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1 Introduction 

Small objects can create a big impact in life. This is basically the credo of the emerging field of 

nanotechnology! The physicist Richard Feynman can be considered as the father of this new 

scientific discipline since already in 1959 he gave a talk at an American Physical Society 

ƳŜŜǘƛƴƎ ŀǘ /ŀƭǘŜŎƘ ¦ƴƛǾŜǊǎƛǘȅ ŎŀƭƭŜŘΥ ά¢ƘŜǊŜΩǎ tƭŜƴǘȅ ƻŦ wƻƻƳ ŀǘ ǘƘŜ .ƻǘǘƻƳέΦ Lƴ Ƙƛǎ ǘŀƭƪ ƘŜ 

outlined the high potential of the ability to manipulate matter on an atomic scale. However, 

ǘƘŜ ǘŜǊƳ άƴŀƴƻǘŜŎƘƴƻƭƻƎȅέ ǿŀǎ ŦƛǊǎǘ ƛƴǘǊƻŘǳŎŜŘ ƻƴƭȅ ƛƴ мфтп ōȅ bƻǊƛƻ ¢ŀƴƛƎǳŎƘƛΦ bƻǿŀŘŀȅǎΣ ƛǘ 

generally refers to the understanding and control of matter at nanometer (10-9 m) dimensions. 

This nano-universe shows many unique and interesting phenomena that offer intriguing 

material properties and thereby pave the way for novel applications spanning nearly all 

scientific disciplines, such as material science,1, 2 chemistry,3-5 physics,6-10 biology,11 medicine 

όάƴŀƴƻ-ƳŜŘƛŎƛƴŜέύ12-15 and the food industry.16, 17 The work presented in this thesis would not 

exist without substantial nanotechnological know-how.  

 

In this work, mesoporous silica materials are investigated.18-21 The materials possess a network 

of nanometer-sized channels. They can thus act as host systems for the incorporation of a wide 

amount of differently sized guest molecules. However, in contrast to zeolites, applications for 

mesoporous silica materials are rare so far even though the materials show a high potential 

since they are very versatile structures: their pore topologies, sizes and surfaces can be 

fabricated according to the respective requirements. The entire work presented in this thesis is 

devoted to highlighting ways towards potential applications for these promising materials. The 

materials can act as host structures for the incorporation of a wide amount of differently sized 
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guests. For any possible application it is thus of paramount importance to understand in great 

detail the intricate interplay between the host matrix and the guest molecules.  

 

However, applications of nanotechnology, such as the above mentioned host-guest-systems, 

remain a vision unless there are efficient techniques to characterize nanostructures and to 

indeed manipulate matter on the atomic scale. Consequently, nanotechnology boomed with 

the invention of the Scanning Tunneling Microscope (STM)22, 23 in 1982 and the Atomic Force 

Microscope (AFM)24 in 1986 both by G. Binnig, H. Rohrer and co-workers. Accordingly, the 

invention of the STM was acknowledged in 1986 with the Nobel Prize in Physics to Binnig and 

Rohrer and to E. Ruska for fundamental works on electron optics. Nowadays, these techniques 

have become standard methods for the investigation and manipulation of nanometer-sized 

matter. Yet, they allow conclusions mainly about the surface of the investigated samples. In 

the case of mesoporous silica host-guest structures, the important processes that need to be 

observed do occur deep inside the materials. This problem can be overcome by optical 

microscopy techniques for observing single molecules, pioneered by Moerner and Orrit25-28 in 

1989 and 1990, only shortly after the developments of Binnig and Rohrer. In this thesis, 

individual molecules are used extensively as beacons that explore the porous network of the 

host structure and through their fluorescence report about the nature of this novel class of 

materials. This thesis also makes use of ensemble fluorescence microscopy techniques, 

however single molecule approaches prevail in most cases since the amount of detailed 

information that can be gathered is unprecedented. Ensemble techniques generally suffer 

from an inevitable averaging associated with the ensemble populations. In contrast, single 

molecule microscopy can reveal subpopulations and mechanistic details of the subtle host-

guest interactions. These techniques play a major role for gaining the insights discussed in this 

work and they were accompanied by additional standard characterization techniques, such as 

X-ray diffractometry, nuclear magnetic resonance spectrometry or infrared spectrometry. 

 

The work presented in this thesis emerges from a close collaboration with the research group 

of T. Bein (LMU Munich, Department of Chemistry, Munich, Germany), that synthesized most 

of the mesoporous silica materials investigated in this thesis. Furthermore, they provided their 

materials scientific expertise about porous silica and characterized the investigated structures. 

The collaborating colleagues in the group of T. Bein and their contributions are named in detail 

in the respective chapters. The terrylene diimide dye derivatives utilized throughout this thesis 
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were kindly provided by the research group of K. Müllen (Max-Planck-Institute for Polymer 

Research, Mainz, Germany). 

 

The first part of this thesis focuses on applications of mesoporous silica in the emerging field of 

drug-ŘŜƭƛǾŜǊȅΦ ά5ǊǳƎ-ŘŜƭƛǾŜǊȅέ ŘŜƴƻǘŜǎ ǘƘŜ ǎǘǊŀǘŜƎȅ ƻŦ ŀŘƳƛƴƛǎǘŜǊƛƴƎ ŀ ŘǊǳƎ ǿƛǎŜƭȅ such that it 

reaches its target size under minimization of the negative side-effects experienced by the 

patient. Further, smart drug-delivery strategies should guarantee a maximum therapeutic 

effect with only the lowest possible dose of a pharmaceutical. To realize that, different carrier 

structures have been developed so far, ranging from organic polymers29, via liposomes30 to 

nanoparticle constructs.31 A wide number of different drug carriers is already applied clinically. 

However, especially cell-targeting and a controlled release of the drug at the target-site still 

represent a great challenge. The high versatility of mesoporous silica thus raises the question 

whether this novel class of nanomaterials can be utilized for drug-delivery purposes. Chapter 4 

of this thesis shows three studies that exemplarily discuss different aspects of this question. 

First, the tunability of molecular dynamics inside mesoporous silica through the covalent 

attachement of organic functional groups is discussed comprehensively (Chapter 4.2). The 

ability to fine-tune the host-guest interaction inside the delivery system is an essential 

prerequisite for creating a depot effect, which means for releasing the drug with a defined rate 

over a prolonged period of time. The study shows how such a fine-tuning of the guest 

dynamics inside the carrier can be realized. 

 

Efficient drug-delivery strategies can contribute to the improvement of therapies in many 

fields of medicine. One important field is certainly cancer therapy. Thus, Chapter 4.3 

introduces a study dealing with mesoporous silica for drug-delivery of a the widely used anti-

cancer drug Doxorubicin hydrochloride. Especially chemotherapy could profit substantially 

from a smart delivery strategy since the cytostatic drugs are usually accompanied by a number 

of sever side-effects.32, 33 Doxorubicin, for example, shows a high cardiac and renal toxicity. The 

experiments depicted in this work demonstrate how the drug dynamics can be tuned. They 

further prove the efficient drug release off the delivery system and the applicability of the 

drug-delivery strategy is demonstrated: the drug retains its cytotoxicity and can efficiently kill 

tumor cells after being released from the delivery vehicle. 
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Another important field in modern medicine showing a tremendous evolution within the last 

decades is certainly gene technology for the treatment of gene defects and hereditary 

diseases. In 2006 the Nobel Prize in Physiology or Medicine was awarded to A. Fire and C. 

Mello for their discovery of the mechanism of RNA interference (RNAi) and gene silencing.34, 35 

Gene technology and silencing utilize short interfereing RNA (siRNA) or DNA sequences in 

order to manipulate the genome for achieving a medical effect. For example with the help of 

RNAi damaged genes can be selectively switched off in order to prevent them from exerting 

their malicious effects. Yet, there is an eager quest ongoing for retrieving efficient delivery 

vehicles to transport the fragile DNA or RNA sequences to their destination. A third study in 

Chapter 4.4 thus investigates the diffusion of oligonucleotides in mesoporous silica films and 

particles. It will be shown that the biomolecules can be successfully incorporated into the 

carrier particles, in case a favourable drug-host interaction is provided by coating the channels 

with appropriate organic groups. Furthermore, the study proves the stability of the 

biomolecules inside the delivery system, which is of course essential such that they keep their 

therapeutic effects. Some of the experiments presented in this chapter were measured using 

ǘƘŜ άCƭǳƻǊŜǎŎŜƴŎŜ wŜŎƻǾŜǊȅ ŀŦǘŜǊ tƘƻǘƻōƭŜŀŎƘƛƴƎέ όCw!tύ ǘŜŎƘƴƛǉǳŜΦ Modelling of the FRAP 

data was done by collaborators in the group of H. Leonhardt (LMU Munich, Department of 

Biology, Munich Germany). The collaborating colleagues and their contributions are listed in 

detail in the respective chapters.  

 

The second part of this thesis is dedicated to maximizing the application potential of 

mesoporous silica structures. There are two parameters that so far could not be controlled 

sufficiently: the domain size and the absolute orientation of the channels in the material. 

However, these parameters play an important role. For industrially applications of the 

materials a reliable and reproducible domain growth must be realized under distinct 

conditions. Furthermore, applications such as electrophoresis, catalysis or lab-on-a-chip 

technqiues could profit from the possibility to control the orientations of channels on the 

substrate and thus create a tailor-made pattern of mesoporous silica channels. 

 

The first study presented in Chapter 5.1 assesses the role of the relative humidity as a 

parameter to control the domains size in Pluronic P123 templated thin films. It is shown that 

tuning the humidity during the mesoporous silica self-assembly results in drastically different 

domain sizes: ranging from short domains to micrometer-sized domains. 
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The second study in Chapter 5.2 goes one step further, towards realizing an active patterning 

of mesoporous silica. The Micromoulding in Capillaries Technique is be used to transfer a 

pattern from a stamp to mesoporous silica thereby controlling the channel orientation. This 

active patterning technique allows the fabrication of tailor-made materials with channels 

oriented over macroscopic scales (mm). This pushes the application potential of mesoporous 

silica to an unprecedented level. 

 

The thesis is structured in the following way: 

After this introductory chapter, Chapter 2 introduces the diverse morphologies of mesoporous 

silica utilized throughout this work. Thin mesoporous silica films are introduced, followed by an 

explanation of the Micromoulding in Capillaries technique to fabricate actively patterned silica 

structures. This chapter closes with the introduction of mesoporous hexagonal ordered 

mesoporous silica particles. 

 

Chapter 3 is dedicated to explaining the basic principles of Fluorescence and introducing the 

Fluorescence Microscopy apparatus and techniques utilized throughout this thesis. First, the 

applied Single Molecule Microscopy techniques are explained and the theoretical background 

of Single Particle Tracking and Diffusion Analysis is outlined since this is necessary to extract 

dynamical data of recorded microscopy movies. Additionally, the Fluorescence Recovery after 

Photobleaching technique is presented since this ensemble method will be utilized later for 

determining oligonucleotide dynamics.  

 

Chapter 4 displays the first part of the results of this thesis. It deals with the application of 

mesoporous silica in drug-delivery. The chapter is further subdivided into four parts. After an 

introduction to drug-delivery, the tunability of molecular dynamics inside porous silica carrier 

structures is demonstrated through covalent linking of organic functional groups. After that 

study, mesoporous silica particles are introduced as host for oligonucleotide delivery in gene 

technology. Finally, the potential of mesoporous silica in cancer therapy is shown as an 

efficient delivery structure for the cytostatic Doxorubicin hydrochloride. 

 

Chapter 5 presents the second part of the results in this work. This chapter focuses on 

understanding and controlling the domain growth and channel orientation inside mesoporous 

silica. The first study investigates the humidity dependent domain growth in thin P123 
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templated silica films. This chapter closes with a study that demonstrates how mesoporous 

silica can be actively pattern through Micromoulding in Capillaries. 

 

The results of the thesis are summarized in Chapter 6 also providing an outlook to future 

perspectives in the field. 

 

The work closes with a List of Abbreviations (Chapter 7), a List of Publications and Contri-

butions to Conferences (Chapter 8) and the Bibliography (Chapter 9). 

  

After the official part of the thesis the Acknowledgements can be found as well as a Curriculum 

Vitae of the author of this work. 
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2  Mesoporous Materials 

The porous materials that were investigated in this work are introduced in this chapter. 

According to the International Union of Pure and Applied Chemistry (IUPAC) porous materials 

can be classified with respect to the diameter  of their pores into three categories (Table 

2.1):36 

 

Table 2.1: IUPAC Classification for porous solids 

Pore Diameter   2.0 nm 2.0 ς 50 nm  50 nm 

Classification Micropores Mesopores Macropores 

 

All porous materials investigated in this work have mesopores and show pore diameters of ~ 2 

ς 15 nm. The structural framework of the materials consists of silica (SiO4) units and the 

porosity is created by a liquid-crystal templating process with the help of a surfactant as 

structure directing agent. Mesoporous silica structures are thus a novel class of hybrid 

nanomaterials.  

 

Initially, the materials date back to 1992, when scientists of the Mobil company discovered this 

new class of silica/aluminosilicate mesoporous materials, the so-called M41S materials.18, 19 In 

1998 the portfolio of accessible materials got enriched by the so-called Santa Barbara 

Amorphous (SBA) type materials.20, 21 M41S and SBA type materials are a very versatile class of 

nanomaterials and ended the long-standing pore-size constraint of zeolites by offering pore 

sizes ranging from 2 ς 30 nm. Besides their pore diameter, surface properties and topologies 

can be fine-tuned over a large range. This makes them an ideal platform for various 
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applications, since their specifications can be tailor-made according to the individual 

requirements. Consequently, within the recent years a growing number of applications for 

mesoporous silica materials has been suggested, such as molecular sieves37, catalysis38, 

chromatography39, stabilization of conducting nanoscale wires40-42 and novel drug-delivery 

systems.43-47 In general, these applications imply the incorporation of guest molecules inside 

the porous silica host matrix with its large network of interconnected channels consisting of 

differently sized domains of parallel aligned pores: they are thus called host-guest systems. 

Applications in nanotechnology and the emerging field of nano-medicine (drug-delivery) are 

within the focus of this work.  

 

In this chapter the diverse mesoporous silica structures used for the studies in this work are 

presented. First, thin mesoporous silica films are described, followed by an explanation of the 

Micromoulding in Capillaries (MIMIC) technique to create large oriented silica structures. An 

introduction to silica particles with nanometer-sized channels closes this chapter.  

2.1 Thin mesoporous silica films 

One further advantage of mesoporous silica materials is the fact that they can be synthesized 

in various forms, such as powders or thin films of a thickness of about 50 nm to several 

micrometers. Thin films are an interesting object to study since they can act as coatings on 

diverse substrates for applications either in catalysis or in drug-delivery. Further, thin films can 

be prepared with large domains of parallely aligned pores. Large domains with good 

connectivity are a desired feature for many applications. Finally, the thin films can be coated 

on a transparent substrate, e.g. glass, such that the samples can be easily studied with optical 

techniques. Thin mesoporous silica films play an important role for some of the projects 

described in this work. 

 

There are basically two methods for the synthesis of thin films: dip-coating (Figure 2.1 a) and 

spin-coating (Figure 2.1 b). Both methods start from a precursor solution containing silica 

building blocks, such as tetraethyl orthosilicate (TEOS) and surfactant molecules as templates 

in an acidic ethanol/water solution. In the dip-coating method (Figure 2.1 a) a cover slip gets 
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immersed into the precursor solution and slowly retracted. This leads to the formation of a 

thin film of solution onto the substrate, from which the solvent can slowly evaporate. During 

spin-coating (Figure 2.1 b) solvent evaporation is caused by rotation of the cover-slip on which 

the precursor solution was placed. The evaporation of the solvent during dip- and spin-coating 

leads to a process called Evaporation Induced Self-Assembly (EISA) which results in the 

formation of a condensed mesoporous silica structure. There are two synthesis mechanisms 

that can explain EISA: a two-step mechanism and a cooperative one-step mechanism.48, 49 In 

the precursor solution, before EISA occurs, the surfactant concentration is below the critical 

micelle concentration (CMC). This means that no surfactant micelles are present. Now, solvent 

evaporation leads to crossing that CMC. In a two-step mechanism this leads to the formation 

of a liquid-crystal phase around which the silica can condense subsequently. In contrast, the 

one-step mechanism postulates a cooperative self-organization of the silica precursor and the 

surfactant below the CMC. In this case, the inorganic silica induces the formation of an ordered 

hexagonal array of surfactant molecules. Recent results favour the one-step mechanism.50-54 

Depending on the silica to surfactant ratio different pore topologies (hexagonal, cubic, 

lamellar) are accessible.55-57 In this work only hexagonal mesoporous structures were 

investigated (for a schematic view of such a pore topology see Figure 2.1 c). 

 

Guest molecules such as different dyes or drugs can be added directly to the precursor 

solution and get incorporated into the pores during the EISA process. This works well for 

various different molecules as long as the molecular size does not exceed the pore-size of the 

synthesized silica material. Furthermore, if the guest molecules are too polar, they will not be 

embedded inside the apolar part of the surfactant micelles, which prevents their incorporation 

into the channels. Due to the acidic conditions in the precursor solution this method is not 

suited for the incorporation of biomolecules. In order to make the porous network accessible 

for such molecules the template can be removed by calcination or solvent extraction and the 

silica structures can be loaded after the synthesis (post-synthetic loading). 
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a)

b)

precursor solution

cover slip

thin mesoporous 
silica film

thin mesoporous 
silica film

c)

hexagonal mesoporous
structure

rotation

solvent 
evaporation

solvent 
evaporation

 

Figure 2.1: Synthesis methods for thin hexagonal mesoporous silica films. (a) Dip-coating. The 
cover-slip is immersed into the precursor solution. Through slow retraction of the cover-slip 
from the precursor solution a thin film forms on both sides of the substrate. Solvent 
evaporation induces the formation of a hexagonal mesoporous structure. (b) Spin-coating. A 
droplet of the precursor solution is placed onto a cover-slip. Rotating the cover slip at about 
3000 rotations per minute leads to solvent evaporation and the formation of a thin 
mesoporous film. (c) Schematic view of a hexagonal mesoporous structure. 

2.2 Oriented mesoporous silica through Micromoulding in 

Capillaries (MIMIC) 

In the previously discussed thin films, domains of parallel aligned channels can be observed 

with domain sizes up to several micrometers. However, the different domains are randomly 

distributed. For maximizing the application potential of mesoporous silica the ability to design 

tailor-made structures is essential. To realize this, the channel alignment needs to be 

controlled over a large scale. This can be realized through a growth of mesoporous silica that is 

guided by an external pattern. For example, Cauda et al. have demonstrated that anodic 

alumina membranes (AAMs) can be used to gain control over the channel alignment and they 
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used the fabricated silica to incorporate an antibiotic drug.58 Towards the end of the 1990s 

several studies demonstrated that a guided growth of orientated mesoporous silica can also be 

achieved by a technique called Micromoulding in Capillaries (MIMIC).59, 60 Since MIMIC will be 

utilized in Chapter 5.2 of this work, it is explained in the following section in detail. 

 

In Figure 2.2 two different strategies to fabricate ordered hexagonal mesoporous silica via 

MIMIC are shown. In both cases a poly(dimethylsiloyxane) (PDMS) stamp is used as a pattern 

offering confinements that can be filled with precursor solution. In this work only stamps with 

linear confinements have been used. The PDMS stamp can simply be pressed onto a droplet of 

the precursor solution deposited on the substrate (Figure 2.2 a). The solution fills the 

confinements and since the stamp is permeable for the solvents the EISA process can take 

place slowly. The slow evaporation of the solvent is crucial for the fabrication of a highly 

ordered structural organization, since the micelles and the silica have time to rearrange. After 

condensation of the structure the stamp can be removed and the hexagonal mesoporous silica 

showing oriented channels is accessible. Hence, the stamp can act as a structure directing 

pattern. An alternative way of fabricating such structure ordering is depicted in Figure 2.2 b, 

where the PDMS stamp is placed onto the substrate first, and afterwards droplets of the 

precursor solution are added close to the entrances of the stamp pattern. The solution gets 

effectively sucked into the confinements since capillary forces promote this process. Again, 

EISA can take place and after stamp removal the ordered mesoporous silica can be obtained.  

 

The general idea behind MIMIC is not limited to mesoporous silica. Already before the 

application on silica MIMIC was used in 1995 for generating polymer microstructures.61 

Further, MIMIC is a low-cost approach since the PDMS stamps are easy to create and can be 

fabricated with basically any possible pattern. Highly ordered silica structures fabricated with 

MIMIC are of high interest for applications in optoelectronic devices, such as mesostructured 

waveguides for mirrorless lasing.62, 63 In these studies mesostructured silica was fabricated in 

the form of a linear fibre by using the MIMIC technique and a PDMS stamp. In order to create a 

laser the mesoporous silica was doped with Rhodamine 6G as a laser dye and pumped by a 

Nd:YAG laser. Additionally, the mesostructured fibre was mounted on a lower refractive index 

support in order to prevent light transmission out of the fibre and thus provide waveguide 

characteristics. Other applications of porous silica fabricated through MIMIC include  

photochromic materials and optical or chemical sensors.64 Optical sensors for example are 
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based on the incorporation of a dye anchored to the mesoporous silica walls. The emission, 

transmission or lifetime of the dye can be monitored and if a dye is chosen that reacts very pH 

sensitive in its emission spectrum, such as certain covalently linked fluorescein derivatives, a 

pH sensor is created.  

 

a)

PDMS stamp

precursor solution

hexagonal mesoporous
structure

b)
precursor solution

 

 

Figure 2.2: Different Micromoulding in Capillaries techniques for the fabrication of ordered 
mesoporous silica. (a) A stamp of poly(dimethylsioloxane) (PDMS) is pressed onto a droplet of 
the precursor solution deposited on a glass cover slip. The precursor solution fills the cavities 
of the stamp and through EISA a hexagonal mesoporous silica structure forms. After 
condensation of the structure the stamp can be removed. (b) The PDMS stamp is placed on the 
substrate. Droplets of the precursor solution are deposited close to the entrances to the 
pattern of the PDMS stamp and get sucked in due to capillary forces. Again, EISA takes place 
and the structure condensates. Afterwards, the stamp can be removed, making the 
mesoporous structure accessible. 

2.3 Mesoporous SBA-15 silica particles 

For many applications such as drug-delivery and molecular sieving spherically shaped particles 

are required. Consequently, some of the experiments described in this work deal with 

mesoporous silica in the form of particles. For these studies a SBA-15 material was chosen. The 

ǎǳŦŦƛȄ ά-мрέ ƛƴŘƛŎŀǘŜǎ ǘhat the particles were synthesized using the tri-block copolymer 

poly(ethylene oxide)20-poly(propylene oxide)70-poly(ethylene oxide)20 (short: PE20PO70PE20) as a 

surfactant. The surfactant is commercially available as Pluronic P123. These SBA-15 particles 
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have been introduced by Katiyar et al. especially for the incorporation of biomolecules.65 They 

possess a large pore surface area ( 700 m2/g estimated by the theory of Brunauer, Emmett 

and Teller (BET theory)66) as well as a large pore diameter (9 ς 12 nm) and a high pore wall 

thickness (2 ς 4nm). Their wall thickness is an important parameter for providing a high degree 

of hydrothermal stability and thus a sufficiently long lifetime in biological environments.20 In 

contrast M41S materials possess thinner walls and are hence less stable. Consequently, SBA-15 

particles are an ideal host for the drug-delivery studies in this work.   

 

The materials are prepared again from a precursor solution. The spherical morphology is 

accessible through stirring and ageing sequences at increased temperature. In order to further 

maximize their potential for the incorporation of biomolecules, a swelling agent (e.g. 1,3,5-

trimethylbenzene (TMB)) can be added to the precursor solution, which leads to an increase in 

the pore diameter and volume of the resulting mesoporous particles.65 The existence of 

swelling agents for the materials is a highly advantageous feature since the size of certain 

biomolecules, such as enzymes, often still exceeds the limits of mesoporous materials. 

Furthermore, using a positively charged co-surfactant, such as cetyltrimethyl ammonium 

bromide (CTAB), proved useful. In the absence of such a co-surfactant, the particle size and 

shape gets rather undefined. In contrast, adding CTAB offers a precise control over the particle 

morphology, which is of course an essential prerequisite for any further applications. This 

phenomenon was attributed to an advantageous electrostatic interaction of the co-surfactant 

with the silica species.67 
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3 Fluorescence Microscopy and 

Diffusion Analysis 

We have now learnt the basic principles about mesoporous silica structures and different ways 

of fabricating tailor-made mesoporous materials. This entire work is devoted to exploring the 

complicated host structures and making them accessible to applications. Consequently, in this 

ŎƘŀǇǘŜǊΣ ǘŜŎƘƴƛǉǳŜǎ ŀǊŜ ƛƴǘǊƻŘǳŎŜŘ ǘƘŀǘ άǎƘŜŘ ƭƛƎƘǘέ ƻƴǘƻ ǘƘŜǎŜ ƳŜǎƻǇƻǊƻǳǎ ŎƘŀƴƴŜƭ 

networks. The fluorophore is used as a molecular probe that illuminates the interior of the 

mesoporous structures. In order to understand and evaluate the collected fluorescence data, 

we first need to learn the basics about fluorescence, the microscopy of fluorescent molecules 

and the analysis of diffusion processes. 

  

This chapter is subdivided into two sections. First, the general phenomenon of fluorescence is 

introduced. The second section introduces the techniques used to record and monitor 

fluorescence: fluorescence microscopy under single molecule and ensemble concentrations. It 

is divided again in two subsections. Many of the studies depicted in this thesis utilize Single 

Molecule Microscopy (SMM) techniques. Hence, first different techniques for the microscopy 

of individual molecules are introduced and the sophisticated methods of data evaluation with 

the help of Single Particle Tracking (SPT) and Diffusion Theory are explained. After that, the 

Fluorescence Recovery after Photobleaching (FRAP) technique is introduced, since FRAP is 

utilized in this work to reveal oligonucleotide dynamics inside mesoporous SBA-15 particles 

under ensemble concentrations. The chapter closes by explaining models used for evaluating 

the recorded FRAP data. 
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3.1 Fluorescence: the phenomenon and basic principles 

The emission of light from any substance is called luminescence.68 Formally, luminescence can 

be divided into two categories, fluorescence and phosphorescence. In order to understand the 

differences between these phenomena and to illustrate the processes associated with the 

absorption and emission of light, a schematic diagram, the so-called Jablonski diagram, is very 

useful. Figure 3.1 displays a typical Jablonski diagram.  

 

 

 

Figure 3.1: Typical Jablonski Diagram. Schematic representation of the electronic (Ƶ) and 
vibrational (0, 1, 2, 3) energy levels. S0 is the ground singlet state, S1 the first excited singlet 
state, T1 the lowest triplet state. For each electronic state additional vibrational levels are 
displayed. Absorption (Ƶ), Fluorescence (Ƶ), Phosphorescence (Ƶ) and vibrational relaxation 
processes (- - -) are indicated.  

The ground singlet state S0, the first excited singlet state S1 and the lowest triplet state T1 are 

depicted. Each of the electronic states is accompanied by a number of vibrational energy 

levels, indicated by 0, 1, 2, 3. Absorption of a photon  usually occurs from the energy 

minimum, the lowest vibrational level 0 of the ground state S0. Since absorption takes only 
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~ 10-15
 s (1 fs) the nuclei cannot respond to the displacement of the electronic charge by 

adjusting their position and thus S1 gets populated in an excited vibrational level (Franck-

Condon principle). After exciting the molecule, usually rapid vibrational relaxation takes place 

within femtoseconds to picoseconds (1 ps = 10-12 s) and the molecule relaxes non-radiatively 

from the excited vibrational level of S1 to the corresponding ground vibrational level. From 

there the molecule can emit a photon , longer in wavelength (and lower in energy) 

compared to the absorbed photon and relax within nanoseconds to microseconds usually to a 

vibrational excited level of S0. This process is called fluorescence. The molecule can then return 

non-radiatively to the lowest vibrational level of the ground state. The characteristic difference 

between the excitation and the emission wavelength is known as Stokes shift. It is a critical 

parameter that makes the observation of fluorescence highly powerful for optical microscopy 

since the weak fluorescence signal can easily be separated from the incident excitation laser 

light.  

 

Additionaly, molecules in S1 can also relax through Intersystem Crossing (ISC) to the lowest 

triplet state T1. Since ISC involves spin-conversion of an electron the transition from T1 to S0 is 

forbidden and consequently the emission occurs several orders of magnitude slower (µs - s). 

This process is called phosphorescence. The phosphorescence emission energies are usually 

lower compared to fluorescence. Phosphorescence normally also leads to a vibrationally 

excited level of S0, where through vibrational relaxation the molecule returns to the lowest 

vibrational level of S0. 

 

In order to characterize the absorption and emission properties of a fluorophore, usually 

absorption and emission spectra are recorded.  

Figure 3.2 shows the absorption (black) and fluorescence emission (red) spectra of the dye 

ATTO647N (in the form of the free acid) in aqueous solution as well as its molecular structure. 

The dye is commercially available from Atto-tec GmbH (Siegen, Germany) and is used for 

labelling purposes. In this work oligonucleotides (short DNA and RNA double strands) are 

labelled with this dye. The structure of the spectra maps the energy landscape of the molecule 

depicted schematically in for example a Jablonski diagram. For most fluorophores the 

fluorescence emission spectrum mirrors the absorption spectrum. This again is a result of the 

Franck-Condon principle. Since the electronic excitation does not change the nuclear 

coordinates significantly, also the relative separation of the vibrational energy levels of the 
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ground and excited electronic states is comparable, resulting in a very similar vibrational 

structure in both spectra. As previously discussed in the Jablonski diagram, emission shows 

always a lower energy (or longer wavelength) compared to absorption. The corresponding 

shift that can be observed between the absorption and emission spectrum is called Stokes-

Shift. It mainly originates from the rapid non-radiative relaxation mechanisms present due to 

the molecular electronic structure and the interactions of the molecule with its surrounding 

environment (e.g. solvent, host matrix). The emission spectrum is dependent on the electronic 

structure of the molecule, but typically independent of the excitation wavelength. 
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Figure 3.2: Spectra and molecular structure of the dye Atto647N. Absorption (black) and 
fluorescence emission (red) spectra of the commercially available dye Atto647N.69 The 
structure of the dye (in the form of the free acid) is shown in an inset. 

In the last part of this section the terms quantum yield, absorption cross-section, fluorescence 

lifetime as well as photoblinking, -bleaching and fluorescence quenching, key principles related 

to the phenomenon of fluorescence are introduced. 

 

Especially for single molecule studies it is absolutely essential to use fluorophores with 

excellent photo-physical properties. One key parameter that characterizes these properties is 

the fluorescence quantum yield , the ratio of the number of emitted photons to the number 

of absorbed photons. If all absorbed photons are reemitted,  will be unity. However, as 

previously mentioned, there are always non-radiative relaxation pathways present, such as 
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intersystem crossing, that minimize the number of emitted photons and thereby also the 

quantum yield. An equivalent definition of  can be given through the rates of radiative decay 

 and non-radiative decay  

 

 
 (3.1) 

 

Modern powerful fluorophores such as terrylene diimide derivatives show high quantum yields 

above 60% up to more than 90% even in solution.70-72 The quantum yield critically depends on 

the utilized solvent since the solvent interferes with the non-radiative deactivation pathways. 

Consequently in rigid solid matrices  is usually higher than in solution.73 

 

Besides the quantum yield, a powerful fluorophore needs to possess a high absorption cross 

section . Physically, this parameter can be interpreted as the area with which the molecules 

can collect photons. A high quantum yield is not sufficient, if the molecule cannot efficiently 

άƘŀǊǾŜǎǘέ ǘƘŜ ǇƘƻǘƻƴǎ ƻŦŦŜǊŜŘ ōy the laser beam.  

 

Three other phenomena need to be discussed since they are frequently observed during single 

molecule experiments: photoblinking, fluorescence quenching and photobleaching of the 

fluorescent molecule (see Figure zzz). Photoblinking denotes a reversible transition of the 

molecule to a non-radiative state. It can result from the population of  triplet states or other 

interactions with the surrounding matrix.74, 75 LŦ ǘƘŜ ƳƻƭŜŎǳƭŜΩǎ ŜƴǾƛǊƻƴƳŜƴǘΣ e.g. the solvent, 

the host matrix or other added substances (so-called quenchers), causes a temporary decrease 

in the fluorescence intensity of the fluorophore, this process is called fluorescence quenching. 

After removing the quencher, the fluorophore regains its previous fluorescence intensity. In 

contrast, photobleaching is per definition an irreversible deactivation of the fluorophore. 

Often this occurs due to photo-oxidation or other reactive degradation processes of the 

molecule. 
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Figure 3.3: Photoblinking, -bleaching and fluorescence quenching. During monitoring the 
fluorescence intensity of an individual fluorophore, photoblinking and ςbleaching can be 
observed. In case of photoblinking the molecule reversibly changes to a non-radiative state, 
e.g. by population of triplet states. An irreversible deactivation of the fluorophore is called 
photobleaching. Additionally, fluorescence quenching, a temporary decrease in the 
fluorescence intensity, can be observed due to interactions with the environment (solvents, 
Ƙƻǎǘ ƳŀǘǊƛȄΣ Χύ ƻǊ ŘǳŜ ǘƻ ŀŘŘƛƴƎ ƻǘƘŜǊ substances, so-called quenchers, that interact with the 
fluorophore by offering non-radiative relaxation pathways. 

3.2 Fluorescence spectroscopy and microscopy  

In the previous chapter we have learnt the basic principles of fluorescence. The fluorescence 

light emitted by a fluorophore contains a high amount of information about the molecule itself 

and its environment (see Jablonski Diagram, Figure 3.1). The most direct way to access this 

information is analyzing the fluorescence signal with a spectroscope. A spectroscope collects 

the incident fluorescence and separates the individual wavelengths with the help of a prism or 

a diffraction grating. The individual signals can then be detected for example on a charge-

coupled device (CCD) camera. If the fluorescence is analyzed by such a detector the device is 

usually referred to as a spectrometer. With a spectrometer fluorescence spectra such as in 

Figure 3.2 can be acquired. 

 

In this thesis some fluorescence spectra are displayed however the majority of experiments 

were conducted utilizing another important device: the optical microscope. The optical 

microscope is an instrument with the help of which objects too small for the human eye can be 
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magnified and visualized. Here, the optical microscope is used to observe the fluorescence of 

molecules and to monitor their motion. Throughout this work, this was mostly done with 

samples in which the fluorescent molecules were diluted to such a high extent ( 10-10 ς 10-11 

mol/L) that individual molecules can be observed separately. This technique is called Single 

Molecule Microscopy (SMM). The apparatus used to observe the fluorescence of single 

molecules are described in detail in Chapter  3.2.1. 

With SMM subpopulations of differently behaving molecules can easily be distinguished due to 

the low concentration of the molecules. A microscopy technique based on observing and 

fluorescence entity under ensemble concentrations would not reveal these subpopulations 

since the recorded signal yields an averaged value for the entire observed sample. This 

averaging problem is inevitable for ensemble methods. Single molecule microcopy is utilized in 

this work for the investigation of fluorescent (bio-) molecules inside mesoporous silica 

structures (see Chapter 2). The individual molecules are used as probes, which explore the 

porous host structure. SMM is well-suited for these experiments since it offers very detailed 

insights into the sample structure. For example, structural heterogeneities of the materials can 

be clearly resolved with SMM. Additionally, SMM is a non-invasive technique that does not 

alter or damage the samples. The mesoporous materials do not get affected negatively due to 

the extremely low concentrations of fluorescent molecules.  

Moreover, the Single Molecule Microscopy yields data that can be used for an accurate 

positioning (tracking) of the recorded fluorescence signals. With these so-called Single Particle 

Tracking (SPT) methods a map of the molecular movements, a so-called trajectory, can be 

obtained. The trajectories often reveal mechanistic details of the investigated structures. The 

methods for Single Particle Tracking and Diffusion analysis are explained in detail in Chapter 

3.2.1.3 and 3.2.1.4.  

Consequently, SMM has become a powerful tool76-78 for studies in several scientific disciplines 

ranging from  biology79-85 to material science.86-89 SMM has also been used extensively for the 

investigation of porous host-guest systems. This revealed many hidden details that are 

inaccessible to other techniques.90-95 Consequently, SMM plays a crucial role for the 

investigation of mesoporous silica structures described in this work. 

 

One study depicted in this thesis deals with the investigation of oligonucleotide dynamics 

inside mesoporous silica particles. Due to the nature of these samples the fluorescence signal 

of the dye labeled oligonucleotides was very low. Consequently, these samples were 



3.2 Fluorescence spectroscopy and microscopy 

22 

investigated under ensemble concentrations with a technique called Fluorescence Recovery 

after Photobleaching (FRAP). The technique and the corresponding models for data evaluation 

are described in Chapter 3.2.2. 

3.2.1 Single molecule microscopy techniques 

In this subsection two basic techniques for the observation of single molecule fluorescence: 

Laser Scanning Confocal Microscopy and Wide-field Microscopy are introduced. After that, the 

Single Particle Tracking (SPT) methods are explained that are essential for extracting molecular 

trajectories, i.e. detailed maps of the individual motional behaviour of the single molecules. 

Finally, the diffusion theory relevant for this work is outlined. 

3.2.1.1 Laser Scanning Confocal Microscopy (LSCM) 

In this section a detailed explanation of Laser Scanning Confocal Microscopy for the 

observation of individual molecules is presented. 

 

Detecting the weak fluorescence of single molecules through optical methods is very 

challenging since for example only a tiny fraction of the photons emitted by the laser are 

actually absorbed by the molecule. The cross-section  of a single molecule (see Chapter 3.1) is 

in the order of nm2 and thus small compared to the illuminated region. Additionally, within the 

sample there may be other fluorescent molecules stemming for example from impurities. This 

is not a problem for a measurement at ensemble concentration. However, after diluting the 

fluorophore of interest to single molecule concentrations ( 10-10 - 10-11 mol/L), fluorescence 

due to impurities can make single molecule observations impossible. One way to overcome 

these limitations is to minimize the size of the excitation volume. A first important step 

towards a microscopy of single molecules was done in 1986 when Amos and White, two 

researchers at Cambridge University, developed the first working prototype of a confocal 

microscope. Through the small excitation volume a lot of noise could be removed and further 
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improvements on the optical setup, namely a pinhole installed in front of the detector, very 

efficiently excluded photons coming from outside the detection volume. This aperture reduces 

the background substantially and paves the way for single molecule detection sensitivity. In 

modern confocal microscopes a typical size of the confocal volume is  300 nm in the focal 

plane and  900 nm along the optical axis. 

 

Figure 3.4 depicts the scheme of a Laser Scanning Confocal Microscope. The sample is excited 

by a laser. Typical laser wavelengths for single molecule studies are 633 nm (He-Ne laser) or 

532 nm (frequency doubled diode pumped Nd:YAG solid state (dpss) laser). Through an 

objective the laser is focused onto the sample thereby exciting the single molecules to 

fluoresce. In order to be able to detect a maximum amount of photons from the weakly 

fluorescing single molecule, an oil-immersion objective with a so-called high Numerical 

Aperture (NA) has to be used. The NA determines the range of angles under which an objective 

can collect (or emit) light. The higher the NA, the more light can be collected. The emitted 

fluorescence light is collected again through that very same objective (epi-fluorescence setup) 

and separated from the blue-shifted excitation light (see Stokes-Shift, Section 3.1). The 

fluorescence light then passes the detection pinhole and can further be filtered before it is 

detected by a so-called avalanche photo-diode (APD). Since the APD is a point detector, the 

focused laser has to be scanned over the entire region of interest in the sample in order to 

record fluorescence images with such a setup. This can be done in the lateral plane (2D) or 

even for many consecutive 2D slices by moving the objective or the sample such that a 3D-

object can be reconstructed. 

 

Additionally, a prism-spectrometer is attached to the setup with a beamsplitter. This allows 

the spectra of single molecules to be observed simultaneously to measuring the fluorescence 

signal. The spectra of single molecules are not static but do often show highly dynamic 

behavior. They react for example to differences in the local environment of the molecule or 

change due to molecular aggregation. Hence, through its spectrum the molecule offers a high 

amount of information about its immediate surroundings and its interactions with the solvent 

for example. Hence, much additional information can be gained by monitoring spectral 

fluctuations.  
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Figure 3.4: Typical Laser Scanning Confocal Microscopy setup with additional optics to record 
single molecule spectra and to observe molecular orientation. The sample is illuminated by a 
laser through a high numerical aperture objective and the fluorescence is collected through 
that same objective (epi-fluorescence setup). Through a dichroic filter and further fluorescence 
filters the red-shifted fluorescence light can be separated from the excitation light. The 
fluorescence can be detected with an avalanche photo-diode (APD). Additionally, a prism-
spectrometer allows measuring single molecule spectra.  

In this work, confocal laser scanning microscopy is used on a single molecule level to unravel 

the complex interplay of drugs with mesoporous silica delivery structures. However, the CSLM 

technique also suffers from some drawbacks with respect to the microscopy of individual 

molecules inside mesoporous host structures. Due to the time-consuming scanning process, 

the technique is limited when fast molecular dynamics needs to be monitored. This can be 

overcome by a technique called Wide-field Fluorescence Microscopy. 

3.2.1.2 Wide-field Fluorescence Microscopy 

Figure 3.5 shows a typical setup used for Wide-field Fluorescence Microscopy. With this 

technique a large area on the sample is illuminated homogeneously. This can be realized by a 

diaphragm placed into the laser beam and cutting out a certain region of interest that is 
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reduced in size by lenses and focused onto the back-focal plane of the high NA oil-immersion 

objective. Due to focusing onto that back-focal plane, the laser light leaves the objective 

unfocused illuminating homogeneously a certain area on the sample. All fluorescent molecules 

inside this region get excited and thus a high number of single molecules can be monitored at 

the same time. The molecular fluorescence is then collected in epi-fluorescence mode and 

through passing a dichroic mirror and a fluorescence filter it gets efficiently separated from the 

exciting laser wavelength. The signal is focused onto a back-illuminated cooled charge-coupled 

device (CCD) camera. A highly sensitive camera is an essential prerequisite since the single 

molecule fluorescence is very weak. Especially when the molecules move fast, the intensity per 

camera pixel is low. In this work an Andor iXon model DV897 was used. Besides the ability to 

simultaneously monitor several molecules, the camera has another important advantage. 

Individual images can be recorded with a very low integration time per image down to 10 ms. 

Consequently, movies can be recorded with a high frame rate per image, thereby allowing to 

monitor fast molecular dynamics. This overcomes a central disadvantage of the Scanning 

Confocal Microscope introduced above. The maximum observation time for the single 

molecules is then only limited by the photostability of the individual fluorophore. The ability to 

record long movies also guarantees sufficient data for further statistical evaluation. This is a 

crucial point for single molecule studies. Since each individual molecule behaves differently, 

good statistics are a key requisite for drawing well-founded conclusions. 

 

A drawback of the wide-field technique is the high background due to out-of-focus 

fluorescence that gets collected by the high NA objective. The typical resolution in the axial 

direction is only about 1 µm. However, for the investigation of thin mesoporous films, this is of 

no consequence, since the film thickness lies typically between 100 ς 200 nm and thus there 

are no fluorescent molecules present in out-of-focus planes. 

 

In summary, fast dynamics can be recorded with a high frame rate in a short timescale, 

yielding a high amount of data. This makes Wide-field Fluorescence Microscopy a valuable tool 

for single molecule studies of fluorescent guest molecules incorporated inside mesoporous 

silica host structures. 
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Figure 3.5: Wide-field Fluorescence Microscopy Setup. The laser light is first cut by a 
diaphragm to a rectangular shaped region. This image of the diaphragm is then focussed by a 
lens to the back focal plane of the high NA oil-immersion objective and from there this focused 
image of the diaphragm is drawn onto the sample where it homogeneously illuminates a 
certain area. All fluorophores inside this illuminated area are excited and their fluorescence 
can be monitored simultaneously. The fluorescence light is collected in an epi-fluorescence 
setup through the same objective and is separated from the excitation light through a dichroic 
filter and a fluorescence filter. The image can then be recorded typically on charge-coupled 
device (CCD) camera. 

3.2.1.3 Optical resolution and positioning accuracy: Single 

Particle Tracking (SPT) 

In order to understand Single Particle Tracking (SPT), we first have to distinguish between the 

ǘŜǊƳ άǊŜǎƻƭǳǘƛƻƴέ ŀƴŘ ǘƘŜ ǘŜǊƳ έǇƻǎƛǘƛƻƴƛƴƎ ŀŎŎǳǊŀŎȅέΦ  

The former denotes the optical limit of the microscope. The resolution limit is defined as the 

smallest distance between two objects that still allows them to be distinguished. The image of 

any object that is significantly smaller than the wavelength of the utilized laser light (a so-

called point source) does not appear as a point, but as a so-called Airy disc (see Figure 3.6). 

This Airy disc is created since the laser light gets diffracted by the small object. Consequently 
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the Airy disc is a diffraction pattern characterized by several orders of maxima and minima 

(Figure 3.6 a). According to the Rayleigh criterion, in optical microscopy also referred to as the 

Abbe resolution limit, two point sources can only just be resolved if their distance equals the 

radius of the Airy disc , which is defined as the distance from the center of the Airy disc to 

its first minimum and is given by: 

  

 
 (3.2) 

 

in the lateral plane (perpendicular to the optical axis).  is the wavelength of the laser light and 

 denotes the numerical aperture of the objective. A schematic view of two Airy discs 

separated by  is given in Figure 3.6 b. As mentioned above, the point sources can only just 

be resolved individually. If they are closer (Figure 3.6 c), they cannot be distinguished as two 

individual objects. This resolution limit is typically  of the wavelength of the utilized laser 

light, which gives a resolution of about 300 nm for a red He-Ne laser 

 

 

Figure 3.6: The airy disc and the Rayleigh criterion for spatial resolution. a) An Airy disc 
created by one point source is shown (upper panel) as well as its corresponding intensity 
distribution (lower panel). The Airy disc shows a sequence of intensity maxima and minima due 
to higher orders of diffraction. b) Two point sources separated by a distance . This is the 

minimal distance necessary to resolve two adjacent point sources, since in  the maximum 

of one Airy disc overlaps with the first minimum of the second Airy disc. c) If the two Airy discs 
are closer than  the point sources cannot be resolved individually. Image adapted from 

Nikon-MicroscopyU.96 
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However, the position of such a point source can be determined with a much higher accuracy 

of a few nanometers by fitting the recorded fluorescence signal to a two-dimensional Gaussian 

function: 

 

 
 (3.3) 

 

where  is the recorded fluorescence intensity,  the amplitude of the signal and  the full 

width at half-maximum of the Gaussian curve.  and  denote the coordinates of the 

position of the individual molecule. This process of positioning the individual molecule by 

fitting an appropriate function to the single molecule fluorescence signal is called Single 

Particle Tracking. Fitting Eq. 3.3 to a single molecule fluorescence signal thus yields the 

molecular coordinates. Repeating that procedure for example for all individual frames of a 

movie recorded on a Wide-field Microscope showing diffusing molecules yields a so-called 

trajectory. The trajectory is a detailed map of the motion of the individual molecule. 

 

This positioning accuracy and thus the quality of the information in a trajectory is only limited 

by the signal-to-noise ratio.97, 98 There are obviously two options to increase the signal-to-noise 

ratio. On the one hand, we need to find ways to increase the signal. This is the reason, why in 

ǎƛƴƎƭŜ ƳƻƭŜŎǳƭŜ ƳƛŎǊƻǎŎƻǇȅ ŀ άōǊƛƎƘǘέ ŦƭǳƻǊƻǇƘƻǊŜ ƛǎ ƴŜŜŘŜŘ ǿƛǘƘ ŀ ƘƛƎƘ ǉǳŀƴǘǳƳ ȅƛŜƭŘ ŀƴŘ ŀ 

high absorption cross-section. Furthermore, it should show blinking only rarely. On the other 

hand, we need to find ways to reduce the noise. There are two categories of noise: the shot 

noise and the background noise. The shot noise represents the situation, when the finite 

number of recorded photons is low enough that statistical fluctuations in the number of 

detected photons occur. This again can get minimized by using a dye with good photo-physical 

properties. In contrast, the background noise describes the out-of-focus fluorescence that gets 

recorded. This background noise is typically much higher for Wide-field Microscopy than for 

Confocal Microscopy due to the confocal pinhole in the latter case. In Wide-field Microscopy 

this background can be reduced through using thin samples with a thickness far below the 

axial resolution of the microscope, as mentioned above.  

 

A single particle trajectory is the starting point in a thorough evaluation of the diffusion data. 

In a second step, the data acquired through SPT can be fitted to an appropriate diffusion 

model in order to quantify the dynamical information contained in the measured movies.   
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3.2.1.4 Diffusion Theory 

In order to make mesoporous silica structures accessible for applications as host systems, 

understanding, and in a further step controlling, the dynamics of guest molecules embedded 

inside these structures is an essential prerequisite. We need to characterize in detail, the 

motional behavior of the molecules incorporated in the materials. In order to understand the 

modeling of the SPT data, diffusion theory needs to be introduced first.   

 

Mathematically, the theory of diffusion can be divided into macroscopic and microscopic 

diffusion theory. ThŜ ƳŀŎǊƻǎŎƻǇƛŎ ŘƛŦŦǳǎƛƻƴ ǘƘŜƻǊȅ ƛǎ ǿŜƭƭ ŘŜǎŎǊƛōŜŘ ōȅ CƛŎƪΩǎ ƭŀǿǎ ƻŦ ŘƛŦŦǳǎƛƻƴΦ 

In this model, diffusion is considered as a net transport of particles from a region with higher 

concentration to a region with lower concentration. The mobility of the particles is a result of 

their thermal motion (Brownian motion). These laws will not be discussed here, since we 

investigate diffusion on a microscopic level by observing the mobility of individual molecules. 

In our case no net transport occurs. The movies acquired on the microscope setups described 

above only show diffusion due to thermal (Brownian) motion. 

 

In order to characterize diffusion microscopically, the mean square displacement (MSD) 

 is a very useful parameter. It describes the mean square of the displacements of the 

particles between individual steps (recorded frames) of the movement with time . The longer 

the time for the particle to diffuse the higher the MSD will be. For an undisturbed free 

Brownian diffusion of the particle Einstein developed a model in 1905.99 This model has a high 

relevance in many fields of science, for example in biology.100 The MSD obeys 

 

  (3.4) 

 

where  denotes the spatial dimension. Thus,  = 1 characterizes a diffusion in one dimension, 

whereas  = 2 refers to a two-dimensional motion and  = 3 characterizes a diffusion process 

taking place in all three dimensions. For the microscopic investigations in this work usually a 

two-dimensional projection of a three-dimensional motion is recorded since the motion along 

the optical axis was not resolved. Thus, the MSD is given by 

 



3.2 Fluorescence spectroscopy and microscopy 

30 

  (3.5) 

 

However, in real samples, the diffusional behaviour often deviates from the ideal Brownian 

diffusion. There are three categories of non-ideal diffusion: diffusion with flow, anomalous 

diffusion and corralled diffusion. The MSDs for the different categories are compared in Figure 

3.7.  
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Figure 3.7: Mean square displacement (MSD) curves for four different modes of diffusion. 
The MSD as a function of time for diffusion with flow, normal diffusion, anomalous diffusion 
and corralled diffusion. 

According to Eq. 3.5 the MSD in the case of normal diffusion is a straight line. The functions for 

the other modes of diffusion are given by: 

 

Diffusion with flow: 

 

  (3.6) 
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where  is the velocity of the flow. Diffusion with flow for example occurs when a leaf of a tree 

falls into a river and floats on the water surface. The flow in this example is provided by the 

water that runs with a certain velocity along the course of the river. Additionaly, there is a 

diffusive contribution by the motion of the leaf itself on the water surface.  

 

Anomalous diffusion: 

 

  (3.7) 

 

where the MSD obeys a power law with the coefficient  ( ). Anomalous diffusion 

can be observed for example for macromolecules in highly crowded areas, e.g. inside the 

cytoplasm of a cell. The presence of a high number of obstacles prevents the macromolecules 

from diffusing normally. 

 

Corralled diffusion: 

 

 
 (3.8) 

 

where  is the mean squared confinement radius.  and  are constants defining the 

corral geometry. Corralled diffusion can be observed when particles move inside confined 

geometries. Fitting the MSD curve to Eq. 3.8 allows to extract the mean radius of the 

confinement, a structural information about the investigated material. 

 

However, much more detailed information can be extracted from the SPT data. The step 

lengths  that result from the distances between two consecutive points in a trajectory offer 

insights into the structure of the mesoporous silica host. Within this work, diffusion 

coefficients extracted from the distribution of step lengths will be used to discuss 

heterogeneities in the structure of the silica materials. The distribution of functional groups 

attached to the walls of the silica pores is tested for heterogeneities with this method. The 

theoretical background for the analysis is described below in brief. A detailed derivation of the 

below given equations can be found in the thesis of J. Kirstein.101  

First, the step lengths are extracted from the trajectory. This can be done for various time lags 

, where  corresponds to the integration time for a frame in the recorded movie. For 
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, for example, the distances between data points 1 and 2 or 2 and 3, etc. are taken. For 

 the distances between data points 1 and 3 or 2 and 4, etc. are calculated, and so on. 

From this, the probability distribution  of the squared displacements , at time  can 

be obtained. For normal diffusion in two dimensions with one diffusive component it is given 

by102, 103 

 

 
 (3.9) 

   

where  corresponds to the positioning accuracy. Diffusion in one or three dimensions is not 

relevant for this work and will not be considered here. Eq. 3.9 expresses that the probability of 

finding a molecule is highest at the origin and gets reduced exponentially with increasing 

distance from the origin. Furthermore, the probability of finding a molecule at certain distance 

from the origin increases with time. 

Knowing the probability distribution , the cumulative probability distribution   

for a given squared step length  can be calculated. 

 

 
 (3.10) 

 

 describes the probability that the mean square displacement of the guest molecule in 

the mesoporous host for does not exceed a value  in time t. This means that the molecule 

can be found within a circle of radius  at time t. Figure 3.8 shows an exemplary cumulative 

probability distribution for normal diffusion in two dimensions with one diffusing component. 

 

Often, the analyzed data are displayed as an inverse of the cumulative probability distribution 

, which is given by 

 

  (3.11) 

 

Figure 3.9 shows the inverse of the cumulative probability distribution plotted in Figure 3.8. 
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Figure 3.8: Cumulative probability distribution function  for normal diffusion in two 
dimensions with only one diffusive component for a certain time lag . For diffusion in two 
dimensions  follows an exponential distribution. 
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Figure 3.9:  Inverse of the cumulative probability distribution function  for normal 
diffusion in two dimensions with only one diffusive component for a certain time lag . For 
diffusion in two dimensions  follows an exponential decay. 

A convenient way to display the data is plotting  versus the squared displacements. 

With a logarithmic scaling of the -axis (semi-logarithmic plot) a straight line results if only one 

diffusion coefficient  is sufficient to describe the molecular motion inside the pore (see 

Figure 3.10 a). In case  the curve is bent, several diffusion coefficients have to be taken into 
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account (Figure 3.10 b). The resulting experimental distribution can thus be fitted to a mono-, 

bi- or higher exponential function: 

 

 

 

(3.12) 

 

where . The mean square displacements  can then be obtained by fitting the 

experiemental data to Eq.3.12, thus giving diffusion coefficients according to Eq.3.5. This step 

length analysis thus offers insights into heterogeneities of the diffusional motion of the 

recorded single molecules inside the mesoporous host. 
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Figure 3.10:  Semi-logarithmic plot of the inverse of the cumulative distribution function for 
a certain time lag  . a) Only one component of diffusion. b) Two components of diffusion. 

3.2.2 Fluorescence recovery after photobleaching (FRAP) 

Within this subsection the FRAP technique is introduced. First, the basic principles of the 

method are explained. Later, the data analysis and modelling are described. 

 

 



3.2 Fluorescence spectroscopy and microscopy 

35 

3.2.2.1 The basic principles of FRAP 

The Fluorescence Recovery after Photobleaching (FRAP) technique was developed in 1976.104, 

105 Since then it has become a standard tool especially for determining dynamics of all kinds of 

fluorophores or fluorescently labelled molecules inside living cells. FRAP was utilized for 

example to investigate the dynamics of proteins and lipids within membranes and to address 

the mobility of solutes inside the cytoplasm and the nucleus.106-111 Furthermore, this method 

has been applied to study diffusion in confined biological spaces, such as tumor tissues.112, 113 

The FRAP technique has been reviewed extensively by Meyvis et al. also highlighting many 

applications.114 In this thesis, FRAP is used for the investigation of siRNA and DNA mobility 

inside mesoporous silica particles. 

 

The key idea of FRAP consists of determining the dynamics of fluorescent molecules by 

bleaching all the molecules moving inside the focal volume through an intense laser beam and 

subsequently monitoring the fluorescence recovery with the help of a greatly attenuated beam 

(Figure 3.11 a). Before bleaching ( ) the fluorescence in the solution is homogeneously 

distributed. At  the laser is placed at a certain position, lasing with full power such that 

the fluorophores get efficiently bleached. The time required for bleaching should be short 

compared to the characteristic diffusion time of the investigated species. With increasing time 

the fluorescence recovers in the bleached region until it is fully recovered (). Recovery 

occurs due to molecules diffusing from unbleached regions of the sample back into the focal 

volume and bleached molecules diffusing out. From monitoring the increase in fluorescence 

intensity in the focal volume after bleaching , a so-called recovery curve can be obtained 

(Figure 3.11 b). Assuming a certain diffusion model, a diffusion coefficient   for the 

fluorescent molecules can be derived. A FRAP measurement can be conducted on a 

conventional Laser Scanning Confocal Microscope (see Chapter 3.2.1.1). 
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Figure 3.11: Fluorescence Recovery after Photobleaching (FRAp) experiment. (a) Schematic 
view of the experimental sequence. Before bleaching ( ) the fluorescence in the solution is 
homogeneously distributed. At  the laser is placed at a certain position, lasing with 
maximum power in order to bleach the fluorophores efficiently. With increasing time the 
fluorescence recovers in the bleached region until full recovery ( ). (b) Recovery curve of 
the fluorescence intensity. 

3.2.2.2 Data evaluation 

In this section, it will be explained how the fluorescence intensities that are necessary to 

obtain the recovery curve (see Figure 3.11 b) are extracted from the FRAP experiment depicted 

in Figure 3.11 a. 

Data evaluation for the FRAP experiments discussed in this work was done by K. Schneider in 

the group of H. Leonhardt (LMU Munich, Department of Biology, Munich Germany). The 

analysis of the recorded sequences of fluorescence images that display the bleaching and 
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subsequent fluorescence recovery (see Figure 3.11 a)) was performed using automated 

processing with ImageJ115 including a set of self-developed macros. The imported image series 

were first Gauss-filtered (2 pixel radius) and converted to 8-bit since this facilitates image 

analysis. Datasets that showed lateral movement of particles were corrected by image 

registration using the StackReg plug-in of ImageJ since a sample drift on the microscope leads 

to biased results for the diffusion coefficients. Next, mean fluorescence intensities were 

extracted from all individual images of the recorded sequence. Three regions of interest (ROIs) 

were evaluated: the bleached region (), the total particle area () as a reference and a 

background ROI outside the particle. Whereas the total particle area and a reference area 

outside the particle can be defined easily from the images, the bleached region was analyzed 

in the following way: a cross-section was done through the spherical bleached regions, yielding 

a roughly Gaussian shaped fluorescence intensity profile. Then, the full width at half maximum 

(FWHM, ) was determined from that bleached profile. This parameter is important for the 

modeling of the data discussed in the next Chapter 3.2.2.3. 

Furthermore, this parameter  was used as the diameter of the circular bleached region . 

The fluorescence intensity value for region B is then the mean value of all individual pixel 

signals in region B. From the raw fluorescence intensity data of  and  the fluorescence 

background was subtracted. The resulting postbleach values were multiplied by 

 to correct for the superimposed gain or loss of total fluorescence during 

postbleach acquisition, potentially caused by import, bleaching-by-acquisition and flux of 

residual fluorescence from above and below the recorded optical plane. To correct for particle-

to-particle differences in bleaching depth, a value  was subtracted from all mean 

fluorescence values such that the starting mean fluorescence intensity for all curves was set to 

the same value. From this value  a value  results that is necessary for the modeling 

discussed in Chapter 3.2.2.3. This is important in order to be able to compare different 

recovery curves. The corrected values for  and  were normalized to the respective means of 

the last 5 prebleach values, which represent 100% recovery.  

To summarize, the fluorescence intensity value extracted from region B, was background 

corrected, corrected by data from an unbleached reference area in the sample and normalized 

to the same starting fluorescence intensity value and normalized to the prebleach values. If 

this is done for each recorded image of the frame sequence, the individual fluorescence 

intensity values of the recovery curves are obtained. 
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3.2.2.3 Data  modelling 

In order to extract diffusion coefficients from the recovery curve and thereby quantifying the 

molecular mobility a certain diffusion model has to be assumed. The model used in this work 

has been introduced by Axelrod et al.104 further elaborated by Soumpasis116 and McNally.117 

Data modeling for the FRAP experiments presented in this work were done by K. Schneider 

and A. Dobay in the group of H. Leonhardt (LMU Munich, Department of Biology, Munich 

Germany). In the following paragraph the model will be described in brief. 

 

We consider the photobleaching event as a simple irreversible first-order reaction with the 

rate , where  is the rate constant and  the bleaching intensity at a certain position 

. The concentration of unbleached fluorophore  at a position  at time  is given by 

 

 
 (3.13) 

 

due to the bleaching at this position. 

So far, no diffusion is assumed. After bleaching with an intense light pulse for a time interval ,  

which needs to be short compared to the characteristic diffusion times, the concentration 

profile of the fluorophore at the beginning of the recovery phase ( ) is given by 

 

  (3.14) 

 

with the initial homogeneous fluorophore concentration . Eq. 3.14 is the solution to the 

differential Eq. 3.13.  FoǊ ǎƛƳǇƭƛŎƛǘȅΣ ǘƘŜ άŀƳƻǳƴǘέ ƻŦ ōƭŜŀŎƘƛƴƎ ƛƴŘǳŎŜŘ ƛƴ ǘƛƳŜ  is expressed 

by a parameter  

 

  (3.15) 

 

Assuming a Gaussian laser intensity profile,  can be written as 

 

 
 (3.16) 
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with the half-width at  height and the total laser power.  

However, when a distinct small region of interest is bleached, the approximation of the laser 

intensity in the form of a circular disc profile describes the real situation better. For such a 

profile  is given by  

 

 

 (3.17) 

 

where  is the radius of the disc.  

Whereas Eq. 3.16 and Eq. 3.17 determine the geometry of the laser profile, Eq. 3.14 

determines the bleaching behavior of the fluorophores with a certain bleaching rate . 

 

Figure 3.12 illustrates the bleaching behavior of fluorophores bleached by a Gaussian laser 

profile for different values of the bleaching parameter K (see Eq. 3.15).  
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Figure 3.12: Normalized initial post-bleach fluorophore concentration . The 
flurophore concentration was calculated assuming a Gaussian beam according to Eq. 3.16 for 
different values of the bleaching parameter K (see Eq. 3.15). Figure adapted from Axelrod et 
al..104 
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The differential equation for a lateral transport of a single species of fluorophores through 

diffusion with a diffusion coefficient  is 

 

 
 (3.18) 

 

This description omits any active transport or flow. The fluorescence observed at time  is 

given by 

 

 
 (3.19) 

 

 Where  is the solution of Eq. 3.18 for the -dependent initial condition given in Eq. 

3.14. The parameter  is the product of all quantum yields and  is the attenuation factor of 

the beam used for the observation of fluorescence recovery. Fluorescence recovery curves can 

be displayed conveniently in the following notation, called fractional form  

 

 
 (3.20) 

 

According to Soumpasis et al.116 for uniform circular beams this fractional recovery curve can 

be modified to a simple closed form 

 

 
 (3.21) 

 

where  and  are modified Bessel functions and 

  

  (3.22) 

 

for diffusion in two dimensions. In this form the fractional recovery curve is independent of the 

bleaching parameter . This recovery model prescribes the data assuming one population and 

hence one diffusion coefficient . McNally et al.117 adapted this fractional recovery curve, 

taking into account fractional bleaching, i.e. only part of the molecules are bleached, which is 

closer to the real situation. 
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 (3.23) 

where  is the bleached fraction. This model can then be fitted to the data set, the 

fluorescence recovery curve . The model of Eq. 3.23 requires the parameters  and the  

(see Eq. 3.22) that result from the evaluation of the experimental data (see Chapter 3.2.2.2).  
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4 Mesoporous silica materials for 

drug-delivery applications 

Mesoporous silica structures with nanometer-sized channels have been introduced as a group 

of versatile host materials in Chapter 2. They can thus form an interesting platform for diverse 

applications. The studies within this chapter shall now highlight possible routes towards 

applications in the evolving field of nanomedicine.  

First, an introduction to the status quo in drug-delivery is given, outlining as well the current 

challenges and limitations. The second section demonstrates how a fine-tuning of the 

dynamics of the guest molecules embedded inside the delivery vehicle can be realized. This is a 

central prerequisite for efficient drug-delivery, namely for generating a depot-effect, i.e. a 

controlled release profile of the drug over a prolonged period of time. In Chapter 4.3 and 4.4 

two studies accentuate very different ways of applying mesoporous silica in drug-delivery. The 

studies depicted here span a broad scope, ranging from cancer treatment to gene therapy and 

silencing. The experiments thus demonstrate that mesoporous silica nanomaterials can 

provide solutions for current challenges in nanomedicine. 
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4.1 Introduction to Drug-Delivery 

¢ƘŜ ǘŜǊƳ άŘǊǳƎ-ŘŜƭƛǾŜǊȅέ ŘŜǎƛƎƴŀǘŜǎ ŀ ƳŜǘƘƻŘ ƻŦ ŀŘƳƛƴƛǎǘŜǊƛƴƎ ŀ ŘǊǳƎ ǿƛǎŜƭȅ ǎǳŎƘ ǘƘŀǘ a 

maximum therapeutic effect can be achieved. A drug-delivery system is a carrier structure or 

matrix, with the help of which the drug gets transported to its target site. An ideal drug-

delivery system should satisfy the following essential requirements in order to guarantee an 

efficient therapy. 

 

(i) The drug delivery system should offer a high loading capacity such that a high 

amount of drug can be stored in the carrier system. 

(ii) An ideal drug delivery system should further provide means to fine-tune the drug 

dynamics in the carrier in order to generate a depot effect.  

(iii) It is essential that the drug carrier protects the sometimes fragile drugs from 

decomposition (e.g. short interfering RNA (siRNA) or enzymes), for example due to 

contact with body fluids. The drug delivery system should promote drug stability. 

(iv) The drug delivery system should further protect the body from severe side-effects of 

the drug (e.g. in cancer treatment: chemotherapy). 

(v) An ideal drug delivery system should show cell-targeting ability, i.e. the ability to 

navigate the small carrier structure throughout the human organism exactly to the 

target-site, where the cause of the illness is located  (for example the site where the 

tumor sits). This shall prevent drug accumulation in other regions of the body and 

would reduce the necessary amount of administered drug. 

(vi) The drug carrier system should tightly seal the drug, for example through using cap 

systems in order to prevent the drug from being released prior to reaching the 

target-site.  

(vii) However, after reaching that target-site the caps should open reliably in order to 

release the drug efficiently and completely. Hence, the cap system must be able to 

react upon a certain trigger at the target-site (e.g. a pH change).  

(viii) Finally, the drug delivery system itself should be non-toxic and biodegradable. 

 

This is obviously a very challenging list of requirements, however a variety of different drug-

delivery strategies have been developed so far. Currently available nanocarriers for drugs 

consist for example of synthetic organic polymers,29, 118, 119 micelles and liquid crystals,120 
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liposomes,30 polymeric nanocapsules121, 122 and diverse nanoparticle constructs.31, 123 Yet, a 

drug-delivery system that completely satisfies all above criteria is not available yet. For 

example, liposomal carrier systems do not offer a depot effect. Upon liposome opening the 

drug gets released instantaneously. Furthermore, cell-targeting remains a great challenge for 

many classes of drug-delivery systems. Consequently, the search for smart drug-delivery 

strategies must go on and therapeutic alternatives are desperately needed in many fields of 

medicine, since the patients still suffer from severe side-effects. The studies in this chapter 

should demonstrate that mesoporous silica can become a novel option in drug delivery. 

Mesoporous silica shows many promising characteristics that could satisfy the above listed 

requirements (the numbering refers to the corresponding criteria listed above). 

 

(i) Mesoporous silica offer due to their tunable porous network a high pore volume and 

surface area, such that a high amount of differently sized guests can be incorporated. 

(ii) The question of the tunability of drug dynamics and thus the creation of a depot 

effect is thoroughly discussed in the study presented in the next section of this work. 

(iii) The ability to covalently attach functional groups offers a wide choice of surface 

modifications compatible with the used drug. 

(iv) If the drug is incorporated in a porous network that can be capped (see 6), the body 

will be protected from the drug. 

(v) Cell-targeting is probably the most challenging criterion. However, mesoporous silica 

can be modified through click-chemistry in a variety of ways such that specific 

ǊŜŎŜǇǘƻǊǎ ŎƻǳƭŘ ōŜ ŀǘǘŀŎƘŜŘ ƻƴ ǘƘŜ ŘŜƭƛǾŜǊȅ ǎȅǎǘŜƳΩǎ ǎǳǊŦŀŎŜΦ 

(vi) There are various strategies for capping the pores of mesoporous silica already 

available, e.g. a protease responsive cap system introduced by Schlossbauer et al.,124 

pH-sensitive gates reported by Cauda et al.,125 DNA based caps,126 CdS nanocrystals,43 

or magnetic caps45 (this also refers to vii). 

(viii) The question of porous silica toxicity is discussed ambivalently. There are studies by 

Lin127 and Park et al.128 showing non-toxic porous silica constructs. Biodegradation 

studies by Cauda et al. showed for example that partial degradation of mesoporous 

silica nanoparticles takes place already 2 ς 24 h after immersion of the particles in a 

simulated body fluid.129 Good biocompatibility was also found by Kumar et al.130 for 

organically modified silica nanoparticles. In contrast, there is a study by Di Pasqua et 

al.131 reporting about cytotoxicity of mesoporous silica materials. Additionally, 
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cytotoxic effects of silica nanoparticles on human bronchial epithelial cells132 and 

endothelial cells133 were reported recently. A comprehensive study of the influence 

of mesoporous silica nanoparticle size, pore ordering and pore integrity on hemolytic 

activity was reported by Lin et al. in 2010.134 The general conclusion so far seems to 

be that the morphology of the porous silica (fibers, particles, etc.) plays a crucial role 

as well as the size, the surface topology (edges, kinks) and the surface 

functionalization. However a general assessment of the toxicity is hard to make a 

priori, instead detailed testing has to be done for each individual construct.  

 

Consequently, mesoporous silica has the potential to form a new class of promising drug-

delivery systems. This was also shown by Cauda et al. in 2008 in a study investigating the 

diffusion of a large antibiotic in confined mesoporous silica.58 

Figure 4.1 summarizes the criteria discussed above and schematically depicts a mesoporous 

drug-delivery particle (not drawn to scale). 
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Figure 4.1: Schematic view on an ideal mesoporous silica drug-delivery particle.135 a) The 
mesoporous particle possesses covalently attached biolinkers for cell-targeting purposes on its 
external surface. Caps are attached to the exits of the functionalized pores (green). b) Insight 
into the porous network. The channels are coated with a functionalization (green) for 
generating a depot effect through tuning drug dynamics. The caps at the pore exits are shown 
as well as drug molecules inside the pores. 

The following studies in this chapter now highlight further possible ways towards drug-delivery 

with porous silica. They address very different challenges in nanomedicine and thus prove 

exemplarily the high potential of silica drug carriers. 


