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Abstract

Core-shell nanoparticles have found increased attention in the past years due to their many
potential applications in material science, i.e. catalysis, optics and biomedicine. In this thesis, well-
defined silica nanoparticles (SNPs) coated with poly(2-methyl-2-oxazoline) (PMeOx) have been
prepared and characterized for biomedical applications. SNPs were synthesized through the
reverse microemulsion method followed by the chemical binding of PMeOx chains to the surface

of the silica core via various approaches including “grafting to”, “grafting from”, and in-situ

immobilization and polymerization of 2-methyl-2-oxazoline (MeOx).

For the synthesis of PMeOx-coated SNPs via the “grafting to” approach, two different
methods were employed involving click chemistry and the silane coupling reaction; however, only
the latter method resulted in a relatively higher grafting density. The hybrid nanoparticle synthesis
was further improved by fabricating the polymer shell via the “grafting from” approach and
immobilization of an initiator on the particle surface before polymerization. Grafting density and
thickness of the polymeric shell was controlled by varying the polymerization time and
monomer/initiator ratio concentration. These hybrid nanoparticles were further functionalized with
fluorescein isothiocyanate and folic acid as a fluorescence imaging molecule and cancer-targeting
ligand, respectively. Moreover, hybrid nanoparticles with tris(bipyridine)ruthenium(II) chloride as
a fluorophore encapsulated in the silica core were prepared before the PMeOx shell was formed
by the “grafting-from” method. Finally, a novel one-pot method was designed and optimized
entitled “in situ immobilization and polymerization of monomer” for the synthesis of PMeOx-
coated SNPs. This led to a grafting density similar to the “grafting to”” approach with the advantage
of a simplified the reaction procedure.

Fluorescent dye
molecule

.....

polymer chain

folic acid
silica or fluorescein
nanoparticles

Scheme 1. Schematic picture of a silica polymer hybrid nanoparticle with surface functional
groups (folic acid or fluorescein) and/or encapsulated dye molecules
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Kurzfassung

Kern-Schale basierte Nanopartikel sind Materialien, die eine zunehmende
Aufmerksamkeit erfahren aufgrund ihrer zahlreichen mdglichen Anwendungen in den
Materialwissenchaften, z. Bsp. der Katalyse, der Optik oder der Biomedizin. Im Rahmen dieser
Arbeit  wurden  Silika-Nanopartikel ~ (SNPs)  hergestellt und  charakterisiert  fiir
Biomedizinanwendungen, die mit einer Poly(2-methyl-2-oxazolin) (PMeOx) Hiille umgeben sind.
SNPs wurden mithilfe der reversen Mikroemulsion hergestellt gefolgt von der kovalenten
Kopplung der PMeOx-Ketten auf der Silikaoberflache mithilfe verschiedener Techniken, wie die

“grafting-to”, “grafting-from” und der in-situ Immobilisation und Polymerisation von 2-Methyl-

2-oxazolin (MeOx).

Fiir die Herstellung der PMeOx-beschichteten SNPs nach der “grafting-to” Methode,
wurden zwei unterschiedliche Ansitze untersucht, dazu gehoren die Click-Chemie und die Silan-
Kupplungsreaktion; wobei nur die letztere zu relativ hohen Pfropfdichten fiihrte. Die Synthese der
Silikahybridpartikel wurde weiter verbessert durch Bildung der Polymerhiille mithife des
“grafting-from” Verfahrens und Immobilisierung eines Initiators auf der Partikeloberfldche vor
der Polymerisation. Die Pfropfdichte und die Dicke der Polymerhiille wurden kontrolliert durch
Variation der Polymerisationszeit und der Monomer / Initiatorverhiltnisse. Die so erhaltenen
Hybridnanopartikel wurden weiter funktionalisiert mit Fluoresceinisothiocyanat fiir die
bildgebende Diagnostik und Folsdure fiir das Tumor-spezifische aktive Targeting. Dariiber hinaus
konnte gezeigt werden, dal Fluorophore, wie Tris(bipyridine)ruthenium(II) chlorid in den
Silikakern verkapselt werden konnen bevor die Oberfldchen-initiierte Polymerisation von 2-

Methyl-2-oxazolin durchgefiihrt wurde.

Schlieflich wurde eine Eintopfvariante entwickelt und optimiert, bei der in-situ der
Initiator immobilisiert wird und die Polymerisation von 2-Methyl-2-oxazolin fiir die Bildung der
PMeOx beschichteten SNPs ablauft. Dies flihrte zu einer Pfropfdichte dhnlich der, die bei der
“grafting-to” Methode gefunden wurde, jedoch mit dem Vorteil der vereinfachten

Reaktionsfiihrung.



Weiterer

Fluoreszenz-
farbstoff

Polymerkette
Folsédure
Silika- oder
nanopartikel Fluorescein

Schema 1. Schematische Darstellung eines Silikahybrid Polymernanopartikels mit Oberflachen-
funktionalisierten Gruppen (Folséure oder Fluorescein) und/oder eingekapselten Farbstoffen.
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Chapter 1. Introduction

Nanoparticles (NPs) have mainly been investigated in recent years as a
prospective biomedical tool, which can contribute immensely to various fields such as
drug delivery, gene delivery, and imaging [1,2]. The key feature that makes NPs
interesting in life sciences is their high surface-to-volume ratio. This allows them to be
modified adequately and consequently improves their pharmacokinetic properties,
increases their vascular circulation lifetime, and enhances their bioavailability [1].
Moreover, these nano-sized particles allow large numbers of drug molecules, imaging,
and therapeutic agents to be encapsulated inside or to be attached on their surface [3]. The
surface modification of NPs with polymers has recently gained much attention since the
polymer coating alters the interfacial properties of the NPs as it increases their
dispersibility, enhances the thermal and chemical stability of their core, decreases their
toxicity, improves their biocompatibility, and facilitates their conjugation with other
bioactive molecules [1]. These novel core-shell nanoparticles (CSNPs) have therefore
performed better than simple NPs in biomedical applications, when core and shell have a
suitable composition. A schematic illustration of cancer diagnosis and therapy with NPs

is shown in Figure 1.1.

Various types of inorganic NPs can be used in biomedical applications, such as
silica, gold, silver, and iron oxide nanoparticles [4]. Silica nanoparticles (SNPs) are
among the most interesting and well-known NPs. They have received increasing attention
as drug delivery vehicles or bioimaging agents [5] owing to their ease of synthesis [6],
particle size uniformity [7], relatively low cost [8], excellent biocompatibility [6,9],
hydrophilicity [6], and versatility of the possible surface modifications [9]. In bioimaging
applications, SNPs have the potential to encapsulate the imaging molecules and therefore
overcome some limitations of conventional fluorescent dyes such as poor hydrophilicity,
low photostability, and insufficient stability in biological system [10]. However, the
major challenge is related to the surface properties of SNPs since many studies reported
the adsorption of proteins on the surface of these nanoparticles, possibly affecting their
colloidal stability and toxicity [11,12]. To address this problem, the surface of SNPs can

be modified with hydrophilic polymers that can prevent non-specific protein adsorption

[11].
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Figure 1.1 Schematic illustration of cancer diagnosis and therapy with nanoparticles, based on
Ahmed et al. [2].

Generally, the surface of inorganic NPs can be modified with polymer chains by
either physical interaction or covalent attachement. Covalent grafting techniques are
preferable due to the enhanced stability of the tethered polymer layer [13,14]. Theses
approaches have been mainly used to attach polymer layers to the NP surface: “grafting
to” involves a coupling technique, “grafting from” uses surface-initiated polymerization,
and “grafting through” involves a macromonomer that can be copolymerized with the
other monomers in the surrounding medium [15-19]. More specifically, the surface
modification of SNPs with hydrophilic polymers is essential for in vivo applications
owing to the improved circulation time of the particles. Among the polymers that can be
used as a shell, polyethylene glycol (PEG) is one of the most interesting polymers in
biomedical applications [20-22]; however, it has some limitations owing to its possible
interaction with the immune system and possible degradation under stress [21,23-25]. To
circumvent these problems, poly(2-methyl-2-oxazoline) (PMeOx) and poly(2-ethyl-2-
oxazoline) (PEtOx) have been proposed as a promising alternatives for this challenge in
biomedical applications, because they combine essential properties such as
hydrophilicity, biocompatibility, versatile end group chemistry [21], chemical stability
[26], and stealth behavior similar to PEG [27]. Mansfield et al. recently reported similar
abilities of poly(2-ethyl-2-oxazoline) (PEtOx) and PEG-coated SNPs to improve the
diffusivity of SNPs in mucin dispersions and through the gastric mucosa [27]. It should
be noted that the ease of synthesis also plays an undeniable role in attracting the attention
of researchers to this novel class of materials [1]. This current study aims at modifying
the surface of SNPs with poly(2-methyl-2-oxazoline), PMeOx, for bioimaging

applications, by using several chemical strategies.
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Chapter 2. Literature Review

2.1 General description of core-shell nanoparticles

Core-shell nanoparticles are defined as nano-sized particles that contain an inner
material (core) that is surrounded by an outer layer material (shell) [28]. These novel
materials are well-known for their improved stability, physical, and chemical properties,
as the shell is able to protect the core from the surrounding environment [29]. In addition,

CSNPs may have properties that arise from the synergy between cores and shells [30].

Core-shell nanoparticles can be composed of various combinations of materials,
including inorganic/inorganic, inorganic/organic, organic/inorganic, and organic/organic
materials [30]. The “organic” class is related to carbon-based materials, mostly polymers,
whereas the “inorganic” class includes metal- or silica-based materials [30]. The choice
of material for the core or the shell strongly depends on the end application of the
nanomaterial. Moreover, CSNPs can be classified into three types based on their shell
properties: hollow-core-shell nanoparticles, core-multishell nanoparticles, and core-

porous-shell nanoparticles.

(based on shell Hollow-core-shell nanoparticles

properties)

Core-multishell nanoparticles

Core-porous-shell nanoparticles

(based on materials)

Organic/organic Organic/inorganic Inorganic/organic Inorganic/inorganic

Figure 2.1 General classification of core-shell nanoparticles based on the properties of their
shells and material-types, based on Gawande et al. [30].

Core-shell nanoparticles have been receiving increasing attention, owing to their

versatility in composition and structure [30] and their broad range of applications, which
3



include coating, catalysts, optics [31-33], and biomedical applications [1,30,34,35].
Nanoparticles have largely influenced biomedical applications in various fields such as
controlled drug delivery and release, targeted drug delivery, bioimaging, and diagnostics
[29]. The main advantage of NPs over larger particles is their high surface-to-volume
ratio, which allows a more efficient surface modification leading to an enhancement of
circulation time and bioavailability [1]. Moreover, the coating of the core can improve
many of the core’s properties: the cytotoxicity can be dreduced, the dispersibility,
biocompatibility, thermal stability, and chemical stability can be improved, and the NP
can be conjugated to other bioactive molecules [1,36]. These additional advantages make
CSNPs an interesting alternative to conventional NPs in bioimaging, and drug delivery
[1,30,34-36]. For example, CSNPs are extensively studied for bioimaging application
because the core can encapsulate imaging molecules and protect them from
photobleaching, and the shell material is responsible for the surface properties such as
biocompatibility and conjugation with bioactive materials [1]. Future generations of
multifunctional CSNPs will exhibit many new properties that will surely result in new
applications with improved performances [29]. A schematic of a multifunctional CSNP

for biomedical applications is shown in Figure 2.2.
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Figure 2.2 Scheme of a multifunctional core-shell nanoparticle for biomedical applications,
based on Chatterjee et al. [1].



2.2 Nanoparticles in bioimaging

Early and accurate diagnosis of cancer is the most important factor for the
patient’s survival, and largely depends on the rapid and sensitive detection of tumor cells.
In the last two decades, advancement in nanotechnology have significantly benefited
bioscience owing to their wide variety of applications in drug delivery [37], diagnostic
sensors [38], and imaging agents [39,40]. Bioimaging techniques have an undeniable
effect on improving human health by improving the diagnosis and prevention of diseases.
Moreover, in vivo imaging has attracted much attention as a tool to better understand
living organisms and, in particular, the human body which is an extremely complex
system [41,42]. Various bioimaging tools can be used, such as magnetic resonance
imaging (MRI), positron emission tomography (PET), ultrasound, computed tomography
(CT), and optical imaging [1].

Fluorescence imaging is one of the simplest technologies for bioimaging, and it is
widely used in research [43]. Fluorescence microscopy was first reported by Reichert and
Heimstddt in 1911, which was a few decades after the development of organic fluorescent
molecules [44]. Fluorescent dye molecules were traditionally used for imaging, but they
suffer from low brightness, photobleaching, and non-specific targeting [40]. A
comprehensive study in the field of bioimaging indicates that the available nanomaterials
with the purpose of imaging are promising because fluorescent nanomaterials can
overcome limitations of organic fluorescent dyes, such as poor hydrophilicity, rapid
photobleaching, and low quantum yield [41]. Several types of nanosystems can be used
for bioimaging, such as organic polymers, NPs made from silica and organically modified
silica, quantum dots, carbonaceous nanomaterials, and metal-based NPs [45]. Among all
available nanomaterials, fluorescent-based NPs are the most interesting ones for in vivo
bioimaging [41]. Fluorescent-based NPs have the potential to overcome the limitations
of fluorescent dye molecules and provide highly sensitive and selective tumor imaging.
Thousands of dye molecules can be incorporated into one nanoparticle, leading to a
greater brightness of the NP compared to a single dye molecule [40]. Also, the formed
shell around the dye molecules can protect these molecules from photobleaching and
consequently allow long-duration imaging of tumor cells [40]. Moreover, the modifiable
surface of these NPs enables the immobilization of various targeting ligands and

consequently leads to selective tumor imaging agents [40].



Fluorescent-based NPs can be fabricated by incorporating fluorescent dyes into
the particle's matrix or by immobilizing the dye molecules on the surface of the particles
[46]. The doped dyes can be either inorganic or organic [46]. Photobleaching can be
considerably reduced by incorporating organic dyes into a particle matrix that enables the
depletion of oxygen surrounding the dye [46]. The dye molecules can be either physically
encapsulated into the particle matrix or chemically bonded to the particle. Although the
former method is much easier to implement and applicable to a wider variety of dyes, the
latter method gained more interest because it prevents the dye molecules from leaking out

of the particle [46].

2.2.1 Properties of silica nanoparticles

Excellent control over the synthesis of NPs is a prerequisite for their application
in biomedical fields [6]. Moreover, NPs that are used for bioimaging need to be non-
toxic, selective, small enough to enter cells, and they need to have a good dispersibility
in the biological environment. Various kinds of NPs can be used for bioimaging, such as
quantum dots [47], carbon nanotubes [48,49], magnetic nanoparticles [50], and SNPs
[45]. Among them, SNPs have gained special interest for imaging due to their ease of
synthesis [6,40], uniform morphology over a range of particle sizes [7], relatively low
cost [8], excellent biocompatibility [6,9,40], hydrophilicity [6], transparent matrix [51],
inert nature [51], and many possible surface modifications [9]. The great potential of
SNPs in biomedical applications was especially highlighted after the U.S. Food and Drug
Administration approved the first in-human clinical trial of ultrasmall SNPs for the real-
time fluorescent detection and imaging of melanoma with lymphatic drainage patterns
and nodal metastases [52]. These ultrasmall cancer-selective multimodal SNPs, with a
diameter of 7 nm, have a unique combination of structural, optical, and biological
properties [53,54]. The silica core contains Cy5 dye molecules, and it is coated with
methoxy-terminated polyethylene glycol (PEG) chains and further functionalized with

cyclic arginine—glycine—aspartic acid peptide ligands and radioiodine [53,54].

In general, SNPs for biomedical applications are classified into two main types:
mesoporous SNPs (2-50 nm pore size) and nonporous/solid SNPs (Figure 2.3) [6,40].
Mesoporous SNPs are used as drug delivery vehicle: drugs can be loaded at high

concentrations, by either chemical or physical adsorption, and easily released from the
6
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mesopores and nanochannels [6,40]. Mesoporous SNPs are loaded with cargos in the
nanochannels and the inner surface of these nanochannels can be modified in order to
control the binding affinity with cargo molecules. In order to prevent a premature release
of the cargo molecules, gatekeepers are attached to the surface of the mesoporous SNPs
[6]. In contrast, nonporous/solid SNPs are mainly used in bioimaging applications to
deliver cargos either by encapsulation, conjugation with the silica matrix or binding to
the surface of the particles [6]. The cargos are released by degradation of the silica matrix
or the chemical linkers [6]. Silica nanoparticles can be accumulated in tumor tissues
through either passive or active targeting pathways, and the imaging agents inside the

silica particles give the accurate location of nanoparticles in tumor tissues [40].
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Figure 2.3 Schematic diagram of the (a) mesoporous silica nanoparticles and (b) nonporous
silica nanoparticles loaded with cargos, based on Tang et al. [6].

Although nanomaterials that can circulate in the body have great potential in
diagnosis and treatment, it is extremely important that these nanomaterials can be
eliminated from the body in a reasonable amount of time [55]. Cho et al. monitored the
excretion of SNPs in urine and feces on five-week-old male BALB/c mice [56]. They
reported that excretion largely depends on particle size and they found that SNPs with
diameter around 50 nm, reached their highest concentration in urine after 12 h and in
feces after 24 h. Moreover, one week after intravenous injection of SNPs, SNPs were not
detected in urine regardless of their size [56]. They studied the excretion of three sizes of
SNPs (50, 100, and 200 nm) and reported that smaller particles were present in urine and
feces at higher concentrations and were cleared more rapidly [56]. Moreover, it was

reported that mesoporous silica nanoparticles could decompose in vivo into harmless

7



silicic acid by-product, which makes these materials attractive for long-term applications
[57,58].

2.2.2 Synthesis of silica nanoparticles

Silica nanoparticles can be prepared via a sol-gel process that involves the
hydrolysis of a silicon alkoxide precursor followed by the polycondensation of monomers
in the presence of an acid or base catalyst in order to form the desired NPs [59,60]. The
silicon alkoxide precursor can be, for example, tetramethoxysilane (TMOS) and
tetracthoxysilane (TEOS) [61]. During the hydrolysis of TEOS in water, the alkoxide
group is replaced by a hydroxyl group (Figure 2.4 A) [62,63]. Consequently, the
hydrolyzed TEOS undergoes a polycondensation reaction, leading to either water or
ethanol as a by-product (Figure 2.4 Beq. 2-2) [62,63]. Both forms of condensation lead

to the formation of siloxane bridges (Si-O-Si), which account for the silica structure [63].
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Figure 2.4 Hydrolysis and condensation reactions of the silica precursor.

The formation of silica particles can be divided into two stages, namely nucleation
and growth [64]. The growth mechanism of silica has been explained by two models:
monomer addition and controlled aggregation [63]. According to the monomer addition
model, after the nucleation stage, particle growth takes place on the surface of primary

particles by addition of hydrolyzed monomers. In contrast, the aggregation model
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elaborates that the nucleation step takes place continuously throughout the reaction and
the resulting nuclei aggregate together in order to form dimer, trimer, and larger particles.

Eventually, both models lead to the formation of a silica network [63].

Two main approaches have been used for the synthesis of solid SNPs: the Stober
method and reverse microemulsion (Figure 2.5) [51,63,65]. The synthesis of spherical
silica particles, with diameters ranging from 50 to 2000 nm, was first reported by Stober
et al. in 1968 [51,66]. This pioneering method involved ammonium hydroxide as a

catalyst to hydrolyze and condense the silica precursor in a mixture of ethanol and water.
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Figure 2.5 Schematic diagram of Stober method and reverse microemulsion to synthesize silica
nanoparticles.

Alternatively, the synthesis of SNPs has been performed by reverse
microemulsion, which was reported by Arriagada and Osseo-Asare in 1992 [67]. This
synthetic process could, by then, overcome the main limitation of the Stober method,
which was the synthesis of SNPs with uniform size distribution [68]. This method

involves the ammonia-catalyzed polymerization of the silica precursor in a water-in-oil
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(W/O) microemulsion [59,67]. The reverse microemulsion is transparent: isotropic liquid
media consist of nanometer-sized water droplets stabilized by surfactant/co-surfactant
molecules, which reduce the interfacial tension between water and oil phases in bulk oil
[68,69]. The water droplet serves as a nanoreactor for controlling the kinetics of particle
nucleation and growth in SNP synthesis. In this method, therefore, the size and dispersity
of the SNPs are limited by the size of the water droplets and can be controlled precisely
by the water-to-surfactant molar ratio. The silica precursor cannot be hydrolyzed and then
it diffuses into the micelles, which contain water and the catalyst. Consequently, the
polycondensation of the hydroxysilicates occur in the micelles only [68]. This method
leads to the formation of highly monodisperse and perfectly spherical particles with sizes
ranging from 35 to 70 nm [69]. It should be noted that small enhancements in
nanotherapeutic penetration can lead to significant improvements in therapeutic
effectiveness [70]. Therefore, a precise control of the size, shape, and surface properties
of SNPs (Figure 2.6) during the synthesis procedure improves the application of SNPs in

biomedical applications [6].
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Figure 2.6 Schematic representation of the controlled physicochemical properties of SNPs,
based on Tang et al. [6].

2.2.2.1 Size

Particle size plays a key role in biodistribution, blood circulation, tissue
penetration, and cellular uptake [71]. Decreasing the size of NPs enhances the delivery

by leading to longer circulation times as well as a more rapid transport within tumors.
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However, smaller particles possess lower drug and imaging agent payloads [70].
Nanoparticles with diameters below 100 nm have relatively little protein adsorption on
their surface, making their blood clearance twice as low as that of the particles with

diameters above 200 nm [72].

As already mentioned, SNPs can be prepared by two methods: the Stober method
and reverse microemulsion. The Stober method was further extended in order to
investigate the effect of different parameters on SNP size [73,74]. It was found that the
particle size increased by increasing the concentration of the catalyst (ammonium
hydroxide) and that of the silica precursor, and by decreasing the amount of water.
Moreover, ethanol as a solvent resulted in significantly larger particles than methanol did
[74]. Finally, Kim et al. synthesized monodispersed SNPs with excellent control on the
size of the particles in a range of diameters from 5 to 450 nm by using the Stober method
[74]. The size of the SNPs can also be manipulated by using the reverse microemulsion
approach. The most important factor for controlling the size of the NPs in this method is
the micelle size, which is related to the water-to-surfactant ratio. By decreasing the water-
to-TritonX-100 molar ratio (R) from 15 to 5, the size of the SNPs increased from 69 to
178 nm [75-77]. Higher values of R result in a larger amount of water available inside
the micelle, consequently promoting the nucleation step. Hence, the number of produced
nuclei increases and leads to the formation of smaller silica particles [76]. Another
important factor is the catalyst concentration, which has a reverse effect on the particle
size. By increasing the concentration of ammonium hydroxide, more OH™ ions are
provided for TEOS hydrolysis. Therefore, the hydrolysis rate of silica precursor increases
and produces more monomer and ethanol, as a by-product. Ethanol can act as a co-
surfactant and enhance the intermicellar exchange rate. Enhancing the fluidity of the
interface increases the nuclei formation and eventually leads to the formation of smaller
silica particles [52]. The concentration of silica precursor and co-surfactant (n-hexanol)
has a negligible effect on particle size and the majority of excess TEOS does not

participate in hydrolysis and condensation reactions [75].

2.2.2.2 Shape

The shape of NPs can largely effect their blood circulation as well as their tumor

penetration behavior [6,71,78,79]. Rod-shaped NPs have shown superior circulation
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times (which largely effect the therapeutic efficiency [78]) compared to spherical NPs
[80]. Moreover, nanorods seem to perform better than nanosphers in terms of penetration
and distribution into tumors and in vivo cellular uptake efficiency, owing to the improved

transport through pores [70,71].

One of the advantages of silica is its possibility to be fabricated with different
morphologies such as spheres and tubes. The synthesis of spherical SNPs has already
been explained comprehensively. Silica nanotubes were first synthesized by Nakamura
et al. in 1995, according to the Stober method [81]. Nanotubes were prepared by
hydrolysis of TEOS in a mixture of ethanol, ammonia, water, and tartaric acid. Generally,
silica nanotubes have been synthesized by using a template as a structure-directing agent,
and the selective removal of the template in a post-treatment step such as extraction,
chemical reaction, and calcination [82]. Therefore, selecting an appropriate template is a
key for a successful template-directed synthesis [82]. Various organic or inorganic
templates, can be used for the fabrication of silica nanotubes, such as anodic aluminum

oxide [83], multi-walled carbon nanotubes [84], and gel systems [85].

2.2.2.3 Surface property

Biodistribution and the tumor penetrations of NPs largely depend on the surface
properties of the NPs [6]. The surface properties of SNPs can be altered, according to the
final application, via simple surface modifications [6]. In physiological conditions (pH
around 7.4), bare SNPs are negatively charged. Their strong interaction with red blood
cell membranes causes hemolysis, making them poorly biocompatible. However, the

reason of the hemolytic activity of SNPs is not completely clear [71].

At physiological conditions, the amine groups and methylphosphonate groups
have positive and negative charges, respectively [86]. Hence, for example, 3-
aminopropyltriethoxysilane (APTES) was used to induce a positive surface charge by
bonding chemically to the SNP surface and exposing amine groups [87]. Moreover, 3-
(trihydroxysilyl)propyl methylphosphonate can also be immobilized, making the SNP
surface negatively charged [86]. The SNPs surface can also be modified with
biocompatible polymers, such as PEG, in order to minimize opsonization, which means
that plasma proteins (opsonis) tend to cover the surface of SNPs to form a protein corona

that can be detected by the reticuloendothelial system, consequently leading to rapid
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clearance of the NPs [58,71]. The presence of PEG on the surface of SNPs can reduce
protein and cell adsorption onto the SNPs [88]. Moreover, Mansfield et al. reported that
the permeation of SNPs through porcine gastric mucosa can be significantly improved by
surface modification of the NPs with either poly(2-ethyl-2-oxazoline) (PEOx) or PEG.
They also indicated that these two polymers demonstrated comparable abilities to
improve the diffusivity of SNPs in mucin dispersions and through the gastric mucosa

[27].

2.2.3 Synthesis of fluorescent dye-doped silica nanoparticles

Fluorescent dye-doped SNPs were synthesized for the first time by Blaaderen and
Vrij in 1992 [89]. They incorporated fluorescein isothiocyanate (FITC) dye molecules
through covalent bonds into SNPs using the Stober method [89]. For this purpose, APTES
was first covalently linked to amine-reactive FITC, and the resulting conjugate was
polymerized with TEOS in a mixture of water, ethanol, and ammonia [90]. In general,
dye molecules can be incorporated into a silica matrix either by covalent bonding or by
non-bonding (i.e. electrostatic interactions) processes by using two synthetic methods:
Stober method and reverse microemulsion (Figure 2.7) [91]. Using the Stober method for
the synthesis of dye-doped SNPs is simple, but the incorporation yield of dye molecules
doping in SNPs by non-bonding process is very low and largely depends on the adsorption
force between dye and silica precursor. However, the reverse microemulsion method can
overcome this limitation and control the concentration of the encapsulated dye molecules
in SNPs by using a water-soluble dye [91]. Moreover, the surface modification of SNPs

1s much easier by reverse microemulsion than by the Stober method [68,91].

Covalent bonding of the dye molecules with the silicate matrix is preferable
because it prevents the dye molecules from leaking out of the silica matrix. For this
purpose, dye molecules with functional groups are required to react with a functionalized
alkoxide. The modified dye can be further hydrolyzed and condensed with the silica
precursor to form dye-doped SNPs [75]. Various succinimide ester- or isothiocyanate-
modified dye molecules, such as tetramethylrhodamine, rhodamine B, and Cyanine$5, are
commercially available, and they easily react with APTES and consequently be
covalently bonded to the silica matrix [75]. This emphasizes the limitation of the chosen

dye and consequently makes the non-bonding approach interesting [91]. Highly
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concentrated fluorescent dye-doped SNPs can be successfully prepared by reverse
microemulsion. The hydrophilic fluorophores penetrate into the micelle, in which
hydrolysis and condensation of the silica precursor take place, leading to the physical
encapsulation of dye molecules into the silica network [91]. It should be noted that polar
dye molecules are used in the reverse microemulsion method in order to increase the
electrostatic attraction of the dye with a negatively charged silica matrix [92]. For
example, inorganic dye molecules such as tris(bipyridine)ruthenium(Il) chloride
(Ru(bpy)) can simply get entrapped in the silica matrix by using reverse microemulsion
[52,93]. The reported leakage of dye molecules that were encapsulated via this method is
negligible due to the presence of strong electrostatic attraction [92]. Some photostable
organic dye molecules have hydrophobic properties [94]. The incorporation of
hydrophobic dye molecules into the hydrophilic structure of a silica matrix requires
specific modifications of either the silica or the dye. One simple and effective approach
to enhance the solubility of the hydrophobic dye molecules is to link hydrophilic dextran
to these dye molecules [75].

(@

(b)

Figure 2.7 Schematic representation of two synthetic approaches to fabricate dye-doped silica
nanoparticles: (a) Stober method and (b) reverse microemulsion method [5].

Fluorescent-doped SNPs can be accumulated in tumor tissues through two
different pathways: either passive or active targeting. The former pathway refers to the
potential accumulation of NPs in the absence of targeting ligands [71]. Nanoparticles

target tumors by using the enhanced permeability and retention (EPR) effect, which was
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first reported by Matsumura et al. in 1986 [40,95]. The EPR effect arises from the rapid
growth of tumors, which leads to the formation of new blood vessels in order to supply
oxygen and nutrients for further proliferation. These imperfectly formed blood vessels
possess leaky epithelia with fenestrations between 200 and 2000 nm depending on the
types of tumors and their locations. These fenestrations cause an increase of the
permeability of the vessels that surround tumors, and they enable the nanoparticles to
extravasate and consequently accumulate in the tumor [71]. The accumulation efficiency
largely depends on the physiochemical properties of nanoparticles including size, shape,
and surface charge [71]. For example, particles of certain sizes accumulate in tumor sites
rather than in normal tissues, owing to the abnormal newly formed blood vessels of tumor
tissues [40]. Active targeting has the potential to enhance the accumulation efficiency on
NPs at tumor sites through NP surface modification with various types of targeting
ligands, such as aptamers, antibodies, peptides, and folic acid, that have selectivity and
affinity toward the relevant tissues [40,71]. The imaging agents inside the selective silica

particles can give the accurate location of the tumor tissue [40].

2.3 Polymers in biomedical applications

Nanocarriers interact massively with their surrounding environment, such as
endothelium vessels, cells, and blood proteins, leading to their rapid removal from the
circulation by the mononuclear phagocyte system. In order to address this problem, new
research indicate that stealth nanocarriers can be obtained by polymeric coating [96].
“Stealth” is defined as a property of a polymer/particle which allows the latter to avoid
clearance by the body and remain in circulation for a longer time. Various polymers have
been used in medicines, such as PEG, polysialic acid (PSA), polyglutamic acid (PGA),
polylactic and polyglutaric acid (PLGA), polyvinylpyrrolidone (PVP), and polydextrans
[97]. Among these polymers, PEG has gained the most interest in delivering proteins,
aptamers, and small molecule drugs [97]. It is also widely used as a shell for NPs in
biomedical applications that require long circulation times in blood, since PEG reduces
the degree of opsonisation [98]. Moreover, PEGylation of SNPs can enhance penetration
since the “stealth” properties of PEG can reduce the adhesive interactions of NPs with
collagen fibers in the stroma [27]. However, possible interactions of PEG with the

immune system and its possible degradation under stress have been reported [21,25].
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Recently, specific antibodies against PEG were detected in the serum of patients who had
been treated with PEG-asparaginase and PEG-uricase. Based on these findings there is a
clear need for alternative materials that can replace PEG without showing similar side

effects [97].

Poly(2-methyl-2-oxazoline) (PMeOx) and Poly(2-ethyl-2-oxazoline) (PEtOx)
have been proposed for this challenge since they meet several requirements for
biomedical applications, such as hydrophilicity, biocompatibility, versatile end group
chemistry, chemical stability [26], and a similar “stealth” behavior to that of PEG [27].
Mansfield et al. reported that these two polymers, PEG and POx, have comparable
abilities to enhance the diffusivity of SNPs in mucin dispersions and through the gastric
mucosa [27]. In addition, POx has some advantages compared to PEG. For example,
regarding the synthesis procedure, PEG involves a complex synthetic process and toxic
reactants while polymerization of 2-oxazoline is relatively simple [27]. Moreover, PEG
suffers from bioaccumulation and can form vacuoles in some organs whereas POx does
not bioaccumulate and it degrades under specific conditions [27]. The low drug capacity
of PEG chains is another disadvantage since it can only be functionalized by the end
group. However, POx can be easily modified with side-chain functionalities and
monomers that bear a functional group, possibly affecting its solubility and allowing
chemical coupling with targeting moieties [99]. Therefore, considering the limitations of
PEG, POx can be a superior alternative in medical applications. This polymer is suitable
to be designed as a polymer therapeutics in different types such as polymeric micelle for

drug delivery, POx-drug/-protein conjugation, and gene delivery [27].

2.3.1 Poly(2-oxazolines)

Oxazolines are five-membered heterocyclic compounds with an endo-imino ether
(-N=C-O-) group. Among the three possible structural isomers of oxazoline, namely: 2-
oxazoline, 3-oxazoline, and 4-oxazoline, 2-oxazoline is the most well-known monomer
in organic and polymer chemistry [100]. Kagiya et al. reported in 1966 the first cationic
ring opening polymerization (CROP) of 2-oxazoline [101,102]. The main driving force
for the CROP of 2-oxazoline is not the relief of ring strain as in most ring-opening
polymerizations, but it is the isomerization of the imino ether to the more

thermodynamically stable amide group [103].
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Figure 2.8 shows the mechanism for the CROP of 2-oxazoline, which consists of
initiation, propagation, and termination, where an electrophile-like alkylating agent (IX)
is used as an initiator. Initiation starts with the nucleophilic attack of the free electron pair
of the nitrogen atom of the 2-oxazoline monomer onto an electrophilic initiator, and
forming an oxazolinium species. Then, another monomer nucleophilically attacks the
oxygen atom of the newly formed oxazolinium species, causing the ring to open by
isomerization of the imino group to N-acyl group. In the propagation upon further
monomer additions, another monomer nucleophilically attacks the oxygen atom of the
oxazolinium to open the ring, while there still is an active propagating group at the chain
end. The polymerization is continued until either all the monomers are consumed or a

nucleophile (the terminating agent) is added to terminate the reaction [100,104].
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Figure 2.8 General polymerization mechanism of cationic-ring opening polymerization of 2-
oxazolines.

The CROP of 2-oxazolines has been accomplished by using various initiators
including Lewis acids (such as boron trifluoride diethyl etherate [BF3-OEt;]) [105], alkyl
esters (tosylates and triflates), alkyl halides (chloride, bromide, iodide), and acetyl halides
[24]. It is also important to note that alkyl iodide initiators are usually converted from
chlorides or bromides to iodide by using co-initiators such as sodium iodide and
potassium iodide [24,106]. Depending on the nature of the initiator, when an initiator
generates a stronger nucleophile, polymerization precedes a covalent propagation species

owing to the instability of the propagating 2-oxazolinium ion (Figure 2.9). If the
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nucleophilicity of the monomer and the counter anion of the initiator are comparable,
both mechanisms (cationic or covalent) can coexist [100,102]. Both reaction processes,
involving two different types of species (ionic or covalent), lead to well-defined polymer

chains with narrow average molecular weight distributions [102,107].
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Figure 2.9 Polymerization mechanism of 2-oxazoline containing a covalent propagation
species.

The polarity of these polymer chains can easily be modified by changing the
length of the 2-oxazoline alkyl group. Hence, hydrophilic polymers are obtained when
methyl and ethyl groups are used, and hydrophobic polymers are obtained when longer
side chains are used. Generally, the synthesis of well-defined POx with appropriate
functional groups and a controlled molecular weight is important for various applications.
It should be noted that side-reaction may take place during the polymerization of 2-
oxazoline owing to the reactive cationic species. Litte at al. reported in 1975, that a
transfer reaction can occur by proton abstraction of the nitrogen atom of the monomer
from the R-carbon atom of the propagating species. As shown in Figure 2.10, an
uncharged polymer with a C=C double bond and an activated monomer with a positively
charged monomer are formed [108]. Once the chain transfer reaction has taken place, the
dormant ene-terminated POx chain can act as a nucleophilic species for chain coupling
and the molecular weight consequently increases. However, it is less nucleophilic than
the monomer and it reacts more slowly [109]. If chain transfer and coupling do not take
place, polymerization proceeds in a “controlled/living” manner, which allows the

synthesis of copolymers or even more complex architectures for further applications.
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Figure 2.10 Mechanism of chain transfer and chain coupling.

2.3.2 Functionalization of Poly(2-oxazolines)

The functionalization of POx is essential as it allows the development of
innovative materials based on this polymer [24]. One of the main advantages of this
polymer is that the functional groups can be introduced into the polymer chain by using
functional initiators, functional terminating agents, or 2-R-2-oxazolines, where R
represents a functional group (Figure 2.11) [24,100]. However, the functional group of
the initiator or monomer may interfere with the CROP of 2-R-2-oxazolines and
consequently affect the yield and the molecular weight. To address this problem,
appropriate protecting groups can be utilized [24]. These protecting groups reduce or
remove the nucleophilicity and basicity of the reactive sites by inducing steric hindrance
and/or electronic effects. The cationic character of the polymerization process is strongly
influenced by the nucleophilic reagents present in the reaction medium such as residual

water and by-products of the initiator [24].
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Figure 2.11 Possible ways to synthesize functionalized poly(2-oxazoline)s.

Various initiators have been reported for the CROP of 2-oxazolines [110,111]. In
order to synthesize a-chain end-functionalized POx, a wide variety of initiators with
protected and unprotected functionalities can be used. Figure 2.12 shows some
functionalized initiators, which offer a variety of functionalized POx chains. Initiators
with unprotected functionalities which have been reported for the polymerization of 2-
oxazolines include propargyl p-toluenesulfonate (I1)[112,113], 3-butynyl toluene-4-
sulfonate (I2) [113], 9-(chloromethyl)anthracene (I3) [114], and 4-chloromethylstyrene
(I4) [115]. Most functionalized-POx prepared by these designed initiators were involved
in post-polymerization reactions and consequently led to more complex structures. The
alkyne-functionalized initiators (I1 and 12) can be used for alkyne-azide “click” reaction
[112,113]. The post-polymerization reactions of POx synthesized by I3 and 14 were a
Diels-Alder reaction and polymerization of the vinyl units, respectively [114,115].
Moreover, initiators with protected functionalities have also been reported, since the
initiator functionality is suspected to interfere with the polymerization process. For
example, Einzmann et al. synthesized functionalized POx using 2,2-dimethyl-(4-
trifluoromethylsulfonyloxymethyl)-1,3-dioxolane (IS) as an initiator. The functional
polymer chains were deprotected and subsequently used for diacylation with dodecanoyl
chloride [116]. Amine-functionalized POx can be prepared by using the bifunctional
initiator N-(2-(p-toluenesulfonyloxy)ethyl)phthalimide 16, and by converting the terminal
phthalimide group into a primary amine group [111,117].
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Figure 2.12 Functionalized POx using functionalized initiator (I), monomer (R), or terminating
agent (T).

Synthesizing a monomer that bears a reactive group and directly polymerizing the
functionalized monomer is the second option to synthesize functionalized POx chains. 2-
oxazoline monomers with unprotected functionalities can be prepared and polymerized
via CROP of 2-oxazoline monomers that bear various groups such as azide groups (2-(5-
azidopentyl)-2-oxazoline, M1) [118], alkyne groups (2-(pent-4-ynyl)-2-oxazoline, M2)
[119], and alkene groups (2-(3-butenyl)-2-oxazoline, M3) [120] (Figure 2.12). M1 and
M2 can be further modified via alkyne-azide “click” chemistry [118,119]. Moreover, the
“thio-click” reaction can be performed as a post-modification reaction for M3 [120]. As
with a functionalized initiator, if the monomer that bears a functional group can interfere
with the CROP process, the group should be protected to avoid any side-reaction between
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the oxazolinium species and the R group in the monomer, R being, among others, an
alcohol, carboxylic acid, amine, aldehyde or thiol. 2-Oxazoline monomers with protected
aldehyde, such as 2-[3-(1,3)-dioxolan-2-ylpropyl]-2-oxazoline (M4) [121], have also
been prepared. After polymerization, the 1,3-dioxolan side function can be converted to
the corresponding aldehyde, which can react with an amino-oxy group-containing
compound in a chemoselective [121]. In addition, POx with pendant amino groups can
be synthesized via a protected monomer (2-(N-Boc-5-aminopentyl)-2-oxazoline, M5
[122]) which, after deprotection, is able to react with various isocyanate compounds such
as a fluorescent dye (e.g, fluorescein isothiocyanate, FITC) [122]. 2-Oxazoline monomer
with a protected thiol group, 2-(4-methoxybenzylsulfanyl)ethyl-2-oxazoline (M6) [123],
was synthesized by Cesana et al.. After polymerization and deprotection, pendant thiol
groups can react with activated double bonds, including double bonds in maleimide,
acrylamide and acrylester, for further modification [123]. 2-Oxazoline monomers were
synthesized with ester functionalities (M7 [124]) and carbomethoxy functionalities (M8
[125]) in their side chains, which could be converted to hydroxyl groups after
deprotection of the polymers [111].

To functionalize the m-chain end, the CROP of 2-oxazoline can be terminated via
the addition of a nucleophilic species that possesses a greater electron-donating capacity
than the monomer does. Various terminating agents can be used, their choice depends on
the desired end terminal group for the post-polymerization reaction. For example, when
a hydroxyl group is required in the polymer chains, a methanolic potassium hydroxide
solution or a 5% sodium carbonate aqueous solution can be used as a terminating mixture
[97]. Moreover, amino-functionalized POx can be prepared by using ethylenediamine
(T1) [126] or N,N-bis(2-aminoethyl)ethylenediamine (T2) [127]. Clickable functions
were introduced by terminating the CROP of 2-oxazoline monomers with sodium azide
(T3) [114], sodium cyclopentadienide (T4) [128], or hexynoic acid (T5) [129]. ®-chain
end functionalization of POx with carboxylic acid were achieved by using maleic acid
(T6) [130], glutaric acid (T7) [131], or terephthalic acid (T8) [131]. N-(4-
vinylbenzyl)piperazine (T9) can be used as a terminating agent to introduce vinyl group
to POx chains, required for the polymerization of vinyl units [115]. Terminating agents
such as methacrylic acid (T10) and acrylic acid (T11) lead to the formation of POx with

methacrylic and acrylic end groups [111,131].
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2.4 Polymer chemistry for surface modification

Coating material surface with polymers is an efficient way to modify the
physicochemical characteristics of these surfaces, as it offers better and more customized
mechanical properties than coating with low molecular weight compound does [132].
Various approaches can be employed for the immobilization of thin layers of polymers
on solid particles, depending on the required surface properties [133]. As shown in Figure
2.13, surface modification with polymer chains can be fabricated by physisorption or

chemisorption [134].
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Figure 2.13 Different strategies for the surface modification with a polymer, based on Banerjee
etal. [19].

Physisorption involves the adsorption of polymer chains with “sticky” segments,
via a noncovalent interaction between the polymer chains and the marterial surface
[132,135]. Via this approach, polymer coatings are typically prepared by means of spin
casting or solution dip-coating methods [132]. Because physical adsorption is reversible
and the obtained properties are therefore gradually lost over time, this approach is not
favored [135]. Chemisorption is more interesting since the polymer chains are covalently
linked to the material surface, thereby providing a greater stability of the obtained coating
[13,14]. In general, covalently attached polymer layers can be obtained by three main
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approaches, namely “grafting to”, “grafting from”, and “grafting through” (Figure 2.13)
[19]. These methods have their own advantages and disadvantages, which will be

explained in detail in subsequent sections.
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2.4.1 “Grafting to” approach

The “grafting to” approach involves the chemical reaction of prefabricated
functionalized polymer chains with complementary functional groups on the surface of
various substrates such as flat plates, fibers, porous structures, and NPs [136]. The major
advantages of this approach are its simplicity and the possibility to thoroughly
characterize the preformed polymer chains via various methods. Therefore, well-defined
polymer chains with a narrow molecular weight distribution can be grafted to material
surfaces and lead to the synthesis of well-defined brushes [136]. However, this approach
suffers from the relatively low grafting density and thickness of the obtained polymeric
layer owing to steric hindrance from previously attached chains on the surface, which
hinder the diffusion of additional polymer chains to the reactive sites [135]. In other

words, “grafting to” is a self-limiting process [136].

Gold wafers and Silicon (covered with a silicon oxide layer) wafers are two
frequently used substrates with the “grafting to” approach [136]. Thiol chemistry is the
most widely used way to attach polymer chains that contain thiol (-SH) groups, to gold
surfaces [136]. Gold surfaces can be modified in a one-step process if thiol-containing
polymer chains are used, such as thiol-functionalized polyethylene glycol (PEG-SH)
[137], thiol-functionalized poly(N-isopropylacrylamide) (PNIPAM-SH) [138], and thiol-
functionalized polystyrene (PS-SH) [139]. For silicon oxide surfaces, silane chemistry
and copper(I)-catalyzed azide-alkyne cycloaddition reaction, “click” chemistry, are
widely used for attaching silane-functionalized polymer chains to the surface via a
“grafting to” approach by using one- or multi-step processes, (Figure 2.14) [134,136].
However, various multi-step processes can be used if further modification of the surface
or the polymer chain is required for obtaining suitable functional groups for the grafting
procedure. For example, the reaction between an epoxy-functionalized silica surface,
which can be prepared by silanization with 3-glycidoxypropyl trimethoxysilane (GPS),
and a carboxy-functionalized polymer [140] or amino-functionalized polymer [141], can

be used for the immobilization of polymer chains.
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Figure 2.14 Schematic representation of (a) copper(I)-catalyzed azide/alkyne- cycloaddition for
NP-surface modification via the click chemistry (b) the silane coupling reaction between
hydroxyl groups on the surface of SNPs and silane-functionalized polymer chain, based on
Achilleos et al. [134].

“Click” chemistry is a promising method for grafting polymer chains to the
particle surface [ 142—145]. This method is highly efficient and high reaction temperatures
can be avoided. In this method, the azide- or alkyne-functionalized polymer chains are
grafted to the correspondingly functionalized substrates/particles (Figure 2.14-a) [145].
“Click” chemistry is widely used for the modification of surfaces by polymer chains. For
example, Ranjan et al. used “click” chemistry in order to graft alkyne-functionalized
polyacrylamide to azide-modified SNPs [144]. Therefore, upon completion of the “click”

chemistry reaction, CSNPs were prepared with 0.31 chains/nm?

of polyacrylamide
[16,144]. The synthesis of fluorescent SNPs with a PEG coating and encapsulated silver
clusters using “click” chemistry was reported by Tissandier et al. [146]. Polysiloxane
shells with encapsulated silver clusters (Ag@SiO> NPs) were prepared by reverse
microemulsion and the obtained SNPs were further functionalized with alkyne groups
using O-(propargyloxy)-N-(triethoxysilylpropyl)carbamate. Next, azide-functionalized
PEG chains were clicked to the alkyne-functionalized SNPs to form hybrid NPs [146].
High grafting densities were obtained by clicking alkyne-functionalized poly(3-

hexylthiophene) with azide-functionalized SNPs (0.5 chains/nm?) [147] and by clicking
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alkyne-functionalized poly-L-lysine with azide-functionalized SNPs (1.0 chains/nm?)

[148].

One the most efficient methods for the immobilization of polymer chains on the
surface of silica-based particles/substrates is the reaction between polymer chains that
contain a silane-coupling agent and hydroxyl groups on the silica particle surfaces (Figure
2.14-b) [149]. The major advantages of this method are its high efficiency and its easy
process since it does not require prior surface modification of the silica substrates. Huang
et al. used a combinatorial approach based on addition-fragmentation chain transfer
(RAFT) polymerization and a silane coupling reaction for the fabrication of silica-
polymer hybrid particles. Trimethoxysilane-functionalized homopolymers and a series of
functional di-, tri-, and tetra-block copolymers were first synthesized by RAFT
polymerization using S-methoxycarbonylphenylmethyl S'-
trimethoxysilylpropyltrithiocarbonate as a RAFT agent. Then, the obtained silane-
functionalized polymers were attached to the surface of SNPs by silane coupling reaction.
The grafting density of various polymeric chains on the surface of SNPs found between
0.018 and 0.076 chains/nm? [149]. Moreover, Rahman et al. prepared trimethoxysilane-
functionalized polymers from four octadecylated L-phenylalanine-derived polymerizable
monomers by using 3-mercaptopropyltrimethoxysilane, as a terminating agent. In the
next step, the prepared polymers were immobilized on the surface of SNPs by silane

coupling reaction [150].

2.4.2 “Grafting from” approach

The limitations of physisorption and “grafting to” approaches can be avoided in
the “grafting-from” approach, which involves surface-initiated polymerization
[31,151,152]. More precisely, the “grafting from” approach involves the formation of an
initiator layer on the substrate surface followed by polymerization of a monomer directly
from the surface. The “grafting from” approach, compared to the “grafting to” approach,
presents the advantages of achieving a higher grafting density of the organic shell and
providing a better control on the thickness of the polymer brushes [135,144,151]. A
greater grafting density was achieved via the “grafting from” approach because the steric

barrier to incoming polymers imposed by the in sifu-grafted chains does not affect the
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accessibility of smaller molecules, such as monomers, to the active initiation sites [135].
This approach requires either a bifunctional initiator, with one function to be immobilized
on the substrate surface and another function to initiate the polymerization, or an initiator

linkage [153,154].

Regarding characterization of the formed polymer chains on the substrate
surfaces, the polymer chains are required to be degrafted either by direct cleavage or by
dissolution of the substrates. For example, SNPs can be etched by treating with a
hydrofluoric acid solution to recover the polymer chains [135]. It should be noted that
degrafting by direct cleavage requires the presence of easily cleavable groups. After
cleavage/etching, the isolated polymer can be further characterized in order to determine
its molecular weight, molecular weight distribution, and composition by using analytical
techniques [135]. Although finding an appropriate initiator and degrafting the polymer
chains from the substrates make this approach complicated, it is the most promising
approach for the synthesis of a dense polymeric shell on NP surfaces [155]. Using silica
as a core has several advantages: the surface hydroxyl groups enable the facile attachment
of appropriate initiating moieties for the “grafting from” approach, the silica core can act
as a sacrificial core for the fabrication of a hollow polymer sphere, and the grafted
polymer chains can be characterized [134,156]. The “grafting from” approach leads not
only to the formation of CSNPs with high grafting densities but also to the fabrication of
hollow polymer spheres with uniform size and good dispersibility in aqueous or organic
media by removing the core. The structural integrity of the hollow capsule is obtained by
cross-linking the tethered polymer chains. This unique class of materials has gained much
interest in the field of medicine owing to the potential to be used as a product encapsulator
for controlled release of drugs, dyes, enzymes, etc. [134,156]. For example, Mandal et al.
reported the synthesis of hollow polymer microspheres with various shell thicknesses by
coating silica particles with poly(benzyl methacrylate) via surface-initiated atom transfer
radical polymerization (ATRP). The silica templates were removed by using hydrofluoric
acid etching after cross-linking the tethered polymer chains with ethylene glycol

dimethacrylate [156].

The choice of a suitable system and technique leads to a better control of the
functionality, density, and thickness of the polymer brushes. Various polymerization
methods can be used for this approach including anionic polymerization [157], cationic
polymerization [158], ring-opening metathesis [159], and living/controlled radical

polymerization methods such as ATRP [160,161], nitroxide-mediated polymerization
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(NMP) [162], and RAFT polymerization [163,164]. Among these methods, controlled
radical polymerization has been shown to be the most effective one for the surface
modification of NPs, owing to the versatility of suitable monomers, the mild reaction
conditions, and the uniformity of the obtained molecular weight of the polymer chains
[154]. Wu et al. comprehensively reviewed the surface-initiated controlled radical

polymerization from SNPs [154].

As it was mentioned, greater polymer grafting densities can be achieved by
“grafting from” processes than by ‘“grafting to” processes. This can be shown by
synthesizing CSNPs using both methods and comparing them. Ranjan et al. synthesized
polystyrene-coated SNPs using “grafting to” and “grafting from” approaches. The
obtained polymer grafting density increased from 0.29 to 0.68 chains/nm? by replacing
the “grafting to” process with a “grafting from” one [142]. Moreover, Rahman et al.
fabricated silica-L-phenylalanine composites by several grafting processes. Thermal
gravimetric analysis (TGA) results indicate greater mass loss for hybrid particles prepared
by surface-initiated polymerization (35.2 %) than by a “grafting to” approach (17.5 %),

compared to bare silica particles [150].

2.4.3 “Grafting through” approach

A “grafting through” strategy can also be used for the modification of substrate
surfaces with polymer chains. This approach involves the modification of substrate
surfaces with a macromonomer that contains polymerizable units, which can be
copolymerized with the other monomers in the surrounding medium [15-18]. In other
words, the growth of polymer chains is initiated in solution. During the propagation step,
a surface-bound monomer unit can be occasionally integrated into the growing polymer
chains, leading to a permanent attachment of the polymer chains. Polymer chain growth
then proceeds as free or surface-attached units are added to the growing polymer chain
[165,166]. In this approach, the synthesis and immobilization of the polymer
simultaneously take place in a one-pot system [18]. This makes ‘“grafting through”
relatively convenient, although, it requires the synthesis of an appropriate monomer to

functionalized the surface [167].

In the “grafting through” approach, an increasing number of polymer chains are

attached to the surface during polymerization. This makes an effective barrier to the
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penetration of additional polymer chains from the solution and therefore leads to a
decrease of the attachment reaction rate. Hence, the attachment process is significantly
dominated by the “grafting-to” step, which is the limiting factor. This process provides
grafting densities that are close to those obtained by a “grafting to” approach, which are
much lower than in surface-initiated polymerization. The most significant difference of
this method with the “grafting-to” approach is found after the initiation step, in which the
growing polymer chains are still short and only have a few repeating units. Such short
chains can penetrate the polymer layer and bind to the reactive surface monomers, leading
to further growth of the attached polymer chains [165]. As a consequence, the self-
limitation of the attachment process in “grafting through” is not as strict as in “grafting-

to” and a slow increase in the grafting density can be observed [15,165].

2.4.4 Other approaches

Apart from the three mentioned well-known methods that have been
comprehensively explained in previous sections, a number of other methods have been
reported for the modification of particles/substrates. Some of these methods were
designed according to the specific properties of polymer chains. Regarding surface
modification with POx, Volet et al. synthesized host layers that consist of B-cyclodextrin
polymers (PBCD) on the surface of silica particles, which enabled the adsorption of alkyl
end-capped PMeOx by a host-guest interaction (Figure 2.15-a). In this case, an alkyl
group was introduced into POx chains by using a functionalized initiator, because alkyl
groups play an important role due to their affinity toward B-cyclodextrin cavities [21].
Photoimmobilization is another strategy to immobilize polymer chains on a silica surface
(Figure 2.15-b). First, a benzophenone unit (photoreactive group) is immobilized on the
surface of silica substrate/particle. Benzophenone absorbs UV light around 345 nm; the
resulting triplet is biradical in nature and can react with groups in its vicinity [168,169].
This method has been used for the immobilization of a wide variety of polymers, such as
POx, chitosan, PEG, and poly(ethyleneimine) [ 169]. Moreover, Ogoshi et al. reported the
synthesis of colloidal POx-silica hybrids in aqueous solution based on the strong
hydrogen bonding interactions between amide groups of POx and silanol groups. It
should be mentioned that this method leads to the fabrication of colloidal NPs rather than

surface modification [170].

29



(b)

vy
~3° f\/
-

3 :

“8i,
/ "Me

ki ; “si.
S ), ., / "Ne
. . 0
functionalized ) P A A

PMeOx

Figure 2.15 Schematic description of (a) SNP coated with B-cyclodextrin polymer (PBCD) as a
host layer and alkyl-functionalized PMeOx as a guest layer [21,171], (b) photochemical
attachment of POx chains to silica surfaces by illumination of polymer-covered monolayers of a
benzophenone derivative [168,169].
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Chapter 3. Overview of Project Objectives

The broad objective of the proposed project was to synthesize novel PMeOx-
coated SNPs as an alternative system to PEGylated NPs. Two well-known approaches
were used to form such hybrid nanoparticles, namely “grafting to”” and “grafting from”.
Moreover, a new method was introduced, which is the combination of these approaches.
A central objective of this project was to synthesize these novel CSNPs with high polymer
grafting density. Each method was therefore studied separately, and the obtained results
were compared. In order to achieve the general objective of this research, several sub-

objectives were formulated as follows:

» The synthesis and characterization of PMeOx-coated SNPs utilizing the “grafting to”
approach by using two different methods, namely click chemistry and silane coupling
reaction, which required the synthesis of PMeOx chains with appropriate functional

groups.

» The development of a protocol for the fabrication of PMeOx-coated SNPs using a

surface-initiated polymerization technique.

* The design of a more time-efficient method for the fabrication of PMeOx-coated

SNPs through the in situ immobilization and polymerization of MeOx.
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Chapter 4. Synthesis of Polyoxazoline-Silica Hybrid

Nanoparticles via “Grafting to” Approach+

* Part of this chapter has been published in Journal of Polymer Chemistry, 7 (2016) 1271-1280

4.1 Introduction

There has recently been an increased interest in the fabrication of core-shell
nanoparticles (CSNPs) containing inorganic core and polymeric shells. These hybrid
nanoparticles are well-known for designing novel materials with the capability of
overcoming the limitations of their inorganic core. Silica nanoparticles (SNPs) are one of
the most widely used types of nanoparticles in nanomedicine, and they have excellent
biocompatibility and hydrophilicity [6,9]. However, a major challenge is related to their
surface properties due to the serum protein adsorption, which may eventually affect the
colloidal stability of the particles and their toxicity depending on the serum content
[11,12]. This problem can be addressed with the easy surface modifications of SNPs [9].
Poly(2-methyl-2-oxazoline) (PMeOx) can be introduced to the surface of SNPs since it
combines properties such as hydrophilicity, biocompatibility, and versatile end group
chemistry [21].

Various approaches for the surface modification through polymer chains have been
reported including “physisorption”, “grafting to” and “grafting from”, and “grafting
through” [31,151,152], which have advantages and disadvantages. Among them, the
“grafting to” technique, which is based on the immobilization of the functionalized
polymer chains on the surface of the modified particles/substrates [16], has gained much
attention due to simplicity and the facile characterization of the pre-fabricated polymer
chains [144,151]. However, it suffers from low grafting density, particularly when the
molecular weight of the polymer chains increases due to an increase in steric hindrance

[172].

The “grafting to” approach is also well-known for immobilizing POx on the
surface of silica particles/substrates. There has been a number of studies on introducing
various silane groups to POx chains in the termination step (Figure 4.1), including (3-

aminopropyl)trimethoxysilane ~ (APTMS) [173], (3-aminopropyl)triethoxysilane
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(APTES) [174], (3-mercaptopropyl)trimethoxysilane (MPTMS) [175], and (4-
aminobutyl)dimethylethoxysilane (ABDMMS) [155], which lead to the formation of
silane-functionalized POx chains of FP.1-FP.4, respectively. Polymer chains can be
grafted to the surface through a co-condensation process. Recently, Eckardt et al. also
synthesized PEtOx with a triethoxysilane linker. They terminated the polymerization of
EtOx with an aqueous NaHCO3 solution in order to generate a hydroxyl end group, which
was further modified with (3-isocyanatopropyl) triethoxysilane (IPTES) to form a silane
coupling agent for the PEtOx chains, FP.5 [35]. These polymers were mainly used for
grafting to silicon (e.g. wafer, glass slide) by heating a solution of the silane-modified

polymer with the silicon surface [100,174].
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Figure 4.1 Various coupling agents that can be used for the direct termination of the living
oxazolinium species and consequently binding them to silica surface (FP.1-6), preparation of
POx with three silane-functionalized groups (FP.7).
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Tsubokawa et al. reported an easier method for the direct surface modification of
silica surface/substrate with POx, FP.6, based on the “grafting to” approach. In this
method, CROP polymerization of MeOx was conducted using methyl p-toluenesulfonate
(MeOTs) as an initiator; the living oxazolinium species were terminated by amine
functionalized SNPs [172]. It is also possible to prepare silane-functionalized POx using
the functionalized initiator. POx with three triethoxysilyl groups (FP.7) was reported by
Chujo et al. using allyl tosylate as an initiator and diallylamine as a terminating agent,

followed by the reaction of these double bonds with trimethoxysilane [13,176].

Many contributions also reported the copper(I)-catalyzed azide-alkyne click
chemistry reaction (CuAAC) as a promising method for surface modification [142—-145].
Therefore, it is necessary to immobilize azide/alkyne functional groups on the surface of
the silica particles. There are two strategies for the immobilization of these functional
groups on the surface of SNPs: (i) post-synthetic functionalization (grafting) and (i1)
direct synthesis (co-condensation) [145]. Figure 4.2-a indicates various synthetic

protocols that can be used in order to functionalize SNPs with these two aforementioned

groups.

(a) Alkyne/azide functionalized SNPs (b) Alkyne/azide functionalized POx
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Figure 4.2 Synthesis of (a) alkyne-/azide-functionalized SNPs by grafting or co-condensation
approaches [145] (b) various clickable POx.
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Various clickable POx chains have been synthesized for click chemistry reaction
using a functionalized initiator, monomer, or terminating agent (Figure 4.2-b). The alkyne
functional groups can be introduced into the polymer backbone utilizing either
functionalized initiators such as propargyl p-toluenesulfonate (FP.8) and 3-butynyl
toluene-4-sulfonate (FP.9) [112,113], or a copolymerizing functionalized monomer such
as 2-(pent-4-ynyl)-2-oxazoline (PynOx) with MeOx, EtOx (FP.10) [113,119], or the
addition of an alkyne-functionalized terminating agent, such as hexynoic acid (FP.12)
[129]. Moreover, azide-functionalized POx have been reported by either the cationic ring-
opening copolymerization of 2-(5-azidopentyl)-2-oxazoline with MeOx (FP.11) [118] or
terminating the CROP of 2-oxazoline monomers with sodium azide (FP.13) [114].
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Figure 4.3 Schematic diagram of the formation process of poly(2-methyl-2-oxazoline)-silica
nanoparticles (PSNP) by using click chemistry (approach 1) and silane coupling reaction
(approach 2) in different reaction conditions.

This chapter describes how these two methods, click chemistry and the silane
coupling reaction, were utilized in order to synthesize PMeOx-silica hybrid nanoparticles
with the “grafting to” approach (Figure 4.3). For both methods a-telechelic poly(2-
methyl-2-oxazolines) were used with alkyne (P1) or silane (P2) end groups of similar
chain lengths and their grafting efficiencies were compared. The latter approach is of
particular interest since it led to the development of a novel method for preparing PMeOx-
silica hybrid nanoparticles in a water-in-oil (W/O) microemulsion, where the SNPs’
surface modification reactions and the core-shell particle formation proceed
simultaneously. This method has advantages including the relatively high grafting density
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of polymer chains, time and cost efficiency, and the easy characterization of pre-
fabricated polymer chains. Moreover, the ambient reaction condition makes this method
superior to other “grafting to” and tandem grafting methods. This method was further
used to fabricate and characterize the fluorescent dye-doped SNPs with a PMeOx shell in

a one-pot system.

4.2 Results and Discussion

This chapter, which focuses on the synthesis and characterization of the PMeOx-
coated SNP via “grafting to” approach and its application in bioimaging, is divided into

three parts:

(1) The synthesis and characterization of PMeOx-silica hybrid nanoparticles based
on the “grafting to” approach using either click chemistry or a silane coupling
reaction.

(11) The preparation of hybrid nanoparticles containing fluorescent dyes in the core,
which were further modified with a PMeOx shell for bioimaging applications.

(iii))  The effect of various synthetic parameters on the grafting density of the hybrid

nanoparticles that are fabricated with a silane coupling reaction.

4.2.1 Synthesis of the PMeOx-coated SNP through the “grafting to” approach
4.2.1.1 Click coupling between alkyne-functionalized PMeOx and azide-modified
SNPs

The click reaction commonly corresponds to the copper-catalyzed azide—alkyne
cycloaddition reaction, which provides an efficient method for coupling conjugated
macro reagents [177-180]. Therefore, it was expected that the alkyne-functionalized
PMeOx could be directly clicked to the azide-functionalized SNPs, leading to the
fabrication of hybrid nanoparticles. Figure 4.4 demonstrates the protocol that was used

for the fabrication of the PMeOx-coated SNPs via click chemistry.
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Figure 4.4 Schematic diagram of the formation process of poly(2-methyl-2-oxazoline)-silica
nanoparticles using click chemistry.

First, monodispersed SNPs were synthesized as an inorganic core by reverse
microemulsion according to a method that was previously reported in the literature [181].
The hydrodynamic diameter of the particle was measured by dynamic light scattering
(DLS), and was 43 + 2 (nm) with a polydispersity index (PDI) of 0.102. Transmission
electron microscopy (TEM) images confirmed the spherical shape of SNPs with a narrow
particle size distribution (Figure 4.5). The diameters of approximately 100 particles in the
TEM images were randomly measured using ImagelJ software and the average diameter

was 40 £+ 4 (nm); this value is consistent with DLS results and the literature [69,182].

Figure 4.6-a shows the fourier transform infrared spectroscopy (FT-IR) spectrum
of the synthesized SNPs with characteristic absorption bands arising from the symmetric
vibration of Si—O (795 cm™), asymmetric vibration of Si—-OH (935 cm™!), and asymmetric
vibration of Si—O (1100 cm™) [183]. In order to functionalize SNPs with azide groups,
3-bromopropyltrichlorosilane was first used to synthesize SNP-Br followed by the
substitution of the bromine with an azide group (Figure 4.4) [144]. Elemental analysis
proved the presence of bromine (6.3%) in SNP-Br, which corresponds to a surface
grafting density of 7.5 groups/nm? (Table 4.1). The substitution of bromide with azide
was investigated by FT-IR, and the spectra for the modified SNPs are shown in Figure
4.6-a. From the enlarged spectra shown in this figure, the sharp adsorption peak at 2110
cm’! indicated the presence of azide groups on the surface of SNPs [142,184]. The surface
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grafting density of 1.5 groups/nm? was calculated for SNP-N3 based on the presence of

nitrogen (0.72%) using elemental analysis.

100 nm

Figure 4.5 TEM images of silica nanoparticles prepared by reverse microemulsion.
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Figure 4.6 (a) FT-IR spectra of SNP, SNP-Br, SNP-N3;, PSNP-A. (b) Thermogravimetric
analysis of SNP, SNP-Br, SNP-N3, PSNP-A.

Thermal gravimetric analysis (TGA) was performed from 40 to 800°C in a
nitrogen environment to study the immobilization of functional groups. The mass loss of
the bare SNPs and functionalized-SNPs as a function of temperature is presented in Figure

4.6-b. Though the mass loss was investigated from 40 to 800°C, the mass loss up to 120°C
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was only related to physically adsorbed water and residual organic solvents. The weight
loss of the modified SNPs from 120 to 800°C can be attributed to the thermal
decomposition of immobilized ligands on the surface of SNPs [185]. TGA results
indicated an additional mass loss of 7.3% and 5.8% for SNP-Br and SNP-N3,
respectively. The greater mass loss of SNP-Br compared to SNP-N3 corresponds to the
difference in the atomic masses of these two functional groups, and also not complete
substitution of bromide with an azide group. Elemental analysis (EA) also confirmed the
incomplete substitution of bromide with an azide group, although longer reaction times

were used compared to literature [144].

Table 4.1 Elemental analysis of modified SNPs using click chemistry and shell thickness in the
synthesized hybrid particle.

. a a Surface graftin Polymer layer
Sample C*(%)  N*(%)  Brt(%) density ? (grgoups/ngrnz) thick};lessb (lern)
SNP-Br - - 6.30 7.5 ---
SNP-N; 5.12 0.72 - 1.5 ---
PSNP-A 8.67 2 - 0.183 3.6 +0.36

2 determined form the elemental analysis; ® determined by TEM analysis and ImageJ software
relative to the pure silica nanoparticles before the “grafting to” reaction.

The presence of excess polymer chains, which is required for the “grafting to”
click chemistry, may induce steric repulsion [32] and it is therefore more difficult to
approach the azide groups on the surface of SNPs and perform the cycloaddition reaction.
Hence, it is important to have better control over the functionality of the polymer chains.
Although POx with side alkyne groups have been synthesized [26], the synthesis of POx
through an alkyne functionalized initiator may lead to better control over the number of
functional groups in the polymer chain. In this study, pent-4-ynyl
trifluoromethanesulfonate was first synthesized, which acted as an alkyne-functionalized
initiator to initiate the cationic ring opening of MeOx. The synthesized alkyne-
functionalized PMeOx (P1) was composed of approximately 28 repeat units of 2-methyl-
2-oxazoline and showed a molecular weight (M,) of 3650 g mol' with a narrow
polydispersity of 1.13 (Table 4.2). '"H NMR of P1 is presented in Appendix 10.4. P1 was
subsequently grafted onto SNP-N3 using a click reaction to fabricate the PMeOx-coated
SNP (PSNP-A).
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Table 4.2 Analytical data for the polymers P1 and P2.

Polymer initiator n? M,°%(gmol!) M,°(gmol!) DP
P1 /\%OSOZCQ 28 3650 4130 1.13

P2 . O O 29 4480 5555 1.24
(H3COpSi% 12 +KI

@ determined by 'H NMR end group analysis; ° determined by size exclusion chromatography
(SEC) in DMF with 5 g 1! LiBr at T=60 °C.

Successful grafting of PMeOx on the SNP was qualitatively confirmed by
comparing the FT-IR spectra of SNP-N3 and PSNP-A. Figure 4.6-a indicates a reduction
in the intensity of the azide peak in PSNP-A compared to SNP-N3 and the appearance of
an amide carbonyl peak at 1639 cm™!, which correspond to the amide backbone of the
grafted PMeOx chains [186,187]. In addition, TGA confirmed the coupling of polymer
chains on the functionalized nanoparticles, as evidenced by an additional 4.6% weight
loss. The presence of the grafted PMeOx was also confirmed and quantified by EA,
indicating an increase in carbon and nitrogen of 3.55 and 1.28%, respectively (Table 4.1).
The surface grafting density of PSNP-A was calculated, indicating that 0.18 PMeOx
chains were present on the 1 nm? surface area of SNP. Although the click reaction leads
to the formation of PMeOx-coated SNP with good grafting density, Ranjan et al. reported
greater polymer grafting density for their synthesized hybrid particles, polystyrene-coated
SNPs, and polyacrylamide-coated SNPs, using click chemistry [144]. This can be
explained by the lower substitution of azide with bromide groups, which emphasizes the

effect of functionalization of SNPs and polymer chains in click chemistry.

For further investigation, the morphology of the PSNP-A was studied using TEM
and the results are presented in Figure 4.7. TEM analysis indicated that PSNP-A were
not agglomerated. Moreover, comparing the TEM images of PSNP-A with azide-
functionalized SNPs indicated the formation of a thin polymer layer around the silica
nanoparticles and dispersion of the PSNP-A in the most common solvent (methanol) for

PMeOx.
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Figure 4.7 TEM image of (a,b) silica-azide nanoparticles, poly(2-methyl-2-oxazoline)-silica
nanoparticles (PSNP-A) dispersed in (c,d) methanol and (e,f) isopropanol.

4.2.1.2 Silane coupling reaction between silane agent-functionalized PMeOx and

hydroxyl groups on the surface of SNPs

The results from click chemistry help to identify some drawbacks to this approach,
such as the dependency of the grafting density of the hybrid particles on the number of
available functional groups on the surface of the SNP and in the polymer chain. Moreover,
this method suffers from a difficult and costly protocol for removing the copper traces
from the product [180]. One approach for enhancing the grafting density is the
incorporation a silane coupling agent into a polymer chains; with this method, there is no
need for other SNP surface functionalities than the already existing OH-groups.
Therefore, PMeOx with trimethoxysilane was prepared, followed by the coupling
reaction with the hydroxyl groups on the surface of the SNP, which led to the formation
of Si-O-Si bond [66,188]. Although it has been proposed in the literature that either 3-
aminopropyltriethoxysilane (APTES) or 3-aminopropyltrimethoxysilane (APTMS) can
be introduced as a terminating agent for POx [173,174], and the synthesized
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trimethoxysilane-functionalized polymer can be coupled to the surface of the SNP, it
should be noted that it is still not easy to achieve 100% chain-end functionality. Thus, the
use of a bifunctional initiator that contains a silane agent, which can be grafted onto the
surface of the bare SNP and could initiate cationic ring opening polymerization of MeOx,

was expected to be more effective.

For this purpose, ((chloromethyl)phenylethyl)trimethoxysilane (CTMS) was used
as an initiator. Since the chloride group has low reactivity, even at long polymerization
times and high temperatures, the addition of a co-initiator (potassium iodide, KI) can
enhance the monomer conversion by the exchange of the chloride anion with the iodide
one that has a lower nucleophilicity [106]. The result of 'H-NMR indicates that CTMS
accompanied by KI is a good initiator for the polymerization of MeOx. This
polymerization led to the well-defined polymer P2 with a controlled molecular weight of
4480 g mol™! and a low polydispersity of 1.24 (Table 4.2). 'H NMR of P2 is presented in
Appendix 10.4.
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Figure 4.8 Schematic diagram of the formation process of poly(2-methyl-2-oxazoline) silica
nanoparticles using silane coupling reaction in various reaction conditions.

In order to investigate the efficiency of silane-functionalized polymer chains
PSNP-B was prepared in anhydrous acetonitrile at 80°C for 24 h. Generally, the FT-IR
and TGA results of PSNP prepared using coupling reaction with different protocols,
which are shown in Figure 4.9. In Figure 4.9-a, it is evident that the successful coupling
reaction of polymer chains on the surface of SNPs occurred for PSNP-B due to the
presence of characteristic peaks at 1639 and 1419 cm’!, which were observed due to the
stretching band of the amide carbonyl of POx and CH from CHj, respectively
[186,187,189]. This finding is also in agreement with the TGA results since a greater
mass loss was observed for PSNP-B than for neat SNPs (Figure 4.9-b).
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The grafting densities of composite particles were calculated based on elemental
analysis and are summarized in Table 4.3. The PSNP-B composite nanoparticles
exhibited higher grafting density than PSNP-A, and this is consistent with the theoretical
expectations. In addition, the grafting density that was obtained for PSNP-B is greater
than the results of PS-coated SNPs using click chemistry (0.29 groups/nm?) that were
reported by Ranhan et al., and it is comparable to the tandem method that was used for

the preparation of the same composite material (0.51 groups/nm?) [142].
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Figure 4.9 (a) FT-IR spectra of SNP, PSNP-B, PSNP-C, and PSNP-D (b) Thermogravimetric
analysis of SNP, PSNP-B, PSNP-C, and PSNP-D.

Table 4.3 Elemental analysis of modified SNPs using silane coupling reaction and shell
thickness in the synthesized hybrid particle.

a a Surface graftin, Polymer layer
Sample C* (%) N* (%) densitya(grgoups/ngmz) thiclzlnessb (illm)
PSNP-B 9.51 1.66 0.459 437+ 1.06
PSNP-C 6.67 1.07 0.301 nd
PSNP-D 7.66 1.47 0.353 nd

2 determined from the elemental analysis; ® determined by TEM analysis and ImageJ software
relative to the pure silica nanoparticles before the “grafting to” reaction.

Mild reaction condition were used to synthesize composite nanoparticles. PSNP-

C and PSNP-D were prepared in the 25%/75% v/v mixture of ethanol and deionized-
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water at room temperature and W/O microemulsion, respectively. These reaction
conditions were reported in the literature for the fabrication of amine-functionalized SNPs
using APTMS or APTES [164,190,191]. It was used as an attempt to immobilize P2 on
the surface of SNP. W/O microemulsion was previously reported as a successful method
for silica coating of polymeric nanoparticles [192] in addition to coating SNPs with
polyethylene glycol (PEG) using click chemistry [146]. In both prepared PSNPs, PSNP-
C and PSNP-D, the coupling of polymer chains successfully occurred, which was
confirmed by the appearance of an amide peak in FT-IR and the additional mass loss of
2 and 6.9% for PSNP-C and PSNP-D, respectively (Figure 4.9). These results were also
consistent with EA by comparing the %C in these samples (Table 4.3).

The lower grafting density of PSNP-C (0.301 chains/nm?) and PSNP-D (0.353
chains/nm?) compared to PSNP-B (0.459 chains/nm?) can be explained by the mobility
of polymeric chains in the solution since the polymeric chains can easily move and diffuse
to the surface of a particle at high temperatures. This is also consistent with the result that
Huang et al. obtained while optimizing the reaction conditions for synthesizing a
composite particle using the “grafting to” approach [32]. Moreover, combining reverse
microemulsion and the silane coupling reaction of functionalized polymers as a synthetic
strategy for surface modification seems to be more promising than the coupling reaction
in a mixture of ethanol and water in a basic environment. Although the silane agent in
polymer chains can be hydrolyzed in the presence of water to make the polymer chain
completely water soluble, the steric repulsion between PMeOx chains can also prevent
the chains from approaching the surface of the SNP. This problem could be partly solved
by reducing the reaction volume using W/O microemulsion. In this case, PMeOx chains
are not soluble in an oil phase, cyclohexane, and since they are hydrophilic they diffuse
into the aqueous phase and their trimethoxysilane end also will be hydrolyzed in the
presence of water, which make them completely hydrophilic. SNPs have already been
synthesized and entrapped inside the aqueous phase; these polymer chains diffuse into
water droplets and have the possibility to be condensed on the surface of SNPs (Figure

4.10).

By using W/O microemulsion the reaction volume, aqueous phase, decreased
significantly. As a result, the concentration of polymer chains increased and had a greater
chance of approaching the SNPs and co-condensing on the surface of particles without a
high temperature requirement. The obtained grafting density of PSNP-D is comparable

with PSNP-B, which indicates the successful coupling of polymer chains on SNPs at
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ambient conditions by limiting the reaction volume. Moreover, the combining method
reduces the amount of time required and the cost by shortening the reaction time. This
method required less solvent for washing nanoparticles. Comparing the grafting density
of PSNPs that were prepared by a coupling reaction and click chemistry, indicated that
although click chemistry corresponds to an efficient and selective reaction between azide
and alkynes [142], this method depends largely on the quantity and efficiency of the
functionalized SNPs and alkyne-functionalized polymer chains. A coupling reaction can
overcome this since in this method there is no need to functionalize the surface of the

SNP.

oil phase

PMeOx
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—
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Figure 4.10 Schematic strategy for the synthesis of PMeOx-silica hybrid nanoparticles using
water in oil micro emulsion (PSNP-D).

From the particle size that was obtained by TEM analysis using ImagelJ software
(Figure 4.11), the polymer shell thickness for the PMeOx-grafted nanoparticle with the
lowest grafting density PSNP-A, with 3.6 + 0.36 nm and for PMeOx-grafted nanoparticle
with the highest grafting density, PSNP-B, with 4.37 + 1.06 nm. These values are in
agreement with a PMeOx (degree of polymerization = 30) that was grafted to a mica
surface by Rehfeldt and colleagues [173] who measured a polymer layer thickness of
2.44-3.97 nm (~3.2 nm on average) in the dry state by ellipsometry. The radius of gyration
for the PMeOx with 30 repeat units can be estimated at ~2.25 nm and the end-to-end
distance is approximately ~5.50 nm. The larger experimental values that were
observed relative to the calculated radius of gyration are not surprising since higher

grafting densities led to more extended polymer conformation on the surface [173].
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However, some entanglement of free polymer to the polymer shell cannot be completely

ruled out, even after extensive washing.
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Figure 4.11 TEM images of (a,b) silica nanoparticles, poly(2-methyl-2-oxazoline)-silica
nanoparticles (PSNP-B) dispersed in (c,d) methanol and (e,f) isopropanol.

4.2.2 Synthesis of fluorescent-dye doped SNP-coated with PMeOx

The reverse microemulsion not only provides an efficient method for synthesizing
monodispersed SNPs, it also allows for doping of fluorescent dye molecules into the
particle either by the physical encapsulation or covalent bonding of the dye with the silica
matrix [146,181,182,193]. Moreover, reverse microemulsion can be used to synthesize
hybrid nanoparticles with silane functionalized polymers [194]. Therefore, it was
expected that hybrid nanoparticles containing an inorganic-core with fluorescence dye
molecules and PMeOx shells could be synthesized in a one-pot system. For this purpose,
SNPs were first labeled with fluorescence dye molecules using different approaches, such
as covalent binding or electrostatic interaction, which can be used for bioimaging,

diagnosis, and therapeutic applications (Figure 4.12).
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In this study, two fluorescence dye doped SNPs were prepared, namely SNP-
Ru(bpy) and SNP-FITC, which contained tris(bipyridine)ruthenium(Il) chloride
(Ru(bpy)) and fluorescein isothiocyanate (FITC), respectively. SNP-Ru(bpy) was
prepared by encapsulating Ru(bpy) dye molecules inside the silica matrix using reverse
microemulsion according to a previously reported study in the literature [181,182,193].
The electrostatic interaction between positively charged Ru(bpy) and the negatively
charged silica shell prevents leakage of the dye from the silica matrix [195]. For the
synthesis of SNP-FITC, FITC was first chemically bonded to the (3-
aminopropyl)trimethoxysilane (APTMS) through the amino group in APTMS and the
isothiocyanate group in FITC. In the next step, the fluorescent silicon alkoxide precursors
were added to the W/O microemulsion in order to react with tetracthyl orthosilicate

(TEOS) and form the fluorescent silica nanoparticles [146].

\/O\S§) Si02 PMeOx
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Figure 4.12 Schematic diagram for the formation process of poly(2-methyl-2-oxazoline) dye-
doped silica nanoparticles in one-pot system by using reverse microemulsion method.

UV-Vis spectroscopy was used to prove the presence of fluorescent dye molecules
inside the silica matrix by the appearance of absorption peaks at 452 and 482 nm for SNP-
Ru(bpy) and SNP-FITC, respectively. Moreover, the FT-IR spectrum of SNP-Ru(bpy)
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indicated the successful encapsulation of the Ru(bpy) dye molecules in SNPs by the
appearance of a strong characteristic peak of the C-H bend of the pyridine ring in Ru(bpy)
at 766 cm™ (Figure 4.13-a). The FT-IR spectrum of SNP-FITC also illustrated an
additional band at 1633 cm™! compared to neat SNPs, which was assigned to the stretching
modes of the aromatic C=C in the FITC molecule [196]. The presence of the FITC dye
in the silica matrix, which was confirmed with UV-Vis, and the absence of the band
relative to vibrational mode of the free dye, N=C=S at 2100 cm!, may indicate the

coupling of dye with silica matrix [196,197].
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Figure 4.13 (a) FT-IR spectra of SNP, SNP-Ru(bpy), PSNP-E, SNP-FITC, and PSNP-F (b)
TGA of SNP, SNP-Ru(bpy), PSNP-E, SNP-FITC, and PSNP-F.

The surfaces of SNP-Ru(bpy) and SNP-FITC were further modified with
PMeOx to fabricate PSNP-E and PSNP-F, respectively. The successful silane coupling
reaction of polymer chains on the surface of SNP-Ru(bpy) and SNP-FITC was
confirmed by the presence of peaks for the stretching band of the amide carbonyl of
PMeOx and CH from CH3 at 1639 and 1419 cm™, respectively [186,187,189]. TGA
results were also in good agreement with the FT-IR since a greater mass loss of 6.1% and
7.2% was observed for PSNP-E and PSNP-F, respectively, compared to their core
particles (Figure 4.13-b). The additional mass loss of hybrid nanoparticles confirmed the

coupling of polymer chains to the surface of nanoparticles since the physically adsorbed
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polymer chains were washed with three washing cycles with ethanol, methanol, and

deionized water.

Figure 4.14 shows TEM images of the SNPs containing Ru(bpy) and FITC. In
both cases, NPs appear to be spherical, and the size of the particles was measured by using
ImagelJ software and summarized in Table 4.4. The results indicated a narrower particle
size distribution for SNP-Ru(bpy) compared to SNP-FITC, which is in excellent
agreement with DLS results. Regarding the polymer coating of the fluorescent NPs, TEM
images clearly indicate the formation of polymeric shell around the particles. The shell
thickness was measured to be around 2.3 and 1.1 nm for PSNP-E and PSNP-F,
respectively. The thinner shell in PSNP-F can be explained owing to the increased error

from greater particle size distribution of the SNP-FITC.
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Figure 4.14 TEM images of SNP-Ru(bpy) (a), PSNP-E dispersed in methanol (b) and
isopropanol (¢) SNP-FITC (d), PSNP-F dispersed in methanol (¢) and isopropanol (f).

The concentrations of the Ru(bpy) and FITC doped in SNP and PSNP were
calculated using UV-Vis spectroscopy with calibration curves of these two dye molecules

(Appendix 10.5), and summarized in Table 4.4. As expected, the concentration of FITC
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doped in SNP with and without polymeric shell remained without any significant change,
since these dyes were chemically bonded to the silica matrix and it is not possible to easily
leak out of the NP. In PSNP-E, the characteristic peak of Ru(bpy) dye appeared, which
confirms that Ru(bpy) dyes remained in the silica matrix although a part of them might
leak out from the SNP (Figure 4.13-a). The concentration of the dye molecule increased
significantly once a polymeric shell was formed around the NPs (Table 4.4). This
polymeric shell could protect the dyes inside the silica matric from leakage since they
were merely physically encapsulated inside the silica matrix and it is possible to leak out
during the washing process. This also highlighted the effect of the washing process since
in the third wash the concentration of Ru(bpy) dyes was almost the same in SNPs and
PSNPs, while in the fifth washing step lower concentrations of Ru(bpy) in SNPs were

measured compared to PSNPs.

Table 4.4 Particle size and concentration of dyes inside silica matrix before and after the
formation of the polymeric shell.

. Diameter ? Diameter ° Shell Caye
Particle code PDI ® thickness ° o
(nm) (nm) (nm) (umol mL")
SNP-Ru(bpy) 57+£0.3 0.12 61.7+1.5 - 0.093
PSNP-E - - 64.05+ 1.5 2.35 0.154
SNP-FITC 69.48 +2.7 0.41 50.1+£2.9 - 0.254
PSNP-F - - 51.2+3.1 1.1 0.256

*measured by DLS; ® determined based on TEM images using ImagelJ software; © calculated based
on the calibration curve of the pure dyes for 0.5 mg/mL of NPs in solution.

4.2.3 Study the effect of different synthesis parameters on grafting density

The synthesis and characterization of a PMeOx—silica hybrid nanoparticles using
the “grafting to” method was based on click chemistry and silane coupling reactions
reported in previous sections. Although in both cases polymer chains were successfully
grafted onto the surface of SNPs, the silane coupling reaction led to a higher grafting
density (0.30 to 0.45 chains/nm?) compared to the click chemistry (PSNP-A with 0.183
chains/nm?). Among the silane grafting processes, the highest grafting densities were
obtained by coupling polymer chains in anhydrous acetonitrile at a high temperature (80
°C) to the surface of SNPs (PSNP-B). This was most likely due to the increasing mobility

of polymeric chains in the solvent. Moreover, the synthesis of a hybrid nanoparticle in
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reverse microemulsion (PSNP-D) also indicated promising results and it has the
advantages of being time and solvent-efficient and may be of special interest when
grafting temperature-sensitive moieties to the silica nanoparticle surface. Hence, the
effect of various synthetic parameters such as reaction time, temperature, and feed ratio
were studied on the grafting density of trimethoxysilane functionalized polymer chains

of these two hybrid nanoparticles.

4.2.3.1 The effect of synthetic parameters on grafting density of the PSNP-B

As discussed, PSNP-B was prepared with alkoxysilane-hydroxyl coupling
reaction in anhydrous acetonitrile at 80°C for 24 h. In order to study the effect of the
reaction temperature on grafting density of polymer chains, the first set of hybrid
nanoparticles was prepared at different temperatures while other reaction conditions
remained constant. Therefore, four samples including PSNP-B-1, PSNP-B-2, PSNP-B-
3, and PSNP-B-4 were prepared in acetonitrile at 40, 70, 100, and 120°C, respectively.
Figure 4.15-a indicates the FT-IR spectra of the prepared samples and confirms the
formation of polymer shell in all trials by the appearance of two characteristic peaks of
PMeOx containing a stretching band of the amide carbonyl of PMeOx and CH from CH3
at 1639 and 1419 cm™, respectively [186,187,189]. Moreover, TGA was performed to
investigate the immobilization of polymer chains. The mass loss of the bare SNP and
hybrid nanoparticles as a function of temperature is presented in Figure 4.15-b. The
amount of grafted polymer, I'pneox, in the synthesized hybrid nanoparticles was

calculated based on their mass loss by using eq. 7-1.

Table 4.5 summarizes the effect of the reaction temperature on mass loss and the
value of I'ppreox. The amount of grafted polymer was increased by increasing temperature,
which indicates that the co-condensation reaction depended largely on the reaction
temperature. This could be expected, since the mobility of polymeric chains was
accelerated by increasing the temperature so that they could easily diffuse to the surface
of SNP and meet hydroxyl groups and consequently the amount of grafted polymer
increased. Huang et al. reported the same behaviour when they optimized the azide-
alkyne cyclohexane click reaction to modify SNP by functionalized polymer chains.

However, the authors observed a maximal temperature (at 90°C) and they believe that
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beyond this point the reactive sites on the SNPs were shielded by grafted polymer chains
[32].
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Figure 4.15 (a) FT-IR spectra of bare SNP, PSNP-B-1, PSNP-B-2, PSNP-B-3, and PSNP-B-4
(b) TGA of bare SNP, PSNP-B-1, PSNP-B-2, PSNP-B-3, and PSNP-B-4.

Table 4.5 Analytical data from the PSNP-B by varying the reaction temperature, time, and feed

ratio.

Particle code Reaction temperature Ri?rcr;[;on Feedratio Mass loss®  I'pyeox °

°O) (h) P/SNP (%) (mg m?)
PSNP-B-1 40 24 2 13.04 0.76
PSNP-B-2 70 24 2 13.72 0.89
PSNP-B-3 100 24 2 14.99 1.14
PSNP-B-4 120 24 2 15.81 1.30
PSNP-B-5 80 2 2 13.2 0.61
PSNP-B-6 80 5 2 13.7 0.72
PSNP-B-7 80 15 2 14.1 0.79
PSNP-B-8 80 48 2 14.24 0.82
PSNP-B-9 80 24 1 13.51 0.86
PSNP-B-10 80 24 2 14.40 1.03
PSNP-B-11 80 24 4 16.00 1.34
PSNP-B-12 80 24 8 16.46 1.44

% mass loss data determined from the TGA from 150 to 650°C; ® calculated from the mass loss
data using eq. 7-1.
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The second set of hybrid nanoparticles was prepared in anhydrous acetonitrile at
80 °C in order to study the effect of reaction times (from 2 to 48 h) on the amount of
grafted polymer. Figure 4.16 illustrates the FT-IR spectra and TGA analysis of the hybrid
particles, which confirmed the high rate of co-condensation reaction since the hybrid
particles were formed after 2 h. Moreover, in the first stage there was no clear steric
repulsion between polymer chains owing to the low grafting density. The amount of
grafted polymer increased by increasing the reaction time from 2 to 15 h, which indicates
that after 2 h polymer chains required a longer time to approach the hydroxyl group on
the surface of SNPs due to the steric repulsion between polymeric chains. After 15 h, the
surface of SNPs was almost covered by grafted polymers and the trimethoxy silane and
hydroxyl group could not approach each other anymore. Hence the I pyeox value remained

constant after 15 h. Huang et al. reported a similar trend [32].
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Figure 4.16 (a) FT-IR spectra of bare SNP, PSNP-B-5, PSNP-B-6, PSNP-B-7, and PSNP-B-8
(b) TGA of bare SNP, PSNP-B-5, PSNP-B-6, PSNP-B-7, and PSNP-B-8.

The last set of experiments was conducted to investigate the effect of the P2/SNP
feed ratio on the amount of grafted polymer. Hence, the last set of samples was prepared
at a different ratio mass of trimethoxysilane-functionalized PMeOx to mass of SNP.
Figure 4.17-a confirms the successful formation of PMeOx coated SNP in all trials by the
appearance of the peaks of PMeOx. Moreover, TGA confirmed the coupling of the
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polymer chain to the surface of the nanoparticle, as evidenced by an additional weight
loss compared to bare SNPs. It should be noted that the /'preox value first increased
significantly by increasing the concentration of polymer chains (Table 4.5), indicating the
significantly increased probability of the silane coupling reaction. Huang et al. reported a
similar effect of polymer concentration [32]. Beyond the mass ratio of 4 only a limited
increase in I ppeox Value could be observed, which suggests the prominent effect of steric
repulsion. The above results indicate that this method is promising for the synthesis of
PMeOx-coated SNPs and could be generalized to the fabrication of hybrid nanoparticles

containing silica as a core and various polymers as a shell.
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Figure 4.17 (a) FT-IR spectra of bare SNP, PSNP-B-9, PSNP-B-10, PSNP-B-11, and PSNP-
B-12 (b) TGA of bare SNP, PSNP-B-9, PSNP-B-10, PSNP-B-11, and PSNP-B-12.

4.2.3.2 The effect of synthetic parameters on grafting density of the PSNP-D

For hybrid nanoparticles prepared with reverse microemulsion method, PSNP-D,
the effect of two synthetic parameters, reaction time and feed ratio, were studied on
grafting density. The first series of hybrid nanoparticles, namely PSNP-D-1, PSNP-D-2,
PSNP-D-3, and PSNP-D-4, was synthesized at different reaction times of 2, 16, 24, and
48 h, respectively. The grafting of polymer chains on the surface of SNPs investigated by
FT-IR and TGA (Figure 4.18). The results indicated that 2 h is not sufficient for the

grafting of PMeOx chains on the SNPs’ surface while in PSNP-B-5 hybrid nanoparticle
55



was formed after 2 h. This could be expected since the mobility of polymeric chains was
accelerated at high temperature and increase the probability of the co-condensation
reaction. However, polymer chains in mild reaction condition like reverse microemulsion
require longer time, at least 15 h, to diffuse into the aqueous phase and grafted on the
surface of particles. Moreover, the I 'puyeor value did not significantly change by increasing
the reaction time (Table 4.6), which indicated that in mild reaction condition the steric
repulsion became more pronounced and therefore it was not easy for PMeOx chains to

approach the hydroxyl groups of the silica surface.
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Figure 4.18 (a) FT-IR spectra of bare SNP, PSNP-D-1, PSNP-D-2, PSNP-D-3, and PSNP-D-4
(b) TGA of bare SNP, PSNP-D-1, PSNP-D-2, PSNP-D-3, and PSNP-D-4.

Table 4.6 Analytical data from the PSNP-D by varying reaction time and feed ratio.

Particle code Reaction temperature Ri?zéon Feed ratio Massloss?®  I'pyeox °
°O) (h) P/SNP (%) (mg m?)
PSNP-D-1 25 2 2 8.44 0.09
PSNP-D-2 25 16 2 14.77 1.25
PSNP-D-3 25 24 2 14.58 1.21
PSNP-D-4 25 48 2 15.32 1.36
PSNP-D-5 25 24 0.5 14.71 1.14
PSNP-D-6 25 24 1 15.14 1.22
PSNP-D-7 25 24 2 14.87 1.17
PSNP-D-8 25 24 3.5 15.01 1.20

 mass loss data determined from the TGA from 150 to 500°C; ® calculated from the mass loss
data using eq. 7-1.
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The second set of samples was prepared to investigate the effect of feed ratio on
the amount of grafted polymer in hybrid nanoparticles. Figure 4.19 shows the FT-IR
spectra and TGA of the prepared hybrid nanoparticles and Table 4.6 summarizes the mass
loss and I'pueox value of each samples. The results shows that in reverse microemulsion
method the ratio mass of trimethoxysilane-functionalized PMeOx to mass of SNP also
did not have a considerable effect on the amount of grafted polymer. However, in PSNP-
B a significant effect of feed ratio was observed. In general, although reverse
microemulsion approach is really promising and easy for synthesis of PMeOx-coated
SNPs, it is not easy to improve the surface modification of hybrid nanoparticles prepared

by this method.
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Figure 4.19 (a) FT-IR spectra of bare SNP, PSNP-D-5, PSNP-D-6, PSNP-D-7, and PSNP-D-8
(b) TGA of bare SNP, PSNP-D-5, PSNP-D-6, PSNP-D-7, and PSNP-D-8.

4.3 Conclusion

PMeOx-silica hybrid nanoparticles were prepared using the “grafting to” method
based on click chemistry and silane coupling reactions. In both cases polymer chains were
successfully grafted onto the surface of SNPs; however, a silane coupling reaction led to
a greater grafting density than click chemistry. In silane coupling reaction, PMeOx with
trimethoxysilane was first synthesized using a functionalized initiator that was

accompanied by a co-initiator, followed by the condensation of the hydrolyzed coupling
57



agent with hydroxyl groups on the surface of SNPs using various reaction conditions. For
a given process, the grafting density is enhanced by coupling polymer chains in an
anhydrous solvent at a high temperature due to the increasing mobility of polymeric
chains in the solvent, which leads to a higher polymer density. A combining method was
also developed with reverse microemulsion and a silane coupling reaction to graft
polymer chains onto the surface of SNPs, which did not require an extra step for washing
SNPs or a high temperature to achieve greater grafting density. This method was applied
to graft polymer chains on SNPs, which led to a high grafting density at ambient
conditions by limiting the reaction volume. Moreover, this efficient method of surface
modification has the advantages of being time and solvent efficient. This method was also
utilized as an effective method for the synthesis of fluorescent dye-doped silica
nanoparticles coated with a PMeOx shell in a one-pot system for bioimaging applications.
The effects of synthetic parameters were investigated for the grafting density of the hybrid

nanoparticles that were prepared by silane coupling reaction.

4.4 Experimental

4.4.1 Synthesis of silica nanoparticles (SNPs)

HO OHOH
HO{;;{—OH

HO OHOH
The W/O microemulsion were prepared by first mixing cyclohexane (7.5 mL), n-
hexanol (1.8 mL), and Triton X-100 (1.77 mL). The mixture stirred for 5 min followed
by the addition of deionized water (0.5 mL). The mixture stirred for another 15 min and
then silica precursor, TEOS (0.1 mL), was added to it. After 30 min, the silica
polymerization reaction was initiated by adding 60 ul of NH4OH. The reaction was
allowed to continue for 24 h at room temperature. Once the polymerization was
completed, the synthesized nanoparticles were isolated from microemulsion with acetone
and collected by centrifugation at 4500 rpm for 15 min. The synthesized SNPs were
washed at least three times with ethanol to remove surfactant and other impurities. The
synthesized particles were air dried and weighted for the yield, which was about 20 mg.

The specific surface area of the SNPs calculated from the linear part of the Brunauer-
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Emmett-Teller (BET) plot reached 69.7 m? g'!. The diameter of particles was measured
via DLS, which was 43 + 2 (nm) with a PDI of 0.102, and TEM, which was 40 + 4 (nm).

4.4.2 Synthesis of azide-modified silica nanoparticles (SNP-N3)
(O -
&8;81 e N-N=N

Generally, synthesis of azide-modified SNPs (SNP-N3) has two parts containing
functionalization of silica nanoparticles with 3-bromopropyltrichlorosilane (SNP-Br)
followed by the substitution of the bromine with azide group while it was reacted with
Sodium azide [144]. Synthesized SNPs (1 g) were dried in vacuum oven at 70°C for 24 h
in order to reduce the aqueous contents on the surface of the particles. These particles
were washed at least three times with anhydrous toluene. Then, these cleaned
nanoparticles (1 g) were dispersed in 20 mL of fresh anhydrous toluene in an argon
environment in a two necked-round bottom flask. After 1 h sonication, the flask was
moved to an oil bath at 80°C and 25 mL of fresh anhydrous toluene was added. The flask
was sonicated for 10 min and moved back to the oil bath. 5 mL of 3-
bromopropyltrichlorosilane in 15 mL of toluene was added dropwise. The reaction was
stirred for 24 h at 80°C. Then the functionalized SNPs were collected by centrifugation.
The synthesized nanoparticles were washed five times with toluene and two times with

DMF without any drying process.

The functionalized SNPs, which were collected from the last step, were
immediately used for the next step and dispersed in 20 mL of DMF under argon in a two
necked-round bottom flask. The flask was moved to the oil bath at 80°C for 10 min.
Followed by the addition of 80 mL fresh DMF and 2 g of NaN3. The bromine groups
were then converted to azide groups by nucleophilic substitution reaction with NaN3 in
DMF. The reaction was stirred for another 24 h at 80°C. The azide-modified SNPs were
recovered by centrifugation at 4500 rpm for 90 min. The particles were washed, by the
cycle of centrifugation and re-dispersion, at least three times with water and ethanol.
Synthesized particles were characterized by DLS, FT-IR, TGA, and EA. EA indicated

that the SNP-N3 contained 1.5 azide groups per nm? on the surface.
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4.4.3 Synthesis of alkyne-functionalized PMeOx (P1)

First Pent-4-ynyl trifluoromethanesulfonate was synthesized, which act as an
alkyne-functionalized initiator [238]. Therefore, a solution of 2 g (21.4 mmol, 1 eq.) 4-
Penty-1-ol and 1.68 mL (20.76 mmol, 0.97 eq.) pyridine in 15 mL anhydrous
dichloromethane (DCM) were added to a cold solution (0°C) of 4.68 mL (27.8 mmol, 1.3
eq.) trifluoromethanesulfonic anhydride in 15 mL DCM. The mixture is stirred at 0°C for
30 minutes under argon atmosphere. The organic phase was washed three times with 15
mL water and consequently a pure and colorless liquid of pent-4-ynyl
trifluoromethanesulfonate were obtained after distillation and dried with MgSQO4. 'H-
NMR (500 MHz, CDCl3): 6 (ppm) = 1.99-2.03 (m, J = 4.6 Hz, 3H, CH,—CH>—C=CH),
2.38 (dt, J=4 Hz, 2H, CH,—CH,—CH>), 4.67 (t, J = 8 Hz, 2H, CH,—CH»-0). *C-NMR
(500 MHz, CDCl3): & (ppm) = 14.4,27.9, 70.1, 75.6, 81.1, 117.5.

All the polymerizations were carried out in a Schlenk tube under an inert
atmosphere (argon) using freshly distilled and dried solvents. To a solution of 141 pl of
pent-4-ynyl trifluoromethanesulfonate (0.59 mmol, 1 eq.) in acetonitrile (5 mL), 1.5 mL
of 2-methyl-2-oxazoline (17.61 mmol, 30 eq.) was added. The reaction mixture was
stirred at 120°C for 5 h. At room temperature, 175 ul of piperidine (1.76 mmol, 3 eq.),
which acts as a terminating agent, was added and the reaction mixture was stirred
overnight. The solvent and remaining excess of piperidine were removed at reduced
pressure. The mixture was diluted with chloroform and precipitated in cold diethyl ether.
The product, P1, was recovered by centrifugation and dried in vacuum for 24 h. The yield
was 93%. 'H-NMR (500 MHz, CDCl3, §): 1.78 (m, 2H, CH,—CH>—CH>), 2.14 (m, 90H,
CH3, Me0x), 2.46 (brs, 2H, C-CH>—CH2), 3.47 (m, 120H, CH>—CH2, backbone). SEC was

used to calculate molecular weight (Mn =3653 g mol ') and dispersity (D = 1.13).
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4.4.4 Synthesis of trimethoxysilane-functionalized PMeOx (P2)

H,C

The mixture of 64.4 pul of ((chloromethyl)phenylethyl)trimethoxysilane (CTMS)
(0.26 mmol, 1 eq.) and 87 mg of KI (0.53 mmol, 2 eq.) in acetonitrile (5 mL) was
sonicated for 1 h in order to the exchange of the chloride anion with iodide anion. Then
670 ul 2-methyl-2-oxazoline (7.87 mmol, 30 eq.) was added to the mixture and the glass
tube was heated at the desired temperature (120°C). After 5 h, the mixture cooled down
to reach the room temperature and 78.9 pl of piperidine (0.79 mmol, 3 eq.) was added
and the reaction mixture was stirred overnight. The solvent and remaining excess of
piperidine were removed at reduced pressure. The mixture was diluted with chloroform
and precipitated in cold diethyl ether. The product was recovered by centrifugation and
dried in vacuum for 24 h. The yield was 89%; however, it is not accurate owing to the
presence of KI in the product. It should be noted that the dialysis of the product is not
possible owing to the presence of trimethoxysilane groups in the polymer chains. 'H-
NMR (500 MHz, CDCl3, 8): 0.98 (brs, 2H, Si—-CH>—CH23), 2.15 (m, 93H, CH3,Mmc0x), 2.74
(brs, 2H, CH2—CH>—C), 3.47 (m, 120H, CH2—CH2, backbone ), 3.57 (s, 9H, Si-O-CH3), 4.50

(m, 2H, C—CH>—N). SEC was used to calculate molecular weight (Mn = 4480 g mol )
and dispersity (P = 1.24). The low P may not be achievable since trimethoxysilane in P2
is highly reactive and could react in the presence of water/moisture, which may lead to

the appearance of a bimodal distribution with a higher polydispersity.

4.4.5 Click coupling between alkyne-functionalized PMeOx and azide-modified
SNPs (PSNP-A)
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0.2 g (0.05 mmol) of Alkyne-functionalized PMeOx (P1) were added to 15 mL of
Dimethyl sulfoxide (DMSO) in a round-bottomed flask and stirred for 30 min. 0.05 g of
azide-modified SNPs was added and the mixture was sonicated for 1 h. A solution of
0.005 g (0.031 mmol) CuSO4 in 1 mL of deionized water was added to the prepared
mixture. Followed by the addition of a solution contains 0.015 g (0.75 mmol) of sodium
ascorbate in 1 mL deionized water. The mixture was heated for 48 h at 50°C. The
polymer-shell silica nanoparticles (PSNP-A) were recovered by centrifugation at 4500
rpm for 30 min and washed two times with ethanol and two times with deionized water
in order to remove unreacted polymers and other impurities. Finally the hybrid particles

were dried in vacuum for 24 h and characterized by FT-IR, TGA, TEM, and EA.

4.4.6 Coupling reaction between silane agent PMeOx and SNPs (PSNP-B, PSNP-C,

and PSNP-D)
0 m
OEO\;\Si4 : | N/\}N
O k !
H,c” YN0

Silane-functionalized PMeOx were grafted on the SNPs through the reaction
between silanol groups on the surface of SNPs and alkoxysilane-functionalized polymer
to form PSNPs. A series of samples were prepared at different reaction conditions. The
last letter in the PSNP abbreviation (B, C, D) refers to different reaction conditions used
for coupling P2 to the surface of SNPs. The composite particles were characterized using

FT-IR, TGA, TEM, and EA.

Synthesized SNPs (0.05 g), which were dried in vacuum oven at 70°C for 24 h,
dispersed in 15 mL of anhydrous acetonitrile under argon atmosphere. The mixture was
sonicated for at least 1 h, followed by the addition of P2 (0.1 g). The mixture was heated
at 80°C for 24 h under vigorous stirring in order to prevent undesirable coupling. After
the coupling reaction, composite particles were washed one time with acetonitrile and at
least two times with deionized water and then dried under vacuum at room temperature.

The hybrid particles synthesized by the aforementioned procedure named PSNP-B.

PSNP-C prepared by dispersing SNPs (0.05 g) and polymer chains, P2 (0.1 g), to

the solution contains 25%/75% ethanol and deionized water (2.5 mL ethanol and 7.5 mL
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deionized water) and ammonium hydroxide was added to reach the pH of 10, in
which methoxy silane groups have almost high hydrolysis and condensation rates [198].
The prepared mixture stirred at room temperature for 24 h and consequently hybrid
particles were recovered by centrifugation followed by washing process containing two

times with deionized-water and one time with ethanol.

PMeOx coating of SNPs in PSNP-D was performed through the formation of a
water-in-cyclohexane reverse microemulsion. In other words, reverse microemulsion
method for preparation of SNPs and grafting of polymer chains on the surface of SNPs
were combined and taken place in the microemulsion, which led to the formation of
PSNP. Hence, W/O microemulsion were prepared as it was discussed above and after 24
h, P2 (0.04 g) were added to the emulsion and stirred for 24 h. Then, acetone was added
to disrupt the reverse microemulsion, and the polymer-coated SNPs were collected by
centrifugation. The hybrid particles were washed two times with ethanol and one time
with deionized-water. This method has two main advantages including shortening the

synthesis procedure and less wasting of solvents required for washing process.

4.4.7 Synthesis of Ru(bpy)-doped silica nanoparticles (SNP-Ru(bpy))

Ru(bpy)-doped Silica Nanoparticles (SNP-Ru(bpy)) were synthesized using W/O
microemulsion method according to a previously reported in the literature [181,182,193].
The reverse microemulsion were prepared by mixing cyclohexane (7.5 mL), n-hexanol
(1.8 mL), Triton X-100 (1.77 mL), 0.48 mL of Ru(bpy) dye solution (20 mM in deionized
water), and TEOS (0.1 mL). The silica polymerization reaction was initiated by adding
60 uL of NH4OH. The reaction was allowed to continue for 24 h at room temperature in
dark to prevent photobleaching. Once the polymerization was completed, the synthesized
nanoparticles were isolated from microemulsion with acetone and collected by
centrifugation. The synthesized SNP-Ru(bpy) were washed, by the cycle of
centrifugation and re-dispersion, at least three times with ethanol and one time with

deionized water to remove all impurities. The synthesized particles were air dried.
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4.4.8 Synthesis of PMeOx coated SNP-Ru(bpy) via reverse microemulsion (PSNP-
E)

PMeOx coating of SNP-Ru(bpy) was performed in the prepared reverse
microemulsion. In other words, preparation of SNPs and grafting of polymer chains on
the surface of SNPs were combined and taken place in the microemulsion, which led to
the formation of PSNP-E. Hence, W/O microemulsion were prepared as it was discussed
above and after 24 h, PMeOx (0.04 g, n=25) were added to the emulsion and stirred for
another 24 h. Then, acetone was added to disrupt the reverse microemulsion, and the
polymer-coated SNP-Ru(bpy) were collected by centrifugation. The hybrid particles

were washed two times with ethanol and one time with methanol.

4.4.9 Synthesis of FITC-doped silica nanoparticles (SNP-FITC)

The SNP-FITC was prepared based on Tissandier et al., [146]. Hence, the
fluorescence solution was first prepared by dissolution of dye molecules, fluorescein
isothiocyanate (FITC, 3 mg), in (3-Aminopropyl)trimethoxysilane (APTMS, 40 pul). The
solution was stirred for 12 h at room temperature in dark under argon environment. Then
reverse microemulsion was prepared by mixing cyclohexane (9.6 mL), n-hexanol (2.3
mL), Triton X-100 (2.3 mL), and water (0.6 mL). The emulsion was stirred for 5 min and
consequently the prepared fluorescence solution and TEOS (0.13 mL) were added to the
flask. After 30 min, TEOS (0.03 mL) was added to the microemulsion followed by 24 h
stirring at room temperature in dark. The microemulsion was broken as it was discussed

earlier.

4.4.10 Synthesis of PMeOx coated SNP-FITC via reverse microemulsion (PSNP-F)

To the above microemulsion PMeOx (0.04 g, n=23) was added followed by 24 h
stirring. Then the polymer-coated SNP-FITC were collected by centrifugation. The

hybrid particles were washed two times with ethanol and one time with methanol.
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Chapter 5. Synthesis of Polyoxazoline-Silica Hybrid

Nanoparticles via “Grafting from” Approach+

* Part of this chapter has been published in Journal of Polymer Chemistry, 7 (2016) 5157-5168

5.1 Introduction

The surface modification of inorganic nanoparticles such as silica with a
polymeric shell has recently attracted enormous attention. This attention is owed to their
tunable surface properties, which makes them promising candidates in the biomedical
application for diagnostics and drug delivery [1,30,34,35]. The stability and grafting
density of the tethered polymer layer are two main factors that need to be considered
during the synthesis of such hybrid nanoparticles. Among various approaches that can be
used for surface modification, the “grafting from” approach is the most promising, as it
leads to great stability of the polymer chains due to covalent binding of the polymeric
modifiers onto the inorganic particles and a high grafting density. This approach is mainly
based on the immobilization of initiators on the surface of the substrate followed by the
polymerization of the monomer from the surface and various polymerization methods
that can be used for controlled surface-initiated polymerization [154,188]. Compared to
the “grafting to” and ‘“grafting through” approaches, in which the steric barrier to
incoming polymers is imposed by the grafted chains, the “grafting from” approach does
not affect the accessibility of smaller molecules such as monomers to the active initiation
sites, leading to a high grafting density [13,199]. Moreover, by using the “grafting from”
approach a larger thickness of the fabricated polymer layer can be achieved compared to
the “grafting to” approach [151]. Among various polymers used for biomedical
application, poly(2-oxazoline) (POx) is one of the most promising polymers that can be
used for the surface modification of the particles due to its biocompatibility, tunable
solubility, and chemical functionality [104,200,201]. Hence, hybrid nanoparticles that
contain a silica core and a water-soluble poly(2-methyl-2-oxazoline) (PMeOx) shell could

be a promising candidate in bioscience [23-25].

Despite the fact that “grafting from” is the most promising approach for surface
modification, surprisingly, surface-initiated polymerization has not been extensively

explored for the modification of silica particles with POx chains. In 1994 Yoshinga et al.
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first reported the cationic graft-polymerization of 2-methyl-2-oxazoline on polymer
coated silica particles. The p-nitro benzenesulfonate group was immobilized on the
surface of polystyrene-coated silica particles, which can initiate the CROP of MeOx. The
results indicated the dragging out of the grafted polymer due to the lack of cross-linking
in the copolymer layer. Therefore, trimethoxysilane-terminated poly(maleic anhydride-
styrene) were used to address this problem; however, the polymerization did not proceed
in the propagation [202]. Later, in 2008, Ueda et al. reported the synthesis of graft-
polymerization of MeOx from the surface of SNPs in a solvent-free dry-system and
solution system. As an initiator, 3-iodopropyltrimethoxysilane was used, which
immobilized on the surface of SNPs at a high temperature (250°C) in the solvent-free dry-
system. The introduced iodopropyl groups initiated the CROP of MeOx. Their results
indicate that the solvent-free dry-system is the more promising method compared to
solution system since in solution system only a 0.5% conversion was obtained aftera 2 h
polymerization time, while the conversion significantly increased to 98.8% in the solvent-
free dry-system. However, no further characterizations of the polymer chains and grafting

density were reported [203].

There are also few contributions focusing on coating silica surfaces with POx via
the “grafting from” approach by using silane-functionalized initiators including tosylate
initiator [204], 1-bromopropyltrichlorosilane [205], and 3-iodopropyltrimethoxysilane
[206] for different applications. Although they confirm the polymerization of the 2-
oxazoline monomers on the surfaces via transmission electron microscopy (TEM) and
scanning electron microscope (SEM), in all of these reports the lack of polymer chain
characterization could be clearly seen. Surface-initiated living cationic polymerization of
2-oxazoline on different substrates have been greatly investigated. For example,
polymerization of 2-ethyl-2-oxazoline (EtOx) was carried out from flat gold surfaces and
gold NPs by Jordan et al., in which a self-assembled monolayer of 11-
hydroxyundecanethiolate was formed on the gold surface followed by the substitution of
hydroxyl group into the triflate group in the presence of a medium stream of
trifluoromethanesulfonic anhydride, and consequently the polymerization of the
monomer [188,207]. Bayramgolu et al. also reported the surface-initiated polymerization
of MeOx from bromide-functionalized methacrylate-based cross-linked microspheres
[208]. The surface-initiated polymerization of 2-isopropenyl-2-oxazoline (IPOx) was also
carried out on glassy carbon by Zhang et al. in 2009 [209]. The IPOx monomer contains

two polymerizable groups, namely the 2-oxazoline ring for CROP and a vinyl group for
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either living anionic or radical polymerization. First, poly(2-isopropenyl-2-oxazoline)
brushes were formed on the surface of glassy carbon by self-initiated photographing and
photopolymerization of [POx with UV-light. This was followed by submerging the
substrate in a solution of methyl trifluormethane sulfonate (MeOTfY) in acetonitrile and
then into a solution of 2-oxazoline monomer in acetonitrile [209]. In 2012, they reported
the surface-initiated polymerization of IPOx on 3-aminopropyltrimethoxysilane-

modified silicon substrates [210].

This chapter mainly focuses on the synthesis of PMeOx-coated SNPs via the
“grafting from” approach. An appropriate initiator was first immobilized on the surface
of SNPs followed by CROP of 2-methyl-2-oxazoline form the particle’s surface (Figure
5.1). The versatility of this method was further investigated by terminating the polymer
chains with different functional groups such as amine moieties, which can be
subsequently used to modify the particle surface with fluorescent probes such as
fluorescein (FITC) or targeting molecules such as folic acid (FA). Finally, the formation

of SNPs containing fluorescent dyes in the silica core coated with hydrophilic polymer

chains (PMeOx) was studied.
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Figure 5.1 Schematic strategy for the synthesis of PMeOx-coated SNPs using “grafting-from”
approach followed by further functionalization of the hybrid nanoparticle via (a) the
functionalization of the polymer chains or (b) doping fluorescent dye molecules in the core of
the hybrid nanoparticle.
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5.2 Results and discussion

The preparation of polymer-coated NPs with high grafting densities can be
achieved by using the “grafting from” approach [154,157-164,211-213]. This method
requires a bifunctional initiator, with one function to immobilize on the surface of SNPs
and another function to initiate the polymerization [153]. Moreover, it is well-known that
the initiator characteristics can strongly affect the polymerization mechanism of 2-
oxazoline in order to induce homogeneous growth of the polymer chains [159]. In this
chapter, surface-initiated polymerization of MeOx is investigated by using two different

initiators.

5.2.1 Synthesis of the PMeOx-coated SNP via “grafting from” approach using 4-

(bromomethyl)benzoic acid as an initiator

One approach for fabrication of PMeOx-coated SNPs is the immobilization of 4-
(bromomethyl)benzoic acid (BMBA) as an initiator on the surface of SNPs. Hence, it
requires to be immobilized on the surface of SNPs to form SNP-BMBA. The synthesis
of SNP-BMBA contains a two-step reaction: (i) amino modification of SNPs with (3-
aminopropyl)triethoxysilane (APTES) via a silane coupling reaction to form SNP-NH2;
(i) introduction of benzyl bromide to the surface of the amine-functionalized silica core

(Figure 5.2).

The successful immobilization of BMBA on the surface of SNPs was investigated
by FT-IR and TGA, which are shown in Figure 5.3. The FT-IR spectrum of the neat SNPs
shows three characteristic absorption bands arising from the symmetric vibration of Si—
O, asymmetric vibration of Si—~OH, and asymmetric vibration of Si—O at 795, 935, and
1100 cm™ !, respectively [183]. The adsorption peak at 1690 cm ™!, which can be clearly
seen in the enlarged spectra of Figure 5.3-a, indicated the characteristic vibrations of the
carbonyl (C=O stretching) groups of the BMBA molecule in SNP-BMBA. Moreover,
TGA analysis showed a mass loss of 12.7%, 16.7%, and 17.3% for SNPs, SNP-NH2, and
SNP-BMBA, respectively. The additional mass loss of the modified SNPs compared to

neat SNPs verify the successful modification step of the silica surface.
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Figure 5.2 Reaction scheme for the synthesis of poly(2-methyl-2-oxazoline)-silica hybrid
nanoparticles by means of surface-initiated cationic ring opening polymerization using 4-
(bromomethyl)benzoic acid (BMBA) as an initiator.
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Figure 5.3 (a) FT-IR spectra of SNP, SNP-NH,, SNP-BMBA, and PSNP-G (b) TGA of SNP,
SNP-NH:, SNP-BMBA, and PSNP-G.
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The benzyl bromide groups on the surface of silica core were used to initiate the
CROP of MeOx. The FT-IR spectra of PSNP-G indicates the appearance of a small peak
at 1639 cm™ corresponding to the stretch band of the amide backbone of the grafted
PMeOx [186,187], and TGA illustrates an additional mass loss of 2% for PSNP-G
compared to SNP-BMBA. However, the intensity of the FT-IR peak and the mass loss
suggest that the polymerization of MeOx was not taken place appropriately, which can
be explained due to the low concentration of the immobilized initiator on the surface of
core. Considering, the essential effect of the initiator concentration immobilized on the
surface of SNPs on grafting density of the polymer chains, this protocol suffers from the
difficulty and low-efficiency of the multi-step synthesis. To be more precise, the amino
modification of SNPs via silane coupling reaction is a very-well known procedure
[86,214] and the TGA results (Figure 5.3-b) also indicated the successful immobilization
of amine groups on the surface of SNPs. Therefore, the unsuccessful polymerization of
MeOx may arise form the insufficient introduction of benzyl bromide to the surface of

the amine-functionalized silica core.

5.2.2 Synthesis of the PMeOx-coated SNP via “grafting from” approach using
((chloromethyl)phenylethyl)trimethoxysilane as an initiator

The grafting density of the hybrid particles prepared by the “grafting from”
approach depends largely on the number of initiators on the surface of SNPs; however, it
should be noted that all the initiators cannot initiate the polymerization. The obtained
results from the former part identify the dependency of the grafting density in hybrid
particles on the number of available functional groups immobilized on the surface of
SNPs. Since different steps of modification are required, it is not easy to achieve a high
grafting density in the hybrid particles. Hence, one method to enhance the number of
initiators on the particle surface, is through the direct incorporation of an appropriate
initiator on the surface of the SNPs by using a silane agent that contains already an
initiator group, which can be directly grafted on the surface of bare silica NPs and also
could initiate a cationic ring opening polymerization of 2-methyl-2-oxazoline (MeOx).
For this purpose, ((chloromethyl)phenylethyl)trimethoxysilane (CTMS) was used as an
initiator. Since benzyl chloride groups have a low reactivity even at longer polymerization

times and high temperatures, the addition of a co-initiator (potassium iodide, KI) can
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enhance the monomer conversion by the exchange of the chloride anion with the one that

has a lower nucleophilicity [106]. This part is divided into three sections:

(1) Synthesis and characterization of polyoxazoline-silica hybrid nanoparticles and
the study of the effect of reaction time and monomer concentration on the grafting
density of the synthesized hybrid nanoparticles.

(i)  Immobilization of fluorescein isothiocyanate (FITC) and/or folic acid (FA) on the
surface of the functionalized-hybrid nanoparticles as a fluorescent imaging
labeling and targeting ligand in biomedical applications, respectively (Figure 5.4).

(iii))  The preparation of hybrid nanoparticles containing a fluorescent dye molecules in

the SNP core modified with a dense PMeOx shell.
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Figure 5.4 Synthesis of poly(2-methyl-2-oxazoline)-silica hybrid nanoparticles, (a) by means of
surface-initiated cationic ring-opening polymerization
using((chloromethyl)phenylethyl)trimethoxysilane (CTMS) as an initiator, (b) using different
terminating agents for subsequent particle modification with (c) fluorescein (FITC) and (d) folic
acid (FA).

5.2.2.1 Immobilization of CTM on the surface of SNPs

Silica nanoparticles (SNPs) were first synthesized as an inorganic core using
reverse microemulsion. The diameter of the synthesized particles were measured by DLS,

which was 57 £ 3 (nm) with a PDI of 0.09. The obtained particle sizes were in good
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agreement with TEM measurments where the diameter of about 50 particles in TEM
images were randomly calculated via ImageJ software and averaged to be about 53 + 2
(nm). SNPs were initially modified with CTMS via a silane coupling reaction between
hydroxyl groups on the surface of the particles and trimethoxysilane of the CTMS. The
elimination of the unreacted free CTMS from the grafted silica was carried out by a series
of centrifugations and the dispersion of the nanoparticles in anhydrous toluene. At least
three series of washing process were necessary for complete elimination of unreacted
CTMS since the UV-Vis spectrum of the supernatant in the third centrifugation indicated
the absence of absorption at a wavelength of 220 nm. The successful modification of
SNPs was verified by comparing the FT-IR spectra of SNP and SNP-CTMS (Figure 5.5-
a). The immobilization of CTMS on the surface of SNPs was confirmed by the presence
of two additional characteristic peaks at 1627 and 713 cm corresponding to the

stretching of the C=C [215] and C—C1 [216], respectively.
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Figure 5.5 (a) FT-IR spectra of the SNP and SNP-CTMS (b) TGA of SNP and SNP-CTMS.

TGA was performed in a nitrogen environment to investigate the mass loss of bare
SNP and SNP-CTMS as a function of temperature. The immobilization of CTMS on the
surface of SNPs was confirmed by indicating an additional mass loss of 1.4% (Figure 5.5-
b). Moreover, the surface grafting density of the 4 groups/nm? (0.47 mmol of initiator/g
of'silica) was calculated for SNP-CTMS based on the presence of chlorine (1.43%) using
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elemental analysis. Regarding the size and morphology of the nanoparticles, TEM image
indicated the morphology of the SNP-CTMS remained without any aggregation similar

to the bare SNPs and their sizes were calculated around 54.2 = 1.2 nm (Figure 5.6).

50.nm (@) | 100nm (b)

Figure 5.6 TEM images of (a,b) SNP-CTMS.

The synthetic strategy for the fabrication of PMeOx-coated SNPs is shown in
Figure 5.4. The benzyl chloride groups of the covalently attached CTMS on the
nanoparticle surface were used to initiate the cationic ring opening polymerization of
MeOx, however, the addition of potassium iodide (KI) is necessary to increase the
reactivity of the initiator [106]. Consequently, two series of hybrid nanoparticles (PSNP-
H) were synthesized and characterized to investigate the effect of two important synthesis
parameters, polymerization time and monomer/initiator ratio concentration, on grafting

density of the synthesized PMeOx-coated SNPs, respectively.

5.2.2.2 Reaction time effect

The effect of polymerization time on grafting density was investigated by
performing the polymerization of MeOx from the surface of the nanoparticles (SNP-
CTMS) for various reaction times. Therefore, three samples of PSNP-H-1, PSNP-H-2,
and PSNP-H-3 were prepared at different polymerization times of 1, 3, and 7 h,
respectively. Figure 5.7-a illustrates the FT-IR spectra of SNPs, PSNP-H-1, PSNP-H-2,
and PSNP-H-3. The FT-IR spectra of all the trials performed exhibited the successful

polymerization of MeOx and the formation of the hybrid nanoparticles due to the
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appearance of an amide carboxyl peak (1622 cm™), which corresponds to the carbonyl
stretching mode of the amide backbone of the grafted PMeOx chain and the peak at
around 1430 cm™, which is assigned to CHx deformation mode of PMeOx [210] (Figure
5.7-a). TEM was used to support the hypothesis of formation of a homogenous and dense
polymeric shell. In hybrid nanoparticles, the silica core appeared darker than the grafted
polymeric shell due to the difference in density. Figure 5.8 shows the TEM image of
PSNP-H-1, PSNP-H-2, and PSNP-H-3. The polymeric shell can be clearly identified for
the hybrid nanoparticles, and the particle sizes calculated by ImageJ software suggest a
controlled growth of the grafted polymer chains. Therefore, it can be reasonably assumed
that well-defined hybrid nanoparticles consisting of a silica core surrounded by a dense
polymer layer have been synthesized. The polymeric shell thickness can be calculated by
comparing the particles size before and after the polymerization of MeOx (Table 5.1).
The identification of the polymeric shell in TEM images of the hybrid nanoparticles with
a low polymer content is not obvious due to the low DP, of the grafted PMeOx and
collapsing of the polymer chains in the vicinity of the silica surface upon drying [217]. In
contrast, the polymeric shell is clearly identified for the hybrid nanoparticles with a high
grafting density such as PSNP-H-3 (Figure 5.8).
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Figure 5.7 (a) FT-IR spectra of SNP, PSNP-H-1, PSNP-H-2, and PSNP-H-3 (b) TGA of SNP,
PSNP-H-1, PSNP-H-2, and PSNP-H-3.
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TGA was performed to study the grafting density of the hybrid nanoparticles. The
mass loss of the bare SNPs and three trials of PSNP-H as a function of temperature is
presented in Figure 5.7-b. The mass loss between 40 and 150°C can be attributed to the
solvents that are not completely eliminated after the drying process [153]. However, the
weight loss between 150 to 500°C in the case of PSNPs corresponds to the decomposition
of the PMeOx layer. TGA results indicated an additional mass loss 0f22.3, 52.6, and 63.4
% for PSNP-H-1, PSNP-H-2, and PSNP-H-3, respectively. This suggests an increase in
polymer content by increasing the reaction time. The grafted polymer chains were not
physically adsorbed but chemically bonded to the silica surface since there is no free
initiator in the polymerization mixture and MeOx has the only possibility to be
polymerized from the surface of the particles. The results of elemental analysis for these
three samples are listed in Table 5.2. As it was expected, the content of carbon and
nitrogen increased significantly with increasing the polymerization time. Moreover,
PSNP-H-1 indicated that after 1 h, MeOx could polymerize from the surface of SNPs
using CTMS as an initiator; however, Ueda et al. reported very low conversion in the

solution system by using iodopropyl group as an initiator on the surface of SNPs [203].

50 nm (b)l 20 nm (©)

Figure 5.8 TEM images of (a) PSNP-H-1, (b) PSNP-H-2, and (c) PSNP-H-3.

In order to gain information regarding the molecular weight of the grafted
PMeOx, sodium hydroxide solution was used to etch the silica core from the polymeric
shell. Complete etching of the SNPs was confirmed by the disappearance of the three
main characteristic peaks of SNPs at 1100, 935, and 795 cm™. Subsequently, the
polymeric chains were further analyzed with size exclusion chromatography (SEC)
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(Table 5.2). The results showed that the polymerization of the PMeOx proceeded in a
controlled manner, showing increasing molecular weights with the increase in reaction
time, as determined by SEC. This was consistent with literature results for the effect of
reaction time on the chain length of the grafted polymer on the surface of the inorganic
core [218]. The molecular weight distribution of the grafted polymer remained relatively
low (P <1.24) with monomodal distribution, indicating a living polymerization process
with excellent control over molecular weight during the polymerization. The amount of
polymer immobilized on the SNP surface, I'ryeox, was calculated based on TGA results
using eq. 7-1 and the results are summarized in Table 5.2. It is obvious that a longer
polymerization time led to higher polymer contents. The amount of polymer per SNP
surface area increased from 1.42 to 12.66 mg m™ when the reaction time increased from

1to7h.

Table 5.1 Shell thickness of the PMeOx-coated SNPs by varying time reaction and
monomer/initiator ratio concentration.

Surface grafting Polymeric layer
Particle code  Polymerization = [CTMS]:[MeOx] density ? thickness®
time (h) (groups/nm?) (nm)
PSNP-H-1 1 excess MeOx 1.47 1.33£0.5
PSNP-H-2 3 excess MeOx 1.49 2.8+0.7
PSNP-H-3 7 excess MeOx 1.43 2.6+0.3
PSNP-H-4 24 1:5 0.51 041+04
PSNP-H-5 24 1:20 0.48 1.39+0.4
PSNP-H-6 24 1:40 1.23 3.05+0.6

@ determined from elemental analysis; ® determined from the particle size before and after grafting
using TEM and ImageJ software.

Table 5.2 Analytical data from PMeOx grafted from the silica nanoparticles surface.

Particle code M,? M, ? pa  Massloss ® Ipyeox © cd Nd

(gmol") (gmol™) (%) (mgm?) (%) (%)
PSNP-H-1 2398 2542 1.06 22.32 1.42 24.07 3.94
PSNP-H-2 4255 5106 1.20 52.65 10.43 31.54 7.63
PSNP-H-3 6473 8030 1.24 63.41 12.66 36.83 9.23
PSNP-H-4 2327 2443 1.05 14.43 0.33 14.23 2.87
PSNP-H-5 3811 4344 1.14 31.54 4.08 16.22 3.01
PSNP-H-6 5207 6404 1.23 41.51 5.99 31.82 8.50

@ determined by size exclusion chromatography (SEC) in DMF with 5 g L' LiBr at T=60°C; ®
mass loss data determined from the TGA; © calculated from the mass loss data using eq. 7-1; ¢
determined from the elemental analysis of modified SNPs.
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5.2.2.3 Monomer concentration effect

The monomer/initiator ratio concentration has been reported to be a very
important parameter that can greatly affect the grafting density in the “grafting from”
approach [217]. Therefore, the effect of the monomer/initiator ratio concentration was
investigated by preparing three hybrid nanoparticles, PSNP-H-4, PSNP-H-5, and PSNP-
H-6, with ratios of initiator: MeOx of 1:5, 1:20, and 1:40, respectively (Table 1). The FT-
IR spectra indicate the presence of two characteristic bonds of PMeOx at 1622 and 1430
cm’! in all three synthesized hybrid nanoparticles (Figure 5.9-a). It is evident that TGA
results are in excellent agreement with FT-IR since the formation of the polymer shell
was confirmed by showing greater mass loss for hybrid nanoparticles compared to bare
SNPs (Figure 5.9-b). Data of the thermal analysis are given in Table 5.2. As it was
expected, the mass loss that was attributed to decomposition of the organic polymer shell
increased correspondingly from 14.43 to 41.15% by increasing the monomer
concentration from PSNP-H-4 to PSNP-H-6. The observed trend can be associated with
a larger polymer amount per particle surface area, I'ryeox, of the polymeric shell by
increasing the monomer/initiator ratio concentration in the synthesis protocol. The
elemental analysis results were also in good agreement with TGA results by indicating
proportional increase in carbon and nitrogen content by increasing the monomer
concentration (Table 5.2). Table 2 summarizes the M, of the PMeOx grafted on the
surface of SNPs, which indicates that this parameter increases proportionally by
increasing the monomer concentration, and leads to the formation of longer polymeric
chains. However, Ds of the grafted polymer chains are still narrow with values of 1.06 to
1.23, and SEC data confirm the monomodal molar mass distribution. Figure 5.10
represents TEM image of PSNP-H-4, PSNP-H-5, and PSNP-H-6. Consequently, the
thickness of the polymeric shell increased from 0.41 to 3.05 nm by increasing the

monomer concentration (Table 5.1).

In conclusion, a greater grafting density with better control can be achieved by
using the “grafting-from” approach. The grafting densities were calculated based on the
carbon content determined by elemental analysis and gave values of 1.43-1.49
groups/nm? for PSNP-H-1 to PSNP-H-3 and 1.23 groups/nm? for PSNP-H-6. It is
interesting to note that the grafting density was only around 0.5 groups/nm? at lower ratio
of initiator:monomer of 1:5 (PSNP-H-4) and 1:20 (PSNP-H-5) most likely due

incomplete exchange of chloride by iodide. The results indicate that the obtained grafting
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densities form the “grafting-from” approach are at least three times higher than the best

result obtained by the “grafting-to” method, where values of 0.183 to 0.459 groups/nm?
were obtained.

(a) (b)
100
95
90
85
80
575
(]
= 70
65
— SNP
— PSNP-H-4 60 ' pSNP-H-4
— PSNP-H-5 55 | — PSNP-H-5
— PSNP-H-6 so — PSNP-H-6
wooowme o 0 200 400 600
Wavenumber (cm™) Temperature ("C)

Figure 5.9 (a) FT-IR spectra of SNP, PSNP-H-4, PSNP-H-5, and PSNP-H-6 (b) TGA of SNP,
PSNP-H-4, PSNP-H-5, and PSNP-H-6.
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Figure 5.10 TEM images of (a) PSNP-H-4, (b) PSNP-H-5, and (c) PSNP-H-6.

5.2.2.4 Conjugation of folate and/or FITC to polymer-grafted-Silica nanoparticles

One of the main advantages of the living cationic polymerization of 2-oxazolines

is the possibility to be chemically functionalized [219]. Therefore, different terminating
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agents can be used to functionalize the surface of the synthesized hybrid nanoparticles.
In this study, the surface of the hybrid nanoparticles were functionalized with amine
groups, which subsequently were reacted with fluorescein isothiocyanate (FITC) as a
fluorescence imaging molecule or cancer-targeting ligands such as folic acid (FA) (Figure
5.11) [220]. The amine-functionalized PSNPs were prepared by the “grafting from”
method using ethylene diamine (EDA) as a terminating agent (PSNP-I). The presence of
amine groups on the surface of hybrid nanoparticles was confirmed by the ninhydrin test
since ninhydrin can react with a terminal primary amine on the particles surface and
produce a purple-blue complex (Ruthemann’s purpole). Moreover, the UV-Vis
spectroscopy indicated an absorption peak of the formed complex at 588 nm (Figure 5.12)
[221,222]. It should be noted that the formation of the complex is not due to the unreacted
EDA since the prepared sample was dialyzed against water for 48 h. Moreover, the pre-
test was carried out to confirm the removal of the free EDA by dispersing the PSNP-I in
ethanol followed by centrifugation and consequently the purple complex was not
observed in the supernatant. Figure 5.11 outlines the reaction pathway for the
bioconjugation of FA and FITC on the surface of the hybrid nanoparticles in order to

fabricate PSNP-I-FA and PSNP-I-FITC, respectively.

The successful conjugation of PSNP-I with FITC and FA molecules was
confirmed by comparing the UV-Vis absorption spectra of PSNP-I with PSNP-I-FA and
PSNP-I-FITC, which indicates additional peaks at 482 and 360 nm, respectively (Figure
5.13). The concentration of the FA and FITC can be determined by the UV-Vis analysis.
Therefore, the absorbance of a series of standard solutions containing FITC and FA at
different known concentrations, encompassing the sample concentrations, were measured
in PBS buffer and DMSO, respectively. The calibration graphs were prepared (Appendix
10.5) and further used to calculate the concentration of FITC and FA conjugated on the
surface of the aminated-hybrid nanoparticle. According to the calibration curves, 0.632 +
0.066 and 0.1005 + 0.003 umol mL™! of FITC and FA were conjugated on the surface of
1 mg mL"! of PSNP-I. It was found that the concentration of the conjugated FITC is
greater than folate, which can be explained due to the higher reactivity of isothiocyanate

group in FITC than the carboxylic acid group in FA.
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Figure 5.11 Schematic representation of the modification sequence of PMeOx-silica hybrid
nanoparticles functionalized with amine groups (PSNP-I) conjugated with: (a) folic acid,
PSNP-I-FA, and (b) fluorescein isothiocyanate, PSNP-I-FITC.
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Figure 5.12 UV-Vis absorption spectra of ninhydrin and PSNP-1.
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Although FA modification of SNPs makes the nanoparticles selective for
cancerous cells due to the overexpression of folate receptors on the surface of cancerous
cells [223], FA molecules can aggregate at high concentration and consequently inhibit
binding to the folate receptors [224,225]. In order to address this problem and achieve
greater efficiency of interactions between FA-modified nanoparticles and the cell-surface
receptors, low concentration of FA on the surface of particles is required [225]. As an
example, Destito et al. synthesized FA-modified particles with FA concentration of 10
pumol L' and reported that these particles are effectively targeted to the folate receptors
[225]. Therefore, the concentration of FA on the surface of PSNP-I-FA is sufficient and

no further concentration is required.
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Figure 5.13 UV-Vis absorption spectra of (a) PSNP-I, PSNP-I-FITC, and bare FITC (b)
PSNP-1, PSNP-I-FA, and pure FA.

To further verify the presence of FITC or FA on the surface of PSNP-I, FT-IR
spectroscopy analysis was performed. Figure 5.14 illustrates a comparison between the
FT-IR spectra of PSNP-I, PSNP-I-FITC, and PSNP-I-FA. As was already mentioned,
the formation of a PMeOx shell on the surface of SNPs leads to the appearance of a
characteristic peak of amide at around 1622 cm™! as well as a broad peak owing to the
CH; group at 1430 cm™. In FT-IR spectrum of PSNP-I-FITC, no peak appeared at 2100
cm’!, which was assigned to the N=C=S vibrational mode of the free FITC molecules

[196]. In contrast, the UV-Vis indicated the presence of the FITC dye on the surface of
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hybrid nanoparticles. These two analysis methods suggest the formation of the thiourea
bond and successful conjugation of FITC with the amine group on the surface of hybrid
nanoparticles, while the signal of the thiourea bond cannot be easily detected due to the
overlapping with the amide peak in the polymer chains. As shown in the enlarged spectra
of Figure 5.14, a broad peak was observed at around 1510 cm™! for PSNP-I-FA, which
corresponds to the absorption band of the benzene loop backbone of folate [226,227].
Moreover, the peak assigned for carbonyl stretching of amides with pure folic acid appear
at 1610 cm™! [228]. Altogether, the results of the UV-Vis analysis and FT-IR
spectroscopy confirmed the presence of conjugated FA and FITC on PSNP-I-FA and
PSNP-I-FITC, respectively.
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Figure 5.14 FT-IR spectra of PSNP-I, PSNP-I-FITC, and PSNP-I-FA.

5.2.2.5 Synthesis of dye-encapsulated silica nanoparticle coated with a PMeOx shell

Fluorescent dye molecules can be either encapsulated inside the silica matrix or
immobilized on the surface of the nanoparticle. The encapsulation approach has attracted
more interest due to greater brightness when a larger number of the dye molecules are
captured inside a silica matrix [65,229]. Moreover, the synthesized silica shell can protect
the dye from photobleaching [93]. Hence, the synthesis of hybrid nanoparticles that
contain fluorescent dye inside the NPs is more preferable than that of nanoparticles with
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dyes chemically bonded on the surface such as PSNP-I-FITC. As mentioned in the
previous chapter, tris(bipyridine)ruthenium(Il) chloride (Ru(bpy)) can be -easily
encapsulated inside the SNPs through the electrostatic interaction during the synthesis of
NPs using reverse microemulsion [195]. Figure 5.15 illustrates the strategy for synthesis

of Ru(bpy)-doped SNPs coated with PMeOx via the “grafting from” approach (PSNP-J).

Ny

Silica CTMS
nanoparticle PMeOx

Figure 5.15 Schematic strategy for the synthesis of Ru(bpy)-doped SNPs coated with PMeOx
using the “grafting-from” approach.

The FT-IR was used to prove the presence of Ru(bpy) dye molecules inside the
SNPs by the appearance of a strong peak at 766 cm’!, which is associated with the
characteristic absorbance peak of the C-H bend of the ring in Ru(bpy) (Figure 5.16-a).
The aforementioned characteristic peak was appearing both before and after the
polymerization of MeOx, which confirms that Ru(bpy) dyes do not leak out from the
SNPs; however they are not chemically bonded to the silica matrix. This hypothesis can
be further confirmed by calculating the concentration of dye in SNP-Ru(bpy) and PSNP-
J. Therefore, the calibration graph was prepared for Ru(bpy) dye (Appendix 10.5) and
further used to calculate the concentration of Ru(bpy) encapsulated inside the SNPs.
According to the calibration curves, 0.145 £ 0.024 and 0.135 + 0.001 pmol mL"! of
Ru(bpy) was found in 1 mg mL"! of SNP-Ru(bpy) and PSNP-J, respectively. The
synthesis of different layers around the NPs during surface modification of the SNP-
Ru(bpy) can explain the reason of preventing dye leaking in the NPs. It should be noted
that the formation of PMeOx was confirmed by the presence of two peaks in the FT-IR
spectrum of PSNP-J followed by indicating an additional mass loss of 34.2 % using TGA
(Figure 5.16-b).
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Figure 5.16 (a) FT-IR spectra of SNP, SNP-Ru(bpy), and PSNP-J (b) TGA of SNP-Ru(bpy),
and PSNP-J.

5.3 Conclusion

The surface-initiated polymerization of MeOx from the surface of SNPs was
investigated by using two different initiators, BMBA and CTMS. The possibility to
directly immobilize CTMS on the surface of SNPs, via silane coupling reaction, leads to
the synthesis of well-defined PMeOx-silica hybrid nanoparticles. The fabricated hybrid
nanoparticles via the “grafting from” approach indicates greater grafting density
compared to ones prepared with the “grafting to” approach, which was reported in the
previous chapter. Moreover, this approach is flexible and enables control over the
molecular weight of the grafted PMeOx by altering the polymerization time and the
monomer/initiator ratio in the reaction. This method could afford the functionalization of
the hybrid nanoparticles using a different terminating agent such as amine groups, which
were subsequently conjugated with biomolecules such as fluorescein isothiocyanate
(FITC) and folic acid (FA), acting as a fluorescence imaging molecule and cancer-
targeting ligands, respectively. This versatile and effective method can be further
extended to enable the synthesis of core-shell nanoparticles containing fluorescent dye
encapsulated inside the SNPs coated with PMeOx with a high grafting density for

biomedical application.
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5.4 Experimental

5.4.1 Synthesis of silica nanoparticles (SNPs)

OO

H
H OH
HO
OH OH

Monodisperse SNPs were synthesized using the W/O microemulsion method
[181,230] The reverse microemulsion was prepared by mixing cyclohexane (7.5 mL), n -
hexanol (1.8 mL), Triton X-100 (1.77 mL), deionized water (0.5 mL), and TEOS (0.1
mL). After 15 min, 60 ul of NH4OH was added to the emulsion to initiate the silica
polymerization. The reaction was stirred for 24 h at room temperature. The synthesized
silica nanoparticles were isolated from microemulsion by the addition of the excess
amount of acetone and collected by centrifugation at 4500 rpm for 15 min. The
synthesized samples were washed by at least three times with ethanol to remove the
surfactant and other impurities and then were air dried and weighted for the yield (around

20 mg).

5.4.2 Synthesis of amino-modified SNP (SNP-NH2)
&O\ /\/\
Q>si NH,

The amino-modification of the prepared SNPs was carried out according to the
method reported by Gao et al., [231]. First, SNPs were dried in a vacuum oven at 70 °C
for 48 h in order to reduce the aqueous contents on the surface of the particles. Dried
SNPs (40 mg) were dispersed in 10 mL of anhydrous toluene in a three-necked round
bottom flask under argon. The mixture was sonicated for at least for 30 min. Then excess
amount of (3-Aminopropyl)triethoxysilane, APTES 1.1 mL, was added to the flask and
the mixture was refluxed at 130 °C for 24 h under argon. The prepared SNPs-NH> were
washed at least three times with ethanol to remove the unreacted APTES and were dried

under vacuum at room temperature.
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5.4.3 Synthesis of bromide-modified SNP (SNP-BMBA)

0
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Br

4-(Bromomethyl)benzoic acid (0.297 g, 1.38 mmol), ethylchloroformate (132 pL,
1.38 mmol), and trimethylamine (TEA) (192 uL, 1.38 mmol) were dissolved in THF (50
mL). The solution was purged with Argon and cooled down in acetone-liquid nitrogen
bath (-78°C) for 40 min. In the next step, amino-functionalized SNPs (40 mg) were added
to the solution at -10°C and the reaction was allowed to proceed for 48 h [214]. The
product (SNPs-BMBA) were precipitated in hexane and collected by centrifugation (4500
rpm, 15 min). The particles were washed at least three times with acetone and were dried

under vacuum at room temperature.

5.4.4 Preparation of PSNP-G via “grafting from” approach

0
'~ /\/\\ H3C 0
Qs Y
v‘h

The PSNP-G were prepared based on the cationic ring opening polymerization
of 2-methyl-2-oxazoline using SNP-BMBA as a nanoreactor to initiate the
polymerization. Therefore, 50 mg of SNP-BMBA was dispersed in anhydrous
acetonitrile (7.5 mL) by sonication for 30 min. Then, excess amount of 2-methyl-2-
oxazoline (1 mL, 11.75 mmol) was added to the glass tube followed by stirring the
reaction mixture in an oil bath at 120 °C for 5 h. Then, the mixture was cooled down to
reach the room temperature and 300 pl of piperidine (3.02 mmol) was added as a
terminating agent and the reaction mixture was stirred overnight at room temperature.
The solvent and the remaining excess of piperidine were removed at reduced pressure.

The mixture was diluted with chloroform and precipitated in cold diethyl ether.
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Consequently, the product was collected by centrifugation and dried under vacuum for
24 h.

5.4.5 Synthesis of chloride-modified SNP (SNP-CTMS)

Cl
oy O
Qe
0

Synthesized SNPs were dried in a vacuum oven at 70 °C for 48 h in order to reduce
the aqueous contents on the surface of the particles. Dried SNPs were modified with
(chloromethyl)phenylethyl)trimethoxysilane, CTMS, led to immobilization of the
chloride group. Therefore, dried nanoparticles (300 mg) were dispersed in 18 mL of fresh
anhydrous toluene in an argon environment in a two necked-round bottom flask. After 1
h sonication, excess amount of CTMS (6 mL) were added to the flask and the reaction
was moved to an oil bath at 90 °C. The mixture was stirred at the same temperature for
48 h. Then the functionalized SNPs were collected by centrifugation. The synthesized
nanoparticles were washed four times with anhydrous toluene to remove unreacted silane
coupling agent. The complete purification was confirmed by UV-Vis spectroscopy. The

prepared samples were dried under vacuum at room temperature for 48 h.

5.4.6 Preparation of PSNP-H via “grafting from” approach

OEEESiI@W l«}ﬂ

HiC

PSNPs were prepared based on the cationic ring opening polymerization of 2-
methyl-2-oxazoline using SNPs-CTMS as a nanoreactor to initiate the polymerization.
Therefore, two series of hybrid nanoparticles, PSNP-H, were prepared to investigate the
effect of reaction time and monomer/initiator ratio concentration on grafting density of
the PMeOx-coated SNPs, respectively. It should be mentioned that all the polymerization

were performed in a Schlenck-type flask under argon environment.
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The first set of experiments (PSNP-H) were fabricated at various polymerization
times while using constant ratio of initiator/monomer concentration. First, 50 mg of SNP-
CTMS (containing 0.023 mmol of initiator) and 78 mg of KI (0.47 mmol) were dispersed
in anhydrous acetonitrile (7.5 mL) by sonication for 1 h in order to bring about the
exchange of the chloride anion with the iodide anion. Then, excess amount of 2-methyl-
2-oxazoline (1 mL, 11.75 mmol) was added to the glass tube followed by stirring the
reaction mixture in an oil bath at 120 °C at different polymerization times. Hence, three
samples of PSNP-H-1, PSNP-H-2, and PSNP-H-3 were prepared using three different
reaction times of 1, 3, and 7 h, respectively. Then, the mixture was cooled down to reach
the room temperature and 300 pl of piperidine (3.02 mmol) was added as a terminating
agent and the reaction mixture was stirred overnight at room temperature. The solvent
and the remaining excess of piperidine were removed at reduced pressure. The mixture
was diluted with chloroform and precipitated in cold diethyl ether. Consequently, the
product was collected by centrifugation and dried under vacuum for 24 h. The second set
of experiments were also prepared like the first set while the concentration of
MeOx/initiator was varied. Hence, another three samples were prepared using different
amounts of MeOx, PSNP-H-4 (10 pul, 5 eq.), PSNP-H-5 (40 pul, 20 eq.), and PSNP-H-6
(80 pl, 40 eq.). The polymerization of theses samples were taken place at 120 °C for 24
h. The hybrid nanoparticles were collected like the former set. The prepared PMeOx-

coated silica nanoparticles were dialyzed against water for 24 h.

5.4.7 Synthesis of amine-functionalized hybrid nanoparticles (PSNP-I)
NH,
0 /_/
O&O;Si N NH
0 /& n
HyC” ™0

To terminate the polymerization reaction with amine group, first the cationic ring
opening polymerization of 2-methyl-2-oxazoline by SNP-CTMS was taken place in the
same reaction condition of PSNP-H-2 (78 mg KI, 1 mL MeOx, 120 °C, 3 h). Then the
reaction terminated by adding excess amount of ethylenediamine, EDA, (110 pl, 1.63
mmol) and the reaction mixture was moved to an oil bath at 50°C and stirred for 48 h.

The solvent was removed at reduced pressure. The mixture was diluted with chloroform

88



and precipitated in cold diethyl ether. Consequently, the product was collected by
centrifugation and dried under vacuum for 24 h. The prepared amine-functionalized
hybrid nanoparticles were dialyzed against deionized water for 48 h to remove the
unreacted EDA. The prepared sample was dried by freeze-drying to obtain a white
product. Finally, the presence of amine groups on the surface of hybrid nanoparticles were
confirmed by ninhydrin test [221]. In ninhydrin test, 3 mg of PSNP-I were dispersed in
2 mL of absolute ethanol and centrifuged at 4500 rpm for 60 min. The obtained
supernatant was mixed with 50 mg ninhydrin and stirred at 90°C for 25 min. More
washing procedures will be required if the purple complex was observed; otherwise, the
washed sample was dispersed in 16.4 mM ethanolic ninhydrine solution by 40 min
sonication followed by stirring at 90°C for 25 min. The samples can be collected by
centrifugation at 4500 rpm for 20 min. UV-Vis analysis was used to confirm the formation
of complex and consequently verify the presence of amine group on the surface of hybrid

nanoparticles.

5.4.8 Conjugation of FITC on PSNP-I (PSNP-I-FITC)

N
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Fluorescein isothiocyanate (FITC) is an amine-reactive derivative fluorescein dye
molecule, which was used to immobilize on the surface of PSNP-I. Hence, 10 mg of
PSNP-I and excess amount of FITC (20 mg, 0.051 mmol) were added to the 3 mL of
absolute ethanol. The mixture stirred at room temperature in the dark for 24 h. The
particles were collected by centrifugation at 4500 rpm for 90 min and dried under vacuum.
The prepared particles (PSNP-I-FITC) were dialyzed against water for 72 h to remove
the unreacted FITC. The nanoparticles were then dried by freeze-drying to obtain a light
yellow powder. The successful immobilization of FITC was confirmed by UV-Vis

analysis and FT-IR.
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5.4.9 Conjugation of folic acid on PSNP-I (PSNP-I-FA)
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Folic acid as a cancer-targeting ligand was conjugated with PSNP-I according to
the following procedure. Briefly, FA (30 mg, 0.068 mmol) was dissolved in dimethyl
sulfoxide (DMSO, 16 mL) under sonication. Then, EDC.HCI (12.27 mg, 0.064 mmol)
and NHS (7.37 mg, 0.064 mmol) were added as covalent coupling reagents and the
solution was stirred in the dark for 6 h at room temperature. Next, PSNP-I (15 mg) was
added into the activated FA solution, the mixture was continued to stir in the dark for 72
h. The FA-conjugated PSNP-I (PSNP-I-FA) were recovered by centrifugation at 4500
rpm for 90 min. The particles were dispersed in an appropriate amount of deionized-
water, followed by dialysis against deionized water for 72 h to remove the unreacted FA
[232]. The prepared nanoparticles were dried by freeze-drying to obtain a light yellow
product. The successful conjugation of FA was confirmed by UV-Vis analysis and FT-
IR.

5.4.10 Synthesis of Ru(bpy)-doped SNP coated with PMeOx (PSNP-J)

Ru(bpy)-doped silica nanoparticles (SNP-Ru(bpy)) were synthesized using W/O
microemulsion method according to a previously reported in the literature [181,182,193].
The synthesis procedure is the same as preparation of SNPs. The only difference is the
addition of 0.48 mL of Ru(bpy) dye solution (20 mM in deionized water) to the mixture
rather than deionized water. The reaction was allowed to continue for 24 h at room
temperature followed by the addition of 0.025 mL TEOS to get a simple polysiloxane
coating. The obtained particles were required to be functionalized by CTM as it was
reported followed by imitating the polymerization with KI. The prepared PSNP-J were
characterized by FT-IR, TGA, and UV-Vis spectroscopy.

90



5.4.11 Etching silica nanoparticles

Sodium hydroxide (NaOH) solution can be used for etching silica nanoparticles.
Hence, hybrid nanoparticles were first suspended in NaOH solution (4M) and stirred for
24 h at room temperature to etch the silica core completely. The suspension was diluted
by adding more deionized-water followed by dialysis against deionized water for at least
72 h. Finally, the polymer chains were obtained by drying the suspension using freeze-
drying. The complete removal of silica core was confirmed by FT-IR spectroscopy. The

degrafted polymer chains were further analyzed with SEC.
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Chapter 6. Synthesis of Polyoxazoline-Silica Hybrid
Nanoparticles via In situ Immobilization and

Polymerization of 2-Methyl-2-oxazoline

Introduction

In the past decade, silica nanoparticles have received great attention due to their
wide variety of applications. However, the surface properties of SNPs usually require
tailoring in order to fit the end applications [5]. Choosing an appropriate surface
modification technique plays a significant role since it can directly affect the grafting
density, molecular weight and polydispersity index of the polymer chains [233]. The
surface modification via chemisorption, which leads to greater stability of the tethered
polymer layer, mainly can be achieved via “grafting to”, “grafting from”, and “grafting
through” approaches [234,235]. Recently, many research activities have been devoted to
the design of a one-pot synthetic protocol due to advantages in time and cost efficiency
[32,142]. The researchers mostly focus on a one-pot synthetic protocol based on the
“grafting to” approach [146] (i.e., the functionalized polymer chains prepared separately
followed by combining the functionalization of the core and the immobilization of
polymer chain in one-pot system). For example, Tissandier et al. used a one-pot system
to synthesize PEGylated SNPs containing FITC by combining click chemistry and
reverse microemulsion. Therefore, alkyl functionalized SNPs containing FITC were
prepared by reverse microemulsion followed by the addition of copper catalyst and azide-
functionalized PEG chains [146]. The other protocol contains the formation of the
polymer chains and immobilization in a reaction mixture. For instance, in 2007, Ranjan
et al. reported the fabrication of PS-coated SNPs via tandem technique, in which RAFT
polymerization and click chemistry takes place simultaneously [142]. To be more precise,
the alkyne-functionalized RAFT agent participated in the RAFT polymerization as well
as the copper-catalyzed azide—alkyne cycloaddition (CuAAC) reaction with azide-
functionalized SNPs to form hybrid nanoparticles. In this method, polymerization
occurred either from the surface of particles or in the solution. This approach resulted in
higher grafting densities (of 0.51 chains/nm?) compared to those of the “grafting to”
approach (0.29 chains/nm?), yet not as high as those of the “grafting from” approach (0.68
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chains/nm?) [142]. This can be explained due to the steric hindrance from previously
attached chains on the surface in the “grafting to” approach [16]. The versatility of this
method, was investigated in 2010 by Huang et al. by synthesizing a series of well-defined
homopolymers (di-, tri- and tetrablock copolymers) that could be efficiently grafted onto
silica particles [32].

This chapter will explore the possibility of designing a one-step synthesis protocol
for the fabrication of PMeOx-coated SNPs using a bifunctional initiator with one function
for immobilizing on the surface of SNPs and another function for initiating the
polymerization. The growth of polymer chains can therefore either be initiated in the
solution or from the surface of the particles. There is still the possibility to immobilize
the prepared polymer chains on the surface of the particles. This method is close to the
“grafting through” approach; however, rather than using a macromonomer with a
polymerizable unit, which requires an extra step, a bifunctional initiator was used. The
chemical binding of the polymer chains through such a method involves the main aspects
of both “grafting from” and “grafting to” approaches and is similar to the “grafting
through” approach [165]. Figure 6.1 is a diagram showing the chemical grafting of
polymer chains to the surface via a “grafting to” and “grafting from” approaches, as well
as via this novel one-pot approach with the advantage of simplifying the surface

modification of SNPs and potentially saving time and costs.

(a)
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Figure 6.1 Schematic depiction of different approaches of chemical grafting of PMeOx chains
to the silica surface: (a) “grafting to” (b) “grafting from”, and (¢) in situ immobilization and
polymerization.
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Results and discussion

The “grafting to” approach is strongly self-limiting owing to the steric hindrance
from previously attached chains on the surface [136], while the “grafting from” approach
can overcome this drawback by first immobilizing initiators on the surface and then
polymerizing a monomer directly from the surface [154,157-164,211-213]. The main
purpose of this study is to design a synthetic protocol primarily based on the “grafting
from” approach and with the advantage of greater time- and cost-efficiency through the
reaction taking place in a one-pot system. For the preparation of the PMeOx-coated SNPs
via in situ immobilization and polymerization of 2-methyl-2-oxazoline,
(chloromethyl)phenylethyl)trimethoxysilane (CTMS) was therefore used as a
bifunctional initiator, which can be immobilized on the surface of the SNP via silane
coupling reaction and can at the same time initiate the polymerization of MeOx in the

presence of a co-initiator (potassium iodide, KI) [106].

Figure 6.2 shows three different protocols designed to fabricate hybrid
nanoparticles via a single-pot system. PSNP-K was prepared through such a process and
is largely based on the “grafting to”” approach. To be more precise, PMeOx chains were
first synthesized in anhydrous acetonitrile at 120°C for 5 h, followed by the addition of
SNPs to the reaction mixture. Polymer chains were therefore grafted on the surface of
particles via a silane coupling reaction, between polymer chains containing a silane-
coupling agent and hydroxyl groups on the surface of the silica particles. The main
difference between the aforementioned method and the “grafting to” approach is a
shortening of the reaction steps by using a single-pot system. In the second protocol
(PSNP-L), the growth of polymer chains is initiated in the solution while SNPs are also
present in the reaction mixture. In this protocol there is the possibility of a simultaneous
silane coupling reaction between the hydroxyl groups on the surface of SNPs and both
initiator and silane-functionalized polymer chains. In the synthetic protocol used for the
fabrication of PSNP-M, a time interval was allowed for the immobilization of the
initiators on the surface of the particles. The polymerization of the monomers was then
initiated by adding the co-initiator and monomers to the reaction mixture. The idea was
to decrease the steric repulsion by first immobilizing the initiators on the surface of the
SNPs. Although the chain growth can proceed either from the surface or from the
solution, the growth of polymer chains is expected to initiate more from the particle’s

surface, which can lead to a greater grafting density.
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Figure 6.2 Schematic depiction for the synthesis of PMeOx-coated silica nanoparticles (PSNP-
K, PSNP-L, and PSNP-M) via in situ immobilization and polymerization of 2-methyl-2-
oxazoline.

The FT-IR spectra and TGA of these three hybrid nanoparticles are shown in
Figure 6.3. In Figure 6.3-a, alongside the three main characteristic absorption bands of
SNPs (symmetric vibration of Si—O (795 cm™!), asymmetric vibration of Si-OH (935 cm”
1, and asymmetric vibration of Si-O (1100 cm™) [183]), the appearance of two extra
absorption bands at 1622 cm’!, corresponding to the carbonyl stretching mode of the
amide backbone of the grafted PMeOx chain [186,187], and at 1430 cm™!, assigning CHx
deformation mode of PMeOx [210], confirm the polymerization of MeOx and the
successful grafting of PMeOx on the surface of the SNP. TGA results agree with FT-IR
in that they indicate an additional mass loss of 5.16, 3.88, and 5.41% for PSNP-K, PSNP-
L, and PSNP-M, respectively (Figure 6.3-b). The amount of the grafted polymer chains,
Ipumeor (mg m2), in these three samples was calculated based on their TGA results and
summarized in Table 6.1. The lowest I'preor Value obtained when immobilization and
polymerization of PMeOx chains takes place simultaneously in the reaction mixture
(PSNP-L) and this is consistent with the theoretical expectations since it is a complex
reaction and as Huang et al. also reported in a tandem reaction, that contains click
chemistry and polymerization of the monomers, many parameters may affect the final
results such as molecular weight of polymer chains, feed ratios, reaction time, and
temperature [32]. The results show that using sequential reactions has a strong influence

on the amount of grafted polymer chains and greater I pmeor values were obtained for
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PSNP-K and PSNP-M compared to PSNP-L (Table 6.1). The amount of the grafted
polymer chains in PSNP-M is only slightly greater than PSNP-K; however, a greater
I'preox value was expected for PSNP-M. Therefore, the effect of various parameters such
as the time for immobilizing the initiator on the particle’s surface (¢;), the reaction time
(tr, 1.e. the time required for the immobilization of the polymer chains on the particle
or/and polymerization of the MeOx), and the concentration of the initiator were
investigated in relation to /'pmeox values in order to optimize the reaction conditions.

Table 6.1 summarizes the reaction conditions for all prepared trials.
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Figure 6.3 (a) FT-IR spectra of bare SNP, PSNP-K, PSNP-L, and PSNP-M (b) TGA of bare
SNP, PSNP-K, PSNP-L, and PSNP-M.

In order to investigate the influence of the # on the amount of the grafted
polymers, two reactions were performed under exactly the same PSNP-M conditions,
with the ¢#; increased from 24 h to 48 h (PSNP-M-1) and 72 h (PSNP-M-2). The FT-IR
spectra confirmed the formation of hybrid nanoparticles in both trials through the
appearance of two characteristic PMeOx peaks at 1622 and 1430 cm™! (Figure 6.4-a). The
Tpueox value showed a 30% increase from 1.06 to 1.38 mg m™ by increasing the #; from
24 to 48 h. However, a further increase in #; does not have a significant influence on the

amount of the grafted polymer chains (PSNP-M-2), which can be explained by the low
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concentration of the initiators in the reaction mixture. Therefore, 48 h would be a

sufficient time for immobilizing the initiators on the particles’ surface.

Table 6.1 Reaction condition and analytical data from the hybrid nanoparticles prepared via in
situ immobilization and polymerization of MeOx.

Particle code t® t° Feed ratio Mass loss © Tpvteox ¢
(h) (h) initiator/SNP (%) (mg m?)
PSNP-K - 24 1 5.16 1.02
PSNP-L - 24 1 3.88 0.78
PSNP-M 24 24 1 541 1.06
PSNP-M-1 48 24 1 7.03 1.38
PSNP-M-2 72 24 1 6.81 1.33
PSNP-M-3 48 48 1 7.03 1.38
PSNP-M-4 48 72 1 6.93 1.36
PSNP-M-5 48 24 2 7.01 1.37
PSNP-M-6 48 24 3 8.42 1.66

% time required for immobilizing the initiator on the particle’s surface; ® reaction time; ¢ mass loss
data determined from the TGA from 150 to 650°C; 9 calculated from the mass loss data using eq.
7-1.
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Figure 6.4 (a) FT-IR spectra of PSNP-M, PSNP-M-1 to PSNP-M-6 (b) TGA of PSNP-M,
PSNP-M-1 to PSNP-M-6.

As the ¢, is an important parameter in all kinds of reactions, its effect was

investigated in relation to the formation of hybrid nanoparticles. PSNP-M-3 and PSNP-
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M-4 were thus prepared by increasing the t; from 24 h to 48 and 72 h, respectively. The
values of I'pyeor Were calculated based on their TGA results (Figure 6.4-b) and showed
that a longer reaction time cannot affect the amount of the grafted polymer chains. This
could be explained by the fact that 5 h was known to be sufficient for a complete CROP
of MeOx when CTMS is used as an initiator. Moreover, the I pyeor values showed that,
once 24 h had passed, no further free polymer chains in the mixture could be grafted to
the surface of the SNPs since the hydroxyl groups on the particle surface had been
shielded by grafted PMeOx. Also, the steric repulsions had become more pronounced and
prevented the silane end group of the PMeOx chains from approaching the hydroxyl
groups on the surface of the SNPs [32,149]. The same behaviour was observed in the
“grafting to” [165,236] and “grafting through” [165] approaches since these processes are
strongly self-limiting. In addition, the incoming polymer chains require a transfer from a
coiled conformation into a stretched (brush-like) conformation, which is unfavorable due

to entropy loss [165,237].

Another parameter that can affect the grafting density of the polymer chains is the
concentration of initiators immobilized on the surface of SNPs, which is directly affected
by the #; and the initiator concentration in the reaction mixture. The effect of the initiator
concentration on the formation of hybrid nanoparticles was therefore investigated through
synthesizing two more samples by increasing the initiator concentration by a factor of 2
and 3 in PSNP-M-5 and PSNP-M-6, respectively. It should be noted that the monomer
concentration was also increased proportional to the initiator, since otherwise shorter
polymer chains would be formed. The greater amount of grafted polymer chains was
achieved in PSNP-M-6 (1.66 mg m™) as opposed to PSNP-M-1 (1.38 mg m™). This was
presumably because of the higher amount of initiators available on the particle’s surface
which could initiate the CROP of MeOx. In general, the results obtained from the reaction
optimization of the PSNP-M indicate that this synthetic protocol can overcome the
limitations of PSNP-K, caused by the barrier formed by the surface-attached polymer

chains against the penetration of further chains formed in the solution.

In order to obtain information regarding the molecular weight of the grafted
PMeOx, the silica core was etched using sodium hydroxide solution and the polymer
chains were collected for further analysis. In addition, free PMeOx chains that had formed
in the solution could also be collected during the first washing cycle and were then treated
with sodium hydroxide solution. The complete etching of the silica core was confirmed

with FT-IR by the disappearance of the three characteristic peaks of silica particles at
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1100, 935, and 795 cm™’. The polymeric chains of the selected fabricated trials including
PSNP-M, PSNP-M-1, PSNP-M-4, and PSNP-M-6 were analyzed with size exclusion
chromatography (SEC) and the results listed in Table 6.2. The results indicate that,
regardless of the reaction conditions, the molecular weight of the free polymer chains are
less than that of the grafted chains and their molecular weight distribution remains
relatively low (P < 1.24) with monomodal distribution. However, the greater P with
bimodal distribution was achieved for the grafted polymer chains, presumably because
these can be obtained not only by growing from the particle surface but also via the silane

coupling reaction between the free polymer chains and hydroxyl groups of the SNPs.

Table 6.2 Analytical data from the hybrid nanoparticles prepared via in situ immobilization and
polymerization of MeOx.

orafiing Polymer

a a c d

Particle code E Ij density ? layer b Ma n b M, 1 Di

(%) (%) »  thickness (g mol™) (g mol™)
(groups/nm?) (nm)

PSNP-M 7.01 0.78 0.19 - 6462 1.25 6310 1.2
PSNP-M-1 7.36 1.27 0.17 1.9 +£2.33 7811 1.47 6449 1.15
PSNP-M-4 8.07 1.20 0.20 2.83+0.75 7174 1.18 6853 1.13
PSNP-M-6 9.71 1.79 0.25 3.90£0.34 7365 2.04 6308 1.09

2 determined from elemental analysis; ® determined from the particle size before and after grafting
using TEM and ImagelJ software; ¢ molecular weight and dispersity of the grafted polymer chains
determined by size exclusion chromatography (SEC) in DMF with 5 g L' LiBr at T=60°C; ¢
molecular weight and dispersity of the free polymer chains prepared in the solution obtained via
SEC.

These four samples were further characterized with elemental analysis (EA) and
their results are listed in Table 6.2. The content of carbon and nitrogen increased by
increasing the #; (PSNP-M-1) and ¢, (PSNP-M-4); however, there is not a significant
difference in their grafting densities owing to the difference in the molecular weight of
the grafted PMeOx chains. In other words, it is not easy to elucidate the extent to which
these parameters can affect the grafting density since the molecular weight of polymer
chains are not constant and longer polymer chains make immobilizing free polymer
chains onto the surface of SNPs more difficult and decrease the grafting density as a result
[165]. The EA results indicate that only increasing the concentration of the initiator in the
reaction mixture (PSNP-M-6) leads to a greater grafting density (0.25 group of polymer

chains/nm?), although longer polymer chains were also formed in this synthetic protocol.
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This confirms the dominant effect of the “grafting from” approach compared to the
“grafting to” approach in this method, in situ immobilization and polymerization of
MeOx. Moreover, it should be noted that not all initiators can be immobilized on the
surface of SNPs. Increasing the concentration of the initiator thus not only leads to an
increase in the concentration of the initiators on the surface of particles but also to many
of them being available in the solution. Hence, once the MeOx has been added to the
reaction mixture, many short PMeOx chains will be formed with the possibility of easier
penetration to reach the hydroxyl groups on the surface of SNPs and ultimately leading
to a higher grafting density. The same behaviour was also reported for the surface
modifications via the “grafting through” approach [165]. The fabricated hybrid
nanoparticles of PSNP-M-6 indicated intermediate grafting density between the “grafting
to” approach using click chemistry (0.18 groups/nm?) and that prepared via a silane
coupling reaction (0.30-0.46 groups/nm?). It should also be noted that the lower grafting
density of PSNP-M-6 compared to the “grafting to” approach can be explained by the

longer polymer chains formed by this method.

100 gm (@  Aom (b) | 20pm (©)

30 nm (d) 100nm (e)) 100 nm )

Figure 6.5 TEM images of (a,b) silica nanoparticles, (c,d) PSNP-M-1 (e,f), and PSNP-M-6
dispersed in isopropanol.
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TEM images were used to investigate the morphology of the prepared
nanoparticles and confirm the hypothesis of the formation of a homogeneous polymeric
shell around the bare SNPs since in hybrid nanoparticles, the difference in density leads
to the appearance of darker silica core compared to the polymeric shell. In Figure 6.5, the
polymeric shell can be clearly identified for PSNP-M-1 and PSNP-M-6 and the thickness
of the polymeric shell can be calculated by comparing the particle sizes of hybrid
nanoparticles with bare SNPs. The thickness of the polymeric shell in hybrid
nanoparticles was summarized in Table 6.2. The shell thickness of PSNP-M-6 was
measured around 3.90 nm, which is consistent with the results obtained in the “grafting

to” and “grafting from” approaches.

Conclusion

PMeOx-coated silica nanoparticles were prepared via in situ immobilization and
polymerization of MeOx in a one-pot system. CTMS was used as a bifunctional initiator,
which can initiate the CROP of MeOx in the presence of a co-initiator and also
immobilize on the surface of SNPs via silane coupling reaction. The results of the
fabricated hybrid nanoparticles indicated that a greater amount of grafted polymer chains
can be obtained by using sequential reactions (PSNP-K and PSNP-M) than using
simultaneous reactions (PSNP-L). The synthetic protocol of the PSNP-K is largely
dominated by the “grafting to” approach, a self-limiting process, while the method used
for PSNP-M has the potential to overcome this limiting factor by allowing an appropriate
time for the immobilization of the initiators on the surface of SNPs. Therefore, it leads to
a more flexible process and enables control over the grafting density of the polymer
chains through altering the immobilization time of initiators on the SNPs surface and the

concentration of the initiator in the reaction mixture.
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Experimental

6.4.1 Synthesis of silica nanoparticles (SNPs)

HO O OH
HO
OH OH

Monodisperse SNPs were prepared using the reverse microemulsion method
according to the literature [181,230]. First, cyclohexane (7.5 mL), n -hexanol (1.8 mL),
Triton X-100 (1.77 mL) were mixed followed by the addition of deionized water (0.5
mL), and TEOS (0.1 mL). After 15 min, 60 pl of catalyst (NH4OH) was added to initiate
the polymerization of silica. The reaction was stirred for 24 h at room temperature. The
isolation of the synthesized SNPs was taken place by the addition of the excess amount
of acetone and consequently collected by centrifugation at 4500 rpm for 15 min. The
synthesized samples were washed by at least three times with ethanol in order to remove
the surfactant and other impurities and then were air dried and weighted for the yield
(around 20 mg). The diameter of bare SNPs was calculated using TEM images and

ImagelJ software, which was around 56.9 + 1.45 nm.

6.4.2 Synthesis of PMeOx-coated SNPs
6.4.2.1 Synthesis of PSNP-K

Synthesized SNPs were dried in a vacuum oven at 70 °C for at least 48 h in order
to reduce the aqueous contents on the surface of these particles. Dried SNPs were used
for the synthesis of hybrid nanoparticles. All the hybrid nanoparticles were prepared in a
Schlenk tube under an inert atmosphere (argon) using freshly distilled and dried solvent.
A mixture of 57.7 ul of ((chloromethyl)phenylethyl)trimethoxysilane (CTMS) (0.235
mmol, 1 eq.) and 78 mg of KI (0.47 mmol, 2 eq.) in acetonitrile (5 mL) was sonicated for
1 h in order to the exchange of the chloride anion with iodide anion. Then 1 mL of 2-
methyl-2-oxazoline (11.75 mmol, 50 eq.) was added to the mixture and the glass tube was
heated at the desired temperature (120°C). After 5 h, the mixture cooled down to reach
the room temperature and 0.1 g of dried SNPs were added and the reaction mixture was
heated to 100°C and held for 24 h. In the next step, 70.6 ul of piperidine (0.705 mmol, 3

eq.) was added and the reaction mixture was stirred overnight. The solvent and remaining
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excess of piperidine were removed at reduced pressure. The mixture was diluted with
chloroform and precipitated in cold diethyl ether. The product was recovered by
centrifugation and dried in vacuum for 24 h. The product was washed three times with
ethanol and methanol to remove either the free polymer chains or those physically
adsorbed on the surface of particles. The prepared hybrid nanoparticles (PSNP-K) were

dried at room temperature.

6.4.2.2 Synthesis of PSNP-L

PSNP-L prepared by dispersing SNPs (0.1 g) in 5 mL of acetonitrile. Followed
by the addition of 57.7 ul of CTMS (0.235 mmol, 1 eq.), 78 mg of KI (0.47 mmol, 2 eq.),
and 1 mL of MeOx (11.75 mmol, 50 eq.). The mixture was sonicated for an hour and then
heated at 120°C for 5 h under vigorous stirring and at 100°C for 24 h. In the next step,
70.6 ul of piperidine (0.705 mmol, 3 eq.) was added to terminate the polymerization
reaction and the reaction mixture was stirred overnight at room temperature. The hybrid
nanoparticles recovered and washed similar to the aforementioned procedure named

PSNP-K.

6.4.2.3 Synthesis of PSNP-M

PMeOx coating of SNPs in PSNP-M was performed by first dispersing SNPs (0.1
g) in 5 mL of acetonitrile and 57.7 pl of CTMS (0.235 mmol, 1 eq.). The reaction mixture
was stirred at 80°C for 24 h. Then 78 mg of KI (0.47 mmol, 2 eq.) was added and
sonicated for 1 h, followed by the addition of 1 mL of MeOx (11.75 mmol, 50 eq.). The
flask was moved to an oil bath at 120°C for 5 h and then decrease the temperature to
100°C for 24 h. In the last step, 70.6 pl of piperidine (0.705 mmol, 3 eq.) was used as a
terminating agent. The prepared hybrid nanoparticles of PSNP-M collected and washed

for the characterization step.
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6.4.3 Etching silica nanoparticles

Sodium hydroxide (NaOH) solution can be used for etching SNPs. Hence, hybrid
nanoparticles and/or silane-functionalized polymer chains were first suspended in NaOH
solution (4M) and stirred at room temperature for 24 h to etch the silica core. The
suspension was diluted by adding more deionized-water followed by dialysis against
deionized water for at least 72 h. Finally, the polymer chains were obtained by drying the
suspension using freeze-drying. The complete removal of silica core was confirmed by

FT-IR spectroscopy. The degrafted polymer chains were further analyzed with SEC.
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Chapter 7. Characterization Techniques

7.1 Thermogravimetric analysis

Thermogravimetric analysis (TGAQS50 (TA instruments, Eschborn, Germany)) was used
to verify the immobilized ligand, organic functional groups and/or polymer chains, on the
surface of SNPs. The TG measurements were carried out under nitrogen environment at
a scanning rate of 20°C/min from 40 to 800°C. The mass lost was measured as a function
of the increasing temperature. Therefore, the amount of grafted polymer chains, I pyeox

(mg m?), were determined based on the data from TGA using eq. 7-1.[217]

[moWWJ <100=Wsr,
T, = PSP x10°  (eq. 7-1)
PMeOX SSPC x 100 q

where Wpsyps and Wsnps are the weight loss percent between 150 and 650°C for the
polymer-coated silica nanoparticles (PSNPs) and silica nanoparticles (SNPs),
respectively. Sspc 1s the specific surface area of silica nanoparticles (The value of Sspc

was calculated from the linear part of the BET plot and reached 69.7 m? g ).

7.2 Transmission electron microscopy

Transmission electron microscopy (TEM) images were performed using an
energy filter transmission electron microscope (Philips CM200) to study the morphology
of the synthesized particles. Samples were prepared by dispersing synthesized particles
in an appropriate solvent (ethanol, methanol, isopropanol). Particle sizes were obtained
by analyzing the TEM images using ImageJ software by taking into account more than

50 particles.

7.3 Fourier transform infrared spectroscopy

Fourier transform infrared (FT-IR) spectra were recorded with a Bruker Tensor

27 FT-IR spectrometer using a diffuse reflection apparatus (Cricket, Harrick Scientific.
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Spectra were recorded over a range of 400-4000 cm™ resolution and processed with the
OPUS software in order to confirm the presence of the grafted ligand on the surface of

silica nanoparticles.

7.4 Nuclear magnetic resonance spectroscopy

Nuclear magnetic resonance (NMR) spectroscopic studies were performed with
DRX-500 (500 Hz) on FT-NMR instruments from Bruker at room temperature. The
evaluation of the spectra was performed using the ACD Labs Program. The chemical shift
() reported in parts per million (ppm) and the coupling constants (J) in Hertz (Hz).
Calibration was carried out on the residual protons of the deuterated solvent used, here
deuterated chloroform (CDCl3: ¢ (1 H) = 7.24). Abbreviations for multiplicities and
descriptors are: s = singlet, d = doublet, t = triplet, q = quartet, quint = qunitet, m =

multiplet, dd = doublet of doublets, dt = doublet of triplets, br= broad

7.5 Dynamic light scattering

The dynamic light scattering (DLS) experiments were performed using the
Zetasizer Nano Instrument (Malvern). The instrument measures diffusion coefficient and
by applying the Stokes Einstein equation, the hydrodynamic diameter of the particles will
be calculated. A 4 mW He—Ne laser (633 nm wavelength) with a fixed detector angle of

173° was used for these measurements.

7.6 Nitrogen adsorption

Nitrogen adsorption measurement were performed by automatic adsorption
instrument (Nova 4000e, Quantachrome Instruments, Boynton Beach, FL/USA). First,
samples were placed in a glass cell and degassed under vacuum overnight at 50°C. The
initial part of the obtained physisorption isotherm is attributed to monolayer-multilayer
adsorption. Therefore, Brunauer-Emmett-Teller (BET) method was used to determine the

specific surface area of silica nanoparticles.
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7.7 Elemental analysis

Elemental analyses (EA) were performed at H. Kolbe Mikroanalytisches
Laboratorium (Mulheim a. d. Ruhr, Germany) to measure the carbon, nitrogen, bromide,

and chloride contents to quantify the ligand density on the surface of silica nanoparticles.

7.8 Size exclusion chromatography

Size exclusion chromatography (SEC) with PSS GRAM analytical 1000 A and 30
A columns equipped with a Knauer RI detector Smartline 2300 was used to measure the
molecular weights of synthesized polymers. The molecular weights of samples were

measured in DMF at 60°C, in which linear polystyrene was used as a standards for the

POX.

7.9 Ultraviolet-visible spectroscopy

Ultraviolet-Visible (UV-Vis) Spectroscopy and Lambert-Beer law and were
recorded on an Evolution 201 spectrophotometer (Thermo scientific). Therefore, a
transparent solution of the modified NPs was prepared in an appropriate solvent and the
extinction coefficient was measured at a suitable wavelength of maximum absorption
(Amax). The absorbance of a set of standard solutions of the reference substance at various
concentrations were measured followed by plotting a calibration graph as the
concentration corresponding to the absorbance of the solution. The concentration of the

analyte in the sample solution is read from the plotted graph.
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Chapter 8. Conclusions and Recommendations

Silica nanoparticle is one of the most well-known nanoparticles and has a wide
variety of applications. In order to suppress the adsorption of proteins and improve their
applications in biomedical fields as a result, surface modification of these particles with
hydrophilic polymers is required [11,12]. Among the polymers that can be used as a shell
for SNPs in biomedical applications, poly(2-oxazoline) (POx) and more specifically
poly(2-methyl-2-oxazoline) and poly(2-ethyl-2-oxazoline) were proposed as promising
alternatives for polyethylene glycol (PEG). PEG is the most interesting polymer in the
biomedical field, but has some limitations owing to its possible interaction with the
immune system and possible degradation under stress [21,23-25]. Hence, PMeOx was
proposed since it is hydrophilic, biocompatible, has versatile end group chemistry [21],
and high chemical stability [26]. In this thesis, PMeOx-coated SNPs were successfully
prepared based on the chemical polymer attachement since they lead to an enhanced
stability of the tethered polymer layer. Various design strategies were therefore employed
including “grafting to”, “grafting from”, and “in situ immobilization and polymerization
of MeOx” approaches, each with their own advantages and disadvantages. Moreover, the
results indicate that the polymer grafting density of the synthesized hybrid nanoparticles
largely depends on the methods used for the fabrication of these hybrid nanoparticles.

This will be explained in more detail in this section.

First of all, the “grafting to” approach was used for the synthesis of PMeOx-coated
SNPs based on two different methods: click chemistry and silane coupling reaction. In
click chemistry, the alkyne-functionalized PMeOx (P1) was prepared and clicked to the
azide-functionalized SNPs. In silane coupling reaction, trimethoxysilane-functionalized
PMeOx (P2) was fabricated, which can be directly grafted on the surface of the silica
nanoparticles. Since pre-fabricated polymer chains were used in this approach,
characterizing the polymer chains was very straightforward. In the end, hybrid
nanoparticles were successfully prepared by both click chemistry and silane coupling
reaction. However, the silane coupling reaction indicated more promising results as it led
to a higher grafting density (0.30-0.46 groups/nm?) compared to click chemistry (0.18
groups/nm?). Furthermore, the silane coupling reaction is able to shorten the reaction

sequence and overcome the drawbacks of click chemistry such as the product’s
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dependency on the available functional group and the costly procedure of removing
residual copper from the final product. The synthesis of PMeOx-coated silica
nanoparticles via silane coupling reaction was further investigated under three different
reaction conditions including: anhydrous acetonitrile at 120°C (PSNP-B), a mixture of
ethanol and water at ambient condition (PSNP-C), and reverse microemulsion at ambient
condition (PSNP-D). The highest grafting density of 0.45 chains/nm? was obtained for
PSNP-B due to the greater mobility of the polymer chains in the solvent at high
temperature. Therefore, the polymer chains can diffuse to the surface of the particle
easier. The effect of three parameters i.e. temperature, reaction time, and polymer chains
was investigated in relation to the grafting density of the final products. The synthesis of
PMeOx-coated silica nanoparticles in reverse microemulsion medium was also
investigated, where the synthesis of SNPs and the core—shell particle formation take place
in a one-pot system. This synthetic protocol also led to a high grafting density (0.35
chains/nm?) with the advantage of being more time efficient. Moreover, this method is
able to encapsulate imaging molecules such as Ru(bpy) in the silica matrix and

consequently lead to the formation of fluorescent-dye hybrid nanoparticles.

Although PMeOx-coated SNPs were successfully prepared via the “grafting to”
approach, the grafting densities are limited due to the steric hindrance originating from
the polymeric chains already grafted. A further improvement in the grafting density of
the hybrid nanoparticles was achieved with the “grafting from” approach. Therefore,
((chloromethyl)phenylethyl)trimethoxysilane (CTMS), which was already used for the
synthesis of silane-functionalized PMeOx in the “grafting to” approach, was first
immobilized on the surface of the SNPs. The polymerization of the MeOx was initiated
from the surface using KI as a co-initiator. The average grafting density of ~1.45
chains/nm? was obtained for hybrid nanoparticles via this approach. The grafted PMeOx
chains were characterized by treating hybrid nanoparticles with sodium hydroxide
solution in order to etch the silica core. The hybrid particles prepared via this approach
indicates that the molecular weight of the grafted PMeOx can be very well controlled by
altering the polymerization time as well as the monomer/initiator ratio in the reaction.
Moreover, these hybrid nanoparticles can be functionalized via the polymer chains and/or
silica core. Hence, amine-functionalized PMeOx-coated SNPs were prepared by
terminating the polymerization of MeOx with EDA, and then conjugated with
biomolecules such as fluorescein (FITC) and folic acid (FA), acting as a fluorescein

imaging molecule and cancer targeting ligand, respectively. Moreover, fluorescent-dye
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hybrid nanoparticles were also prepared using Ru(bpy)-doped SNP with a greater
polymer grafting density than that prepared via the “grafting to” approach.
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Figure 8.1 Schematic diagram of the formation process of PMeOx-coated SNPs via the
“grafting to” approach using click chemistry (a) and silane coupling reaction (b) in different
reaction conditions and also the “grafting from” approach using CTMS as an initiator and using
different terminating agents for subsequent particle modification with (¢) fluorescein (FITC)
and (d) folic acid (FA).

Finally, a novel method was designed for the synthesis of PMeOx-coated SNPs
entitled “in situ immobilization and polymerization of MeOx”. It is a simple and
straightforward way to chemically attach PMeOx chains to the surface. In this one-pot
system, CTMS was used as a bifunctional initiator, which can be immobilized on the
surface of the SNPs and also initiate the CROP of MeOx. In other words, the PMeOx
chain can continue to grow from the surface of the SNPs in a way similar to the “grafting
from” approach or grow in the reaction mixture, with the potential to be grafted on the
surface of the particles via a silane coupling reaction similar to the “grafting to” approach.

Thus, this method consists of the main aspect of both the “grafting to” and “grafting from”
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approache. The simultaneous immobilization and polymerization (PSNP-L) led to the
formation of PMeOx-coated SNPs, although the amount of grafted polymer chains was
very low. The protocol was further improved by the polymerization of MeOx followed
by the addition of SNPs for the immobilization process (PSNP-K), which is largely
limited by the “grafting to” step. Finally, in the last protocol (PSNP-M), a time interval
for the immobilization of the initiators was considered in order to overcome the limiting
factor (“grafting to” step). The aforementioned protocol was optimized by investigating
the effect of the time interval for immobilization of the initiator, reaction time, and the
initiator concentration. A grafting density of 0.25 chains/nm? was obtained for hybrid
nanoparticles via this method. This method has the advantage of being time and cost-

efficient.
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Figure 8.2 Schematic depiction of three synthetic protocol used for the synthesis of PMeOx-
coated silica nanoparticles via in situ immobilization and polymerization of MeOx including
PSNP-K, PSNP-L, and PSNP-M.

The results obtained in this research project indicate a successful synthesis and
characterization of PMeOx-coated SNPs for biomedical applications using three different
strategies. This study should naturally go beyond the current step and there are several
points worthy of further investigation. Considering that these hybrid nanoparticles were
prepared with the purpose of reducing protein adsorption in biological-related processes,
nonspecific protein-binding tests [22] can be carried out to find out more about how these
nanoparticles behave before and after surface modification. In addition, the cellular
uptake of these hybrid nanoparticles and their in vitro cytotoxicity can be explored and
compared with the bare SNP. With regard to the silica particle synthetic, mesoporous
silica nanoparticles can replace the SNPs, as these have attracted considerable attention

in drug delivey in particular due to their large surface area.
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Chapter 10. Appendix

10.1 Nomenclature

10.1.1 Abbreviations

ABDMMS (4-Aminobutyl)dimethylethoxysilane

APTES 3-Aminopropyltriethoxysilane

APTMS 3-Aminopropy trimethoxysilane

ATRP Atom transfer radical polymerization

BET Brunauer-Emmett-Teller

BMBA 4-(Bromomethyl)benzoic acid

CROP Cationic ring opening polymerization

CSNPs Core-shell nanoparticles

CT Computed tomography

CTMS ((Chloromethyl)phenylethyl)trimethoxysilane
CuAAC Copper-catalysed azide—alkyne cycloaddition
DCM Dichloromethane

DLS Dynamic light scattering

DFM Dimethylformamide

EA Elemental analysis

EDA Ethylene diamine

EPR Enhancing the permeability and retention effect
EtOx 2-Ethyl-2-oxazoline

FA Folic acid

FITC Fluorescein isothiocyanate

FT-IR Fourier transform infrared

GPS 3-Glycidoxypropyl trimethoxysilane

IPOX 2-Isopropenyl-2-oxazoline

IPTES (3-Isocyanatopropyl) triethoxysilane

MeOTf Methyl trifluormethane sulfonate
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MeOx
MPTMS
MRI
NMP
NMR
NPs
PDI
PEG
PET
PEtOx
PGA
PLGA
PMeOx
POx
PSA
PSNP
PVP
PynOx
PBCD
RAFT
Ru(bpy)
SEC
SEM
SNPs
TEM
TEOS
TGA
TMOS
UV-Vis
W/O

2-Methyl-2-oxazoline
(3-Mercaptopropyl)trimethoxysilane
Magnetic resonance imaging
Nitroxide-mediated polymerization
Nuclear magnetic resonance
Nanoparticles

Polydispersity index

Polyethylene glycol

Positron emission tomography
Poly(2-ethyl-2-oxazoline)
Polyglutamic acid

Polylactic and polyglutaric acid
Poly(2-methyl-2-oxazoline)
Poly(2-oxazoline)

Polysialic acid
Poly(2-methyl-2-oxazoline)-silica nanoparticles
Polyvinylpyrrolidone
2-(Pent-4-ynyl)-2-oxazoline
B-Cyclodextrin polymer

Reversible addition—fragmentation chain-transfer
Tris(bipyridine)ruthenium(II) chloride
Size-exclusion chromatography
Scanning electron microscope

Silica nanoparticles

Transmission electron microscopy
Tetraethoxysilane

Thermal gravimetric analysis
Tetramethoxysilane
Ultraviolet-Visible Spectroscopy

Water in oil
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10.1.2 Symbols

Cdye
b
M,
My
n
Sspc
ti

tr

Wpsnp

Wsnp

LI'Ppeox

Concentration of the dye dispersed in a solvent
Dispersity

Number-average molecular weight

Weight-average molecular weight

Degree of polymerization

Specific surface area of silica nanoparticles

Initiator immobilization’s time

Reaction time

Weight loss percent of polymer-coated silica nanoparticles
between 150 and 650°C

Weight loss percent of silica nanoparticles between 150
and 650°C

Amount of the grafted poly(2-methyl-2-oxazoline)
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10.4 'H NMR spctra of P1 and P2
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10.5 UV-Vis Calibration

The concentration of the dye molecules, such as Ru(bpy) and FITC which were
encapsulated either inside the silica core or immobilized on the surface of hybrid
nanoparticles, and also a cancer-targeting ligand, such as folic acid (FA), as a cancer-
targeting ligand which were conjugated to the surface of particles, can be calculated by
using UV-Vis spectroscopy. Therefore, the calibration curves of these molecules are
required to be plotted. Figure 10.3 indicates the absorption spectra of a series of standard
solutions containing Ru(bpy) dye molecules at different concentration in PBS buffer. It
is obvious that the absorbance at 452 nm for Ru(bpy) increased correspondingly by
increasing the dye concentration. For Ru(bpy) dye molecules, the absorbance increased
linearly with the dye concentration in the range of 0.25 to 1.75 (10® mol/mL) (AAbs. =
0.1092 X Cruppy) T 0.0693) with a correlation coefficient of 0.991.
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Figure 10.3 (a) UV-Vis absorption spectra of Ru(bpy) in PBS buffer at different concentrations
(b) the relation between absorbance and Ru(bpy) concentration.

Figure 10.4 indicates the absorption spectra of a series of standard solutions
containing FITC dye molecules at different concentration in PBS buffer. For FITC dye
molecules, the absorbance at 482 nm was increased linearly with the dye concentration
in the range of 0.25 to 2 (10® mol/mL) (AAbs. = 0.0384 X crrc + 0.0008) with a
correlation coefficient of 0.9937. Finally, the absorption spectra of a series of standard
solutions containing FA molecules with different concentrations in DMSO was shown in
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Figure 10.5. It is obvious that the absorbance at 360 nm for FA increased correspondingly

by increasing the concentrations of these molecules.
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Figure 10.4 (a) UV-Vis absorption spectra of FITC in PBS buffer at different concentrations
(b) the relation between absorbance and FITC concentration.
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