fluoride as etching agent. Ammonium fluoride substitutes SiOH by SiF on the surface of the
silica particle. This leads to a decrease of the negative charge on the particle. The semi-sphere
of the dumbbell particle consists exclusively of silica and is consequently negatively charged.
Ammonium carbonate as an etching agent provides a uniform negative charged surface on
the DCS4 particles. The dyeing of the DCS4 particles with the positively charged dyes atto 488
amine (green) and rhodamine 6g (red) leads to an equal accumulation of both dyes on the

main particle and the semi-sphere (Figure 41 d and e), respectively.
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Figure 41: DCS3 coloured with (a) positively charged alexa fluor® 514 (green), (b) negatively
charged sulforhodamine B (red) and (c) with negatively charged sulforhodamine B (red) and
positively charged alexafluor® 514 (green); DCS4 coloured with positively charged (d) atto 488

amine (green) and e) rhodamine 6g (red)

This assumption is confirmed by zeta potential measurements. The zeta potential decreases,
if ammonium carbonate is used (DCS4, -47.4 +0.9 mV) instead of ammonium fluoride (-25.25

+ 0.6 mV) as etchingagent.

4.2.4 Drug loading efficiency

In general, the amount of drug that can be loaded onto mesoporous silica depends on the
surface area, the pore volume, the pore geometry and onthe number of silanol groups on the
surface, which when deprotonated are responsible forthe negative surface charge of the silica
material. This dependency is nicely reflected in the drug loading efficiency of the spherical
CS2, the anisotropic and amphiphilic DCS1-3 as well as the anisotropic and non-amphiphilic
DCS4 particles whentreated with ethanolicsolutions of equimolaramounts of both drugs Cur
and QT. As summarized in Table 9, the overall loading behaviour of Cur plus QT is similarly

high but varies widely between Curand QT among these five types of particle.
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While comparable loading contents were found for Cur (45 £ 5 %) and QT (43 £ 6 %) in
mesoporous €S2, the anisotropic and amphiphilic DCS1-4 loaded larger amounts of Cur than
QT, DCS1 Cur (53 6%) and QT (36 + 2%), DCS2 Cur (55 5%) and QT was (38 + 3%) DCS3
loaded larger amounts of Cur (58 + 6%) than QT (40 + 7 %) (Table 11). There was evena more
pronounced difference of Cur and QT loading in the anisotropic and non-amphiphilicpartide
DCS4. For these particles, 85 + 6 % loading efficiency of Cur and only 10 £+ 5 % for QT were
observed. This difference is remarkable since €S2 and DCS4 provide comparable specific
surface areas and total pore volumes (Table 10). Contrary to this, although the total pore
volume of the dumbbell particle DCS3 was much less compared to that of the CS2 particle
(Table 10), the overall loading efficiency of Cur plus QT in DCS3 was even higher than in CS2
(Table 11).

Table 11. Drug loading efficiency of CS2, DCS1, DCS2, DCS3 and DCS4

Cur loadingefficiency [%] QT loadingefficiency [%] Total drug loading

[%]
CS2 45 +5 43 £6 88 +11
DCS1 53 +6 36 +2 89 £8
DCS2 555 38+3 93 £8
DCS3 58 +6 40 £7 98 +13
DCS4 856 10 £5 95 +11

From the molecular point of view, these results can be explained in terms of the interaction
of Cur and QT with the surface Si-OH and Si-F functions, respectively. Both polyphenols are
able to interact with Si-OH groups on silica surfaces. The keto-enol tautomerism of Cur
supports donating as well as accepting hydrogen bonds.119.133 However, under the present
reaction conditions it is assumed that Cur interacts with its enolicform with the nucleophilic
Si-OH groups on the silicasurface of the particles.134Consequently, Cur prefersto accumulate
in those areas of the particles with negative zeta potentials. In contrast to this QT selects a
more lipophilicenvironment when forming adducts with surface Si-OH groups.13> Thus, QT is
stored in areas with non-polar Si-F functions. Because the spherical core-shell particles CS
contain Si-OH and Si-F functions, which are equally distributed over the whole surface both

drugs are loadedin comparable amounts into the mesoporous shell (Table 11). In DSC2, only
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Si-OH groups are uniformly spread across the anisotropic particle making it more attractive

for Cur than for QT.
a)
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Figure 42. Chemical structure of a) quercetin, b) Keto/enol tautomerism of curcumin.

Most interestingly, the amphiphiliccharacter of DSC1 allows QT to be loadedintothe porous

shell of the large lobe and most of Cur into the porous shell of the small hemisphere.

Moreover, the hollow cavity of the small hemisphere in DCS1serves as a compartment for Cur

as well. This is deduced from the large amount of Cur loaded in DCS1 compared to the small

shell of the small lobe (Tables 10 and 11). Thus, the mesoporous channels in the shell of the

small lobe allow the diffusion of Cur into the cavity.136 The permeability for small molecules

of the shell covering the cavity has been demonstrated earlier.111 This indicates that if both

Cur and QT are loaded at the same time to DCS1 they encapsulate into different areas of the

silica particle. This hypothesisis supported by confocal Raman microscopy (Figure 43).
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Figure 43: a) Raman intensity distribution image of Cur-QT-DCS1 in the spectral range
150 cm~! to 3500 cm™1; b) Intensity distribution of the Cur-QT-DCS1 of three components
based on a Principle Component Analysis (PCA); c) the corresponding spectra for each

component.

Figure 43a shows the Raman peak intensity distribution across a silica particle of DCS1 loaded

with Cur and QT in the spectral range from 150 cm™! to 3500 cm ™1

. The particle is clearly
distinguishable from the background; it shows a medium intensity in the area that can be
associated with the core-particle and a much higher intensity in the region of its small
hemisphere. A principle componentanalysis (PCA) of all Raman spectrayielded three principle
components explaining 93 % of the total data. Based on this number of responsible
components, the data were further analysed (see Methods). For better visualisation, the
components were assigned to different colours (blue, red, green). The result of the
deconvolution is shown in Figure 43b. The blue component can be associated with the
substrate (sapphire), the red with the core-particle and the green with the lobe of the small
hemisphere. The shell of the large lobe is yellow indicating a coexistence of the two
components (green, red). The corresponding spectra are shownin Figure 43c.

The spectrum of the blue component is dominated by the signals from sapphire with
prominent peaks at 412 cm™1, 645 cm™! and 312 cm™1; the increasing background from
2500 cmisalso typical for sapphire.137

The spectrum of the red component shows a number of peaks. Besides the prominent peaks
of sapphire, typical signals from silica and residual template molecules are also present at
969 cm™1, 1073 cm™1, 1305 cm™1, 1444 ¢cm~1 and a broad peak at 2893 ¢m 1. This peak
can be assigned to residual template molecules in the pores of DCS1 since a spectrum was

measured with and without drugs loaded (Figure 44). The remaining peaks at 1550 cm™1,
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1616 cm™~1 can be assigned to the loaded drugs. The assignment was not straight forward

-1 and

due to the strong overlapping of the signals in this region. The peak at 1616 cm
1550 c¢m~lare close to C=0 stretch and O-H bend of QT respectively.138 Nevertheless, certain
peaks of Cur also appear in the same range e.g. C=0 stretch at 1626 cm~! and C=C aromatic
stretch at 1601 cm~1.139-142 However, Cur should show a luminescence which was not
observed in this contribution. Also, its prominent peak at 1626 cm™1 is missing. The green
component is dominated by luminescence without additional Raman peaks. This
luminescence peak can be attributed to Cur since the fitting results showed a maximum at
approximately 1500 ¢cm ™1 that corresponds to 578 nm. This wavelength is close to the
fluorescence emission of Cur.143.144n conclusion, QT prefersto load into the shell of the large

lobe while Cur was in the shell and in the cavity of the small hemisphere. Note that

accumulation of minor amounts of Cur on the large lobe cannot be excluded.
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Figure 44. Comparison between Raman spectra of the DCS1 particles with drugs loaded

andwithoutdrugs loaded.
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4.2.5 Invitro drug release study

The drug release behaviour for Cur and QT loaded CS2, DCS3 and DCS4 particles were

evaluated at pH 5.5 and 7.4 (Figure 45). As the Cur loading content was higherin DCS3 and

DCS4, the percentage of drug release was also higherthan that of QT in the dumbbell particles.

All particles showed quickerdrug release at acidic pH. Both drugs got rele ased faster from the

dumbbell particles DCS3 (6 h) and DCS4 (7 h) than from the spherical CS2 (9 h) mesoporous

particlesin the acidic environment. At physiological pH, Cur was released faster than QT from

all particles (Figure 45).
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Figure 45. Cumulative percentage of Cur and QT released from CS2 (a, b), DCS1 (c, d), DCS2

(e,f),DCS3 (g, h) DCS4 (l,j) at pH 5.5 (leftcolumn) and pH 7.4 (right column), respectively.
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A crucial requirementforformulating poorly water-soluble drugsis the enhancement of their
bioavailability viaincreasing the local concentration of the active ingredientinthe vicinity of
the target cell. Thisrequires a controlled drug release from the microcarrier particles. In good
agreement with this precondition, upon formulating the drug as a molecular dispersion
adsorbed into the different compartments of the presentsilicamicroparticles, a rapid release
from the DCS3 and DCS4 particles was observed. There are reports that it took 30 h to
complete the release of the drug captopril and that it took 19 h for the complete release of 5-
fluorouracil from their mesoporous silica particles.14> Even though there are drug release
studies on mesoporoussilica particles, the time taken forreleasing the loaded drugis typically

much larger than the time period for 100 % drug release observedin the presentstudy.

4.2.6 Cellviability assay

Typical for cancer cellsis the uncontrolled proliferation of the cells. Thus, a treatment ideally
causes cell death specifically to cancer cells. The non-toxicity of quercetin, curcumin and
mesoporoussilica particles on normal cells were reported elsewhere. 37146147 The cytotoxicity
of Cur and QT loaded on CS2, DCS3 and DCS4 individually as well as in combination were
examined by performing the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay against human bone osteosarcoma epithelial cell lines (U20S).148 The results
indicate that Cur and QT loaded particles had significant toxicitytowards the U20S cancer cells
and that the activity strongly depended on the amounts of drugs loaded, the shape and the

amphiphiliccharacter of the silicaparticles (Figure 46, Table 11).
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Figure 46: Cell viability assays after 24 h incubation of U20S cancer cells with a) CS2 alone,
QT-CS2, Cur-CS2 and QT-Cur-CS2; b) DCS3 alone, QT-DCS3, Cur-DCS3 and QT-Cur-DCS3; c)
DCS4 alone, QT-DCS4, Cur-DCS4 and QT-Cur-DCS4 at 25 nM. The data represent the average

of at least three independent measurements.

The I1Cso concentration of QT-CS2, Cur-CS2 and Cur-QT-CS2 were 200, 150 and 100 nM for the
respective drug loaded CS2 particles. Figure 42 displays the results of the cytotoxicity for QT
loaded, Cur loaded and both drugs loaded silica particles CS2, DCS3 and DCS4. The QT-CS2,
Cur-CS2 and Cur-QT-CS2 particles showed 97 %, 95 % and 92 % cell viability, respectively, at
25 nM concentration after 24 h (Figure 46a). The respective epi-fluorescence and phase
contrast images (Figure 47) for the QT-CS2, Cur-CS2 and Cur-QT-CS2 also show that the cells
did not undergo any morphological changes or cell death after 24 h.

For the QT-DCS4, Cur-DCS4 and Cur-QT-DCS4 particles, about 97 %, 50 % and 30 % of cell
viability was observed at 25 nM of drug concentration, respectively, as shown in the Figure
46¢c. The higher cell toxicity of Cur-DCS4 compared to Cur-CS2 is attributed to the higher
concentration of Cur delivered by DCS4 (Table 11).

The viability of the cells at 25 nM concentration for QT-DCS3, Cur-DCS3 and Cur-QT-DCS3 was
around 85 %, 79 % and 4 % after 24 h (Figure 46b). In the same order, the ICso was found to
be 105, 57 and 13.5 nM, respectively, after 24 h. Note that the ICso for Cur and QT alone is
21.6 and 100 uM, respectively.149.150 Thys, the drug loaded DCS3 particles showed an
enhanced effect even at nanomolar concentrations when compared to drug loaded CS and

drugs alone.
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Figure 47: Phase contrast (first column), epifluorescence (second column) and overlaid (third
column) images of tU20 cell lines. (a-c) U20S cellstreated with CS2 alone; (d-f) Cells treated
with Cur-QT-CS2; (g-i) Cells treated with Cur-CS2; (j-I) Cells treated with QT-CS2 at 25 nM

concentration for 24 h.

The corresponding cell images of DCS3 after 24 h are shown in Figure 47. Figures 47a-c show
the phase contrast, epi-fluorescence and overlay images of the cells, respectively, when
treated with DCS3 withoutdrugs. All cellswere viable and no cytotoxicity was observed from
DCS3, which agrees with reports that silica particles are nontoxic to cells.22 When cells were
treated with drug loaded Cur-QT-DCS3 at 25 nM, changes in the cell morphology were
observed. The cellsdied either because of necrosis or apoptosis as shown in the Figures 48d-
f. Figures 48g-i and 48j-| correspond to cells treated with Cur-DCS3 and QT-DCS3, respectively,

at 25 nM concentration. Also in this case changes in the morphological structure of the cells
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were observed. Thus, one can conclude that the Cur-QT-DCS3 particles had a greater

cytotoxicity effect than the Cur-QT-CS and Cur-QT-DCS4 particles.
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Figure 48: Phase contrast (first column), epifluorescence (second column) and overlaid (third
column) images of the U20s cell lines. (a-c) U20S cells treated with DCS3 alone; (d-f) Cells
treated with Cur-QT-DCS3; (g-i) Cells treated with Cur-DCS3; (j-1) Cells treated with QT-DCS3

at 25 nM concentration for 24h.
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4.3 Conclusion

Varyingthe stirring speed and the added saltsin a simple etching process of micron sizedsilica
particles allowed the syntheses of spherical core-shell C§1,2, anisotropiccore-shell DCS4 and
anisotropic and amphiphilic core-shell DCS1-3 silica particles. The three types of particles
show diverse architecturesthat provide mesoporous channels, hollow cavities and anisotropic
surface charge distributions. The porous shells and the cavity allowed accumulating several
molecules. The differential distribution was demonstrated by loading the polyphenols QT and
Cur intothe mesopores and cavities of the particles. The loading behavior of these two drugs
varied significantly between the three particles. Moreover, the anisotropic and amphiphilic
core-shell DCS3 particle was able to discriminate between Cur and QT by accumulating them
in different areas of the particle. Cell viability studies also showed major differences among
the three drug-loaded particles. While the effect of drug loaded CS2 on cells was moderate,
the cell toxicity increased from drug loaded DCS4 to drug loaded DCS3. Most interestingly,
although €S2 and DCS3 delivered comparable amounts of both drugs, the cell toxicity of Cur-
QT-DCS3 was dramatically higher compared to Cur-QT-CS2. Apparently, the anisotropic
character in shape and surface charge of DCS3 allowed for a much better interaction of the
drug loaded particle with the cells.[51 In the future, different pairs of drugs can be tested for

other treatments.
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5.1 Solvents, reagents and equipment

The following chemicals were used without further purification: For all reactions HPLC grade
waterwas used. Ammonium hydroxide (NH4OH) (28-30 %) was purchased from Sigma Aldrich.
Ammonium fluoride (NHsF) (96%), silica particles (1.5 pum and 1.0 pum, 99.9%),
tetraethoxysilane (TEOS, 99%), phenyltrimethoxysilane (PTMS, 97%),
mercaptotrimethoxysilane (MerTMS, 95%), polyvinyl alcohol and n-tridecane (98%) were
obtained from ABCR. Toluene, n-hexane and mesitylene were bought from Fischer Chemical.
Rhodamine 6g, sulforhodamine B, atto amine 488, Alexa 514, curcumin and quercetin were
purchased from Sigma Aldrich.

5.2 General protocol of T group particles

To a stirring solution of 115 mL of water and 0.266 mL of aqueous NH4OH (28-30 %) 2.58 mL
isadded a mixture of the corresponding T-group silane and optionally TEOS and /or an organic
solvent (Tables 13-16. ) over a period of 40 minutes with a syringe pump. After the mixture
has beenadded completely the solution was stirred at room temperature for 16 hours. After
the solvent has been removed, the particles were washed with water, ethanol and dried in

the oven at 70 °C for 16 hours.

5.3 General protocol of dumbbell particles

The anisotropicdumbbell core-shellsilica particles were synthesized by following a procedure
reported earlier!ll with minor variations. Concisely, 2.1 g CTAB as surfactant, 2.1 g silica
particles of 1.5 um size were dissolved in 210 mL of water and sonicated for an hour. Then
11.6 mL n-tridecane was added and sonicated for another hour. To this suspension 12 mL of
an ammoniaand ammonium fluoride (1.35mmol) solution was added and kept stirring at 210-
240 rpm at 90 °C for 24 h. Particles were collected after centrifugation (2500 rpm for 1 min)
and washed once with deionised water, twice with ethanol, once with diethyl etherand then

calcined at 600 ° C for 15 h.
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5.4 Analytics

5.4.1 SEM (Scanning electron microscopy), STEM (Scanning transmission

electron microscopy)

Scanning electron microscopy (SEM) and scanning transmission microscopy (STEM) images
were acquired on a Hitachi SU8030 machine equipped with a triple detector. The particles
were suspendedin ethanol and keptin an ultrasonicbath for homogenization for 10 minutes.
The samples were spin-coated onto silicon wafers for SEM and spotted on copper grids for
STEM analysis. The particle diameters were determined by measuring 100 particles Figure 49
by hand using Image J. In the case of the bowl like particles, the long distance was used to

determine thesize.
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Figure 49: Illustration of the evaluation of particle sizes from a SEM image.

Table 12: Calculation of d10, d50 and d90 with Qtiplot

Size Description Calculation

d19  10% of all particles are smallerthan this Manual (Data, 0.1)
value

d*0  10% of all particles are smallerthan this Median (Data)
value

d?®0  10% of all particles are smallerthan this Manual (Data, 0.9)
value
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5.4.2 Zeta potential, dynamic light scattering (DLS)

The zeta potential in water and DLS in ethanol were measured at room temperature with a
Zetasizer Nano ZS by Malvern. The samples were suspended in distilled water and transferred
to a cuvette. Suspensioninthe measuring cell was almost clear. The concentration compared

optically witha well measured sample

5.4.3 Confocal microscope

Confocal light microscopy was performed by Leica TCS SP8 Multiphoton Confocal Microscope.
2mg of the sample weresuspended in ethanol with a 1:1 mixture of the corresponding
dye and 4% of PVA. The solution was placed onto a glass substrate to obtain individual
particles on the substrate. The PVA is used to keep the particles fixed during measurement.

The concentrations of the respective dye was varied to obtain a satisfactory result.
5.4.4 Physisorption

N2-physisorption measurements were performed on an ASAP2020 volumetric adsorption
apparatus (Micromeritics Instrument Corp.) at 77 K (am (N2, 77 K) = 0.162 nm?2). The samples
were degassed at 250 °Cfor 4 h prior to analysis. The Brunauer—-Emmett-Teller (BET) specific
surface area was calculated from the nitrogen adsorption branch of the isotherm in the
relative pressure range of 0.07-0.15 forthe pure SiO2 materials and the hybrid materials. Pore
size distributions (dV/dD) were calculated from the nitrogen desorption branch using the

Barrett—Joyner—Halenda (BJH) method.

5.4.5 Nuclear magnetic resonance (NMR) spectroscopy:

13C and 2°Si solid state NMR spectra were recorded using the CP/MAS and HPDEC technique
on an AVIIIHD-300WB NMR spectrometerfrom Bruker.

5.4.6 Diffuse reflectance infra-red Fourier Transform (DRIFT) spectroscopy

Drift spectra were collect withthe Vertex 70 FT-IR spectrometerfrom Bruker. A finely grained
KBr was used for the background measurement 0.5 mg of the sample were mixed with 25 mg

KBr and then finely grained to collect spectra.
5.4.7 Raman spectroscopy
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For Raman measurements, a WITec alpha300 RA&S confocal Raman microscope was used.
This system is equipped with a lens-based UHTS 300 spectrometer connected viaa 100 um
(NA=0.12) multi-mode optical fibre and thermoelectric cooled CCD and EMCCD (DU970N-BV).
All Raman experiments were carried out using a laserof 532 nm with a nominal output power
of 60 mW and a grating of 600 lines/mm. Forillumination and collection the laser was focused
on the sample through a Zeiss Epiplan-Neofluar objective of magnification 100x (NA = 0.9).
Data procession was done using Control 5.0 software provided by WITec and all experiments
were carried out at ambient conditions. We chose sapphire as a substrate due to its low
background signal which does not overshadow the signal intensity fromthe region of interest.
The peak positions of sapphire also do not interfere with the potential peak positions of QT
and Cur, thus making sapphire an ideal substrate for Raman analysis of these drug loaded
particles. The samples were prepared in the same way as described in the drug loading

experiments.

5.5 Drug loading of curcumin (Cur) and quercetin (QT)

For loading the microparticles with drugs, 0.5 mg/mL of an equimolarsolution of Cur and QT,
respectively, in ethanol was mixed with 1 mg/mL of the corresponding microparticles. The
suspensions were shortly ultrasonicated and gently stirred for 4 h. Then, the Cur and QT
loaded microparticles were centrifuged at 13,000 rpm for 3 min. The drug loading efficiency
was detected by measuring UV-absorbance (Nanodrop, ND 1000 spectrometer) of Cur and QT
at 450 and 270 nm, respectively, inthe supernatants of the centrifuged sample and the initial
0.5 mg/mL solution. The following equation was used to determine the drug loading content

of both drugs in the microparticles.

brue loading effici Theoretical amount of drug loaded - Free drug 100
rug loading efficiency = X
& & Y Theoretical amount of drug loaded

5.6 In vitro drug release study

In vitro drug release studies of Cur and QT were investigated at pH 5.5 (environmental pHfor
tumors) and at pH 7.4 (physiological pH). The drug loaded particles were suspended in 2 mL
of phosphate-buffered saline (PBS) and transferred to a dialysis bag (molecular weight cut-off
10 kDa, Sigma). Then they were placed in 25 mL of PBS, incubated at 37 °C and kept under

stirring (100 rpm).151.152 The released drugs were determined spectrophotometrically by
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measuring the absorbance at 450 and 270 nm. The concentration of released drug was then
calculated using the standard curve of drugs as mentioned.151.152 The percentage of drug
released was determined fromthe following equation as described earlier. 153,154

Cumulative amount released

c lative d | %)= x100
umulative drug release (%) Total mass loaded

5.7 Cell viability studies

The cytotoxicity of the cells was studied by performing the 3-(4,5-dimethylthiazol-2-yl)-2,5
diphenyltetrazoliumbromide (MTT) assay as described.148 Briefly, the human bone
osteosarcoma epithelial cancercell lines (U20S; 6x103 cells) were seededina 96 well culture
plate. After 12 h, the cells were treated with different concentrations of the drug loaded
particles for 24 h. Control cells were treated with 0.1% DMSO in a culture medium. After
treatment, the cells were incubated with the MTT solution (5 mg/mL in PBS) at 37°C for 4 h
and then DMSO was added during shaking at room temperature. The spectrophotometric
absorbance was measured at 570 nm on a microplate reader (Biotek, Multiplate reader, USA).
Cell viability was expressed as the relative formazan formation in the treated samples
compared with control cells after correction for background absorbance. The cytotoxicity
(IC50) was calculated based on the colour yield of the treated cells which are proportional to
the number of metabolically active cells and indirectly approximated cell viability. IC50 is
defined as the drug concentration required toinhibit growth of cells by 50 % relative to control
(IC50). A graph was drawn using Cell viability (%) with respect to the concentration of the
sample. Results were plotted as the mean £ SD of three separate experiments. Percentage of

cell viability was determined using the below formula. 148

. Absorbance of the treated sample
Cell Viability (%)= x100
Absorbance of the untreated sample
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Table 13 VTMS

TEOS : VTMS [mL] Reaction time Particle size comment
(um]
V1 4,96 :14.28 50 min 4.6
V2 " 80 min 2.9
V3 ! 15 h 2.7
V4 ! 17 h 2.9
V5 " 19 h 3.4
V6 " 24 h 3.6 Drop rate
58ml/h
V7 4.96 : 6.8 50 min 1.9
V8 4.96 :3.4 50 min 2.7
V9 19.8 :3.4 50 min 1.7
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Table 14 PTMS

TEOS : PTMS Organic solvent Particle size Comment
[molar ratio] [mmol] [um]
P1 22 : 88 mmol -- 4 plane
Pla 22 :44 -
P1b 22:22 --
Plc 44 :22.3 --
P1d 42.7 :22.1 -- 1.9
P2 44.2 : 22 -- 4.5 RT long
P3 22 :88 3.29 mmol, Hexane 3.8
P4 - 5.35 (2 h later) 2.3
P5 - 5.35 2.1
P6 6.58 1.7
P7 - 3.29 mmol, Toluene 2.3
P8 5.54 2.4
P9 - 5.63 1.3
P10 - 6.57 1.5
P11 - 3.31 mmol, 2.7
Mesitylene
P12 - 5.61 2.8
P13 - 8.99 2.5
P14 - 8.77 2.4 600 rpm
P15 " 1.9 300 rpm
P16 - " 2.1 600 rpm
P17 - " 2.4 200 rpm 18ml/h
P18 - " 3.2 600 rpm 72ml/h

(-) represents same amount and (--) represents no addition of solvents.
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Table 15 MerTMS

TEOS : MerTMS Organic solvent Comment Particle size

[mL/mmol] [mL/mmol] [um]
M1 22 mmol : 88.3 mmol 17 h 3.8
M 2 " 14 h 2.9
M3 " 10 h 2.4
M4 0:88.3 mmol 5.61 mmol, Short RT

(No TEOS) Mesitylene
M5 54.9 mmol ! 1.7
M6 88.3 mmol ! 3.7
M7 110 mmol ! 3.5
M8 88.3 mmol " Long RT
M9 110 mmol 2.29 mmol Hexane 4.4
M 10 " 3.06 3.8
M 11 " 4.59 2.7
M 12 " 18.4 2.9
M 13 " 41.8, n-tridecane 2.5
M 14 ! 10.8 1.9

(Mechanical stirrer)

M15 " 5.26 5 1.
M16 " 8.04 4.7 1.2
mM17 ! 9.64 14
M18 " 10 15
M19 " 10.8 1.6
M20 " 11.3 1.7
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M21
M22
M 23
M 24
M 25
M 26
M 27
M 28

" 11.7

" 121

! 10 (8h)

" 10.8 (8h)

" 12.1 (8h)

" 10 (16 hrs)
" 10.8 (16 hrs)
" 12.1 (16 hrs)

1.7

1.7

1.52
1.57
1.40
1.57
1.75
1.93

(v) represents same amount and (--) represents no addition of solve
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