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ABSTRACT

Silica nanoparticles have broad applications as multifunctional nanoparticle
systems in nanomedicine. Silica nanoparticles possess a great potential as drug
delivery systems: their small size, unique surface properties and loading capacities
make them attractive for drug delivery. Moreover, they can serve simultaneously as
diagnostic tools. The attractive combination of drug delivery and simultaneous
tracking of nanoparticles is known under the term “theranostics”. Hereby, diagnostic
and therapeutic features can be united in the same particle with the controlled
synthesis of silica nanoparticles. For successful use of nanoparticles in
nanomedicine, their physicochemical characteristics need to be well-controlled to
predict their behavior in biological matrices.

The size, shape, and surface characteristics of silica nanoparticles define their
behavior at the nano-bio interface. In this study, silica nanoparticles were prepared
with diverse size, shape, surface, and composition with the focus of endowing the
nanoparticles with multifunctionality and facilitating their use in biomedical
applications.

The dispersion stability of nanoparticles is an important aspect for both diagnosis
and therapy applications. In this study, the dispersion stability of silica nanoparticles
was evaluated after altering the surface physicochemical characteristics by a surface
coating process. The process was mainly achieved by physical adsorption of
copolymers composed of polyethylene glycol grafted polyethyleneimine (PEG-PEI)
prepared with two different grafting ratios. Then, the emphasis was put on
evaluating the colloidal stability and redispersibility of particles in the biologically
relevant medium. Differences in redispersibility and dispersion stability of particles
were observed by tuning of PEG-PEI composition on the particle surfaces.
Furthermore, physiological responses (i.e. protein corona formation) to surface
modified silica nanoparticles were investigated.

In therapeutic applications, when the nanoparticles are designed as drug carriers,
internalization of particles by target cells is aimed in order to exert intracellular
therapeutic effects. Enhancement in the cellular internalization of nanoparticles can
be facilitated by altering the size, shape and surface properties of the particles. In this
thesis, silica nanoparticles with spherical and rod-like shapes, porous, non-porous
and hollow structures were prepared on the submicron scale for biomedical
purposes. Among these approaches, the extent of nanoparticle internalization was
altered by modifying the shape and surface modification by preparing similarly sized
spherical and rod-like particles with various net surface charges. The obtained
results revealed that the particle shape-induced uptake play a predominant role as
compared to surface charge dependent uptake. We could show that particles with a
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higher aspect ratio were internalized more than their spherical counterparts. The
surface charge of the particles remained a secondary regulator to control the
internalization of particles.

In therapeutic applications, targeted drug delivery is a promising approach which
benefits from lower doses and avoiding side effects to healthy cells. By the targeted
drug deliver strategy, drugs can be protected in a drug delivery system (DDS), e.q.
particulate drug delivery system and cannot freely diffuse, and the uptake of the
DDS via specific ligand-receptor interaction, where the targeted receptors are mainly
expressed at lesion sites, can be provided. Therefore, specific uptake of the DDS
mainly by the injured cells reduces the side effects. In this thesis, mesoporous silica
nanoparticles were designed as drug carrier with active cellular targeting capability.
Additionally, the particles were loaded with a potential anticancer compound. The
effect of the free potential anticancer compound and the silica nanoparticle
incorporated compound was tested in vitro. The apoptotic effect of the potential
anticancer compound was significantly enhanced compared to free compound with
the employed targeted mesoporous silica nanoparticle based DDS.

Tracking of silica nanoparticles in the biological environment via different
imaging modalities during the delivery of drug is an important feature for
multifunctional nanoparticles. This is usually achieved by the incorporation of an
imaging probe into the silica network. The detectability of particles can be altered by
the structural and morphology of silica nanoparticles, as well as the incorporation
strategy of imaging probe into silica network. Furthermore, surface coating of the
nanoparticles, leaching of the probe from the silica matrix, and the surrounding pH
can affect the detectability significantly. In the present thesis, these phenomena were
evaluated in order to clarify their influence on detectability of particles via
fluorescent and magnetic resonance imaging methodologies.

The thesis addresses the critical steps in the synthesis of silica nanoparticles to be
used in theranostic applications. Various methods were explored to obtain tailor-
made silica nanoparticles. The work provides deep insight into how the
physicochemical properties of silica nanoparticles influence their fate in biological
environment and can serve as a guideline to design safe and efficient theranostic
systems.
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SAMMANEFATTNING

Multifunktionella kiseldioxidnanopartiklar har en bred tillimpning inom
nanomedicin. En attraktiv kombination &r samtidig likemedelstillforsel och
sparning av nanopartiklarna, vilket dr kdnt som “teranostik”. Genom kontrollerad
design av kiseldioxidnanopartiklarna kan terapi och diagnostik pa detta sitt
kombineras i samma partikel. For en lyckad anvdndning av nanopartiklar inom
nanomedicin maste deras fysikalisk-kemiska egenskaper vara vilkontrollerade for att
kunna forutspa deras beteende i biologiska system.

I denna studie tillverkades kiseldioxidnanopartiklar med varierande storlek,
form, yta och sammansittning med fokus pa att utrusta nanopartiklarna med
multifunktionalitet och pa sa sitt frimja deras anvindning inom biomedicinska
tillimpningar. Kiseldioxidnanopartiklar med sfiriska och stav-liknande former,
porosa, icke-pordsa och ihéliga strukturer tillverkades. De erhéllna resultaten visade
att nanopartiklarnas form har storre inverkan pa upptaget i celler jamfoért med
effekten av deras ytladdning. Nanopartiklarnas dispersionsstabilitet &r en annan
viktig aspekt for bade diagnostiska och terapeutiska tillimpningar. Genom att dndra
kiseldioxidnanopartiklarnas fysikalisk-kemiska ytegenskaper med
ytfunktionalisering, =~ bedomdes  dispersionstabiliteten ~ av  nanopartiklarna.
Nanopartiklarnas ytsammansattning justerades och skillnader i dispergerbarhet och
dispersionsstabilitet undersoktes i biologiskt medium.

Inom terapeutiska tillimpningar 4r mélsokande likemedelsfyllda nanopartiklar
en lovande taktik som medfor ligre likemedelsdoser och minskar sidoeffekterna. I
denna avhandling designades mesopordsa kiseldioxidnanopartiklar f6r anvandning
som malsokande likemedelsbarare. Dessa partiklar laddades med ett potentiellt anti-
cancer lakemedel. En klart hogre apoptotisk effekt kunde pavisas med de
lakemedelsfyllda partiklarna jamfoért med fri drog in vitro. En viktig egenskap for
sadana multifunktionella nanopartiklar 4r ocksd att kunna spara dem under
likemedelsfrisdttningen i biologisk miljo med olika bildatergivningsmetoder. Detta
kan uppnas genom att infoga en markoér i kiseldioxidnétverket.
Kiseldioxidnanopartiklarnas bildatergivningsforméaga modifierades pa olika sitt och
inverkan pd detekterbarheten analyserades med fluorescerande metoder och med
magnetisk resonanstomografi.

Denna avhandling lyfter fram de kritiska parametrarna vid syntes av
kiseldioxidnanopartiklar for teranostiska tillimpningar. Olika metoder undersoktes
for att erhalla skraddarsydda nanopartiklar. Detta arbete bidrar med en djup insikt i
hur nanopartiklarnas fysikalisk-kemiska egenskaper paverkar deras beteende i
biologisk milj6, och arbetet kan darfor fungera som riktlinje for att designa sékra och
effektiva nanomediciner.
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1 INTRODUCTION

Nanotechnology is an emerging discipline, in which the multidisciplinary
knowledge from physics, chemistry, biology, medicine, engineering, and informatics
are combined. Nanotechnology includes both science and engineering to design,
synthesize, characterize, and apply materials and devices whose smallest functional
organization at least in one dimension is on the nanometer scale.

Today, the application of nanotechnology in medicine is referred to as
nanomedicine, which is gaining importance and becoming promising especially with
the advances in the development of novel materials. The novel nanomaterials, whose
physiochemical properties differ from those of their larger counterparts due to their
higher surface-to-volume ratio, have become excellent candidates for biomedical
applications. Their small size and larger surface areas make them readily interact
with biomolecules in biological environments. By gaining access to various sites of
the body, nanoparticles provide the potential to detect and treat the disease. The aim
of ‘nanomedicine’ might be broadly defined as the comprehensive monitoring,
control, construction, repair, defense and improvement of all biological systems,
using engineered nanostructures ultimately to achieve medical benefit.'

Among all nanomaterials, colloidal silica particles have been extensively used in
diverse biomedical applications, as (1) contrast agents/optical labels that enable
traceable imaging of targets, (2) carriers to transport drug payload for therapeutic
intervention and (3) carriers of biomolecular ligands for targeted delivery. Within
the mentioned platform, it is also desired to develop multifunctional silica
nanoparticles which possess find-, fight, and follow- capabilities (3F functionality)
that make the nanoparticles feasible to be used as imaging probes for lesion location
(find), delivering the therapeutic agents to lesion sites (fight) and also monitoring
the development of therapy (follow).> All these tasks might be accomplished
through careful and rational tuning of the physicochemical properties of silica
nanoparticles. For any nanomedical application, the size and shape of silica particles
in addition to surface characteristics of the particles are considered as critical and
allow them to be eagerly adapted for specific or multifunctional applications.

The wide design flexibility and extensive applicability of silica nanoparticles have
led to them receive increasing attention in the field of nanomedicine. In this thesis,
tuning the physicochemical characteristics of silica nanoparticles have been
intensively studied in order to draw attention to the issues required to be considered
in the design of silica nanoparticles for biomedical applications.



2 REVIEW OF THE LITERATURE

2.1 Methods for Fabrication of Nanoparticles

Manufacturing of nanoparticles is the vital field in of nanotechnology. Two
approaches for the fabrication of nanoparticles have been envisaged: the top-down
method and bottom-up methods. In the first approach, “top-down”, a bulk material
is restructured to give smaller features, for examples by lithographic techniques, film
deposition, and growth, laser-beam processing and mechanical techniques (e.g.
machining, grinding). Top-down methods offer a wide range of structures of high
yield but are generally neither cost nor time-effective and for some methods,
resolution below the 100 nm range is not easily achievable.’

In the bottom-up approach, nanocomponents are built up from atomic or
molecular species by employing either chemical or physical deposition processes
which allow the precursors to grow in size.” Currently bottom-up approaches
provide an increasingly important complement to top-down techniques. The
bottom-up approaches are inspired by biological systems, where nature has
harnessed chemical forces to create essentially all the structures needed by life.
Therefore, the main goal in the manufacturing of nanoparticles by bottom-up
approach is set as to replicate nature’s ability to create more elaborate structures
which are formed by self assemble of precursors.*

In bottom-up approaches, the utilized processes are based on transformations in
solution e.g. sol-gel processing, chemical vapor deposition (CVD), plasma or flame
spraying synthesis, and laser pyrolysis, atomic or molecular condensation. These
chemical processes rely on the availability of appropriate molecules as precursors,
and also, the use of templating substrates like chemically or topologically patterned
surfaces, inorganic mesoporous structures, and organic supramolecular complexes.

Among the existing bottom-up approaches sol-gel processing differs from other
chemical processes due to its high chemical homogeneity, low processing
temperatures, and the possibility of controlling the size and morphology of particles.
This makes the sol-gel process cost-effective and versatile and also popular.’

2.1.1 General Remarks of Sol-Gel Method

Sol-gel approach is described as the formation of oxide network through
polycondensation reactions of a molecular precursor in a liquid. The sol-gel-derived
materials take part in various applications including microelectronics, solar cells,
intelligent coatings, batteries, and catalysis, as well as in clinical and analytical
chemistry. The sol-gel materials are prepared via the generation of colloidal
suspensions, the “sol”, subsequently converted to viscous “gel” and solid materials
under proper conditions. Both organic (metal alkoxides) and inorganic (salts or
particulate) precursors can be used to build up nanoparticles in sol-gel approach.
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In the literature, among the used precursors tetrafunctional silicon alkoxide (e.g.
tetraethyl orthosilicate) is the most frequently used and well-studied, due to the
slower hydrolysis and condensation kinetics than in transition metal systems.°®

In the sol-gel system, silicate gels are prepared via hydrolyzing monomeric silicon
alkoxide precursors with the additional acid or base catalysts. The production of
silica (silicon dioxide) starts with the hydrolysis of silicon alkoxides and continues
with the condensation reactions. During the hydrolysis reaction (Eq. 1) alkoxide
groups (OR) of the precursor are replaced with hydroxyl groups (OH) and siloxane
(Si-O-Si) bonds are formed in the condensation reactions (Eq. 2, Eq. 3) plus by-
products alcohol (ROH) or water. In the hydrolysis and condensation reactions of
silicon alkoxides, alcohol is added as co-solvent in order to homogenize immiscible
water and alkoxysilanes mixture.

hydrolysis
=Si—-OR+H,0 &————* =Si—O0H+ROH
esterification
Eq. 1
alcohol condensation
=Si— OR+OH—Si < > =Si—0-Si = +ROH
alcoholysis

Eq. 2
water condensation
=Si—-OH+OH-Si ————* =Si—0-Si =+H,0
hydrolysis

Eq.3

The kinetics of the above-given reactions are determined by various parameters,
including the type of the precursor, pH of the sol, temperature, co-solvent the value
of H,O/Si and the solubility of silica. Diversification in these parameters can also
affect the structure and properties of obtained polysilicate products.

The most commonly used tetraalkoxysilanes are tetraethoxysilane (TEOS) and
tetramethoxysilane (TMOS). It is known that hydrolysis of the silicon alkoxide
precursors is very sensitive to steric hindrance. The chain elongation and branching
in the alkoxide ligands cause a decrease in the reaction rate and result in less-
condensed gels.” In addition, replacement of alkoxy groups by other ligands such as
acetylacetone/acetate, either hydrolysis of silicon tetraacetate or the hydrolysis of
tetraalkoxysilanes in the presence of acetic acid results in very fast gelation.”



pH of sols affects both the hydrolysis and condensation reactions in the sol-gel
approach. In general, employing catalysts makes the hydrolysis reactions rapid and
complete. In the sol-gel approaches, mineral acids and ammonia are the most
commonly used catalysts. The rate and the extent of hydrolysis and condensation
reactions are influenced by the strength and concentration of the acid or base
catalysts, ¢ while temperature and solvent are of secondary importance.®* Hydrolysis
and condensation reactions usually take place simultaneously. The continuous
condensation reactions build larger silicon-containing molecules by the process of
polymerization as presented in Figure 1. The rate of the polymerization process is
influenced by pH of the sol and Iler investigated the effect of pH in three
approximate values; < pH2, pH 2-7 and > pH 7.° pH 2 appears as boundary since
the point of zero charge (PZC), where the surface charge density is zero and the
isoelectric point (IEP) where the electrical mobility of silica particles is zero, are both
in the range of pH 1-3. At pH 7 or above pH 7 the particle growth occurs, and no
aggregation and gel formation are observed since the solubility and dissolution rates
are maximized due to the ionization of silica particles. Above pH 7, Ostwald
ripening mechanism takes place in order to fulfill the growing of particles. Ostwald
ripening is known as the dissolving of three-dimensional particles (nuclei) and
deposition of them on the larger ones. At the ordinary temperature and pH above 7,
the particle growth continues up to 10 nm with high dissolution and deposition rate
after that it slows down. At high temperatures, the growth of particles continues to
larger sizes. Above pH 7 silica particles start to repel each other due to being
negatively charged and continue to grow without aggregation.

pH<7O0RpH 7-10  PARTICLE
WITH SALTS
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Figure 1. Polymerization behavior of aqueous silica.’

The molar ratio of H,O/Si also has an impact on the morphology of the
particles.”® Poxviel et al.'!' investigated the hydrolysis of TEOS at different H,O/Si
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ratios. According to their report, increasing the ratio of H,O/Si promotes the
hydrolysis reaction. Under stoichiometric addition of water for the value of H,O/Si <
4, the alcohol-producing condensation mechanism is favored, whereas it changes to
water-producing condensation reaction for the increased ratio (H,O/Si > 4). In the
base catalyzed sol-gel synthesis high H,O/Si (220) values aid to form well condensed
particulate sols that can be dried as powders, whereas in the acid-catalyzed synthesis
high ratio of 10 results thin films and for the preparation of silica fibers obtained
from viscous sols is carried out by the low H,O/Si values (~1).

2.1.2 Synthesis of Non-Porous and Porous Silica Particles

Stober process is one of the mostly used chemical approaches employed to
prepare non-porous silica materials. The process was discovered in 1968 by Werner
Stober et al.'> which built on earlier work of by G. Kolbe in 1956". In the study of
Kolbe, synthesis of monodispersed silica particles based on the hydrolysis and
subsequent condensation of silicon alkoxides in ethanol was investigated. Later on,
Stober et al. worked on the experimental conditions of this reaction systematically
and investigated the controlled growth of spherical silica particles which is now the
well-known Stober process.'? Subsequently, numerous synthesis routes and different
precursors have been used for the preparation of non-porous silica particles with
various sizes and shapes.

The preparation of mesoporous silica materials was reported for the first time by
Yanagisawa et al. in 1990. '*"* In their reported study, porous silica with controlled
mesopores was obtained by the reaction of a layered silicate (kanemite) with aqueous
solutions of alkyltrimethylammonium surfactants. Their findings revealed that the
formation of ordered mesopores is mainly controlled by the surfactant assemblies
which were controllable in the range of 2-4 nm depending on the alkyl chain length
of the employed surfactants. In addition, mesoporous molecular sieves were
prepared in 1992, when Mobil Oil scientists reported the synthesis of silica/alumina
ordered mesoporous molecular sieves (designated as M41S)."® The preparation of
those mesophase silicates was based on self-assembly principles in a concentrated
surfactant (C,TMA) aqueous solution. Three mesophase silicates (MSM-41, -48 and
-50) were prepared by the reaction of monomeric silicate and C,TMA
surfactants.'”'*"

MCM-41 is the initial member, and the most widely studied material of M41S
family, and is based on a hexagonally packed rod-shaped micelle structures.”
Another member of the family is MCM-48, which has a cubic structure and has been
purposed as a three-dimensional and unconnected network of rod micelles. In the
study of Vartuli et al.?!, they investigated a set of synthesis conditions in which
tetrahylorthosilicate and cetyltrimethylammonium hydroxide solution were
employed as structure directing agent (SDA). According to their report, MCM-41
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was obtained at surfactant/silica molecular ratios less than 1, and as presented in the
upper part of Figure 2, MCM-48 was synthesized when the ratios was between 1 to
1.1. Lamellar structured materials (MCM-50) can also be prepared by using the same
liquid crystal templating system. The structure formation of MCM-50 was also
investigated with a variety of synthesis conditions for different metal oxides. The
siliceous lamellar structured material was obtained when the carbon number of the
alkyl chain lengths exceeded six, and in another study, the siliceous lamellar
structures formation was observed at higher surfactant/silica molecular ratios than
those used for the hexagonal (MCM-41) and cubic (MCM-48) materials.?
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Figure 2. The initially proposed LCT mechanism of formation pathways and its
further additions.”

The formation of templates in the synthesis of M41S family of materials was
explained by the liquid crystal templating (LCT) mechanism, in which
supramolecular assemblies of alkyltrimethylammonium surfactant serve as one
component of the template. As presented in the below part of Figure 2, two possible
mechanisms were stated for the formation of mesoporous silicates.'® In pathway one,
the literal meaning of LCT was accepted. It is initiated with the pre-existence of
surfactant micelles (e.g. rod-like micelles) or liquid crystal phases in the surfactant
precursor solution. Formation of silica framework consequently occurs with the
migration and polymerization of silicate ions into the aqueous region. The second
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pathway hypothesizes cooperative self-assembly of the liquid-crystal-like structures
by the interaction between dissolved silica and surfactant species. In the literature,
the first pathway has been argued that it cannot be operative in the majority of cases.
In literature studies, series of experiments were carried out by altering the molar
ratio of surfactant/ Si while the other synthesis variables were kept same. As a result
of these serial experiments MCM-41, MCM-48, MCM-50 materials were obtained
which can be also accepted as evidence of surfactant originating concepts such as
straight liquid crystal and critical micelle concentration analogy cannot be accepted.
The studied conditions showed that liquid crystalline phase formation prior to the
formation of the silicon phase is not possible.'”* In the literature, both LCT initiated
and silicate initiated pathways are accepted as valid so neither silicate nor surfactant
alone would form a liquid crystalline phase, the phase occur under the conditions of
their interactions together. The silicate ions have a vital role in the self-assembly
process.”

In the literature, the formation of surfactant-silicate mesostructures was
identified by three continuous processes which are multidentate binding of silicate
ions to cationic surfactant, polymerization of silicate at the interface of the silicate-
surfactant region and matching of charge density across the interface.” The
explained formation mechanism also clarifies the details of phase transitions from
lamellar and hexagonal mesophases. The binding of silicate ions to the surfactant
leads to the formation of lamellar surfactant configuration by the acting of silicate
ions as multidentate ligands with their high charge density. With the polymerization
of silicate the transformation from lamellar to hexagonal phase occurs which is
caused by the decrease in the charge density of silica and surfactant and the increase
in average head-groups of surfactant assembly. The interactions between the silica
species and surfactants can be utilized in different ways. As presented in Figure 3,
four possible electrostatic interaction routes and also hydrogen bonding interactions
exist.



(™ stemory

Figure 3. Mechanistic pathways of interactions between inorganic species and head
groups of the surfactant (Adapted from reference »).

The synthetic pathway S*I"(Figure 3a) which is valid for the M41S family takes
place under basic conditions where inorganic species silica is in anion form (I') and
cationic surfactants (S*) are used. When the preparation takes place under very
acidic pH(pH~2 ) whereby the silica species are positively charged, in order to
produce an interaction with cationic surfactant a mediator ion usually a halide (X)
is used and the pathway named as  S*X'T*; as shown in Figure 3b. Conversely, when
negatively charged surfactants (e.g., long-chain alkyl phosphates) are used as SDA, it
is possible to work in basic media, where again a mediator ion is required to fulfill
the interaction between negatively charged silica species and anionic surfactant and
the synthesis pathway is named as SX'I; pathway (Figure 3c). When the same
synthesis is carried under acidic conditions there is no need for a mediator ion as
presented in Figure 3d. All these four interactions composed of electrostatic nature
of the species. In the last two pathways as presented in Figure 3e, the interactions
between the silica species and non-ionic SDA is mediated by the hydrogen-bonding,
where neural surfactants (S°) or block copolymers (N°) are employed as SDA. The
pathways are named as S°I° in which uncharged silica species and non-ionic SDA
interact via hydrogen bonding. The other pathway is named as S$° (XI)® in which the
silicate species present ion pairs and the interaction formed is hydrogen bonding.
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After the silica network and sufficient condensation degree have been obtained
during the synthesis of the porous material, the templating molecules can be
removed to open the porous structure since they are no longer needed to act as
template molecules after the sufficient condensation degree is reached. Thermal
decomposition (i.e. calcination) is one of the most frequently used techniques to
remove the template from the readily structured material. Other employed methods

are solvent extraction, oxygen plasma-extraction, ozone-extraction, *

27

supercritical
fluid extraction, ¥ and microwave digestion.?®

High-temperature treatment is known as calcination, and in this method, the
synthesized materials are heated up to burn away the organic portions. In this
method, the heating of the materials might result in other reactions such as removal
of hydroxyl groups, shrinkage of pores. Especially in the cases of further
modifications are needed other methods than calcination should be used to remove
the template such as solvent extraction. In the solvent extraction method, either
alcohol or ion exchange solutions are used. When the synthesis is carried out under
very acidic conditions with the existence of both cationic surfactant and inorganic
species and anionic counter ion, the templates are engaged via weak interactions
with the inorganic network. In these cases, the template can be removed via water or
ethanol solvents. The ion exchange method is usually performed when the synthesis
was carried out via the route S*I' (Figure 3a) due to the strong interaction between
the cationic surfactant head group and negatively charged inorganic species. The
removal of template might be carried out via ion exchanging by refluxing in acidic
ethanol solution or in a cationic alcohol solution. In the study of Hitz et al.?,
different extraction media and their efficacy in template removal were compared for
the MCM-41 materials. Only solvents, acid or cationic proton donors in ethanol and
neutral salts in ethanol were tested in their study. Their findings revealed that more
polar alcohol solvent provides better template removal compared to less polar one
such as ethanol was more efficient to remove template compare to 2-propanol as an
extraction medium. Small cations and strong acids can also be used to extract the
template. For instance, the acidic ethanol solution (EtOH/HOAc) with a low acid
dissociation constant was reported as being less effective compared to the strong
acid solution of ethanol (EtOH/H,SO,). In addition, the ethanolic solution of KNOs
was not as efficient as NaNOs;. The amount of removed template by ethanol
extraction is determined by the mobility of the cations in the close-packed micellar
aggregates and by size of the cations too. In the literature, facile and efficient
template removal was reported by Lang et al.*® In their study, the solvent extraction
of MCM-41 material, in which cetyltrimethylammonium bromide was employed as
template, was carried out with the ethanolic solution of NH;NO;.The high
performance of NH4" was attributed to its chemical and geometrical similarity with
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the head groups of surfactant molecules. The investigation was continued by
characterization of solvent extracted MCM-41 material and no abundance of NH,*
was found in the material. Only the silanol groups were obtained on the surface of
the MCM-41 material which was provided by the weak interaction between NH4*
ions and SiO" groups and leads directly to silanol groups. The solvent extraction
method is advantageous for the design of functional materials which allows further
modifications on the surface of materials.

In this study, mesoporous silica nanoparticles of type MCM-41 were prepared, in
which  the interactions of silica species and cationic  surfactant
(cetyltrimethylammonium bromide) exists as explained in Figure 3a. The removal of
template was carried out by either the facile extraction method of Lang et al.*® or
calcination method depending on the further usage of the particles.

2.1.3 Morphology Engineering of Silica Nanoparticles

Recent advances in preparations of mesoporous silica nanoparticles (MSN) are
focusing on altering the morphology. At the moment, bottom-up approach has been
widely accepted as promising to prepare MSNs with diverse shapes such as spheres,
rods, ellipsoids, platelets. In addition, hollow spheres that own hollow void space
and mesoporous silica shell around become attractive for nanomedicine
applications.

The sol-gel process provides flexible synthesis conditions for the synthesis of
silica nanoparticles that ease the size, distribution and morphology control of
particles through systematic monitoring of the reaction parameters. Compositional
modification of nanoparticles and introduction of functional groups into the
nanoparticle matrix are also possible by the sol-gel approach to providing diverse
surface characteristics.

In the sol-gel approach, controlling the reaction kinetics by adding various
dopants as precursors, changing pH or temperature dramatically during synthesis or
starting with unique templates, such as cationic, non-ionic surfactants, polymers and
electrolytes help to control the size and the shape of silica nanoparticles. The method
developed by Stober et al.'* is capable of controlling silica nanoparticle synthesis by
using tetraethoxysilane as silica precursor, water, ethanol and ammonia with the
synthesis conditions at room temperature and high pH ( ~10).

The size and the distribution of size could be controlled by adjusting the
composition of reactants, temperature, and pH. In the literature, there have been
several studies which present the effects of TEOS concentration on final particle size.
Increasing the TEOS concentration together with the concentration of water and
ammonia up to 7 and 2 M respectively, results with increment in the size of the silica
nanoparticles, after which the effect was reversed.”» When the concentration of
water gets higher the rate constant of hydrolysis increases and results in faster
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kinetics, which leads to the production of smaller particles. In the study of Rao et
al., ® the effect of r= [H,O] / [TEOS] on the size of particles at different
temperatures was investigated. The observations revealed that the increased
temperature at high r values results in larger particles whereas increased temperature
at low r values results in smaller particle sizes.

Various morphologies can be obtained for mesoporous silica nanoparticles by
altering the parameters of the fabrication process. The parameters which tune the
shape of mesoporous silica nanoparticles from spherical to the rod-shaped have
systematically been investigated by the researchers. The common observation in the
existing studies is the aspect ratio rod-like mesoporous silica nanoparticles can be
obtained through the deposition of self-assembled silicate micelles by altering the
type of catalyst, stirring rate, type and concentration of surfactants and the molar
ratio of reaction mixture and increased reaction temperature.***>*%>

The ellipsoidal MSNs preparation also exists in the literature but still it is a big
challenge since common spherical shaped MSNs are promoted during the
minimization of surface free energy. In the literature, the mesoporous silica
ellipsoids were prepared by the addition of KCl and ethanol into SBA-15 type MSN
synthesis with mesoporous channels along the long axis.”® The spontaneous
organization of polymeric surfactant into spherical micelles and further transfer to
non-spherical rod-shaped shapes has been presented in the presence of different salt
additions and ethanol.*” The ellipsoidal MSNs with the texture of channels along the
short axis have had a great attraction in the literature. The synthesis of such
ellipsoidal MSNss has been carried out by altering the reaction components of MCM-
41 and SBA-15.* In SBA 15 synthesis, parallel channels running along the short axis
was succeeded by using a large amount of decane as a co-solvent in the presence of
NH.F during the synthesis.  MCM-41 type mesoporous silica nanoparticles with
ellipsoidal shape were also produced by Mann and co-workers®”. In their work,
cationic surfactant templated oblate mesoporous silica nanoparticle synthesis
reaction was quenched by the addition of HCL. In the study of Hao et al., ellipsoidal
MCM-41 mesoporous silica nanoparticles were obtained by wusing the
cetyltrimethylammonium bromide (CTAB) and sodium dodecylbenzene sulfonate
(SDBS) as a template.”’ In these syntheses, the ellipsoidal shape transformation of
nanoparticles was carried out during the onset and development of mesophases
ordering via side-on ordering and wall formation between the micelles produce a
nematic-like silica-surfactant interior that aids to a sphere to ellipsoid
transformation.

In addition, design of MSNs with large hollow cavities and mesoporous shells (H-
MSNss) has also gained extensive attention in both fundamental and practical studies
because of their unique properties* such as low density, large surface area, high
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cargo-loading capacity, as well as their potential applications in drug/gene delivery*>
¢, biomedical imaging®, catalysis®, etc.

To date, a number of different H-MSNs fabrication routes have been developed
by typical soft-/hard-templating strategies **°*°" > in which the templates are
removed by etchants such as hydrofluoric acid (HF) or alkaline solutions (NaOH or
ammonia).* The varied etching processes can elaborately provide structural
differences in nanoparticulate systems, such as, hollow porous spheres, porous
spheres with solid core and yolk-shell (rattle-type) porous spheres, and so forth.

2.1.4 Surface Engineering of Silica Nanoparticles

Preparation of multifunctional mesoporous silica nanoparticles is another
interest in the field. The core, coating and surface functional groups of silica
nanoparticles make them amenable to modular design. Many functionalities of silica
nanoparticles have been demonstrated in the literature, and the consolidation of the
carefully selected functionalities make them applicable for simultaneously
diagnosing and curing diseases.”**

One of the main ways to obtain multifunctional silica nanoparticles is to modify
the surface groups of silica particles. This can be provided via co-condensation or
post-synthesis surface modification approaches.® In the co-condensation method,
the functional groups are already introduced during the synthesis step, whereas post-
synthesis functionalization approaches are carried out after the particles are
synthesized.

The surface modification strategies should be decided in advance by considering
the aimed applications, since the existing surface properties plays several roles in the
interactions between the particles and the physiological environment and also target
cells/tissue.”” In the literature, possible advantages and disadvantages of different
modification strategies have been investigated for the final applications. For
instance, while aiming for targeted drug delivery applications, additional
functionalities, such as targeting groups are recommended to be introduced to the

outer particle surface.>®

In the case of preparing fluorescent nanoparticles,
uniformly dispersed and segregated fluorophores in the silica network can be
obtained with the co-condensation approach and by this way, self-quenching can be
avoided to a large extent and, thus, the enhancement in the fluorescence detecting
can be provided.

The organo-functionalization of internal and external surfaces of the silica
nanoparticles via co-condensation (Figure 4a) and post-synthesis functionalization

(Figure 4b) are presented in the below figures.
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Figure 4. Surface functionalization approaches a) Co-condensation b) Post-grafting
methods. *

Co-condensation of functional groups

In this method, the reaction of silica source and functional silanes is carried out
via one-pot synthesis by substituting part of the silica source (tetraalkoxysilanes)
with organosilanes.® In this way, the inorganic-organic hybrid network can be
achieved. The organic functionalities are directly incorporated into the matrix of
silica during the co-condensation approach, which has both advantages and
disadvantages. The organic functionalities can be evenly distributed.”> However,
there is a risk of decrease in the degree of mesoscopic order of products with the
increased concentration of organosilanes. Moreover, the reduction in pore volume,
pore diameter, and specific surface area might be obtained due to the co-
condensation of the organic groups into the silica network. A further point that
needs to be taken care of in the co-condensation approach is the template removal
step so the destruction of organic groups and silica linkage should be avoided. This is
why commonly solvent extraction methods are employed to remove the template
from the co-condensed porous silica nanoparticles.

Post-synthetic functionalization

The post-synthetic modifications might be carried out by chemical conjugation
or adsorption of functional groups. The chemical conjugation process (to surfaces) is
also known as grafting. In the grafting process, the silanols groups of the surface
serve as anchors for reacting with organosilanes via elimination reactions. By this
method, the mesostructures of the starting silica material is usually retained; but in
the case of high density of organosilanes grafting, reactions at the pore openings
might result in the inhomogeneous distribution of functional groups. This may even
lead to blocking of the pores and incomplete grafting of center part of the pore
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channels, albeit depending on the size of the functional moieties and the degree of
occupation. Limited surface functionalization by post-synthetic functionalization
has been reported due to low reactivity of surface silanols, the solvent polarity and

6. ¢! Tn the grafting process, the number

dielectric constants used in the grafting.
and accessibility of the silanol groups are the most determinant factors for the
concentration and the distribution of functional groups.®> Water free conditions are
also crucial to prevent the risk of organosilanes reaction with water and hierarchical
polymerization of organosilanes in the pores.

Thermogravimetric analysis is a commonly used method to determine the extent
of grafting. However, there are more quantitative and straightforward methods to
define the extent of functionalization. In the literature, °C and *Si NMR were
performed to determine the degree of silane condensation and hydrolysis which
provide more quantitative information about the degree of grafting.®®

Adsorptive methods are also used for post-synthesis functionalization of
particles. By this method, a huge amount of different surface modifiers can be used
for functionalization, such as small molecules, synthetic homopolymers and
copolymers, natural polymers and so on. It is crucial to have sufficient interaction
between particle surfaces and modifiers for the preparation of surface modified
particles via adsorptive methods. In the present study, adsorptive methods were
employed as the main strategy for surface modification. Adsorption of polymers and
copolymers were carried out.

During the adsorptive functionalization process, the adsorption of ionic
molecules on the particles is provided by the electrical interactions within the
electrical double layer of the particles. The charge generation and the structure of
electrical double layer aid to predict the electrical interactions during the adsorption
process. The contributions of electrical interactions and specific interactions should
be considered when the total adsorption energy is given during the adsorption
process. The adsorption energy equation can be written as®:

AGgas = AGgec + AGspec Eq. 4

where AGge. contains electrostatic interactions in the systems and AGg. depends on
the nonelectrical nature of the system. During the adsorption process high and low
coverage of surfaces might result due to dominant electrical adsorption energy. In
the adsorption process of similarly charged species and surfaces, adsorption cannot
be succeeded efficiently due to the repulsion forces whereas the attraction forces
between different surface charges help to have high surface coverage.

Several trends have been confirmed especially for the adsorption of
homopolymers and the occurrence of the adsorption process take place only if the

14



critical value of the adsorption energy per chain be accomplished.®® Within the
explained trends, the adsorption is found to increase with decreasing solvent-
polymer interaction, the adsorption increases with increasing molecular weight.*
The exchange with shorter chains is possible during the adsorption process. On the
other hand, the adsorption of polymers is irreversible when the adsorbed layers face
pure solvent. In the case of uncharged or neutral polymer adsorption on the colloidal
surfaces, there are three possible scenarios. The first one is the efficient amount of
polymer adsorption on colloidal surfaces and thereby provided steric stabilization,
the second one is the formation of flocculates caused by the bridging of the same
polymer chain on two particles, and the third one is depletion due to no polymer
adsorption on the surfaces. In the case of charged polymers, the electrostatic
interactions between polymer/particle, polymer/solvent, and polymer/polymer need
to be considered. Generally, charged polymers adsorb strongly on oppositely
charged particles, but also charged polymers may also adsorb on surfaces of the same
charge if the non-electrostatic affinity is strong enough to overcome the electrostatic
repulsion.” When the process of homopolymers and copolymers adsorption is
compared the adsorption of copolymers is very quickly at the contact with the
surface whereas longer time is required for homopolymers adsorption, due to many
surfaces—polymer encounters before adsorption or surface arrangement, so that
specific surface sides can interact. The total adsorbed copolymer is also found to be
higher than the values calculated for homopolymers.®®

In the adsorptive surface functionalization method, the important system
parameter is grafting density (or area per chain) p, which is the inverse of the
average area available for each polymer at the surface. The grafting density also
determines the conformation of the occupying polymers on the particle surface. In
the case of low grafting densities, the polymers accommodate far apart from each
other and hardly interact with each other when having mushroom conformation.
For the higher grafting densities, the chains begin to overlap and the polymer
extends away from the adsorbed surface in order to avoid each other and
transformed to brush conformation with vertical height.®

In order to confirm the occurrence of polymer adsorption on particles,
thermodynamic analysis between particle and polymer is carried by calorimetry and
the extent of adsorbed polymers on the particle surfaces might be determined via
thermogravimetric analysis methods.

Consequently, when the different surface modification methods are compared,
one realizes that co-condensation method reduces time, energy, or other
disadvantages of the post-synthesis modification. However, while one-pot co-
condensation synthesis affects the structure and morphology of the particles due to
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the existence of organic groups in the synthesis, the post-synthesis modifications do
not affect much the size and size distribution of the particles.

2.2 The Role of Nanoparticles in Medicine

In the last decade, the fascinating developments within material science and
collaborative interdisciplinary efforts to design novel nanoparticulate systems have
provided advantages over molecular technologies in nanomedicine applications. In
the literature, nanoparticles are extensively employed in biomedical applications and
continue to be considered as a boon” for diagnosis and therapy. The flexible
modification possibilities of nanoparticles aid to retain efficient solubility and
colloidal properties to utilize in complexed biological environments (e.g. blood,
tissues, etc.). The modest alterations in structure, surface modification, and affinity
ligand choices prompt to plenty of advantages for sensing, imaging, and targeting of
nanoparticles in biological systems.

In medicine, the successful disease combating requirements are listed as early
detection of the lesion, identification of the disease with the aid of biomarker’s signal
that will help to choose right therapy and efficient delivery of therapeutic reagents to
the lesion, and reduced unwanted side effects. Nanoparticles can easily meet all these
demands in the nanomedicine platform. For instance, the essential event in most
nanoparticle-based biomedical applications is the binding of a label or probe to the
particles that will help to diagnose of the lesion area by tracking of nanoparticles
with a measurable characteristic signal. Various types of nanostructures has been
used for diagnostic purposes, including quantum dots, nanoshells, metal
nanoparticles, carbon nanotubes, and cantilevers. These nanostructures might be
employed for in vitro and in vivo diagnosis to meet the demands of clinical
diagnostics for high sensitivity and earlier detection of disease. In this sense,
nanoparticles have been considered to have the potential as novel intravascular or
cellular probes for diagnostic (imaging) purposes.

The use of nanoparticle-based diagnostics has a great importance, especially for
cancer treatment. For instance, biomolecule coated superparamagnetic iron oxide
nanoparticles (SPION) are used for detecting cancer cells by magnetic resonance
imaging. The presence of specific molecular markers on the particles bind to the
cancer cells which induce a specific measurable signal is imaged by magnetic
resonance imaging. Such technology helps to determine individual cancer cells
months or years earlier than the conventional diagnostic tools and might be
employed to find out residual or metastatic cancer cells after therapy.”

Besides using nanoparticles solely for imaging they can also be used to overcome
the second demand, delivering therapeutic compounds to the lesion. In the drug
delivery technologies, the traditional treatment by therapeutic agents has been
reported to have poor solubility, lack of targeting to lesion site, non-specific
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biodistribution, toxicity, and low therapeutic index.” These limitations and
drawbacks can be overcome by integrating the therapeutic agent in nanoparticles to
deliver to the place of action with the provided protection from rapid degradation
and with enhanced concentration in lesion tissues. When the accumulation of
therapeutic compounds in the targeted site is increased, consequently, the required
doses of drugs become lower which helps to overcome the especially disparity
problem between the dose of drug and its therapeutic results or toxic effects. In the
literature, a variety of inorganic or organic nanostructures, such as liposomes,
polymers, dendrimers, silicon or carbon materials, and magnetic nanoparticles, have
been reported as carriers in drug delivery systems.”

Nanoparticles Polymeric micelles Liposomes

Dendrimers Polymer-drug conjugates

Figure 5. Types of nanostructures used for drug delivery in the literature (Adapted
from reference 7).

It is also possible to design nanoparticles as theranostic agents, which allow
simultaneous diagnosis and therapy. The term “theranostic” is used to imply a
proposed strategy that combines the diagnostic and therapeutic action. It was used
by the Chief Executive Officer of PharmaNetics as a treatment strategy for the first
time in 1998, to signify the concept of the ability to affect therapy or treatment of a
disease state. The treatment strategy theranostic aims to monitor the response to
treatment and increase drug efficacy and safety, which leads to individualized
therapeutic strategies towards personalized medicine. In order to succeed in the
mentioned strategy, the therapeutic and diagnostic capability needs to be combined
into one single agent. Such combination agents can be provided with the offered
opportunities of emerging nanotechnology. Accordingly, it was reviewed in the
literature that theranostic nanoparticles should have at least three components, i.e.,
carrier, the payload for therapeutic intervention and surface modifier, depending on
both their roles and their physical locations, as illustrated as in Figure 6.
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Figure 6. Schematic illustration of a theranostic nanocomposite.”

Although the field is relatively novel, numerous of nanoparticulate formulations
are already in clinical trials and successfully marketed. " 77 The nanoparticulate
formulations offer advantages over conventional therapeutics.”” With the
optimization of preparation techniques, achievements in the field of nanoparticles
characterization and a better understanding of nanoparticles in complex biological
environment has raised hopes for the use of nanoparticles as platform in medicine.”

2.2.1 Silica Nanoparticles in Biomedical Applications

Silicon is the most abundant element (27.2%) in the Earth’s crust after oxygen
(45.5%).” By virtue of its chemical and physical characteristics, silicon and its oxide
forms take place in variety of industries, such as electronics, construction, food and
biomedical industries. Among all these fields, biomedical applications attract great
attention and grow rapidly. For instance, silicon-based materials have been
employed as dietary supplements, implant, dental fillers, and contact lenses. ”
Especially the fundamental characteristics of silicon dioxide (silica)-based
nanoparticles such as size (generally from 5 to 1000 nm), optical properties, high
surface area, low density, adsorption capacity, capacity for encapsulation,
biocompatibility, and low toxicity, make them widely utilized as an inert solid in

diverse biomedical applications. *

Therefore, silica-based nanoparticles offer
numerous of advantages with its existing characteristics and prompt novel
applications in biomedical research, such as biosensors, enzyme supporter,
controlled drug delivery and release and cellular uptake in addition to its
applications in protein adsorption and separation, gene delivery, imaging, and
pharmaceuticals.

Recently, silica nanoparticles in the form of ‘C-dots’ (Cornell dots)® were US
FDA approved for stage I human clinical trial.** Silica is an endogenous substance,
especially abundant in bone, cartilage and other supporting tissue. Silica is ‘generally

recognized as safe’ by the US FDA.*
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There exist two common types of silica nanoparticles in the literature; solid silica
nanoparticles (SiNP) and mesoporous silica nanoparticles (MSN) both of which
consist of an amorphous silica structure. Both types are extensively used in
biomedical research. *® Researches on mesoporous and solid silica nanoparticles for
biomedical applications has expanded greatly and various studies have been carried
out regarding the application of them. When the ordered mesoporous silica
materials are considered, there were initially developed for catalysis applications.
However, its potential was recognized quickly by the researchers to be used in many
different research areas, such as magnetism, sensors, optical materials,
photocatalysis, fuel cells, thermoelectrics, and even in pharmaceutical field. One of
the first attempts regarding the capability of mesoporous silica nanoparticles (MCM-
41 type) to act as a reservoir for drug delivery was done by Vallet-Regi et al. in
2001.In the study, ibuprofen was employed as guest molecules and loaded into the
pores of silica nanoparticles, and subsequently drug release in simulated body fluid
was investigated.* Similar types of applications also take place in the literature for
non-porous silica nanoparticles in which the guest molecules usually are linked to
solid silica nanoparticles via covalent conjugation® or can be encapsulated in the
silica matrix during the synthesis of particles.’*

Especially after the introduction of MSNs, due to their intrinsic characteristics
such as large surface area, high pore volume, tunable pore sizes, abundant
inner/outer surface chemistries and biocompatibility, they gained great interest as
probes for diagnosis, repair materials for tissue engineering, synergistic or
radiosensitive agents for ultrasound therapy or radiotherapy.® Today the
exploration of MSNss still continues as one of the hottest topics both for in vitro and
in vivo research in the biomedical research field. Despite the existence of well-
established in vitro research of MSNs, the in vivo assays of MSNs regarding to bio-
safety, imaging and therapeutic efficiency to encourage the application of MSNs into
preclinical stage were started in 2008 by Wu ef al..* The main reason for such delay
is the complexity of in vivo physiological environment which makes it difficult to
imitate and leads to less reproducible results. The other point regarding applicability
of MSNss in clinical trials is the characteristics of MSNs. The design of MSNs should
be well addressed to be utilized in the physiological environment because the bio-
behavior of MSNs are strongly related to their preparation that varies the size, shape
and surface chemistry of particles.”” For instance, when MSNs are administered by
intravenous injection the biodistribution and blood circulation time depend on the
MSN’s size and surface chemistry. The surface chemistry of MSNs also limits in vivo
efficacy due to unspecific protein adsorption which leads to reticuloendothelial
system (RES) uptake and elimination. °" %
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Consequently, recent developments in MSN-based theranostic designs have
promoted the preclinical and clinical studies that contribute human health and
personalized medicine platforms but still stronger cross-disciplinary collaborations
are required to develop MSN based smart nanomedicine.

2.2.2 Modulations in Design of Silica Nanoparticles for Biomedical
Applications

Physicochemical properties such as size, shape and surface characteristics of silica
nanoparticles play a key role in biomedical applications. The physicochemical
properties of silica nanoparticles help to predict their behavior during their in vivo
journey and reaching the destination, biodistribution, intravascular and
transvascular transport, and targeting capability to lesion sites.”” The inherent
properties of nanoparticles such as their surface modifications, surface to volume
ratios, controllable shapes, and unique optical properties make them excellent
candidates for future biomedical applications, and many efforts have been made to
control these properties of silica nanoparticles which are the prerequisite for
biomedical applications.”

2.2.2.1 Modulating the Size & Shape of Silica Nanoparticles

Among all the physicochemical properties of silica nanoparticles, controlling
their size and shape is a significant issue because these properties strongly affect the
efficacy of the particles in biomedical applications.”” In the literature, studies with
mesoporous silica nanoparticles (MSNs) have been carried out in order to
investigate the effect of size and shape, especially on cellular uptake, and cytotoxicity.
MSNs are favored for such research because tight control in their morphology can be
achieved by the employed synthesis routes. Lu et al. reported MSNs cellular uptake is
highly particle-size-dependent in the order 50>30>110>280>170 nm for the studied
particle sizes, ranging from 30 nm to 280 nm.” In the study of Jiang et al. different
cellular uptake efficiencies and mechanisms were observed for cervical cancer cell
line (HeLa) with the altered MSN sizes and the most effectively internalized particle
size was mentioned as 50 nm among the studied particle sizes.”” On the other hand,
regardless of particle type, even though smaller particle sizes induces facile cellular
internalization still no size limit up to 5 pm is observed for the internalization of the
particles.”

While the shape effect of MSNs is studied, two main categories are considered.
The first one is the aspect ratio and the other one is morphology, as presented in
Figure 7.
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Figure 7. Mesoporous silica nanoparticles (MSNs) can be divided into categories by
particle aspect ratio and morphology (Adapted from reference *°).

Lately, MSNs with different aspect ratios have been thought to provide various
inclination possibilities at bio-nano interfaces and higher internalization rate, longer
circulation time and better therapy efficacy. ', ' In the study of Huang et al. '
the shape effect of MSNs, with the aspect ratios (AR) 1, 2, 4, on cellular uptake and
behavior was demonstrated. Their findings revealed that MSNs with larger ARs were
internalized in a particular cell line by non-specific cellular uptake, in larger
amounts with faster rates compare to other particles with smaller ARs, which were
also internalized by non-specific cellular uptake. A possible explanation for this
behavior was given as the differences in the curvature of the differently shaped
MSNs. For example, when the longitudinal axis of rod-shaped NP interacted with
cell membrane, a larger contact area is provided compared to spherical NPs. An
additional suggestion on this topic is the resemblance of rod-like particles with rod-
like bacteria, which could be a reason for the observed enhancement in

internalization rates in non-phagocytic cells.'”"

Moreover, the particles with higher
ARs was found to have greater impact on different aspects of cellular functioning
such as cytoskeleton organization and migration, cell proliferation and apoptosis. All
in all, available results suggest that, as compared to their spherical counterparts,

elongated nanoparticles can be more favorable for therapeutic applications.

2.2.2.2 Modifications on Surface Functionality of Silica Nanoparticles

The available surface modifications of silica nanoparticles allow precise control of
surface chemistry to modulate surface charge, colloidal stability in suspension,
anchoring for bio-functionalization (antibodies, proteins, peptides targeting ligands
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and drug molecules), molecular gate-keeping, and stimuli responsiveness, controlled
cleavage of surface-bound coatings or moieties. The ability to combine these
properties makes silica nanoparticles an even more desirable platform for
theranostic applications. The surface chemistry can be diversified by various
methods, including covalent conjugation of complexes, co-condensation, surface
grafting and physical adsorption of polymers.

Physical adsorption of small molecules, macromolecules like branched polymers,
copolymers, dendrimers or phospholipids are also frequently used in the literature
since they can provide higher amounts of functional groups than the ones provided
by co-condensation and surface grafting methods.'? 10 104 103

The dispersion stability of silica nanoparticles is one of the relevant concerns with
the surface modified silica nanoparticles which means silica nanoparticles should be
stable in biologically relevant aqueous media without aggregation. Net surface
charge primarily determines the dispersibility and stability of nanoparticles by
electrostatic stabilization, where highly charged nanoparticles are necessary to
provide colloidal stability.

The surface charge of the particles also plays a vital role to determine the fate of
the particle’s interaction with cells and biological environment. For instance, the net
positive surface charge is attributed to be beneficial in maximizing cellular uptake,
whereas net neutral charge is favorable for diminishing non-specific interactions in
biological environments.'” The net surface charge of silica nanoparticles also has a
great impact on the in vitro cytotoxicity together with the dose and treated cell types.
7 The studies exploring the positively charged nanoparticles have shown that
particles with positive surface charges penetrate cell membranes, regardless of the
type of particle, which may contribute to the possible cytotoxicity of such particles.'®

The surface characteristics of the silica nanoparticles can facilitate prolonged
tracking of the particles and labeling of cells with the provided appropriate
conjugating anchors for the dyes and also an environment for the incorporated dyes.

As presented in the study of Rosenholm et al.'®®

, by employing different surface
functional groups hydrophobic/hydrophilic fluorophore incorporation can be
provided. In addition, surface characteristics of silica nanoparticles may contribute
to the sustained release of loaded drug when the particles are employed in drug
delivery. Hydrophobic and hydrophilic characteristics of silica nanoparticles may
lead to varying of drug release profiles from the particles. '®!*

The architecture of the accumulated groups on the surface of silica nanoparticles
influences the control of nanoparticle interactions at the bio-nano interface and their
fate within the biological system. Among various nanoparticle surface modification
approaches, polyethylene glycol (PEG) is one of the most commonly used polymers,

which has been proved as a successful strategy for stealth particle preparation and
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prolonging the circulation times, '

as well as improving the enhanced
permeability and retention (EPR) effect. In order to provide high efficiency of the
process, the conformation and surface density of the polymers are important along
with other characteristics of the polymer ie. chain length, layer thickness and
molecular weight of the polymer.''> '*

Consequently, in light of literature investigations the structure and morphology
of silica nanoparticles can be altered by controlling the synthesis steps of silica
nanoparticles. Sufficient surface functionalization can be provided both with post-
and one-pot co-condensation synthesis methods. When the surface modification
methods are compared, one realizes that the post-synthesis modifications do not
significantly affect the morphology of particles, whereas one-pot co-condensation
synthesis affects the structure and the morphology of the particles. Therefore, it is
beneficial to know the advantages and drawbacks of the aimed strategies, while

synthesis and surface modification methods are being decided.
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3 AIMS AND HYPOTHESIS OF THE STUDY

In this thesis, physicochemical characteristics of silica nanoparticles were used as
a tool to facilitate the utilization of silica nanoparticles for biomedical applications.
For this purpose silica nanoparticles were prepared with controllable
physicochemical characteristics i.e. size, shape, structure, surface and composition.
The influences of these features were examined for diagnosis and therapy
applications.

The specific aims of the study were to :

- examine the effects of surface modifications on colloidal stability and
redispesibility of silica nanoparticles in biologically relevant media and in vitro
conditions

- enhance the drug loading capacity of silica nanoparticles by altering the structure
of the nanoparticles

- improve therapeutic action of silica nanoparticles by employing targeted drug
delivery strategy

- improve the imaging and cell labelling capability of silica nanoparticles by
employing different surface modifications, altering the morphology of silica
particles, and diversifying the incorporation strategy of imaging agents into the
particles

- evaluate the interactions of shape and surface engineered silica nanoparticles in
biological environment

The overall hypothesis is thus: silica nanoparticles can be prepared controllably

and tailoring the aforementioned features of silica nanoparticles has an impact on
facilitating their usage in nanomedicine.
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4 CHARACTERIZATION METHODS
4.1 Dynamic Light Scattering

Dynamic light scattering method is one of the ensemble particle sizing methods
by which the size of the particles are measured in suspension of the sample and the
size distribution data is extracted from the obtained signal of the measurements.'"*
Dynamic light scattering (DLS) is widely used to determine the hydrodynamic
diameter of nano and micron sized particles in colloidal dispersions. The variations
in the intensity of scattered light from a colloidal dispersion are measured on the
microsecond time scale by DLS technique. The particles in dispersion undergo
random thermal motion known as Brownian motion, which is related to the size of
the particles. The motion is modeled by the Stokes-Einstein equation (Eq. 5) from

the translational diffusion in the form most often used for particle size analysis.

_ kT
" 3mnD;

Where Dy is the hydrodynamic diameter of the particle, D;is the translational
diffusion coefficient, n is the solvent viscosity, T is the absolute temperature and k is
the Boltzmann's constant.

The translational diffusion coefficient will depend not only on the size of the
particle. So “core” is not the only determinant in dynamic light scattering
measurements, but also the existing surface modifications, as well as the
concentration of the sample and type of ions in the medium.

The shape of the examined particles has also a pivotal effect on the resulting
hydrodynamic size, especially in the cases which the shape of the particles affects the
diffusion speed. The changes in the width of rod-like particles will not affect the
diffusion speed significantly, so will not result in a big difference in hydrodynamic
size; whereas any small change in the length of a rod-like particle will directly affect
the diffusion speed and the apparent size. In such cases, the obtained size value is the
diameter of a sphere that has the same average translational diffusion coefficient as
the particle being measured.

In this technique, usually a laser is used as a light source and shot through the
sample. When the molecule and/or particles are hit the light, it causes a scattering of
the light in different directions. In the rate of the intensity, fluctuation is measured
and used to calculate the size of the particle. In order to interpret the intensity
fluctuation data, a correlator measures the degree of similarity between two signals
over a period of time. A correlation function plot is obtained by comparing the
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intensity signal of a particular part of speckle pattern (where scattered light is
detected) at one point in time and the one at a very short time later. In this way,
strongly correlated intensity signals are obtained. Further in time, the compared
signals will not be as good correlated as first-time points so the correlation will
reduce in time and reach the zero-value. A typical correlation function against time
is presented in Figure 8.''°

Correlation

Time
Figure 8. Illustration of dynamic light scattering correlation function of particles.'”

After the correlation function is obtained, it is used to calculate the size
distribution by knowing the rate of decay in the correlation function is related to
particle size. The rate of decrease is much slower for large particles than it is for
small particles. The decay rates for a number of size classes are extracted from the
correlation function by using software algorithms and size distribution data is
obtained. The relative intensity of light scattered by diverse classes of particle size is
presented as intensity size distribution. The obtained intensity size distribution can
be converted to number and volume size distribution (Figure 9) by considering the
scattering light intensity and particle size relation described in Rayleigh
approximation as the intensity of scattered light is proportional to the sixth power of
the particle diameter.
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Figure 9. Particle size distributions for a sample containing equal number of 5 nm

and 50 nm particles by number, volume and intensity.'”®
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In the report of DLS results, the Z-average value is presented, which is the
intensity weighted mean diameter derived from the cumulants analysis. Also,
polydispersity index (PDI) is represented in the report as a measure of the size
distribution broadness.

In this study, the presented size values are given as Z-average values, and in each
measurement the PDI values are considered as a quality of analyzed sample
suspension.

4.2 Zeta Potential Measurements

Zeta potential is an experimentally determined physical property of particles
when they are suspended in a liquid media. In the liquid media, the particles are
surrounded by an electrical double layer (Figure 10).
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Figure 10. Illustration of ion distribution around charged particles in the
dispersion.'

In the electrical double layer, ions with opposite charges adsorb on the particles
surface and a net charge at the particle surface is formed which affects the
distribution of ions in the surrounding media. The surrounding liquid layer of
particles is composed of two parts; an inner layer known as Stern layer and an outer
region named diffuse layer. The Stern layer consists of strongly adsorbed counter
ions on the particle surface, whereas diffuse layer has both loosely associated positive
and negative ions. In the electrical double layer, the strongly adsorbed ions (in the
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Stern layer) are not mobile during the movement of particles in the liquid. When the
particles move due to gravity or an applied voltage the ions, the Stern layer also
move along with the particle. In the diffuse layer, there is a boundary called as
Slipping plane and the ions beyond the boundary stay with a bulk liquid media The
potential at this boundary is called zeta potential ({-potential). The magnitude of the
zeta potential indicates the stability of colloidal suspensions. When the zeta potential
value of the particles is highly negative or positive, it will aid to have well-dispersed
particles in the liquid phase, that is, a stable colloidal suspension.

The zeta potential value also depends on the pH of the dispersion for the aqueous
media. It is crucial to mention the pH of the media for the zeta potential
measurements. As presented in Figure 11 the isoelectric point (IEP) of the colloidal
systems can be determined by altering the pH of the dispersion. Isoelectrical point
determination provides the information of the pH value at which the net effective
surface charge is zero and it is a vital practical consideration for preparing stable
colloidal systems. As shown in Figure 11 below, sufficient negative potential value
provided when the pH value is higher than pH 7 (approx. -30 mV) and when the pH
value is lower than 4 sufficient positive potential value (approx. +30 mV) is obtained
to provide stable colloidal system which has the IEP at pH 5.5.

2+

20 4

Zeta Potential (mV)

40 +4

Figure 11. Typical plot of zeta potential versus pH showing the position of the
isoelectric point and the pH values where the dispersion would be expected to be
stable.""”

Electrophoresis is the most widely used technique for zeta potential
measurements by which the movement of charged particles can be measured with
applied electric field. The direction and electrophoretic mobility (velocity) of the
particles, which are dependent on the strength of the applied electric field, the
dielectric constant of the liquid, the viscosity of the liquid and zeta potential can be
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determined with this technique. Zeta potential value of the particles can be
determined with the help of Henry equation (Eq. 6).

_ 2&0f (xa)

Ug >

Eq. 6

UE is electrophoretic mobility, { is Zetapotential, is dielectric constant, 1 is
viscosity of the dispersed media and k(a) is Henry’s function approaches value 1 for
low of which represents the ratio of particle radius (a) to electrical double layer
thickness (Debye length, 1/k) of the particle, and for large values, it approaches 1.5.

In the present study, the zeta potential measurements were carried out at room
temperature in buffer solutions, and the presented values are average of 3 sequential
measurements, each with more than 10 runs.

4.3 Electron Microscopy

Electron microscopes are instruments that use a beam of electrons to image a
specimen on a very fine scale. The topology, morphology, composition and
crystallographic information of the objects can be obtained. The limitations of light
microscopes in getting fine resolution and high magnification create the need of
electron microscope development. Due to the fact that light microscopes use the
photons of light to visualize the specimen, they are just able of magnification up to
1000-2000 times, whereas electron microscopy can show higher magnification up to
2 million times. This is a physical limit imposed by the wavelength of the light.
Electron microscopes use a beam of electrons with a shorter wavelength than
photons, therefore, they allow for the visualization of structures that would normally
be not visible by light microscopy.

There are two types of electron microscopes, scanning electron microscope
(SEM) and transmission electron microscope (TEM). In both types the mentioned
steps are followed regardless of type; a stream of electrons is formed by an electron
gun and accelerated in a vacuum towards the specimen. The stream is confined and
focused using metal apertures and magnetic lenses into a thin, focused,
monochromatic beam. The beam is focused on the specimen by a magnetic lens and
the sample is irradiated by the beam. The interactions occur inside the irradiated
sample, affecting the electron beam which is transformed into an image (Figure 12).
However, there is also some operational diversity between SEM and TEM. In SEM,
the beam of electron scans the surface of the specimen and the morphology and
topology information is obtained; while in TEM the electrons are transmitted
through an ultra-thin specimen, and this enables to examine fine details in the
specimen.
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Figure 12. Schematic illustration of information produced by the interaction
between specimen matter and the electron beam (Adapted from reference ''6).

In SEM, electron beam scans across the specimen and the electrons interact with
the specimen. The two signals, back scattered electrons and secondary electrons are
used to generate the SEM images. Elastically scattered electrons from the specimen
are called back scattered electrons and the in-elastically scattered electrons, due to
the loss in kinetic energy upon their interactions with orbital shell-electrons, are
called secondary electrons. Electrons captured by the scintillator/ photomultiplier
are then amplified and used to form an image in the SEM. When the electron beam
knocks off the inner shell electron, the electron from higher energy levels drops to
lower energy levels resulting into emission of Auger electrons, which are used to get
information of the chemical composition of the sample. This technique is called as
Auger electron spectroscopy (AES). The emission can also be in the form of photons
known as X-ray photons and have high energy, which are used for the compositional
analysis of the sample. This technique is known as energy dispersive analysis of X-
ray (EDAX) and is used extensively to study the elemental composition of the
sample.

In TEM, the specimen is illuminated by an electron beam, and electrons transmit
through the specimen. As the electrons travel through the sample, they are either
scattered or are transmitted unaffected through the sample. This results into a non-
uniform distribution of electrons in the beam that comes out of the sample, which
presents all the structural information of the sample. The transmitted electron beam
strikes the fluorescent screen with the aid of magnetic lenses and generates an image
with varying contrast. The darker areas with higher contrast are those from where
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fewer electrons have been transmitted due to high density or thickness of the sample
while the of lower contrast show the areas in the sample, which have less density or
thickness, and thus more number of transmitted electrons are present. The obtained
image is detected by CCD (charge-coupled device) in real time.

In this study, both SEM and TEM microscopy techniques were employed to
investigate the size, morphology and mesoscopic structures of the samples. For SEM
investigations, a thin layer of dried samples was mounted on copper tape and coated
with carbon, gold or gold-platinum. TEM specimens were prepared on TEM grids as
a drop from ready sample suspensions in order to provide thin layer.

4.4 Small-angle X-ray Diffraction (SAXRD)

The scattering of X-rays by (solid) materials provides a wealth of structural
information in angstrom level. The nature of knowledge depends on the scattering
vector. The technique is constructed on how X-rays are diffracted by electron clouds
of the atoms. The intensity of the scattered radiation is directly related to the
electron density differences in the matrix. The position of diffraction peaks, their
intensity, and their angular distribution provide information about the structure
within a sample.'”® The position of reflections in the diffractograms aid to calculate
the location of scattering entities by using Bragg’s equation;

7]1 =2 dhlk Sll’l(e) Eq 7

Where A is the wavelength of the radiation, n is the integer number of the
wavelength and djy is the repeating distance between the lattices with indexes h, 1, k
and 0 is the angle at which constructive interference occurs.

Different diffractograms are obtained for differently assembled lattice spacing of
the samples. SAXRD analysis provides information about the mesoscopic ordering
of the amorphous materials such as pore architecture of the mesoporous material.'*
Mesoporous materials exhibit lamellar, hexagonal or cubic pore orderings, which
appears differently in diffractograms as presented in Figure 13.
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Figure 13. X-ray diffraction pattern of different mesoporous silica materials
(Adapted from reference »).

In the lamellar structure, the repeating distance, d, directly gives the lattice (unit cell)
parameter, a. The unit cell parameter, a, for the hexagonal network is obtained with
Eq.8;

a = Zdhkllg_l/z Eq 8
where a (unit cell parameter) is the repeating distance between the centers of pores

in the hexagonal structure. In this case, dua is the digspacing as presented also in
Figure 14.
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Figure 14. Schematic illustration of the hexagonal structure with the d,g spacing
and unit cell parameter a.

By combining the obtained information from SAXRD analysis and N,-sorption
measurements for the hexagonal structured mesoporous materials, the mesopores
wall thickness and also diameter can be evaluated.

4.5 Nitrogen Physisorption

Nitrogen physisorption analysis is one of the widely used methods that help to
characterize porous structured materials. The technique gives information about the
specific surface area, pore size distribution and pore volume of the material. Both
routine controls and investigation of novel materials may be carried out by using
existing user-friendly commercial equipment and on-line data processing.

In this method, the adsorption/desorption isotherms of nitrogen are first
determined as a function of relative pressure (p/py) at the temperature of liquid
nitrogen (~77 K). Then, further analysis of obtained isotherms provides the
information about surface characteristics of the sample.

The isotherms can be obtained by using both discontinuous (point-by-point) and
continuous approaches. The latter approach is more recent and dependent on the
principle of ‘quasi-equilibrium’. In this case, the introduction of the adsorptive is
introduced slowly in order to obtain a continuous ‘equilibrium’ isotherm which
provides the advantage to reveal inconspicuous features (e.g. sub-steps) that may not
be detected by the discontinuous approach. In the discontinuous approach,
successive amounts of the adsorptive are introduced and at each stage, the system is
allowed sufficient time to attain equilibrium, which of course corresponds to a series
of single points on the adsorption isotherm."”’ The amount of gas adsorbed by the
solid is dependent on the equilibrium pressure, temperature and the nature of the
gas-solid system. The existing relationship between all these are presented in
graphical form and called as adsorption isotherm. According to IUPAC
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classifications, there exist six different types of physical adsorption isotherms as
presented in Figure 15.

Specific amount adsorbed n

Relative pressure p/p°®

Figure 15. Six main types of gas physisorption isotherms, according to IUPAC
classification.'*

In discussing the adsorption isotherm types, it is expedient to classify pores
according to their size, and mention that it is important to outgas the sample prior to
analysis in order to eliminate most of the physisorbed species on the sample and to
reach well-defined, reproducible state that is suitable for the purpose.’” According
to IUPAC, ultramicro pores have widths less 0.7 nm and micropores have widths in
the range of 0.7 nm and 2 nm, mesopores in the range 2-50 nm. The largest pores are
termed macropores, and have widths exceeding 50 nm, but these have less
significance in the context of the physisorption of nitrogen.

Type 1 isotherms are observed for the adsorption of gasses on microporous
solids, whose pore sizes are not much larger than the molecular dimensions.
Enhanced adsorbent-adsorbate interactions occur in micropores of molecular
dimensions. Limited range of pore sizes and the very small external surface is
implied by he obtained horizontal plateau, which is attained by a narrow range of
relative pressure. Type I isotherm signify that adsorption is limited to the
completion of a single monolayer of adsorbate on the adsorbent surface.

Type II isotherms are obtained for non-porous and macropores adsorbents.
Both monolayer and multilayer adsorption occurs. The knee point B is ascribed as
where the monolayer adsorption ends and multilayer adsorption starts. With the aid
of point B, the monolayer capacity can be estimated.

Type III isotherms are obtained for weak adsorbate-adsorbent interactions
where adsorption hardly occurs.
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Type IV isotherms are typical for mesoporous adsorbates, in which characteristic
hysteresis effect is also observed due to capillary condensation inside the mesopores.
The shape of the hysteresis loop between adsorption and desorption branches may
vary due to the differences while filling and emptying the pores of different systems.
Again, in this type of isotherm, point B can be considered as a point where the
monolayer adsorption is completed and multilayer adsorption begins.

Type V isotherms indicate weak adsorbent-adsorbate interactions as in type III.
Different type of hysteresis is caused by the filling and emptying the pores. For these
materials usually, the pores are different in shape and size.

Type VI isotherms appear as a stepped isotherm. It is associated with the layer-
by-layer adsorption on a highly uniform surface. Usually, non-polar molecules on
uniform surfaces result in such isotherms.

By using the physisorption data, the specific surface can be determined. The most
widely used procedure to obtain the specific surface area of porous and finely
divided materials is by the application of Branauer-Emmett-Teller (BET) equation

(Eq. 9).

plpe  _ 1 +f'-'(!’)
N —p/Pe) NuC  NpuC \Py, Eq. 9

n is the amount adsorbed at the relative pressure p/p, and n, is the monolayer
capacity. The BET equation is essentially a multilayer extension of Langmuir theory.
In order to calculate the specific surface area of the material the monolayer capacity,
nm, value from the BET plot is derived. Then, the specific surface area can be
calculated from n, with the knowledge of the average area, a. occupied by each
molecule in the completed monolayer (a,,for N, at 77K is taken to be 0.162 nm?).

A (BET) =n, - N,-a, Eq. 10

a.(BET) = A(BET)/m Eq11

where A(BET) is the total area and a(BET) is specific surface area respectively of the
adsorbent with the mass m and Avogadro number N,.

When the pore size determination is concerned, a variety of methods are
proposed and extensively applied. The use of nitrogen adsorption for pore size
analysis dates back to the late 1940s. Many of them relate the pore size with the
pressure of the capillary condensation and evaporation, which is presented with the
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Kelvin equation.'” According to the classical Kelvin equation, the relative pressure
can be given as function of mean radius of the meniscus (pore radius) as:

29V, [ 1
ml=_L Eq. 12
12 RT \rp,

where p/po is the relative pressure, y is the liquid/vapor surface tension, V; the molar
volume of liquid at temperature T, the gas constant R and r,, is the mean radius of
the meniscus. After investigating the importance of adsorbed films on the pore walls
during the adsorption process, the statistical film thickness () was introduced to the
Kelvin equation as a correction and implemented in Barrett-Joyner-Halenda (BJH)
method to calculate actual pore size distributions under the assumption of a
cylindrical shape of pores (r,). It is essential to consider the stability limit of the
meniscus for the capillary condensation while estimating the pore diameter. The
relative pressure p/p,=0.42 is considered to be the stability limit for capillary
condensation and the capillary condensation of N, cannot occur at a relative
pressure lower than 0.42 at 77 K. Therefore, theoretical basis for BJH analysis is
fairly weak for the materials with pore sizes smaller than 4 nm since the adsorption-
desorption steps lie below the lowest limit for the capillary condensation. Due to the
inaccurate calculations of the BJH method especially for pore sizes below than 4 nm,
and even large ones as 20 nm, alternative and more accurate methods developed to
determine the pore size distributions; density functional theory (DFT).”*® Over the
past few years, density functional theory (DFT) has become an important method
for the characterization of porous materials. The approach is established on the
assumption of the pores of different size all have the same regular shape (e.g.
cylinders or slits) and generally each pore acts independently. The adsorbate is
pictured as an inhomogeneous fluid, which is characterized by its density profile
across the pore. The DFT creates equilibrium profiles for all locations inside the pore
by minimizing the free energy. The interpretation is more complicated when the free
energy is associated with both fluid-fluid and fluid-solid interactions which can be
obtained, and become more accurate by non-local density functional theory
(NLDFT). NLDFT method allows the calculation of pore sizes from micro- to
mesopores.

In this work, nitrogen sorption measurements were performed to determine the
structural parameters related to the mesoporosity (surface area, pore size, and pore
volume) of prepared particles and data analyzes was carried out with AS1Win
software (Version 2.02, Quantachrome Inst.). BET and NDLFT theories were
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employed to determine the specific surface area and pore size and pore size
distribution of the particles.

4.6 Spectroscopic Methods

Study of the the interaction between radiated energy and matter is principally
named as spectroscopy. Historically it is originated from the pass of a narrow beam
of sunlight through a triangular glass prism and the white light is dispersed into a
visible spectrum of primary colors according to its wavelength. Then, the notion was
expanded to cover any interaction with radiative energy as a function of its
wavelength or frequency. Spectroscopic data is often presented by a spectrum, a plot
of the response of interest as a function of wavelength or frequency.

Many sub-disciplines exist in spectroscopy, each with numerous approaches of
specific spectroscopic techniques. The approaches can be classified according to the
type of radiation energy, nature of interaction and type of interacted materials.

In many applications, the spectrum is obtained by the changes in the intensity or
the frequency of the incident radiative energy as a result of interactions. The
radiative energy types may vary according to its source as; electromagnetic radiation,
particles (due to their Broglie wavelength), pressure waves and mechanical methods.

The spectroscopic techniques are classified according to the wavelength of the
incident radiation as presented in the electromagnetic spectrum in Figure 16 and
include microwave, infrared, visible and ultraviolet, x-ray and gamma spectroscopy.

o Increasing Frequency (v)

Mxrowave

[T T 0 o ot w* 1 10 W T o' ot

Increasing Wavelength (3,) —=

Figure 16. Electromagnetic spectrum as a function of wavelength and frequency
with the detailed visible region (Adapted from reference '%).
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Types of spectroscopy can also be distinguished by the nature of the interaction
between the energy and the material. These interactions are named as in Figure 17.

Sample

, Photoluminescence

“ ATmnsm-ss-on

Figure 17.  Interactions of radiation and matter.

Reflection
Scattering

Absorption occurs when energy from the radiative source is absorbed by the
material. Absorbance is a quantitative measure which is expressed as;

Al = loglolTO Eq13

where A is the absorbance at a certain wavelength (A), e and I, is the incident light
before the interaction with the sample and I is the transmitted light through the
sample. Absorbance is closely related to transmittance T, the ratio of the intensity
of transmitted light and incident light (I/10) and given as,

Al = loglo(T_l) = 10g10 T Eq 14

In absorption spectroscopy, a photon absorbed by an atom or molecule and
results in a transition from a lower-energy state to a higher energy state or excited
state as presented in Figure 18. The type of transition is depicted by the photon’s
energy. Electrons are promoted to higher electron levels by ultraviolet or visible
light, changes in vibrational energy and rotational energy are caused by infrared
lights and microwaves, respectively. When an atom or molecule in excited state
returns to a lower energy state, the excess energy often is released as a photon and
the interaction is called as emission (Figure 18). There are several ways in which an
atom or molecule may end up in an excited state, including thermal energy,
absorption of a photon, or by a chemical reaction. Emission following the absorption
of a photon is also called photoluminescence, and that following a chemical reaction
is called chemiluminescence.
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Figure 18. The energy diagram to present the absorption and emission of a photon
126
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by an atom or a molecule.

Measuring the concentration of an absorbing species in a sample is accomplished
by applying the Beer-Lambert Law. The Beer-Lambert law is the linear relationship
between absorbance and concentration of an absorbing species. The general Beer-
Lambert law is usually written as:

A=¢-b-c Eq.15

where A is the measured absorbance, ¢ is the molar absorbtivity (Lmol'cm™), b is
the path length of the sample that is, the path length of the cuvette in which the
sample is contained and c is the concentration of the compound in solution(molL™").

Scattering takes place when the radiation deviates from its straight trajectory after
interaction with the matter and reflection is the change in direction of a wavefront
after interaction of the radiation with the material. Determination of elastic
reflection or scattering of incident radiation is carried out in elastic scattering and
reflection spectroscopy which aid to examine the arrangement of atoms in solid
crystals. Crystallography employs the scattering of high energy radiation, such as x-
rays and electrons.

In spectroscopic studies, radiant energy may interact with atoms, molecules, and
nuclei which are named as techniques according to interacted matter type. Atomic
spectroscopy was the first developed application of spectroscopy in which visible and
ultravisible lights are involved in both atomic absorption spectroscopy (AAS)
and atomic emission spectroscopy (AES). The atomic spectral lines are obtained
with the techniques due to electronic transitions of outer shell electrons from one
electron orbital to other caused by the absorption and emission interactions. The
atomic spectral lines aid to quantify and identify the elemental composition of the
sample since atoms of different elements have distinct spectra. Modern
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implementations of atomic spectroscopy to study visible and ultraviolet transitions
were carried out by flame emission spectroscopy, inductively coupled plasma
atomic emission spectroscopy, glow discharge spectroscopy, microwave induced
plasma spectroscopy, and spark or arc emission spectroscopy.

The interaction of combined atoms formed into molecules and radiative energy
creates unique types of energetic states, and also spectra of transitions between the
energetic states is known as molecular spectroscopy. Molecular spectra can be
obtained due to electron spin states (electron paramagnetic resonance), molecular
rotations, vibrations and electronic states. Rotations are collective motions of the
atomic nuclei and typically lead to spectra in the microwave and millimeter-wave
spectral regions; rotational spectroscopy. Vibrations are relative motions of the
atomic nuclei and are studied by both Infrared and Raman spectroscopy.

When the nuclei of atoms absorb and reemit the electromagnetic radiation in a
magnetic field distinct nuclear spin states are obtained which lead to gamma ray
spectra. This selective technique is called as nuclear magnetic resonance (NMR)
spectroscopy that eases to determine the structure of many compounds. It helps to
distinguish among many atoms within a molecule or a collection of molecules of the
same type, but which differ only in terms of their local chemical environment. NMR
spectroscopy is used to identify known and novel compounds.

In thesis, UV-VIS spectroscopy was employed to determine the drug loading
efficiencies on the particles and also determine the drug release profiles from the
particles when they are designed as drug carriers. In addition, the same technique
was employed in order to quantify the amount of fluorophores on the fluorescent
particles. The success of specific ligands conjugations on the particles was confirmed
by this spectrometric method. In these experiments, the absorption spectra of the
interested molecules were recorded on UV-VIS spectrophotometer with the help of
standard curves prepared at different concentrations. The fluorescence intensity of
labelled particle suspensions was determined by fluorescence spectrometry by
dispersing them in various media at certain concentrations. Fourier
transforms infrared spectroscopy (FTIR) and NMR was employed to quantify the
structural confirmation and the composition of the in-the-house prepared
copolymers respectively. Inductively-coupled plasma atomic emission spectrometry
(ICP-AES) was employed to analyze the extent of paramagnetic Gd (III), in the
particles when the particles are designed as contrast agents.
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4.7 Isothermal Titration Calorimetry

Isothermal titration calorimetry (ITC) is an approach that examines the heat
exchange accurately during a chemical or biochemical reaction. The technique
provides information about the changes in enthalpy (AH) and entropy (AS) of the
process as well as the characterization of interactions such as binding affinity (K,) of
macromolecules and ligands.

In the isothermal titration experiments, a sample solution containing a reactant is
titrated with another reactant at an appropriate temperature. After each addition of
the titrant absorbed or released heat is monitored by the calorimeter and the
recorded heat changes are used as an indication of interactions.

The quantitative characterization of the energetic processes associated with the
accompanying reaction is carried out by the thermodynamic analysis of the observed
heat changes."””> '*® Therefore, ITC became the instrument of thermodynamic
analysis of molecular interactions, the knowledge about AH, AG, and the AS can be
obtained in one experiment (Figure 19). Furthermore, there is no size limitation on
the investigation molecules and the experiment can be conducted in turbid or
colored solutions or in the presence of suspensions.
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Figure 19. ITC instrument performing a titration. When an injection is made, the
change in heat associated with binding (endothermic or exothermic) results in a
change in temperature in the sample cell. A change in power (heat/s) is required to
return the cells to identical temperatures. This change in power is recorded as a series
of injections is made. The inset presents a heat signal after each injections and how it
reduces due to the saturation of binding sites.

In thesis, polymer adsorption on nanoparticles was investigated Isothermal
Titration Calorimetry (ITC) by titrating the polymer solution into a calorimetric
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vessel containing particle dispersion and recording to the occurring enthalpy
changes with. The differential enthalpy changes were calculated with the help of the
software DIGITAM 4.1. The differential enthalpy change is considered to reflect
different interactions between the polymers and the particles and hence might give
an indication of the adsorption process.

4.8 Thermogravimetric Analysis

Thermogravimetric Analysis (TGA) is a technique in which mass change of the
specimen is monitored either as a function of increasing temperature or isothermally
as a function of time in a controlled atmosphere. TGA mainly provide information
about the characteristics of materials that exhibit either mass loss or gain due to
decomposition, oxidation, or loss of volatiles. TGA is also employed to get
information about the temperature at which phase transitions take place during
combustion and/or evaporation of sample. Common approaches of TGA are (1)
studying the degradation mechanisms and reaction kinetics, (2) characterizing
materials with the analysis of characteristic decomposition patterns, (3) determining
the organic and/or inorganic (e.g. ash) content in the sample, which might aid to
predict sample structures or simply used as a chemical analysis.

In TGA analysis, reproducibility is an important matter in order to compare one

set of data to another. There some operating variables in TGA, which are calibration,
specimen preparation, furnace cleanliness, temperature scanning rate, temperature
range and analysis atmosphere, can contribute to reproducibility. The appearance of
TGA-curve may differ with any change in the given variables, therefore, it is crucial
to choose same temperature programming for the run of samples whose data sets are
going to be compared.'”
TGA-Netzsch STA 449F1 Jupiter instrument was used in this study in order to find
out the extent of surface modifications on dried samples. The recorded thermograms
were analyzed with the help of software Proteus 5 in order to estimate surface
modification degree on the samples.
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5 RESULTS AND DISCUSSION
5.1 Silica Nanoparticles with Diverse Size and Morphology

In the thesis, silica nanoparticles with spherical and rod-like shapes, porous, non-
porous and hollow structure were prepared on the submicron scale for biomedical
approaches. The morphology and size of silica nanoparticles were altered by
controlling the hydrolysis and condensation steps of the sol-gel approach. Spherical
non-porous silica nanoparticles (SiNP), spherical mesoporous silica nanoparticles
(MSN), rod-like mesoporous silica nanoparticles (NR-MSP) and, additionally,
hollow structured spherical mesoporous silica nanoparticles (H-MSN) were
abbreviated as given.

Spherical non-porous silica nanoparticles (SiNPs) were formed by Stober method
which consists of an ethanol/NH;/TEOS mixture.’®® 100 nm sized SiNPs were
obtained by modifying the Stober procedure. The obtained SiNPs were synthesized
for Paper I, named as 100 SiNP, in order to evaluate the utilization of PEG-PEI
copolymers for the facilitation of silica nanoparticulate systems in biomedical
applications. There, 100 SiNPs were employed as, in nanotechnology definitions, 100
nm is typically taken as the ‘classical’ cut-off value.””" In addition, SiNPs aid to avoid
the complexity of porous surfaces in MSNs during the investigation of the surface
functionalization process. Moreover, the 100 nm sized SiNPs can be considered as a
model for nanoparticles in biomedical applications. Similarly sized and bigger SiNPs
were also prepared for SUPPORTING PAPER III. They were employed to
investigate their interaction with living cells by establishing correlations between
their physicochemical properties and their potential to induce toxicity with respect
to cellular viability, oxidative stress, and hemolysis.

In this thesis, MCM-41 type mesoporous silica nanoparticles with different
characteristics (size, shape, mesoscopic orderings, and surfaces) were prepared in
order to investigate their behavior in the bio-relevant environment. The studies were
started with the synthesis of mesoporous silica nanoparticles (MSNs) with pore sizes
about 3 nm and BET surface area higher than 1000 m?*/g. In MCM-41 type MSNs
synthesis, cetyltrimethylammonium bromide (CTAB) was used as structure
directing agent and tetraethylorthosilicate (TEOS) was the silica precursor. In the
optimization of MSNs synthesis protocol absolute ethanol was added to aqueous
basic reaction solution at various portions. In this synthesis protocol ethanol was
employed as co-solvent to promote the desired size, of particles with the slight
modification of the synthesis protocol described by He et al..'* In the reference
study of He et al., the synthesis was carried out in basic aqueous condition with the
following molar composition of reagents: 1 TEOS/ 0.31 NaOH/ 0.122 CTAB/ 1186
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H,O. In their study, MSNs with the sizes about 150 nm and high mesoporous
channels and 863 g/m* BET surface area was obtained.

In the unpublished experimentation part of the thesis, the synthesis protocol of
the He et al. study was modified as follows. Alcohol was added to reaction solution
as the co-solvent to provide better miscibility for TEOS and water, and facilitating
the hydrolysis during the reaction. When the precursor and the water are
mechanically mixed, a single phase mixture can be obtained by the addition of
alcohol, which induces the reaction. During the optimization of the synthesis
protocol, the added amount of ethanol was increased as: 10 v/v%, 15 v/v%, 20 v/v %,
25 v/v%, 40 v/v % in the reaction. After the synthesis of the series of MSNs, the
particles were collected by centrifugation n solution and washed with acetone after
which calcination at high temperature (550 °C) was carried for 6 h in order to
remove SDAs. The morphology of the particles was explored by SEM imaging.
According to the unpublished images presented in Figure 20, spherical and non-
aggregated MSNs were obtained with the addition of absolute ethanol to the MSN
synthesis solution between the ranges of 15-25 v/v %.

Figure 20. SEM image of a)10 v/v% b)15 v/v % c) 20v/v % d)25 v/v )40 v/v %
ethanol content in modified MSN synthesis of the He et al. study. '

Hydrodynamic sizes and the polydispersity indices (PDI) of MSNs series were
determined by redispersing them in HEPES buffer solution (25 mM at pH 7.2) with
ultrahigh sonication treatment. The lowest PDI value of 0.3 was obtained for the
MSNss that was produced by the synthesis protocol containing 20 v/v% ethanol as co-
solvent in the reaction solution. The Z-average value of the DLS measurement was
about 700 nm (as presented Figure 21).
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Figure 21. Hydrodynamic size distribution of MSNs (Figure 20c) in HEPES buffer
solution.

In the unpublished experiments of the thesis, various post-synthesis treatments,
before SDAs removal, were applied for the further optimization of the MSNs
synthesis protocol. In Table 1 the steps of these post-synthesis treatments were given
in detail for the MSNs (obtained with the 20 v/v% ethanol content in the
synthesis).The hydrodynamic size values and (- potential values of the differently
treated particles suspensions were listed. In the MSNs synthesis optimization part of
the unpublished investigations, the elevated temperature 80 'C was also lowered to
30° C in order to ease the synthesis conditions. Moreover, different portions of (3-
aminopropyl)triethoxysilane (APTES) were co-condensed with the portions 0, 1, 10
mol % of added TEOS. The aim of altering the APTES content in the synthesis
solution was to provide functional groups for further modifications and also to alter
the net surface charge of the MSNs in the suspension. As presented in Table 1, good
redispersibility for the particles was obatined when they were treated with vacuum
drying-calcination (C), and solvent extraction protocols (D) as post-synthesis
treatments, which was assigned by the low PDI values.
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Table 1. Description of the varied MSN synthesis and obtained hydrodynamic
size (nm) and (- potential results for the MSNs in HEPES buffer solution.

Zeta
Samples Explanation for the prepartion protocols PDI Z-a[‘:l ?:l?ge Potential
[mV]

1-no APTES addition

2- collect particles by centrifugation
0-MSN-A  [3- redisperse them in water with high sonication | 0.73 673 -44
4- freeze dry over night

5- calcination @550 C for 6h.
1-no APTES addition

2- collect particles b_y filtration 0.55 498 40
3- freeze dry over night

4- calcination @550 C for 6h.

1-no APTES addition

2- collect particles by centrifugation
0-MSN-C 3- wash with acetone 0.29 244 -38
4-vacuum dry overnight

5- calcination @550 C for 6h.

"1-no APTES

2- collect particles by centrifugation
3- wash with acetone

O-MSN-D' i olvent extraction in ethanolic NH4NO: for BA0s: = =
three times.

5- Overnight vacuum drying .

1-1 mol % APTES

2- collect particles by centrifugation
1-MSN-A - redisperse them in water with high sonication | 0,42 473 -35
4- freeze dry over night

5- calcination @550 C for 6h.
1-1 mol % APTES addition
2- collect particles by filtration

3- freeze dry over night 038 o
4- calcination @550 C for 6h.

1-1 mol % APTES addition

2- collect particles by centrifugation
1-MSN-C  3- wash with acetone 0,36 2N -33
d-vacuum dry overnight

5- calcination @550 C for 6h.

1-1 mol % APTES addition

2- collect particles by centrifugation
3- wash with acetone

T-MSN-D Ly coivent extraction in ethanolic NHsNOz for 24 H2s g
three times.

5- Overnight vacuum drying .

1-10 mol % APTES addition

2- collect particles by centrifugation
10-MSN-A 3- redisperse them in water with high sonication | 0.41 532 -40
4- freeze dry over night

5- calcination @550 C for 6h.
1-10 mol %APTES addition
2- collect particles by filtration 036
3- freeze dry over night .
4- calcination @550 C for 6h.

1-10 mol % APTES addition

2- collect particles by centrifugation
10-MSN-C [3- wash with acetone 0,25 325 -37
4-vacuum dry overnight

5- calcination @550 C for 6h.

1-10 mol% APTES addition

2- collect particles by centrifugation

3- wash with acetone

4-solvent extraction in ethanolic NHsNO3 for
three times.

5- Overnight vacuum drying .

0-MSN-B

1-MSN-B

10-MSN-B 418 -39

10-MSN-D 0.15 539 22
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The influence of post-synthesis treatments on the mesoscopic ordering of MSNs,
prior to calcination, was investigated with SAXRD measurements in the unpublished
investigations of the thesis. The samples were analyzed before and after the
calcination processes. The presented diffractograms, (Figure 22) from the
unpublished data of the thesis, revealed that the treatments coded A, B, C before
calcination do not cause any distortion in the mesostructure ordering of the MSNs
for the 10-MSN series, whereas already slight distortions were observed for 0-MSN,
1-MSN series. However, after the calcination of the same samples, the alterations
become more obvious in the diffractograms, as presented in Figure 23. Treating the
non-APTES MSNs (0 series) by ultra-sonication before calcination (the treatment
coded A) is harsh for the porous structure even before calcination. After the
calcination, no pore ordering was observed for B and C treatments. The reason for
such an observation could be the shrinkage during the calcination. Only the
treatment coded D (which is solvent extraction) helps to preserve the porous
structure ordering, which results in an increase in d-spacing compared to untreated
0-MSN. For the synthesis of MSNs, it seems the addition of APTES (series 1 and
series 10) to the synthesis solution aids to preserve the porous structure of MSNs
even after various post-synthesis treatments. The reason for such an observation was
given as APTES being able to strengthen the assembly between the template and
silica sources, due to the hydrophobic packing by the aminopropyl groups of the
APTES, which also yields high mesoporous ordering.'*

a b c — before calc-10A
before calc.-0A w— hefore calc.-1A el
= before calc.-108
—— before calc.-0B before calc-1B
——before calc.-10C

before calc.-0¢ = before calc.-1C

Intensity [a.u)

2 Theta 2 Theta 2 Theta

Figure 22. SAXRD diffractograms of MSN series after post-synthesis treatments and
before calcination.
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For the 1-MSN series, no significant changes were observed due to post-synthesis
treatments prior to calcination (Figure 22b) and no change in the d-spacing values
was obtained, whereas variations were observed after calcination process. (Figure
23b) The peak positions were shifted from 2.02, 2.18, 2.17, 2.17 to 2.08, 2.68, 2.66,
and 2.14 for the 1- MSN series respectively. As seen in Figure 23b there is a clear
shift in the peak positions of 1B and 1C preparations after the calcination process.
These results are ascribed to the shrinkage of the pores of MSN during the
calcination process. In the series 10-MSN, the ultrasonication process does not cause
any significant distortion as in the other series (Figure 22c). The distortions become
obvious after the calcination process for all type of post-synthesis treatments, except
solvent extraction (10D-MSN).

The deduced information from the unpublished investigations of the thesis
helped us to derive detailed information about the critical points of MSNs
preparation, which were also adopted for the material preparations in Paper II,
Paper IV, Paper V, and Paper V1.

a ——Untreated | | D — Utreated c ——Untreated
—DA —1A — 104
——08 —18 —108
1C 10C

0cC

.0D -1D

-100

Intensity [a.u]

2 Theta 2 Theta 2 Theta

Figure 23. SAXRD diffractograms of MSN series with different post-synthesis
treatments and calcination.

The morphology and aspect ratio of MSNs were altered as presented in PAPERs
I1, 111, and IV. The rod -shaped mesoporous silica nanoparticles (NR-MSPs) were
provided by our collaborators from Linkoping University, Sweden. The particles
were used either as pristine or with surface modification to compare them with the

48



spherical shaped MSNs. The morphological overview and the mesoscopic properties
with the hydrodynamic radius value in a water suspension of the NR-MSPs were
given in Figure 24.
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Figure 24. a) SEM images of NR-MSP, inset TEM images, b) Hydrodynamic size
distribution of NR-MSP in aqueous suspension, ¢) SAXS diffractogram of NR-MSP, d)
N2 sorption isotherm of NR-MSP.

Additionally, hollow-structured mesoporous silica nanoparticles (H-MSN) were
prepared with the modulation of the MSNs synthesis conditions, as explained below
in the text. The synthesis of H-MSNs was carried as one—pot hard/soft template-free,
enlarged pore sizes as explained in PAPER V. For the preparation of pore expanded
H-MSN, the inhomogeneous nature of the silica network was taken as an advantage
which was obtained by the incorporation of pore swelling agents and aminosilane
reagents into the synthesis solution of MSNs. Especially by considering the
difference in the condensation degree of the silica framework between the interior
and shell section, we were able to fabricate H-MSNs by inducing preferential
dissolution of the less-condensed silica sections. The selective etching/dissolution
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was generated as an in situ hydrothermal treatment of the MSNs in the synthesis
solution.

In the synthesis of H-MSNs, tetraethyl orthosilicate (TEOS) and (3-
aminopropyl)-triethoxysilane (APTES) were employed as silica sources and the
reaction was carried out in basic ethanol solution in which decane and 1,3,5-
trimethyl benzene (TMB) were employed to form pore-expanded MSNs by

introducing these hydrocarbons into the cylindrical micelles.**

After an overnight
reaction at room temperature, the solution was hydrothermally treated in situ at an
elevated temperature of 70°C for 48 h. The organic template of the particles was
removed by calcination (550 °C, 2.5 h). The morphology of the generated H-MSNs

was investigated by SEM and TEM images as presented in Figure 25.

Figure 25. Electron microscopy images of H-MSN a) SEM, b) TEM, b-inset
zoomed-in view (PAPER V).

The obtained particles are spherical in shape as shown Figure 25 with an average
diameter of around 350 nm, as also measured by DLS in Figure 26. The
hydrodynamic diameter distribution exhibits a narrow peak centered at 460 nm,
further supporting the size uniformity of H-MSNs. A noticeable contrast between
the interior section (150 nm in size) and the shell was found in the TEM image,
which confirms the formation of the hollow structure. The shell of the particles has
perpendicularly aligned mesopores and a typical IV nitrogen adsorption/desorption
curve, was obtained for H-MSN with a high pore volume around 1.35 cm’g" and
mesoporous shell size of ~5 nm(calculated by NLDFT method) indicated by a
steep increase of adsorbed nitrogen at relative pressures the (pp,') ranging between
0.4 and 0.5. An additional observation was H1-type hysteresis loop in a type-IV
isotherm, where the adsorption and desorption branches are almost horizontal and

1

parallel within a wide pp,’ range from 0.5 to 0.9 which is also characteristic of

hollow spheres.
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Figure 26. a) Hydrodynamic size distribution (b) N, sorption isotherm of the
prepared H-MSN together with pore size distribution (PAPER V).

In this part of the study, our focus was also laid on the formation mechanism of
the H-MSN architecture. A recent study by Wong and co-workers' have
demonstrated that the silica shell on nanoparticles formed by a typical Stober
method (ethanol/water/NH3/TEOS) is inhomogeneous in nature due to the
sequential hydrolysis of TEOS in water, and the inner layer of the MSNs contain
unhydrolyzed ethoxy groups are chemically less stable and thus, the inner layer can
be selectively etched by hydrothermal treatment. In order to prove similar formation
mechanism in the generated H-MSN, the same particles were prepared without
hydrothermal treatments (H-MSN no HT) and TEM imaging and N, sorption
measurements and thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) were carried out and the results were presented in Figure 27.
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Figure 27. a) TEM images of MSNs prepared without hydrothermal treatment
(MSN no HT) b) N2 sorption isotherm of H-MSN no HT together with pore size
distribution ¢) TGA (continuous red and black lines) and DSC (red and black dash
lines) curves of H-MSN and MSN no HT.
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Solvent extraction was carried out to remove the SDA instead of calcination in
order to preserve organic species in the silica network. As presented in Figure 27a,
typical MSN structure without hollow voids was obtained and a typical H1 hysteresis
loop (Figure 27b) was observed with a low pore volume value 0.7 cm® g'. The
obtained characterization data for “H-MSN no HT” strongly support no hollow
interior formation before the hydrothermal treatment. According to the obtained
TGA and DSC curves in Figure 27¢, a similar weight loss in the range of 170 and 250
°C for both H-MSN and “H-MSN no HT” samples were found with an
accompanying exothermic peak at 212 °C in their DSC curves, which could be
ascribed to the decomposition of aminopropyl groups from the co-condensed
APTES silanes. Moreover, another notable exothermic peak at 325 °C is observed in
the DSC curve of the sample before the hydrothermal treatment. It is difficult to
determine the precise amount of organic species from the weight loss due to the
overlapping of the dehydroxylation of silanols in the same temperature range.
However, it is quite possible that the second exothermic peak resulted from the
contribution of the unhydrolyzed ethoxy groups in the mesoporous silica network."*

The formation of ethoxy defects in the H-MSN network was also investigated by
employing a similar MSN synthesis in the absence of APTES and TMB reagents. The
negligible void formation in the MSNs was observed when the same synthesis was
carried without APTES or TMB (MSN no APTES and MSN no TMB), as presented
in the TEM images (Figure 28 a, b) Additionally, in the absence of APTES,
chrysanthemum-like particles were formed with a wide pore size distribution
ranging between 3 nm and 7 nm, as well as a significantly lower BET surface area
(351 m* g-') was obtained (Figure 28c). On the other hand, in the absence of
TMB, almost regular MSN morphology with 956 m’g" BET surface area and with 4.9
nm average pore size value obtained (Figure 28 c).
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Figure 28. TEM images of (a) MSN synthesized without APTES (MSN no APTES),
and (b) MSN synthesized without TMB (MSN no TMB) (PAPER V).

After investigating the generated MSNs under different synthesis conditions, the
mechanism of H-MSN formation can be explained as a result of silica network
formation with an accelerated speed in a controlled fashion during particle growth
by the combination TMB and APTES reagents effect, which can, in turn, lead to less
sufficient time for the hydrolysis of the silica source. Because TMB is a well-known
reagent to accelerate the condensation of silica species due to the m-silanol
interactions, while APTES can accelerate and strengthen the assembly between the
template and silica source due to the increased hydrophobic packing by the
aminopropyl group of APTES."”” As a consequence, there are more and/or weaker
defects preserved in the inner part of the particle during the particle growth, and a
larger and more prominent hollow void was generated after the in situ hydrothermal
treatment.

The obtained results from this part of the study provided information about
synthesis of silica nanoparticles with controlled size, shape and structural
characteristics in order to evaluate their impacts on biomedical applications.
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5.2 Functionalization of Silica Nanoparticles

Surface chemistry of silica nanoparticles can be diversified by different methods,
such as covalent conjugation of complexes, co-condensation, physical adsorption of
polymers and surface grafting. In biomedical applications, surface modification of
silica nanoparticles is usually utilized to increase their biocompatibility and reduce
undesired interactions between the particles and their surroundings, tune the
effective surface charge, enhance the colloidal stability of particles, provide affinity
ligands for targeted delivery of cargo molecules and also to incorporate imaging
modalities to silica nanoparticles. In this study, various type of surface modification
strategies was also employed, including co-condensation and post-grafting of
organosilanes with /without pre-reacting with fluorophores and physical adsorption
of polymers and copolymers on silica surfaces.

As presented in the published papers and also the SUPPORTING PAPERs, the
surface modification of silica nanoparticles is highly determinant for biobehavior of
silica nanoparticles. When the surface functionalization of silica nanoparticles is
carried out by using co-condensation approaches, in which the organosilanes are
introduced already during the synthesis step, this leads to homogenous
incorporation of the functional groups throughout the silica nanoparticles. This way
of preparation is useful for the incorporation of fluorophores by pre-reacting it with
organosilanes that are subsequently used in the co-condensation reaction and
yielding inherently fluorescent silica nanoparticles as presented in PAPERs I and II.

In this study, the surface functionalization of silica nanoparticles was carried out
to provide colloidal stability (PAPER I), to tune the effective surface charge
(SUPPORTING PAPER II) on the particles, as capping agents for the pores (PAPER
III, SUPPORTING PAPER I), to enhance the cellular uptake by cells
(SUPPORTING PAPER II, VI) to incorporate imaging agents (PAPER III, IV, VI)
and as anchor for affinity ligands (PAPER III and SUPPORTING PAPER 1V, VI).

5.2.1 Surface Functionalization to Enhance the Colloidal Stability

In order to evaluate the colloidal stability of silica nanoparticles before and after
surface modification, a model system with 100 nm sized non-porous silica
nanoparticles was used with and without surface modification. The physical
adsorption of prepared poly(ethylene imine) — poly(ethylene glycol) copolymers
(mPEG-PEI copolymer) on SiNPs with two different grafting densities were carried
out. The interaction mechanism between the prepared SiNP and copolymers were
investigated by calorimetry and the effect of increased PEG grafting ratio on the
attained colloidal stability of copolymer functionalized SiNP and its further
implications on the biobehavior of SiNP were evaluated.
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The study was started with the preparation of mPEG-PEI copolymers with low
and high grafting densities of the mPEG unit. As presented in Figure 29, the grafting
of mPEG (5000Da) portion on PEI (hyperbranched- 25000Da) was carried out by
the linker hexamethylene diisocyanate (HMDI).

Figure 29. Synthesis of the mPEG-PEI copolymer (for mPEG,,,PEI) (PAPER I).

The first grafting ratio was 6, abbreviated as “mPEG.,-PEI” and the second one
was 50, abbreviated as “mPEGu-PEI”. The detailed description for the copolymer
preparation and the success of preparation was discussed in PAPER I with the
qualitative and quantitative structural confirmations. The success of reaction was
claimed by FTIR analysis in which the peaks around 1660 cm™ and 1540 cm™ were
referred to secondary amide I and II bands of PEI grafting on mPEG coupled HMDI,
and also diminishing of the peak at wavelength 2275-2250 cm™ was ascribed to the
success of PEI grafting of mPEG-HMDI. In the same characterization part of
copolymers, the accessible amine groups were quantified by titration method within
the pH range 4 to 8 in order to predict the strength of possible electrostatic
interaction between copolymers and SiNP. The accessible amine groups were
calculated with the help of the plotted titration curves in Figure 30. The values 0.3,
0.15 and 0.07 molar equivalent (mequiv) amine groups for 1 g of PEI, mPEG,qPEI
and mPEGyPEI were estimated, respectively. The calculated values revealed that
the accessibility of amine groups is decreasing with the increased grafting ratio
between mPEG and PEI This circumstance might also be predicted to result in less
electrostatic interaction between mPEGyg-PEI and SiNP as compared to mPEGi,y-
PEI and PEL
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Figure 30. Plot of titration curves for PEI, mPEG;.,PEI, mPEGygPEI solutions
(PAPER ).

Isothermal titration calorimetry (ITC) measurements were carried out after the
characterization of copolymers, to monitor the interaction between copolymers and
SiNP surfaces in detail. The same investigation was also performed for commercially
available starting mPEG and PEI polymers in order to follow the change in the
strength of interaction and the influence of mPEG grafting on the interaction with
SiNP surfaces. The ITC measurements were carried out in HEPES buffer (pH 7.2, 25
mM) and the thermodynamic parameter, AH, was calculated from the absorbed or
released heat due to the interactions between components. As presented in the
following graph (Figure 31), AH vs. added polymer amounts, a clear change in the
adsorption trend was observed with the altered mPEG grafting ratios.
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Figure 31. Enthalpy of interaction between mPEGlow-PEI, mPEGhigh-PEI
copolymers, PEI, mPEG polymers and SiNP (PAPER I).

It is known that the silanol groups on the SiNP surface (IEP ~2) are negatively
charged while the primary and secondary amine groups of PEI are positively charged
in HEPES media. As presented in the plots, the strongest exothermic interaction is
obtained between SiNP and commercial PEI due to the electrostatic interaction
between them. The observed drop in the differential enthalpy from -140 to -97 J/g
values were observed with 0.16 mg/m? PEI addition for 100 nm sized SiNP titration,
after which the differential enthalpy value shows stepwise decrease to -27 J/g upon
addition of 1.2 mg/m”.Only exothermic enthalpy changes were observed, and
differential enthalpy values have never reached a value of “0 J/g” which indicates
that the saturation level of SiNP for the adsorption of PEI is higher than 1.2 mg/m?.
In the case of mPEG and SiNP interaction, weaker exothermic enthalpy changes
were observed compared to PEI, which is attributed to binding of ethylene oxide
residues to silanol groups of SiNP through hydrogen bonding."*® The titration of
SiNP with mPEGi.w-PEI yields an exothermic interaction which decreases gradually
up to the level of mPEG,-PEI around 0.3 mg/m?. Almost no changes were observed
in differential enthalpy values after the addition exceeds the level of 0.7 mg/m? The
titration processes of SiNP with mPEGi,,-PEI never reached zero value, which
indicates a continuous energy release during the interaction. This might be caused
either by the reorganization of the mPEGi,.-PEI copolymer on the SiNPs surfaces or
multilayer formation. The interaction between mPEGi,,-PEI and SiNP surfaces can
be accepted as mostly supplied by the electrostatic interaction of amine groups on
PEI and SiNP surface because the ITC plots reveal that PEI residues can increase the
strength of interaction between SiNP and copolymers. In the adsorption process of
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mPEGu;n-PEI on SiNP surfaces, a sudden drop was observed at an addition of 0.3
mg/m? which yielded almost the same differential enthalpy value - 3.9 J/g for 100
nm SiNP, as was observed in the process of pure mPEG adsorption. The trend of the
mPEG PEI titration plot is similar to that of the mPEG titration plot, in which
zero value was obtained for SiNP and mPEG interaction with a 0.5 mg/m* addition.
This result implies that the binding of ethylene oxide residues of mPEG to silanol
groups of SiNP become dominant with the increased mPEG grafting ratio on the
expense of electrostatic interaction with amine groups of PEIL

We believe that the rational evaluation of interaction mechanisms between
copolymers and SiNPs will aid to predict the colloidal stability of SiNP in
suspensions. In order to examine the effect of grafting density of mPEG and
copolymer concentration for dispersing and stabilizing the SiNP system, multiple
light scattering (MLS) was employed to record transmission profiles for the prepared
SiNP suspensions. The mean transmittances values for the SiNP suspension were
obtained for the increased concentration of mPEGie-PEI and mPEGhigh-PEI with
respect to the SiNP amount ranging from 0.1 wt% to 7.5 wt % (Figure 32).

High mean transmittance values were observed for the 1 w% concentration level
of mPEGw-PEI and  1-5 wt% of mPEGyg-PEI after first 20 min of scanning,
which is a possible result of “bridging flocculation”, causes fast sedimentation of
particles and leads to an increment in transmittance values. When the concentration
of mPEG,,-PEI increased to 2.5 and 5 wt% lower mean transmittance profile was
observed compared to naked SiNP suspension, which is possible stable flocculates
with larger sizes than the particles. The 10-h colloidal stability profiles reveal that to
attain sufficient dispersion stability for SiNP suspension, 7.5 wt% mPEGi,,-PEI and
mPEGun-PEI addition is required. The ITC and MLS studies showed that with the
increased PEG grafting ratio, mPEG parts of the copolymers are also taking part in
the interaction of the copolymers and SiNPs surfaces, but still mPEGy-PEI does
not necessarily provide any superior efficacy for the stability of the nanoparticulate
system as compared to the lower PEG grafting ratio in mPEGy,,-PEL
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Figure 32. (a) The transmission of 100 nm SiNP with increased concentration of
mPEGlow-PEI (from 0.1 to 7.5 wt%) and (b) mPEGhigh-PEI (from 0.1 to 7.5 wt%)
addition (PAPERI).

After investigating the interaction mechanism between the in-house prepared
mPEG-PEI copolymers and SiNPs surfaces, the effective colloidal stability type was
also determined for the polymer coated and uncoated samples. In the
experimentation part, the 100 SiNPs were coated with the amount of PEI,
mPEG)wPEI, mPEGygPEI polymers which yielded the best colloidal stability. After
coating process, 100 SiNPs were collected in order to remove excess polymers and
re-dispersed in the suspension in which the ionic strength of the suspensions was
increased stepwise with the addition of NaCl salt. The hydrodynamic size of SiNPs
in the media without salt content (dh,) and with the salt content (dh) was
determined in order to predict existing colloidal stability mechanism in the
suspension of particles. As presented in the plot (Figure 33), no significant difference
was observed for the value (dh/dh,) with the high NaCl addition (1 M) to the
suspension of 100SiNP-mPEGyPEL which implies the effective stabilization type is
steric stabilization. In the same plot dh/dh, values for the 100 SiNP-PEI and 100
SiNP-mPEGPEI suspensions increases significantly especially when the salt
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content increased up to 1M. The observed increment in the values indicates the
provided stabilization type by PEI and mPEGPEI polymers is electrostatic
stabilization.

8100 SiNP
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Figure 33. Hydrodynamic diameter change of 100 SiNPs with and without coatings
of PEL, mPEG,,~-PEI and mPEGg-PEI as a function of increasing NaCl concentration
in dispersing media.

As expected, the strongest aggregation with high ionic strength (1M) of the
solvent was observed for the mPEGi,,-PEI and PEI coated particles due to the
shielding of charges, thus overcoming the clearly dominant electrostatic
stabilization; whereas the particles with mPEGu-PEI coatings were still colloidally
stable up to 1 M NacCl. In the case of 0.15 M NaCl content, which is equivalent to the
ionic strength of physiological media such as body fluids, both mPEGi.-PEIL, and
mPEGln-PEI coatings provided good colloidal dispersion. On the contrary, the
difference in PEG grafting ratio did not cause any significant difference in
flocculation behavior up to physiological salt concentrations level. In the literature, it
has been reported that the PEG grafting density has a greater effect than the chain
length on steric repulsion.”” In our case, for the same chain lengths, and for both
grafting densities of PEG (mPEGi,.-PEI and mPEGyg-PEI), the thickness of the
PEG layer is enough to balance the electrical double layer in the physiological salt
concentration. This can be the result of the existing adsorption mechanism, as when
the PEG grafting density of the copolymer is increased, the PEG part of the
copolymer also starts to take part in the adsorption process, in which case this
portion of PEG does not contribute to the steric stabilization as polymer chains
extended from the particle surface into solution. Thus, the chain length of 5 kDa
PEG provides a sufficient PEG layer thickness already at the low grafting density for
the steric stabilization in the employed nanoparticulate system.
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The obtained results from this part of the thesis served rational basis to design
colloidally stable, well-dispersed nanoparticulate systems with PEG-PEI copolymers
surface modifications for biomedical-related applications.

5.2.2 Surface Modification for Tuning the Net Effective Surface Charge

The net effective surface charge on non-porous silica nanoparticles (SiNP) and
mesoporous silica nanoparticles (MSN) were altered. Co-condensation of
organosilane (3-Aminopropyl) triethoxysilane (APTES) with the silica source in the
synthesis step (SUPPORTING PAPER III), post-synthesis grafting of functional
groups (PAPER IV) and physical adsorption of polymers on the readymade silica
particles (PAPER I and IV) were the employed strategies for surface modification of
silica nanoparticles.

In SUPPORTING PAPER III, altering the net surface charge of two differently
sized SiNPs (small non-porous (SS), big non-porous (SB) silica nanoparticles) and
MSNs (small mesoporous (MS), big mesoporous (MB) silica nanoparticles) were
carried out with the incorporation APTES in the synthesis solution by the co-
condensation method. For the net surface charge altering on SiNPs, the incorporated
APTES amounts were increased relative to the amount of TEOS (2.5 mol %, 5 mol
%,10 mol %) in the different batches, and net surface charge of particles was varied
from negative (-) to positive (+) values. In the same manner as SiNPs, the net surface
charge of MSNs was altered by increasing the added APTES amount relative to
TEOS (with respect to 4 mol % and 10 mol % of TEOS). In Figure 34, {-Potential
values and the estimated w% amount of APTES for silica nanoparticles are
presented.
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Figure 34. (-potential values of prepared SiNPs and MSNs in HEPES buffer
solution vs. estimated w% APTES amount in co-condensed SiNPs.
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According to estimated data, the incorporated APTES amount was slightly higher
for mesoporous particles compared to non-porous particles to provide net surface
charge tuning on the particles from net negative to net positive values. This case is
most probably due to more embedding of the functional groups (aminosilanes) in
the mesoporous silica network compared to non-porous silica network, since the
aminosilane groups also may take part in structure directing during the synthesis
whereas for the non-porous structure it takes part in the condensation reaction.

The post-grafting surface functionalization method was employed in the
unpublished investigations of the thesis in order to alter the net surface charge of the
SiNPs at physiological pH 7.2. In this way of preparation, APTES was post-grafted
on differently sized SiNPs (100 nm and 300 nm, labelled as 100 SiNPs, 300 SiNPs
respectively) by increasing the added APTES amount for each prepared batch
relative to the specific surface are of SiNPs (250, 100, 50, 25, 10, 5, 1, pmol/m?). With
the obtained results, we can claim that the concentration and the distribution of
organic moieties provided by the post-grafting method are constrained by the
number of surface silanol groups and their accessibility.®> '** In the post-grafting
process, the silanols on the surface of SiNPs anchor the organosilanes so the
difference in the number of silanol groups lead to a difference in the yield of post-
grafting. According to the obtained (-potential results, the values were -35 and -55
mV in HEPES buffer solution for 100 SiNPs and 300 SiNPs, in order which can be
accepted as the implication of difference in the number of existing silanol groups on
the particles. When the efficiency of the post-grafting process was compared, the
difference in the existing silanol groups of 300 SiNPs and 100 SiNPs on the surface
of SiNPs can be noticed. While the yield of post-grafting functionalization reaches
the value 95 % for the grafting of 100 SiNPs with the highest starting concentration,
it couldn’t go higher than 10 % for the 300 SiNPs in the same case (Figure 35). With
the help of the presented plots, the existing accessible silanols groups for 100 SiNPs
can be estimated as being roughly 10-fold higher than 300 SiNPs.

The case is more complicated for the mesoporous structure compared to non-
porous structures. The literature studies reveal that the space of the mesopores does
create a different situation compared to the functionalization of non-porous
surfaces.'"! The post-synthesis grafting on mesoporous silica nanoparticles yields
inhomogeneous surface coverage due to the accumulation of the functional groups
near the entries of mesopores and exterior surfaces. So the differences in the surface
structure of silica particles also have an influence on the yield of accommodated
functional groups by post-grafting, in addition to accessibility of silanol groups.®

According to the obtained results, both co-condensation and post-grafting
methods were successfully used to alter net surface charges and tune the surface
concentration of the organosilanes, which can be subsequently employed as
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anchoring points for further functionalization by using e.g. standard amino-
carboxylic acid-based chemistry.
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Figure 35. Yield of APTES post grafting reaction for a) 100 and b) 300 SiNPs
preparations together with the estimated surface grafting by APTES and measured (-
Potential values.

The polymeric surface modification via hyperbranching surface polymerization
and physical adsorption of polymers (chitosan and polyethyleneimine (PEI)) on rod-
like mesoporous silica nanoparticles (NR-MSP) also aided to tune the net surface
charge of the silica nanoparticles (PAPER II and III). Moreover, the
polyethyleneimine grafted silica samples were functionalized via either succinylation
to yield negatively charged succinic acid groups or capping of the primary amines
with uncharged acetyl groups as explained in the schematic presentation (Figure 36)
below from PAPER II.
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Figure 36. Schematic illustration of polymeric surface modification on NR-MSPs.
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The accumulated PEI amount on the NR-MSP samples after the hyperbranched
surface polymerization approach was determined as 10 wt% by TGA and the
changes in the {-potential values are given in Table 2 below.

In this part of the study, (-potential values of the silica nanoparticles (Table 2)
were examined in HEPES buffer (25mM @ pH 7.2) which is relevant to physiological
pH value in biomedical applications.

Table 2. {-potential values of differently functionalized NR-MSPs in HEPES buffer
solution.

- Potential
SAMPLES ¢ [mv]
NR-MSP [ -16
NR-MSP-PE| ads. | 25
NR-MSP-PEI graf. | 23
NR-MSP-PEI-ACA | -12
NR-MSP-PEI-SUCC -29

In the case of physical adsorption of polymers on silica nanoparticles, mPEGiqy-
PEL, mPEGu PEI copolymers, PEI, and chitosan adsorption were carried out in
order to yield net positive surface charge values on the particles, which also provided
better redispersibility for the particles in the suspension.

In the unpublished data related to PAPER I, the copolymer concentration was
increased stepwise and the yielded {-potential values were determined for 100 SiNPs.
In the experimentation part the 100 SiNPs were coated with the increasing amount
of mPEGPEI copolymer (0.1, 0.25, 1, 2.5, 5, 7.5 wt%) and the {-potential values for
each coating amount was determined in order to find out required amount of
mPEG,PEI copolymer on SiNPs to yield high enough (-potential value for the
colloidal stability. The influence of PEG amount on the copolymer was also further
investigated by coating the 100 SiNPs with the 5 wt% starting amount mPEG,,PEIL,
mPEGgPEI and PEI respect to the 100 SiNP mass.

Figure 37 reveals that a (-potential value of 100 SiNPs does not change
significantly after the copolymer concentration on the 100 SiNP reaches the
saturation value which is approximately 0.25 mg/m* (according to TG analysis
results) and matching also with the obtained ITC results. As it is expected, in Figure
37 with the increased PEG content on the copolymers, tuning of the net surface
charge on the 100 SiNP is not possible due to the uncharged PEG component which
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has occupied the amine groups of PEI polymer providing the positive amine groups
in HEPES buffer (25mM pH7.2)

As a brief summary of this part, co-condensation and post-grafting of 3-
aminopropyl triethoxysilane (APTES) and physical adsorption of the differently
charged polymers and copolymers on the silica nanoparticles have been successfully
utilized to vyield different (-potential values. All the methods have different
simplicities and complexness, so in order to make the surface modification serve the
aimed application, the functionalization approach should be decided carefully.
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Figure 37. Influence of PEG portion of the post polymeric surface modifications on
(-potential value of SiNPs a) the amount of mPEG).,PEI coating on 100 SiNPs b)
change of (-potential values for different surface coating of 100 SiNPs.
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5.3 Modular Design of Silica Nanoparticles for Diagnosis and
Therapy Applications

Silica nanoparticles can be designed as multi-functional materials with the help of
different surface modifications. In this study imaging, controlled drug release and
cell-specific targeting capabilities were tried to be embedded in the silica
nanoparticles, because these are important properties in order to make silica
particles better functioning in biomedical applications. Traceable silica nanoparticles
are required in the biological/physiological environment for imaging and/or
diagnostic applications, in addition, controlling the release of therapeutic agents and
delivering them to the precise address for combating disease states is needed in
therapeutic applications in order to provide higher efficiency for curing the disease.

5.3.1 Enhancing the Drug-Loading Capacity of Silica Nanoparticles by
Altering Structure

In the unpublished experiments of the thesis, the drug loading capacity of three
non-functionalized mesoporous silica nanoparticles, spherical mesoporous silica
nanoparticles (from Table 1- 10D the rod-shaped mesoporous silica nanoparticles
(NR-MSPs) and hollow-structured mesoporous silica nanoparticles (H-MSN), were
investigated based on their structural differences. The deposition of model drug
furosemide (FUR), a class IV of the Biopharmaceuticals Classification System (BCS),
was carried out by overnight mechanical mixing of silica nanoparticles with the drug
in cyclohexane. First, the loading degree of FUR to 10D-MSN, NR-MSP, and H-
MSN samples was investigated by depositing the different amount of furosemide
(10, 25, 50,100 and 125 w/w% of silica mesoporous silica nanoparticles) in
cyclohexane. Subsequently, the drug loading amounts were measured by UV-VIS
spectrophotometry after the overnight liberation of FUR in ethanol solvent.

Different adsorption profiles were obtained for MSNs as presented in Figure 38
and the highest degree of loading was obtained for H-MSN (~100 w/w%) with the
advantage of existing hollow space in H-MSN particles and expanded average pore
sizes (about 5 nm, Figure 26 b presented in section 5.1.) The similar profile was also
obtained for NR-MSP, which resulted in 88 w/w% loading degree, which is possibly
due to the large pore sizes (about 11.3 nm, PAPER III), and might lead packing of
high amount of drug molecules into the pores. On the other hand, 25 w/w% loading
was obtained for 10D-MSNs samples, which thus has the lowest loading degree
among the investigated MSNGs.
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Figure 38. Adsorption isotherms of Furosemide (FUR) to 10D-MSN, H-MSN and
NR-MSP plotted as loaded FUR amount (umol) to mg of particles.

DSC analysis was carried out in order to investigate the thermal profile of bulk
FUR and loaded FUR onto MSNs. In Figure 39, minor peaks were observed at
around 137 'C which is probably caused by the glass transition of existing
amorphous drug on the particles. Clear exothermic peak at 221.4 °C which is
associated with the recrystallization of super cooled melt of the drug was observed
for bulk FUR and loaded FUR on H-MSN and NR-MSP samples. Whereas, only a
broad peak was observed for the FUR loaded 10D-MSN sample. The difference in
the profile of recrystallization peak can be ascribed as the absence of crystal FUR
structure on 10D-MSN due to retained drug molecules in the confined pore spaces.
The existing the hollow space (of H-MSN) and the outer surface of the both type
particles (H-MSN and NR-MSN) with bigger pores sizes provide enough space for
the recrystallization of loaded drug on the particles. In the range of 250-290 °C
endothermic peaks are observed for all the samples which can be ascribed as melting
and decomposition of the drug.
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Figure 39. DSC curve of FUR, FUR loaded 10D-MSN, H-MSN, and NR-MSP. Heat
rate=10 °C/min, gas purge N2 (Exo UP).

A clear difference is observed in the loading degrees of FUR on the MSNs due to
the structural differences. In addition, high degree of FUR loading on both H-MSN
and NR-MSP samples leads to formation of crystalline FUR on the samples. It is well
known and tested with several different types of drugs in the literature; the
crystalline drug formation affects the dissolution rate of the drug since the solubility
is limited by high crystal energy.'* From a drug delivery point of view, high loading
degree could be quite attractive but it is critical to be aware of the possible crystalline
formation within MSNs with high loading degrees which will, in turn, affect the
dissolution rate of drug.

5.3.2 Enhancing the Imaging and Cell Labeling Capability of Silica
Nanoparticles

Imaging capability for silica nanoparticles can be provided by incorporating the
imaging agents either directly into the synthesis solution as in situ treatment or after
making the particles ready as post-synthesis treatment. In this study, both strategies
were employed to make the silica nanoparticles traceable with fluorescence based
analysis (confocal microscopy, fluorescence-activated cell sorting) and magnetic
resonance imaging (MRI).
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In PAPER II and IV, silica nanoparticles were labeled by pre-conjugation of the
fluorescent dye with aminosilanes, which were subsequently incorporated in the
synthesis step via co-condensation. In SUPPORTING PAPER V the conjugation of
fluorophores was carried out via post-synthesis conjugation method in order to use
them as FRET-reporter particles to follow the intracellular cleavage of the
conjugated molecules. In addition, in PAPER VI, paramagnetic gadolinium centers
were incorporated into silica nanoparticles matrix via post synthesis and in situ
synthesis doping protocols, as described in PAPER VI, to make them serve as
contrast agents for magnetic resonance imaging.

Fluorescent dyes are the most commonly employed molecules to image silica
particles by using common biological imaging techniques. However, it is well-known
that organic fluorophores suffer from certain drawbacks that may limit or, at least,
complicate the quantitative data that can be acquired based on the fluorescence-
based analysis. In the literature, the covalent conjugation of fluorophores into silica
matrix has been mentioned to decrease the leakage of the dye from the matrix which
is important in the quantification based approaches.'*® In PAPER IV, two of the
most commonly used fluorescent tags : fluorescein isothiocyanate (FITC) which is
claimed as pH-sensitive and tetramethylrhodamine isothiocyanate (TRITC), pH-
insensitive, were incorporated into MSNs and the parameters that influence the
fluorescence properties of labelled particles such as surrounding (biologically
relevant) media, particle concentration and especially, surface functionalization, was
considered toward aiming for quantification in the fluorescence-based analyses.

First, the characterization of the MSNs was carried out to find the incorporated
amount of fluorophores in unmodified particles by UV-Vis method and the
calculated value was approximately 1 wt% in each MSN preparation.

Afterwards, the influence of surrounding media on the fluorescence properties of
the produced fluorescent particles (without additional surface functionalization) was
investigated by redispersing them in buffer solutions of cellular relevance at the
concentration 0.5 mg/ml MSN, in MES buffer (pH 5 corresponding to
endo/lysosomal pH), HEPES buffer (pH 7.2 corresponding to cytoplasmic pH) as
well as serum-supplemented DMEM cell media.

Evidently, significantly lower fluorescent intensity value was observed for the
FITC-conjugated MSNs (F-MSN1) at acidic pH than neutral, as expected; while no
difference in fluorescence behavior was found for the TRITC-conjugated MSNs (T-
MSN1) in both acidic and neutral pH buffer solutions (Figure 40).
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Figure 40. Fluorescence spectra of F-MSNI1 and T-MSN1 at neutral and weakly
acidic pH buffer solutions as well as in cell media (DMEM) (ex = 490 nm for FITC-
and 555 nm for TRITC-conjugated MSNs) (PAPER IV).

Accordingly, the observation was in agreement with the well-established behavior
of the free dyes. On the other hand, stronger fluorescent intensity value was
observed for F-MSN1 compared to the fluorescent intensity of T-MSN1 in DMEM.
This could be due to the complexity of composition of the cell media and the exact
reason may be thus hard to clarify. For instance, it could be due to the exhibited auto
fluorescence by the biologicals to some degree and the serum content in the media
may also adsorb to the MSNs which induce either enhancement or quenching of the
observed fluorescence.'** With considering the results in DMEM cell media it is
important to note that since MSNs are incubated in cell media for in vitro studies,
quantification attempts based on measurements made under less-biological
conditions, may not apply when extrapolated to biological conditions and still the
pH-dependent effect was, however, in this case, clear-cut and in accordance with the
expected behaviors of the free dyes.

The fluorescence spectra of unmodified F-MSNI1 are presented in Figure 41 at
different pH. The pH-dependent behavior of F-MSN1 is in agreement with the free
dye behavior. The unmodified particle suspensions can be used as “standard curve”
to probe the local pH that fluorescein molecules are experiencing on the
corresponding surface modified MSNs. In order to define the “local pH” that the
fluorescein molecules are experiencing due to the surface modification on MSNs, the
fluorescence intensity at the maximum peak was plotted against pH (Figure 41c) for
the unmodified F-MSN. In that case, the maximum peak intensity value of PEI
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adsorbed F-MSN1 (PEI-F-MSN1) in water matched with the intensity value of F-
MSNI1 at pH 6 (Figure 41c). In this sense, pH 6 can be ascribed as the experienced
“local pH” for the fluorescein molecules in PEI-F-MSNI.
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Figure 41. Dependence of fluorescence intensity of FITC-conjugated MSN as a
function of pH. a) F-MSNI fluorescence intensity variability with solvent pH. Coating
with PEI (10 wt%) via electrostatic adsorption results in the same emission spectra
regardless of solvent pH, Inset: F-MSNI1s (left) vs PEl4-F-MSNIs (right) in HEPES
buffer. b) Same as previous repeated forMSN2 and PEl,, MSN2, resulting in an
enhanced local pH drop due to PEI residing also inside the mesopores. Inset: dry FITC-
conjugated MSN2s (left) vs PElgy..-MSN2s (right) c) Determination of “local pH”
experienced by the fluorescein molecules on PEI-modified F-MSN1 and F-MSN2.

With the same way of exploring the local pH for the fluorescein molecules in
PEl;.F-MSN2 was estimated to be slightly below 5 (Figure 41c). In this sample
preparation, F-MSN2 samples were prepared by a different MSN synthesis protocol
than F-MSN1 as described in PAPER IV. The slightly different protocol was
employed in order to provide amine groups on MSNs to be able to further graft the
surface of particles with PEL. The obtained difference in the local pH of PEI,.:-F-
MSN2 sample could very well be due to the fact that in the surface hyperbranching

71



process, PEI is grown both on the inner (pore wall) and outer (particle) surfaces;
whereas by adsorption of large molecular (25 kDa) weight PEI, the location of the
PEI polymer would be predominantly on the outer particle surface. Thus, being
present both on the outside particle surface and inner pore walls, the local “proton
trap” effect of PEI would also be more predominant inside the pores in the case of
grafted PEI, which is reflected in the lower local pH (i.e. the higher local
concentration of protons) observed. The accompanied red shift observed for both
the PEI-MSN peaks (Figure 41 a, b) could be due to the induced local polarity
change, brought upon by the local abundance of protons, similar to that of positive
solvatochromism rather than a pH-induced effect.

To further confirm that no influence of the pH of the surrounding medium on
the PEI-modified MSNs is taking place, the fluorescence spectra was recorded for
PEI-F-MSN1 under the same conditions as presented in Figure 40. As can be seen
also here (Figure 42), in the presence of a PEI coating, the surrounding pH has no
effect on fluorescence intensity. Even the influence of cell media (DMEM) observed
for the particles without a PEI coating above, is overridden by the strong influence of
a PEI-coating.
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Figure 42. Fluorescence spectra of PEI-coated F-MSN1 at neutral and weakly acidic
pH buffer solutions as well as in cell media (DMEM).

It is very well known that the self-quenching caused by the fluorophores in close
proximity could be one of the problems for alteration in fluorescence. '*> 46
Therefore, it is ideal to have design of MSNs which own the fluorophores distributed
throughout the MSN network to overcome such a problem. But it is still possible to
have similar self- quenching problem if the particle concentration is high enough to

be in contact each other. In this study, the amount of incorporated fluorophore
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was fixed (~1 wt%) in MSNs and it is important to investigate the effect of particle
concentration on fluorescence intensity especially for the applications in which the
majority of fluorescent particles are used for the quantification. The fluorescence
intensity values of F-MSN1, PEI-F-MSNI1, T-MSNland PEI-T-MSN1s were
recorded as a function of particle concentration to investigate whether particle
concentration could have a profound effect on the fluorescence. Clearly, a significant
effect of MSN concentration on fluorescence intensity is observed for all particles,
where the concentration dependence furthermore varies also depending on the
surrounding pH for fluorescein-labeled MSNs (Figure 43). On the contrary, for the
rhodamine-labeled particles (T-MSN1 and PEI-T-MSN1) a pH-independent
behavior is obvious, whereas a similar particle-concentration-dependent behavior

also exists.
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Figure 43. Fluorescence intensity as a function of MSN concentration for
(a) F-MSN1s (b) PEl4-F-MSN1s (c) T-MSN1s (d) PEL,4T-MSN1s (PAPER IV).
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All in all, for utilizing silica nanoparticles as tracking agents by fluorescence-
based analysis, the most critical points can be mentioned as the environment that the
fluorophore is exposed (especially for pH-sensitive fluorophores) to and also the
concentration of fluorophore (for both pH sensitive and insensitive fluorophores) in
the analysis environment. Controlling the mentioned points aid the quantification of
fluorophore-labeled silica nanoparticles in fluorescence-based analysis.

The structural properties and preparation routes of silica nanoparticles have also
effects on the rational enhancement of the potential imaging capabilities. Therefore,
in PAPER VI, the structural properties and preparation routes of the mesoporous
silica nanoparticles (MSN) based contrast agents were modulated in order to
enhance the T1-weighted MR imaging capability. In the present case, MSNs into
which gadolinium (Gd (III)) was incorporated/introduced via different routes were
synthesized, while the structural features were modulated via different pre- and
post-synthesis approaches. With the investigated designs, we aimed to preserve the
mesoporous channels free to act as drug reservoirs for future therapeutic prospects,
while providing contrast enhancement for MR imaging.

In this study, the MSN samples were prepared by different routes, as presented in
Figure 44 and the characterizations were carried out with different methods in order
to see the variations in relaxivity values of the differently prepared MSN-based
contrast agents.
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Figure 44. Incorporation of gadolinium ions into MSN matrices by (a) in situ
synthesis and (b) post-synthesis methods (PAPER VI).

The changes in the dispersibility and net surface charge were determined by
measuring the hydrodynamic diameter and zeta potential values of the samples in
suspension form. The samples were dispersed in HEPES buffer (to a concentration
of 0.5 mg/mL) for the measurements, and poly(ethylene glycol)-poly(ethylene
imine) (PEG-PEI) block copolymer produced in PAPER I, which was also employed

47 was further

in our in vitro evaluations in order to enhance the cellular uptake,
used here as dispersing agent in order to obtain better dispersibility of the MSN-
based contrast agents under physiological/biological conditions. The obtained values
for the measurements are presented in Table 3 and the hydrodynamic diameters and
the zeta potential values of the produced samples are varying between 300-700 nm
and highly negative (approx. -41 mV) and positive values (approx. +17 mV) due to

the different gadolinium incorporation routes as well as an abundance of amine
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groups on the MSNs, provided by the added aminosilane reagent in the synthesis
process.

Table 3. Hydrodynamic diameter and zeta potential values of prepared MSNs in
HEPES buffer (pH 7.2, 25mM) as 0.5 mg/mL particle suspensions (Zeta potential
measurements were carried out before the dispersion agent, a PEG-PEI copolymer
addition)

Hydrodynamic | Zeta Potential |
SAMPLE size[nm] __ PDI [mV] |
SN | a13 oz | 39 |
(MSNjew: | s, los2 | 17
PN 686 | 026 | 32
[H-MSNJex 650 | 043 4
[MSN]eal.: (Gd(Cl)3)in st 417 0.65 231
[MSNJee.: (Gd(aca)?)in siu 320 0.3 41
[H-MSN]ca : (Gd(Cl)3)n stu 775 | 053 -28
[H-MSN]CU : (Gd{aca)Jlm sty . 574 042 | o
[MSNEs: (GACPe= | 243 | 04 | 14
[MSNJo: (Gd(CIpp | 381 | 038 | 18
[MSN]@ (Gd(aca)3)post 348 0.34 32
[MSNJer; (Gd(acapyost 283 1 012 16
[H-MSNJca : (Gd(Cl)z)oost 671 | 020 | 23
[H-MSNJewr.- (Gd(Clps)ost | 243 o3 | 4
[H-MSN]ca : (Gd(aca)s)eost 850 I 0.35 [ 25
[H-MSN]ess.: (Gd(aca)jost 730 | 034 | 2

The possible defects in the mesoscopic ordering of MSNs that might be caused
during the post-synthesis doping process of gadolinium into MSN and H-MSN
matrices were investigated by SAXRD analysis. Distortion of the mesoscopic order
of the MSNs might affect the water accessibility to gadolinium centers in the
matrices negatively in the application. The diffraction patterns are presented in view
of the effect of the SDA removing protocols (Figure 45) and the employed post-
synthesis doping protocols utilizing both gadolinium sources (GdCls;, Gd(acac)s) and
their effect on the mesoscopic order of MSN and H-MSN. As shown in the
diffractograms (Figure 45), the calcination process for SDA removal provides better
rigidity for both MSN matrices. The partial distortion of the pore ordering was
observed for the matrices treated by the solvent extraction process, which is most
probably due to the accelerated dissolution rate of silica caused by the existing amine
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groups and, furthermore, the lower silica condensation degree, when exposed to

aqueous media.
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Figure 45. SAXRD diffraction patterns of (a) calcined /solvent extracted MSN
powders ([MSN].u,[MSN].x), and after treating the same samples under the same
condition of post-synthesis doping protocol ([MSN ] umeateds [MSN]extr.treatea ) (b) calcined
/solvent extracted H-MSN powders ([H-MSN]cu,[H-MSN]ex), and after treating the
same samples under the same condition of post-synthesis doping protocol ([H-
MSN]cartreatets [H-MSN Jextr.treared) (PAPER VI).

The quantitative determination of the amount of doped gadolinium in MSN
matrices was carried out by ICP-AES after complete dissolution of the samples in
HE. The results are given in Table 4 below, from which can be concluded that the
highest incorporation of gadolinium was obtained via post-synthesis doping of
[MSN]ext.: and [H-MSNJew. — matrices with Gd(Cl); (named as [MSN]exu:
(Gd(Cl)s)post and [H-MSN]extr: (GA(CDs)posr)-
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Table 4. Longitudinal relaxivity (r;) and transverse relaxivity (r,) data of prepared
MSN-based contrast agents.

Gd™ amount in MSNs/

SAMPLES \ rimM's?  r/mMT'sT i
pmol mg

[MSN]ea:: (Gd(Cl)z)m st 07 0.3 1.5 5
[H-MSN]ea,:(GA(CIJ3) ) situ 0.11 6.7 10.2 15
[MSN]eal: (Gd(acac)s)m st 0.69 0.5 286 52
[H-MSN]ea.;(Gd(acac)3)jn st 0.6 13.1 284 22
[MSN]cai : (Gd(CI)3)post 0.81 7.3 121 16
[MSN]er: (Gd(Cl)3)eost 092 19 56 29
[H-MSN]eaic:{Gd(Cl)3 Jpost 0.24 7.7 128 17
[H-MSN]estr :(Gel{ Tl Jpost 0.02 1.0 3.3 33
[MSN]eal : (Gd{acac )ajeost 0.52 121 1T 1.5
[MSN]eer: (Gd{acac 3ot 0.45 24 75 8.1
[H-MSN]cak:(Gd(acac )3 )post 053 131 211 16
[H-MSN]est :(Gd(acac ji)pos 0.5 59 13.1 25

The longitudinal proton relaxation times (T;) and transverse relaxation times (75)
of the MSN suspensions at 37°C were determined for the samples at different
concentrations (in the range of 0.01- 10 mg/mL) after determining the incorporated
amount of Gd(III) for each sample. First, the performance of all the samples was
investigated by reciprocal plotting T; (T,') values vs. MSN concentration. The
obtained results revealed that post-synthesis doping of gadolinium of calcined
matrices leads to better T, increase and longitudinal relaxivity (r;) enhancement
with increasing sample concentration compared to in situ synthesis gadolinium
doped MSNs. This might be caused by the colloidal stability restrictions with
increasing MSN concentration for the other samples, leading to deviation from
linearity in the relaxivity plots. The samples [MSN]e:(GdA(Cl)3)im i,
[MSN]ca:(GA(CD3)poss  [MSN]extr:(GA(Cl)3)post  prepared via doping of  GdCls
resulted in sedimentation when the concentration of the samples was increased
above 2 mg/mL, which is possibly due to lack of proper stabilization mechanisms
being operative in the suspension at higher concentrations. On the other hand,
among the samples prepared by Gd(acac); doping, such sedimentation was observed
only for [MSN]ex:r:(Gd(acac)s)pes above 2 mg/mL concentration, while for the rest of
the samples good dispersion stability was observed also above 2 mg/mL. By
considering the measurements up to 2 mg/mL particle concentrations i.e. before
deviation from linearity started to occur, plots were prepared to obtain r; and r;
relaxivity values in the following figures (Figure 46 and Figure 47).
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Figure 47. rorelaxivity values of MSN based contrast agents by doping a) GACls and

b) Gd(aca);.

Quite remarkably, the H-MSN samples show pronouncedly better longitudinal, r,

values compared totheir corresponding regular MSN matrices especially for the in
situ synthesis doped preparations. Even if the lowest Gd (0.1 pmol in mg of H-MSN)
incorporation was obtained for in situ synthesis doped H-MSN, it resulted in 20-fold
increase in r; value (6.7 mM's™) compared to Gd(Cl)s in situ synthesis doped regular
MSN ([MSN]c: (GACls)insie, 0.31 mM's™) preparation. The obtained results clearly

79



present the effect of structural differences of the matrices. Namely, the pore-
expanded hollow mesoporous silica nanoparticle structure (H-MSN) definitely
seems to aid in achieving better diffusion of water molecules throughout these
matrices to interact with the accommodated paramagnetic gadolinium centers. For
the Gd(acac); in situ synthesis doped MSN preparations, the same effect was also
observed with 17-fold increase in the longitudinal relaxivity value (r,) between the
hollow and the regular counterparts. However, the matrix-structure-dependent
variations were not observed for the post-synthesis doping protocol. The differences
were mainly caused by the post-synthesis (solvent extraction vs. calcination)
treatment of MSN matrices prior to post-synthesis doping of Gd. The plausible
explanation for the observation could be the difference in the mesoscopic ordering
of the matrices, and also, the existing organic amino groups may lead to a higher
amount of Gd accommodation that can aid the shortening of relaxation times. As a
result of longitudinal relaxivity (r;) and transversal relaxivity (r;) values, as well as
calculations, the most promising MSN based T contrast agents can be affirmed as
[H-MSN]i: (Gd(acac)s)pos) with both a low ro/ry ratio of 1.6 as well as the highest
r, relaxivity value 13.1 mM™" s'. The reason for the varying r./r; ratios in Table 4
might be related to the amount as well as the distribution of Gd within the matrices,
whereby in the literature the effect of high Gd was pointed to result in the
suppressing the T signal by T, relaxation.

As a brief summary of this part, it is possible to provide contrast enhancement of
Gd (III) incorporated in MSN- based contrast agents by modeling the preparation
and structural parameters of mesoporous silica nanoparticles (MSNs). According to
our investigation, when the structural variations of the MSN matrix were
considered, the in situ incorporation route helps to increase the longitudinal
relaxivity value (r;) of hollow pore-expanded MSNs (H-MSN). Employing in situ
Gd(III) incorporation approach resulted in roughly 20-fold higher longitudinal
relaxivity value (r;) compared to the corresponding regular pore-sized MSN (Figure
46 b); alas simultaneously causing the highest degree of destruction on the particle
morphology, which is an imperfection for the further theranostic nanoparticles
design. On the other hand, structure dependent variation was not pronounced for
the post-synthesis preparation route. Instead, for the post-synthesis preparation
route, the most effective r; value enhancement was provided with the modulation of
the SDA removal method. The calcination process resulted in almost 6-fold higher r,
values as compared to solvent extraction of the corresponding MSN matrix.
Therefore, while the structural variation of the MSN matrix creates significant r,
enhancement in the in situ synthesis preparations, it remains the secondary
regulator for the post-synthesis preparation route. As a consequence, the best
contrast agent (CA) candidate wasobtained by post synthesis doping of a calcined
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hollow MSN matrix with Gd(acac)s ([H-MSN]cu:(Gd(acac)s)pest). This procedure is
yielded a CA candidate with a relaxivity value of 13.1 mM's", which is
approximately 4-fold to clinically used Gd-based molecular CAs. The r,/r; ratio of
1.6 is rendering the CA candidate predominantly a T, contrast agent since, in the
literature, the contrast agents with the r,/r; value from 1.1 to 2.0 are attributed to a T|

type contrast agent, and over 2.0 is typically T type contrast agents.'*®

Ultimately,
cells tolerated this most promising MSN-based CA candidate well. In our case,
assuming a cellular uptake of 100%, the highest used Gd(III) concentration in the
cells would be 30 uM which is considerably lower than the toxicity level of Gd(III)

reported as 1 mM for HeLa cells .'*

5.3.3 Targeted Delivery of Cargo Molecules by Mesoporous Silica
Nanoparticles

In the existing chemotherapeutic methods for cancer treatments, serious side-
effects due non-specific delivery of drugs to the health cells can be prevented by
cancer cell-specific drug delivery systems. When the cancer drugs are considered,
they are mainly hydrophobic, which also make the direct administration of drugs
challenging. In nanomedicine research, there are numerous of studies aiming to
design targeted drug delivery systems in order to overcome the problem.

In PAPER III and SUPPORTING PAPER 1V, VI the research was concentrated
on designing MSN based targeted drug delivery systems for therapeutic purposes.In
PAPER III, rod-shaped silica nanoparticles which were abbreviated as NR-MSPs
were surface modified with chitosan and chitosan conjugated with affinity ligand
folic acid by means of active cellular targeting for the delivery of potential anti-
cancer drug anisomelic acid (AA) to folate receptor (FR)-enriched cancer cell
surfaces by conjugating folic acid (FA) on the particles. The design of material
presented in detail in Figure 48.

NR-MSP/AA Chitosan-NR-MSP/AA FA-Chitosan-NR-MSP/AA

A

Anisomelic Acid Chitosan Folic Acid MES Buffer @ pH 5.5

Figure 48.  Schematic presentation of designed NR-MSPs for targeted drug
delivery of the potential anticancer drug.
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The prepared particle design possesses the advantages of one of the few natural
cationic biopolymer chitosan, which was electrostatically adsorbed on the NR-MSPs
after drug loading which provided better dispersibility for the drug-loaded NR-MSPs
and act as capping agent for the pores of NR-MSPs with also the known pH-
responsive property of it. Furthermore, folic acid (FA) conjugated chitosan was used
for coating with the aim of uptake enhancement by means of active cellular
targeting. The succeeded chitosan coating was analyzed by TGA and calculated as 10
w/w % and the FA amount was analyzed by UV-Vis analysis and estimated as 0.025
w/w %. In the cellular uptake part of the study, human cervical cancer cells (SiHa
and HeLa) and noncancerous embryonic kidney epithelial cells (HEK 293) was
evaluated by using flow cytometry (FACS) and confocal microscopy techniques.
Enhanced internalization of Chitosan-NR-MSP was observed with increased
concentration and longer time of incubation Figure 49.
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Figure 49. Cellular uptake of Chitosan-NR-MSP and FA-Chitosan-NR-MSP in (A)
SiHa and (B) HeLa cell lines measured by flow cytometry. Error bars represents SD
n=3. (PAPER III)
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The difference in internalization of FA-Chitosan-NR-MSP and Chitosan-NR-
MSP was observed at lower concentrations, which reveal that in the higher
concentrations treatment, the saturation capacity was already reached. The
difference becomes clear when the histogram profiles and normalized mean
fluorescence intensity (MFI) of Chitosan-NR-MSP and FA-Chitosan-NR are
compared at concentration 1 pg/mL for HeLa, SiHa, and HeK-293 cell lines.

As presented in Figure 50, an increase in cellular uptake is clear with increased
folate receptor amount on the cell line with the order of HeLa>SiHa>HeK293.In
addition a clear difference was observed in the confocal microscopy images of SiHa,
HeLa and HEK 293 cells treated with Chitosan-NR-MSPs and FA-Chitosan-NR-
MSP (1 pg mL"'-1of Chitosan-NR-MSP and FA-Chitosan-NR-MSPs show that the
Chitosan-NR-MSPs were localized in the cytoplasm while the FA-Chitosan-NR-
MSP accumulated more closely around the nucleus (Figure 51).
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Figure 50. Histogram profiles of cervical (SiHa and HeLa) and human embryonic
kidney HEK 293 cell lines incubated with 1 ygmL" of Chitosan-NR-MSP and FA-
chitosan-NR-MSP b) Normalized fluorescence Intensity (MFI) of chitosan-NR-MSP
and FA-Chitosan-NR-MSN(1 ugmL"). Error bars represents SD n>3. (PAPER III)
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Figure 51. Confocal microscopy images showing the intracellular uptake of FITC-
labelled Chitosan-NR-MSPs (green) in SiHa, HeLa and HEK 293 cell lines incubated
for 4 h. Nuclei were stained with DAPI (blue). Scale bar: 10 um.

In the same study, enhanced apoptosis effect was observed with AA loaded FA-
Chitosan-NR-MSN samples compared to AA loaded Chitosan-NR-MSN and free
AA at the corresponding concentration of loaded ones. The cell death assessment
was carried out by caspase-3 activation assay and presented in Figure 52. About 3.5
fold increases in caspase-3 activation of SiHa cells was observed when the cells were
exposed to AA-loaded FA-Chitosan-NR-MSNs as compared to free AA at
corresponding AA concentration in loaded carriers. There is also an evident
difference in the apoptotic cell percentage.
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Figure 52. Cells were incubated with 20 uM free AA and AA-loaded Chitosan-NR-
MSN at corresponding AA concentration for 24 h. The percentage of apoptotic cells
were determined by the determination of cells that contained activated caspase-3.Error
bars represents SD n>3, *p<0.05, **p<0.01, **p<0.001.

In SUPPORTING PAPER VI, various surface modification strategies was
employed by utilizing polymeric (PEG, PEI) coatings and affinity ligand (FA) in
different combinations, to evaluate the effect of surface modification on their
feasibility as targeted oral drug delivery carriers, was investigated. HT-29 and Caco-
2, both are folate receptor positive cell lines, were employed to find out the cellular
uptake differences and FA modification. Only the uptake of PEGylated particles
(PEG-MSNs) was enhanced by FA modification but it did not add further benefit to
PEG-PEI-MSNs at the studied concentrations. The reason of such an observation
might be due to the inherent high uptake of PEG-PEI- modified particles, which
have already reached the saturation level.”® Consequently, further modification
with FA has no advantage in these cases in terms of total uptake. A boosting effect of
FA on cellular uptake was only, but clearly, detected in the case when FA was linked
to PEGylated particles where PEG was conjugated to the MSNs directly, without an
intermediate PEI layer; and for which the basal uptake was low.

During the investigation of ligand-mediated cellular uptake, it is important to
optimize the design of ligand containing portion on the surface modified
nanoparticles in order to obtain ligand-mediated delivery of therapeutics.
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5.4 Evaluation of Silica Nanoparticles in Biological
Environment and Cellular Uptake

5.4.1 Interactions of Silica Nanoparticles in Physiological Media

Controlling the interaction of nanoparticles with biological systems is an essential
challenge. When nanoparticles are contacted with the biological matrices protein
corona is formed when the nanoparticles are exposed to the existing proteins in the
medium.”" The adsorbed proteins determine the identity of the particles in a
biological environment which is usually different from its synthetic identity. The
biological identity of the particles determines their responses including
agglomeration, cellular uptake, circulation lifetime, kinetics, transport,
accumulation, and toxicity. The formed protein corona around the particles causes
the changes in the size and interfacial properties of the particles, also mediates the
interaction of nanoparticles with biomolecules, membranes, and physical barriers.'*

Protein corana formation highly affected by nanoparticle size, shape, curvature,
net surface charge (zeta potential), solubility, surface modification, and route of
administration of nanoparticles. These parameters have been reviewed recently by
various research groups."”>"**!** The impact of particle’s surface properties on the
adsorption of the protein species was reviewed by Aggarwal et al.'* In their review,
literature reports about the effects of particles surface properties were evaluated and
according to literature reports, the increment in the plasma protein adsorption on
the nanoparticles was observed for the polymeric nanoparticles with net negative
surface charges (keeping their sizes and hydrophobicity approximately constant).'”’
On the other hand, for the polystyrene nanoparticles with positive zeta potential
value, the proteins with isoelectric points less than 5.5 (as albumin) was adsorbed
preferentially whereas the proteins with isoelectric points higher than 5.5 (as IgG)
bound to negatively charged particles. In another study, enhanced adsorption of
plasma proteins onto hydrophobic particles was reported. The diversity in size and
morphology, surface curvature and area of particles also resulted in the alteration of
protein adsorption.'*®

In one of the literature reviews, the influence of nanoparticles PEGylation on
eliminating and controlling the protein adsorption was also emphasized.'” In
PAPER 1, stealth effect of PEG, which is one of the most frequently claimed
advantages for employing PEG in biomedical applications, was studied for prepared
100 SiNPs. Bovine Serum Albumin (BSA) was used as a protein source since it is the
major component of Fatal Calf Serum (FCS) used serum-supplement in in vitro cell
cultures. Adsorbed amount of protein per surface area of 100 SiNPs were estimated
after 4h and 24h incubations of 100 SiNPs with BSA. UV-VIS spectroscopy analysis
was carried out to estimate the adsorbed amount of proteins on the particles. In the
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following Figure 53, the highest amount of protein adsorption was observed for the
PEI-coated 100 SiNP and the mPEG grafting on PEI in coatings resulted in the
reduction of the adsorbed protein amount as compared to PEI-coated 100 SiNP.
Even if the PEG on the particles is frequently claimed approach to prevent
nonspecific protein adsorption, the same clear-cut effect was not observed in our
samples. This should be due to the architecture of how the PEG portions are placed
on the 100 SiNP surfaces. In the same study, the distance (d) between two attached
PEG chains after copolymer adsorption was calculated by assuming that the PEG
parts of the mPEG,PEI did not contribute to the adsorption process of copolymer
onto SiNP surfaces, and instead be fully stretched out from the particle surface. The
obtained distance values were estimated to about: 4.5 and 2 nm for SINP mPEGi,y-
PEI and PEGpg-PEI coated particles which were mainly higher than the threshold
limits of 1 nm and 1.5 nm for the adsorption of small and big proteins respectively.
In the report of Malmsten et al.’®, they have claimed that only high enough
interfacial density of PEG chains could result in efficient protein rejection on flat
surfaces, irrespective of the underlying surface chemistry and coupling chemistry
used to attach the PEG chains. The reason for the highest amount of protein
adsorption on PEI-coated 100 SiNPs can be explained as a result of electrostatic
interactions. Since the (-potential values of the PEI-coated SNPs are positive (+ 56
mV) at pH 7.2 (HEPES media), and the net surface charge of the protein species
used are negative (-12 mV) for BSA in HEPES, the electrostatic attractions become
dominant and results in protein adsorption.
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Figure 53. Adsorbed BSA amount on non-coated and mPEG,PEI and
mPEGg,PEI and PEI coated100 SiNPs.
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In order to confirm the compliance between adsorbed BSA and cell media-
exposed 100-SiNPs, the particles were incubated for 2 h in cell media, containing all
components also used for cell culturing including serum, whereafter the particles
were separated by centrifugation and redispersed in HEPES buffer solution (pH 7.2,
25 mM). The (-potential values of cell media-exposed particles were compared to
that of the {-potential values of the same particles after BSA-adsorption. Even if the
absolute values were not identical, which would also be expected given the much
more complex composition of cell media, the trends observed were similar (Table 5)
with decreasing absolute {-potential values for PEI > mPEGy,,- PEI> mPEGyg-PEIL

Table 5 (-potential values of 100-SiNPs in 1) HEPES buffer, 2) after 2h incubation
in serum-supplemented cell media (DMEM) and redispersion of the separated particles
in HEPES buffer, and 3) after BSA adsorption and redispersion of the separated
particles in HEPES buffer. Each value is an average of three measurements.

'SAMPLES {-potential {-potential {-potential
value [mV]* value [mV}]? value [mV]?
100-SiNP-PEI 56 =32 =20
100-SiNP-mPEG, PEI 8 -14 -8
100-SiNP-mPEG,....PEI 1 -6 -2

1:In HEPES buffer (25 mM) pH 7.2
2:After Zh incubation in cell media and redispersion in HEPES buffer
3:After BSA adsorption (in HEPES buffer)

In the unpublished experiments of the thesis, the hydrodynamic size and (-
Potential values of MSNs were analyzed before and after BSA adsorption in order to
compare their synthetic and biological identities. MSNs that were given in section
5.1 with the labeling 1C, 1D were analyzed with and without surface modifications
by keeping the particles in bovine serum albumin (BSA) solution at two different
concentrations of 100 ug/mL and 200 pg/mL, and the treatment durations were
altered as 3h. and 24h. The surface modification of 1D was carried out by
electrostatic adsorption of PEI polymer and in-the-lab prepared mPEGi,,PEI and
mPEGgPEI copolymers. The existing organic portions on the MSNs was analyzed
by thermogravimetric analysis method (TGA) and the values were estimated as 1.02,
19.7, 21.0, 28.6 w/w% for the samples 1D,1D-PElLy., 1D-mPEGPEI and 1D-
mPEGy;PEI respectively.

After treating the MSNs in BSA solutions, the particles were centrifuged,
collected and redispersed in HEPES buffer solution and the hydrodynamic size and
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the (-potential values of MSNs were analyzed. In Table 6 clear differences were
observed before and after BSA treatment which can be assigned to the interaction of
proteins with particles, resulted in protein adsorption on the particles. The presented
values in for the hydrodynamic size of PEI modified MSNs, 1D-PEI, was not altered
significantly after 3h BSA treatment compared to starting values whereas the
difference becomes obvious as the treatment duration increased to 24h. For the 1D-
mPEGy;;nPEI sample, the hydrodynamic radius value and PDI value become lower
compared to the starting sample, which means the interaction of the proteins and
1D-mPEGyPEI aids to provide better dispersibility for particles. This could be due
to the interaction of proteins with the PEG portions of the 1D-mPEGy;gPEI sample
via hydrogen bonding. The hydrogen bonding is one of the probable interactions
between surfaces and proteins. The rest are described as repulsive and attractive
ionic interactions, hydrophobic interactions, hydration forces, acid-base

interactions, van der Waals interactions and steric repulsion.'®!

Table 6. MSNs hydrodynamic size and (-potential values in HEPES buffer solution
(25mM pH?7.2) before and after BSA adsorption.

SAMPLE NAME Hydrodynami o, ., {-Patential

¢ size [nm]° [mV]’
1C 322+6 4 0.3 -44
1D 45047 1 D3 -1
1D-PEl ads 321825 02 44
1D-mPEG..PEIl ads 297457 005 27
1D-mPEGw+PEI ads 13812233 06 2
rodynamic ¥ -Potential  Hydrodynamic -Potential
SANPLE NAMR H‘,;diz:d[ynrn]‘ i ::lll.lﬁ [mVv]' vliudrnmla PO’ \flluo [mV]*
ic 417214 0.5 -39 28624 03 -40
10 540£29 04 -17 £38:13 0.3 -16
10-PE| ads 36543 0.09 -8.6 33504490 06 -7
10-mPEG,PEIl ads 27845 0.08 -10 34024 02 -11
1D-mPEG, . PE| ads 30621 0.1 ) 49517 04 -11

1:MSPs before the treatment in BSA solution

2: After trealing the MSPs for 3h. in 200 pg/mlL
BSA solution

3: After treating the MSPs for 24h. in 200 pg/mL
BSA, solution

The results plotted in Figure 54 reveal that there is a clear change in the adsorbed
amount of BSA with time. The highest amount of protein adsorption has accrued for
the 1D-PEI sample with the decreased order of 1D-mPEGPEL1D and 1D-
mPEGp;;PEI and 1C. The time-dependent decrease is more significant for 1D-
mPEG)PEI samples compared to 1D and 1D-mPEGy;;PEI samples. This could be
due to formed multilayers with the protein adsorption in which the subsequent
layers will be attached considerably weakly compared to the first layer which is
interacting directly with the surface of MSNs. As the adsorption become loose in
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subsequent layers, the exchange of the protein from adsorbed part to bulk protein
solution becomes more facilitated.!®> The difference between mPEG, PEI and
mPEGy;nPEI coated MSNs becomes more evident compared to the results obtained
in Figure 53 with the increased amount of PEG on the samples in which the
adsorbed amount of protein is decreasing. In addition, a clear difference is observed
between the pristine 1D and 1C samples. This could be due to the existing amine
groups on MSNs surfaces. As it was mentioned in one of the literature studies
additions of monoamines and diamines into adsorption solutions of proteins helps
to quench the adsorption on the bare silica surfaces.'®® The same trend is also
observed in this part of the study, existing amine groups on solvent extracted sample
(1D) yields the increment in protein adsorption. It is clear that the difference in the
density of silanols and presence and absence of organic residues have played a major
role in the resulting protein adsorption.

Y 120 1808
(]
i 100 1 moan,
o
-~ B0 4
a>
@ E
@S 60 -
- 2
3=
40 4
3
T 20 ”ﬂ
0

Figure 54. Adsorbed BSA amount on non-coated calcined, solvent extracted MSNs
and copolymer coated calcined MSNs.

5.4.2 Intracellular Interactions of Silica Nanoparticles

The effect of provided colloidal stabilization mechanisms on the intracellular
interaction was examined in PAPER I. In vitro microscopy imaging was carried out
by confocal microscopy in order to compare the cellular uptake of mPEGi,,-PEI,
mPEGg-PEI surface modified and bare 100 SiNPs. In vitro imaging of cancerous
HeLa cells was carried out with the surface modified 100 SiNPs at copolymer
concentrations, which was found to be the optimal level for dispersing and
stabilizing the SiNP system. A clear difference in intracellular pattern after cellular
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uptake was observed between non-coated, mPEG i, -PEI and mPEGy,-PEI coated
SiNPs (Figure 55).

Figure 55. In vitro confocal fluorescence images of (a) non-coated and (b)
PEG,,PEI and (c) mPEGPEI coated 100 SiNP in HeLa cells after 4 h incubation. All
images are confocal sections through the nucleus and the nuclei of cells are stained
with DAPI (blue color) (PAPER I).

The images in Figure 55 reveal that the effective amount of PEG chains exposed
on the surface with the correct conformation is decisive rather than the total
concentration of PEG on the particles has a great impact to prevent aggregation of
particles during the cellular interactions. In addition, to obtain efficient colloidal
stability under biological conditions, both steric and electrostatic contributions are
needed the dominant effect of which cannot be isolated.

In PAPER II, the behavior of MSNs at the nano-bio interface was also
investigated as in vitro studies in cellular models. For this purpose, two similarly
sized but differently shaped, rod-shaped and spherical shaped, mesoporous silica
nanoparticles were prepared and the cellular internalization performances were
compared. Furthermore, both types of particles were functionalized to obtain
different surface charges in order to find out the dominant effect that induces the
cellular internalization of the presented strategies in Figure 56. In vitro studies were
carried out in two different cancer cell lines, HeLa (cervical carcinoma cells) and
Caco-2 (human epithelial colorectal adenocarcinoma cells), to investigate the impact
of particle characteristics on cells of different origin. The influence of morphology
alterations and surface modifications on cellular uptake was investigated by flow
cytometry and confocal microscopy imaging techniques in PAPER II.
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Figure 56. Cellular uptake of uncoated MSNs in two different cancer cell lines after
4-h incubation. (a) HeLa 10 ug/ml, (b) HeLa 2 ug/ml,(c) Caco-2 10 ug/ml and (d)
Caco-2 2 ug/ml; NR-MSP (green), S-MSN1 (pink) and S-MSN-2 (blue). The shaded
area is the control (no particles) (PAPER II).

First, the cellular uptake of unmodified fluorescently labeled particles with
spherical (S-MSN) and rod-like morphologies (NR-MSP) was studied. Two different
concentrations (2, 10 pg/mL) were tested in order to find concentration and
morphology-dependent variations. In order to detect cell-internalized particles, the
extracellular fluorescence was quenched for both FACs and microscopy studies. In
Figure 56, the histogram plots were given in order to compare the preferences of two
cell line for spherical and rod-shaped particles. In Figure 56, the peaks of S-MSN2 in
histogram plots are not shifted significantly from the control, and bimodal peak
distribution was observed for the S-MSN1 which indicates low cellular uptake. The
observed difference between two spherical particles plausibly due to the difference in
the net surface charge of the particles, in which S-MSN1 is negatively charged (-
potential value -18 mV in HEPES buffer) to resemble the pristine silica material
whereas S-MSN2 is a co-condensed material consisting of basic aminopropyl groups
on the surface of the material and which are counteracting the acidic silanol
groups responsible for the negative charge of silica surfaces, thus resulting in a net
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neutral charge ((-potential value ~0 mV in HEPES buffer) under the studied
conditions. The NR-MSPs were fluorescently labeled via post-synthesis
functionalization to yield a sufficient fluorescent labeling, so the surface of NR-MSP
resembles S-MSN1. The measured (-potential value of NR-MSP was -16 mV in
HEPES buffer, so the S-MSN1 and NR-MSP can be compared to find out the shape
effect on the cellular internalization. The difference between S-MSN1 and S-MSN2
can be due to the serum protein adsorption onto particles and coronation, which
leads to enhancement in the unspecific cellular uptake of negatively or positively,
charged particles. Therefore, two net negatively charged S-MSN1 and NR-MSP
could be exposed to higher protein adsorption compared to net neutral charged
particles (S-MSN2) and result in increased cellular uptake. Beside this, the
aggregation of S-MSN2 in the physiological environment might be possible, due to
the absence of surface coating to provide electrostatic or steric stabilization for S-
MSN2. The observed significant peak shift in the histograms of the NR-MSPs clearly
supports the findings in literature about the preferred cellular uptake of rod-shaped
particles over spherical particles.

The cellular internalization of organically modified particles with different net
surface charges was investigated. For this purpose, high positive surface charge was
provided with cationic polyelectrolyte polyethyleneimine (PEI) by surface grafting
method. In addition, the effect on cellular uptake upon derivatization of the PEI
layer was investigated by capping the terminal primary amino groups with either
uncharged acetyl groups or acidic (negatively charged under neutral conditions)
succinic acid groups. Furthermore, PEI surface functionalization method was
verified by electrostatic adsorption of the hyperbranched PEI polymer on the surface
of particles. The uptake in terms of positive cell percentage of the whole series of the
particles with (or without) different functionalization was investigated with two
different concentrations (2 and10 pg/mL) on both Caco-2 and HeLa cell lines as
presented in Figure 57.
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Figure 57. Cellular uptake efficiency. Cellular uptake of coated vs uncoated rods vs
spheres in HeLa ((a) 10 ug/ml and (b) 2 ug/ml) vs Caco-2((c) 10 pg/ml and (d) 2
pg/ml) cell lines after 4 h incubation, as measured by FACS. Error bars represent SD
(n=4). The pink dotted line distinguishes the rods from the spheres (PAPER II).

For HeLa cells, almost no difference was observed in the level of NR-MSNs
cellular uptake for 2 pg/mL with different surface modifications whereas decreased
uptake of NR-MSNs was observed at 2 pg/mL concentrations with surface
modifications. For Caco-2 cells, the differences become obvious and surface-charge-
induced differences are also clear. Capping the charge with uncharged groups
reduces the uptake, but a negative charge seems to reduce it even more. This effect is
even more evident from the graph of normalized fluorescence intensity vs type of
particles in Figure 58 where MFI values from FACS have been normalized against
particle-specific fluorescence in suspension.
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Figure 58. Normalized pure particles suspension fluorescence intensity values
measured at 530 nm in HEPES buffer solution against MFI values from FACS for Hela
with a) 2ug/mL and b) 10ug/mL MSN incubation and Caco-2 cells with c) 2 yg/mL
and d) 10ug/mL MSN incubation for 4h. Error bars represents SD n>3.(PAPER II).

The observed difference is probably due to the fact that the absolute charge is not
neutral, but still, a competition between negatively charged silanols on the
underlying silica surface and secondary and tertiary amine groups in the PEI layer
results in a net neutral effective charge. As this net effective charge recorded at
neutral pH was even slightly negative, the capping of the terminal primary amines
seems to have been very effective as it has been able to shield the positive charge. The
terminal acetyl groups are serving as ‘charge capping” and reduce uptake observed
for positively charged particles. On the other hand, the succinylation provides for
terminal negatively charged groups on the organic layer which, together with the
secondary and tertiary amine groups in the PEI layer (or any residual primary
amines), creates zwitterionic functionalization with the organic layer consisting of
both negative and positive charges. Such composition of surface on silica
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nanoparticles has also been suggested to minimize serum protein adsorption, which
could also lead to decrease in unspecific uptake. Thus, it may not be the negative
charge as such that reduces the uptake but the zwitterionic nature of the organic
layer.'®

For HeLa cells no distinctions were obtained with the surface functionalization
and particles are all taken up almost in 100% of the cells. But for HeLa cells, at lower
concentrations (1 pug/ml), the charge-induced differences started to occur as shown
in the histogram presented in Figure 59 with the same trend, i.e., the positively
charged rod-like particles are taken up to a greater extent.
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Figure 59. Charge-induced differences in cellular uptake of particles. Incubation of
NR-MSNs in HeLa cells at a low concentration (1 ug/ml), NR-MSN (green,
83.6%),NR- SP-PEI-ACA (red, 62.4%), NR-MSN-PEI-SUCC (orange, 69.6%), NR-
MSN-PEI adsorbed (light blue, 93.2%), NR-MSN-PEI grafted (teal, 97.9%) and control
(violet) (PAPER II).

According to the presented results, particle morphology is a decisive property
regardless of both the different surface charges and doses tested, whereby rod-like
particles internalized more efficiently in Caco-2 and HeLa cell lines. Performed
uptake studies in different cell lines reveal that along with particle shape and surface
functionalization, cellular origin and features may also influence the uptake of
particles in cells. In addition, at lower doses where the shape-induced advantage is
less dominant, charge-induced effects can, however, be used to fine-tune the cellular
uptake as a prospective ‘secondary’ uptake regulator for tight dose control in
nanoparticle-based drug formulations.
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6 CONCLUSIONS AND OUTLOOK

Diverse design strategies for the preparation of multifunctional silica
nanoparticles were presented in this thesis with the focus on their utilization in
therapeutic, diagnostic, or both, in theranostic applications. The investigations of
this study revealed that among the employed modular design strategies, modifying
the surface characteristics of silica nanoparticles possess great impact on the fate of
particles in biological environments. In the case of copolymer surface modification
of silica nanoparticles, only when proper composition and architecture of
copolymers was provided, joint electrostatic and steric stabilization could be
obtained. The combined stabilization mechanism resulted in efficient colloidal
stability of the particles under biologically relevant conditions and also well
distributed intracellular particle patterns.

The structural and morphological diversification of mesoporous silica
nanoparticles (MSNs) was carried out to improve the drug loading capacity of
unmodified MSNs for therapeutic applications. Among the prepared MSNs, the
hollow structured and pore expanded particles offered 100 w/w% loading capacity as
a drug carrier.

Imaging and cell labelling capability of silica nanoparticles was also attempted to
be tuned for diagnostic applications. The surface properties (environment that the
fluorophores was exposed due to their incorporation in MSN matrix), structural and
morphological features of MSNs and incorporation strategy of imaging agents was
extensively explored. To image silica nanoparticles with fluorescence imaging
techniques, the most critical points were stated as the environment of the
fluorophore (especially for pH-sensitive fluorophores) that it was exposed to and
also the concentration of fluorophore (for both pH-sensitive and insensitive
fluorophores) in the analysis environment. Controlling the mentioned points aided
the quantification of fluorophore-labelled silica nanoparticles in fluorescence-based
analyses. The impact of morphology and imaging agent incorporation strategies
were determined as being critical parameters also when the mesoporous silica
nanoparticles are designed as contrast agents for magnetic resonance imaging.

The impact of morphological and surface properties of silica nanoparticles on
interactions in physiological media and their intracellular interactions was evaluated.
The findings revealed that highly positively charged particle surfaces enhanced the
cellular internalization of particles when compared to their net negatively or net
neutrally charged counterparts. In order to boost the therapeutic effect of silica
nanoparticles, their morphological features were altered. Elevated cellular uptake
efficiency was obtained with the rod-shaped silica nanoparticles compared to
spherical shaped particles regardless of the employed dose and surface charges.
Additional to morphological features of the particles, surface modification with
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conjugated targeting moiety aided to provide better therapeutic efficacy on the tested
cancer cells when MSNs were employed as drug carriers.

The results presented in the thesis are believed to provide deep insight into the
critical preparation steps of silica nanoparticles with diverse physicochemical
properties. The impacts of the obtained features on biomedical applications were
also evaluated. This knowledge facilitates the preparation of silica nanoparticles with
desired properties and aids to predict their fate in biomedical applications. Currently
the gained information from the study is used to prepare theranostic silica
nanoparticles for a variety of research projects. For instance, antibacterial
nanoparticles have been developed as an alternative platform of traditional
antibiotics treatment. We believe that this decade’s one of the most threatening
problem, antibiotic resistance can be solved by this way.
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