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Introduction 

Silicon dioxide, also known as silica, comprises a large class of products with 

the chemical formula SiO2. Its application ranges from structural materials to 

water filtration through components used in the food and cosmetic industries. 

Silica obtained by mining and purification of quartz is suitable for many 

purposes (e.g. cement production), however silica used in chemical 

applications requiring high purity and special properties (e.g. semiconductor 

industry) has a synthetic origin. Due to the large-scale consumption and wide 

application range of synthetic silica, numerous synthesis processes were 

developed and patented mainly in the middle of the 20th century. 

Over the last two decades with the emergence of nanotechnology silica 

has received significant attention again. Nanotechnology is the still evolving 

diverse and interdisciplinary branch of science presenting original solutions to 

current requirements. It is dealing with nanosized or nanometrically organized 

materials owning attractive properties compared to conventional ones. The 

new requirements resulted in countless varieties of silica nanomaterials, by 

using “bottom up” approaches, where molecular building blocks connecting 

in a stepwise manner. 

The new applications such as drug delivery however are bringing forth 

very strict requirements of porosity, specific surface area, colloidal stability 

and dispersity, thus the optimization of such synthesis approaches is still a 

challenging issue requiring careful consideration of reaction parameters. 

The objective of my work was to synthesize and characterize novel silica 

based nanomaterials for biomedical and metrological applications. For the 

synthesis I used wet-chemical approaches, in which the preparation of the 
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nanomaterials took place in solution under mild conditions. During the 

preparation and surface modification much efforts were devoted to maintain 

the colloidal stability and the high monodispersity of the silica particles.   
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Part I: Literature review 

In this part of my thesis, I describe the most commonly used synthesis routes 

of synthetic silicas and a few innovative synthesis approaches for the 

preparation of spherical silica NPs. Then, a brief overview of the amino-

functionalization of silica NPs is presented. Finally, the bioimaging and 

metrological applications of nanomaterials are described. 

1.1 Synthetic silicas 

1.1.1 Pyrogenic silicas 

Pyrogenic silicas are synthesized at high temperatures. The most-produced 

fumed silica is made by flame pyrolisis of silicon tetrachloride, where SiCl4 is 

burned in an oxygen rich hydrocarbon flame to form a “smoke” of SiO2 [1]: 

 

This process was developed by the German Degussa AG and the product 

has been marketed under the trade name AEROSIL® since 1943. In order to 

vary the specific surface area, the particle size and the size distribution of the 

formed silica, several factors (e.g. reagent concentration, flame temperature, 

reaction time) may be controlled. The primary particles are non-porous with 

high specific surface area (50 to 600 m2 g-1) with 5 to 50 nm size [1]. In fumed 

silica the primary particles are tightly bound into linear chains, which then 
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agglomerate into tertiary particles with extremely low bulk density. Due to 

fumed silica’s branched structure it has a very strong thickening effect, i.e. it’s 

capable to increase the viscosity of liquids without substantially changing their 

other properties. 

Of less importance arc furnace silicas are produced by reduction of high-

purity of quartz sand to silicon monoxide which is then oxidized to silicon 

dioxide in a 3000 °C electric arc. The formed primary particles show greater 

variation in particle size (5 to 500 nm) and primary particles form dense, non 

porous spherical secondary particles [1]. 

1.1.2 Precipitated silicas 

Precipitated silicas include a wide range of silicas with high diversity of 

physical properties and mainly used as excellent reinforcing filler in rubber. 

Generally, precipitated silica is made by adding sulfuric acid to a sodium 

silicate solution in an agitated vessel to yield a slurry of amorphous silica [2]. 

The overall reaction is:  

 

The characteristics of precipitated silica, such as particle size and porosity, 

are controlled during this stage of the process by varying several factors (e.g. 

concentration, speed of agitation, reaction time). Afterwards, the formed 

silica slurry is concentrated and washed to remove the sodium sulfate 

byproduct. Finally, the precipitated silica is dried to the desired final product 

moisture content. The primary particles (5 to 100 nm) form slightly aggregated 

nearly spherical particles (1 to 40 µm) with an average pore size of > 30 nm [1]. 
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1.1.3 Silica sols and gels 

The most studied and consequently most documented approach for the 

preparation of silica is the sol-gel process. It has been widely used for the 

preparation of sols, gels, thin films and coatings as well. It is based on the 

controlled hydrolysis and condensation of water soluble silicate (e.g. sodium 

silicate (Na2SiO3)) or alkoxysilanes (Si(OR)4, where R = CH3, C2H5, C3H7) to form 

a siloxane network [1]. The broad success of this method is due to its ability to 

form pure and homogeneous products at low temperatures. Sodium silicate 

solutions contain complex mixtures of various silicate species controlled by 

the pH of the medium and silicon concentration. Below pH 7 monomolecular 

Si(OH)4 is predominant in the solution, whilst under basic conditions anionic 

and polynuclear species are presented. Silica gel at first glance resembles 

precipitated silica in several aspects. However, the fact that silica gel is made 

at acidic pH, whereas precipitated silica is prepared at basic pH, imparts many 

important differences in properties between the two materials [2]. For 

instance, silica gels consist of branched chains of particles, whilst precipitated 

silica consists of relatively close-packed clumps of particles.    Despite its large-

scale usage in the preparation of silica gel, synthesis of silica NPs starting from 

sodium silicate is less investigated and has less importance. 

In alkoxysilane-based systems, hydrolysis of the alkoxy-group to form 

Si(OH)4 precedes condensation reaction. Since alkoxysilanes and water are 

immiscible, a cosolvent such as ethanol or methanol is used to homogenize 

the reaction mixture. In order to accelerate hydrolysis, both acid and base 

catalyst may be used, however from a mechanistic point of view, reactions 

have to be considered separately.  
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Under acidic conditions, the oxygen atom of the alkoxysilane is 

protonated, thus a good leaving group (e.g. -OMe or -OEt) is created (Figure 

1.1). Next a water molecule (in hydrolysis reactions) or a silanol group (in 

condensation reactions) performs a nucleophilic attack at the more 

electrophilic central silicon atom [3].  

 

Figure 1.1 Acid catalyzed hydrolysis and condensation of silane esters. 

Under basic conditions, large number of water molecules and acidic 

silanol groups are in deprotonated form (Figure 1.2). The reaction proceeds by 

an SN2-type mechanism, where OH− (in hydrolysis reactions) or Si-O− ion (in 

condensation reactions) attacks the central silicon atom [3].  

 

Figure 1.2 Base catalyzed hydrolysis and condensation of silane esters. 
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Hydrolysis and condensation reactions occur simultaneously and compete 

with each other. The relative rate of both processes determines the final sol 

structure [1]. 

Under acidic conditions the reactivity of different alkoxysilane derivatives 

increases with the electron density of the central silicon atom, which results in 

faster hydrolysis than condensation [1,3] (Figure 1.3). The rate of condensation 

slows down with increasing number of siloxane linkages around the central 

silicon atom, thus weakly branched chain-like networks are obtained. Under 

basic conditions, to the contrary condensation is accelerated relative to 

hydrolysis, which leads to highly branched silica networks [1]. 

 

Figure 1.3 Reactivity of different alkoxysilane derivatives. 

As discussed above, these systems are very complex, thus many different 

reaction routes are possible from the precursor to the final silica sol. Thus, the 

structure of the particles may be tailored very diversely by manipulating 

several factors (e.g. concentration, catalyst, pH, precursor, solvent, 

temperature). 

In 1968 Stöber et al. had reported the controlled growth of monodisperse 

silica spheres (50 nm to 2 µm)  from alkoxysilanes of varying chain length in 

water-ethanol solution using ammonia as a base catalyst [4]. The particle 

growth is rate-limited by the production of the hydrolyzed alkoxysilane 

molecules and proceeds through a surface reaction-limited condensation of 
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hydrolyzed monomers or small oligomers. Additionally, aggregation of 

siloxane substructures is strongly influenced by the surface potential of the 

silica particles and the ionic strength of the reaction medium and occurs only 

in the early stage of the condensation reaction [5,6]. Subsequently, the 

original method was improved by several research groups [7,8] in order to 

enhance the monodispersity of the synthesized particles. However the Stöber 

process has a limited success in the preparation of small sized particles (< 100 

nm) with high monodispersity as depicted in Figure 1.4, where several 

irregularly shaped particles are observed. 

 

Figure 1.4 TEM analysis of silica NPs prepared by the Stöber method. 

1.1.4 Innovative synthesis approaches 

An interesting approach to produce monodisperse silica NPs in a size range of 

several tens to a few hundred nanometers is the reverse microemulsion 

method, where NPs form in inverse micelles compartmentalized by 

surfactants in a nonpolar organic solvent [9,10]. Finnie et al. synthesized silica 

NPs for controlled release applications by the reaction of tetramethyl 

orthosilicate inside the water droplets of a water-in-oil (w/o) microemulsion, 

under both acidic and basic conditions [11]. Consistent with previous studies 

[1,3], under acidic conditions (pH 1.05) linear, disorganized entities formed 
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slowly inside the water droplets and resulted in 5 nm sized microporous NPs 

with high specific surface area. In contrast, at pH 10.85 11 nm sized nonporous 

NPs were formed. 

Recently, Lin et al. synthesized hollow silica NPs with reverse 

microemulsion method (Figure 1.5). [12]. The effects of varying hydrocarbon 

solvents (e.g. n-hexane, n-octane, n-decane, n-dodecane), the alcoholic co-

surfactant (n-hexanol) and compositions of a mixed surfactant system (CA-

520, Triton X-100) on the size of the hollow silica NPs were studied 

comprehensively. They demonstrated that in w/o microemulsions the 

hydrodynamic diameter of the w/o droplets decrease as the chain length of 

alkene solvent becomes shorter, from 5.5 nm for n-hexane to 16 nm for n-

dodecane. The solvation of the hydrophobic polymeric chain of the surfactant 

by the hydrocarbon solvent determines the droplets’ effective size, which 

indirectly determines the size of the resulting silica nanospheres [12].  

 

Figure 1.5 TEM analysis of hollow silica NPs prepared by reverse microemulsion 

method with different volumes of co-surfactant (n-hexanol): (a) 1 mL, (b) 3 mL 

and (c) 5 mL [12]. 
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Additionally, without introducing the co-surfactant (n-hexanol) in the system, 

the microemulsion could not be formed and water and oil phases became 

immiscible. TEM images indicate that the nanosphere sizes and shell 

thicknesses can be simply and effectively controlled with the amounts of n-

hexanol added (Figure 1.5). 

The microemulsion approach has indisputable advantages, e.g. yielding 

silica NPs with superior average monodispersity compared to particles 

produced by the Stöber method, however the use of large amount of 

surfactants and organic solvents requires extensive cleaning. 

A decade ago in 2006, Yokoi et al. reported an important breakthrough in 

the preparation of highly monodisperse silica NPs in the size range of 12-23 nm 

[13]. Their method is analogous to the Stöber method, but interestingly they 

used a basic amino acid, L-lysine in place of NH3 and TEOS was delivered 

heterogeneously via a top organic layer (octane) in order to ensure a very 

slow increase of the solution supersaturation. Starting from this point, Hartlen 

et al. reported a facile synthesis route for highly monodisperse silica NPs 

ranging from 15 nm to 230 nm (Figure 1.6) [14].  

 

Figure 1.6 TEM analysis of silica NPs prepared by a basic amino acid catalysis 

route. 
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They used L-arginine as a base catalyst and cyclohexane as top organic layer. 

Moreover, the as-prepared silica NPs have been proven to be compatible with 

the Stöber process and thus can be regrown further without any purification 

to larger sizes, while perfectly preserving their monodispersity. 

The use of templates or scaffolds is one of the main strategies for the 

fabrication of advanced materials with controlled size and structure at the 

nano and micro scales [15]. Soft templates are generally amphiphile molecules 

in a fluid-like state, whereas hard templates are usually solid-state materials 

with particular structure. The discovery of mesoporous MCM-41 and SBA-15 

silicas was an important milestone in the development of silica NPs [16,17]. 

Particles with tunable pores, along with the large specific surface area, make 

them suitable for many applications like catalysis, chemical separations and 

biomedical use. To achieve the porous structure surfactants are used that 

form defined micelles in the reaction solution (soft template method) (Figure 

1.7). Next, the formed micelles serve as a template for the in situ 

polymerization of TEOS and finally, the template can be removed by washing 

and/or calcination. 

 

Figure 1.7 Highly simplified schematic diagram of the synthesis of porous silica 

[18]. 

Subsequent research efforts were devoted to control the morphology of 

the particles in order to generate uniform sized silica spheres. As discussed 
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earlier, by manipulation the pH of the reaction mixture, by using different 

catalyst or by the addition of organic co-solvents, highly diverse 

nanoparticulate systems have been produced [19,20]. 

Recently, Shen et al. synthesized highly biodegradable monodispersed 

three-dimensional dendritic mesoporous silica NPs with tunable size and 

controlled center-radial mesostructure, which can be grown generationally 

and hierarchically as the regular organic dendrimer (Figure 1.8) [21]. The NPs 

were prepared by a one-pot biphase stratification method using CTAC as a 

template, TEOS as a silica source, organic triethanolamine as base catalyst and 

1-octadecene as an emulsion agent. The average pore size of each generation 

was adjusted from 2.8 to 13 nm. Most importantly, the NPs were biodegraded 

entirely within 24 h in simulated body fluid, which is greatly shorter than the 

two weeks reported previously for mesoporous silica NPs. In addition, the NPs 

showed about 90% of cell viability even in a very high concentration (100 mg 

mL-1) on HeLa cell cultures. 

 

Figure 1.8 TEM analysis of silica NPs prepared via biphase stratification 

approach with a mesopore size of (a) ∼5.5 nm, (b) ∼7 nm and (c) ∼13 nm [21]. 

Scale bars are 100 nm. 
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Hard templating is commonly used to create hollow structures that mimic 

and/or complement the original shape of the templates [22–24]. Due to the 

wide variety of hard templates (e.g. silica spheres, polymer spheres, porous 

membranes, ion exchange resins, carbon fibers etc. [15]), the morphology and 

the structure of the resulting materials is highly diverse. However, the removal 

of the templates is difficult compared to soft templates. 

Koike and co-workers prepared monodisperse organosilica NPs with 

hollow interiors and porous shells using silica nanospheres as templates 

(Figure 1.9) [25]. A shell comprising tiny organosilica particles was successfully 

formed on the silica template by using organoalkoxysilane precursor and L-

arginine as base catalyst. Interparticle mesopores within the shell allowed the 

removal of the internal template silica core, which were attributed to the 

lower hydrolytic stability of pure silica compared to organosilica under basic 

conditions. 

 

Figure 1.9 TEM analysis of (a) core–shell silica NPs and (b) hollow organosilica 

NPs prepared by hard template method [25]. 
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1.2 Amino-functionalization of silica NPs 

The surface chemistry of silica is a widely investigated subject for silica thin 

layers and NPs are extensively used in a large number of new applications, 

such as gene delivery [26], bioimaging [27], targeted drug delivery [28] , DNA 

transport [29] , capture of metal ions [30] and photocatalysis [31]. Such new 

applications bringing forth very strict requirements of purity, stability and 

dispersity. It appears, however, that the surface modification of small sized (< 

50 nm) colloidal silica is still a challenging issue requiring careful consideration 

of reaction parameters (solvent, reagent, reaction time and temperature).  

1.2.1 Silane coupling agents’ characteristics 

Commonly used silane coupling agents are (alkoxy)alkylsilanes (Figure 1.10) 

that bear one to three reactive alkoxy (-OMe or -OEt) groups and one to three 

functional side chains. The functional side chain may also contain or can be 

modified further with spacer arms or crosslinkers.  Since the silane reactive 

groups typically are unreactive towards organic molecules, but can covalently 

couple to certain inorganic substrates, this type of functional silane coupling 

agents is to promote the bonding of an organic molecule to an inorganic 

particle, surface, or substrate [32].  

In aqueous organic solvents the (alkoxy)alkylsilanes undergo hydrolysis 

and condensation, before deposition on the silica substrate (Figure 1.11). The 

reactivity of the silane towards the substrate is influenced by the hydrolysis 

rate of the alkoxy groups [33,34], and the catalytic activity of the functional 

side chain [35–37]. Furthermore, the presence of other catalysts like water, 

acid or base usually fastens the rate of the hydrolysis and/or the condensation 

[38–42].  
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Figure 1.10 Structures of commonly used (alkoxy)alkylsilane silane coupling 

agents: (a) (3-aminopropyl)triethoxysilane (b) 3-aminopropyl(diethoxy) 

methylsilane (c) (3-mercaptopropyl)trimethoxysilane, (d) (3-glycidyloxypropyl) 

trimethoxysilane, (e) [3-(2-aminoethylamino)propyl]trimethoxysilane and (f) 

triethoxyvinylsilane [43]. 

Depending on the number of reactive alkoxy groups and the presence of 

catalysts the condensation between silane molecules (bulk phase 

polycondensation) occurs in parallel with surface modification [42,44]. This 

polymerization may remain harmless and even undetected in case of the 

surface modification of a macroscopic substrate, but it may induce 

irreproducible coatings and irreversible aggregation during the treatment of 

small sized NPs (Figure 1.12). In order to control this parameter during the 

treatment of NPs, modification procedures in anhydrous and low water 

content organic solvents (e.g. ethanol, isopropanol, THF, toluene) have been 

set up [45–49].  
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Figure 1.11 Schematic illustration of (alkoxy)alkylsilane silane coupling agent 

deposition on silica substrate in aqueous solvent: 1. hydrolysis, 2. 

condensation, 3. hydrogen bonding and 4. condensation [1]. 

Coating the silica surface with amino groups is often the first step in the 

surface modification procedure. Aminosilanes carry one or more amine groups 

in the functional side chain (Figure 1.10a, b, e). This amine group is responsible 

for the specific chemical reaction behaviour and high reactivity of the 

aminosilane molecules [1]. The electron rich amine group can enter into 

hydrogen bonding interactions with hydroxyls or other amines and because of 

its basic character it can be easily protonated. Mixing the aminosilane with 

silica, results in a fast adsorption via hydrogen bonding of the amine to a 

surface silanol group. Subsequently, the amine group can catalyze the 

condensation of the alkoxy group of the molecule with a surface silanol. Thus, 

covalent siloxane bonds may be formed in the absence of water. For other 
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(ethoxy)alkylsilanes the siloxane bond formation requires an initial hydrolysis 

of the ethoxy groups or the addition of a catalyst in the reaction mixture [1]. 

 

Figure 1.12 TEM analysis of irreversibly aggregated small sized (~20 nm) silica 

NPs prepared by the Stöber method. 

1.2.2 Purification techniques 

The purification of surface-functionalized silica sols to remove unreacted 

aminosilane molecules is a key factor in the surface modification procedure. 

The use of inappropriate purification techniques may also lead to particle 

aggregation. Centrifugation is an efficient and widespreadly used method for 

the purification of large sized silica NPs (> 50 nm) after amino-

functionalization reaction [50–52]. However, the interparticle distance is 

drastically decreased during centrifugation, which leads to irreversible 

aggregation if activated molecules – susceptible of polycondensation like 

(alkoxy)alkylsilane – are adsorbed at the surface of the particles.  

Ultrafiltration is a pressure-driven membrane filtration technique, 

extensively used in industry and research for purifying and concentrating 

macromolecular (1 - 1000 kDa) solutions. It allows the separation of the 
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particles with a moderate increase in concentration. However, its use in the 

separation of nanomaterials is very limited.  

Dialysis, as an apparently ideal separation process, keeps the dilution 

constant. On the other hand, the time necessary for the separation – also 

important if reaction may proceed further – is multiple for dialysis in 

comparison to the two other methods. In addition, its high solvent 

consumption in case of using precious organic solvents (e.g. ethanol, toluene) 

is a major drawback. Therefore the purification process should be optimized 

together with the reaction parameters if aggregation is to be avoided. 
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1.3 Bioimaging applications of silica NPs 

1.3.1 Fluorescent imaging 

Bioimaging is one of the most emerging fields of nanotechnology. The term 

imaging can be understood in many ways, however it has become accepted 

that virtually any method yielding a two-dimensional picture (ideally presented 

in pseudo-colors) can be referred as “imaging” [53]. Some of these techniques 

are destructive or require extensive sample preparation, but many others are 

not and therefore well applicable to living systems or intact tissues.  

Imaging techniques based on fluorescence have found particular interest 

because these methodologies are highly sensitive, selective, high-contrast, 

and versatile. There are two kinds of fluorescent imaging. The first type is 

based on intrinsically fluorescent biochemical species (e.g. chlorophyll in 

plants, NADH in tissues). The second involves imaging of samples that have 

been made fluorescent by adding organic fluorescent dyes, fluorescent 

proteins or luminescent metal-complexes [53]. 

Nanoparticulate systems as fluorescent bioimaging agents have received 

significant attention during the past decade. Dye doped NPs or intrinsically 

fluorescent NPs, in contrast to molecular probes do not suffer from high 

photobleaching-rates, often have low toxicity and long fluorescent lifetimes. 

Additionally, many NPs can be easily internalized into cells and tissues 

(depending on charge, surface chemistry and size) and can be even targeted 

to specific sites [53].  

Silica based NPs were among the first ones to be used as efficient 

fluorescent bioimaging agents. Their robustness, mechanical stability and the 

large number of fluorescent dye molecules encapsulated in an inert protective 
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matrix make them suitable as fluorophore nanocarriers. Moreover, silica NPs 

are optically transparent at the wavelength region for fluorophore excitation, 

thus they do not interfere with fluorescence excitation and emission of the 

incorporated dyes [54]. In addition, the increased brightness due to multiple 

dye encapsulation increases the detection signal-to-noise ratio, enabling the 

use of cheaper, less complex optical detection solutions [55]. 

Silica NPs can be easily doped non-covalently with wide range of organic 

dyes [56] and metallic fluorophores [57,58], through the Stöber or reverse 

microemulsion methods, where fluorescent dyes are first solubilized and then 

trapped in the silica matrix during polymerization. Examples include pH-

sensitive dyes such as fluorescein [59] and its derivatives [60], as well as 

oxygen-sensitive organometallic complexes [61]. Lee Koo and co-workers 

synthesized organically modified silica (ORMOSIL) NPs in order to incorporate 

hydrophobic dyes into the silica NP matrix [62]. The introduction of alkyl 

groups into the NP structure resulted in its increased hydrophobicity and 

successful entrapping of platinum(II) containing porphyrin complexes. Silica 

has also been used as protecting shell for other NPs, such as quatum dots 

(QDs), where QDs are entrapped into silica via the Stöber method [63] or via 

reverse microemulsion [64]. 

Beside non-covalent physical entrapment, the organic dyes can be 

incorporated through covalent siloxane linkages as well. In the absence of any 

covalent attachment, the dye molecules may leach out of the NPs over time, 

consequently increasing the background signal and leading to cytotoxicity in 

biological applications [65]. In the covalent incorporation strategy, however, 

the fluorescent components are chemically bonded to the silica network thus 
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dye leaking during subsequent biological applications can be effectively 

avoided [66–69]. 

1.3.2 Computed tomography (CT) scan 

CT is an X-ray based whole body imaging technique, using computer-

processed combinations of many X-ray images taken from different angles to 

produce cross-sectional images of specific areas of the scanned object. It is 

widely employed in a variety of research and clinical settings. Clinically 

approved contrast agents (CAs) for CT are mainly iodine-based small 

molecules or barium-based suspensions [70]. Lately, there has been a great 

increase in the development of nanoparticulate CT contrast agents [71]. 

Hayashy and co-workers reported the synthesis of iodinated 

silica/porphyrin hybrid NPs for CT/fluorescence dual-modal imaging of tumors 

[72]. For in vivo experiments, the silica NPs were covalently functionalized 

with polyethylene glycol (PEG) and folic acid. PEGylation prevents the uptake 

of NPs in the reticuloendothelial system (RES) and prolongs their circulation 

time in the blood, thus resulting in enhanced permeability and retention (EPR) 

effect. In addition, folic acid specifically binds to folate receptors that are 

overexpressed in the tumor cells. The hybrid NPs exhibited high X-ray 

absorption coefficient, NIR fluorescence and high tumor specificity during the 

in vivo CT/fluorescence dual-modal imaging experiments. 

1.3.3 Positron emission tomography (PET) imaging 

PET is a non-invasive imaging technique in nuclear medicine for the 

observation of metabolic processes in the body. It is based on the detection of 

pairs of gamma rays emitted indirectly by a positron-emitting radioactive 
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tracer. Radionuclides used in PET imaging are typically isotopes with short 

half-lives such as 11C (t1/2 = 20.334 min), 18F (t1/2 = 109.771 min), 68Ga (t1/2 = 67.71 

min) or 64Cu (t1/2 = 12.700 h). 

Over the last few years, much research effort has been devoted to 

develop silica based radiotracers, mainly for cancer theranostics [73–75]. Chen 

and co-workers developed 64Cu-labeled silica NPs for in vivo tumor targeting 

[76]. The 80 nm sized PEGylated and antibody conjugated NPs exhibited 

excellent stability and target specificity, which was investigated through 

various in vitro, in vivo, and ex vivo experiments. Furthermore as a proof-of-

concept, they also demonstrated enhanced tumor targeted delivery of 

doxorubicin in tumor-bearing mice upon intravenous injection.  

More interestingly, Phillips et al. synthesized ultrasmall (6-7 nm) hybrid 

silica (Cornell dots) based radiotracers and performed human clinical trial in 

patients with metastatic melanoma for the imaging of cancer [77]. These 

renally excreted silica NPs were labeled with 124I for PET imaging and modified 

with cRGDY peptides (cyclo-(Arg-Gly-Asp-Tyr)) to detect integrin-expressing 

lesions in human melanoma xenografts. 

1.3.4 Single-photon emission computed tomography (SPECT) imaging 

SPECT is a non-invasive nuclear medicine tomographic imaging technique 

based on the detection of gamma rays as PET. The radionuclides used in SPECT 

emit gamma radiation that is measured directly, whereas PET radionuclides 

emit positrons that annihilate with electrons up to a few millimeters away, 

causing two gamma photons to be emitted in opposite directions. Currently, 

there are three predominant radionuclides used in clinical SPECT imaging: 

99mTc (t1/2 = 6.02 h), 123I (t1/2 = 13.22 h) and 111In (t1/2 = 2.80 d). 



31 

 

 
 

Cheng et al. performed dynamic in vivo SPECT imaging of neutral stem 

cells functionalized with 111In-labelled silica NPs for tracking of glioblastoma 

[78]. The amino-functionalized silica NPs were conjugated with DOTA-N-

hydroxysuccinimide-ester through amide formation and subsequently 

radiolabeled. Interestingly, the in vivo SPECT measurements confirmed the 

ability of 111In-labelled stem cells to penetrate the blood–brain barrier from 

circulation and localize in the tumor area. 

Recently, Gao and co-workers developed 99mTc-labelled manganese oxide 

containing mesoporous silica NPs for SPECT-MRI dual-modal imaging 

applications [79]. The PEGylated NPs showed clearly enhanced SPECT and MRI 

imaging of tumours in mice, which combined the outstanding sensitivity of 

SPECT with the high spatial resolution of MRI. 

1.3.5 Magnetic resonance imaging (MRI) 

Among non-invasive bioimaging techniques MRI is probably the largest single 

field, where NPs are used. MRI is an effective clinical imaging modality with 

the ability to obtain anatomic and functional information of the body in both 

health and disease. It is based on nuclear magnetic resonance (NMR). In 

principle, MRI can be achieved by detecting the relaxation signals of water 

and fat proton spins, in a strong magnetic field excited by radiofrequency 

waves, with the aid of a magnetic gradient for spatially differentiating protons 

within human body [80]. The relaxation of proton spins to their equilibrium 

states occurs via two processes, i.e. longitudinal relaxation characterized by 

relaxation time T1, and transverse relaxation characterized by relaxation time 

T2 [81]. 
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The detection of pathologies requires the use of CAs that differentiate the 

normal and diseased tissues by modulating their intrinsic MR contrast. Positive 

(T1) CAs shorten the longitudinal relaxation time, which leads to brighter 

regions in MR images, while negative (T2) CAs accelerate the transverse 

relaxation, which giving rise to hypointense regions. The most predominantly 

applied T1-weighted MRI CAs are small molecular non-specific gadolinium(III) 

chelates (Figure 1.13) [82,83]. These paramagnetic lanthanide chelates 

effectively generate hyperintense regions in MR images with high spatial and 

temporal information [84]. Although, Gd-based CAs have indisputable 

advantages, these chelates are still affected by low sensitivity and are only 

effective in areas of high bioaccumulation. Moreover, a decade ago Gd-based 

CAs were associated with the development of nephrogenic systemic fibrosis 

(NSF) [85,86], which concerns have led to the revival of interest in 

manganese(II)-based CAs [87]. 

After Gd, the transition metal Mn possesses the second highest 

paramagnetic moment of any element, which enables Mn to produce efficient 

positive contrast enhancement in MR images [87]. This property derives from 

its 5 unpaired electrons on its 3d orbital. In addition, Mn is less toxic than the 

rare-earth metal, thus the potential of using the paramagnetic Mn as the 

central atom of a CA is very desirable. The liver-specific Mn-based TeslascanTM 

(Mn2+-dipyridoxal diphosphate) (Figure 1.13e) was in clinical use for 20 years 

and MnCl2 containing LumenHanceTM is currently used as CA for neurological 

applications and for cell labelling studies. 

Since most of the CAs are based on small molecular chelates, they are 

eliminated easily and quite fast from the body and their efficiency is strongly 

related to bioaccumulation.  Therefore, the utilization of nano-sized materials 
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as appealing vehicles for MRI has gained considerable importance [81,88–93]. 

Gd3+-containing inorganic NPs exhibit much higher longitudinal relaxivities (r1) 

per particle than small molecular Gd3+-chelates due to the large number of 

paramagnetic Gd3+ ions [94]. Most importantly, NPs exhibit much longer 

blood circulation time upon suitable surface functionalization [95–97], which 

is remarkably in favor of in vivo applications of such NPs especially for tumor 

imaging. 

 

Figure 1.13 Structures of small molecular positive MRI CAs: (a) Gd-DOTA 

(Dotarem®), (b) Gd-DO3A-butrol (Gadovist®), (c) Gd-DTPA (Magnevist®), (d) 

Gd(EOB-DTPA) (Eovist®) and (e) Mn-DPDP (Teslascan®). 
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Porous silica NPs have become quite promising because of their excellent 

colloidal stability, low cytotoxicity and satisfactory biodegrability [19,21,98,99]. 

They also exhibit high specific surface area, large pore volume and versatile 

inner and outer surface characteristics enabling various grafting procedures. 

Silica-based CAs are very sensitive due to the high payload of active 

paramagnetic ions per nanoparticle [100–103] and specifically, the porous 

structure provides easy access for water protons to the paramagnetic center 

[104].  

Kim and co-workers synthesized mesoporous silica-coated hollow 

manganese oxide NPs as T1-weighted CAs for labeling and MRI tracking of 

adipose tissue-derived mesenchymal stem cells [105]. The multipotent stem 

cells were labeled successfully by electroporation, which method uses an 

electrical pulse to induce a change in the electrochemical permeability of the 

cell membrane and enables efficient intracytoplasmic labeling of cells. Long–

term (14 days) MRI measurements demonstrated that the MnO based NPs 

were stable enough to produce sustained contrast in vivo and, therefore, are 

suitable for monitoring noninvasively the fate of transplanted cells. 

Beside non-covalent physical immobilization of paramagnetic ions on 

silica, small molecular metal chelates can be incorporated through covalent 

linkages as well. For instance, Taylor et al. developed Gd3+-DTTA chelate 

conjugated mesoporous silica NPs for in vitro and in vivo MRI applications 

[106]. The particles exhibited very large longitudinal relaxivity (r1 = 28.8 mM-1 s-1 

at 3 T), which was attributed to the easy access of water molecules through 

the nanochannels. The in vivo MRI measurements showed significant T1-

weighted enhancement in the aorta of a DBA/1J mouse 15 min post injection, 

indicating the utility of Gd3+-DTTA conjugated silica as an intravascular MRI CA. 
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Moreover, the used dose level (2.1 µmol/kg of body weight) was much lower 

than what is typically required of currently used small molecular contrast 

agents (0.1-0.3 mmol/kg of body weight). 

More interestingly, several studies reported that porous silica NPs 

accumulate mainly in organs with high mononuclear phagocytic activity like 

liver and spleen [19,99,107], which enables liver-specific targeting without 

additional surface functionalization. 

Kim et al. developed pH-responsive Mn2+-doped silica NPs prepared by 

modifying the reverse microemulsion method for hepatocyte-targeted 

detection of liver cancer [102]. The in vitro MRI measurements did not show 

any significant changes in the signal intensities of either T1- or T2-weighted MR 

images at pH 7, even after an incubation period of 3 days, indicating a 

negligible Mn2+ release from the NPs. In comparsion, the relaxivity value (r1 = 

6.7 mM-1 s-1 at 3T) measured under acidic conditions (pH 5), was most likely 

caused by the progressive release of Mn2+ ions from the silica NPs into an 

acidic solution. This was also demonstrated in vivo, where T1-weighted MR 

imaging provided sufficient contrast for differentiating human hepatocellular 

carcinoma tissue (acidic microenvironment [108])  from normal liver tissue in 

mice, at 24-48-h after contrast injection. 
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1.4 Metrological application of silica NPs 

The global nanotechnology market has achieved a multibillion US$ market, 

and is projected to reach US$110 billion by 2022 [109]. Commercial applications 

of nanomaterials are explosively increasing across a wide range of sectors, 

including health care, energy and electronics, cosmetics and manufacturing 

[110]. Following changes in regulation and standardization related to the use 

and commercialization of nanomaterials, mostly in cosmetic and food 

industries (e.g. Regulations (EC) No 1223/2009 and No 178/2002 of the 

European Parliament), the demand for robust approaches to NPs’ 

characterization in a complex matrix is growing rapidly. For instance 

dimensional characteristics such as particle size are of fundamental 

importance throughout the industrial and consumer value chain, as they 

dictate both material properties and environmental and biological 

interactions. Therefore, accurate size measurements are crucial to support 

both manufacturing and the management of health, safety and environmental 

issues associated with nanomaterials [111]. 

Nanometrology is a branch of metrology concerned with measurements 

at the nanoscale level. It has a major role in the development and design of 

new measurement techniques and reference materials to meet the needs of 

emerging nanotechnology industries, which require revolutionary metrology 

with higher resolution and accuracy. Reference materials are standards used 

to check the quality and metrological traceability of products, to validate 

analytical methods, or for the calibration of laboratory instruments. 
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1.4.1 Multimethod approach for the detection and characterization of silica 

NPs in complex matrices 

Synthetic amorphous silica (E551) is widely used as additive in different 

consumer products including wines, juices, toothpastes etc. The negatively 

charged silica particles electrostatically bind to positively charged proteins and 

facilitate the formation of flocs which float to the top (creaming) or settle to 

the bottom (sedimentation). The food industry has adapted nanotechnology 

by using nanosized silica to improve the quality of their products. However, 

there has been increased debate regarding the health and safety concerns 

related to its use. Therefore, investigations focusing on the characterization 

(morphology, colloidal stability, concentration) of silica NPs in different 

complex matrices (e.g. biological systems) are urgently needed. 

In the last few years the popularity of field-flow fractionation (FFF) in the 

characterization of various nanomaterials has increased significantly [112,113]. 

FFF is a family of separation techniques where different force fields (liquid 

flows, centrifugal forces, temperature gradients or gravity fields) are applied 

to a suspension or solution pumped through a separation channel, 

perpendicular to the direction of flow, to cause separation of the particles 

present in the fluid [114]. In the resulting elution pattern the smaller particles 

are transported faster through the channel than the bigger ones (Figure 1.14). 

Multi angle light scattering (MALS) is often coupled to FFF to use as detector 

[115,116], as it can provide information about the NPs’ size. Moreover, FFF can 

be also coupled to inductively coupled plasma mass spectrometry (ICP-MS) 

[117–122], which allows size-based elemental speciation and quantification of 

the nanosized fraction in the presence of complex matrix components with 

excellent sensitivity and selectivity. 
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Figure 1.14 Separation mechanism of field-flow fractionation [123]. 

Recently, Heroult and co-workers reported the size-based elemental 

quantification and size estimation of silica NPs in a real food matrix using 

asymmetric flow field-flow fractionation (AF4) coupled online with ICP-MS and 

MALS [124]. They used commercially available coffee creamer as model 

sample for a complex food matrix. The effect of sample preparation 

conditions (matrix/solvent ratio, defatting with organic solvents and 

sonication time) on NP size and size distribution in suspensions was 

investigated. Special attention was paid to the selection of conditions that 

minimize particle alteration during sample preparation and analysis.  

Very recently, Barahona et al. presented the detection and 

characterization of silica NPs in eleven different food-grade synthetic 

amorphous silica samples [125]. AF4 fractionated the particles according to 

their hydrodynamic size and by using prechannel calibration with 

monodisperse silica standards, accurate information about hydrodynamic size 

and concentration of discrete fractions that eluted in a well-defined peak were 

obtained. Hence, ICP-MS coupling allowed the reliable detection of silica NPs 

for ten of eleven samples and moreover, in seven different samples, it was 

possible to quantify the mass concentration of eluting NPs. 
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In analytical chemistry and biochemistry, where high accuracy is required, 

isotope dilution mass spectrometry (IDMS) is employed [126,127]. Elements 

with two or more stable isotopes may be quantified by IDMS, which uses an 

artificially enriched isotope (called spike) as an internal standard. So far its 

application in the field of nanotechnology has been very limited due to the 

lack of isotopically enriched nanomaterials. Isotope dilution based 

methodology is needed for the certification of materials and standards, as 

well as for the provision of reference values to intercomparison studies. 

1.4.2 Optical detection of extracelluar vesicles 

Extracellular vesicles (EVs), including exosomes, microvesicles and other 

membrane surrounded structures secreted by living cells, are in the forefront 

of biomedical research due to their roles in a wide range of physiological 

processes. Because of their biological function, EVs may serve as disease 

biomarkers in various pathological conditions such as cancer, neurological 

diseases, and thrombosis [128–131]. Despite the huge potential in the 

diagnostic application of EVs, there is no gold standard technique for their 

detection and characterization [132]. EV detection is especially difficult 

because EVs are heterogeneous in size and composition and most EVs are 

smaller than 500 nm [133,134]. For comparison, the mean diameter of platelets 

is between 2 to 3 µm [135]. Moreover, blood plasma does not only contain EVs, 

but also similar-sized lipoprotein particles. 

To study the subset of clinically relevant EVs, such as platelet extracellular 

vesicles as biomarker for arterial thrombosis [136], among all those other NPs, 

EVs are preferably characterized one by one. A recent international survey 

about EV detection showed that especially optical methods are popular to 
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characterize single EVs [137]. Of all respondents, 58% used particle tracking 

analysis (PTA) to size EVs, 9% used dynamic light scattering (DLS) to size EVs, 

and 25% used flow cytometry to count EVs. Because flow cytometers can 

differentiate between EVs from different cell types, are designed for routine 

use, and have a proven track record in e.g. haematology and immunology, 

flow cytometers hold most promise for clinical routine applications. 

A flow cytometer detects light scattering and fluorescence of single cells 

and EVs in a hydrodynamically focused fluid stream. Because flow cytometers 

are designed to detect cells, which are much larger than EVs, commercially 

available flow cytometers do not detect all EVs. Only EVs from which the 

scatter or fluorescence signal exceeds the trigger threshold are being 

detected. The detected concentration of EVs therefore strongly depends on 

the sensitivity of the flow cytometer, especially because the concentration of 

EVs increases with decreasing size [132]. To standardize flow cytometry 

measurements and enable data comparison, laboratories should detect the EV 

concentration within a well-defined size range. However, the arbitrary units of 

flow cytometry data preclude access to the diameter of EVs, thereby impeding 

standardization and data comparison. 

Hitherto, the only tested method to standardize flow cytometry 

measurements relies on the light scattering signals of two sizes of polystyrene 

beads to gate EVs with similar light scattering properties. However, light 

scattering is a complex process, which depends on the diameter, refractive 

index (RI), shape and structure of the particle, the RI of the medium, and the 

optical configuration of the flow cytometer. At a wavelength of 405 nm, which 

is used in modern flow cytometers to illuminate particles, polystyrene has an 

RI of 1.63 whereas EVs have an effective RI below 1.40 [138,139]. Due to this RI 
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mismatch, a 200 nm EV scatters 50-fold less light than a 200 nm PS bead, as 

illustrated in Figure 1.15. Due to their lower RI, silica beads have been 

suggested as better candidates to standardize EV measurements [140,141]. 

However, with an RI of 1.44-1.47, a 200 nm sized silica bead still scatters 10-fold 

more light than a similar-sized EV. Thus, the direct use of solid synthetic 

reference beads to standardize EV measurements leads to false size 

assignment. 

 

Figure 1.15 Calculated light scattering cross sections for different 200 nm 

reference beads. 

Correct sizing of EVs by scattering flow cytometry requires reference 

particles with optical properties similar to EVs. From cryo-electron microscopy 

we know that EVs are concentric particles containing a ~4 nm phospholipid bi-

layer. Reported RI values of phospholipid membranes are 1.46 ± 0.06 and 1.48 

[142,143]. The RI of the lumen of EVs is not precisely known, but based on the 

low effective RI of EV, it must be close to water (RI = 1.34 @ 405 nm). 

Consequently, the phospholipid bi-layer of EVs dominates the light scattering 
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properties of EVs. The ideal reference particles are therefore concentric 

particles with a high-RI shell and a low-RI core. 

In summary, the concentration of EVs should be measured within a well-

defined size range. Because flow cytometry data have arbitrary units, an 

urgent need exists for monodisperse, stable, reference particles with optical 

properties resembling EVs.  
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Aims and objectives 

The aim of my work was to synthesize and characterize four types of silica 

based nanomaterials for biomedical and metrological applications by using 

wet-chemical synthesis approaches. 

During my research the following scopes were defined: 

1. Amino-functionalization of small sized (< 30 nm) Stöber silica NPs.  

a. Inhibit the irreversible aggregation of NPs caused by the bulk 

phase polycondensation of the silane coupling agent. 

b. Comparison of different purification techniques for the removal 

of unreacted aminosilane molecules from the surface-modified 

silica sol. 

c. Comprehensive characterization of the NPs. 

2. Synthesis of manganese(II) chelating DTPA functionalized microporous 

silica NPs to use as liver-specific T1-weighted MRI contrast agent.  

a. Increase the porosity and the specific surface area of the silica 

NPs. 

b. Maintain the colloidal stability and the high monodispersity of 

the silica NPs after each surface modification step. 

c. Comprehensive characterization of the NPs. 

3. Synthesis of isotopically enriched like-for-like Si-29 silica NPs with the 

purpose of using them as spikes for isotope dilution mass 

spectrometry (IDMS) quantification of silica NPs with natural isotopic 

distribution. 
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a. Total synthesis and characterization of the silica precursor (29Si-

TEOS) starting from elementary silicon-29. 

b. Comprehensive characterization of the prepared Si-29 silica NPs. 

c. Preliminary FFF/MALS/ICP-MS experiments to investigate the 

applicability of the Si-29 silica NPs as spikes for IDMS. 

4. Synthesis of organosilica hollow spheres as reference particles for 

optical detection of extracellular vesicles. 

a. Organosilica hollow spheres with high monodispersity and 

uniform layer thickness. 

b. Thorough characterization of the prepared hollow organosilica 

nanospheres’ size. 

c. Feasibility flow cytometry measurements. 
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Part II: Experimental 

In this part of my thesis, I describe the different synthesis methods used for 

the material preparation. Additionally, a brief description of the various 

characterization techniques is presented. 

2.1 Materials 

1,2-bis(triethoxysilyl)ethane (96%, Aldrich) 

3-aminopropyl(diethoxy)methylsilane (97%, Aldrich)  

(3-aminopropyl)triethoxysilane (99%, Aldrich) 

Ammonia solution (25%, a.r., Reanal)  

Chlorine gas (in cylinder, 99.8%, Linde) 

Cyclohexane (G.R., 99.99%, Lach-Ner)  

Diethylenetriaminepentaacetic dianhydride (98%, Aldrich)  

Deionized water (18.2 MΩ·cm) 

Ethanol (a.r., 99.98%, max. 0.02% water, Reanal) 

Glacial acetic acid (EMSURE, Merck)  

Hexadecyltrimethylammonium bromide (≥99.0% (AT), Sigma)  

L-arginine (reagent grade, ≥98%, TLC, Sigma-Aldrich) 

Manganese(II) chloride tetrahydrate (MnCl2•4H2O, ACS, Merck)  

N,N-dimethylformamide (99.8%, Carlo Erba)  

Pentane (reagent grade, 98%, Sigma-Aldrich) 

Silicon-29 (99.73% isotopic enrichment, STB Isotope)  

Sodium acetate trihydrate (NaAc•3H2O, a.r., Reanal) 

Tetraethyl orthosilicate (puriss. GC, Sigma-Aldrich)  

Triethylamine (Et3N, puriss., 99%, Reanal)  
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2.2 Amino-functionalization of silica NPs 

2.2.1 Preparation of silica NPs 

Silica NPs were prepared according to Stöber et al. [4]. Briefly, 8.2 mL 25% 

ammonia solution was added to 250 mL ethanol at room temperature under 

vigorous stirring. After mixing for 5 min 10 mL of TEOS was quickly added and 

the reaction mixture was allowed to react for 24 hours. Ammonia was then 

evaporated at 60 °C, but the dilution of the sol was carefully maintained. Sol 

samples were kept at 4 °C until use. 

2.2.2 Preparation of amino-functionalized silica NPs 

In a typical reaction 70 mL of sol (solid content of 14 mg mL-1) was diluted with 

70 mL of ethanol. 140 µL APDEMS was injected at 60 °C and the reaction was 

stopped 10 minutes later by the addition of 38 µL glacial acetic acid and 

placing the flask into ice bath. The as prepared samples were slightly opaque 

like the plain silica sol, with no sign of aggregation or sedimentation for over 3 

month. The separation of unreacted sylilating agent from the functionalized 

particles was achieved by centrifugation, ultrafiltration or dialysis. Schematic 

representation of surface functionalization: 

 

2.2.3 Purification of amino-functionalized silica NPs by centrifugation 

20 mL of the amino-functionalized silica sol was divided into two equal volume 

fractions in centrifuging tubes. Sedimentation of the particles was achieved at 

4500 rpm for 30 min. The supernatant still contained silica NPs (laser light 
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scattering was observed). The sediment was resuspended in 20 mL fresh 

ethanol containing 5.5 μL acetic acid and its silica content was measured on 3 

times 2 mL samples. 

2.2.4 Purification of amino-functionalized silica NPs by ultrafiltration 

20 mL of the amino-functionalized silica sol was poured into a Millipore 

solvent resistant stirred cell assembled with a polyethersulfone ultrafiltration 

disc (Ø76 mm, NMWL 300 kDa, PBMK Biomax). The sol was concentrated to 

10 mL by filtration at 2 bar transmembrane pressure and then washed with 5 

times 20 mL of ethanol containing 5.5 μL acetic acid. Finally, the volume of the 

retentate was adjusted to 20 mL, and its solid content was measured on 3 

times 2 mL samples. 

2.2.5 Purification of amino-functionalized silica NPs by dialysis 

20 mL of the amino-functionalized silica sol was filled in dialysis membrane 

tube (dialysis tubing cellulose membrane, Ø76 mm, NMWL 12,400, Sigma-

Aldrich). The sample was purified against 300 mL of ethanol containing 82 μL 

acetic acid for 3 times in 3 days. Thereafter, the solid content of the resulting 

sol was measured on 3 times 2 mL samples. 

2.3 Manganese(II) chelating microporous silica NPs 

2.3.1 Preparation of microporous silica NPs (MSNPs) 

MSNPs with 84 nm mean particle diameter were synthesized by a modified 

surfactant assisted aqueous method [144]. Briefly, 1.78 g of CTAB and 0.4 g of 

NaAc•3H2O were added to 58 mL of water and stirred vigorously (400 rpm) at 
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50 °C for 2h. Next, 4.35 mL of TEOS was added dropwise (ca. 3 min) to the 

reaction mixture and it was allowed to react for 24 h. The MSNPs were 

centrifuged (3 × 10 min; 22,000 RCF) and washed with ethanol to remove the 

residual reactants. Then the MSNPs were dispersed in 20 mL of 2 M acetic 

acid-ethanol solution (1:1, V/V) and transferred into a dialysis membrane tube 

(dialysis tubing cellulose membrane, Ø76 mm, NMWL 12,400, Sigma–Aldrich). 

The MSNPs were dialyzed against 500 mL of 2 M acetic acid-ethanol solution 

(1:1, V/V) for 4 times in 4 days. Finally, the MSNPs were calcined at 650 °C for 5 

h. 

2.3.2 Preparation of amino-functionalized MSNPs 

42 mg of MSNPs were dispersed in 15 mL of ethanol in a 25 mL round bottom 

flask and it was heated to 60 °C under vigorous stirring (400 rpm).  Next, 42 µL 

of APTES and 20 µL of ammonia solution was injected and the reaction was 

stopped 60 minutes later by the addition of 80 µL glacial acetic acid and 

placing the flask into ice bath [145]. Finally, the amino-functionalized MSNPs 

were centrifuged (3 × 12 min; 16,100 RCF), washed with 20 mM acetic acid 

solution and dried in air at room temperature. Schematic representation of 

surface functionalization: 

 

2.3.3 Preparation of DTPA-functionalized MSNPs 

Briefly, 60 mg DTPA-anhydride and 45 µL of Et3N were added to 3 mL of DMF 

and stirred vigorously (300 rpm) at 0 °C. Next, 30 mg amino-functionalized 
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MSNPs in 7 mL of DMF were added dropwise and stirred for 20 h at room 

temperature [146]. Finally, the DTPA-functionalized MSNPs were separated by 

centrifugation (4 × 10 min; 16,100 RCF) and washed with water. The particles 

were dried in air at room temperature. Schematic representation of surface 

functionalization: 

 

2.3.4 Preparation of Mn-DTPA-functionalized MSNPs 

20 mg of DTPA-functionalized MSNPs were dispersed in 6 mL of water and 40 

mg of MnCl2•4H2O was added and stirred vigorously (500 rpm) at 70 °C for 60 

min. Next, the reaction mixture was cooled down to room temperature and it 

was stirred for 20 h. Finally, the Mn-DTPA-functionalized MSNPs were 

centrifuged (10 min; 16,100 RCF), washed with water and dried in air at room 

temperature. 
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2.4 Si-29 silica NPs  

2.4.1 Preparation of 29Si-TEOS (29Si(OEt)4) 

29SiCl4 was prepared in a quartz reactor tube (Ø80 mm), equipped with a gas 

inlet, and attached to the top joint of a water-cooled condenser via a bent 

glass tube (Figure 2.1). The above water-cooled condenser and a second 

coolant-jacketed (working at -18 °C) condenser were fitted to each neck of a 

two-neck flask. 15 mL of carbon tetrachloride and a magnetic bar were placed 

into the flask. All subsequent operations were carried out under moisture-free 

conditions.  

 

Figure 2.1 Apparatus scheme for the preparation of 29SiCl4. 

Then Si-29 pellets (1.0 g) were heated by a Bunsen burner under continuous 

stream of chlorine gas (dried with cc. sulfuric acid) so as to maintain a red-

yellow glowing. The 29SiCl4 formed was condensed and collected into the ice-

cooled flask containing CCl4. After all Si-29 pellets have been burnt up (ca. ½ 
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h), the excess of chlorine was purged out of the solution by heating at 55 °C 

under a slow inert gas stream. 

After the disappearance of the yellowish color of dissolved chlorine, the 

29SiCl4/CCl4 solution was transferred to a dropping funnel, and added dropwise 

(ca. 1 h) into a two-neck flask containing a mixture of 10 mL of ethanol and 10 

ml of CCl4 (Figure 2.2).  

 

Figure 2.2 Apparatus scheme for the preparation of 29Si-TEOS. 

The reaction mixture was stirred for another 1 h. The residual dissolved 

hydrogen chloride was scavenged by slow addition of a 1:1 (V/V) mixture of 

triethylamine and CCl4 (ca. 5 mL) until the medium turned into basic. The 

voluminous precipitation of triethylammonium chloride formed upon 

neutralization was filtered off, the volatiles were removed in vacuo, and then 

the residue was taken up in 10 mL of n-pentane. After filtration and 

evaporation, the purity of the product allowed the preparation of NPs without 

further purification step. Yield: 5.0 g (69%). 1H NMR (δ/ppm in TMS/CDCl3 

solution): 1.24 (t, 12 CH3), 3.86 (d-q, 8 CH2); 13C NMR: 18.1 (d, CH3), 59.2 (s, CH2). 
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NMR heteronuclear coupling constants: 3J(29Si1H) = 3.0 Hz, 3J(29Si13C) = 2.4 Hz. 

IR: 3000-2800 υ(C-H), 1500-1250 δ(C-H), 1071 υa(SiO-CO), 780 υ(Si-O) cm-1. 

2.4.2 Preparation of 29Si-silica NPs 

 Silica NPs with nearly 20 nm average particle diameters were synthesized 

according to Hartlen et al. in a 20 mL scintillation vial (VWR Scientific) [14]. 

Briefly, 9.1 mg of L-arginine was added to 6.9 mL of water at room 

temperature under vigorous stirring (300 rpm). Then 0.45 mL of cyclohexane 

was overlayered on the arginine solution and the reaction mixture was heated 

to 60 °C. 0.55 mL of 29Si-TEOS was injected into the cyclohexane phase and it 

was allowed to react for 20 h. Finally cyclohexane was removed under 

reduced pressure. 

2.5 Organosilica hollow spheres 

2.5.1 Preparation of organosilica hollow spheres (OSHSs) 

OSHSs with different diameters were synthesized by the combination of a 

basic amino acid catalysis route with a hard template approach in a 4 mL 

screw neck glass vial [14,25]. Briefly, 2.6 mg of L-arginine and 300 µL of silica 

dispersion (nominal 200 (PSI-0.2) and 400 nm (PSI-0.4) sized particles in water 

(50 mg mL-1); Kisker Biotech GmbH & Co. KG) were added to 1.7 mL of water. 

Next, 130 µL of cyclohexane was overlayered on the aqueous phase and 134 µL 

of BTEE was injected. The reaction mixture was allowed to react under 

vigorous stirring (500 rpm) at 60 °C for 24 h. Afterwards, cyclohexane was 

removed and the particles were centrifuged (2 × 5 min; 5,000 RCF) and 

dispersed in 1.5 mL of water.  The pH was adjusted to 12.7 ± 0.05 by adding 150 

µL 1M NaOH solution and the dispersion was stirred for 24 h at room 
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temperature in order to etch the template silica core. Finally, the sample was 

transferred into a 2 mL Slide-A-LyzerTM MINI Dialysis Device (20K MWCO, 

Thermo Scientific) and dialysed against 42.5 mL of water for 4 times in 2 days. 

2.5.2 Preparation of urinary EVs 

Because isolation of EVs from blood is challenging [147], we selected urinary 

EVs for our biological standard sample. Urine contains a relatively high 

concentration of EVs with low contamination [132]. Urine from 5 healthy male 

individuals was collected, pooled, and centrifuged twice (8 × 50 mL, 10 min, 

180 RCF, 4 °C; and 20 min, 1550 RCF) to remove cells. Cell-free urine aliquots (12 

mL) were frozen in liquid nitrogen and stored at -80 °C. Prior to analysis, 

samples were thawed on melting ice for 1 h, centrifuged (10 min, 1550 RCF, 4 

°C) to remove precipitated salts, and diluted in 50 nm filtered (Whatman, 

Sigma-Aldrich) phosphate-buffered saline. 
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2.6 Characterization 

2.6.1 TEM 

Morphological investigations of the particles were carried out on a 

MORGAGNI 268D (FEI, Eindhoven, Netherlands) transmission electron 

microscope.  Diluted sample was dropped and dried on a carbon coated 

copper grid.  

2.6.2 Dynamic light scatteing 

DLS measurements were performed using a W130i Dynamic Light Scattering 

System (High Wycombe, UK). Low volume disposable plastic cuvette was used 

for the DLS measurements (UVette, Eppendorf Austria GmbH, Austria), and 

data evaluation was performed using the iSize 2.0 software. Intensity 

weighted distributions were used to characterize the samples. The Z-average 

diameter is the intensity weighted mean hydrodynamic size of the particles, 

while the polydispersity index (PdI) describes the width of the overall 

distribution. These parameters were calculated by the cumulants analysis of 

the measured correlation curve according to their definition in the ISO 

standard document 13321:1996 E. 

2.6.3 Particle tracking analysis 

A dark-field microscope (NS500; Nanosight, Amesbury, UK) with a 45-mW 405-

nm laser and an electron multiplying charge-coupled device was used to 

determine the size and concentration of OSHSs by particle tracking analysis 

(PTA). Samples were diluted 100-fold (nominal 200 nm sized OSHSs) or 10,000-

fold (nominal 400 nm sized OSHSs) in 50 nm filtered (Whatman, Sigma-



55 

 

 
 

Aldrich) deionized water. Per sample, 30 videos of 10 s were captured at 22.0 

°C. The nominal 200 nm sized OSHSs were tracked at camera level 15, whereas 

the nominal 400 nm sized OSHSs were tracked at camera level 12. Data were 

analysed by NTA 3.1 Build 3.1.54 (Nanosight), assuming a medium viscosity of 

0.95 cP. 

2.6.4 On-chip resistive pulse sensing 

On-chip RPS (nCS1, Spectradyne LLC, Torrance, CA, USA) was used to 

determine the size and concentration of OSHSs. The main advantages of on-

chip RPS over tunable RPS are: improved stability due to a fixed and pre-

calibrated nanopore and the absence of pore clogging due to on-chip pre-

filtration of the sample. Samples were diluted 100-fold in 50 nm filtered 

(Whatman, Sigma-Aldrich) PBS containing 0.6 mM sodium dodecyl sulfate 

(SDS). All samples were measured with a TS-900 cartridge at a voltage of 4V. 

To relate the frequency of resistive pulses to the particle concentration, 695 

nm reference beads (Spectradyne) with a concentration of 2 × 108 mL-1 were 

used. 

2.6.5 Zeta potential 

Zeta potential measurements were performed by using a Malvern Zetasizer 

Nano ZS (Malvern, Worcs, UK) equipped with He-Ne laser (λ = 633 nm) and 

backscatter detector at fixed angle of 173°.  For these experiments Stöber 

silica NPs were transferred into acidic water (pH 3) by dialysis, MSNPs were 

dispersed (15 min sonication) in 8 mL of water and the pH was set to 3 with 1.0 

M HCl solution. The pH of the samples was thereafter adjusted manually for 

each measurement by using 0.1 M NaOH solution and a JENWAY 3540 Bench 
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Combined Conductivity/pH Meter. Each symbol on the zeta potential-pH plot 

stands for the average and error of three measurements. 

2.6.6 Small angle X-ray scattering 

SAXS measurements of Stöber silica NPs were performed on beamline B1 [148] 

at HASYLAB at DESY (Hamburg, Germany). The samples were filled into quartz 

capillaries with 2 mm diameter (Hilgenberg Ltd., Germany). The energy of the 

incoming X-ray beam was set to 12 keV, and the 2D scattering patterns were 

collected with a Pilatus 1 M hybride-pixel detector (Dectris Ltd., Switzerland) 

with an exposure time of 10 min. All the measurements were carried out at 

room temperature. The scattering patterns were corrected for background 

scattering and the geometry of the experimental arrangement. The scattering 

curves were obtained by radial averaging of the patterns and were normalized 

to the primary beam intensity and corrected for transmission. Finally, the 

calibration of the curves to absolute units of macroscopic cross section (cm-1) 

was performed by the use of a glassy carbon standard. For data evaluation, 

the solid sphere model with log-normal size distribution was used [149]. The 

fitting procedures were performed using the SASfit program [150]. 

The used model function was the following: 

 

where the size distribution is 
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where R0 and σ are the mean and the width of the size distribution, 

respectively. 

SAXS measurements of Si-29 silica NPs were performed at the four-crystal 

monochromator beamline of Physikalisch-Technische Bundesanstalt 

supplemented by the SAXS setup of Helmholtz-Zentrum Berlin at the 

synchrotron radiation facility BESSY II (Helmholtz-Zentrum Berlin, Germany) 

[151,152]. The sample-to-detector distance was 2.2 m, the X-ray energy was set 

to 8 keV, and the sample was filled into borosilicate glass capillary with 1.0 mm 

nominal diameter (Müller & Müller OHG, Berlin, Germany). 2D scattering 

patterns were collected with a vacuum-compatible large-area pixel detector 

Pilatus 1 M (Dectris Ltd., Baden, Switzerland) [153]. The scattering curves were 

obtained by radial averaging of the 2D patterns, and the size distribution was 

calculated by non-linear least squares fitting of the form factor of a 

homogeneous sphere and taking into account the polydispersity by a Gaussian 

size distribution [154]. 

SAXS measurements of MSNPs were performed at the CREDO instrument 

[155]. The sample in powder state was sealed between two pieces of scotch 

tape and situated 1491 mm apart from the two-dimensional position sensitive 

detector. Scattering measurement were done in several (6 for the sample, 18 

for the blank) 60-second-long exposures. The required corrections and 

calibrations on the raw data have been done using the on-line data reduction 

routine implemented in the instrument control software. 

2.6.7 N2 adsorption-desorption  

Nitrogen adsorption-desorption measurements were performed at 77 K using 

a static volumetric apparatus (Quantachrome Autosorb 1C analyzer). The 



58 

 
samples were previously degassed at 423 K for 48 h. Nitrogen adsorption data 

were obtained using ca. 0.05 g of sample and successive doses of nitrogen 

until p/p0 = 1 relative pressure was reached. Only the nitrogen adsorption 

volumes up to a relative pressure of 0.1 were considered in the micropore size 

distribution and calculation of pore size based on Dubinin–Astakhov equation. 

The specific surface area was calculated by the multipont BET method in the 

range of relative pressures from 0.005 to 0.25. The mesopore-size distribution 

was calculated from desorption branch of the isotherms with the BJH method. 

2.6.8 ATR-FTIR spectroscopy 

Attenuated total reflection infrared (ATR-FTIR) spectroscopy measurements 

were performed by using a Varian Scimitar 2000 FTIR spectrometer (Varian 

Inc.) equipped with an MCT (mercury-cadmium-telluride) detector and a single 

reflection ATR unit (SPECAC “Golden Gate”) with diamond ATR element. In 

general, 4 cm-1 resolution and records of 128 scans were applied; before 

spectral analysis ATR-correction was applied (Varian ResPro 4.0 software). 

2.6.9 NMR spectroscopy 

1H and 13C NMR spectra were recorded on a Bruker Avance 250 MHz (for 

protons) NMR spectrometer.   

The solid-state NMR measurements have been performed on dried silica 

samples after purification of the reaction mixture with dialysis. Solid-state 13C, 

29Si NMR spectra were recorded on a 400 MHz Varian NMR SYSTEM using 

zirconia rotors in Varian/Chemagnetics narrow bore 4.0 mm HX double 

resonance MAS probe. Cross-polarization at the magic angle spinning 

(CP/MAS) was applied to enhance 13C and 29Si sensitivity. MAS rates of 7 kHz 
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were chosen and proton high power decoupling (SPINAL scheme) was applied 

during 20 ms acquisition time. CP contact times of 0.4, 3 ms were applied for 

13C and 29Si experiments, respectively. Repetition delays were 60 s in direct 

polarization (DP) and 5 s in cross-polarization (CP) experiments. Spectral 

windows of 78 kHz were used in 13C- and 29Si-NMR. Carbon chemical shifts are 

referenced to adamantine (δ = 38.6, 29.5 ppm). 29Si shifts are referred to 

tetramethylsilane (δ = 0 ppm). 

2.6.10 ICP-OES 

The measurement of the manganese concentrations was performed by 

Spectro Genesis inductively coupled plasma optical emission spectrometer 

(simultaneous) using axial plasma viewing system and CCD detectors with 

resolution of 0,029 nm in the wavelength range of 175 – 775 nm. Average 

operating power of the plasma was 1200 W with 14 L/min argon consumption. 

2.6.11 FFF/MALS/-ICP-MS measurements 

Asymmetric flow field flow fractionation was applied using a metal-free 

AF2000 MT system (Postnova, Landsberg, Germany). A regenerated cellulose 

(RC) membrane was used with 10 kDa molecular weight cut off and a spacer of 

350 mm. Milli-Q water (filtered through 0.1 mm membrane) was used as the 

FFF carrier. Manual injection was performed using a 21.8 μL loop and 4 

minutes focusing time (tip flow 0.2 mL min-1, focus flow 1.5 mL min-1). The 

samples were vortexed for 30 s prior to injection to ensure homogeneous 

distribution of suspended particles. A constant cross-flow of 2 mL min-1 was 

applied and the flow rate to the detector was kept at 0.5 mL min-1. The 

fractograms are shown including the focus step to prove that there is no silica 
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eluting during this step. The eluate from the channel was mixed via a t-piece 

with an acidic solution containing Ge as internal standard prior to it entering 

the ICP-MS equipped with a Micromist nebuliser and Scott spray chamber. The 

internal standard was used to correct instrumental drift. Analysis of silica NPs 

was performed with post-channel addition of 2.5% (V/V) nitric acid in H2-mode 

monitoring 28Si, 29Si, and 72Ge using an ICP-MS Agilent 7700 collision cell 

instrument (Agilent Technologies, Japan). 

2.6.12 Cell isolation and viability assay 

Primary rat hepatocytes and Kuppfer cells (KCs) were isolated from male 

Wistar rats (200-250 g, Charles River, Hungary) by a two-step collagenase 

perfusion technique [156]. The protocol was approved by the Institutional 

Animal Care and Use Committee (Permit Number: 22.1/2728/3/2011). Animals 

were housed in polycarbonate cages under a 12 h light-dark cycle with food 

and water ad libitum. All surgeries were performed under diethyl ether 

anesthesia, and all efforts were made to minimize suffering. For separation of 

hepatocytes from the non-parenchymal cells, the cell suspension obtained 

after collagenase perfusion was centrifuged (2 min; 100 RCF, 4 °C). The 

supernatant enriched in non-parenchymal cells was used for the KC isolation. 

The cell pellet containing the hepatocytes was subjected to a 45% Percoll 

(Sigma–Aldrich) density gradient centrifugation to remove non-viable cells. 

Cell viability (> 90%) was determined by the trypan blue exclusion. 

Hepatocytes were plated on collagen-coated 24-well plates (Greiner Bio-One, 

Hungary) at a density of 2.0 × 105 cell/cm2 in Williams’ Medium E 

supplemented with 10% FCS and 100 nM insulin. KCs were isolated as described 

previously [157]. In brief, the supernatant from the initial centrifugation steps 
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was further centrifuged (2 min; 100 RCF, 4 °C) and the resulting supernatant at 

350 RCF for 10 min, 4 °C to sediment the non-parenchymal fraction. The cells, 

suspended in Williams’ Medium E, were layered on a density cushion of 

25%/50% Percoll gradient and centrifuged (20 min; 900 RCF, 4 °C). The cells 

floating at the boundary of the two Percoll layers were collected, washed with 

Williams’ Medium E and seeded on collagen-coated 24-well plates at a density 

of 0.33 × 105 KC/cm2. 20 min after seeding non adherent cells were removed 

by washing the plates with phosphate buffered saline so KCs were separated 

from the other non-parenchymal cell types by their different adherence ability 

on cell culture plates. The attached cells were identified by immunostaining 

with CD163 (AbD Serotec, MCA342A647), a macrophage-specific antigen. For 

co-cultures, hepatocytes were seeded on top of the KC layer at a density of 2.0 

× 105 cell/cm2. The cells were cultured in Williams’ Medium E supplemented 

with 10% FCS and 100 nM insulin. 

The MTT assay was used to establish the cytotoxicity of Mn-DTPA-MSNPs 

applying hepatocyte mono- and hepatocyte-KCs co-cultures. 24 h after 

seeding, cultures were treated with various concentrations (5, 10, 50, 100 and 

500 μg mL-1) of Mn-DTPA-MSNPs, for 24 h then the Mn-DTPA-MSNPs were 

washed out. Cultures subjected to the vehicle (DMSO) were used as controls. 

Cell viability was assessed following the 24 h exposure, (24 h) and 24 h later 

(48 h), in order to study the longer term effect of the Mn-DTPA-MSNPs. In the 

second 24 h term the NPs were omitted. MTT (1 mg mL-1) was added to each 

well and incubated at 37 °C for 2 h. The supernatant was discarded and the 

formazan precipitates were dissolved in DMSO. After dissolution, absorbance 

was measured at 540 nm. Viability data are expressed as mean ± SD as a 
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percentage of the vehicle-treated wells. All data points are originated from 4 

wells/treatment groups. 

2.6.13 In vitro and in vivo MRI measurements 

MRI measurements were performed in vitro with a nanoScan® PET/MR system 

(Mediso, Hungary), having a 1 T permanent magnetic field, 450 mT/m gradient 

system using a volume transmit/receive coil with a diameter of 60 mm. MRI T1 

relaxation rates and r1 relaxivity were calculated from inversion prepared 

snapshot gradient echo (T1 map, IR SNAP 2D) images acquired with 50 mm 

FOV, plane resolution of 0.78 mm, slice thickness of 2 mm, 6 averages, TR/TE 

4005/1.8, TI 10, 60, 100, 150, 200, 250, 300, 350, 400, 500, 700, 900, 1200, 2500, 

4000 ms. MRI-signal enhancement of Mn-DTPA-MSNPs was measured for four 

different Mn concentrations (0.195 mM, 0.39 mM, 0.78 mM and 1.56 mM) in 

0.5 mL Eppendorf tubes. After scanning, the concentration dependent signal 

changes were calculated and compared to the signal of saline. 

Experiments were performed in an adult male C57BL/6J mouse (m = 30.5 

g) aged 15 weeks. The animals were allowed free access to food and water 

and maintained under temperature, humidity, and light-controlled conditions. 

All procedures were conducted in accordance with 86/609EEC and approved 

by the Animal Care and Use Committee of the Semmelweis University (XIV-I-

001/29-7/2012). During the acquisitions, mouse was placed in prone position in 

a dedicated mouse bed, and was anesthetized with 2% isoflurane in oxygen.  5 

mg of Mn-DTPA-MSNPs dispersed in 300 µL of saline (cMn = 1.56 mM) was 

administered intravenously via tail vein injection followed by a T1-weighted 

MRI scan 60 min after injection. The biodistribution MRI were performed with 

gradient echo (T1, GRE EXT 3D) images acquired with 60 mm FOV, pixel size 
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0.18 mm, slice thickness of 0.35 mm, 4 averages, TR/TE 15/2.5, dwell time 16 

ms. Images were further analyzed with Fusion (Mediso Ltd., Hungary) and 

VivoQuant (inviCRO LLC, US) dedicated image analysis software by placing 

appropriate volume of interests (VOIs) on the organs. VOIs were delineated 

manually on each scan. MRI signal values calculated as the intensity values 

averaged to all voxels within the VOI and normalized to the noise were 

measured in the following organs: liver, kidneys, spleen, gallbladder and 

inferior vena cava (IVC). 

2.6.14 Flow cytometry 

Flow cytometry measurements were done with an Apogee A60-Micro 

(Apogee Flow Systems) using the following settings: Flow rate: 3.01 μL s-1, 

Wavelength: 405 nm, Power: 200 mW, Trigger: LALS, SALS voltage: 380 V 

LALS voltage: 380 V, LALS threshold: 14 V, Sheath pressure: 150 mbar, 

Acquisition time: 60 s. Samples were diluted in water to have a count rate 

below 3,000 counts per second. Data acquisition was done with the software 

of Apogee. Data processing was done with MATLAB 2011b. Polystyrene beads 

(3000 series Nanosphere Size Standards, Thermo Fisher, Waltham) and silica 

reference beads (Kisker Biotech GmbH & co. KG) were used to calibrate flow 

cytometry measurements. 
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Part III: Results and discussion 

In this part of my thesis a detailed discussion of my experimental results is 

given in four subsections.  

3.1 Amino-functionalization of silica NPs 

The purpose of this work was to elaborate 20 nm sized amino-functionalized 

silica NPs for biomedical use. This was the first step of tailoring new sensor 

NPs that would be injected into freshly isolated brain slices, where 

extracellular space is smaller than 64 nm [158].  Low water content (3 V/V%) 

ethanol  was used for the amino-functionalization, because polar organic 

solvents are more suitable as reaction medium than pure water for keeping 

bulk phase polycondensation under control [1]. Furthermore, ethanol seemed 

to be an eligible choice for it is the preparation medium of Stöber silica NPs – 

no solvent exchange needed – and is not toxic in low concentration [159]. 

Finally, in view of biomedical application, the use of toxic organic solvents 

(e.g. methanol, toluene, THF) is in preference to be avoided.  

 

Figure 3.1. TEM analysis of plain silica NPs prepared by the Stöber method. 
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The plain silica NPs were prepared by the Stöber method using TEOS as 

silica precursor and ammonia as base catalyst [4,160]. The presented TEM 

images (Figure 3.1) indicate that silica NPs are uniform sized and well-

dispersed. 

After examination of the hydrolysis/condensation properties of several 3-

aminopropyl(alkoxy)alkylsilanes ((3-aminopropyl)triethoxysilane, 3-

aminopropyl(diethoxy)methylsilane,  (3-aminopropyl)trimethoxysilane and 3-

aminopropyl(dimethyl)methoxysilane), APDEMS (Figure 1.10b) was chosen as 

the most appropriate candidate. APDEMS is a divalent silane coupling agent 

(two reactive ethoxy groups) with lower reactivity compared to 

methoxysilanes [32]. 

During my preliminary surface modification experiments I always noticed 

irreversible particle aggregation after 15-20 minutes of reaction time at 60 °C. I 

concluded that the reason is not only the silane coupling agent’s 

polycondensation, but also the weakly charged surface of the amino-

functionalized NPs. In order to protonate the aminopropyl groups and prevent 

irreversible aggregation I added a small amount of acetic acid to the reaction 

mixture. Moreover, according to the literature, the addition of an acid 

decelerates polymerization because the protonated form of the silane 

coupling agent (quaterner ammonium ion) is inactive towards the surface 

silanol groups – its catalytic effect is hindered [1]. 

The resulting amino-functionalized silica NPs has a slightly opalescent 

aspect similar to that of the original silica sol. TEM images of surface-modified 

silica NPs (Figure 3.2) prove that polycondensation and irreversible 

aggregation was successfully avoided at the chosen reaction parameters. 

However, larger amount of silane coupling agent or longer reaction time leads 
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to the appearance of polycondensed silica bridges between the NPs and the 

sol becomes visibly more opaque. 

 

Figure 3.2. TEM analysis of APDEMS-functionalized silica NPs stabilized with 

acetic acid. 

 

Figure 3.3. SAXS analysis and size distributions of (a, b) plain and (c, d) amio-

functionalized silica NPs calculated from TEM and SAXS. 
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SAXS is capable to characterize the size distribution and aggregation state 

of NPs, hence it is widely applied to describe silica NPs [161]. The SAXS curves 

of plain and amino-functionalized silica NPs (purified by dialysis) (Figure 3.3) 

reveal that both systems are monodisperse with average diameter around 20 

nm based on the fits applying the solid sphere model with log-normal size 

distribution (Table 3.1). The latter is in good agreement with the results from 

TEM investigations. At high q-values (q = (4π/λ)sinθ, where λ is the 

wavelength of the used X-ray radiation and θ is the half of the scattering 

angle), the curves deviate from that of the solid particles due to the porous 

structure of Stöber silica NPs, while the low-q parts confirm that aggregates 

are not formed in the investigated systems. 

Table 3.1 Fit valuesa of SAXS curves.  

Sample name N R0 (nm) σ 

Plain silica NPs 5.57 × 10-6 ± 1.63 × 10-9 11.0 ± 0.1 0.20 ± 0.01 

Amino-silica NPs 2.59 × 10-6 ± 1.27 × 10-9 11.0 ± 0.1 0.20 ± 0.01 

a N = fitting constant, R0 = mean size distribution, σ = width of the size 

distribution. 

On the other hand, the mean hydrodynamic diameter of the original 

sample increased by cca. 10 nm according to DLS investigations in 

consequence of the surface modification (Figure 3.4). The increase of the 

hydrodynamic diameter indicates an enlarged Stern layer moving together 

with the NPs (since the size of the „solid” part is unchanged according to 

SAXS investigation). This is concordant with the fact of surface modification. 
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Figure 3.4. DLS analysis of plain (Z-average: 21.6 nm, PdI: 0.122) and amio-

functionalized silica NPs in ethanol (Z-average: 30.3 nm, PdI: 0.125, purified by 

dialysis). 

According to the ATR-FTIR spectrum (Figure 3.5), the plain silica NPs 

contain some ethoxy groups on the surface proved by C-H stretching and 

bending vibrational bands around 3000-2800 and 1450-1350 cm-1, respectively. 

After silylation, some minor changes can be witnessed in the spectrum of 

amino-functionalized silica NPs due to partial coverage of the NP surface with 

aminopropyl groups. The two broad bands at 3386 and 3260 cm-1, and the 

band at 1583 cm-1 can be assigned to the N-H stretching vibration and to the 

NH2 deformation mode of free amino groups, accordingly [162,163]. The 

covalent binding of the silane coupling agent onto the silica surface was 

confirmed by the changes in the spectral features in the Si-O-Si stretching 

region from 1200 cm-1 to 900 cm-1.  The changes in intensity of the shoulder 

band around 1220 cm-1 (demonstrated by fitted Gaussian-Lorentz bands in 

Figure 3.5) can be related to changes in Si-O-Si bonding angle and implicit to 

the chemical bonding structure of the silica surface [164]. 
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Figure 3.5 IR analysis of plain and amino-silica NPs. Dotted lines represent the 

fitted bands of Si–O–Si stretching in the region of 1250–1000 cm-1.  

In order to verify the covalent surface modification of the bulk dried 

amino-silica samples the combination of solid-state 13C- and 29Si-MAS NMR 

spectroscopy was used. Figure 3.6 shows the spectra acquired in these 

investigations. In 13C-CP/MAS (Figure 3.6a) the signals of the surface modifier 

are visible only. The resonances of the C–H groups in the aliphatic chemical 

shift region (δ 10–70 ppm) appear well resolved. They were readily identified 

according to their characteristic chemical shifts. Direct polarization (DP) 

proton decoupled 29Si-MAS and 1H–29Si-CP/MAS NMR provides information 

about the polysiloxane network of the dried silica (Figure 3.6c). The DP 

experiment verifies the 29Si resonance of the bulk silica [Q4] Si(IV)-O(4) at δ –

110 ppm. Enchanced by the CP experiment peaks centered at (δ −18, −91, −100 
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ppm) are close to hydrogens and are assigned to the [T2] H2-3C(2)–Si(IV)–O(2) 

and [Q2], [Q3] HO–Si(IV)–O(2–3) silicon sites [165]. According to the DP 

experiment the extent of surface modification is less than 1 mol%. 

 

Figure 3.6. (a) 13C-CP/MAS NMR (100.56 MHz) experiment of dried amio-

functionalized silica NPs. (b) Cross-polarization and (c) direct polarization 29Si-

NMR (79.45 MHz) experiments of dried amio-functionalized silica NPs. 

3.1.1 Stabilization of the reaction mixture and comparison of purification 

techniques 

As described earlier I observed, that the addition of acetic acid maintains the 

status quo: the surface modification reaction (as well as bulk phase 

polycondensation) is stopped and the dispersity of the sol preserved (through 

the protonation of surface aminopropyl groups). This fact has not been 

described in the literature before. Size distribution functions of DLS 

measurements indicate that the stability of the amino-functionalized silica NPs 

is affected by the quantity of glacial acetic acid added to it (Figure 3.7a). 

Beyond 1 molar equivalent of the silane coupling agent no aggregation occurs 

within 30 minutes after the reaction has been stopped. The addition of 1 

equivalent acetic acid stabilizes the reaction mixture as long as several weeks 
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hence separation of unreacted silane coupling molecules can be realized 

under quasi-stationary conditions. The chosen concentration of acetic acid is 

maintained during all types of purification processes: 0.027 V/V% glacial acetic 

acid is added to the fresh solvent (ethanol or water) used. Repeated DLS 

analysis does not detect any changes in the particle size and size distribution 

function during the 3 months period. 

The dispersity of the final sol depends strongly on the purification 

technique applied (Figure 3.7b). Centrifugation and redispersion leads to the 

appearance of large aggregates (see curve ‘centrifuged II’ of the sediment 

after redispersion in Figure 3.7b). In effect, sedimentation of 20 nm diameter 

amino-functionalized silica NPs is still incomplete after 30 minutes of 

centrifugation because of small particles’ slow sedimentation rate (see curve 

‘centrifuged I’, the size distribution function of the supernatant in Figure 3.7b). 

During this time, condensation occurs between the remaining silanol groups 

at the surface of the particles causing an irreversible aggregation. The solid 

content of the sol sample purified by centrifugation and diluted to its original 

volume is 1.8 mg mL-1. This indicates a net recovery of 26% (recovery values are 

evaluated on 20 mL of samples). Ultrafiltration is found to be an effective 

method of purification for our reaction mixture. It is of moderate time and 

solvent consumption and only small quantity of aggregates is formed 

according to DLS study. The net recovery of this purification method is 54% 

(solid content of 3.75 mg mL-1). The membrane fouling, however, becomes 

significant at larger amount of sample (50 mL for our experimental 

arrangement) bringing forth a markedly increased separation time. For larger 

samples, therefore, another separation method is required. Dialysis, though 

time and solvent consuming, is an optimal separation method for this 
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silylation reaction mixture, when its volume exceeds 50 mL. A net recovery of 

nearly 100% is obtained (solid content of 7.0 mg mL-1) and no sign of 

aggregation is detected. 

 

Figure 3.7. (a) DLS size distribution function of the reaction mixture after 

addition of 0-7.3 molar equivalent of acetic acid (related to APDEMS). 

Measurements were carried out 15 minutes after the addition of acetic acid. 

(b) Comparison of size distribution functions after various purification 

processes. Reaction mixture was divided into three portions and 

centrifugation (I – supernatant (not ultrasonicated), II – sediment (redispersed 

in original volume of ethanol)), ultrafiltration and dialysis were carried out. 

3.1.2 Amino-functionalized silica NPs in water  

The solvent exchange from ethanol to water is performed during the 

purification of the reaction mixture by either ultrafiltration or dialysis, which is 

time-saving and reduces solvent consumption. Distilled water containing 

acetic acid is used to replace the alcoholic medium. The obtained sol is 

transparent; TEM and DLS analysis do not show significant aggregation 

(Figure 3.8a). The aqueous amino-functionalized silica NPs are stable at 4ºC for 

at least three months.  
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Figure 3.8. (a) DLS and TEM analysis of amio-functionalized silica NPs in water 

(Z-average: 37.40 nm, PdI: 0.239). (b) Zeta potential of plain and amio-

functionalized silica NPs as a function of pH. The pH was set to 3 with 0.1 M 

HCl during solvent exchange into water. 0.1 M NaOH solution was used for 

titration. 

Figure 3.8b depicts the zeta potential of the plain and the amino-

functionalized silica NPs as a function of pH. The surface charge of plain silica 

NPs becomes more and more negative by increasing the pH due to the 

dissociation of surface silanol groups in agreement with previous 

measurements [166,167]. The surface charge of the amino-functionalized NPs 

becomes positive below pH 6.2 (isoelectric point) due to the protonation of 

surface amino groups. The inversion of the surface charge in this region 

indicates that the major part of the original silanol groups has been converted 

into aminopropyl groups. 

3.1.3 Conclusions 

A new synthesis method has been developed for the preparation of 20 nm 

sized amino-functionalized silica NPs destined for biomedicinal use. Original 
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silanol groups at the plain Stöber silica surface were partially converted into 

aminopropyl groups, whose covalent binding was proved by FTIR and solid-

state NMR investigations. The dispersity of the original sol was maintained 

during the preparation and purification (ultrafiltration or dialysis) process 

according to combined TEM-SAXS and DLS study. It is an important fact that 

the silylation reaction making use of a divalent silane coupling agent (3-

aminopropyl(diethoxy)methylsilane) has become con-trollable by the addition 

of acetic acid after appropriate reaction time. The elaborated process is 

furthermore suitable for scaling up (potential use in biomedicine): it is a one 

bottle, simple, cheap and environmentally friendly synthesis method. No 

solvent exchange is needed between the preparation of the native sol and the 

surface modification reaction, which avoids spontaneous aggregation of NPs 

[168]. It has been proven that centrifugation is not a convenient separation 

technique for such small NPs, while either ultrafiltration or dialysis preserve 

the dispersity of the sol sample even during solvent exchange to water.  
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3.2 Manganese(II) chelating microporous silica NPs 

3.2.1 Structure and colloidal stability of MSNPs 

Manganese(II) chelating DTPA functionalized MSNPs were synthesized with 

the purpose of using them as liver-specific T1-weighted MRI contrast agent. 

The plain MSNPs were prepared by a modified surfactant-assisted method 

using TEOS as silica precursor, sodium acetate trihydrate as base catalyst and 

CTAB as template [169] . Subsequently, the surface silanol groups were amino-

functionalized by using a slightly modified version of my method, described 

above for 20 nm sized silica NPs. Since MSNPs are not susceptible to drying 

and centrifugation, anhydrous organic reaction medium was used for the 

amino-functionalization.   

 

Figure 3.9 (a) Schematic illustration of surface functionalization steps. (b, c) 

TEM analysis of plain MSNPs. 
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Thus, instead of APDEMS I used APTES, which is the most commonly used 

trivalent (three reactive ethoxy groups) aminosilane (Figure 1.10a). In addition, 

a small amount of NH3 was used as base catalyst to accelerate the hydrolysis 

and/or the condensation of the silane coupling agent. The resulting 

aminopropyl groups were reacted with the amine-reactive 

diethylenetriaminepentaacetic (DTPA) dianhydride in order to obtain 

covalenly incorporated multivalent, metal-chelating groups. Unlike aqueous 

phase reactions described for antibodies [32], the surface modification was 

successful in anhydrous DMF [146]. Finally, the particles were chelated with 

manganese(II) in water, through dative interactions with the unshared pair of 

electrons on each oxygen and nitrogen atom on DTPA (Figure 3.9a). 

Figure 3.9b and c displays the plain MSNPs with an average diameter of 84 

± 5 nm (N = 100). The presented TEM images indicate that MSNPs have 

uniform sized spherical morphology and the particles are well-dispersed. 

Changes in the material morphology were negligible after amino-

functionalization indicating that polycondensation of the silane coupling agent 

was successfully avoided (Figure 3.10). Furthermore, after DTPA-

functionalization no additional changes were observed. 

 

Figure. 3.10 TEM analysis of amino-functionalized MSNPs. 
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Insignificant changes in the mean hydrodynamic diameter of the MSNPs 

(Z-average: 114.51 nm, PdI: 0.055) were noticed after amino- (Z-average: 113.9 

nm, PdI: 0.249) and DTPA- (Z-average: 116.2 nm, PdI: 0.124) functionalization 

according to DLS investigations (Figure 3.11a). As anticipated, Mn2+ deposition 

did not affect the hydrodynamic diameter (Z-average: 110.45 nm, PdI: 0.063) 

substantially and the NPs preserved high monodispersity and showed no sign 

of aggregation. 

 

Figure. 3.11 (a) DLS and (b) SAXS analysis of MSNPs. 

SAXS measurements (Figure 3.11b) on the plain MSNPs revealed the 

characteristic oscillatory signal of a highly monodisperse ensemble of nearly 

spherical particles of 81 nm average diameter. Discrepancies are found 

however when a model fitting is attempted, due to the non-sphericity and the 

inhomogeneous internal structure of the particles. The higher range of the 

scattering variable (q = 4π sin θ/λ, where 2θ is the scattering angle and λ = 

0.154 nm is the wavelength of the X-rays) exhibits a broad peak, which 

corresponds to the medium-range order of the packing of pores. The q-

position of this correlation peak corresponds to 6.7 nm in real space, however 



78 

 
the width of the observed correlation peak and the q-range covered in our 

experiment do not enable the thorough analysis of the pore geometry. 

In order to increase the porosity and the specific surface area of the 

MSNPs, an additional purification step during the particle preparation was 

introduced. The MSNPs were dialyzed against 2M acetic acid-ethanol solution 

to remove the residual reactants [170].    

Table 3.2 BET surface area (SBET), total volume of micropores (Vmp) and pore 

diameter (Dp) of dialysed and non-dialysed MSNPs. 

Sample name SBET (m2 g-1) Vmp (cm3 g-1) Dp (nm) 

non-dialysed MSNPs 160 0.053 1.6 

dialysed MSNPs 430 0.16 1.6 

As presented in Table 3.2 the total pore volume of micropores of the dialysed 

MSNPs is 3-fold higher than that for the non-dialysed sample, whilst the pore 

diameters are equivalent. These findings suggest that the used purification 

step was highly effective in the removal of unreacted silica precursor (TEOS). 

Nitrogen adsorption-desorption isotherms (Figure 3.12a) are of type IV 

according to the IUPAC classification albeit microporosity is unambiguous. The 

isotherms rise sharply at low relative pressure where the micropore (of width 

< 2 nm) filling occurs in the precapillary condensation range. However 

isotherms exhibit hysteresis loops (H1, the adsorption and desorption 

branches are almost vertical and parallel, and are given by adsorbent with a 

narrow distribution of uniform pores) which usually associated with the filling 

and emptying of mesopores by capillary condensation, in this case due to the 

results of SAXS and TEM measurements the presence of mesopores is 

excluded and attributed to the interparticle voids [169]. 
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Figure 3.12 (a) N2 adsorption/desorption isotherms and (b) pore size 

distributions of the dialysed and non-dialysed plain MSNPs. 

The chemical compositions of the different MSNPs were analyzed by FTIR 

spectroscopy (Figure 3.13). The spectrum of MSNPs sample is featured by 

strong (centered at 1030 cm-1 with a shoulder around 1190 cm-1) and medium 

(800 cm-1) absorption bands of Si-O-Si [171]. At 3747 cm-1, the sharp stretching 

vibration band of well structured –OH groups appears. After silylation, the two 

broad bands around 3400 and 3273 cm-1 are assigned to the NH2 stretching 

vibrations of surface amino groups, forming hydrogen bonds with pristine 

hydroxyl groups as confirmed by the broadened and shifted –OH stretching 

band around 3626 cm-1. Examining the deformation spectral region (Figure 

3.13b), bending vibrations corresponding to -NH2/-NH3 and -CH2/CH3 groups can 

be witnessed [145,172]. After DTPA-functionalization, however, the 

‘fingerprint’ region corresponding to deformation vibrations of surface 

species seems to be featureless. To enhance the spectral information, the 

difference spectrum created by spectral subtraction (after and before DTPA-

functionalization) was used for further analysis (Figure 3.13b). In the 

subtracted spectrum the negative band at 1542 cm-1 belongs to the δNH3 and 
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corresponds to the decrease of the number of free –NH3 groups due to the 

DTPA coupling. The bands around 1650-1440 and 1400-1300 cm-1 belongs to the 

antisymmetric and symmetric COO- vibrations, respectively [27]. The weak 

band at 1737 cm-1 and the shoulder at 1648 cm-1 can be assigned to C=O 

stretching vibrations, the later corresponding to hydrogen bonded C=O 

groups of amide bonds formed by DTPA coupling. All these new weak bands 

support the DTPA-functionalization of amino-functionalized MSNPs conform 

to the schematic illustration in Figure 3.9a. 

 

Figure 3.13 (a) IR analysis of plain, amino- and DTPA-functionalized MSNP 

samples. (b) The inset presents the enlarged spectral region with peculiar 

bands of surface species. To support DTPA functionalization the subtracted 

spectrum is composed. 

The surface charge of the MSNPs was evaluated by means of zeta 

potential measurements in the pH range 3.0-9.0 (Figure 3.14). The surface 

charge of plain MSNPs becomes more and more negative by increasing the pH 

due to the dissociation of surface silanol groups in good agreement with my 

previous observations (Figure 3.8b) and literature [145,173]. The zeta potential 

of the amino-MSNPs becomes positive below pH 6.56 (point of zero charge) 
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due to the protonation of surface amino groups [145,167,174]. The inversion of 

the surface charge in this region indicates that the amino-functionalization of 

the original silanol groups was successful. As anticipated, the DTPA-

functionalization resulted in a negatively charged surface over the examined 

pH range because of DTPA’s carboxyl groups [175]. These findings suggest 

that surface functionalization was successful and DTPA-MSNPs exhibited 

excellent colloidal stability (zeta potential = −44.7 mV at pH 7.4) in water. 

 

Figure 3.14 Zeta potential of plain, amino- and DTPA-functionalized MSNPs as a 

function of pH. 

3.2.2 Cell viability, relaxometric properties and in vivo biodistribution 

Drug induced toxic side effects are not always detectable in primary 

hepatocyte monocultures, which are however considered to be the gold 

standard of in vitro liver models. The fact that many nanomaterials are 

trapped by Kupffer cells (KCs) raises the possibility that some of the initial 

processes resulting in hepatotoxicity take place within the KCs [176]. 

Accordingly, nanomaterials may exert an influence directly on hepatocytes 
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and also through KCs [177]. Therefore, in this study, hepatocytes were 

maintained in mono- and co-cultures with KCs at physiological (H/KC 6:1) cell 

ratio, and were exposed to Mn-DTPA-MSNPs for 24 h at various 

concentrations.  

No significant toxic effect of Mn-DTPA-MSNPs was observed up to 100 μg 

mL-1 concentration measured immediately or after 24 h of exposure; however, 

in the co-cultures the viability of hepatocytes slightly decreased at 100 μg mL-1 

by 48 h of culturing (Figure 3.15a). 

 

Figure 3.15 (a) Effect of Mn-DTPA-MSNPs on the viability of hepatocyte mono- 

and hepatocyte-Kuppfer cell (H/KC 6:1) co-cultures, measured by MTT assay. 

(b) T1-weighted MR image of Mn-DTPA-MSNPs in saline. (c) Plot of 1/T1 versus 

Mn concentration. 

Even at 500 μg mL-1 Mn-DTPA-MSNPs exposure the viability of hepatocytes did 

not decrease considerably measured at 24 h. The only significant but not 

dramatic toxic effect was observed following 48 h of 500 μg mL-1 Mn-DTPA-

MSNPs exposure in the co-cultures (viability decreased by 30 % of the control). 

This timing allowed longer sequence of actions to take place, and these results 

supported that some of the observed toxic effects might be initiated in or 

might be increased by the KCs. Taking all together, Mn-DTPA-MSNPs were not 
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toxic for hepatocytes in the applied experimental conditions, only at the 

highest 500 μg mL-1 concentration showed slight toxicity in the presence of 

KCs. 

To demonstrate the effectiveness of the Mn-DTPA-MSNPs as positive MRI 

CAs, the paramagnetic NPs were dispersed in saline at different 

concentrations and thereafter the longitudinal relaxation times (T1) of water 

protons were measured. As presented in Figure 3.15b, the Mn-DTPA-MSNPs 

had significant effect on the signal intensity of T1-weighted MR images. The 

relaxivity constant (r1) was obtained by plotting 1/T1 versus Mn concentration 

and was calculated to be 7.18 mM-1 s-1 per Mn ion and 274,994 mM-1 s-1 per 

particle (Figure 3.15c). This result demonstrates that Mn-DTPA-MSNPs 

exhibited substantial MRI performance [88,105,178]. 

 

Figure 3.16 Axial T1-weighted MR images of mouse before and 0.1 h, 0.5 h, 1 h, 

1.5 h and 2 h after intravenous administration of Mn-DTPA-MSNPs. 

  As discussed above, silica NPs as the vast majority of nanomaterials 

accumulate mainly in the reticuloendothelial system (RES)  (e.g. liver, spleen) 
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[179–181]. To present the uptake effectivity of different organs, with a special 

focus on the liver, Mn-DTPA-MSNPs distribution was determined by T1 

weighted MR images (Figure 3.16). The signal intensities reached their 

saturation value 30 min after intravenous administration and the MR images 

were acquired for up to 2 h.  

Significant signal change (~90%) was observed in the liver (Figure 3.17), 

which supported by increased uptake of Mn-DTPA-MSNPs, in good correlation 

with previous reports [27,182]. Additionally, the signal increased about 50% in 

the spleen, which is also consistent with previous observations [182]. 

Interestingly, the gallbladder showed the highest positive MRI contrast 

(~220%), which could be attributed to the phagocytized NPs [183] or the 

dissolved Mn2+ excreted from the liver [184]. 

 

Figure 3.17 Axial T1-weighted MR images of mouse (a) before and (b) 1 h after 

intravenous administration of Mn-DTPA-MSNPs. 
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There was a moderate signal enhancement (~50%) in the kidney, however a 

relatively weak one (~10%) in the bladder, which suggests that renal excretion 

has a minor importance. Nevertheless, the exact mechanism of these 

phenomena should be studied in detail. Clinical side effects in the 

experimental animal were not recorded during and after the examinations. 

These findings greatly support our hypothesis, that Mn2+-chelating MSNPs are 

appropriate candidates to target hepatocytes. 

3.2.3 Conclusions 

In summary, manganese(II) chelating microporous silica NPs were generated 

with the purpose of using them as liver-specific positive MRI contrast agent. 

The MSNPs were synthesized with enlarged porosity and specific surface area, 

and subsequently surface functionalized in three steps. The NPs exhibited 

excellent colloidal stability and preserved high monodispersity after each 

surface modification step, which is essential for biomedical applications. The 

surface modification was proved by FTIR and zeta potential measurements. In 

vitro cytotoxicity assay of functionalized MSNPs on hepatocyte mono- and 

hepatocyte-Kuppfer cell co-cultures showed no significant decrease in cell 

viability. Moreover, the resulting nanospheres exhibited substantial MRI 

contrast enhancement both in vitro and in vivo. The high relaxivity constant (r1 

= 7.18 mM-1 s-1) demonstrated by Mn-DTPA-MSNPs suggests that this material 

is well suited for further MRI investigations.   
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3.3 Si-29 silica NPs 

3.3.1 Preparation of 29Si-TEOS 

The multimodal on-line approach FFF/MALS/ICP-MS is a powerful tool to 

separate NPs from the matrix (with FFF) and characterize for size, size 

distribution (with MALS) and chemical composition (with ICP-MS), whilst 

isotope dilution methodology (IDMS) can be used for accurate total element 

quantification. This type of analysis however, requires isotopically enriched 

NPs to be used as spikes. Therefore the synthesis and characterization of 

isotopically enriched like-for-like 29Si-silica NPs starting from elementary 

silicon-29 pellets was performed. Since 29Si-TEOS is not commercially available 

the total synthesis of the precursor was necessary.  

The preparation of 29Si-TEOS was carried out in a two-step synthesis as a 

modified combination of conventional methods described earlier in literature 

for isotopically non-enriched TEOS [185,186]. First, the elementary silicon-29 

was converted to its tetrachloride upon heating in chlorine gas, and then 

treated with abs. ethanol to give the silane ester. 

The conventional synthetic methods mentioned in the literature are 

described for the preparation of much larger quantities (100-500 g), wherein 

the product loss caused by evaporation is negligible. The aim was to optimize 

the synthetic method for 1 g of 29Si pellets as starting material. Preliminary 

experiments conducted on native Si powder have shown that only low over-all 

yields can be obtained (30%) on the small scale. Thus, the amelioration of this 

result before the use of the high-cost isotopically enriched silicon-29 was 

necessary.  For this purpose three modifications over the traditional synthetic 

methods of SiCl4 and TEOS in easy-to-build laboratory equipments was 

performed (Figure 2.1, Figure 2.2). 
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One of them included the dilution of the volatile (SiCl4; b.p. 57.65 °C) and 

moisture-sensitive 29SiCl4 in an inert medium thus increasing the sample 

volume and decreasing the product loss due to evaporation. Carbon 

tetrachloride (b.p. 76.72 °C) was chosen as solvent exhibiting chemical 

inertness, the required boiling pont, and the unlimited miscibility with silicon 

tetrachloride. The second modification was the use of a multistep (+12 °C, -12 

°C, -18 °C) cooling system in order to inhibit the volatilization of 29SiCl4/CCl4 

solution caused by gas stream and, simultaneously, prevent too much chlorine 

gas to get absorbed in the mixture. 

The third change was the use of triethylamine as a proton scavenger to 

neutralize residual hydrogen chloride dissolved in the mixture after 

ethanolysis. In the literature the strongly basic sodium ethoxide is used 

commonly for this purpose. To avoid excessive basification the use of a pH 

indicator (e.g. congo red) is recommended, however, after the neutralization 

and filtrating off the sodium chloride as by-product, the removal of the 

indicator necessitates an extra purification step. Hence, triethylamine was 

selected as a base which forms insoluble ammonium chloride salt with HCl. In 

order to avoid the large excess of triethylamine, when all the SiCl4/CCl4 was 

added to the ethanol/CCl4 mixture, the system was heated up under continued 

argon stream to purge out the dissolved HCl into a known volume of 2 M 

NaOH solution. The result of the back-titration of NaOH yielded the amount of 

HCl actually flushed out, and only the remainder was neutralized in the 

reaction mixture (with 10% of triethylamine excess). After filtration and 

evaporation of volatiles (CCl4, EtOH, triethylamine), the precipitation of traces 

of the ammonium salt could be readily accomplished by taking up the raw 

product in some n-pentane.  
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The 1H and 13C NMR experiments revealed the unequivocal presence of 

methyl and methylene groups of 29Si-TEOS (Figure 3.18). The triplet of methyl 

protons at 1.243 ppm does not show any differences compared to isotopically 

non-enriched TEOS (Figure 3.18a). However, the methylene proton signals are 

splitted into subpeaks due to the 3JHCOSi coupling (Figure 3.18b). Additionally, 

the methyl carbon signals of 29Si-TEOS are also splitted into subpeaks of equal 

height due to the 3JCCOSi coupling (Figure 3.18c). The methylene carbon peak is 

unchanged (Figure 3.18d).  

 

Figure 3.18 (a, b) 1H NMR specta of methyl and methylene protons. (c, d) 13C 

NMR specta of methyl and methylene carbons. 

According to the ATR-FTIR spectrum (Figure 3.19), the prepared 29Si-TEOS 

shows typical spectral feature of tetraethyl-orthosilicate. The bands around 
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3000-2800 and 1500-1200 cm-1 correspond to C–H stretching and bending 

vibrations, respectively. The strong bands situated between 1200-1000 cm-1 are 

due to Si-O and C-O vibrations. The medium intensity band at 1168 cm-1 can be 

assigned to CH3 rocking vibration of TEOS [187]. The strongest band at 1071 

cm-1 corresponds to the Si-O-C stretching (νaSi-O-C) of orthosilicate backbone, 

while the medium intense band at 958 cm-1 can be interpreted to primarily due 

to the Si-O stretching of Si-(O-C2H5) moieties, overlapped with CH2 rocking. 

The band at 780 cm-1 belongs to the antisymmetric stretching of the Si-O 

tetrahedron (νsSiO4). 

 

Figure 3.19 FTIR analysis of 29Si-TEOS. 

With these simple modifications it was possible to synthesize 29Si-TEOS 

with good over-all yield (69 %). The as-prepared 29Si-TEOS was used without 

further purification (i.e. distillation) and it was suitable for the preparation of 

silica NPs. 
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3.3.2 Preparation and characterization of 29Si-silica NPs 

For the NP preparation, a basic amino acid catalysis route was used to get 

particles with narrow size distribution [14]. As discussed in literature review 

this method is analogous to the Stöber method, but interestingly a basic 

amino acid, L-arginine is used in place of NH3 and TEOS is delivered 

heterogeneously via a top hexane layer in order to ensure a very slow increase 

of the solution supersaturation. TEM images prove that silica NPs synthesized 

from 29Si-TEOS are well-dispersed (Figure 3.20).  

 

Figure 3.20 TEM analysis of 29Si-silica NPs. 

The size distribution evaluated from SAXS measurement has a mean value 

of 19.44 nm with a standard uncertainty of 0.21 nm (k = 1). The full width at half 

maximum of the distribution is 4.95 nm with a standard uncertainty of 0.52 nm 

(k = 1), which indicates a highly monodisperse nanoparticle system. The latter 

is in good agreement with the results from TEM and DLS investigations (Figure 

3.21). The zeta potential of the obtained particles is -40.9 mV (pH 9.2) which 

ensures good colloidal stability. 
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Figure 3.21 Size distributions of 29Si-silica NPs calculated from TEM, SAXS and 

DLS measurements. 

Preliminary experiments were performed by FFF/MALS/ICP-MS to 

investigate the applicability of the 29Si-silica NPs as spikes for IDMS. Figure 3.22 

depicts the FFF/MALS/ICP-MS fractograms of the (a, b) natural (prepared by 

same method using isotopically non-enriched TEOS) and (c, d) 29Si-silica NPs 

and demonstrates that in both cases the NPs are eluting in one well resolved 

peak. A slight difference was observed in the elution times, which could be 

attributed to the slight difference in particles size, variations in the membrane 

condition and channel back pressure. Figure 3.22b shows a small intensity 29Si 

peak according to natural abundance of silicon isotopes (28Si 92.23 %, 29Si 4.67 

%, 30Si 3.1 %, 32Si trace). The fractogram of the spike NPs (Figure 3.22d) 

demonstrates the predominance of Si-29 in the spike NPs. 
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Figure 3.22 FFF/MALS/-ICP-MS analysis of (a, b) natural and (c, d) 29Si-silica NPs. 

Regenerated cellulose with 10 kDa MWCO was used with Milli-Q water as 

carrier and a detector flow of 0.5 mL min-1. Ge was used as internal standard to 

correct for drift of the Si signal. 

3.3.3 Conclusions 

In summary, a simple method has been developed for the synthesis of 29SiCl4 

and 29Si-TEOS with good over-all yield (69 %). The synthesized 29Si-TEOS was 

suitable for the preparation of silica NPs by a basic amino acid catalysis route 

[11]. The prepared NPs were highly monodisperse and exhibited excellent 

colloidal stability. Moreover, the preliminary FFF/MALS/ICP-MS experiments 

revealed the applicability of the Si-29 silica NPs as spikes for IDMS. Thus, the 
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NPs prepared by our method will be invaluable for use as internal standards in 

applications such as the development of reference methodology (e.g. IDMS) 

for the accurate quantification of particles with natural isotopic composition. 

Although the development of reference methodology (e.g. based on IDMS 

quantitation) is out of the scope of this work, it can be anticipated that such 

methodology will be indispensable for the characterisation of reference 

materials and the development of traceable methods for particle counting 

(e.g. based on single particle ICP-MS). 
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3.4 Organosilica hollow spheres 

3.4.1 Structure and colloidal stability of OSHSs 

Organosilica hollow spheres (OSHSs) were synthesized with the aim of using 

them as reference particles for optical detection of extracellular vesicles (EVs). 

OSHSs were prepared by the combination of a basic amino acid catalysis route 

with a hard template approach [14,25]. In the aqueous/organic 

(water/cyclohexane) biphase procedure 1,2-bis(triethoxysilyl)ethane (BTEE) 

was used as organosilica precursor, L-arginine as base catalyst and different 

sized (nominal 200 nm, nominal 400 nm) silica nanospheres as template 

(Figure 3.23).  

 

Figure 3.23 TEM analysis of the organosilica modified nominal (a, b) 200 and 

(c, d) 400 nm sized template silica nanospheres before the etching procedure. 
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Since organosilica has lower dissolution rate in basic environment compared 

to silica, BTEE is highly suitable to use as a shell component [25,188]. The 

organosilica shell was formed on the surface of the silica template in 24 h. The 

addition of the organosilica precursor to a cyclohexane layer to ensure a very 

slow increase of the solution supersaturation the uniformity of the 

organosilica layer improved significantly.  

To inhibit the formation of small sized silica NPs during the etching 

procedure (Figure 3.24), the unreacted BTEE was removed by centrifugation. 

Subsequently, the pH of the dispersion was set to 12.7 ± 0.05 to etch the inner 

core. After stirring at room temperature for 24 h, the dispersion was dialyzed 

against deionized water for 2 days to obtain a slightly opalescent dispersion of 

OSHSs. 

 

Figure 3.24 TEM analysis of nominal 400 nm sized OSHSs prepared without 

using centrifugation before the etching procedure. 

Figure 3.25 displays the TEM images of different sized OSHSs after dialysis. The 

presented TEM images indicate that OSHSs have nearly uniform sized 

spherical morphology and the particles are well-dispersed. It is noted that a 

few irregularly shaped particles are observed, which could be attributed to the 

etching procedure and/or to the drying of the samples on TEM grids. 



96 

 

 

Figure 3.25 TEM analysis of OSHSs prepared by using nominal (a, b) 200 and (c, 

d) 400 nm sized silica templates. 

The colloidal stability of the OSHSs was evaluated by means of zeta 

potential measurements. The measured highly negative zeta potential values 

(-56.6 mV for the nominal 200 nm sized OSHSs and -58.1 mV for the nominal 

400 nm sized OSHSs) are due to the dissociation of surface silanol groups in 

agreement with literature [145,174]. These results suggest that OSHSs exhibit 

excellent colloidal stability in water at pH 7.4.  

The mean hydrodynamic diameter of the templates increased according 

to DLS investigations in consequence of the surface modification (Figure 3.26). 

After the etching procedure, there is a slight decrease in hydrodynamic 

diameters, which could be attributed to the irregularly shaped particles. 
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Figure 3.26 DLS analysis of nominal 200 and 400 nm sized silica templates (Z-

average: 183.8 nm, PdI: 0.005; Z-average: 393.3 nm, PdI: 0.161), organosilica 

modified templates (Z-average: 195.9 nm, PdI: 0.003; Z-average: 403.4 nm, PdI: 

0.004) and OSHSs (Z-average: 186.0 nm, PdI: 0.066; Z-average: 386.2 nm, PdI: 

0.133). 

OSHSs were thoroughly characterized by various techniques to obtain 

reference size values. Size distributions of nominal 200 and 400 nm sized 

OHSHs calculated from TEM, particle tracking analysis (PTA) and on-chip 

resistive pulse sensing (RPS) are shown in Figure 3.27, and the mean size 

values are summarized in Table 3.3.  

Table 3.3 Mean diameters of OSHSs obtained by TEM, DLS, PTA, and On-chip 

RPS. 

Method 
Diameter of the 
nominal 200 nm 

OSHS (nm) 

Diameter of the 
nominal 400 nm 

OSHS (nm) 

TEM 183 ± 11 374 ± 23 

DLS 186 ± 16 386 ± 67 

PTA 178 ± 13 339 ± 25 

On-chip RPS 201 ± 21 364 ± 43 
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Figure 3.27 Size distributions of nominal (a) 200 and (b) 400 nm sized OSHSs 

by TEM.; Size distributions of nominal (c) 200 and (d) 400 nm sized OSHSs by 

PTA using camera level 15 and 12, respectively. The grey area represents the 

standard error.; Size distributions of nominal (e) 200 and (f) 400 nm sized 

OSHSs by on-chip RPS. 

Among the applied techniques, only TEM is a traceable method for the size 

determination of NPs, which means that the measurement result can be 
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related to the SI unit ‘meter’ through an unbroken chain of comparisons with 

known uncertainties. Therefore, we accept the results obtained by TEM as 

reference size values. 

3.4.2 Flow cytometry measurements 

To test the applicability of OSHSs as reference particles for the 

characterization of EVs by flow cytometry, comparative measurements were 

performed by using silica reference beads and EVs isolated from human urine 

(Figure 3.28).  

 

Figure 3.28 Side scatter versus forward scatter for silica beads (185, 318, 404 

and 551 nm), nominal 200 and 400 nm sized OSHSs and vesicles from human 

urine. Data points and error bars represent the mean and standard deviation, 

respectively. The OSHSs are described by a core-shell Mie model assuming 

water in the core and a 10.1 nm thick shell of refractive index 1.46. Only the 

OSHSs overlap with the vesicles. 

The side scatter (SSC) versus forward scatter (FSC) plot which is widely used in 

representing flow cytometry results clearly shows that solid silica beads 
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scatter much more light than EVs. Regarding light scattering properties, the 

prepared OSHSs fall exactly in the range of EVs. This comparison also shows 

the extent of false size determination of EVs if solid silica beads are used for 

size assignment in flow cytometry: the size of the silica bead which is closest 

to the 374 nm OSHS is 185 nm. In principle, the developed synthesis route can 

be adjusted to have OSHSs with various shell thicknesses, with other words, 

OSHS with tunable light scattering proterties can be prepared. 

It should be mentioned that the scattered intensity of silica reference 

beads can be related to that of EVs by applying the Mie theory of light 

scattering. With other words, the equivalent vesicle size can be calculated for 

a solid reference bead with known size and refractive index. Despite the 

possibility of using the computational correction, reference particles with the 

RI closest to that of vesicles are still needed in order to have a direct 

relationship between vesicle size and scattered intensity for the given setup of 

the used flow cytometer. With other words, the use of reference beads with 

RI similar to the investigated particles minimizes the uncertainty introduced by 

the different parameters of the used equipment, which are needed for the 

computational correction. The use of such particles also directly indicates the 

lower detection limit of EV size in a given setup.  

3.4.3 Conclusions 

In summary, an optimized synthesis route was developed for the preparation 

of organosilica hollow spheres.  The use of cyclohexane ensured a very slow 

increase of the solution supersaturation, thus the uniformity of thickness of 

the organosilica layer improved significantly. The OSHSs had narrow size 

distribution and exhibited excellent colloidal stability. The performed flow 
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cytometry results demonstrated the applicability of OSHSs as reference beads 

for the size characterization of EVs.  
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Summary 

The aim of the present work was to synthesize and characterize four types of 

silica based nanomaterials for biomedical and metrological applications by 

using wet-chemical synthesis approaches.  

I developed a new synthesis method for the preparation of 20 nm sized 

amino-functionalized silica NPs destined for biomedicinal use. The covalent 

binding of the aminopropyl groups was proved by FTIR and solid-state NMR 

investigations. It is an important fact that the silylation reaction making use of 

a divalent silane coupling agent has become controllable by the addition of 

small amount of acetic acid after appropriate reaction time. I demonstrated 

that centrifugation is not a convenient separation technique for such small 

NPs, while either ultrafiltration or dialysis preserve the dispersity of the sol 

sample even during solvent exchange to water. 

I elaborated a new synthesis route for the preparation of manganese(II) 

chelating microporous silica NPs with the purpose of using them as liver-

specific positive MRI contrast agent. The NPs were synthesized with enlarged 

porosity and specific surface area, and surface functionalized in three steps. 

The NPs exhibited excellent colloidal stability and preserved high 

monodispersity after each surface modification step. The surface modification 

was proved by FTIR and zeta potential measurements. The resulting 

microporous silica NPs exhibited substantial MRI contrast enhancement both 

in vitro and in vivo, which suggests that this material is well suited for further 

MRI investigations.  

I developed a simple method for the synthesis of 29SiCl4 and 29Si-TEOS 

starting from elementary silicon-29. The dilution of the volatile and moisture-

sensitive 29SiCl4 in an inert medium and using a multistep cooling system the 
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product loss due to evaporation was decreased. The synthesized 29Si-TEOS 

was suitable for the preparation of silica NPs by a basic amino acid catalysis 

route. The prepared NPs were highly monodisperse and exhibited excellent 

colloidal stability. The preliminary FFF/MALS/ICP-MS experiments proved the 

applicability of the Si-29 silica NPs as spikes for IDMS. 

I synthesized different sized organosilica hollow spheres with the aim of 

using them as reference particles for optical detection of extracellular vesicles. 

The use of cyclohexane ensured a very slow increase of the solution 

supersaturation, thus the uniformity of thickness of the organosilica layer 

improved significantly. I proved that the resulted organosilica hollow spheres 

have narrow size distribution and excellent colloidal stability. The flow 

cytometry measurements revealed the applicability of organosilica hollow 

spheres as reference beads for the size characterization of extracellular 

vesicles.  
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Összefoglalás 

Doktori munkám során kölönféle szilika nanorészecskéket állítottam elő 

orvosbiológiai és méréstudományi felhasználásra, nedves kolloid kémiai 

eljárások felhasználásával. 

Új eljárást dolgoztam ki 20 nm-es átlagos átmérővel rendelkező szilika 

nanorészecskék aminopropil-láncokkal történő kovalens felületmódosítására. 

A reakciókörülmények megfelelő megválasztásával sikerült megakadályoznom 

a részecskék aggregációját és a részecskék megőrizték szűk 

méreteloszlásukat a felületmódosítás során. A kovalens felületmódosítást az 

FTIR és a szilárd fázisú NMR mérések igazolták. Kimutattam, hogy a 

felületmódosítószerhez képest ekvivalens mennyiségben adott ecetsav 

elegendő a részecskék szűk méreteloszlásának megőrzéséhez. 

Összehasonlítottam az elreagálatlan szilanizálószer eltávolítására alkalmas 

tisztítási eljárásokat és azt találtam, hogy ilyen kisméretű részecskék 

tisztítására a centrifugálás nem alkalmas, míg a dialízis és az ultraszűrés 

megfelel erre a célra. 

Új eljárást dolgoztam ki Mn2+-ionokkal borított mikropórusos szilika 

nanorészecskék előállítására. Az elreagálatlan szilika prekurzort dialízissel 

távolítottam el, így sikerült mind a fajlagos felületet mind a mikropórusok 

össztérfogatát jelentősen megnövelnem. Az egyes felületmódosítási reakciók 

során a részecskék nem aggregálódtak és sikerült megőrizni szűk 

méreteloszlásukat. A felületmódosításokat FTIR és zéta-potenciál mérésekkel 

igazoltam. Az elvégzett in vitro és in vivo MRI kísérletek igazolták a részecskék 

máj specifikus MRI kontraszanyagként való alkalmazhatóságát. 
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Kidolgoztam a 29SiCl4 és a 29Si(OEt)4  előállítását elemi szilícium-29-ből 

kiindulva. Három lépcsős intenzív hűtőrendszer alkalmazásával, valamint a 

szedőlombikba tett szén-tetrakloriddal jelentősen lecsökkentettem a 29SiCl4 

párolgásából származó veszteséget. A kapott 29Si(OEt)4 felhasználásával 

Hartlen módszerével szűk méreteloszlású Si-29 izotópdúsított szilika 

nanorészecskéket állítottam elő. Az FFF/MALS/-ICP-MS mérések igazolták, 

hogy az előállított részecskék alkalmasak izotóp higításos 

tömegspektrometriás mérésekre. 

Új eljárást dolgoztam ki különböző méretű üreges organoszilika 

részecskék előállítására. Kis mennyiségű ciklohexán felhasználásával sikerült 

az organoszilika prekurzor lassú adagolását megvalósítanom. Ezáltal 

egyenletes vastagságú organoszilika réteget választottam le a templát 

részecskék felületére. Igazoltam, hogy a kapott üreges organoszilika 

részecskék szűk méreteloszlásúak és kolloidstabilitásuk kiváló. Az áramlási 

citometriás mérések igazolták a részecskék referencia anyagként való 

alkalmazhatóságát. 
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