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Abstract 

One of the most intriguing fields of research in this century is the development of controllable 

and effective drug delivery systems for targeted cancer therapy. This goal is closely connected 

to the development of suitable and innovative nanomaterials. In addition to the design of 

completely new nanoparticles, the properties of already existing materials, such as 

mesoporous silica nanoparticles, can be improved and modified by investigating new stimuli-

responsive release mechanisms and different cancer cell targeting strategies. Cancer 

nanotherapeutics is a rapidly progressing and growing research field, with conventional drug 

delivery systems already bypassing limitations of classical chemotherapy such as nonspecific 

biodistribution and targeting, lack of water solubility and poor bioavailability. The design of 

tailor-made nanoparticles of differing sizes and surface characteristics offers the ability to 

increase their circulation time in the bloodstream. Additionally, they are able to carry their 

loaded active cargo selectively to cancer cells and release the drugs after applying specific 

internal or external stimuli. By using the unique pathophysiology of tumors, such as their 

enhanced permeability and retention (EPR) effect and the difference in vascularity of the 

tumor microenvironment compared to healthy tissue, passive tumor targeting can be 

exploited. In addition to this passive targeting mechanism, active targeting strategies using 

ligands or antibodies on the external surface of nanocarriers can lead to enhanced specific 

receptor-mediated cancer cell uptake. Hence, emerging multifunctional nanoscale drug 

delivery systems can improve current cancer treatment strategies to close the gap to specific 

and personalized chemotherapy.  

This thesis is focused on the synthesis and modification of nanomaterials for targeted drug 

delivery applications. Effective tailoring of mesoporous silica nanoparticles (MSN) is 

described to further develop their great potential as multifunctional drug delivery 
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nanocarriers. The requirements for an efficient stimuli-responsive and thus controllable 

release of cargo molecules into cancer cells and the design principles for smart and 

autonomous nanocarriers are discussed. The possibility to spatially and temporally control the 

release of cargo molecules is shown. Different innovative stimuli-responsive release 

mechanisms were investigated and demonstrated in several in vitro and in vivo environments. 

The coating of the nanoparticles with different organic moieties on the external particle 

surface improves their biocompatibility, it can be utilized for the effective encapsulation of 

cancer therapeutics, and it facilitates attachment of targeting ligands for specific cellular 

recognition. The use of specific ligands for active cancer cell targeting is discussed in detail. 

The biocompatibility and toxicity of functionalized nanoparticles was tested in vitro and in 

vivo. Additionally, new silica-reduced and non-silica based nanomaterials for biomedical 

applications were synthesized and used for cellular delivery approaches.  

The first part of this thesis describes an enzyme-responsive release system on MSNs. These 

nanoparticles allow for controlled and targeted drug delivery to diseased tissues and therefore 

bypass systemic side effects. Spatio-temporal control of drug release can be achieved by these 

nanocarriers that respond to elevated levels of disease-specific enzymes. For example, matrix 

metalloproteinase 9 (MMP9) enzymes are overexpressed in tumors, are known to enhance the 

metastatic potency of malignant cells, and have been associated with poor prognosis of lung 

cancer. Here, the used MSNs are tightly capped by avidin molecules via MMP9 sequence-

specific linkers to allow for site-selective drug delivery in high MMP9-expressing tumor 

areas. We provide proof-of-concept evidence for successful MMP9-triggered drug release 

from MSNs in human tumor cells and in mouse and human lung tumors using the novel 

technology of ex vivo 3D lung tissue cultures. This technique allows for translational testing 

of drug delivery strategies in diseased mouse and human tissue. Using this method we show 

MMP9-mediated release of cisplatin, which induced apoptotic cell death only in lung tumor 
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regions of Kras mutant mice, without causing toxicity in tumor-free areas or in healthy mice. 

The MMP9 responsive nanoparticles also allowed for effective combinatorial drug delivery of 

cisplatin and the proteasome inhibitor bortezomib, which had a synergistic effect on the 

toxicity. Importantly, we demonstrate the feasibility of MMP9 controlled drug release in 

human lung tumors (Chapter 3). 

Another stimuli-responsive capping system is described in Chapter 4, where a novel 

thermoresponsive snaptop for stimulated cargo release from superparamagnetic iron oxide 

core ï mesoporous silica shell nanoparticles based on a [2+4] cycloreversion reaction (retro-

Diels Alder reaction) is presented. The non-invasive external actuation through alternating 

magnetic fields makes this material a promising candidate for future applications in externally 

triggered drug delivery. 

In a joint project with Prof. Bräuchle, Prof. Carell, and co-workers, a third stimuli-responsive 

release mechanism on MSNs is presented (Chapter 5). Here, we describe a novel enzyme-

based cap system for mesoporous silica nanoparticles (MSNs) that is directly combined with a 

targeting ligand via bio-orthogonal click chemistry. The capping system is based on the pH-

responsive binding of an aryl-sulfonamide-functionalized MSN and the enzyme carbonic 

anhydrase (CA). An unnatural amino acid (UAA) containing a norbornene moiety was 

genetically incorporated into CA. This UAA allowed for the site-specific bio-orthogonal 

attachment of even very sensitive targeting ligands such as folic acid and anandamide. This 

leads to specific receptor-mediated cell and stem cell uptake. We demonstrate the successful 

delivery and release of the chemotherapeutic agent Actinomycin D to KB cells. This novel 

nanocarrier concept provides a promising platform for the development of precisely 

controllable and highly modular theranostic systems. 
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In order to show the biocompatibility and explore the toxicity of functionalized MSNs in the 

lung, we investigated the bioresponse of avidin-coated MSNs (MSN-AVI), as well as 

aminated (uncoated) MSNs, after direct application into the lungs of mice (Chapter 6). We 

quantified MSN distribution, clearance rate, cell-specific uptake, and inflammatory responses 

to MSNs within one week after instillation. We show that amine-functionalized (MSN-NH2) 

particles are not taken up by lung epithelial cells, but induced a prolonged inflammatory 

response in the lung and macrophage cell death. In contrast, MSN-AVI co-localized with 

alveolar epithelial type 1 and type 2 cells in the lung in the absence of sustained inflammatory 

responses or cell death, and showed preferential epithelial cell uptake in in vitro co-cultures. 

Further, MSN-AVI particles demonstrated uniform particle distribution in mouse lungs and 

slow clearance rates. Thus, we provide evidence that avidin functionalized MSNs (MSN-AVI) 

have the potential to serve as versatile biocompatible drug carriers for lung-specific drug 

delivery. These MSNs were subsequently used for active targeting studies in the upcoming 

section. 

Specific receptor-mediated cancer cell targeting with functionalized MSNs was evaluated in 

Chapter 7. Targeting of tumor cells typically involves functionalization of nanoparticles with 

ligands for receptors that are specific for or overexpressed in cancer cells. Combination 

therapy with distinctly functionalized nanocarriers can be employed to target several cancer 

cell types. Here, we investigated the targeting efficiencies of EGFR- or CCR2-targeted 

mesoporous silica nanoparticles (MSNs) in vitro and in vivo for lung cancer therapy with 

cellular resolution. Nanoparticles functionalized with the artificial peptides GE11- or ECL1i- 

for EGFR- or CCR2-targeting, respectively, were specifically taken up by receptor 

overexpressing cell lines of the lung in vitro. In contrast, systemically applied GE11-

functionalized nanoparticles failed to accumulate in EGFR-overexpressing flank or lung 

tumors of mice, but accumulated in the liver or tissue-resident macrophages regardless of 
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their functionalization and the flank tumor type. Moreover, both EGFR- and CCR2-

functionalized MSNs did not target lung tumor tissue but were efficiently taken up by resident 

alveolar macrophages in tumorous but also tumor-free regions of the lungs upon local 

intratracheal administration to Kras-mutant transgenic mice. In conclusion, in vitro validated 

nanoparticle-mediated targeting of receptors on tumor and immune cells can fail in vivo in 

two distinct biological environments, i.e. the blood and the lung lining fluid. These findings 

suggest that nanoparticle-bound targeting ligands can be effectively shielded by the distinct 

biological environment in the serum and the lining fluid of the lung and redirected to 

phagocytosing mononuclear cells. Novel strategies that overcome this natural defense 

mechanism of the organism to foreign materials are thus required to establish efficient cell-

specific nanoparticle-mediated delivery of drugs for tumor therapy.  

The final parts of this thesis mainly focus on the development of new nanomaterials for 

cellular delivery applications. In Chapter 8 we describe a novel inorganic-organic hybrid 

material with a strikingly high organic content of almost 50 wt%. The colloidal periodic 

mesoporous organosilica (PMO) nanoparticles synthesized in this section consist entirely of 

curcumin and ethane derivatives serving as constituents that are crosslinked by siloxane 

bridges, without any added silica. These mesoporous curcumin nanoparticles (MCNs) exhibit 

very high surface areas (over 1000 m
2
/g), narrow particle size distribution (around 200 nm) 

and a strikingly high stability in simulated biological media. Additionally, the MCNs showed 

high autofluorescence and were used as a cargo delivery system in live-cell experiments. A 

supported lipid bilayer (SLB) efficiently seals the pores and releases Rhodamin B as model 

cargo in HeLa cells.  

Another innovative multifunctional nanomaterial that is applied in controlled drug delivery 

comprises cyclodextrin-based nanoparticles. In Chapter 9 we report on the synthesis of a 
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novel biocompatible material, entirely consisting of covalently crosslinked organic molecules. 

The ɓ-cyclodextrin structures were crosslinked with a rigid organic linker molecule to obtain 

small (~150 nm) and highly water-dispersable nanoparticles. The nanoparticles can be 

covalently labeled with dye molecules to effectively track them in in vitro cell experiments. 

Very fast cell-uptake kinetics were observed on HeLa cells revealing particle uptake within 

less than an hour due to sugar-receptor mediated endocytosis. Additionally, the particles can 

be loaded with different cargo molecules showing pH-responsive release behavior. Successful 

nuclei staining with Hoechst 33342 and effective cell killing with doxorubicin as cargo 

molecules were shown in live-cell experiments, respectively. 

In summary, different novel stimuli-responsive release mechanisms (enzyme-responsive, 

temperature-responsive, pH-responsive) were investigated for MSNs and proven in in vitro, 

ex vivo and in vivo experiments. Additional toxicity studies and targeting approaches reveal 

the great potential as well as possible pitfalls of this family of nanomaterials in future drug 

delivery applications. We also established two new nanoparticle systems with reduced silica-

content or completely silica-free chemistry to expand the repertoire of powerful 

multifunctional nanocarrier systems.  
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1 Introduction 

1.1 Introduction to nanotechnology 

In December 1959 Richard Feynman, an American theoretical physicist, gave a lecture in 

front of an audience at the California Institute of Technology in Pasadena which is now 

considered to be the founderôs charta of modern nanotechnology.  

ñBut I am not afraid to consider the final questions to whether - in the great future - we can 

arrange the atoms the way we want; the very atoms, all the way down! What would happen if 

we could arrange the atoms one by one the way we want them. [é] Atoms on small scale 

behave like nothing on a large scale, for they satisfy the laws of quantum mechanics. So, as 

we go down and fiddle around with the atoms down there, we are working with different 

laws, and we can expect to do different things.ò
1
 

His ideas of denser computer circuitry, better electron microscopes and adapting concepts of 

small, but complex, biological systems later led to the invention of groundbreaking 

microscopy techniques, e.g. scanning tunneling microscopy (STM) and atomic force 

microscopy (AFM), and high-performance storage systems like Millipede which were 

invented by IBM researchers.
2, 3

 In a general definition, nanomaterials are objects with at least 

one dimension being smaller than 100 nm, leading to drastically different properties compared 

to bulk materials. The change in optical, electrical or magnetic properties is partially due to 

the drastic increase in surface atoms with decreasing size compared to the total number of 

atoms in a material.
4
 As one of the first researchers recognizing the huge scientific and 

application potential of nanotechnology, in 1974 Norio Taniguchi characterized it as the 

separation, deformation or formation of materials formed from few atoms or molecules.
5 

The 

field of nanoscience experienced another big push in the late eighties and early nineties with 
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the discovery of carbon-based nanomaterials.
6-8

 The groundbreaking work of Harry Kroto and 

Sumio Iijima on fullerenes and single- and multi-walled carbon nanotubes provided materials 

with possible applications in power engineering, semiconductor industry and usage for 

biological and medical purposes. With the continuous improvement of characterization and 

imaging techniques it is possible to develop and characterize nanomaterials in less and less 

time and with greatly increasing information content, e.g., high-resolution transmission 

electron microscopy allows for the direct imaging of the atomic structure of a material.
9
 Far-

field optical nanoscopy methods, such as stimulated emission depletion (STED) or 

photoactivated localization microscopy (PALM), provides lateral resolution in the nanometer 

range even for fluorophore-labeled living cells.
10, 11

 This toolbox of Nobel prize ï awarded 

characterization techniques in combination with proper preparation approaches made 

nanotechnology one of the most dynamic growing fields in scientific and industrial research.  

In general, two preparation approaches can be used to synthesize nanomaterials and fabricate 

nanostructures, namely top-down or bottom-up.
12

 The bottom-up approach includes the self-

assembly of components at the atomic level (atoms, molecules, clusters) to complex and 

stable nanostructures. Typical examples are the formation of nanoparticles from colloidal 

dispersions or quantum dot formation during epitaxial growth. In contrast, the top-down 

approach starts with larger initial structures that are then reduced to nanoscale with externally 

controlled processes. Photolithography, electron-beam lithography, etching or ball milling are 

just a few examples for top-down approaches that are used to achieve the synthesis of stable 

nanostructures, with great structural control in the case of lithography. In comparison to 

bottom-up synthesis of nanoparticles, top-down milling processes often lead to nanomaterials 

with more inhomogenous morphologies and broader particle size distributions, whereas more 

homogenous nanoobjects can be synthesized following the bottom-up approach. 
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One of the most demanding and most promising fields in nanotechnology in the next century 

will be the development of effective and controllable nanosystems for targeted cancer therapy. 

Since cancer is a widespread disease with almost half a million new cases in Germany per 

year alone and a high general mortality rate, the demand for innovative therapies is 

enormous.
13

 The following introduction guides the reader through different preparation 

methods for silica- and non-silica-based mesoporous nanoparticles and describes different 

applications of these materials in conventional drug delivery, imaging, sensing and for general 

biomedical purposes. 

1.2 Introduction to porous nanomaterials and their biomedical 

application 

According to the International Union of Applied Chemistry (IUPAC) notation, porous 

materials are classified into three general categories depending on their pore size. 

Microporous materials exhibit pore sizes less than 2 nm in diameter and macroporous 

materials have pore sizes bigger than 50 nm, whereas mesoporous materials lie in between 

(from 2 to 50 nm).
14

 Due to their corresponding difference in optical, electrical, adsorption 

and physiological properties porous nanomaterials have an emerging variety of possible 

applications in energy conversion and storage, biomedicine and microelectronics, just to name 

a few.
15

 Prominent representatives in the class of porous materials are zeolites, metal-organic 

frameworks (MOFs), covalent organic frameworks (COFs), mesoporous silica nanoparticles 

(MSNs) and supramolecular nanoparticles (SNPs).  

In general, zeolites are crystalline porous aluminosilicate materials consisting of corner-sharing 

MO4 tetrahedra (M = Si, Al, P, etc.), which are being used at large industrial scale for 

separation, ion exchange and catalysis applications.
16-18

 These microporous crystals recently 

reached the nanoscale with colloidal stability and particle sizes under 200 nm, which brings 
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along unique properties and expands the area of zeolite applications towards optoelectronics, 

chemical sensing, and medicine.
19

 The size-controlled synthesis of nanozeolites can be 

achieved via controlled hydrothermal conditions in a water/surfactant/organic solvent mixture 

(emulsion method).
20

 The hydrophilic/hydrophobic properties of these nanomaterials can be 

finely tuned by changing the framework composition or adjusting the applied synthesis 

conditions. A recent example for nanozeolites used in biomedical applications was shown by 

the group of de Cola where PEGylated and antibody-modified L-Zeolite nanocrystals 

exhibited fast and targeted cancer cell uptake.
21

 However, some limitations of zeolite 

materials such as the sensitivity to deactivation by irreversible adsorption, as well as their 

limited pore size and structural rigidity and limited tunability, encouraged scientists to focus 

on the investigation of other porous materials for biomedical applications.
22

  

MOFs are another prominent representative of microporous materials, which attract 

increasing scientific interest over the past decade. MOFs are framework structures consisting 

of inorganic metal ions and organic linker molecules. This new class of crystalline materials 

with exceptionally high surface areas and high thermal stability was first introduced by Omar 

M. Yaghi in 1995.
23

 Another great advantage of MOFs is the finely tunable composition and 

structure due to their versatile coordination chemistry, which makes them attractive for 

different applications such as gas storage, catalysis and separations.
24

  

The chemical tailorability and the structural diversity of MOFs are based on the nearly infinite 

number of combination possibilities for metal ions with specific functionalized organic 

molecules that are connected via molecular linkers using coordinative bonds. This leads to the 

creation of a well-ordered crystalline framework and provides the possibility to adjust pore 

sizes and structures, to design the shape of the material and to implement different 

functionalities within the material (Figure 1-1). 
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Figure 1-1. Schematic illustration of a MOF synthesis strategy.
25

 

In recent years different groups have focused on scaling down the bulk materials to the 

nanometer length scale, which offers new application fields for MOFs with the obvious 

advantages of nanomaterials for biomedical purposes.
26-28

  

 

Figure 1-2: Schematic illustration of different synthesis strategies to achieve MOF nanostructures.
27
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The different bottom-up approaches used for the synthesis of MOF nanoparticles are shown in 

Figure 1-2 including template-assisted synthesis, controlled solvothermal precipitation and 

microemulsion techniques. 

Much effort was then put in the functionalization of the outer surface and the enhancement of 

the specific drug loading capacity of the synthesized MOF nanoparticles, leading to uptake in 

cancer cells and controlled drug release behavior.
29-33

 The bridge to achieve mesoporosity 

with large pore sizes of up to 20 nm in the formerly microporous MOFs was closed during the 

last few years. This makes these materials even more promising for the delivery of larger 

therapeutic agents.
34-36

 

Mesoporous silica-based materials are another important class of porous nanoparticles for 

biomedical applications and basic scientific investigations. The whole research area of 

synthesizing mesoporous silica systems started back in 1991, when scientists from the 

American Mobil Oil Company successfully investigated the M41S systems.
37

 These were the 

first structured mesoporous silica systems synthesized via a basic-catalyzed sol-gel process. 

Three different mesoporous representatives were synthesized through a self-assembled liquid 

crystal templating mechanism: the most-studied hexagonal MCM41 (Figure 1-3 a), the cubic 

MCM48 (b), and the lamellar MCM50 (c).  
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Figure 1-3: Structures of mesoporous silica systems: MCM41 (a), MCM48 (b), MCM50 (c).
38

 

The down-sizing of these materials to the nanoscale led to the synthesis of mesoporous silica 

nanoparticles (MSNs) with high colloidal stability, which quickly attracted growing attention 

as drug delivery systems for targeted cancer therapy and as bioimaging devices.
39-41

 MSNs 

can feature a well-defined and tunable porosity, tunable pore sizes and pore shapes, high 

loading capacity, good control over synthesis and introduction of core-shell functionalization, 

and the possibility to attach different functionalizations for targeting and entering different 

types of cells.
42

 Generally, the synthesis of MSNs used in this work follows a base-catalyzed 

hydrolysis and condensation of the silica source in the presence of an organic template. The 

organic template forms micelles in the aqueous reaction medium and strongly influences the 

resulting pore diameter and shape.
43

 Depending on reaction parameters such as temperature, 

pH value and surfactant to solution ratio the micelles form lamellar (g = 1), spherical (g = 1/3) 

or cylindrical (g = 1/2) structures. For this purpose, the characteristic parameter g is defined 

as the surfactant packing parameter.
44

 

Ὣ
ςὠ

ὥὨ
 

Equation 1-1. ▌ = surfactant packing parameter, ╥ = Volume of the micelles of the organic template, ╪ = 

surface interface of micelles, ▀ = micelle diameter. 
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Figure 1-4 shows schematically the self-assembly of ionic surfactants and amphiphilic block-

copolymer molecules into micelles acting as structure directing agents (SDA) for the 

synthesis of ordered porous nanostructures. Body centered cubic (bcc) packed spheres (BCC), 

hexagonally ordered cylinders (HEX), gyroids (Ia3d), hexagonally perforated layers (HPL), 

modulated lamellae (MLAM), lamellae (LAM), cylindrical micelles (CYL), and spherical 

micelles (MIC) are common structures that can be formed by organic template molecules. 

 

 

Figure 1-4: Schematic illustration of different template shapes of ionic surfactants and amphiphilic block-

copolymers.
45

 

In case of a common MSN synthesis, the positively charged headgroups of the surfactant 

molecules are attracted to the anionic groups of the hydrolyzed silica precursor (usually 

tetraethyl ortho silicate, TEOS) by Coulomb forces. Subsequently, the silica source condenses 

and forms Si-O-Si bridges around the micellar template. In a subsequent step the 
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condensation proceeds and the silica framework is built around the surfactant micelles.
46

 To 

slow down the reaction rate of the condensation process, and therefore controlling the particle 

size, the complexing agent triethanolamine (TEA) can be added to the reaction mixture.
47

 In 

cooperation with a small amount of ammonium fluoride this leads to particles that are well-

defined and controlled in size and shape. The mesoporous system is generally made 

accessible upon template extraction in boiling organic solvents or calcination at high 

temperatures (Figure 1-5).  

 

Figure 1-5. Illustration of a template-assisted MCM41 synthesis procedure.
48

 

Because of their favourable particle size, the exceptional pore parameters and the possibility 

to specifically functionalize their inner and outer surface, these MSNs are prominent 

representatives for nanoparticles in biomedical applications. In the following chapters, 

different materials classes, such as MSNs, periodic mesoporous organosilica nanoparticles 

(PMOs), superparamagnetic hybrid nanoparticles and supramolecular structures for high-

performance multifunctional drug delivery and biomedical imaging and sensing are presented 

in detail. 

1.3 Multifunctional drug delivery systems 

1.3.1. Mesoporous silica nanoparticles 

Mesoporous silica nanoparticles (MSNs) are widely studied for possible applications in 

targeted drug delivery because of their exceptional materials properties such as porosity, 
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biocompatibility and favorable particle sizes.
49,50

 However, the possibility to site-specifically 

functionalize MSNs makes them even more attractive for further investigations and 

applications in biomedicine and host-guest chemistry. Especially, the delayed co-

condensation approach developed in our group leads to controlled and spatially segmented 

distribution of different functionalization of the pores and the external surface of MSNs 

(Figure 1-6).
51

 In a first step of the synthesis procedure, an organosilane precursor (green) and 

tetraethyl orthosilicate (TEOS) are mixed in an aqueous template solution containing the basic 

catalyst. This leads to the formation of a functionalized nanoparticle core. The nanoparticle 

growth is continued in a second step by the addition of a specific amount of pure TEOS (blue) 

resulting in an unfunctionalized silica shell around the functionalized core. With the addition 

of a second organotriethoxysilane (RTES, R represents an organic moiety, red) and TEOS the 

external surface with a different functionality is formed. 

 

Figure 1-6: Delayed co-condensation approach for the synthesis of core-shell functionalized MSNs.  

The introduced functionalization can be used for various applications. The functionalization 

of the internal pore structure can lead to controlled and well-defined interactions between the 

pore walls and the corresponding cargo molecules, e.g. to trigger the release only at the 

desired spot. The functionalization of the external surface can increase colloidal stability, and 

with varying the surface charge the interaction with living cells and other biological substrates 
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can be influenced. Different stimuli-responsive capping systems can be attached on the 

external particle surface by introducing specific organic moieties. The capping systems can 

open and close the pore system of the nanoparticles by using well-defined and controlled 

trigger mechanisms. Additionally, the external surface can be modified with specific targeting 

ligands that are able to recognize overexpressed receptors at cancer cell surfaces to release the 

cargo efficiently and to discriminate between healthy and cancerous cells with more efficient 

uptake kinetics.
42

 With the great advantages of all the aforementioned functionalization and 

the additional high storage capacity, MSNs can be developed as site-specific vehicles with the 

possibility to adjust properties to requirements. Figure 1-7 shows schematically the 

illustration of MSNs containing the necessary features for a stimuli-responsive controlled 

release of the loaded cargo into the cytosol of a targeted cell. 
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Figure 1-7: MSNs as highly functionalized drug delivery vehicles. 

The stimuli-responsive gates can be specifically cleaved by either external (light, temperature, 

magnetic, ultrasound) or internal stimuli (pH, redox, enzyme) to release the cargo from the 

particles at the desired site. The fluorescent dye attached to the outer surface of the particle 

allows for monitoring the cellular uptake by using different fluorescence microscopy 

methods. The advantages of such a complex drug delivery system compared to common 

chemotherapeutic approaches include controllable release of the cargo and potential reduction 

of side-effects by specific attack of cancer tissue. Therefore, in principle the damage of 

healthy tissue by highly toxic chemotherapeutics can be avoided.  

In the last decade, various studies were published using different capping and trigger 

strategies to achieve controlled drug delivery with MSNs, which are schematically shown in 

Figure 1-8. A few selected examples are described in the following. 
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Figure 1-8: Different gatekeeper strategies on the pore outlets of MSNs for controlled drug delivery.
52

 

Different nanoparticles, such as Fe3O4, Au, CdS or ZnO, can be covalently bound to the 

external particle surface and can be used to block the pore entrances of MSNs before being 

removed by applying specific external or internal triggers.
53-55

 An early example was shown 

by Lin et al. where iron oxide nanoparticles, covalently bound to the surface via redox-

responsive cleavable disulfide linkers, could be removed from the pore entrances by applying 

external magnetic fields in combination with the cell-internal reductive milieu to achieve 

controlled cargo release.
56

 In a similar redox-responsive mechanism CdS nanoparticles where 

used to release neurotransmitters and drug molecules.
57

  

In a second type of gatekeepers, linear molecules like polymers are often used to achieve 

efficient and controllable pore closure. A pH-responsive and reversible capping system was 

introduced by covalently attaching poly(2-vinylpyridine) (PVP) which uses the change in 

hydrophobicity upon protonation in the endosomal cell compartments to open the pore 

system.
58

 Moreover, high colloidal stability was achieved due to an additionally coupled PEG 



1.3. Multifunctional drug delivery systems 

 

14 

 

shell which offers the ability to covalently attach a wide variety of dyes, targeting ligands and 

other functionalities at the outer periphery. Other polymers like poly(N-isopropylacrylamide) 

(PNIPAM) were used as a temperature-sensitive capping system on MSNs.
59

 These 

nanoparticle-polymer composites show temperature-dependent uptake and release of different 

cargos. The response is correlated to the lower critical solution temperature (LCST) of the 

polymer and its corresponding phase transition from a random coil to a globular structure at 

reduced temperatures. Ultrasound can also be used as an external trigger for polymer-grafted 

MSNs, exploiting the change in hydrophobicity of the corresponding polymer and therefore 

effectively controlling the cargo release upon the action of remote stimuli.
60

  

In another general type of capping systems macrocyclic compounds such as cyclodextrins, 

crown ethers, cucurbit[6]urils or proteins are attached to the pore outlets of MSNs through 

covalent or non-covalent interactions that can be cleaved by certain stimuli, thereby clearing 

the pore entrances.
61-68

 Cyclodextrins were developed as a prominent representative for 

macrocyclic gatekeepers on MSNs and combined with various external or internal triggers. 

The groups of Fraser Stoddart, Jeffrey Zink et al. developed different pH-responsive systems 

usually consisting of a layer of ɓ-cyclodextrin (ɓ-CD) rings positioned selectively around the 

orifices of the mesopores of silica nanoparticles. Under neutral conditions even large cargo 

molecules (e.g. rhodamine) could be stored effectively in the porous system whereas under 

slightly acidic conditions the cargo was released upon removal of the cyclodextrin.
69-71

 

Another cyclodextrin-based pH-responsive capping system was investigated by Kim et al. 

who post-synthetically functionalized MSNs with polyethylenimine (PEI).
72

 This surface was 

subsequently complexed with cyclodextrines. By slight acidification (pH ~ 5) afterwards, the 

PEI backbone gets positively charged and the cyclodextrine caps are detached from the 

surface. As an early example for protein-coated MSNs, an enzyme-mediated capping system 
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based on the well-studied biotin-avidin complex was developed by Schlossbauer et al.. 

Herein, biotin-functionalized MSNs with encapsulated cargo molecules were capped by the 

bulky protein avidin from egg white via noncovalent interactions with the biotin molecules on 

the external particle surface. After addition of the protease trypsin, simulated as a cell-internal 

trigger, the linkage between biotin and avidin was cleaved and the cargo could be released.
73

  

Figure 1-8 shows a fourth general type of pore blockers, which is multilayers such as 

supported lipid bilayers (SLB) or layered double hydroxides.
74-78

 Recently, Bein and co-

workers could demonstrate different systems consisting of MSNs coated with an SLB and 

equipped with different external trigger mechanisms. The SLB was shown to seal the pores 

and to prevent premature release of the loaded cargo. Upon activation of an incorporated 

photosensitizer with red light, the subsequent generation of reactive oxygen species initiated 

cargo release due to rupture of the SLB. Photosensitizers are promising components of 

nanocarrier systems for efficient drug delivery because they can simultaneously cause 

endosomal escape and controlled cargo release in combination with SLB-coated MSNs.  

In order to effectively trigger efficient cargo release within the cancerous tissue, targeting of 

cancer cells with nanoparticles is viewed as a promising approach to avoid unwanted side 

effects observed with classic chemotherapeutics. Especially in anticancer chemotherapy, the 

limited selectivity of the clinically used cytostatic agents towards tumor cells is responsible 

for many undesired side effects. Nonspecific toxicity to normal cells can cause these severe 

side effects and prevents an effective killing of malignant cells requiring a higher drug 

dose.
79,80

 Nanoparticles with sizes smaller than 500 nm are often taken up via endocytosis 

where they are engulfed by the cell membrane and transferred as intracellular endosomal or 

lysosomal vesicles.
81, 82

 A passive targeting approach based on nanoparticles relies on the 

enhanced permeability and retention (EPR) effect, which is described as the tendency of 

particles (in the nanometer size range), such as nanoparticles, liposomes, or macromolecular 
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drugs, to preferentially accumulate in tumor tissue.
83

 Tumorous and inflamed tissues typically 

reveal increased permeable vascularities and are lacking effective lymphatic drainage. 

Additionally, a lack of cell-specific interactions might affect the therapeutic efficiency and 

induce multiple drug resistance (MDR).
84-87

 The cellular uptake kinetics are strongly 

dependent on the size of the applied nanoparticles in vitro as well as in vivo. It was shown that 

the cellular uptake of specific nanoparticles in vitro on HeLa cells is highly size-dependent in 

the order 50 nm > 30 nm > 110 nm > 280 nm > 170 nm.
88, 89

  

In order to overcome the pitfall of unspecific cell uptake and to enhance the specificity 

achieved by the EPR effect, different targeting ligands, like folic acid or the epidermal growth 

factor (EGF), can be employed in order to exploit the overexpression of certain receptors on 

tumor cell surfaces which will lead to enhanced binding to tumor cells and subsequent 

interaction with targeting ligands. Figure 1-9 shows an overview of different overexpressed 

cell membrane receptors on cancer cells used in preclinical investigations of cancer treatment. 

This active targeting can promote specific nanocarrier binding and cancer-cell uptake. In 

particular, active nanoparticle-based targeting of tumor cells has emerged as a potential 

therapeutic approach to increase drug doses within the tumor while reducing systemic 

toxicity.
90, 91

 Cell -specific targeting can be achieved by engineering of nanoparticles with 

defined ligands on their surface that bind to receptors which are specifically overexpressed on 

cancer cells. One prominent example is nanoparticles that target the epidermal growth factor 

receptor (EGFR). This receptor is overexpressed in several types of cancer including breast 

carcinoma, colon carcinoma, and lung cancer.
92

 Nanoparticles are often functionalized with 

EGFR ligands and designed to deliver either silencing agents against defined oncogenes or 

chemotherapeutic drugs.
93

 These nanoparticles are then preferentially recognized and bound 

by tumor cells overexpressing EGFR, and are rapidly taken up into the cell by receptor-
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mediated endocytosis where the drug is released intracellularly to specifically kill the tumor 

cell.
94

  

 

Figure 1-9. Summary of overexpressed cell membrane receptors on different cancer cells.
95

 

Another prominent ligand used on mesoporous silica nanoparticles is the small molecule folic 

acid (FA), which has been widely investigated and has shown a notable enhancement in 

uptake efficiency and kinetics of MSN nanocarriers on different cancer cell types.
58, 96-98

 In 

general, the attachment of targeting ligands onto the external surface of spherical MSNs is 

Major receptor type Specific receptor(s) Overexpression in cancer cell types

Integrins
ʰ˄ʲо ƛǎ ƻŦ ǇŀǊǘƛŎǳƭŀǊ ƛƴǘŜǊŜǎǘ ƛƴ ǎŜƭŜŎǘƛǾŜ 

drug targeting

Activated endothelial cells and tumor 

cells (such as U87MG glioblastoma 

cells), ovarian cancer cells.

Folate receptors (FRs) CwʰΣ Cwʲ ŀƴŘ Cwʴ
Most tissues including breast cancer 

cells.

Transferrin receptors (TfRs)
Two types of receptors only have been 

described so far

Breast, ovary, and brain cancers such as 

glioma and glioblastomas.

Epidermal growth factor receptor 

(EGFR)

EGFR (or ErbB1, HER1), ErbB2 (HER2, 

neu in rodents), ErbB3 (HER3) and 

ErbB4 (HER4)

Lung, breast, bladder, and ovarian 

cancers.

Fibroblast growth factors (FGFRs)
A hallmark of FGFRs is the presence of 

an acidic, serine-rich sequence 

Breast, prostate, bladder, and gastric 

cancer

Sigma receptors (SRs)  S1R and S2R 
Non-small cell lung carcinoma, prostate 

cancer, melanoma, and breast cancer.

Follicle stimulating hormone receptors 

(FSHRs)
Ovarian surface epithelium

Biotin receptors (BRs) Leukemia

C-type lectin receptors (CLRs).

Asialoglycoprotein receptor (ASGPR)

NRP-1 Human vascular cells

G protein coupled receptors (GPCRs)

Lung, prostate, breast, pancreatic, 

head/neck, colon, uterine, ovarian, 

renal cell, glioblastomas, 

neuroblastomas, gastrointestinal 

carcinoids, intestinal carcinoids, and 

bronchial carcinoids.

Small cell lung, neuroendocrine tumor, 

prostate cancer, breast cancer, 

colorectal carcinoma, gastric cancer, 

hepatocellular carcinoma

Melanoma tissues

Others
Hepatocytes, dendritic cells, 

macrophages

Endothelin receptors (ETRs)

Bombesin receptor (BnR)

Somatostatins receptors (SSTRs)
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often achieved by using long spacer molecules, such as PEG chains or other linear or 

branched polymers. This linkage provides high flexibility to obtain efficient binding of the 

targeting ligands to the cell membrane receptors. In another example, the group of Wilner et 

al. exploited the overexpression of transferrin receptors on breast cancer cells and 

glioblastoms by synthesizing specific aptamers via a modified stable nucleic acid lipid 

particle (SNALP) protocol which led to enhanced cancer cell uptake in various cell lines.
99

  

In obvious contrast to the ever-growing number of sophisticated nanoparticle-based cell-

targeting strategies that effectively target tumor cells in vitro, only few studies showed 

successful tumor-cell specific targeting and controlled cancer cell killing in vivo. Even fewer 

nanoformulations have found their way into clinical studies and practice.
100

 This translational 

gap is partly due to insufficient data on cell-specific targeting in vivo and the lack of 

physiologically and clinically relevant animal models.
101, 102

 Although the main research 

interest in the nanoparticle field lies on the investigation of effective active targeting 

approaches, one of the few clinically relevant examples so far is DOXIL
®
, a PEGylated 

doxorubicin formulation, which is exploiting exclusively passive targeting pathways via the 

EPR effect.
103

 Active tumor targeting without nanoparticles is shown by HERCEPTIN
® 

from 

Roche, a humanized monoclonal antibody that can bind effectively to the HER2 receptors 

which are overexpressed on breast cancer cells.  

Another important bioapplication of MSNs is in vitro and in vivo imaging. With the 

possibility to functionalize MSNs specifically with different dye molecules or to combine 

them with other materials the field of application ranges from optical microscopy to magnetic 

resonance imaging, and to ultrasonic imaging, near infrared imaging and other 

techniques.
104,105

 To investigate cellular internalization of the nanoparticles, MSNs can be 

covalently modified by the conjugation with fluorescent dye molecules, such as FITC or 
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RITC. He et al. used fluorescein-modified MSNs in order to investigate the particle shape and 

size on the uptake kinetics in A375 cancer cells (Figure 1-10).
106

 

 

Figure 1-10. Confocal microscopy images of A375 cells after 4 h incubation at 37 °C with MSN 

nanoparticles with different functionalization. Fluorescent images of the cell nucleus (A, D, G), images of 

MSN-FITC fluorescence in cells (B, E, H), image of MSN-FITC fluorescence superimposed on the nucleus 

(C, F, I).
106

 

Mesoporous silica nanoparticles were successfully equipped with different functionalities to 

become excellent bimodal imaging probes for intracellular labeling and in vivo magnetic 

resonance imaging (MRI) contrast agents. Mou et al. showed the first in vivo application of 

magnetic-MSN hybrids via direct injection into mice for MRI experiments.
107

 Yang et al. 

synthesized theranostic nanoparticles that can act as an effective MRI/NIRF bimodal imaging 

probe and operate in combination with an effective drug delivery system that shows great 
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potential in cancer diagnosis and therapy.
108

 By functionalizing MSNs specifically with near-

infrared (NIRF) dyes, such as Cy7, in combination with an incorporated iron oxide core this 

platform can be used for NIRF and magnetic resonance imaging of tumorous tissue in vivo 

(Figure 1-11). 

 

Figure 1-11. (a) Schematic representation of PTX-loaded Fe3O4@mSiO2 NPs for tumor targeting, MRI, 

fluorescence imaging and chemotherapy. (b) In vivo NIRF imaging of the pure NIRF dye (Cy7), MRTN 

and Fe3O4@mSiO2-NH-Cy7 in A549 lung cancer tumor-bearing mice (marked with a circle) at 1 and 24 h 

post injection. The first column shows the bright field images of the tumor-bearing mice. (c) In vivo MRI 

of a tumor-bearing mouse (SW620 tumor, marked with the circle) without injection (i), and at 1 h post 

injection of MRTN (ii) and Fe3O3@mSiO2 nanorattle (iii).
108

 

1.3.2. Periodic mesoporous organosilica  

In recent years, periodic mesoporous organosilica materials (PMO) have attracted much 

attention for biomedical applications. Since this class of inorganic-organic hybrid materials 

offers a wide variety of tunable mesopores and an almost unlimited diversity in the chemical 

nature of the walls, it holds great promise in a variety of fields such as chemical sensing,
109-115

 

catalysis
116-120

 and biomedical applications.
121-123

 Since the independent discovery of this new 

class of mesoporous materials in the groups of Inagaki, Stein and Ozin in 1999,
124-126

 PMO 

materials, synthesized by using bridged silsesquioxanes as precursors, have recently been 
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prepared at the nanoscale.
127-129

 Figure 1-12 shows the schematic synthesis route of 

mesoporous and non-porous organosilica materials with or without the presence of TEOS as 

silica source. These different types of organosilica composite nanomaterials can be 

distinguished in the following four categories: mesoporous organosilica, non-porous 

organosilica, periodic mesoporous organosilica, and non-porous silsesquioxane NPs.  
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Figure 1-12. Structures and synthetic pathways of various organosilica nanocomposites: organically-

doped mesoporous silica NPs (A and B), organically-doped (C) and surface-functionalized (D) non-porous 

silica NPs, periodic mesoporous organosilica NPs (E and F),*  and non-porous silsesquioxane NPs with or 

without surface functionalization (H and G respectively). Cetyltrimethylammonium bromide (CTAB) is a 

typical surfactant in solïgel processes. Organoalkoxysilane and bridged organoalkoxysilane precursors 

can possess ethoxy or methoxy R groups. *Not sensu stricto but generally with a disorganized low micro 

or mesoporosity.
131

  

The PMO structures are based only on silsesquioxanes, which implies that the synthesis must 

be performed in the absence of a silica source (e.g. tetraethoxysilane), and that there is 

sufficient porosity to be considered a mesoporous material, which is often a major synthetic 

challenge.
130

 Mesoporous organosilica NPs could be prepared by co-condensation of a silica 

source (e.g. tetraethoxysilane (TEOS)) with a mono or a bridged organoalkoxysilane in a 

templated aqueous solution which leads to nanoparticles with functional pores (Figure 1-12 
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A, B). A template-assisted sol-gel synthesis route with bridged organoalkoxysilanes without 

additional TEOS as the silica source affords particles with much higher organic wall content 

(Figure 1-12 E, F). Without using any template during the synthesis procedure, non-porous 

organosilica or silsequioxane particles can be prepared (Figure 1-12 C, D, G, H). Different 

approaches were used to synthesize PMO nanoparticles with simple, low-molecular-weight 

organosilane bridging groups. In a sol-gel process using Pluronic P123 as the template, 

Landskron et al. synthesized rodlike nanoparticles with adjustable aspect ratios.
132

 Using 

cetyltrimethylammonium bromide (CTAB) as the micellular template and an ammonia-

catalyzed sol-gel reaction, Huo et al. prepared highly ordered and dispersable PMO 

nanoparticles with methane, ethane, ethylene and benzene organic bridging groups within the 

pore walls (Figure 1-13).
133

  

 

Figure 1-13. TEM images of ethylene- (a, b), methylene- (c, d), ethynylene- (e, f), and phenylene-bridged 

PMO NPs (g, h) at low and high magnification.
133

 

In another approach, the group of Shi et al. used silica-etching chemistry to obtain hollow 

PMO nanoparticles that were used for nano-biomedical applications for the first time.
134

 

Recently, the group of Durand reported the synthesis of biodegradable PMO nanospheres and 
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nanorods with a disulfide-containing organic bridging group. The morphology and size of 

these nanostructures was controlled by adjusting the ratio of bis(triethoxysilyl)ethane and 

bis(3-triethoxysilyl-propyl)-disulfide (Figure 1-14).
135

 These mixed PMO nanospheres and 

rods were used as a biodegradable nanocarrier for doxorubicin in breast cancer cell lines. In 

the group of Kashab et al., enzymatically degradable silsesquioxane nanoparticles were 

synthesized and used as fluorescent nanoprobes for in vitro imaging of cancer cells.
136

 Zink 

and co-workers developed different light-activatable and pH-responsive hybrid materials for 

drug delivery applications.
137-139

 

 

Figure 1-14. Schematic representation of the size and morphology control in ethenylene-bridged PMO (a), 

ethynylene-bis(propyl)disulfide-bridged PMO (bïd), and non-porous bis(propyl)disulfide bridged 

silsesquioxane NPs (e) by the variation of the E/DIS precursor ratio in the reaction media. TEM images of 

NPs obtained from E/DIS ratios of 100/0, 90/10, 75/25, 50/50, and 0/100 (aïe respectively).
135 
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Besides the described drug delivery applications, PMO nanoparticles were also investigated 

as bioimaging tools in in vitro and in vivo experiments. Due to the great variety of organic 

components that could be incorporated into organosilica nanostructures, several strategies 

have been explored to endow the particles with imaging capabilities. The first approach of 

bioimaging via PMO nanoparticles involved the synthesis of a hybrid material consisting of 

Nile red dyes and a large conjugated molecule as the main organic components. This structure 

was used to generate Förster resonance energy transfer (FRET) upon two-photon-excited 

fluorescence-imaging in the near-infrared range and allowed for successful in vitro particle 

tracking.
140

 Another important aspect of bioimaging was successfully investigated in the 

group of Lin. By synthesizing a biodegradable polysilsequioxane with an extremely high 

incorporation of paramagnetic Gd(III) centers, this material was explored as an efficient 

contrast agent for magnetic resonance imaging (MRI).
141

 Herein, a disulfide-containing 

Gd(III) diethylenetriamine pentaacetate (Gd-DTPA) silane precursor was reacted in a base-

catalyzed reverse microemulsion experiment to form biodegradable nanoparticles. The 

Gd(III)-containing nanoparticles showed high T1-weighted sensitivity and were demonstrated 

in in vitro MR imaging of human lung and pancreatic cancer cells. With the ability to 

incorporate additional specific photosensitizers into the organosilica wall material of PMO 

nanoparticles, these structures can also be used in photodynamic therapy (PDT). Upon 

appropriate laser irradiation, photosensitizers can generate reactive oxygen species, such as 

singlet oxygen (
1
O2).

142, 143
 Hayashi and co-workers recently reported one of the most 

advanced PDT studies in in vivo therapy by using organosilica NPs consisting of porphyrin 

building blocks as well as iodopropyl silanes as the main organic components (Figure 1-15 A, 

B).
144

 The synthesized monodisperse 50 nm spherical particles combine photodynamic and 

photothermal therapy (PTT) to effectively treat tumor-bearing mice. The relative quantum 

yield of the production of singlet oxygen in these particles was enhanced via the external 
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heavy atom effect of the incorporated iodine affording a higher yield (0.85) than that of 

photosensitizers currently used in clinics and clinical trials (0.3 to 0.77).
145

 With laser 

irradiation at 650 nm the nanoparticle-treated mice showed a tumor growth ten times lower 

than the control group and survived the complete experimental time of ten weeks (Figure 1-15 

C, D). 

 

 

Figure 1-15. Synthesis of iodine-porphyrin containing organosilica hybrid nanoparticles and their 

PDT/PTT combination therapy by the enhancement of 
1
O2 generation via the heavy atom effect and the 

conversion of the energy absorbed from photons into heat (A). TEM image of the as-synthesized 

nanoparticles (B). Tumor growth behavior (C) and the survival period of mice (D) (circle: mice without 

treatment, diamond: mice injected with nanoparticles, triangle: mice exposed to LED light, square: mice 

exposed to LED light after injection of nanoparticles).
144

 

Due to their unique capability of introducing an almost unlimited number of organic 

constituents into the wall structure of porous nanoparticles, PMO nanomaterials constitute a 

very promising new area of research in the following decade. The remarkable control of the 

synthesis and composition of such particles offer a wide variety of possible application fields. 
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1.3.3. Magnetic nanocomposites 

Nanocomposites with a magnetically responsive core and a functional outer shell have 

attracted increasing attention because of their unique functionality and separability.
146

 

Especially the coating of superparamagnetic iron oxide nanocrystals with a multifunctional 

mesoporous silica shell has opened up a wide range of applications including magnetic 

resonance imaging (MRI), hyperthermia treatment, applications in toxin removal, waste 

remediation, catalysis, reactive sorbents, and targeted drug delivery, since they combine 

different advantageous properties in one multifunctional nanocomposite.
147-150

 The first step 

in the exploration of these nanocomposites is the synthesis of small and stable magnetic 

nanoparticles (NPs).  

 

Figure 1-16. Schematic illustration of different methods for preparation of magnetic nanoparticles: A) 

synthesis of magnetic NPs smaller than 30 nm, and B) synthesis of magnetic NPs larger than 100 nm.
151 
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Magnetic NPs can be synthesized with a number of different compositions and phases 

including pure iron oxides such as magnetite (Fe3O4) and maghemite (ɔ-Fe2O3), or alloys such 

as FePt, as well as spinel-type ferromagnets such as NiFe2O4. Using different synthesis 

approaches, such as co-precipitation, thermal decomposition, the emulsion method or 

hydrothermal synthesis small and stable high-quality magnetic nanocrystals can be prepared 

Figure 1-16 A).
152-155

 Because of their exceptional stability under a large range of conditions, 

the most common method for the production of magnetic NPs with particle diameters below 

30 nm is the chemical co-precipitation of iron salts. The polyol method and different self-

assembly approaches are generally adapted for the synthesis of magnetic nanoparticles with a 

particle size larger than 100 nm 

Figure 1-16 B). Nano-sized magnetic NPs with particle diameters smaller than 20 nm exhibit 

superparamagnetic properties without a permanent magnetic moment but just one single 

crystal domain, which allows for targeting of biological samples by exposure to an external 

magnetic field.
156, 157

  

Due to their hydrophobic exterior after the synthesis, magnetic NPs consisting of iron oxide 

can aggregate rapidly into large clusters and thus lose their unique properties associated with 

the presence of single particles. In order to prevent this behavior, the magnetic NPs have to be 

coated with different materials to prevent them from irreversible aggregation. This can be 

achieved by generating a core-shell structure with the magnetic nanocrystal as the inner part 

and an outer, more hydrophilic mesoporous silica shell built around it.  

Hyeon and coworkers were the first who reported back in 2008 the synthesis of magnetic NPs 

coated with fluorescently labeled mesoporous silica shells that were utilized as drug 

nanocarriers.
158

 With the usage of cetyltrimethylammonium bromide (CTAB) as the 

surfactant different tasks in this specific synthesis approach were addressed. The surfactant 
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molecules transfer the as-synthesized hydrophobic iron oxide NPs to the aqueous phase via a 

ligand-exchange process. Additionally, the surfactant molecules can act as a template for the 

following sol-gel reaction of the silica source creating core-shell particles with a magnetic 

core and a mesoporous silica shell after subsequent template extraction (Figure 1-17). 

 

 

Figure 1-17. Synthesis scheme for the coating of hydrophobic magnetic nanoparticles with a mesoporous 

silica shell.
150

 

The obtained nanocomposites feature high surface areas and pore volumes in addition to the 

ability to react to externally applied magnetic fields, which makes these vehicles promising 

candidates for targeted drug delivery.
159, 160

  

Zink and co-workers showed an early example of successful in vitro drug release by using a 

magnetic-silica hybrid nanomaterial.
161

 These nanoparticles featured a nanovalve that 

remained closed at physiological temperature and opened when heated as a result of external 

magnetic heating procedures. The material demonstrated successful doxorubicin release in the 

breast cancer cell line MDA-MB-231 in the presence of the oscillating magnetic field (Figure 

1-18). The local heating caused by the incorporated nanocrystals facilitated the release of 

doxorubicin from the silica pores, inducing effective apoptosis in the in vitro experiments. In 

contrast, non-loaded particles showed less toxicity due to hyperthermia effects only. Thus, 
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both hyperthermia and drug delivery contributed to cell death and the nanoparticles showed a 

synergistic effect. 

 

Figure 1-18. Results of MDA-MB-231 cancer cells exposure to magnetic mesoporous silica nanoparticles. 

Color scheme: green, fluorescently labeled nanoparticles; red, doxorubicin (DOX); yellow, merged green 

and red. Nanoparticles containing DOX were taken up into the cells, but before the AC field was applied, 

no drug release (images 1 and 2) and negligible cell death [Ḑ5%; panel (b), left bar] occurred. Images 3 and 

4 show the effects of the magnetic field on nanoparticles without DOX in the pores. Heating of the 

particles accounted for 16% of the cell killing [panel (b), middle bar]. Images 5 and 6 demonstrate DOX 

release after a 5 min AC field exposure, which caused 37% of the cell death [panel b, right bar].
161

 

Another approach was investigated by Kim et al. who reported on the dual function of a 

silicaïiron oxide hybrid nanoparticle combined with a stimulus responsive gatekeeper 

attached to the external surface of the nanomaterial.
162

 The gatekeeper can be stimuli-

responsively cleaved in the presence of increased reductive milieu, as it is present in the 

cytosol of cancer cells. Figure 1-19 shows images of the hybrid material with incorporated 

iron oxide cores and the response of A549 cancer cells towards doxorubicin-loaded 
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nanoparticles. In this case the magnetic cores were used as an additional MR imaging probe 

featuring significant reduction of the transverse relaxation time T2. 

 

Figure 1-19. TEM (a, c) and SEM (b) images of mesoporous silica nanoparticles with a magnetic core of 

22 nm. Representative photomicrographs of A549 cells after treatment with plain nanoparticles and 

doxorubicin-loaded nanoparticles (d). Cell-viability study where relative fluorescence intensities were 

quantified and normalized to the fluorescence intensity of DAPI (e).
162

  

In summary, magnetic nanocomposites with well-defined mesoporous structures, shapes, and 

tailored properties are of growing scientific and technological interest. Because of their 

chemical and physical stability, and the functional and magnetic properties provided by 

magnetic cores, these nanocomposites hold promise as important drug nanocarrier systems. 

Moreover, they can additionally serve as imaging agents for magnetic resonance and fluorescence 

imaging. 

1.3.4. Supramolecular nanoparticles 

Supramolecular nanoparticles (SNPs) have increasingly attracted attention as drug delivery 

systems and non-viral gene vectors in preclinical studies and even in clinical trials.
163-166
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SNPs are particles in which different building blocks are brought together by non-covalent 

interactions resulting in the controlled assembly of larger structures.
167

 The assembly is either 

based on electrostatic interactions or hydrophobic host-guest interactions. 
168, 169

 In contrast to 

conventional chemical synthesis, which is capable of forming and breaking covalent bonds, 

the formation of supramolecular complexes requires the combination of several elemental 

noncovalent interactions and an additional geometric fitting within the interaction structure. 

Prominently used host molecules in supramolecular chemistry are pillararenes, crown ethers, 

polypeptides, calixarenes, cucurbiturils, and different metallo structures.
170-174

  

The most widely used host entity family in the formation of SNPs by far is cyclodextrin. 

Cyclodextrins (CDs) are cyclic oligosaccharides composed of six, seven, or eight D(+)-

glucose units linked by Ŭ-1,4-linkages, which are named Ŭ-, ɓ-, and ɔ-CD, respectively 

(Figure 1-20).
175

 These different oligosaccharides are frequently used in the medical field 

because of their biocompatibility and their low toxicity.
176-179

  

 

Figure 1-20. Molecular structures and dimensions of various CDs: A, Ŭ-CD; B, ɓ-CD; and C, ɔ-CD.
180

 

CDs have a hydrophilic exterior and a hydrophobic cavity inside the oligosaccharide rings, 

which can be used to encapsulate different kinds of guest and cargo molecules.
181-184

 The 

encapsulation is based on supramolecular host-guest interactions, such as hydrogen bonding, 

van-der-Waals forces or hydrophobic interactions, and is used in various application fields 

such as biomedicine, catalysis, environmental protection and separation processes.
185

 The 
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hydrophobic cavity in ɓ-CD can form inclusion complexes with several guest moieties 

(adamantane, azobenzene, ferrocene, cholesterol, etc.) to form nanostructures through a 

controlled self-assembly process.
186

 Wang and co-workers introduced a controlled self-

assembly process of supramolecular nanoparticles that is achieved by adjusting the molar 

ratio of polymer to ɓ-CD. This self-assembly approach is termed the ñbricks and mortarò 

strategy in which Ad-PEG and Ad-PAMAM with the guest adamantyl groups serve as the 

bricks while the PEIīɓ-CD polymer bearing the host functionality serves as the mortar 

(Figure 1-21). The size of the structures can be controlled via modifying the polymer length 

and polymer to cyclodextrin ratio.
187
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Figure 1-21. (A) General PEGylation on ɓ-CD-grafted polymer mediated by adamantyl PEG (Ad-PEG). 

(B) Synthesis, and (C) size control of supramolecular nanoparticles assembled by PEIīɓCD, Ad-PEG, and 

Ad-PAMAM with the ñbricks and mortarò strategy, presented by electron microscopy with scale bar = 

100 nm.
187

 

A prominent example for supramolecular structures already reaching clinical trials is given by 

Eliasof et al., where the cyclodextrin-poly(ethylene glycol) copolymer conjugated to 

camptothecin, a classic hydrophobic cytostatic agent, is investigated for the therapy of 

pancreatic cancer, non small-cell lung cancer, breast cancer and colorectal cancer.
188

 The 

drug-cyclodextrin-PEG conjugates self-assembled into nanoparticles that are called CRLX101 

(Figure 1-22).  

 

Figure 1-22. Schematic synthesis of CRLX101, a nanopharmceutic comprised of camptothecin conjugated 

to a linear, cyclodextrin-poly(ethylene glycol) (CD-PEG) copolymer and formulated into nanoparticles.
188

 

Camptothecin is known to be a potent inhibitor of topoisomerase 1 (Topo 1), which is an 

important and validated drug target for cancer therapy today. Topo 1 remains a highly 

attractive drug target because it is essential for basic cellular processes including DNA 

replication, recombination, and transcription, which are particularly up-regulated in rapidly 

dividing tumor cells.
189

  

The supramolecular assembly CRLX101 was successfully investigated using a lymphoma 

xenograft model in vivo featuring efficient therapy and prolonged animal survival rates 
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compared to the control group and simultaneously applied irinotecan, a conventional 

lymphoma drug (Figure 1-23).
190
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Figure 1-23. Efficacy study of CRLX101 compared to irinotecan using a lymphoma xenograft in mice. A) 

bioluminescence study using luciferase activity of the incorporated tumors. Weekly dosing × 3 at 

100 mg/kg (irinotecan), 5 mg/kg (CRLX101, triangles), and 10 mg/kg (CRLX101, diamonds). B) 

corresponding survival graphs. CRLX101 achieved 55.6% complete tumor response at Day 125 post-

treatment at the 10 mg/kg dose, while no complete tumor responses were observed in irinotecan-treated 

mice and the control group.
190

 

Even though there are examples of successful applications of SNPs in the biomedical field, 

the non-covalent interactions could limit their use for drug delivery applications, since they 

might degrade easily before they reach their target, and any new guest molecule that is 
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incorporated or loaded into the particle needs to be optimized in its interactions with the 

particle structure. Thus, covalently crosslinked cyclodextrin materials could facilitate their 

breakthrough for drug delivery applications. Recently, different approaches were used to 

prepare covalently crosslinked CD molecule-containing materials. One is through 

crosslinking Ŭ-CD-poly-ethyleneglycol (PEG) inclusion complexes by using epichlorohydrin. 

The nanomaterial was obtained after extracting the PEG chains that penetrated the 

hydrophobic cavity.
191

  

In another approach, Dichtel et al. polymerized ɓ-CD in a nucleophilic aromatic substitution 

reaction with tetrafluoro terephtalonitrile and obtained a mesoporous bulk material that was 

used to rapidly remove organic micropollutants from waste water.
192

 In chapter 9 the 

successful synthesis of covalently crosslinked cyclodextrin nanoparticles is shown in detail, 

which makes this innovative and biocompatible nanocarrier concept a promising platform for 

the development of controllable and efficient theranostic systems. 
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2 Characterization 

Various techniques have been used to characterize the synthesis, functionalization and 

applications of the investigated nanomaterials. The size and the agglomeration behavior of the 

nanoparticles in different solvents can be investigated by Dynamic Light Scattering (DLS) 

measurements. By measuring Zeta potential, the surface charge of the different nanomaterials 

can be determined. The porous structure and morphological parameters can be investigated 

with nitrogen sorption measurements, X-ray Diffraction (XRD), Transmission Electron 

Microscopy (TEM) and Scanning Electron Microscopy (SEM). Vibrational spectroscopy 

(infrared and Raman spectroscopy) and solid-state nuclear magnetic resonance spectroscopy 

(ssNMR) are necessary to characterize different functional groups and organic compounds 

attached to the nanoparticles. The amount of attached or incorporated organic moieties was 

evaluated by thermo gravimetric analysis (TGA). By means of fluorescence and UV/VIS 

spectroscopy the loading capacity and stimuli-responsive release of fluorescence dyes from 

the porous nanocarriers can be explored. Temperature- and pH-responsive sensing of 

nanoparticles was also investigated with fluorescence spectroscopy. Different fluorescence 

microscopy techniques were used in live-cell imaging. Nuclear magnetic resonance (NMR) 

spectroscopy of liquids and mass spectroscopy are helpful tools to investigate the successful 

synthesis of organic compounds. Superconducting quantum interference device (SQUID) 

measurements were used to explore the superparamagnetic behavior of hybrid nanoparticles. 

2.1 Dynamic light scattering  

Hydrodynamic radii of nanoparticles in colloidal solutions and their degree of agglomeration 

in different solvents can be investigated with dynamic light scattering (DLS) measurements. 
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Typical reliable values of measured diameters of colloidal nanomaterials lie in the range 

between 1 and 1000 nm. The theoretical background of this method is based on the Brownian 

motion of nanoparticles. The Brownian motion is the movement of particles due to 

temperature > 0 K and the deflection is due to random collision with molecules in a colloidal 

solution surrounding the particle.
1
 Usually, a DLS setup is composed of a laser source, a 

sample holder with thermostat, a photodetector and an autocorrelation software. Figure 2-1 

shows a schematic illustration of a DLS measurement setup. By illuminating the sample with 

a laser beam, the scattering of this beam is correlated with the collision of the particles. A 

monochromatic laser beam is directed through the cuvette filled with a diluted suspension of 

nanoparticles and the scattered light is collected and analyzed with a photomultiplier and a 

photo detector system. 
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Figure 2-1. Schematic illustration of a DLS measurement setup.
2
 

 

If the size of the particles is small compared to the wavelength of the light source, Rayleigh 

scattering occurs equally in all directions. The constructive and destructive interference of the 

scattered light gives intensity fluctuations, a so-called speckle pattern. This pattern contains 

information about the movement of the scatterers, i.e. the nanoparticles in the measured 

solution. The resulting detected size is always the hydrodynamic radius rather than the real 

size of the objects. The changes in the speckle pattern are analyzed with the help of a digital 

correlator and the fluctuations in intensity are correlated over time with a second order 

autocorrelation function: 

 Ὣ ήȠ†
ἂὍὸὍὸ †ἃ

ộὍ†Ớ
 2-1. 
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Equation 2-1: 2nd order autocorrelation function; q: wave detector, Ű: delay time, I: Intensity. 

This function decays exponentially towards long delay times and can be related to a first order 

autocorrelation function g1: 

 Ὣ ήȠ† ρ ‍Ὣ ήȠ†  2-2. 

Equation 2-2: 1st order autocorrelation function; q: wave detector, Ű: delay time, ɓ: correction factor. 

The diffusion coefficient D can be obtained from a single exponential function when 

assuming a monodisperse dilute dispersion of nanoparticles: 

 Ὣ ήȠ† Ὡ  2-3. 

Equation 2-3: D: Diffusion coefficient. 

The Stokes-Einstein equation gives the relation between this diffusion coefficient and the 

hydrodynamic diameter of spherical particles: 

 Ὀ
ὯὝ

σ“–Ὠ
 2-4. 

Equation 2-4: Stokes-Einstein equation; k: Boltzmann constant, T: temperature, ɖ: solvent viscosity, d: 

hydrodynamic diameter. 

If the measured solution contains polydisperse nanoparticles, size distribution effects have to 

be taken into account by the application of Mie theory or Rayleigh scattering. While Rayleigh 

scattering is used to describe the elastic interaction of unpolarized light with particles smaller 

than the wavelength of the light, Mie theory describes the scattering of larger particles: 
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Equation 2-5: Scattering intensity; I0: intensity of incoming light, ɗ: scattering angle, R: distance to the 

particle, ɚ: wavelength of incoming light, n: refractive index of the material, d: diameter of particles. 

Since the scattering intensity is proportional to d
6
, big particles contribute much more to the 

scattering intensity as compared to small ones. This effect leads to an over-estimation of the 

size in polydisperse samples and thus needs to be considered in data evaluation. To solve this 

issue, the intensity-based measurement data of the DLS can also be presented as volume-

weighted (d
3
) or number-weighted (d) distributions, giving the real size distribution of 

polydisperse samples. Dynamic light scattering (DLS) measurements in this work were 

carried out on diluted suspensions using a Malvern Zetasizer-Nano instrument with a 4 mW 

He-Ne laser (ɚ = 633 nm) and an avalanche photo detector. 

2.2 Zeta potential 

The charge of the outer surface of nanoparticles can be investigated by measuring the Zeta 

potential. For this purpose, the electrostatic potential of the sample is measured depending on 

changing pH values of the surrounding medium. Nanoparticles in an aqueous dispersion 

feature a zeta potential, which is the electrokinetic potential difference between a stationary 

layer of ions in a liquid attached to the dispersed particles and the liquid medium in the 

surroundings.
3
 Particles in these aqueous colloidal suspensions can exhibit surface charges 

that either originate from the adsorption of charged species, ionization of functional groups at 

the external particle surface, or differential loss of charged species from the particle. The 

charged particle surfaces affect the distribution of ions in the dispersion medium, generating 
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layers of counter ions close to the surface. The resulting electrical double layer which exists 

around individual particles is shown 

Figure 2-2. 

 

Figure 2-2. Negatively charged particle surrounded by an electric double layer. 

Both layers consist of ions that are charged oppositely to the nanoparticle. The outer boundary 

(of the double layer) is called slipping plane and the inner layer with more densely packed 

counter ions is called Stern layer. The Stern layer as well as the slipping plane is very 

sensitive towards pH changes of the surrounding medium. The zeta potential is measured 

indirectly by determination of the electrophoretic mobility. In order to measure the zeta 

potential of a sample, an electric field is applied across a capillary cell containing the particle 

suspension and the electrophoretic mobility is observed. Particles inside the dispersion that 

possess a specific zeta potential will migrate towards the electrode of opposite charge 
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whereby the migration velocity is proportional to the magnitude of the zeta potential. Using 

the technique of Laser Doppler Velocimetry (LDV), this velocity within the dispersion is 

measured. The frequency shift of the laser light (ɚ = 633 nm) caused by the different 

migration velocities of nanoparticles is recorded as the particle mobility. This mobility is 

transformed into zeta potential by the application of an appropriate theory together with the 

input of the dispersantôs viscosity. The Henry equation describes the relation between the 

electrophoretic mobility and the zeta potential. 

Ὗ
ς‐ὪὯ‌

σ–
‟ 2-6. 

 

Equation 2-6: Henry equation; ╤▄= electrophoretic mobility, Ⱡ= dielectric constant of the sample, █▓♪= 

Henry function, Ɫ= viscosity, ⱱ= zeta potential. 

With low electrical fields and small particles (diameter < 200 nm) the Henry function 

becomes approximately 1, which leads to the Hückel-Onsager approximation that was finally 

used to calculate the zeta potential of particles in colloidal solutions.
4
 The Smoluchowski 

approximation is suitable for particles lager than 200 nm in diameter and for suspensions 

containing more than 1 mM salt concentrations. A typical plot shows the zeta potential of the 

sample depending on the set pH value. At the isoelectric point the zeta potential equals zero. 

Zeta potential measurements in this work were carried out on diluted suspensions (0.1 

mg/mL) using a Malvern Zetasizer-Nano instrument with a 4 mW He-Ne laser (ɚ = 633 nm), 

an avalanche photo detector and an MPT-2 titration system. 

2.3 Nitrogen sorption 

Nitrogen sorption experiments of a gas adsorbate on a porous adsorbent give information 

about the specific surface area, the pore volume and the size and shape of the corresponding 
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pore system of a material.
5, 6

 The weak interactions occurring during physisorption (physical 

adsorption) measurements are mainly van-der-Waals forces such as dipole-dipole interactions, 

London forces or hydrogen bonding. Chemisorption (chemical adsorption), however, involves 

the formation of covalent chemical bonds between the adsorbate and the surface. This process 

is thus less preferred for the determination of porosity parameters. Herein, nitrogen gas was 

used as the adsorbate because it is not reacting with the analyzed sample material. The 

amount of the adsorbed nitrogen gas at different pressures and at a constant temperature near 

its boiling point (77 K) is used to generate sorption isotherms in typical physisorption 

measurements (Figure 2-3). The increase in the adsorbed gas volume by the substrate is 

measured as a function of the partial pressure. During the measurement an equilibrium state is 

established between the adsorptive gas and the adsorbate depending on the relative pressure 

p/p0.  
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Figure 2-3. Six major types of sorption isotherms defined by the IUPAC. 

The equilibrium isotherms are obtained by plotting the adsorbed volume as a function of p/p0. 

The IUPAC classifies six major types of adsorption isotherms (Figure 2-3, Table 2-1), each 

type being characteristic for materials with certain pore structures.  

 Isotherm type Interpretation for corresponding material  

I  Chemisorption isotherm or physisorption in microporous materials, where a 

plateau is reached after filling of the micropores 

II  Nonporous and macroporous materials with high energies of adsorption 

III  Nonporous and macroporous materials with low energies of adsorption 

IV  Mesoporous materials with high energies of adsorption, often contain hysteresis 

loops attributed to mesoporosity 

V Mesoporous materials with low energies of adsorption, often contain hysteresis 

loops attributed to mesoporosity 

VI  Several possibilities, including multiple pores sizes and multiple distinct energies 

of adsorption 

Table 2-1. Major t ypes of sorption isotherms classified by IUPAC. 

High surface area materials with micorporous systems (pore sizes up to 2 nm) like metal 

organic frameworks (MOFs), covalent organic frameworks (COFs) or zeolites exhibit type I 

isotherms with a very steep increase in adsorbed gas volume at low relative pressures, 

corresponding to the pore filling of the micropores of the material. These materials can reach 
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surface areas of over 7000 m
2
/g material.

7
 Most of the particles obtained in this work exhibit 

type IV isotherms, which are typical for mesoporous materials (pore sizes between 2 and 

50 nm). In contrast to microporous materials, the sorption behavior in mesoporous materials is 

also depending on the attractive interactions between the fluid molecules. This leads to the 

occurrence of multilayer adsorption and capillary condensation in the pores of the material at 

relative pressures above p/p0 å 0.2. The pore walls are covered by a multilayer adsorbed film 

at the onset of the pore condensation.
8
 Due to resulting van-der-Waals forces during the 

measurement more energy has to be applied to remove the adsorbed gas molecules from the 

solid when the external pressure p is reduced during the desorption process. Hence, adsorption 

and desorption curves typically do not completely overlap when the pores are bigger than 

4 nm in diameter. Generally, a wide variety of shapes for hysteresis loops is known 

corresponding to different pore shapes. The type of hysteresis loop formed by 

adsorption/desorption isotherms is determined by different mechanisms of condensation and 

evaporation and depends upon the size and the shape of pores.
9
 The most common ones are 

depicted in Figure 2-4.  
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Figure 2-4. Different types of hysteresis loops corresponding to different pore shapes.
10

  

There are many mathematical methods to calculate the porosity of particles. The most 

commonly used models are the Langmuir, Freundlich or Brunauer-Emmett-Teller (BET, 

Equation 2-7: BET equation; ▪= amount of the adsorbate at a relative pressure
▬

▬
, ▪□= 

capacity of a single monolayer, ╒= BET constant, ▬= equilibrium pressure, ▬= saturation 

vapor pressure of the sample.) approaches.
11

 
12

 
13

 Besides simple approximations like a 

uniform surface and equal binding sites, the used BET approach also includes multilayer 

adsorption. 

ὲ

ὲ

ὅ

ρ ρ ὅ
 2-7. 

Equation 2-7: BET equation; ▪= amount of the adsorbate at a relative pressure
▬

▬
, ▪□= capacity of a single 

monolayer, ╒= BET constant, ▬= equilibrium pressure, ▬= saturation vapor pressure of the sample. 

The BET plot of (p/p0)/[n(1-p/p0)] versus p/p0 gives a linear relationship with a slope of (C-

1)/nmC and intercept 1/nmC. Based on these data and the required space of one adsorbed 

molecule on the surface of the particle, the specific surface area of the adsorbent material can 

be calculated. To calculate the pore size distribution, density functional theory (DFT) or 

Monte-Carlo based simulations are the most accurate models.
14

 Nitrogen sorption 
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measurements in this work were either performed on Quantachrome Instruments NOVA 

4000e or Autosorb at 77 K. For the measurements a minimum of 5 mg of the dried sample 

were used. Sample outgassing was usually performed at 120 °C and 10 mTorr for 12 hours. 

For enzyme-containing or temperature-sensitive samples, the outgassing temperature was set 

to room temperature. The corresponding pore volumes and pore sizes were calculated with a 

NLDFT equilibrium model for N2 on silica or carbon with cylindrical pores. To estimate the 

specific surface areas of the different samples, a BET model was used. 

2.4 X-ray diffraction  

X-ray diffraction (XRD) is a common non-destructive technique in materials science that is 

widely used for the investigation of crystalline materials, providing information on phase 

composition, lattice parameters, unit cell dimensions, and size of crystalline domains. 

Additionally, XRD can be used for the characterization of periodically ordered 

mesostructures, e.g., mesoporous silica or organosilica nanoparticles show specific reflections 

in small-angle X-ray diffraction (SAXS), which can be used to calculate the pore-to-pore 

distance within the amorphous material.
15

 In general, X-ray diffraction is based on the 

scattering of a monochromatic X-ray beam by atoms in a periodic three-dimensional structure 

having a periodicity similar to the X-ray wavelengths. Herein, the scattered X-rays interfere 

constructively and give the diffraction pattern when the material is periodically structured. 

The used X-rays are generated in a cathode ray tube by heating a filament to produce 

electrons. These electrons are accelerated towards a target anode (typically Cu, Mo or Co) 

using high voltage. The collision of the accelerated electrons with the anode material leads to 

the emission of a continuous radiation (Bremsstrahlung) and characteristic X-ray radiation. 

By knocking out inner shell electrons from the anode atoms and electrons from higher energy 



2. Characterization  

 

63 

 

levels filling up the resulting vacancies, characteristic X-ray photons are emitted. The 

generated X-ray beam is filtered through a monochromator and directed onto the sample. A 

copper anode is the most commonly used target material with a resulting wavelength of Cu 

KŬ radiation of 1.5418 ¡. Constructive interference occurs when the interaction of the 

incident X-rays with the sample satisfies the Bragg equation: 

ςὨÓÉÎ— ὲ‗ 2-8. 

Equation 2-8: Braggôs equation; ▀=lattice spacing, Ᵽ= scattering angle, ▪=order of reflexes, ⱦ= 

wavelength.  

Figure 2-5 shows a graphic illustration of Braggôs law: 

 

Figure 2-5. Illustration of the Bragg relation; Constructive interference occurs when the path difference is 

a multiple integer of the wavelength of the X-rays. 

The distances between the atoms in the material analyzed correspond to the wavelength of the 

X-rays, so that the crystalline structure can be determined. The crystallite sizes can be 
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calculated by using the broadening of the reflections in the diffraction pattern. For this 

purpose, the Scherrer equation is used: 

Ὀ
ὑ‗

‍ὧέί—
 2-9. 

Equation 2-9: Scherrer equation; ╓= mean size of the crystalline domains, ╚= dimensionless shape factor 

with a typical value of around 0.9 for spherical particles, ♫= full width at half maximum (FWHM) of the 

reflection corrected for the intrinsic instrumental broadening, ⱦ= wavelength, = diffraction angle. 

Because of the pore walls consisting of amorphous silica for most of the materials synthesized 

in this work and due to the small domain sizes and limited periodicity the observable reflexes 

appear quite broad.
16

 The moderately ordered wormlike channels of the mesoporous system of 

the nanoparticles studied here are responsible for receiving only first order reflections in the 

small angle range (ς— ρπÁ). X-Ray diffraction patterns were investigated on a Bruker D8 

Discovery diffractometer in ɗ/ɗ Bragg-Brentano scattering geometry using Ni-filtered Cu-KŬ 

radiation with ɚ = 1.5406 ӵ. Small-angle experiments were performed to analyze the 

mesoporous structure of the samples. Wide-angle experiments and diffraction patterns on a 

STOE Stadi MP with Mo-KŬ radiation with ɚ = 0.7118 ӵ were performed to investigate the 

metal oxide phases. 

2.5 Electron microscopy 

Electron microscopy is a very important technique to characterize materials concerning their 

structure and composition on the nanoscale. Optical microscopes using wavelengths of 

roughly 400 ï 800 nm have a resolution limit due to the Abbe restriction with a maximum 

resolution of about 250 nm. In order to image very small features (smaller than about half the 

wavelength of visible light), an electron microscope can be used.
17

 Since the achievable 
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resolution in microscopy is directly proportional to the wavelength of the electromagnetic 

waves used to image a specimen, waves of short wavelengths are needed. These short 

wavelengths in electron microscopy are produced by accelerating electrons to very high 

kinetic energies. Primary electrons are accelerated by an anode and then focused by several 

electromagnetic coils onto the specimen. In general, thermal emission or field emission is 

used to generate electrons from a tungsten filament. These electrons are then accelerated by 

an anode to energies of up to 400 keV and focused by condenser lenses. 

‗
Ὤ

ςάὉ
 2-10. 

Equation 2-10: Equation to calculate the wavelength of the electrons; ⱦ= wavelength; ▐= Planck constant, 

□▄= mass of the electron, ╔▓░▪= acceleration energy. 

Atomic resolution can be obtained with the generated small wavelength of the electrons, 

which makes electron microscopy predestined for studying cell parameters, pore dimensions 

and morphologies of nanomaterials. Different processes can occur when the electron beam 

hits the surface of the specimen. Accelerated electrons can undergo elastic scattering or can be 

inelastically scattered. Others just pass through the sample without interaction (Figure 2-6). 

Typical signals used for imaging include transmitted electrons in TEM applications and 

secondary electrons (SE) and backscattered electrons (BSE) in SEM mode. 

Cathodoluminescence, Auger electrons and characteristic X-rays are used for quantitative and 

semiquantitative analyses of materials as well as element mapping. Bremsstrahlung 

(continuum) radiation is a continuous spectrum of X-rays from zero to the energy of the 

electron beam and produces a large background signal. To obtain the characteristic X-rays for 

analysis this background has to be removed.  

http://serc.carleton.edu/research_education/geochemsheets/bse.html
http://serc.carleton.edu/research_education/geochemsheets/elementmapping.html
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Figure 2-6. Electron beam-specimen interactions leading to different processes.
18

 

For TEM investigations the specimen has to be very thin, because only transmitted electrons 

are detected on the CCD detector. Electron radiation is ionizing and therefore can interact in 

many different ways with the analyzed sample. This can lead to radiolysis where chemical 

bonds within the sample structure are destroyed. Further limiting factors in the usage of 

electron microscopy are spherical aberrations, chromatic aberrations and astigmatism.
19

 
20

 The 

spherical aberration is limiting the level of details by bending electrons more strongly which 

are further away from the optical axes. For this reason, a point is imaged as a disc. The 

chromatic aberration creates the same effect by bending electrons with higher energy more 

strongly than others. These aberration errors can be reduced with a special arrangement of 

concave lenses and a monochromator. Figure 2-7 shows schematic constructions and beam 

paths of a transmission electron microscope and a scanning electron microscope.  
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Figure 2-7. Schematic construction of a transmission electron microscope and a scanning electron 

microscope.
21

  

Besides imaging, a TEM can also be used to create an electron diffraction pattern. Electrons 

are negatively charged, which can lead to strong interactions with the subject matter and 

therefore they are diffracted by electron density and atomic nuclei. By inserting an aperture 

between the sample holder and the detector into the beam path of the TEM column, selected 

area electron diffraction (SAED) patterns can be obtained. Furthermore, both TEM and SEM 

can be used to analyze the chemical and electronic structure of a sample. For this purpose, 

energy dispersive X-ray (EDX) analysis or electron energy loss spectroscopy (EELS) in TEM 

mode can be carried out. The TEM measurements were either performed on a Jeol JEM-2010 

operating at 200 kV and a basic CCD detection system or with a FEI Titan 80-300 equipped 

with a field emission gun operated at 80 kV. SEM images were obtained with a JEOL JSM-

6500F scanning electron microscope equipped with a field emission gun operated at 2.5 kV. 
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2.6 Infrared spectroscopy 

Infrared (IR) spectroscopy is an extremely powerful analytical method for both qualitative 

and quantitative analysis of nanomaterials. Here, the sample is illuminated with infrared light 

(range of 400 ï 4000 cm
-1

) to excite vibrational energy states: 

Ὁ Ὤὧɜᶻ 2-11. 

Equation 2-11: Equation for exciting energy states; ▐= Planck constant, ╬= velocity of the light, ⱨᶻ= 

wavenumber. 

In general, molecules possessing an electric dipole that changes during vibrational excitation 

are IR active.
22

 The frequency of the incident light has to match the frequency of the 

oscillating bonds of the irradiated molecule. The energetic difference between two vibrational 

states is often characteristic for a specific bond or functional group. In the near infrared (NIR) 

region (0:8 ɛm to 2:5 ɛm, 12 800 cm
-1

 to 4000 cm
-1

), usually higher harmonics of vibrations 

can be found. In the mid infrared (MIR) region (2.5 ɛm to 50 ɛm, 4000 cm
-1

 to 200 cm
-1

) 

fundamental vibrations occur, and the far infrared (FIR) region (50 ɛm to 1000 ɛm, 200 cm
-1
 

to 10 cm
-1

) usually features rotational or phonon modes. By absorbing energy from infrared 

light illumination, molecules can be stimulated to excited vibrational and rotational states. 

The quantum mechanical model of the anharmonic oscillator is used to describe the 

transitions between different vibrational states (Figure 2-8). 
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Figure 2-8. Potential of the harmonic (dashed line) and anharmonic (full  line) oscillator.
23

 

By analyzing the characteristic vibrational modes of different functional groups, it is possible 

to obtain information about the chemical bonding within the molecules and the structure in 

the specimen. The intensity of the transmitted or scattered light is measured. IR measurements 

in this work were performed with small amounts of sample on a ThermoScientific Nicolet 

iN10 IR microscope in absorption mode with a liquid nitrogen-cooled MCT-A detector. 

2.7 Raman spectroscopy 

In contrast to IR spectroscopy, a molecule is Raman-active when the activated vibrations 

create a change in polarizability (deformation in the electron cloud).
24

 When light is scattered 

from a molecule, most photons are elastically scattered, which means that they have the same 

energy as the incident photons. However, a small fraction of light (approximately 1 in 

10
7 
photons) is inelastically scattered (usually lower frequencies compared to the incident 

photons) leading to the Raman effect. Raman scattering can occur with a change in 
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vibrational, rotational or electronic energy of a molecule. To characterize a sample with 

Raman spectroscopy, usually monochromatic light generated by a laser is used. The 

interaction between light and the electron shell of molecules causes scattering radiation that is 

measured, and the intensity of scattered light is plotted versus the energy difference in a 

Raman spectrum. Rayleigh, Stokes or Anti-Stokes scattering can be observed in a Raman 

experiment (Figure 2-9), depending on absorbing or desorbing energy from the laser beam. 

 

Figure 2-9. Raman excitation and relaxation processes.  

Since the elastic Rayleigh scattering shows no change in frequency, it is not of interest for the 

analysis of a moleculeôs excitation processes. In inelastic Raman scattering the scattered light 

can either be shifted to lower frequencies (Stokes Raman) or higher frequencies (Anti-Stokes 

Raman) with respect to the incident frequency of photons. Because of its higher intensity, 

Stokes scattering is mostly used for the analysis. Comparable to IR spectroscopy, different 

functional groups show characteristic scattering frequencies which can be used to determine 

information about the chemical environment in the sample analyzed.
25

 The nanomaterials in 

this work were measured on a Raman spectrometer equipped with a He-Ne laser (ɚ=633 nm). 
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A confocal LabRAM HR UV/VIS (HORIBA Jobin Yvon) Raman microscope (Olympus 

BX 41) with a SYMPHONY CCD detection system was used. In this case, the dried samples 

were directly measured on a glass plate. Raman spectra were also measured on a Bruker 

Equinox 55 FTIR/FTNIR, set in Raman mode, with a laser power of 100 mW. 

2.8 Thermogravimetric analysis 

Thermogravimetric analysis (TGA) is used to determine the mass loss of a sample related to 

the temperature of a heating ramp. With temperatures up to 900 °C, attached organic moieties 

or adsorbed guest molecules can be gravimetrically measured and quantitatively analyzed. 

Besides other reactions, pyrolysis and evaporation of the attached molecules take place. By 

controlling the atmosphere during the measurement process with inert gas or synthetic air, 

oxidation of the sample can be controlled. The probe is heated with a constant temperature 

ramp and sample weight is measured depending on the applied temperature.
26

 The obtained 

thermograms include quantitative information about the amount of organic moieties attached 

to the analyzed materials. Additional differential scanning calorimetry (DSC) experiments can 

be carried out simultaneously with the TGA measurement. In DSC, the temperature of the 

sample is increased and the amount of required heat is compared to that of an inert reference 

material. With this information a weight loss step observed in TGA can either be attributed to 

an endothermic or an exothermic process. Therefore, the temperature stability of materials as 

well as exothermic (weight losses connected to combustion) or endothermic (desorption) 

processes can be investigated. Thermogravimetric analysis (TGA) of approximately 10 mg of 

dried bulk powder was performed on a Netsch STA 440 C TG/DSC. The measurements 

proceed at a heating rate of 10 K/min up to 900 °C in a stream of synthetic air or nitrogen of 

about 25 mL/min. 
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2.9 Fluorescence spectroscopy 

By means of fluorescence spectroscopy the fluorescence of samples can be investigated. Upon 

excitation of electronic ground states with applied laser light, non-radiative deactivation takes 

place, according to Franck-Condonôs rule. The subsequent emission of a photon with lower 

energy than the incident laser beam by reaching the electrical ground-state is called 

fluorescence.
27

 This process includes different stages as can be seen in Figure 2-10.
 

 

Figure 2-10. Mechanism of the fluorescence process.
  

In a first absorption step, a photon A of certain energy (hɜA) is generated by an external 

source (incandescent lamp or laser light) and absorbed by the fluorophore material. This can 

result in an excitation of the electron from the electronic ground state (S0) to an excited 

electronic state (S2). This process is very fast, taking place within femtoseconds. 

Subsequently, a process called internal-conversion takes place usually within 1 ï 10 ns. This 

non-radiative transition of the electron from the excited state (S2) to the relaxed excited state 

(S1) is caused by vibrational relaxation of the fluorophores. In the last step, the excited 

electron falls back to the ground state (S0) while emitting a photon B with lower energy (hɜB) 

than in the absorption process. This is the reason why fluorescence leads to a red-shift of the 
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emitted wavelength in comparison with the incident photons. The difference between the 

corresponding maxima of absorption and emission spectra (Figure 2-11) is called 

bathochromic Stokes-shift and is due to the previously described energy loss in the non-

radiative deactivation process.
28

 

 

 

Figure 2-11. Schematic absorption and emission spectra of a fluorescence dye.
29

  

 

In addition to fluorescence, other relaxation processes can occur that cause a fall-back of the 

excited electrons to the ground state or into other related states, e.g. quenching, 

photobleaching, fluorescence energy transfer and intersystem crossing, which leads to 

phosphorescence. Fluorescence spectra in this work were recorded on a PTI 

spectrofluorometer with a xenon short arc lamp (UXL-75XE USHIO) and a photomultiplier 

detection system (model 810/814). For the release experiments a ROTH Visking type 8/32 

dialysis membrane with a molecular cut-off of 14000 g/mol was used. 
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2.10 UV/VIS spectroscopy 

In UV/VIS spectroscopy electromagnetic waves in the visible and the ultraviolet range are 

used to illuminate molecules in solutions or solids. The absorption of light of a specific 

wavelength leads to excitation of valence electrons to higher energy states. The energy of the 

absorbed photons by the molecules corresponds to the energy difference of the states and can 

give information about the electronic properties of the analyzed sample. The concentration of 

an analyte in the absorbing species can be determined using Lambert-Beerôs law: 

ὃ ὰέὫ
Ὅ
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Equation 2-12: Lambert -Beers law; ═= Absorbtion, ╘= Intensity of incident light, ╘=Intensity of 

transmitted light, Ⱡ= Molar extinction coefficient, ╬= Concentration of the analyte, ■= Path length through 

the cuvette. 

An UV/VIS spectrometer setup usually exists of a light source (deuterium lamp for UV range, 

tungsten lamp for visible range), a monochromator, a detector and a cuvette holder for the 

analyte (Figure 2-12). 

UV/VIS measurements in the following work were performed on a Perkin Elmer Lambda 

1050 spectrophotometer with a deuterium arc lamp and a tungsten filament. The detector was 

a standard CCD system. Small sample amounts were measured on a NanoDrop 2000c 

spectrophotometer from Thermo Fisher Scientific. 
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Figure 2-12. Schematic UV/VIS setup.
30

  

2.11 Fluorescence microscopy 

Fluorescence microscopy is a powerful method in nanosciences to detect and investigate cell-

particle-interactions. The instrument is capable of imaging the distribution of single molecular 

species based solely on fluorescence emission. With fluorescence microscopy, the precise 

location of intracellular components labeled with specific fluorophores and additional labeled 

nanoparticles can be monitored.  
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Figure 2-13. Schematic setup of a basic upright fluorescence microscope.
31

  

High spatial resolution in 3D and a high time resolution is crucial to gain proper information. 

In general, fluorescence microscopy can also be used to investigate environmental parameters 

such as pH, viscosity, refractive index, ionic concentrations, membrane potential, and solvent 

polarity in living cells and tissues. Figure 2-13 shows a schematic setup of a basic 

fluorescence microscope with incident reflected light illumination. The microscope usually 

consists of a trinocular observation head that is coupled to a cooled charge-coupled device 

(CCD) camera system. Two illumination sources are used, one for transmitted light and the 

other for the excitation of fluorescence processes (tungsten-halogen for UV range and 

mercury arc-discharge for visible range, respectively). Alternatively, lasers can also be used 

for illumination. 

 



2. Characterization  

 

77 

 

 

Figure 2-14. Schematic illustration of spinning disc microscope.
32

  

Different optical excitation filters are needed to isolate one specific wavelength for the 

excitation of fluorophores in the sample. It is possible to separate excitation and emission 

light in the same pathway optically via a dichroic mirror. This is due to the previously 

described Stokes shift of excitation and emission wavelength. In this case, only the emission 

light is collected by the objective and an additional emission filter helps to suppress unwanted 

background light. To study living cells and cell-particle interactions in this work, a spinning 

disc microscope was used. Figure 2-14 shows schematically the setup of such a spinning disc 

microscope. A confocal microscope is improved in comparison to a simple fluorescence 

microscope by introducing pinholes in the excitation and detection pathway to block the out-

of-focus fluorescence. Thereby, especially the axial resolution is increased, which is given by 

the Rayleigh criterion: 
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Equation 2-13: Axial resolution of confocal microscope. ▀╪●░╪■ axial resolution, ▪  refractive index, 

ⱦ  wavelength, ╝Ȣ═Ȣ numerical aperture. 

Spinning disc confocal microscopes are further improved confocal microscopes. Herein, the 

usual pinholes are substituted with a spinning disk unit consisting of two fast rotating discs. 

One disc contains multiple lenses that are concentrically arranged. On the other disc there are 

pinholes that allow for multiple simultaneous scans. With the combination of these fast 

rotating discs many confocal spots can be screened over the sample. This leads to a faster 

imaging compared to a scanning confocal microscope and to a significant increase in time 

resolution. However, strong lasers are needed when using this method because much light 

gets lost while passing through the pinholes. Confocal microscopy for live-cell imaging in this 

work was performed on a setup based on the Zeiss Cell Observer SD utilizing a Yokogawa 

spinning disk unit CSU-X1. The system was equipped with a 1.40 NA 100x Plan apochromat 

oil immersion objective or a 0.45 NA 10x air objective from Zeiss. For all experiments the 

exposure time was 0.1 s and z-stacks were recorded. DAPI and Hoechst 33342 dyes were 

imaged with approximately 0,16 W/mm
2
 of 405 nm, GFP and the caspase-3/7 reagent were 

imaged with approximately 0.48 W/mm
2
 of 488 nm excitation light. Atto 633 was excited 

with 11 mW/mm
2
 at 639 nm. In the excitation path a quad-edge dichroic beamsplitter 

(FF410/504/582/669-Di01-25x36, Semrock) was used. For two-color detection of 

GFP/caspase-3/7 reagent or DAPI/Hoechst 33342 and Atto 633, a dichroic mirror (560 nm, 

Semrock) and band-pass filters 525/50 and 690/60 (both Semrock) were used in the detection 

path. Separate images for each fluorescence channel were acquired using two separate 

electron multiplier charge coupled device (EMCCD) cameras (PhotometricsEvolve
TM

). 
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2.12 Nuclear magnetic resonance spectroscopy 

Nuclear magnetic resonance (NMR) spectroscopy is frequently used as an indispensable 

physical method to analyze the behavior of certain nuclei in external magnetic fields. Fast and 

precise analysis of organic reaction products, determination of molecular structures in solids 

and liquids, as well as the study of dynamics in organic, inorganic, and biological systems can 

be obtained with a small amount of sample. Only isotopes with an intrinisic nuclear spin ίᴆ 

unequal to zero and therefore containing a magnetic moment ʈᴆ can be measured: 

Õᴆ ‎ίᴆ 2-14. 

Equation 2-14: Magnetic moment; Õᴆ= magnetic moment; ♬= gyromagnetic constant, ▼ᴆ= nuclear spin. 

By applying an external magnetic field these magnetic moments spin towards the applied 

direction. With the resulting angular momentum a resonance frequency (Larmour frequency) 

is obtained: 

‫ᴆ  ‎Ὄᴆ 2-15. 

Equation 2-15: Larmour frequency; ⱷᴆ= Larmour frequency; ♬= gyromagnetic constant, ╗ᴆ= external 

magnetic field. 

In an external magnetic field these spin states are not degenerate and split into certain energy 

levels. The difference in energy between the two states is given by: 

ЎὉ
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Equation 2-16: Ў╔= Different energy levels, ▐  Planck constant, ⱷᴆ= Larmour frequency. 
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The resonance frequencies and therefore the energy transitions are influenced by the 

individual chemical and magnetic environment of the different nuclei. Because of this 

property, NMR spectroscopy can be used to investigate the electronic environment and 

chemical structure of a molecule. In solid-state NMR (ssNMR) the internuclear dipole-dipole 

interactions and the anisotropy of the chemical shift result in the broadening of the signals in 

the corresponding spectrum. These anisotropic interactions can be eliminated by using magic-

angle spinning (MAS) during the measurement (Figure 2-15). To this end, the sample holder 

is rotated at a very high frequency (usually between 1 and 100 kHz) at the magic angle of 

54Á74ôô with respect to the direction of the applied magnetic field. 

 

Figure 2-15. Schematic illustration of the sampleholder rotating at the "magic angle" of 54.74 degrees 

with respect to the direction of the magnetic field.
33

 

In this work, approximately 100 mg of ssNMR samples were measured on a Bruker Avance 

III -500 (500 MHz, 11.74 T) instrument. Liquid NMR samples were dissolved in the 

corresponding deuterated solvent and measured either on a Bruker or a JEOL 400 MHz 

instrument. 
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2.13 Superconducting quantum interference device  

A superconducting quantum interference device (SQUID) was used to measure the 

magnetization of nanoparticles and to investigate their possible superparamagnetic behavior. 

Figure 2-16 shows schematically the setup of such devices: two Josephson junctions can split 

a superconducting path while sustaining a maximum supercurrent. With a magnetic material, 

and therefore a certain amount of magnetic flux piercing through the loop, the amplitude of 

the electrical current is modulated and can be monitored. This modulation is used to 

determine the properties of magnetic materials.  

 

Figure 2-16. a) Schematic illustration of a SQUID containing two Josephson junctions. b) The maximum 

electrical current (I , black, left axis) flowing through the device from left to right can be fully modulated 

by the amount of magnetic flux (ū) passing through the loop.
34
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Magnetic nanomaterials in this work were examined in a Quantum Design MPMS XL5 

SQUID-magnetometer (Superconducting QUantum Interference Device) operating in a 

temperature range between 1.8 K and 380 K and with magnetic fields from -50 kOe to 

+50 kOe. The homogenized samples were weighed out in gelatine capsules with familiar 

diamagnetic properties and subsequently fixed in a plastic straw. Measurements were 

accomplished via the software MPMS MultiVu, whereas the program SQUID Processor was 

used to convert and correct the data. Origin was used to process the output data files. 
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3 Protease mediated release of chemotherapeutics from 

mesoporous silica nanoparticles to ex vivo human and mouse 

lung tumors 

This chapter is based on the following publication: 

Sabine H. van Rijt, Deniz A. Bölükbas, Christian Argyo, Stefan Datz, Michael Lindner, 

Oliver Eickelberg, Melanie Königshoff, Thomas Bein, and Silke Meiners, ACS Nano 2015, 9, 

2377-2389. 

 

Abstract 

Nanoparticles allow for controlled and targeted drug delivery to diseased tissues and therefore 

bypass systemic side effects. Spatio-temporal control of drug release can be achieved by 

nanocarriers that respond to elevated levels of disease-specific enzymes. For example, matrix 

metalloproteinase 9 (MMP9) are overexpressed in tumors, are known to enhance the 

metastatic potency of malignant cells, and have been associated with poor prognosis of lung 

cancer. Here, we report the synthesis of mesoporous silica nanoparticles (MSNs) tightly 

capped by avidin molecules via MMP9 sequence-specific linkers to allow for site-selective 

drug delivery in high expressing MMP9 tumor areas. We provide proof-of-concept evidence 

for successful MMP9-triggered drug release from MSNs in human tumor cells and in mouse 

and human lung tumors using the novel technology of ex vivo 3D lung tissue cultures. This 

technique allows for translational testing of drug delivery strategies in diseased mouse and 

human tissue. Using this method we show MMP9-mediated release of cisplatin, which 

induced apoptotic cell death only in lung tumor regions of Kras mutant mice, without causing 

toxicity in tumor-free areas or in healthy mice. The MMP9 responsive nanoparticles also 
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allowed for effective combinatorial drug delivery of cisplatin and proteasome inhibitor 

bortezomib, which had a synergistic effect on the toxicity. Importantly, we demonstrate the 

feasibility of MM9 controlled drug release in human lung tumors. 

 

3.1 Introduction 

In the past decade, the use of nanoparticles as inert carriers for therapeutics has revolutionized 

the field of drug delivery. Such nanocarrier systems have shown advantageous features 

resulting in improved accumulation of active drugs at disease sites, and have contributed to 

reduced systemic toxicity.
1
 However, release systems of many drug carriers rely on 

spontaneous degradation of the nanoparticle in vivo (e.g., hydrolysis), and do not allow for 

controlled drug release. Controlled drug delivery can be achieved by exploiting the 

(patho)physiologic characteristics of biological microenvironments, such as reducing 

conditions, changes of pH (e.g., acidic endosomal compartments), or altered levels of disease-

specific enzymes. For example, matrixmetalloproteinases 2 and 9 (MMP2 and MMP9) are 

overexpressed in advanced stages of cancer including lung cancer, whereas they are 
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minimally expressed in healthy tissue.
2
 Indeed, elevated levels of MMP9 in the tumor 

microenvironment enhance the metastatic potency of malignant cells and correlate with tumor 

progression, angiogenesis, or metastasis.
3
 In particular, increased expression of MMP9 has 

been associated with poor prognosis of lung cancer.
4, 5

 Specific peptide sequences can be 

exploited as protease-sensitive linkers
6
 to allow for controlled release of chemotherapeutics 

from nanoparticles, as recently shown by the use of MMP2/9 sensitive peptides for drug 

delivery.
7-13

 Consequently, the use of MMP2/9 responsive nanoparticles represents a 

promising strategy for local treatment of aggressive lung cancer. 

Multifunctional mesoporous silica nanoparticles (MSNs) are attractive carriers for drug 

delivery.
14

 They offer unique properties such as tunable pore sizes and pore volumes for high 

drug loading capacity, and efficient encapsulation of a wide variety of cargo molecules.
15

 

Additionally, these carriers can be selectively functionalized at specific sites within the 

nanoparticle.
16

 For example, an outer shell functionalization enables the attachment of 

external functions exclusively on the outer surface of the particle, which do not interfere with 

the pore environment. This can be exploited to create stimuli-responsive pore sealing for 

controlled drug release.
17-21

 For example, MSN pore closing can be achieved by utilizing 

biotin-avidin complexation, which serves as a bulky biomolecule-based valve blocking the 

entrances of the MSN pores.
22

  

In this work, we developed avidin-capped MSNs functionalized with linkers that are 

specifically cleaved by MMP9, thereby allowing for controlled release of chemotherapeutics 

from the MSNs in high MMP9 expressing lung tumor areas. We demonstrate efficient 

protease sequence-specific release of the incorporated chemotherapeutic cisplatin (CP), as 

well as combination treatment with proteasome inhibitor, bortezomib (Bz), in two lung cancer 

cell lines. To assay therapeutic effectiveness in diseased tissue, we established a novel 

experimental set-up using 3D lung tissue cultures (3D-LTC) of mouse lung cancer tissue. This 
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technique allows for spatio-temporal resolution and quantification of nanoparticle-mediated 

drug delivery in the preserved 3D environment of diseased mouse and human lung tissue. We 

here demonstrate MMP9-mediated tumor-site selective drug release and tumor cell death in 

mouse and human lung tumors revealing the feasibility of MMP9 controlled drug site-

selective delivery for treatment of lung cancer.  

3.2 Results and Discussion 

Synthesis and characterization of MMP9 responsive MSNs. According to previous reports, 

the MSNs were synthesized by a sol-gel procedure.
16, 23

 In the present work, the external 

surface of the MSNs was coated with a heptapeptide (HP) linker (MSNHP) consisting of a 

biotin functionality on the periphery (for detailed synthesis procedure, refer to SI). This HP 

sequence is selectively recognized by MMP9 for proteolysis (RSWMGLP, cutting sequence 

shown in bold).
24

 As a negative control, MSNs containing a non-cleavable heptapeptide 

(NHP) attached to the outer surface of the particles were synthesized (MSNNHP). In this NHP-

biotin linker, the specific cleavage site for MMP9 is lost due to an exchange of a single amino 

acid (RSWMLLP, exchanged amino acid shown in bold). After dye/drug uptake into the 

mesopores of both particle types, the glycoprotein avidin (66 kDa, av. diameter ~8 nm) was 

attached to the outer surface of the particles via non-covalent linkage to the biotin groups. The 

particles have been termed throughout the script as cMSN (MMP9-cleavable linkers) or 

ncMSN (MMP9 non-cleavable linkers). Avidin shows high affinity to biotin, and therefore 

acts as a bulky gatekeeper to block the mesopores of the silica nanoparticles. The complete 

synthesis strategy and characterization of the particles is depicted in Figure 3-1. 

Comprehensive characterization of the synthesized MSNs involved a range of physiochemical 

methods; thermogravimetric analysis, zeta potential, dynamic light scattering, nitrogen 

sorption, and infrared (IR) spectroscopy (Figure 3-1BïF, respectively), all of which 
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confirmed the successful synthesis of cMSN or ncMSN. See also Table 3-1 and SI for 

additional information. From these data, we conclude that the attachment of the avidin 

gatekeepers via short heptapeptide-biotin linkers (cleavable and non-cleavable for MMP9) to 

the external surface of MSNs was successful. In order to prove the MMP9-specific release 

behavior of our nanoparticle system, release experiments with fluorescein were performed as 

previously reported.
22

 Only upon the addition of recombinant MMP9 to the particle 

suspension, an increase in fluorescence intensity over time was observed reaching a plateau 

after about 16 h. Importantly, no release of the preloaded fluorescein was observed for MSNs 

containing a non-cleavable heptapeptide linker (ncMSN) (Figure 3-1G). Furthermore, MMP2 

was also able to induce fluorescein release from the particles, but with slower kinetics, 

compared to MMP9 (Figure S 3-1D). This is not surprising as MMP2 has differential enzyme 

kinetics compared to MMP9, and has been shown to degrade several substrates that are not 

degraded by MMP9 and vice versa.
25

 For this reason, we chose to continue with MMP9 in the 

in vitro studies. However, it is important to note that both enzymes are overexpressed in lung 

cancer and so we expect a cumulative effect on cargo release in vivo.
4, 5

 The cMSN particles 

could uptake the drug cisplatin very efficiently (0.44 ± 0.02 mg/mg cMSN) and showed 

specific release of cisplatin when incubated with recombinant MMP9, whereas no release of 

cisplatin could be detected in the absence of MMP9 (Table 3-3). Furthermore, the avidin 

capped particles preloaded with fluorescein (cMSN-fluorescence) showed stability of the 

capping system for up to 16 h (Figure S 3-1F). Colloidal stability of our particles was retained 

for up to 7 days (168 hours), after which time agglomeration of the MSNs could be observed 

in solution (Figure S 3-1G). In addition, long-term cargo release experiments of fluorescein 

loaded cMSN in HBSS buffer solution (no MMP9) showed that the particles were stable for at 

least 28 days (Figure S 3-1H), similar to what we previously observed for related MSNs with 
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organic coatings.
26, 27

 Consequently, above experiments validate highly specific release 

behavior of fluorescein and cisplatin from cMSNs by recombinant MMP2/9 enzymes.  

 

Figure 3-1. Synthesis and characterization of MMP9 responsive mesoporous silica nanoparticles. A) 

Synthesis scheme of core (green, thiol groups) shell (red, amino groups) functionalized mesoporous silica 

nanoparticles (MSN). (i) EDC amidation of amino groups with carboxy groups of the MMP9 cleavable HP 

(HP, red) or the MMP9 non-cleavable HP-biotin linker (NHP, blue) results in a covalent attachment to the 

external particle surface (MSNHP, MSNNHP). (ii) After cargo incorporation (cisplatin (CP) or bortezomib 

combination treatment (CT), yellow star), (iii) the strong binding affinity of biotin to avidin leads to 

blocking of the mesopores for MSNs with MMP9 cleavable linkers (cMSN) and MMP9 non-cleavable 

linkers (ncMSN). Characterization of MSNs. B) Thermogravimetric analysis, C) zeta potential 

measurements, D) dynamic light scattering, E) nitrogen sorption isotherms, and F) infrared spectroscopy 

(all curves are shifted by a value of 0.02 along the y-axis for clarity) of MSN (black), MSNHP (red), 

MSNNHP (blue), and cMSNs (green). G) Release kinetics of fluorescein from the MSNs before and after 

MMP9 administration.  

  



3. Protease mediated release of chemotherapeutics from mesoporous silica nanoparticles to ex 

vivo human and mouse lung tumors  

 

91 

 

Sample Particle size
a
 (nm) 

BET surface area 

(m²/g) 

Pore volume
b
 

(cm³/g) 

DFT pore size
c
 

(nm) 

MSN 106 ±9 1150 0.67 3.6 ±0.1 

MSNHP 142 ±13 882 0.55 3.6 ±0.1 

cMSN 164 ±15 90 0.05  - ±0 

MSNNHP 142 ±17 825 0.52  3.6 ±0.1 

Table 3-1. Structural parameters of functionalized MSNs. 

a
Particle size refers to the peak value of the size distribution derived from DLS measurements. 

b
Pore volume was calculated up to a pore size of 8 nm to remove the contribution of inter-

particle textural porosity. 
c
DFT pore size refers to the peak value of the pore size distribution. 

 

MMP9 responsive release of cargo using lung cancer cells. We next investigated MMP9 

mediated release of the chemotherapeutic drug cisplatin in two human lung cancer cell lines 

(A549 and H1299) as a function of cell viability. MMP9-dose responsive release of cisplatin 

from the nanoparticles, and subsequent induction of dose-dependent cell death was observed 

in both cell lines (Figure 3-2A and B).  

It is important to note that the MSNs were preloaded by diffusing a defined cisplatin solution 

into the particles, after which the particles were sealed and washed. In the figures, these 

loading concentrations are referred to as loaded cisplatin concentrations. However, the 

amount of cisplatin released from the particles, thus the effective cisplatin concentration the 

cells or tissue were exposed to, was much lower, as the incorporated amount is lower than the 

provided amount in the stock solution. Of note, we observed high cisplatin MSN loading of 
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440 ± 0.02 µg/mg MSN, when diffusing 10 mM cisplatin stock solution into the pores. The 

cisplatin concentration released from the particles was estimated to be an order of 10 fold less 

(then the used stock solution), when compared to free cisplatin as determined by a dose-

response viability curve of direct cisplatin treatment in A549 and H1299 cells (Figure S 

3-2A). To determine if cell-secreted MMP9 was able to open the particle caps, A549 and 

H1299 cells were transiently transfected with MMP9 cDNA and overexpression of active 

MMP9 was validated with gelatin zymography (Figure S 3-2B). MMP9 overexpressing cells 

responded to cisplatin loaded MSNs with pronounced loss of cell viability compared to empty 

vector transfected control cells. This demonstrates that the cell-secreted concentrations of 

MMP9 were able to trigger the release of chemotherapeutic drugs from stimuli-responsive 

MSNs (Figure 3-2C). Importantly, cisplatin-loaded MSNs containing non-cleavable linkers 

(ncMSN-CP) did not induce any cell death in either cell line (Figure 3-2D) indicating tight 

sealing of the particles. Importantly, non-loaded MSNs were found to be nontoxic at the dose 

applied (50 µg/mL) (Figure 3-2E).  

Because MSNs can efficiently encapsulate multiple drugs, these carriers offer a unique 

opportunity for combinatorial drug delivery, which overcomes the problem of acquired drug 

resistance.
28

 Proteasome inhibitors are promising combinatorial drugs as suggested by 

multiple clinical trials, since they effectively inhibit proliferation of tumor cells, sensitize 

them to apoptosis, and overcome drug resistance.
29

 Bortezomib (Bz) is FDA-approved for 

treatment of multiple myeloma and mantle cell lymphoma, and is currently tested in phase II 

clinical trials for lung cancer.
30

 In our set-up, nanoparticles loaded with non-toxic doses of 

cisplatin and Bz when used on their own, induced significant cell death in the presence of 

MMP9 when applied in combination (Figure 3-2F). Augmented cytotoxicity was largest for 

the lowest cisplatin dose (2 µM), with an increased cytotoxicity of over 35 % in the presence 

of Bz. This was a remarkable 5 to 10 fold increase in cytotoxic potency for non-toxic doses of 
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a single drug. Cells exposed to MSNs loaded with cisplatin and Bz (cMSN-CT) in the absence 

of MMP9 showed no significant loss in cell viability (Figure 3-2F, white bars) indicating 

again tight sealing of the particles. These results demonstrated that the combinatorial delivery 

of cisplatin and Bz via nanoparticles induced an additive cytotoxic effect and thus allow for a 

reduction of drug doses.  

 

Figure 3-2. MMP9 responsive release in lung cancer cells. Controlled release of cisplatin from cMSN as 

measured by percent cell survival after 24 h exposure, incubated with; 0 (white bars), 0.5 (light-grey bars), 

or 1 µg/mL (dark -grey bars) MMP9 for in H1299 (A) and A549 cells (B), or C) with MMP9 cDNA (grey 

bars) or empty vector transfected cells (white bars) in H1299. D) ncMSN particles encapsulating cisplatin 

incubated in presence of 1 µg/mL MMP9 for 24 h did not result in significant cytotoxicity in H1299 (light 

grey bars) and A549 cells (dark grey bars). E) Cytotoxicity of cMSNs determined by WST-1 assay in 

H1299 and A549 lung cancer cell lines after 24 h of exposure. F) Controlled release of cMSN loaded with 

cisplatin alone (CP, light grey bars) and in combination with 1 µM bortezomib (CT, dark grey bars) in 

MMP9 cDNA transfected A549 cells, in comparison to empty vector transfected A549 cells (white bars). 

Untreated cells were set to 100 % survival, * means a significant decrease in percent cell survival 

compared to control (p < 0.05). Values given are average of three independent experiments ± SD. 

Application of 3D lung mouse and human tissue cultures. Having shown the feasibility of 

MMP9 mediated drug release from the avidin capped MSNs in lung tumor cell lines, we next 

aimed to validate MMP9 responsive drug release in the complex setting of lung tumor tissue. 

For that purpose, we made use of a novel 3D ex vivo tissue culture method. This technology 
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involves the preparation of ex vivo tissue cultures from healthy and tumoral mouse and human 

lungs, which can be cultured for up to 7 days (Figure 3-3A). For our purposes, mouse and 

human lung tissue slices of 200 µm thickness were exposed for 24 to 72 h to MSNs that had 

been covalently labeled with Atto633 in their core. After treatment, lung tissue slices were 

fixed and stained using immunofluorescence (Figure 3-3B). As a model for murine lung 

tumors, we used transgenic mice carrying a spontaneously activated Kras mutation, which are 

highly predisposed to a range of tumor types, however predominantly show early spontaneous 

development of lung cancer after only a few weeks of age.
31

 This mouse model does not only 

carry the most common mutation, i.e. Kras, observed in human lung cancer patients,
32-34

 but 

also closely resembles spontaneous tumor development via oncogene activation as seen in 

humans. Human material was obtained from freshly excised lung tumor tissue from 

consenting patients. Tumor lesions were clearly detectable in both mouse Kras and human 

patient derived 3D-LTC as characterized by loss of parenchymal lung structure and the 

appearance of dense cell populations (Figure 3-3B, phalloidin staining). Staining of 3D-LTC 

with a Kras antibody confirmed its overexpression in Kras tumor and non-tumor tissue, 

compared to low expression in 3D-LTC of wild-type (WT) mice. MSNs suspended in culture 

media distributed evenly and reproducibly in the tissue (Figure S 3-4B). Non-loaded particles 

were not toxic to the 3D-LTC for up to 72 h of exposure as revealed by the absence of 

apoptotic caspase-3 activation (Figure S 3-4C). High MMP9 expression was detected in tumor 

lesions of Kras mutant mice and in tumorous human tissue by MMP9 immunofluorescence 

staining, and by immunohistochemistry of paraffin-embedded lung tissue (see SI). MMP9 

expression was highest in early-phase neoplasms and staining was most pronounced at the 

invading peripheries of the tumors (Figure S 3-4D). These data confirm MMP9 

overexpression in Kras mouse and human lung tumors, validating this model as suitable for 

MMP9-mediated drug delivery.  
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Figure 3-3. 3D human and mouse ex vivo tissue culture. A) 200 µm thick WT and Kras mouse and human 

lung tissue slices were kept under normal culture conditions, Kras mouse tumors can be easily observed 

with bright -field microscopy (5x objective). B) Confocal microscopy images of WT mouse and Kras 

mutant mouse 3D-LTC with (from top to bottom) phalloidin, Kras, and MMP9 staining using 

immunofluorescence and immunohistochemistry. C) 3D images of tumorous and tumor-free lung tissues 

from human with (from top to bottom) phalloidin, and MMP9 staining using immunohistochemistry 

(Hemat. = hematoxylin). The scale bar is 50 µm. 

MSN mediated MMP9 responsive drug delivery to Kras mutant mouse lungs. Having 

established the 3D-LTCs of Kras mouse lung tumor tissue as a powerful tool for MMP9 

mediated drug delivery via nanoparticles, we next evaluated therapeutic effectiveness of drug 

release from our functionalized nanoparticles (cMSN). For that, lung tissue slices of Kras 

mutant mice were exposed to particles that contained different concentrations of cisplatin 

(cMSN-CPlow and cMSN-CPhigh; 5x higher concentration), or a combination of low doses of 
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cisplatin with bortezomib (cMSN-CT) for 24 or 48 h. Comparing cell death caused by 

cisplatin released from the MSNs to that of direct cisplatin administration in our in vitro 

experiments, we estimated that the cisplatin concentration released from the particles is at the 

order of 10 fold less. Next, we established the dose for direct cisplatin application by exposing 

the lung tissue slices to various concentrations of the drug. At the reported concentrations we 

observed a significant amount of apoptosis of approx. 12 % of cells after 24 h and 20 % after 

48 h using the higher dose of cisplatin (Figure 3-4D, F), as indicated by a significant amount 

of caspase-3 positive staining (Figure S 3-6A, B and Figure S 3-7A, B). Based on our in vitro 

findings of about 10fold less encapsulation of cisplatin into the MSNs we encapsulated 10x 

higher doses of cisplatin solution inside the MSNs to be able to achieve a similar effect and 

applied those to the lung slices (see Table 3-2 for an overview of used doses). Importantly, a 

similar induction of tumor cell death was observed for both, the encapsulated drugs and the 

drugs alone for all tested doses and time-points, showing that the chosen doses were effective 

and comparable to each other (Figure 3-4C-F).  

Strikingly, all nanoparticles containing chemotherapeutic(s) induced apoptosis only in tumor 

lesions of Kras lungs, while not affecting tumor-free regions in the same Kras lung tissues 

(Figure 3-4A). In addition, we observed a dose-dependent therapeutic effect on apoptotic cell 

death, with the combination therapy (cMSN-CT) being most effective. In contrast, Kras 

mutant mouse 3D-LTC exposed to comparable doses of free (non-encapsulated) drug(s) (CP 

or CT), resulted in apoptotic cell death that did not discriminate between tumorous and non-

tumorous tissue. Of note, MSNs with non-cleavable linkers encapsulating both drugs 

(ncMSN-CT), did not cause any significant apoptotic cell death in Kras tumors or in healthy 

tissue in Kras lungs (Figure 3-4B upper panel). In addition, healthy lungs of WT mice 

exposed to drug-loaden nanoparticles (cMSN-CT) did not show significant signs of apoptosis, 

whereas exposure to comparable doses of free (non-encapsulated) drugs caused apoptotic cell 
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death that distributed evenly in the healthy tissue further proving the selective cytotoxic effect 

of our MSNs. The dose- and time- dependent therapeutic effects of the MSNs were quantified 

by counting the number of apoptotic cells versus the total number of cells in lung tissue slices 

containing tumors of comparable size (see Figure S 3-6 and Figure S 3-7 for the images used 

for quantification). Of note, cell death in the tumor area was 10 to 25 fold higher compared to 

the non-tumor area upon nanoparticle-mediated drug delivery. This was even more 

pronounced after 48 h (Figure 3-4E). The effect was highest for the combination therapy with 

a 25-fold increase in apoptotic tumor cell death while exposure of Kras lung tissue to Bz 

alone did not cause any significant apoptosis (Figure S 3-8A). In contrast to the nanoparticle-

mediated drug delivery, Kras lungs exposed to comparable doses of cisplatin ± Bortezomib 

for 24 h and 48 h showed a similar degree of apoptotic cell death in the tumor and non-tumor 

areas (Figure 3-4D and F). Only for the highest doses (CPhigh and CT) a small but significant 

increase in tumor cell death was observed. This might be attributed to the increased 

effectiveness of cisplatin towards fast-dividing and óleakyô tumor cells.
35
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Figure 3-4. Therapeutic efficacy of MMP9 responsive MSNs in Kras mutant mouse lungs. A) Kras mutant 

mouse 3D-LTC exposed to MSN particles encapsulating either a low dose of cisplatin (cMSN-CPlow), high 

dose of cisplatin (cMSN-CPhigh), low dose of cisplatin in combination with Bz (cMSN-CT), or to 

comparable doses of the free drugs (CP/ CT) for 48 h. B) Kras mouse 3D-LTC exposed to MSNs with non-

cleavable linkers encapsulating combination treatment (ncMSN-CT) for 48 h (upper panel) and WT 

mouse 3D-LTC exposed to MSNs with MMP9 -cleavable linkers encapsulating combination treatment 

(cMSN-CT), or free (non-encapsulated) drugs (CT) for 48 h (lower panel). The scale bar is 50 µm. 

Comparable sized tumors were chosen for microscopy (indicated by dotted line), tumor-free refers to 

images that were made in a non-tumor area of a Kras 3D-LTC. Nuclear staining (DAPI) is shown in blue, 

apoptotic marker (cleaved caspase-3 positive) in green and Atto633 labelled MSN particles in red. Images 

shown are representative for three independent experiments (see also Figure S6, S7). Quantification of 

apoptotic cells (cleaved caspase-3) per number of counted nuclei (DAPI) in tumor and tumor-free areas in 

Kras 3D-LTC after C, D) 24 h of exposure and E, F) 48 h of exposure to MSN particles encapsulating 

drugs (cMSN-CP/CT) or free (non-encapsulated) drugs (CP/CT), respectively. Non-treated control slices 

(white bars) and control MSNs (i.e., ncMSN-CT) (light grey bar, 48 h exposure) were also included in the 

study. * means a significant increase in apoptosis compared to a non-tumor control area (p < 0.05). Values 

given are average of three independent experiments ± SD. 
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As represented in Fig. 1 Label (loaded) drug concentrations 

  cMSN-CPlow 

cMSN-CPhigh 

cMSN-CT 

2 mM cisplatin 

10 mM cisplatin 

2 mM cisplatin + 1 µM Bortezomib 

 ncMSN-CPlow 

ncMSN-CPhigh 

ncMSN-CT 

2 mM cisplatin 

10 mM cisplatin 

2 mM cisplatin + 1 µM Bortezomib 

 CPlow 

CPhigh 

CT 

0.2 mM cisplatin 

1 mM cisplatin 

0.2 mM cisplatin + 0.2 µM 

Bortezomib 

Table 3-2. Drug doses used for the mouse lung tissue slices experiments. 

Importantly, MSNs induced apoptosis correlated with MMP9 expression in tumor lesions 

(Figure 3-5A, Figure S 3-8B). Detailed analysis of the 3D-LTC revealed that apoptosis took 

place throughout the tumor while the particles remained mainly on the top of the tissue, where 

they associated with the tissue (Figure 3-5B and Figure S 3-8C). This observation suggests 

that the particles are first immobilized on the tissue and subsequently cleaved by 

overexpressed MMP9 on the surface of the tissue, and the released chemotherapeutic(s) 

effectively diffuse into the tissue. A similar distribution of apoptotic cells was observed for 

3D-LTC exposed to the drug alone (Figure 3-5B and Figure S 3-8C). This indicates that deep 

cleavable linker 
(HP) 

non-cleavable 
linker (NHP) 
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penetration of nanoparticles into the tumor tissue is not required as the released drugs 

effectively diffuse throughout the tissue. Moreover, we confirmed that the cytotoxic effects 

were mainly restricted to epithelial tumor cells by co-staining of 3D-LTCs with cleaved 

caspase-3 and the epithelial cell type marker E-cadherin (Figure 3-5C Figure S 3-8D). These 

data clearly demonstrate tumor site-selective drug delivery by our nanoparticles. 

 

Figure 3-5. A) Kras 3D-LTC exposed to cMSN-CT for 48 h with MMP9 antibody co-staining (magenta, 

maximum intensity projections of the different channels, white dots in merged image show direct overlay) 

in tumor (top) and tumor -free (bottom) areas. B) Exposed Kras 3D-LTC, only showing the calculated 

number of particles, nuclei and apoptotic cells per 3D-LTC tissue slice from the side where tumor tissue is 

located. Red spots represent the calculated particles, blue spots represent the nuclei, and green spots 

represent the apoptotic cells in cMSN-CT exposed 3D-LTC (above panel), and CT exposed 3D-LTC 

(below panel). Original stainings were omitted for clarity. C) Kras 3D-LTC exposed to cMSN-CT for 48 h 

with E-cadherin antibody co-staining (magenta, orthographic representation using a 63x objective). The 

nuclear staining (DAPI) is shown in blue, apoptotic marker (cleaved caspase-3) in green. The fluorescence 

signal originating from Atto 633 labeled MSN particles was omitted from the images for clarity (for A and 

C). Scale bar is 50 µm. 

MMP9 responsive drug delivery to human lung tumors. In a final step, we set out to assess 

protease responsive drug delivery from our nanoparticles in human lung tumors. For that 

purpose, we used 3D-LTCs from freshly excised human lung cancer tissue obtained from 

different donors. Cisplatin-loaded nanoparticles (cMSN-CPlow) induced pronounced apoptotic 
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cell death in human cancer tissue after 72 h of exposure. This correlated well with particle 

density on the tissue (Figure 3-6A). Furthermore, therapeutic effectiveness of the cMSN-CP 

was not dependent on the tumor type as apoptotic cell death was induced both in metastatic 

and primary lung tumors (Figure 3-6A). Untreated control tissue showed only a minor degree 

of apoptosis which might be attributed to the tissue cutting procedure (Figure 3-6A). Human 

3D-LTCs exposed to non-cleavable MSNs (ncMSN-CP) did not show significantly more 

apoptosis compared to control tissues (Figure 6A, middle panel) confirming MMP9 sequence 

specific drug release. Importantly, cMSN-CPlow particle exposure did not induce any 

apoptosis in healthy human tissue (Figure 3-6B). MSN induced apoptosis was observed 

throughout the tumor tissue (Figure S 3-9). The therapeutic effect of the particles was 

confirmed by quantification of cleaved caspase-3 levels by western blot analysis using whole 

3D-LTC homogenates (Figure 3-6C).  
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Figure 3-6. Therapeutic effect of MMP9 responsive MSNs in human lungs. A) human lung 

adenocarcinoma and B) human healthy lung 3D-LTC exposed to cMSN-CPlow, or ncMSN-CPlow for 72 h. 

Non-exposed control slices were included in the study. Nuclear staining (DAPI, blue), cleaved caspase-3 

(green) and MSNs (red). The scale bar is 50 µm. Images shown are representative for three different cuts 

within the tumor (see also Figure S9). C) Western blot analysis of human 3D-LTC exposed to cMSN-CPlow 

and ncMSN-CPlow for 72 h. 

Nanoparticles as drug delivery carriers have received a lot of attention in the last decades and 

several formulations have been approved by the FDA and European Medicines Agency for 

the treatment of cancer.
36

 Many of these formulations offer improved pharmacodynamics over 

the free drug by increasing their bioavailability, and tumor delivery efficiency. In addition, 

nanoparticles such as MSNs can be developed for inhalation therapy
37

, which is advantageous 

for treatment of lung cancer as drugs are directly administered in the target organ, bypassing 

the gastrointestinal tract and the liver, and problems associated with stability throughout blood 
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circulation become irrelevant. Indeed, our preliminary data indicate that the particles are well 

distributed in the lungs and have low lung toxicity. The drug release of nanocarries such as 

liposomes and polymers is sustained (i.e. slow release of drugs over-time that is not 

controllable). A promising approach to further increase the tumor-specificity and 

effectiveness of nanoparticles is the ability to release high concentrations of drugs only in the 

extracellular matrix in close proximity to the tumor site. Cancer-specific extracellular 

enzymes can be used to achieve this goal. For example, MMP9 is overexpressed in lung 

tumors, known to enhance the metastatic potency of malignant cells, and is associated with 

poor prognosis in lung cancer.
2-5

 The feasibility and promise of MMP2/9 responsive drug 

therapy has previously been demonstrated in in vivo mouse xenografts of the pancreas,
38

 

fibrosarcoma,
11

 glioblastoma (brain),
12

 and hepatoma (liver),
39

 demonstrating that this is a 

promising technology for treatment of a variety of cancers. No such in vivo data for NSCLC 

lung cancer currently exists. 

In the present study, we report the synthesis of novel mesoporous silica nanoparticles 

containing an MMP9 responsive avidin capping system. MMPs-responsive MSNs were 

reported only in three studies recently by Singh et al.,
40

 Zhang et al.,
41

 and by Xu et al.
42

 

However, these studies did not report a MMP9 sequence-specific capping system for 

controlled drug delivery from the MSNs. In the study by Singh et al., the MSNs were coated 

with a polymer shell consisting of MMP substrate polypeptides with a degradable sequence. 

However, need for improvement over control of drug release is required for these 

nanocarriers. In the study by Zhang et al., MSNs were coated with a polyanion layer 

preventing particle uptake by healthy cells, which could be removed via MMP cleavage in 

MMP2 expressing colon and squamous cancer cell lines. After (tumor) cell uptake of the 

particle, cargo release (doxorubicin) was obtained by a redox-driven release mechanism. In 
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another study by Xu et al, gelatin was used both as a gatekeeper and as a degradable substrate 

for MMPs in gelatin-coated MSNs and showed efficacy in a MMP2 overexpressing colon 

cancer cell line and a xenograft mouse model. Nevertheless, the efficiency of pore sealing to 

prevent premature drug release was poor in this system. In contrast, here we showed effective 

MMP2/9 sequence-specific release of loaded cargo from the biomolecule-capped MSN 

system in two non-small-cell lung cancer cell lines and in mouse and human lungs. To 

achieve this, we developed a novel ex vivo tissue culture application (3D-LTC) to test our 

particles. The 3D-LTC technique allows for high resolution and spatio-temporal imaging of 

the therapeutic effect of nanoparticles in selected areas of interest (e.g. diseased versus 

healthy areas) within the complex 3D structure of lung (cancer) tissue. While previous reports 

have used 3D-LTC predominantly for short-term toxicological analysis of nanoparticles, 
43-45

 

we studied the therapeutic effect of nanoparticles in relevant disease models. As a model for 

murine lung tumors, we used transgenic mice carrying a spontaneously activated Kras 

mutation, which show early spontaneous development of lung cancer after only a few weeks 

of age. As this model closely reflects the human pathophysiology, we believe that therapeutic 

strategies that are confirmed in this model are more likely to translate to humans than the 

commonly used xenograft mouse models. Furthermore, finding therapeutic strategies that 

work against Kras tumors is promising as Kras mutations result in aggressive cancers, are 

generally correlated with poor prognosis, and are associated with reduced responsiveness to 

many existing therapies.
46-48

 Additionally, this technique allowed us to confirm our findings 

also in diseased human tissue, which represents a major advance in closing the gap between 

drug development and application in the clinics. Using this method, we show that in vivo 

MMP9 concentrations are locally highly expressed in mouse Kras tumor and in patient 

derived explanted tumor tissue compared to healthy mouse and human lung tissue. Because 

MMP9 expression has been reported as a clinical marker for tumor progression and 
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metastasis,
49

 it is possible that these highly MMP9 positive tumor areas represent metastasis-

prone tumor cells. A link between MMP9 expression and metastasis was also shown in mice 

where MMP9 deficient mice had a reduced number of metastatic colonies.
50

 MMP9 mediated 

drug delivery may thus most likely target metastatic tumor cell areas and therefore may 

effectively reduce tumor invasion and metastasis. Indeed, only MMP9-expressing Kras tumor 

areas were affected by MSN treatment as revealed by spatio temporal high-resolution 

imaging, whereas healthy lungs from WT mice and healthy areas in tumor-bearing mouse 

lungs remained unaffected. In contrast, slices exposed to free (non-encapsulated) drugs had an 

even distribution of apoptosis in tumor, tumor-free and healthy lung tissue. Accordingly, 

quantification of the therapeutic effect showed that the MSNs were 10 to 25 fold more 

effective in tumor tissue, whereas the free drug was less than 2-fold more effective in tumor 

tissue compared to the tumor-free areas in the same tissue slices. Furthermore, our 3D-LTC 

data proved the synergistic effect of our combinatorial drug delivery strategy and agrees very 

well with our in vitro data where we observed a 5-10 fold increase in cytotoxic potency upon 

combinatorial drug delivery. Using proteasome inhibitors in combination with a commonly 

used chemotherapeutic is a novel approach for treatment of cancer in general, and for lung 

cancer in particular. A phase II clinical trial study with bortezomib in combination with 

carboplatin (another platinum-based chemotherapeutic) showed promising progression-free 

and improved overall survival rates for treatment of non-small cell lung cancer (NSCLC).
51

 

Our report is the first in which nanoparticle-based controlled release of a proteasome inhibitor 

in combination with cisplatin shows greatly enhanced antitumor activity. Finally, we provide 

proof that these particles are also effective in human metastasis and adenocarcinoma lung 

cancer. We show that MMP9 sensitive MSNs encapsulating cisplatin cause significant 

apoptosis in human lung tumor 3D-LTCs but not in healthy human lung tissue 3D-LTCs. This 

effect was MMP9 sequence specific as no apoptosis was induced for MSNs containing non-
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cleavable linkers encapsulating the same cisplatin concentration. To our knowledge, we are 

the first to show the effectiveness of MMP9 responsive drug delivery to human patient-

derived tissue.  

3.3 Conclusion 

In summary, this study shows the feasibility of MMP9 mediated drug release in human lung 

tissue and in an advanced mouse model (Kras mutant mice) that closely reflects the human 

pathophysiology. Specifically, our novel drug delivery system using MMP9 responsive MSN 

particles could be used to effectively deliver a combination of two drugs, bortezomib and 

cisplatin, in a stimuli-controlled manner, and potentiate a synergistic effect selectively to 

(metastatic) tumors in mouse and human ex vivo tissue slices. 

3.4 Experimental Part 

Materials. Tetraethyl orthosilicate (TEOS, Fluka, > 98 %), triethanolamine (TEA, Aldrich, 

98 %), cetyltrimethylammonium chloride (CTAC, Fluka, 25 % in H2O), mercaptopropyl 

triethoxysilane (MPTES, Fluka, > 80 %), aminopropyl triethoxysilane (APTES, Sigma 

Aldrich, 99 %), ammonium fluoride (NH4F, Fluka), ammonium nitrate (NH4NO3, Fluka), 

hydrochloric acid (HCl, 37 %), Bio-PLGMWSR (HP-biotin, GenScript, 96.3 %), Bio-

PLLMWSR (NHP-biotin, GenScript, 90.1 %), N-(3-dimethylaminopropyl)-Nô-

ethylcarbodiimide hydrochloride (EDC, Aldrich), N-hydroxysulfosuccinimide sodium salt 

(sulfoNHS, Aldrich), avidin, egg white (Merck, Calbiochem), fluorescein disodium salt 

dihydrate (Acros), calcein acetoxymethyl ester (calcein-AM, Sigma Aldrich), cisplatin (Sigma 

Aldrich), bortezomib (Bz, Velcade, Millennium Pharmaceuticals), cleaved caspase-3 antibody 

(Asp175) (Cell signaling, 9661), E-cadherin antibody (BD biosciences, 610181), Kras 
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antibody (Santa Cruz, SC30), MMP9 antibody (Millipore, AB19016), ɓ-actin antibody (Cell 

Signaling), Ŭ-tubulin (Genetex) and secondary Alexafluor antibodies (Invitrogen) were used 

as received. Ethanol (EtOH, Aldrich, absolute), dimethylsulfoxide (DMSO, Aldrich), and 

HBSS buffer (Gibco) were used as solvents without further purification. Bi-distilled water 

was obtained from a Millipore system (Milli-Q Academic A10). 

Synthesis procedures. Particle synthesis of MSNs containing SH groups in the core particle 

and NH2 groups on the particle surface (MSN). A mixture of tetraethyl orthosilicate (TEOS, 

1.63 g, 7.82 mmol), mercaptopropyl triethoxysilane (MPTES, 112 mg, 0.48 mmol) and 

triethanolamine (TEA, 14.3 g, 95.6 mmol) was heated under static conditions at 90 °C for 

20 min in a polypropylene reactor. Then, a solution of cetyltrimethylammonium chloride 

(CTAC, 2.41 mL, 1.83 mmol, 25 wt% in H2O) and ammonium fluoride (NH4F, 100 mg, 

2.70 mmol) in H2O (21.7 g, 1.21 mmol) was preheated to 60 °C, and rapidly added to the 

TEOS solution. The reaction mixture was stirred vigorously (700 rpm) for 20 min while 

cooling down to room temperature. Subsequently, TEOS (138.2 mg, 0.922 mmol) was added 

in four equal increments every three minutes. After another 30 min of stirring at room 

temperature, TEOS (19.3 mg, 92.5 µmol) and aminopropyl triethoxysilane (APTES, 20.5 mg, 

92.5 µmol) were added to the reaction. The resulting mixture was then allowed to stir at room 

temperature overnight. After addition of ethanol (100 mL), the MSNs were collected by 

centrifugation (19,000 rpm, 43,146 rcf, for 20 min) and re-dispersed in absolute ethanol. The 

template extraction was performed by heating the MSN suspension under reflux (90 °C, oil 

bath temperature) for 45 min in an ethanolic solution (100 mL) containing ammonium nitrate 

(NH4NO3, 2 g), followed by 45 min heating under reflux in a mixture of concentrated 

hydrochloric acid (HCl, 10 mL) and absolute ethanol (90 mL). The mesoporous silica 
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nanoparticles were collected by centrifugation and washed with absolute ethanol after each 

extraction step. 

Heptapeptide functionalization (MSNHP and MSNNHP). Bio-PLGMWSR (HP-biotin 96.3 %, 

5.1 mg, 4.6 µmol) or Bio-PLLMWSR (NHP-biotin, 90.1 %, 5.0 mg, 4.0 µmol) were dissolved 

in 100 µL DMSO. The solution was diluted by addition of 400 µL H2O. Then, EDC (0.8 mg, 

5.2 µmol) was added, and the reaction mixture was stirred for 5 min at room temperature. 

Subsequently, sulfoNHS (1 mg, 5.0 µmol) was added, and the reaction mixture was stirred for 

another 5 min at room temperature. This mixture was added to a suspension containing 50 mg 

of MSN-NH2 OUT in a total volume of 8 mL (EtOH:H2O 1:1). The resulting mixture was then 

allowed to stir at room temperature overnight. The MSNs were thoroughly washed with EtOH 

and H2O (3 times) and finally collected by centrifugation (19,000 rpm, 43,146 rcf, 20 min). 

The HP-biotin or NHP-biotin functionalized MSNs were stored as colloidal suspension in 

absolute ethanol. 

Cargo loading. 1 mg of MSNs (MSNHP or MSNNHP) were immersed in 500 µl HBSS buffer 

containing fluorescein disodium salt dihydrate (1 mM), calcein-AM (20 µM or 50 µM), 

cisplatin (2 µM, 10 µM, 20 µM, or 100 µM), or a combination of cisplatin and Bz (2 µM + 

1 µM, 10 µM + 1 µM, or 20 µM + 1 µM) for 2 h at room temperature. Afterwards, the 

particles were coated with avidin. Fluorescein-loaded particles were washed once by 

centrifugation and redispersion prior to the addition of avidin. All other samples were coated 

with avidin without a previous washing procedure. 

Avidin capping (cMSN and ncMSN). 1 mg of loaded or non-loaded MSNs (in 500 µL HBSS 

buffer) were added to 500 µL HBSS buffer containing 1 mg of avidin. The solution was 

mixed by vortexing for 5 sec and allowed to react for 30 min under static conditions at room 

temperature. The resulting suspension was then centrifuged (5000 rpm, 2200 rcf, 4 min, 
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15 °C) and washed three times with HBSS buffer. The particles were finally re-dispersed in 

HBSS buffer and used for cuvette release experiments or in vitro studies. 

For details on characterization of the MSNs, please refer to the Supporting Information.  

Cell culture. The human non-small cell lung cancer (NSCLC) cell lines, A549 and H1299, 

were obtained from ATCC (American Type Culture Collection, Manassas, USA). Both cell 

lines were maintained in DMEM media (Gibco, Life Technologies). Media were 

supplemented with 10 % FBS (fetal bovine serum) and 1 % penicillin/streptomycin. All cells 

were grown at 37 °C in a sterile humidified atmosphere containing 5 % CO2. 

WST-1 assay. Cytotoxicity of the non-loaded MSNs was assessed using the WST-1 assay 

(Roche). Briefly, 1.5 x 10
4
 cells/well were seeded in 96-well plates. 24 h after seeding, the 

cells were exposed to MSNHPAVI or MSNNH2 particles for 4 or 24 h. After treatment, 10 µL 

of WST-1 reagent solution (Roche) was added to each well, and the cells were incubated at 

37 °C for 30 min. Absorbance was measured at 450 nm using a Tristar LB 941 plate-reader 

(Berthold Technologies). 

MTT assay. The MTT assay was performed to assess cell viability after cisplatin or Bz 

release from the particles. Briefly, 1 x 10
4
 cells/well for H1299 and 0.5 x 10

4
 cells/well for 

A549 were seeded in 96-well plates. 48 h after seeding, cells were exposed to 50 µg/mL MSN 

particles that had been loaded with solutions of cisplatin with or without Bz, in the presence 

of 0, 0.5 or 1 µg/mL of recombinant MMP9 (Enzo life sciences) in 50 µL of fresh media. In 

the case of transfected cells, 24 h after seeding, the cells were transfected with 0.15 µg of 

MMP9 cDNA (DNASU) or empty vector cDNA per well using SatisFection
TM

 transfection 

reagent (Agilent Technologies), according to manufacturerôs instructions. 24 h after 

transfection, the cells were exposed to 50 µg/mL cMSN particles that had been loaded with 
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solutions of cisplatin, in 50 µL of fresh media. After treatment, 10 µL of freshly prepared 

solution of 5 mg thiazolyl blue tetrazolium bromide/mL PBS (Sigma) was added to each well, 

and the cells were incubated at 37 °C for 1 h. The supernatant was then aspirated, and the 

violet crystals were dissolved in 500 µL isopropanol + 0.1 % Triton X-100. Absorbance was 

measured at 570 nm, using a Tristar LB 941 plate-reader (Berthold Technologies). 

Experiments were done in triplicate. Data analyses were performed in Prism graphpad 

(version 6) software.  

Zymography. To assess catalytically active MMP9 expression and transfection efficiency in 

A549 and H1299 cells, gelatin zymography was performed. In short, collected cell culture 

supernatants were centrifuged to get rid of cellular debris and then electrophoresed on 10 % 

SDS-gels containing 1 % gelatin substrate in non-reducing conditions (i.e., no ɓ-

mercaptoethanol), so that the proteins could renaturate afterwards. After electrophoresis, the 

enzymes were renaturated by incubation with 2.5 % Triton-X-100 in developing buffer 

(50 mM Tris, 200 mM NaCl, 5 mM CaCl2, pH 7.5) for 1 h at room temperature, to ensure that 

the proteins were catalytically active. Afterwards, the gels were incubated in developing 

buffer at 37 °C for 24 h, to allow for the enzyme reaction to proceed. Thereafter, the gels were 

stained using PAGE-Blue
TM

 (Fermentas) protein staining, according to the manufacturerôs 

instructions. Gels were analyzed using the ChemiDoc
TM

 XRS+ software (BioRad).  

Animals. 129S/Sv-Kras
tm3Tyj

/J (K-ras
LA2

) mutant mice were obtained from The Jackson 

Laboratory, Bar Harbor, Maine, USA and cross-bred with FVB-NCrl WT females obtained 

from the Charles River Laboratories, Sulzfeld, Germany for seven generations. Animals were 

kept in rooms maintained at constant temperature and humidity with a 12/12 h light/dark 

cycle, and were allowed food and water ad libitum. All procedures were conducted according 
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to the international guidelines and with the approval of the Bavarian Animal Research 

Authority in Germany. 

Human tissue. The experiments with human tissue were approved by the Ethics Committee 

of the Ludwig-Maximilians-University Munich, Germany (LMU, project Nr. 455-12). All 

samples were provided by the Asklepios Biobank for Lung Diseases, Gauting, Germany 

(Project Nr. 333-10). Written informed consent was obtained from all subjects. Tumor or 

tumor-free tissue from patients who underwent lung tumor resection was used.  

Human and mouse precision cut lung slicing (3D-LTC). The whole procedure was 

performed under sterile conditions. WT FVB as well as Kras mutant mice with lung tumor 

burden were anaesthetized with a mixture of ketamine and xylazin hydrochloride (bela-

pharm, Germany). Kras mice of approx. 3 months of age which had several tumor lesions in 

each lung tissue slice were used. After intubation and diaphragm dissection, lungs were 

perfused via the right ventricle with sodium chloride solution (Braun Vet Care, Germany). 

Using a syringe pump, airways were filled with warm 2 wt-% low melting agarose solution 

(Sigma, Germany) prepared in DMEM/F12 (Gibco, Germany) supplemented with 1% 

penicillin/streptomycin and amphotericin B (Sigma, Germany). Later, tracheae were knotted 

with a thread to keep the liquid agarose inside the airways. Afterwards, the lungs were excised 

and transferred into tubes loaded with cultivation medium, left to cool on ice to allow for the 

solidification of the agarose. Finally, lobes were separated and cut with a vibratome (Hyrax 

V55, Zeiss, Germany) to a thickness of 200 ɛm. The 3D-LTC were cultivated for up to three 

days. The amount of sections per mouse varied between 30 to 50 slices. Directly after cutting, 

mouse 3D-LTC were exposed to 50 µg/mL of CP, CT or to Atto 633 labelled MSNs particles 

containing CP or CT, administered directly into the medium. For human 3D-LTC, tumorous 

and tumor-free regions excised from lung cancer surgeries were used. Airways at tumor-free 
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segments were filled up with 3 wt-% agarose dissolved in DMEM/F12 as described above, via 

respective bronchi. Both the tumorous and tumor-free segments were then cut to a thickness 

of 300 ɛm with the vibratome. Directly after cutting, mouse and human 3D-LTC were 

exposed to 50 µg/mL of MSNs particles containing CP or CT, administered directly into the 

medium. Human and mouse 3D-LTC were treated for either 24 or 48 h.  

Immunofluorescence. 3D-LTC were fixed with acetone/methanol 50/50 vol% solution for 10 

min, washed with PBS, blocked for 1 h with Roti®-ImmunoBlock (Carl Roth, Germany) at 

room temperature, and incubated with primary antibody at 4°C overnight. Afterwards, 3D-

LTC were washed with PBS, incubated with secondary antibody for 2 h at room temperature, 

again washed with PBS and finally stained with DAPI. Stained 3D-LTC were mounted using 

fluorescence mounting medium (DAKO, USA) and evaluated using confocal microscopy 

(LSM710, Carl Zeiss, Germany). 3D reconstruction and quantification of cell death in the 3D-

LTC were conducted using the IMARISx64 software (version 7.6.4, Bitplane, Switzerland). 

Maximum intensity projections were made using ZEN2009 software (Carl Zeiss, Germany).  

Immunohistochemistry. Lung segments were placed in 4% (w/v) paraformaldehyde after 

exciscion and processed for paraffin embedding. 3 µm thick sections on slides were subjected 

to quenching of endogenous peroxidase activity using a mixture of methanol/H2O2 for 20 min, 

followed by antigen retrieval in a decloaking chamber. From this step on, the slides were 

washed with TBST after each incubation with the reagents throughout the procedure. The 

sections were incubated firstly with Rodent Block M (Zytomed Systems, Germany) for 30 

min, and then with the primary antibody, i.e. MMP9 (Millipore, USA) or IgG, control for 1 h. 

The cuts were then incubated with Rabbit on Rodent AP-Polymer for 30 min which was 

followed by Vulcan Fast Red, AP substrate solution (both Biocare Medical, Concord, USA) 

incubation for 10-15 min. The sections were counterstained with hematoxylin (Carl Roth, 
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Germany) and dehydrated respectively in consecutively grading ethanol and xylene (both 

AppliChem, Germany) incubations. Dried slides were mounted in entellan (Merck, Germany). 

Study design and statistics. The therapeutic effect of the particles was assessed by 

immunofluorescent stainings using an apoptosis marker (cleaved caspase-3) and was 

investigated on lung tissue slices from 15 different Kras mutant animals that were cut and 

exposed to the MSNs or free drugs in three independent experiments. Similarly sized tumors 

were chosen for the imaging from a minimum of 3 different mice per individual staining. In 

addition, each staining was performed a minimum of 3 times per mouse. Three representative 

images of 3 different mice were chosen for the quantification as shown in Figure 4. The 

quantification was done blinded using the IMARISx64 software (version 7.6.4, Bitplane, 

Switzerland). For the controls, 9 WT FVB mice were cut in 3 independent experiments, and 

stained and quantified according the same principle. For comparison of two groups, one-way 

ANOVA analysis was performed. A p-value lower than 0.05 was considered statistically 

significant 

Western Blotting. Human 3D-LTC were lysed in RIPA buffer (50 mM Tris HCl, pH 7.5, 150 

mM NaCl, 1% NP40, 0.5% sodiumdeoxycholate, 0.1% SDS) supplemented with protease 

inhibitor cocktail (Complete
TM

, Roche). Protein content was determined in the supernatants 

using the Pierce BCA protein assay kit (Thermo Scientific). For western blot analysis, equal 

amounts of protein were subjected to electrophoresis on 12% SDS-PAGE gels and blotted 

onto PVDF membranes. Membranes were treated with antibodies using standard Western blot 

techniques. The ECL Plus Detection Reagent (GE Healthcare) was used for chemiluminescent 

detection and membranes were analyzed with the ChemiDoc
TM

 XRS+ (Bio-Rad).  
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3.6 Appendix 

Materials and Methods. Transmission electron microscopy (TEM) was performed at 300 kV 

on an FEI Titan 80-300 equipped with a field emission gun. For sample preparation, the 

colloidal solution of MSNs was diluted in absolute ethanol, and one drop of the suspension 

was then deposited on a copper grid sample holder. The solvent was allowed to evaporate. 

Dynamic light scattering (DLS) and zeta potential measurements were performed on a 

Malvern Zetasizer-Nano instrument equipped with a 4 mW He-Ne laser (633 nm) and an 

avalanche photodiode detector. DLS measurements were directly recorded in diluted colloidal 

aqueous suspensions of the MSNs at a constant concentration of 1 mg/mL for all sample 

solutions. Zeta potential measurements were performed using the add-on Zetasizer titration 

system (MPT-2), based on diluted NaOH and HCl as titrants. For this purpose, 1 mg of the 

MSN sample was diluted in 10 mL bi-distilled water. Thermogravimetric analyses (TGA) of 

the extracted bulk samples (approximately 10 mg) were recorded on a Netzsch STA 440 C 

TG/DSC. The measurements proceeded at a heating rate of 10 °C/min up to 900 °C, in a 

stream of synthetic air of about 25 mL/min. Nitrogen sorption measurements were performed 

on a Quantachrome Instrument NOVA 4000e at -196 °C. Sample outgassing was performed 

for 12 hours at a vacuum of 10 mTorr at 120 °C. Pore size and pore volume were calculated 

with an NLDFT equilibrium model of nitrogen on silica, based on the desorption branch of 

the isotherms. In order to remove the contribution of the interparticle textural porosity, pore 

volumes were calculated only up to a pore size of 8 nm. A BET model was applied in the 

range of 0.05 ï 0.20 p/p0 to evaluate the specific surface area. Infrared spectra were recorded 

on a ThermoScientific Nicolet iN10 IR-microscope in reflection-absorption mode with a 

liquid-N2 cooled MCT-A detector. ICP-OES measurements have been performed on a Varian 

Vista RL (radial) CCD Simultaneous ICP-OES instrument. Time-based fluorescence spectra 

were recorded on a PTI spectrofluorometer equipped with a xenon short arc lamp (UXL-
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75XE USHIO) and a photomultiplier detection system (model 810/814). The measurements 

were performed in HBSS buffer at 37 °C, to simulate human body temperature. For time-

based release experiments of fluorescein, a custom-made container consisting of a Teflon 

tube, a dialysis membrane (ROTH Visking type 8/32, MWCO 14,000 g/mol), and a 

fluorescence cuvette were used (Figure S2). The excitation wavelength was set to ɚ=495 nm 

S3 for fluorescein-loaded MSNs. Emission scans (505 ï 650 nm) were performed every 

5 min. All slits were adjusted to 1.0 mm, bandwidth 8 nm. The release of calcein-AM, hence 

the staining of the cells from the particles was assessed using confocal microscopy. Freshly 

prepared calcein-AM containing MSN or MSNctl particles were incubated with 0, 1 or 

2 ɛg/mL recombinant MMP9 (Enzo life sciences) for 2 h at 37 °C in a thermoblock that was 

shaking mildly at 700 rpm. After the incubation time, the particles were removed by 

centrifugation, and the cells were incubated with the supernatants for 30 min, so that the 

released calcein-AM could be taken up by the living cells. Afterwards, the nuclei of the cells 

were counterstained with Hoechst (Enzo life sciences). Live cell imaging was performed 

using a confocal microscope (Zeiss LSM 710).  

Characterization of the particles. The core-shell functionalized MSNs have been 

synthesized by a delayed co-condensation approach, resulting in functionalization of the 

external particle surface with amino groups. Additionally, the inner pore system has been 

decorated with thiol groups. This additional core functionalization offers a site for covalent 

attachment of cargo via cleavable linkers, or binding of fluorescent dyes for particle tracking, 

which are important for particle tracking in in vitro and in vivo studies. Sample MSN 

consisted of nano-sized mesostructured particles of about 70 nm, as derived from transmission 

electron microscopy (TEM, Figure S 3-1A). The TEM image shows a spherical particle 

shape, and the worm-like structure of the mesopores is clearly visible. Dynamic light 
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scattering (DLS) measurements revealed a mean particle size of 106 nm (Table 3-1) and good 

colloidal stability. This apparent difference in particle size, compared to TEM, is attributed to 

the involvement of the hydrodynamic diameter and weak transient agglomeration of a few 

nanoparticles during the DLS measurements. Importantly, a narrow particle size distribution 

and no significant agglomeration were observed after each synthesis step (particle size 

distribution, see Figure 3-1D). After the modification of the MSNs with the short heptapeptide 

linkers and further attachment of avidin, the mean particle sizes increased, due to these 

additional organic layers (Table 3-1and Figure 3-1D). Thermogravimetric analyses showed 

stepwise additional weight loss for the samples MSNHP and fully functionalized MSNs 

(MSN), compared to MSNnaked, during heating from 150 ï 900 °C (Figure 3-1). This 

confirmed efficient attachment of the short organic heptapeptide linker and the bulky protein 

avidin (+3 % and +25 % additional weight loss, respectively). The zeta potential 

measurements showed no significant change in the surface charge at different pH values of 

the MSNHP and MSNNHP samples, compared to MSNnaked, confirming that the quantity of 

charged groups at the external surface was not increased by the attachment of the 

heptapeptide linkers (mainly consisting of unprotonable residues). The isoelectric points were 

around pH = 6. Only after attachment of the avidin (cMSN), a drastic change in the surface 

charge of the coated nanoparticles was observed at around pH = 7 (Figure 3-1C). Avidin-

capped MSNs still showed positive surface charge at neutral pH values, which was due to 

various functional groups in the protein sequence including arginine, lysine, and histidine 

residues. Nitrogen sorption measurements were performed to gain information about the 

porosity and the surface area of the functionalized MSNs. Figure 3-1E shows typical type IV 

isotherms for MSN, MSNHP, and MSNNHP amples with inflection points at around 0.3 p/p0, 

indicating mesoporous structure for these samples. Furthermore, nitrogen sorption isotherms 

showed a small hysteresis loop at around 0.9 p/p0 for all samples, which is attributed to 
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interparticle textural porosity (Figure 3-1E). Relatively high BET surface areas and pore 

volumes were obtained for the MSN nanoparticles. A summary of the porosity parameters is 

given in Table 3-1. A reduction in specific surface area and pore volume occurred for the 

MSNs containing the heptapeptide linkers (MSNHP and MSNNHP, Table 3-1). This 

reduction in BET surface area and pore volume, compared to unfunctionalized MSN, can be 

attributed to the increased sample weight by addition of non-porous organic material (HP-

biotin and NHP-biotin), and to the blocking of some pores towards the access of nitrogen 

molecules by frozen organic moieties in the surface layer of the nanoparticles. The narrow 

pore size distribution, with a maximum at around 3.6 nm, confirmed an accessible porous 

system even after modification with the heptapeptide linkers (Figure S 3-1B). After the 

attachment of avidin to the silica nanoparticles (cMSN), we obtained a type II isotherm, 

indicating loss of specific surface area and pore volume (Figure 3-1E). These data show that 

the mesopores of the avidin-coated MSNs were blocked for the access of nitrogen molecules, 

proving that avidin is a suitable gatekeeper to efficiently seal the mesopores of our 

nanoparticles. Infrared spectroscopy of MSNHP and MSNNHP showed a band at 1654 cm
-1
 

(C=O stretching vibration), which can be attributed to the amide bonds of the short 

heptapeptide linkers (Figure 3-1F, for full spectra see Figure S 3-1C). Subsequently, this band 

was fully obscured after the modification with avidin (MSN), and typical amide vibration 

bands of high intensity (amide I: C=O stretching vibration at 1643 cm
-1

; amide II: N-H 

deformation and C-N stretching vibration at 1535 cm
-1

) were detected, providing evidence for 

the presence of the avidin protein. Additionally, infrared spectra of all MSN samples showed 

typical bands of the silica framework (Si-O-Si) between 1000 and 1300 cm
-1

. Two additional 

bands at 780 and 900 cm
-1

 were also present (asymmetric stretching and bending vibrations of 

Si-OH groups).  
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Figure S 3-1. Additional characterization of mesoporous silica nanoparticles. A) Transmission electron 

micrograph of sample MSN. B) DFT pore size distribution, and D) infrared spectroscopy data (full range) 

of MSN (black), MSNHP (red), MSNNHP (blue), and avidin-capped cMSNs (green). D) Release kinetics of 

fluorescein from the MSNs before (black dots) and after (red dots) MMP2 administration (100% of 

released fluorescein is defined as the total amount being released from MSN after addition of MMP9). E) 

Custom-made release setup consists of a reservoir for the particles (Teflon tube) (a), a dialysis membrane 

(b), and a fluorescence cuvette (c). F) Long-term stability of avidin capping for MSNs (MSN) in the 

absence of MMP9 (100% of released fluorescein is defined as the total amount being released from cMSN 
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after addition of MMP9). G) Long-term particle size stability assay of cMSN measured by DLS 

investigating the aggregation behavior in HBSS buffer solution for 28 days. H) Long-term cargo release 

experiment of fluorescein loaded cMSN in HBSS buffer solution (no MMP-9) for 28 days. The amount of 

fluorescein released (nmol/mg MSN) has been determined by UV-Vis measurements. 

 

Uptake of CP 440 ± 0.02 µg/mg MSN 

Release of CP (+ MMP-9) 7 ± 0.8 µg/mg MSN 

Release of CP (- MMP-9) 0 µg/mg MSN* 

Table 3-3. Quantification of the uptake and release of cisplatin (CP) by/from cMSN. Release behavior has 

been investigated in the presence (+) and absence (-) of MMP-9. Data derived by ICP-OES measurements. 

Values given are average of three independent measurements ± SD. * Values < LOD (Limit of Detection). 

 

 

Figure S 3-2. A) Dose-response survival curve of cisplatin (non-encapsulated) in A549 and H1299 cells 

after 24 h exposure. B) Gelatin zymography, assessing MMP9 activity in cell culture supernatants of 

empty vector (first two lanes) or MMP9 cDNA (middle two lanes) transfected A549 and H1299 cells, 

compared to 0.25, 0.5 and 1 µg/mL recombinant MMP9 (outer three lanes). 
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Figure S 3-3. Confocal microscopy images showing A) calcein staining as a result of MMP-9 responsive 

release of calcein-AM (Cl -AM, green) from MSNs containing MMP-9 cleavable or non-cleavable linkers 

(MSNHPAVI and MSNNHPAVI), after 2  h incubation with 0, 1, or 2 µg/mL MMP -9 administration in A549 

cells and B) in H1299 cells. C) dose-responsive calcein staining (green) as a result of increasing calcein-AM 
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concentrations directly administered to A549 and D) H1299 cells. Hoechst was used as a counterstain for 

nuclei (blue). Pictures show representative micrographs from three independent experiments. Image sizes 

are 450 x 450 µm. 

 

Figure S 3-4. Experimental set-up of precision cut lung slices (3D-LTC) using healthy wild-type (WT) and 

K ras mutant (K ras) mice. A) Kras 3D-LTC in a tumor -free region stained with Kras antibody, B) 

Calculated amount of particles per 3D-LTC using Imaris software over 24 slices, C) Toxicity of avidin-

capped MSNs in WT lung 3D-LTC slices after 72 h of exposure. D) WT and Kras 3D-LTC stained with 

MMP9 antibody. Scale bar is 50 µm. E) IgG control for MMP9 immunohistochemistry in WT and Kras 

mouse tissue. 
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Figure S 3-5. WT 3D-LTC exposed to cMSN-CPlow, cMSN-CPhigh and CPlow and CPhigh. The nuclear 

staining (DAPI) is shown in blue, apoptotic marker (cleaved caspase-3) in green. Scale bar is 50 µm. 
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Figure S 3-6. Maximum intensity projections of Kras mutant mouse 3D-LTC exposed for 24 h to A) low 

dose of cisplatin (CPlow) and MSN encapsulated CPlow (cMSN-CPlow) B) high dose of cisplatin (CPhigh) and 

cMSN-CPhigh and C) low dose of cisplatin in combination with Bz (CT) and cMSN-CT D) untreated 

controls. Comparably sized tumors were chosen for the imaging (indicated by dotted line), tumor-free 
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refers to images that were made in a non-tumor area of a Kras 3D-LTC. Nuclear staining (DAPI) is shown 

in blue, apoptotic marker (cleaved caspase-3) in green and Atto 633 labeled MSN particles in red. Scale 

bar is 50 µm. Unexposed control slices were included in the study. 
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Figure S 3-7. Maximum intensity projections of Kras mutant mouse 3D-LTC exposed for 48 h to A) a low 

dose of cisplatin (CPlow) and cMSN encapsulated CPlow (cMSN-CPlow), B) a high dose of cisplatin (CPhigh) 

and cMSN-CPhigh, and C) low dose of cisplatin in combination with Bz (CT) and cMSN-CT. D) untreated 

controls and MSN with non-cleavable linkers encapsulating a low dose of cisplatin in combination with Bz 


































































































































































































































































































































































































































































