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Abstract

Nowadays, cancer is one of the most challenging diseases on earth. Since the 1970s, the
number of patients almost doubled, due to the demographic development of mankind. Cancer
researcher Robert A. Weinberg put it in a nutshell by claiming, "If we lived long enough,
sooner or later we all would get cancer.” Therefore, effective and targeted treatment of
affected tissue is of immense interest as common chemotherapy suffers from severe side
effects. One way towards selective cancer treatment is the implementation of porous
nanocarrier systems for the targeted delivery of chemotherapeutics into tumor tissue to
minimize side effects. To fulfil all of its ambitious tasks, the nanocarrier has to provide
several different properties such as long circulation lifetimes in the bloodstream, a stimuli-
responsive capping system which allows drug release at the desired location or targeting
ligands on their external surface to enhance preferential uptake in cancer cells. All these
properties can be addressed by the functionalization of the external surface of the designated
nanocarrier system. In recent years, metal-organic frameworks (MOFs) have attracted great
interest in the field of drug delivery. The ability to adjust their pore sizes and to implement
functionalities within the pores as well as on their external surface makes this material class a

promising candidate.

This thesis focuses on the surface modification of MOF nanoparticles (NPs) with regard to
prospective biomedical applications. In this context, the uptake potential of porous MOF NPs
for guest molecules and the in vitro toxicity of the MOF NPs used in this study are
investigated in detail. Further, the possibility for external surface functionalization using
different approaches is an important focus of this work. The resulting MOF NPs were fully
characterized by various methods to ensure their expected morphology, composition and
structure. The final achievement of the work is to evaluate the MOF NPs in the biological
context. The work aims at determining how the MOF NP structure and their responsiveness to
the surrounding biological environment are related to each other and how this behaviour can
be correlated to their toxicity.

The first main part (Chapter 3 and 4) demonstrates that the outer surface of MOF NPs can be
specifically functionalized with biocompatible polymers to control the interface between
colloidally stable MOF NPs and their environment. Chapter 3 is focused on the covalent
attachment of different functional polymers on the external surface of the biologically well-
tolerated iron based MOF NPs (MIL-100(Fe)). With this approach, it is possible to increase
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the chemical and colloidal stability and to provide fluorescence properties by using dye-
labeled polymers. The functionalization of the MOF NPs with fluorescent-labeled polymers
enables the investigation by fluorescence-based techniques, as demonstrated by fluorescence
correlation spectroscopy (FCS) and confocal fluorescence microscopy. Furthermore, the
influence of the polymer shell on the intrinsic magnetic resonance imaging (MRI) activity of
MIL-100(Fe) is investigated in detail.

As already demonstrated in the third chapter, the effective bio-application of MOF NPs is still
hampered by limited control of their surface chemistry and insuffucient understanding of their
interactions at the biointerface. Using a self-assembly approach, the fourth chapter of the
thesis shows that coating of MOF NPs (Zr-fum) with polymers, frequently used for
biomedical applications, is a convenient way for peripheral surface functionalization. Detailed
investigation of the binding reveals the mechanism to be a self-assembly modulator
replacement by the coordinating group-containing polymers. This strong coordinative binding
is further used to attach the shielding polymer polysarcosine onto the MOF surface, which
results in an exceptionally high colloidal stability of the NPs. The effect of the polymer
coatings on the biointerface is investigated with regard to cell interactions and protein

binding.

An important feature of MOF NPs for their use as nanocarriers is the high loading capacity
for cargo molecules in their porous scaffold. Therefore, the molecular transport of the model-
cargo fluorescein into two MOF NPs, MIL-100(Fe) and MIL-101(Cr) is studied in detail in
the second main part (Chapter 5). The equilibrium dissociation constants and maximum
number of adsorbed molecules per NP are determined via fluorescence spectroscopy. The
resulting maximum payload capacity of 65 wt% MIL-100(Fe) and 41 wt% MIL-101(Cr) is
shown to be in agreement with the internal area estimated from nitrogen sorption
measurements. Kinetic studies show that release and loading rates are pH dependent.
Theoretical modeling of diffusion to target, slowed internal diffusion and equilibrium binding
reproduce the observed loading and release times. This study helps to optimize payload and
release rates of MOF NPs under varying pH conditions as for example encountered in medical

drug delivery applications.

The third main part of the thesis (Chapter 6, 7 and 8) is focused on the use of lipids for
external surface functionalization of MOF NPs. Two different approaches were thereby
applied for the creation of MOF-lipid NPs. The study in chapter six focuses on the synthesis
of MOF@Lipid NPs as a versatile and powerful novel class of nanocarriers based on MOF

VI
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NPs (MIL-100(Fe) and MIL-101(Cr)). It is shown that the created MOF@Lipid system can
effectively store dye molecules inside the porous scaffold of the MOF while the lipid bilayer
prevents the premature release. Efficient uptake of the MOF@Lipid NPs by cancer cells

makes these nanocarriers promising for drug delivery and diagnostic purposes.

The study presented in chapter seven comprehensively analyzes the nanosafety of different
MOF NPs used so far in this thesis, namely bare Zr-fum NPs, MIL-100(Fe) NPs and
MIL-101(Cr) NPs as well as their MOF@DOPC NP analogs (see chapter six) with regard to
diverse medical applications such as drug delivery via blood or lung to multifunctional
surface coatings of medical implants. For that purpose, biocompatibility of the MOF NPs on
different effector cells (e.g., primary human gingiva fibroblasts) which are defined as those
cells that directly interact with NPs when these are introduced into the biological system are
tested. Nanosafety of tested MOF NPs strongly varies with the effector cell types revealing
their differential suitability as nanomedical agents for drug delivery and implant coatings.
These results thus demonstrate the requirement for thorough testing of nanomaterials for their
nanosafety with respect to their particular medical application and their interacting primary

cell type, respectively.

Finally, chapter eight deals with a modified lipid-coating procedure for MIL-100(Fe) NPs
using the same lipid (DOPC). It shows the applicability of such Lip-MOF NPs as effective
anti-cancer agents, without loading of any toxic chemotherapeutics into the framework. The
toxicity of the particles is thereby triggered by a slightly acidic pH of the extracellular
medium (pH = 7.2). These results are promising for a selective treatment of tumor tissue,
which provides lower extracellular pH due to an increased lactic acid fermentation of cancer

cells (Warburg effect).

In summary, the thesis discusses different MOF NPs systems for their use in biomedical
applications. It covers the highly relevant challenges of MOF nanocarriers with respect to a
better understanding of drug loading, external surface functionalization and nanosafety.
Furthermore, a novel Lipid-MOF nanocarrier system is examined regarding its prospective
application as a pH-selective chemotherapeutic. The obtained results highlight MOF NPs as a

promising platform for targeted tumor theranostics.
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1. Introduction

This chapter is based on the following book chapter:

Beetz, M.; Zimpel, A.; Wuttke, S. (August 2016); Nanoparticles. In: Kaskel, S. (Ed.); The
Chemistry of Metal-Organic Frameworks: Synthesis, Characterization, and Applications.
Weinheim: Wiley-VCH

1.1. Metal-organic frameworks (MOFs)

Metal-organic frameworks are a class of materials, which came up by the end of the 20"
century. They consist of organic linker molecules and inorganic metal clusters acting as nodes
in between. The two different building blocks are connected via coordinative bonds forming a
rigid porous scaffold which is accessible e.g. for small molecules. Both, the choice of organic
linker and metal strongly determine the properties of the resulting framework (structure, pore
size, pore environment...). Due to the variety of possible combinations of metal and linker,

the material class of MOFs offers a nearly endless number of different compounds.

1.2. Nanoparticles

Introduction into the nanoworld

The term “nano” (Greek for dwarf) became an important notion in science and technology in
the last two decades. The prefix “nano* stands for the order of magnitude of 10™. On a scale
of length one nanometer correspond to 0.000,000,001 m=1-10" m. In a vivid size
comparison, a bacterium, one of the smallest forms of life on earth, is thousand times larger
than a nanometer. A human hair in average has a diameter of around 50,000 nm.

The so-called nanoparticles assign small particles with a diameter of 1-100 nm in size in at
least one dimension. Today, these types of particles are technically and commonly used and
can be found everywhere in daily life. Man-made nanoparticles are produced by various
combustion processes or domestic activities like material fabrication and transportation
utilizing.® Carbon nanoparticles, for example, are mostly produced due to incomplete
combustion processes like in wax candles or petrol engines and are commercially available as
carbon black from the furnace process.? The production of other particles is mainly due to

attrition on friction-processes. Natural nanoparticles form during volcanic eruptions or forest
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1. Introduction

fires.® Furthermore, virus particles are naturally nanostructured particles, consisting of nucleic
acids and a protein shell.*

There are different ways in which nanomaterials can be classified. The degree of structural
order in nanoparticles can be either crystalline or amorphous. The crystalline nanoparticles are
referred to as nanocrystals. They are mostly single-crystalline and hence, have different
optical and electrical properties compared to them polycrystalline or bulk form.> They can be
composed of either one material or distinctly different components, the latter are denoted as
nanocomposites. Another class of nanoparticles is found in so-called nanostructured
materials. The main focus of such materials lies on the shape, surface structure or the
superstructure, which give them characteristic abilities with respect to nano-properties. The
structure of these particles causes them to have different properties compared to the bulk
material due to nano-relevant effects. It is important to say that strong agglomeration or
aggregation of this kind of particles mostly leads to a loss of their specific nano-properties
and they act like the macroscopic bulk material.” Nevertheless, sometimes agglomeration is
intentionally used to adjust particles sizes and surface-structures. Colloidal nanoclusters and
nanoparticle aerogels, for example, have interesting optical and magnetic properties, and are

used as catalysts.

Size depending forces between particles

Nanoparticles are so tiny that some effects and forces vanish while others strongly increase.
This leads to a shift in the balance of forces influencing the nanoparticle itself. The impact of
gravitational force on nanoparticles is strongly reduced due to their lower weight per particle,
leading to a more flexible particles’ behavior: they act like molecules. With smaller particle
sizes, the influence of the force of surface charges increases, resulting in strong interactions
(Coulomb-attraction/repulsion) between the particles themselves or towards counter ions.
Another dominant effect is the strong increase of the surface energy. Reducing the particle
size, the surface area to volume ratio increases drastically, leading to a high surface energy.
Therefore, nanoparticles have a strong tendency to agglomerate between each other, as it is
energetically favored.

The effect of size-dependency on properties and their macroscopic consequences can be
illustrated by the example of silicon dioxide SiO, (Fig. 1-1).

14
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Figure 1-1. Different size-depending properties of silicon dioxide.

As a rock, silicon dioxide is hard and brittle. The smaller the particles of silicon dioxide are,
for example like in sand, the softer and more flexible the material gets, and it acts rather like a
fluid than a rock. Very small SiO, particles like fumed silica have a very fluffy appearance.
They are soft and can be fluidized due to the increasing impact of electrostatic repulsion and
the very low effect that the gravitational force has on the particles. This trend continues
towards silicon dioxide nanoparticles, where the influence of electrostatic and gravitational

forces further increases.

Nanoscale-effects

The importance of size-relevant effects increases with decreasing particle sizes. Especially
when particles are observed in the dimensions of about 1-100 nm (nanometer-scale) the
properties of the material change significantly. In this scale, properties like melting point,®
color,” electrical conductivity,® magnetic permeability,® catalytic activity™® and chemical
reactivity'! are a function of both particle size and shape.

Effects that play a role in nanoparticles or nanostructures are mostly surface-,*? optical- ** or
quantum-effects'®. One well-known example for a surface effect is the Lotus-effect.’
Materials using the Lotus-effect are commonly used as self-cleaning surfaces due to their
highly hydrophobic properties. On normal surfaces, adhesive effects ensure water droplets to
cover the whole surface-area. Superhydrophobic-Lotus-like materials have a nanostructured
surface that minimizes the contact area of the droplets. This causes the droplet to form its
most stable form, the sphere. Due to the strong surface curvature of a sphere, there is almost
no contact area and hence very little adhesive force of the material. This causes the water
droplet to roll down along this surface until it falls off.*®

Another effect derived from the specific properties of nanomaterials is the surface-plasmon-
resonance. Plasmons are fluctuations in the electron density against the restoring force of the
positive atomic cores. With the limited size of these materials in all three dimensions, the

wave function of this electron gas can be excited in its eigenstates. Therefore, nanoparticle
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composition, size and shape, specific resonant wavelengths resulting in a color or other
optical properties differ from those of the bulk-material.'” A commercial example for such
materials are the so-called quantum dots. These are semiconductor-nanoparticles, whose
properties can be adjusted to a high degree by composition, doping, size distribution or
interactions with each other.**

Another interesting example, where optical properties can be adjusted by nanoscaled
structures, is the so-called Vantablack-material (Vanta stands for Vertically Aligned Nano
Tube Arrays). It is absorbing 99.965% of the radiation in the visible spectrum and appears
therefore as the blackest substance known at the moment. This material has vertically aligned
nano-tubes on its surface which scatter the light very effectively between one another and the

energy of light is finally converted to heat.*®

Synthesis

For synthesis, processing and analytics, it is important to obtain and manipulate
nanostructures at the nanometer-scale. In general, the used methods can be classified in the
so-called bottom-up and top-down approaches. Examples for bottom-up methods are the
liquid phase synthesis (hydrothermal/solvothermal synthesis, the sol-gel processing, etc.) or
gas phase methods (chemical vapor deposition, laser ablation deposition, sputtering
techniques, etc.). Most top-down methods are based on milling or grinding processes.

In order to achieve high quality nanoparticles regarding size distribution, agglomeration,
stabilization and specific properties, different parameters have to be controlled during the

synthesizing process (Fig. 1-2).
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Figure 1-2. Time-dependence of nanoparticle growth and agglomeration/Ostwald-ripening.

To form nanoparticles with a narrow size distribution, the nucleation and growth should be
controlled precisely and adjusted as accurately as possible. However, some MOFs
preferentially form nanoparticles in the regular synthesis. Another important aspect is the
suppression of agglomeration processes. Nanomaterials lose or change their very specific
properties when they agglomerate. Additionally, most agglomerated particle-clusters cannot
be separated into single particles. The agglomeration behavior in liquid-phase synthesis can
be controlled by functionalizing the surface of the nanoparticles immediately after nucleation.
Typically, steric demanding organic molecules like long-chain alkyl compounds, surfactants
or polymers are used. These can influence the growth direction of the particle and can prevent
particles from interacting with each other. Another way of stabilizing single particles is the
electrostatic stabilization, where polar molecules on the particle surface prevent
agglomeration through electrostatic repulsion. Both strategies prevent also the Ostwald
ripening — the process where small particles are merged into larger ones.

In general, nanomaterials open the world to novel advanced material properties. To get such
properties it is important to have highly reproducible and adjustable synthesis routes. In recent
years, MOF syntheses were mostly optimized for single crystal growth to elucidate the
structures. In future a high potential in the field of MOF chemistry will develop by working

towards nanostructured MOF materials.
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1.3. Metal-organic framework nanoparticles (MOF NPs)

Metal-organic framework materials stand for crystalline materials, a huge number of
inorganic building blocks combined with almost endless organic linkers, a tunable pore
structure, ultrahigh porosity and different functionalization concepts. The combination of
these properties with the nano-world offers manifold perspectives for the synthesis of well-
defined multifunctional nanoparticles with novel properties. Operating at a length scale of
one-billionth of a meter, the properties of MOF nanoparticles differ significantly from their
bulk substances due to the high surface-to-volume ratio and quantum size effects. By
combining the inorganic and organic chemistry worlds, MOF nanoparticles will possibly
display novel and enhanced properties compared to the already established nanomaterials
such as gold nanoparticles, iron oxide nanoparticles, quantum dots, polymers, carbon
nanotubes, liposomes, mesoporous silica etc. Further, they could be integrated in well-
established systems for enhancing diffusion paths in catalysis'® or as MOF membrane®.
Establishing synthesis protocols for precisely tuning the composition, morphology and the
physical properties of MOF nanoparticles (Fig. 1-3) is a huge task but at the same time a

chance for synthesis chemists to develop new creative ideas.
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Figure 1-3. Overview of the most important design parameters for the synthesis of MOF NPs.
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In addition, for different applications the internal and external surface can be functionalized
with MOF specific functionalization concepts. However, the appropriate characterization and
evaluation of the MOF nanoparticle properties are a tremendous challenge as it requires
different and very expensive analytic instruments. Here, the MOF community is confronted
with the challenge to prove the crystallinity of a MOF nanoparticle and with this the
underlying MOF structure. Due to peak broadening in powder X-ray diffraction analysis and
MOFs being beam sensitive for transmission electron microscopy (TEM) this challenge can
hopefully be solved with the new versions of TEM instruments operating at low voltage.
Once all the issues mentioned above have being met, well-defined and precisely
functionalized MOF nanoparticles can possibly bring new fundamental understanding for the

nanoscience area.

1.4. Synthesis of MOF NPs

Nanoparticles made of metal-organic frameworks (NMOFs) can have versatile applications.
In general, these applications require narrow particle size distributions and uniformly shaped
crystallites. Therefore, the controlled synthesis of well-defined MOF nanoparticles is of huge
interest. Several techniques have been developed in recent years - this chapter deals with
procedures which are most commonly applied in chemistry laboratories.

Overall, the shape of the NMOFs is determined by two important factors: The intrinsic
structure of the resulting material, which - if predominant - leads to a huge variety of non-
spherical NMOF morphologies and further, causes interactions with solvent molecules, which
forces the crystals to a more spherical appearance.?! In most cases, crystal lattice energy tends
to overcome the particle/solvent interactions leading to polyhedral NMOFs morphologies
such as spheres, cubes, octahedra, hexagonal prisms, etc. (Fig. 1-1). The particle size can
mainly be controlled by adjusting the reaction time and temperature.?? Further improvements
in the synthesis of nanoscaled MOFs has been done in recent years. Adding modulator
molecules or by carrying out the NMOF synthesis in nano-reactors, the morphologies and
particle size can be tuned. The different approaches, which will be described in the following

chapters, are summarized in Figure 1-4.
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Spontaneous precipitation method

The simplest way to synthesize MOF NPs is their precipitation after mixing metal and linker
in a stirring solution. The spontaneous assembly of linker and metal clusters can lead, if
controlled by time, temperature and concentration of the precursors, to the formation of
NMOFs. Two different techniques have been applied for amorphous coordination polymers
first and then have found their way into the synthesis of crystalline MOF NPs. The first one
was published by Sun etal. in 2005, where they showed a successful preparation of
amorphous spherical colloids, consisting of coordinatively bounded p-phenylenediamine
(PPD) and platinum ions, by combining H,PtCls and PPD in aqueous solution.?* The second
technique was introduced by the group of Chad A. Mirkin also for amorphous particles. A
solution of M(OAc), (M = Cu, Zn, Ni) and carboxylate-functionalized binaphthyl bis-
metallotridentate Schiff base (BMSB) in pyridine was diluted with diethylether to induce the
precipitation of nanospheres. They also showed the reversibility of this system by dissolving
the particles in an excess of pyridine.” Due to the versatility of these methods, the techniques
have been extended to a wide range of coordination particles as well as NMOFs. HKUST-1
nanoparticles, for instance, have been synthesized by pouring an aqueous solution of copper
nitrate into a preliminary prepared aqueous solution of trimesic acid.”>* Further, Pan et al.
showed a precipitation of a zeolitic imidazolate framework (ZIF-8) out of an aqueous solution

of Zn(NO3), - 6 H,0 and 2-methylimidazole at ambient temperature.?’

Solvo-thermal method

A frequently used route for the formation of MOFs is solvo-thermal synthesis, where the
reaction mixture is heated up in a sealed autoclave, which can be made of glass, teflon or
high-grade steel. It is well known, that the solubility of precursors and products is increased at
high temperatures, preferentially leading to crystallization vs. a rapid precipitation of
amorphous material. Control over precursor ratio and concentration, pressure, time and
temperature can allow the formation of homogeneous nanoparticles. Furthermore, the choice
of solvent is very crucial for the formation and co-determines the resulting MOF structure.
Horcajada et al. prepared a variety of iron based NMOFs of the MIL (Materials of Institut
Lavoisier) family by solvo-thermal synthesis in DMF, ethanol, methanol or water,
respectively.®® Furthermore, it was possible to expand the pore size of MIL-100/101
topologies, using extended bi- or tricarboxylic linker molecules under solvo-thermal

conditions, 2%
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Microwave synthesis

Using microwave irradiation for the production of nano-scaled MOFs turned out to be a
useful type of solvo-thermal synthesis. Compared to the classical route, microwave synthesis
provides the advantages of fast heating within the reaction mixture. Local superheating
provides a huge amount of hot spots which can serve as nucleation seeds for crystal growth.*
This allows short reaction times towards other techniques and narrow particle size
distributions. Various MOF NPs have been synthesized by microwave synthesis.** Jhung
et al., for instance, were able to produce very homogeneous MIL-101(Cr) nanoparticles in

high yield and uniform shape.®

Preparation by ultrasonic sound

This approach is based on the interaction of high-energetic ultrasonic sound with the reaction
solvent, which is followed by cyclic alternating areas of compression and rarefaction. In
rarefaction areas, occurring pressures below the vapor pressure of the solvent lead to
cavitation. After reaching a maximum size, the cavitation collapses under rapid release of
energy, leading to so-called hot spots were MOF formation can take place.3*

The ultrasonic method was established for MOF nanoparticle synthesis in 2008, when Qui
et al. investigated the formation of Zn3(BTC), - 12 H,O by combining zinc acetate dihydrate
and trimesic acid in an ethanol/water mixture. Spontaneous precipitation did not occur by just
mixing the precursors at room temperature, but sonochemical synthesis resulted in MOF
nanoparticles with approx. 100 nm in diameter in a high yield.*> A few month later, Son et al.
successfully prepared MOF-5 particles at least at the micrometer scale by applying ultrasonic
sound. They were able to significantly reduce the reaction time compared to conventional

solvothermal synthesis from 24 hours to about 30 minutes.

Reverse microemulsion method

Another widely approved road to the production of homogeneous nanoparticles is the reverse
microemulsion technique. It has successfully been used for a broad range of other
nanomaterials and was applied for coordination polymer particles for the first time by the
group of Mann in 2000.%" As the name already suggests, an emulsion of the precursor solution
in a second liquid solvent is used for the creation of nanosized reactors. In these tiny droplets
MOF formation occurs and the particle growth is limited by the border of the two liquids.
Tuning the droplet size leads directly to a control over the size of the nanoparticles. Different

solvent mixtures have already been applied for this method, such as water/oil, which was used
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by Mann for the synthesis of Prussian Blue nanoparticles®” or an isooctane/1-hexanol/water
mixture, which was applied by the group of Lin for the formation of [Gd(1,2,4-BTC)(H20)3] -

H,O nanocrystals.*®

Morphology modulation using additives

Furthermore, addition of modulators to the reaction medium can lead to an improved crystal
shape as well as to a narrow size distribution. The idea behind this approach is to limit the
particle growth by adding capping molecules to the reaction media. Different types of
additives have been approved in literature and showed a confinement effect leading to
homogeneously shaped MOF nanocrystals.

One possibility is the usage of small molecules with the same chemical functionality as the
linker molecule. In contrast to the linker, these molecules possess only one coordinating
functional group and which allow for the coordination to metal centers of the framework, but
do not provide a chemical functionality for a further crystal growth. The group of Kitagawa
originally introduced the modulation approach, using acetic acid as a monovalent modulator
molecule. By taking advantage of the competitive interaction between modulator and linker
molecules, they were able to obtain small and homogeneous [{Cu(ndc),-(dabco)}]

% as well as bigger, heterogeneous [Cus(btc),] nanoparticles®. Further

nanoparticles
investigations on this synthesis approach have been performed by Behrens and co-workers,
focusing on benzoic acid, acetic acid or formic acid as modulator for the synthesis of Zr-based
metal-organic frameworks. They provided control over the nucleation rate of the nanocrystals
by changing the concentration of the modulator molecule.***

Kitagawa’s group also used the confinement effect of polyvinyl- pyrrolidine (PVP) for the
synthesis of MOF nanoparticles for the first time.** Prussian Blue nanoparticles were
synthesized in an aqueous solution of FeCl; and KsFe(CN)g in the presence of PVP. Without
PVP, large particles (>300 nm) with a broad size distribution were formed. They attributed
the latter to a steric stabilization effect of the PVP due to a weak coordination of its amide
moiety to the Fe ions during the nucleation and growth process of the particles. Using the
same technique, Kerbellec etal. stabilized ultra-small luminescent Thy(bdc)s;(H,0)4
nanoparticles with sizes below 10 nm.*

Another approach is the addition of a surfactant in order to stabilize the particles during their
formation. Taylor etal. reported a CTAB (cetyltrimethylammonium bromide) supported

formation of [Gd,(bhc)(H20)e] and [Gd,(bhc)(H20)g](H20), nanoparticles in a 1-hexanol/n-
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heptane/water microemulsion.”> They showed that microemulsion synthesis without addition

of surfactant resulted in an amorphous material.

Top down processing and combination of different techniques

The synthesis of high-quality nanoparticles, namely those with a defined diameter, almost
monodispersed size distribution, and small degree of agglomeration, is often realized by
starting from a homogeneous liquid phase solution. Especially in MOF chemistry downsizing
by milling is detrimental causing often surface area loss and amorphization. However, some
elaborations have recently focused on the formation of superstructures made of MOF
nanoparticles *° (see chapter “Engineering MOF NPss”). Disassembly of these hierarchical
structured architectures can lead to nanoparticles. Maspoch and co-workers, for instance,
developed a spray-drying strategy to build up MOF hollow spheres. After sonication in
methanol, they obtained a colloidal dispersion of homogeneous HKUST-1 nanoparticles.*’
Due to the diversity of different synthetic methods towards MOF nanoparticles, researchers
started to combine those methods for a further improved control over size and shape of the
particles. As an example, Tanaka etal. used reversed microemulsion technique in
combination with ultrasonic sound for the preparation of {[Zn(ip)(bpy)]}. (ip = isophthalate,
bpy = 4,4"-bipyridyl; CID-1) nanoparticles.*®

1.5. Engineering MOF NPs

External surface functionalization of MOF NPs

The functionalization of MOF NPs on their external surface (Fig. 1-1) is of immense interest,
especially with regard to their possible application as drug delivery vehicle (see chapter
“Applications of MOF NPs”). Towards an explicit attachment of molecules on the particle
shell, depending on the surface appearance, functionalization can be done effectively in
different ways.

Addressing coordinatively unsaturated metal centers on the particle surface has been
attempted by Rowe etal. in 2009. They reported the attachment of RAFT copolymers
containing thiolate functionality on vacant orbitals on Gd** ions at the surface of Gd MOF
NPs.*® Alternatively, postsynthetic modification on pre-functionalized organic linker
molecules on the external surface is a known procedure in literature. Liu et al. were able to
cover a copper MOF selectively with an amino-functionalized isoreticular MOF (terephthalic
acid was replaced by 2-aminoterephthalic acid) using copper acetate as a connector. The

amino group was further functionalized with a fluorescent dye and could be observed via
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fluorescence microscopy.” This method might as well be a promising approach for the
functionalization of MOF NPs. Furthermore, the linking groups of MOFs can also be used as
anchoring point for modifications on the outer surface of nanoparticles. In fact, typical
organic linkers of the MOFs contain carboxylate groups, for instance. Park and co-workers
assumed that a certain amount of carboxylate groups is exposed on the surface and they
confirmed this assumption by covalent attachment of enhanced green fluorescent protein
(EGFP). They demonstrated their results on a one- dimensional indium-based coordination
polymer, the two dimensional [Zn(bpydc)(H,0)]-(H20),, and IRMOF-3 as a model system of
a three dimensional MOF. Activation of the carboxylates was achieved with 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) or dicyclohexyl carbodiimide (DCC),

respectively.”

Structuring MOF NPs at the macroscopic scale

In order to enrich the overall performance of MOF NPs, researchers started to focus on the
construction of hierarchical MOF superstructures. The specific arrangement can have versatile
advantages, considering the desired application. In general, there are four different

possibilities for the structuring at the macroscopic scale (Fig. 1-5).

0D 1D 2D 3D

Figure 1-5. lllustration of the different types of MOF superstructures made of nanoparticles.

Zero-dimensional (0D) objects like hollow spheres can serve as shell to compartmentalize
space. Those voids can have possible applications in energy storage,®* chemical catalysis,>®
photonics,> etc. One-dimensional (1D) architectures, like MOF nanorods or MOF nanofibers,
are promising candidates for sensing, optoelectronics, or magnetic devices, for instance.*®
Thin films, membranes or patterns can be created by an assembly of MOF NPs in a two-

dimensional (2D) MOF superstructure. They provide potential as photonic crystal for sensing
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applications,® as membrane for gas separation *® or proton and electronic conduction.”” The
advantage of a MOF nanoparticle arrangement in three dimensional (3D) frameworks is
mainly its contribution to an increased diffusion rate of the guest molecules into the
nanoparticle pores, compared to a packed bed system.®® Fast diffusion rates can be crucial in
applications such as gas sorption, gas separation or chemical sensing.

The assembly of these superstructures is based on two general methods, “top-down” and
“bottom-up” approaches. “Top-down” means the pre-synthesis of MOF NPs and their further
structuring by coating, etching or aligning techniques. As an example, the rearrangement of a
dispersion of ZIF-8 crystals into a one-dimensional superstructure by applying an electric
field was investigated.*®® Ostermann et al. obtained MOF nanofibers with an adjustable
diameter between 150 nm and 300 nm, adding PVP to a dispersion of ZIF-8 in methanol and
injecting the mixture into a reaction chamber, where a voltage of 5 kV was applied.> ®
“Bottom-up” means the direct synthesis of MOF NPs in an oriented superstructure. Therefore,
different strategies have been developed in recent years. Adding a pre-shaped macrostructural
(hard) template or a molecular (soft) template to the reaction, can lead to controlled particle
crystallization on the template surface. Subsequent removal of the structure directing material
provides hierarchical architectures of the metal organic framework. Common hard templates
which have already found their way into the synthesis of MOF superstructures, are e.g.
carbons ®; silica ® or organic polymers %%,

Cao et al. showed the use of block-copolymers as soft template for the formation of three-
dimensional superstructures of ZIF-8 and HKUST-1 nanoparticles.®

Interfacial reactions provide another possibility for the formation of hierarchically structured
metal-organic frameworks. An important feature of this technique is the confinement of metal
and precursor at different compartments of the reaction mixture. Thus, MOF formation can
only occur at the border between those compartments.

In literature, liquid-solid interfacial reactions and liquid-liquid interfacial reactions are well
known. The former method is, in a way, similar to macrostrucural templates. The solid
compartment serves as template as well as a reservoir for metal ions. The linker molecule is
simply dissolved in the liquid phase. Using this technique, Zheng and co-workers coated zinc
oxide nanorods with ZIF-8 nanoparticles, immersing the Zn-containing nanorods in a solution
of 2-methylimidazole in DMF/water and heating it in an autoclave at 70 °C.%" Only one year
before, the group of Kitagawa successfully performed a variation of this method, called

coordination replication.®® They converted a hexagonal alumina “parent phase” into a
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hierarchical structure of MOF NPs with same architecture, reacting the alumina in an aqueous
solution of 1,4-naphtalenedicarboxylic acid.

A liquid-liquid interfacial reaction for the generation of hollow spheres, consisting of
[Cus(BTC),] nanocrystals was published by Ameloot et al. in 2011.% Injecting droplets of an
aqueous cupper acetate solution in a flow of trimesic acid in 1-octanol yielded homogenous
MOF capsules in a range of 300-400 pm in size.

Reaction confinement by evaporation has already been explored in recent years for the
structuring of MOF NPs. Thereby, metal source and organic linker have been well stabilized
in the reaction medium, so that reaction cannot take place spontaneously. The formation of
the MOF is induced by the evaporation of the solvent. This strategy opens the possibility to
“print” MOF particles on desired surfaces, which was published by de Vos and co-workers.”
A stable solution of copper nitrate trihydrate and trimesic acid in DMSO was patterned by a
stamp onto a glass substrate. After solvent evaporation, they obtained micro-sized MOF
crystals in an ordered manner. A route towards zero-dimensional MOF hollow spheres by a
reaction confinement approach was shown by Carné-Sanchez et al. in 2013.*’ Spray-drying of
the precursor solution of different MOFs resulted in spherical capsules, consisting of highly

crystalline and homogenous nanoparticles.

Core-shell MOF NPs

The fascination of polyfunctional nanoparticles and their use in different fields of application
leads to the synthesis of core-shell particles, which exhibit new or enhanced properties in
comparison to individual units. However, rising the degree of functionality goes along with an
increased level of synthesis complexity. Controlling the size of the core and shell, the
composition, the dispersed nature, the colloidal stability, the spatial distribution as well as
confinement of the core-shell nanoparticles is a huge and exciting challenge.”

In general, core-shell nanoparticles are made from two or more materials. Normally, core-
shell nanoparticles are synthesized using a two-step process: the synthesis of the core and the
synthesis of the shell. However, the uniform pore structures of MOF materials can be utilized
as nanoreactor for the synthesis of metal nanoparticles ensuring controlled particle sizes
inside the MOF pores (Fig. 1-6).
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Figure 1-6. Synthesis of different core-shell MOF NPs: a) metal nanoparticles attached on the external surface
of a MOF nanoparticle; b) multiple metal core materials covered by a MOF shell; ¢) one core metal material
covered by a MOF shell; d) metal nanoparticle yolk and MOF shell nanoparticle; €) small metal core
nanoparticles synthesized inside the pores of the MOF.

This synthesis concept is known as “ship-in-bottle” approach.’”> The MOF scaffold is loaded
with a metal precursor solution in a first step, followed by a reduction step. In this way,
different metals, e.g. Pd, Au, Pt, could be synthesized inside the MOF pores.”*"® Another
synthesis approach was developed by Fischer and co-workers based on metal organic
chemical vapor deposition (MOCVD).2® The main challenge of these core-shell synthesis
approaches is the formation step in the pores of MOF NPs, which tend to agglomerate during
this step.”

A better control of the synthesis obtaining well-defined core-shell nanoparticles can be
realized by the separate synthesis of the core metal nanoparticles, followed by coating with
the MOF shell material (Fig. 1-6).%°° Here the challenge is to provoke a heterogeneous
nucleation of the MOF shell specifically on the core material. To address this challenge, the
surface of the core material must be functionalized with linkers that can serve as anchoring
point for the MOF crystallization. One interesting example reported by Furukawa and co-
workers is the surface modification of gold nanorods with PEG-chains, followed by the
coating of amorphous alumina and finally the synthesis of the MOF shell.”* Another approach
is the mercapto acetic acid (MAA)-functionalization of the metal core, joined by the step-by-
step assembly %*°* of the MOF shell **®, The growth of the MOF shell is achieved through
repeated growth cycles; immersion of the metal nanoparticle in the MOF metal precursor
solution is followed by the organic linker solution. In this way, the MOF shell thickness can

be controlled by the growth cycles. In terms of incorporating more than one core material and
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controlling the spatial distribution of the core nanoparticles Hupp, Huo and co-workers
reported an interesting work.*® They achieved the spatial distribution of polyvinylpyrrolidone
(PVP) modified metal nanoparticles within the MOF matrix by simply controlling the
moment of addition. Tsung and co-workers could even demonstrate the synthesis of yolk-
shell nanoparticles (Fig. 1-6)."® Last but not least, MOFs and metal nanoparticles can be
synthesized both separately and the metal nanoparticles can be attached to the MOF

nanoparticle surface (Fig. 1-6)."

1.6. Biomedical application of MOF NPs

MOFs NPs as drug carrier

The delivery of drugs is an area of immense importance for human health. Main challenges in
drug delivery include: low drug solubility, drug stability and toxicity, rapid metabolism and
clearance, and most importantly a lack of selectivity. Nanocarriers hold the key to addressing
these challenges. Incorporating drugs into nanoparticles offers exciting opportunities to
redefine the pharmacokinetic properties, improving therapeutic efficiency and reducing side
effects.’®% However, the key challenge to realize this potential is to advance the

methodologies for the enhanced design of nanoparticles with the following prerequisites:**

e Biocombatibility

e High loading and protection of the drug molecules

e Zero premature release before reaching the target

e Efficient cellular uptake

e Efficient endosomal escape

e Controllable rate of release to achieve an effective local concentration

e Cell targeting

In the past decades, several strategies have been developed to design drug delivery materials
to accomplish the above mentioned goals. Several drug delivery nanocarriers based on
organic platforms such as liposomes, polymers, and dendrimers have been used as “smart”
systems, capable of releasing therapeutic agents under physiological conditions.’®™%" In
addition, recent discoveries are based on inorganic nanoparticles such as gold, iron oxide or
mesoporous silica.'” Each of these classes of nanomaterials has its own strengths and

drawbacks. However, it can be stated that although significant progress has been made in the
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synthesis of functional nanocarriers, the goals for the targeted release of drugs in the context
of treating severe diseases with nanomaterials are still far from being met.

In this respect, MOFs are a unique class of porous hybrid solids with a wide range of
compositions, structures, tunable pore sizes, and pore volumes. Their ability to combine both
organic and inorganic design principles is one key advantage. Therefore, they could bridge
the gap of purely inorganic and organic nanocarriers. The challenging task is the design of
site-specific, stimuli-responsive controlled MOF drug delivery systems that - in addition - are
biocompatible. Their successful application for medical purposes requires the development of
MOF NPs with inner pore functionalization for controlled interaction with biologically active
molecules as well as outer functionality for targeted cell uptake, triggered drug release, and
with surface shielding against unwanted interactions inside the physiological environment
(Fig. 1-7).
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Figure 1-7. Synthesis path of a multifunctional MOF nanocarrier as well as the cell uptake of the nanocarrier
and triggered drug release inside the cell.

In 2006, Horcajada et al. reported the first example of using MOF NPs as drug carrier system.
Here, Ibuprofen has been encapsulated by simple adsorption into the mesoporous structures of
MIL-100(Cr) and MIL-101(Cr).**® Utilizing non-covalent drug delivery, where MOF NPs are
loaded through the suspension with the drug, has several unique advantages. First of all, non-
covalent drug delivery systems can be designed without direct modification of the drug,
retaining its therapeutic efficiency. Secondly, optimizing the non-covalent drug transport for
one drug can be applied to other drugs with similar properties, allowing for a broader

assessment of how nanoparticles function in vitro and in vivo. Finally, non-covalently bound
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drugs do not require additional external stimuli escape from the nanocarrier, but are rather
released from the nanoparticle based on a triggered opening mechanism.

This approach has been extended in the following years by different researchers. Horcajada
and co-workers tested different carboxylate-linked MOF NPs for their loading capacities of
drugs as well as the release kinetics."” They could demonstrate that especially iron
carboxylate MOF NPs are suitable for encapsulation and controlled delivery of a large
number of drugs, such as busulfan, cidofovir, doxorubicin or azidothymidine triphosphate, but
being at the same time biocompatible.?® *** Due to the high surface area of MOF NPs, new
records of loading capacity for certain drugs in comparison to other nanosystems could be
found.

Lin and co-workers reported an approach based on MOF decomposition behavior in
physiological medium.*#*13

Silica has been used to cover and to control the MOF NP degradation and the core-shell
nanoparticle could further be functionalized by postsynthetic covalent attachment of targeting
ligands.*™® The same group recently published their results of using UiO MOF NPs for the co-
delivery of cisplatin and pooled siRNAs.*** The interior of the particles was loaded with
cisplatin and afterwards the external surface with siRNA. The efficiency of this multi-
functionalized system compared to the individual compartments could be demonstrated.
Another functional system was reported by Zhang and co-workers using magnetic porous

MOF for drug delivery.*”

A core-shell system was synthesized with a Fe304 nanorod core
and HKUST-1. The shell material could be loaded with the anticancer drug Nimesulide.

One challenge by encapsulating sophisticated drugs into MOF NP structures is the small
window size of the pores. Normally, MOF pores are like a space with a small entrance (pore
window diameter) in comparison to the void itself (pore diameter). Weerapana, Tsung and co-
workers proposed a ship-in-the-bottle strategy to address this challenge by simply forming the
MOF structure around the drug.*’® This trapping strategy was demonstrated for ZIF-8
nanoparticles by encapsulating fluorescein or the anticancer drug campthothecin. The
drawback of the ship-in-the-bottle strategy is that the stability of many drugs does not match
with the condition of the MOF synthesis.

Another way of encapsulating a drug inside the MOF is to build up the network from
bioactive linkers. The decomposition of the framework in the body leads to a release of the
drug. This strategy was first proposed by the Serre group of Versailles, which constructs
Bio-MIL-1, and afterwards many other examples, from nicotinic acid and iron as a metal

source.’® 117118 The challenge of this strategy is the necessity of a bioactive linker, that is
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suitable for the MOF synthesis and, at the same time, does not change its bioactivity. Since
the contergan-scandal we know that even two enantiomers can have totally different
biological effects and we should keep this in mind when changing the structure of bioactive
molecules.

Recently, Lin’s group could report the synthesis of Hf-porphyrin MOF NPs (named as DBP-
UiO) being able to generate cytotoxic reactive oxygen species.™ Instead of encapsulating a
drug, a photosensitizer was used as linker molecule for the MOF NPs, which can be applied
for photodynamic therapy. The high in vivo efficacy could be demonstrated by 50-fold tumor
volume reduction in half of the mice and complete tumor eradication in the other half of the
mice that were treated with the Hf-porphyrin MOF NPs.

The same group lately reported the in vivo performance of so-called nanoscale coordination
polymers (NCPs).*?® They are built up from metal ions and organic bridging ligands — same
design principle like MOFs - but in contrast to MOFs they are not crystalline. However, using
cisplatin and oxaliplatin as linkers for NCPs and applying them against different cancer
tumors, reveal, that NCPs could be a new promising nanocarrier class and should therefore be
mentioned here.

Last but not least, MOF NPs can be used to transport gasotransmitters such as nitric oxide
(NO) or hydrogen sulfide (H2S). Morris’ group of St. Andrews is the leading group for storing
and release gasotransmitter molecules inside MOFs.****% The occurrence of coordinatively
unsaturated metal sites (CUSs) and the high surface area of MOFs ensure a high uptake of the
various gases. First results show promising bioactivity of such systems, which will be further
improved and biologically tested in the future '®. In this respect, Furukawa and co-workers

recently reported a strategy for controllable NO release based on photoactive MOFs.*??

MOF NPs for Diagnostics

Employing MOF NPs with diagnostic capabilities have the
long-term objective to combine them with drug delivery properties in order to design
theranostic MOF NPs (Fig. 1-8).
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Figure 1-8. Schematic illustration of the theranostic idea (MRI = magnetic resonance imaging, PET = positron
emission tomography, SPECT = single-photon emission computed tomography, NIR = near-infrared).

Magnetic resonance imaging (MRI) is a non-invasive method of mapping the internal
structure and certain aspects of function within the body. It is based on the detection of
nuclear spin reorientations in a magnetic field. To improve the visibility and with this the
clinical diagnostics MRI contrast agents are used. They can be classified into two groups: (i)
MRI contrast agents with positive signal enhancement by shortening the value of the T1
relaxation time or (ii) MRI contrast agents with negative signal enhancement by reducing the
T2 signals.

The most commonly used compounds for contrast enhancement are Gadolinium-based
contrast agents for positive signal enhancement. Lin and co-workers reported first the
effectiveness of Gd**-based MOF NPs as T1-weighted contrast agents.*® Other MOFs based
on Gd** or even on Mn?* have been published afterwards.*> > *22* The main problem of
these materials for their practical use is the poor chemical stability resulting in toxicity.
Another approach was proposed by Horcajada and co-workers by using iron-based MOF NPs
as a negative signal enhancement contrast agent.?® The key advantage of this strategy is, that
the combination of the MRI diagnostic capability with drug delivery properties is
straightforward.”® The disadvantage of the lower visibility of these MRIs in comparison with
gadolinium-based contrast agent images should be improved in the future.

Crystalline MOF NPs, which are used for optical imaging purposes are surprisingly
rare.’9% 124 Optical imaging is widely used for in vitro and in vivo monitoring. For in vivo
imaging near-infrared (NIR) dyes must be used because of the low absorption of biological
tissues in this region. However, until now there is no example published so far. The
straightforward way to functionalize a MOF with fluorescence properties is the covalent
attachment of the dye. However, the fluorescence of the dye can be completely quenched after
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incorporation into the MOF.**>*# Sych an example was reported by Lin and co-workers who
functionalized MIL-101(Fe)-NH, with a BODIPY dye.'?®

The dye was not fluorescent due to quenching but exhibited strong turn-on fluorescence
based on the decomposition of the MOF NPs in the cells, which induces the release of the
BODIPY dyes. If this degradation of the MOF is specific to one analyte, the development of a
sensitive optical MOF sensor is possible.® Lin and co-workers reported the design of a real-
time pH MOF sensor for cells by covalent attachment of fluorescein isothiocyanate (FITC) to
a Ui0O NMOF.** 4 wt% of FITC loading was chosen for the calibration curve due to the
absence of FITC self-quenching at such amount. Incubation of fixed cells with these
functionalized NPs revealed a pH change over time from 6.4 to 5.6, showing the intracellular

endocytosis of the nanoparticles.

1.7. Toxicology of MOF NPs

Nanotoxicology refers to the toxicity of nanomaterials and is a very important but at the same
time a complex research field. Health effects of nanoparticles have attracted considerable and
increasing concern of the public society. With nanomaterials offering completely different
properties than the bulk-material, the toxicity of these materials cannot be broken down to the
chemical composition. They can be easily incorporated into organisms due to their small
diameter and taken up by our smallest building block unit of life — the cell.®® But not only
direct incorporation is a problem since plants can take up nanoparticles from the soil and
translocate them to organisms by the food chain.**

Nanotoxicology is a relative new field of interest. There are no results from long-term studies
about the toxicology of materials in the nanometer scale. Long-term studies are needed
especially for cancerogenious and statistically relevant investigations. There are short-term
investigations which show that even inert materials like gold can have toxic effects on cells in
the nanometer scale.”*® This compels us to handle each material in different nanometer-size
and shape as a new material with unknown effects on living tissue. Furthermore, it has to be
distinguished between acute and chronic exposure of the nanoparticles.

The toxicity of nanoparticles is depending on their size **!, shape **, surface-area **, material
134 and amount **. Because the dose is directly related to exposure time and the concentration
of the substance, it is expected that a higher dose causes a higher toxicity of the particles. But
generally it could be shown that the effects on the organism do not correlate with the mass
dose but rather with the surface area of the particles.** For example, nanoparticles can adsorb

proteins or other substances in the cell and cause changes in their structure, transforming
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proteins to work unspecifically or inhibit their function.’® This can cause irreversible
damages to cells or tissues. Another important factor is the size depending toxicity of the
particles, which determines the distribution of them in the human body. It could be shown that
ultra-fine titanium dioxide particles were taken up significantly faster and had a faster
clearance rate than fine titanium dioxide particles in the lung. Moreover, the shape of these
materials can have an important influence in their toxicological effect.

Shape depending toxicology is already known from asbestos which then was a commonly
used thermal insulator and robust material. Its dangers were not taken seriously first, due to its
long-term cancer hazard. The long and very thin fibers of which asbestos is built up, can find
their way into the alveoli of the lung and cause a chronic inflammatory. The lung’s alveolar
macrophages (dust cells) have the task to wrap around external particles like dust or soot and
remove them from the very sensitive alveoli. In the case of asbestos fibers, it is not possible
for these macrophages to remove the fibers if they have a width/length ratio larger than 3:1.
This leads to the chronic inflammatory of the lung’s tissue which can result in lung cancer for
the long term. Similar size and shape depending effects can be expected for a variety of
nanomaterials. Further, with nanomaterials having very active structured surfaces their
influence on special tissues is widely unknown.

For investigation of the toxicological potential of these kinds of materials, it is important to
have reliable and systematic methods which give information about the destination and
influence on the surrounding tissue. At the moment the toxicological potential of a substance
is determined by toxicokinetics, which describe the absorption of the substance by the skin or
other organs, its distribution in the bloodstream, metabolism and its excretion. Both acute and
chronical toxicities are also very important parameters for the toxicological potential of a
substance. Further, long-term effects like cancerogenous, genotoxicity or neurotoxicity have
to be well known until a substance can be introduced. All these studies are very expensive and
take a long time until statistically relevant and reliable results can be received. With respect to
MOF NPs, many used metal salts and linkers are toxic and not biocompatible. But the
versatility of the MOFs also gives the chance to build up a whole new set of biocompatible
MOFs. It is worth to note that the composition of MOF NPs is not the only important aspect
which has to be considered in terms of toxicology (see above). Furthermore toxicology has to
be determined in dependence of shape, size and solubility of these MOFs in tissues. This
requires adjustment of the well-established toxicological studies and should be done in the

future.
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All in all, until now nanomaterials and their general effect on organisms has not yet been well
investigated and understood. Each nanomaterial has to be examined like a new material in
dependence of its physical and chemical properties. Further, with MOF nanomaterials often
consisting of toxic or carcinogenic metal ions and linker substances, even their composition
for biological applications is an important issue. At the moment, there are a few MOF NPs
which are claimed to be biocompatible proven by the use of harmless metal salts and
biologically used linkers . Thereby, it has not been taken into account what these particles’
shapes and nanostructured surfaces can cause in organisms. Hence, deeper standardized
toxicological studies developed by medical scientists and pharmacist should be introduced
and used.
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2. Characterization techniques

A complete and detailed characterization of the produced materials, composites and their
effects and possible applications has to be part of any scientific work or publication. The
different characterization techniques and their theoretical background are shown in this
chapter.

Investigations on the crystallinity of modified and unmodified nanoparticles were done using
X-ray diffractometry (XRD). Infrared (IR) and Raman vibrational spectroscopy as well as
nuclear magnetic resonance (NMR) spectroscopy was used to examine the composition of
synthesized materials. UV-vis and Fluorescence spectroscopy (FS) revealed information
about optical properties and was used further to determine loading and release behavior of dye
molecules on- or into the MOF nanoparticles. Nitrogen sorption measurements were used to
gain information about the porous structure (surface area, pore size, pore volume...) and
electron microscopy (TEM/SEM) provided images of the particles and gave further evidence
of morphology and structural details. Thermogravimetric analysis (TGA) was used to show
the behavior under thermal treatment. The surface charge was investigated by using zeta
potential measurement and the particle size was determined by means of dynamic light
scattering (DLS) and/or fluorescence cross correlation spectroscopy (FCS), respectively.
Additionally, confocal laser scanning microscopy (CLSM) and magnetic resonance imaging
(MRI) was performed for investigations on particle-cell interactions and imaging properties.

2.1. X-ray diffraction (XRD)

XRD is a standard non-destructive technique to identify crystalline material. The distance
between the lattice planes of these materials is in the same order of magnitude as the
wavelength of X-rays (10® to 10" m), which is required for constructive or destructive
interference, respectively. Therby, structural information as well as crystallite sizes can be
gained from the occurring diffraction pattern.

The technique is based on monochromatic X-radiation, which is usually generated in a
cathode ray tube. By heating a filament electrons are emitted and 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. After filtering by a monochromator, the
X-ray beam is focused on the sample and scattered by the regular array of atoms within the
crystal lattice, creating a specific diffraction pattern for each material (Figure 2-1).
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incident beam E diffracted beam

Figure 2-1. Schematic illustration of X-ray diffraction at a crystal lattice plane according to Bragg’s relation; d:
lattice plane spacing; 0: angle of incidence.

The incident beam hits the parallel crystal lattice planes under the Bragg angle 0. Interference
of the scattered waves occurs either in a constructive or destructive way. Constructive wave
interference appears only if the path length difference equals an integer multiple of the
wavelength. Thus in many directions, the waves are cancelled out due destructive

interference, but in some directions the Bragg law is satisfied:

n-A=2d sinf (2-1)

Equation 2-1. Bragg's law; n: order of interference; 1: wavelength of X-rays; d: lattice plane spacing; 0: angle of
incidence

Considering a perfect orientated crystalline sample, the diffraction pattern will show reflexes
in exact intervals corresponding to the staggered lattice planes. Thus, structure determination
is possible with single-crystal XRD measurement. The crystal is gradually rotated in the beam
such that Bragg’s law is fulfilled for every orientation. The occurring regular pattern exhibits

full structural information about the sample.

In powders, every possible crystallographic orientation is represented in a statistic manner
which leads to a disordered but characteristic diffraction pattern. Therefore, powder
diffraction can be used to determine the crystallinity of the material as well as to analyze a

crystalline sample by comparison to literature data. Furthermore, it is a worthy method in
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structure determination of metal-organic frameworks via AASBU (automated assembly of
secondary building units).*

As mentioned above, it is further possible to gain information about the crystallite size, which
can be equated to particle size in the case of MOF NPs. It can be calculated by using the
broadening of the reflections in the diffraction pattern. For this purpose, the Scherrer equation

is used:

__ K2
b= BcosO (2-2)

Equation 2-2. Scherrer equation; D: mean size of the crystalline domains, K: dimensionless shape factor,
B: full width at half maximum (FWHM) of the reflection corrected for the intrinsic instrumental broadening,
A: wavelength, 8: diffraction angle.

In this thesis, X-ray diffraction was measured with the STOE transmission diffractometer
system Stadi MP with Cu Koy radiation (A =1.54060 A) and Ge(111) single crystal
monochromator. Diffraction patterns were recorded with a DECTRIS solid state strip detector
MYTHEN 1K in an omega-2-theta scan mode using a step size of 4.71° and a counting time
of 80 s per step.

2.2. Dynamic light scattering (DLYS)

Size determination of particles in suspension is possible with DLS.” Reliable values of
measured hydrodynamic diameters of colloidal nanoparticles are thereby in the range between
1 and 1000 nm. As DLS measurements are based on the Brownian motion of the particles, the
important feature is the size dependent diffusion behavior of particles in solution, which is

defined in the Stokes-Einstein equation (2-3):

D=—L (2-3)

~ emnR

Equation 2-3. Stokes-Einstein equation; D: diffusion coefficient; T: temperature; #: viscosity; R: hydrodynamic
radius; k: Boltzmann constant

Temperature T and viscosity of the solvent » are known parameter, an therefore, the
hydrodynamic radius of the particles R only depends on their diffusion coefficient D. It
depends on several parameters, including the ionic strength of the suspension, the texture of
the particle surface, and the shape of the particles. Determination of the diffusion coefficient
is done by interpreting the scattering intensity fluctuation data. Monochromatic visible light

(A =633 nm) is focused on a sample loaded cuvette. The beam is scattered by the dispersed
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particles and con- or destructive interference occurs after penetration of the cuvette. Brownian
motion of the particles leads to fluent intensity changes in the diffraction pattern. The
Zetasizer Nano system measures the rate of fluctuation and uses this to evaluate the
hydrodynamic radius/diameter of the particles. The particle size distribution which is obtained
by DLS measurements is based on intensity. This intensity-derived size distribution is suitable
for small particles (size smaller than one-tenth of the wavelength of the illuminating light) in
a suspension featuring monodispersity, and is well described by Rayleigh scattering. The
Rayleigh approximation (2-4) presents the relation between the light scattering intensity | and

the particle diameter d = 2R.

I oo d® (2-4)

Equation 2-4. Rayleigh approximation, I: intensity of scattered light, d :particle diameter.

As the scattering intensity is proportional to d° (Equation 2-4), the contribution of huge
particles to the scattering intensity is much higher as compared to small ones. This 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*) or number-weighted (d) distributions.

DLS measurements in this work were performed on diluted suspensions using a Malvern
Zetasizer-Nano instrument with a 4 mW He-Ne laser (A = 633 nm) and an avalanche photo

detector.

2.3. Zeta potential measurement

Zeta potential provides information about the external surface charge of particles in
dispersion. The value is depending on the pH value and composition of medium as well as on
the nature of the nanoparticles’ external surface. Therefore, it is an important tool for the
detection of modifications on the external surface of the nanoparticles.

The technique is based on the attraction of ions from the charged particles which form a
surrounding dens ion layer (Stern layer). This is followed by a second layer built up from
loosely attached ions of both charges (Figure 2-2). Within this “diffuse layer” an imaginary
boundary occurs, which is called “slipping plane”. The slipping plane is defined as the
spherical barrier, where everything which is inside will move with the particle. Everything
outside this barrier will be no influence the movement of the particle. The potential which

occurs between stationary solution and mobile particle is known as the Zeta Potential {.% 3
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Diffuse layer
lons loosly attached

slipping plane
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Stern layer
lons strongly bound

to the particle surface

Figure 2-2. Schematic illustration of the spherical arrangement of ions around charged nanoparticles

The Zeta Potential is calculated by determining the electrophoretic mobility U, of the particles

and then applying the Henry equation:

y, = =Sk (2-5)
31

Equation 2-5. Henry equation; U,: electrophoretic mobility; &: dielectric constant; f(ka): Henry function; #:
viscosity; {: zeta potential

Applying the Hiickel approximation to the Henry equation which assumes small particles and
low dielectric constant media, f(ka) becomes 1 and can be removed from the equation. Thus,
the Zeta Potential is only dependent of the electrophoretic mobility, which can be calculated
from the velocity of the nanoparticles at known electric field.

Y -
Ue="2 (2-6)

Equation 2-6. Definition of the electrophoretic mobility p; v: particle velocity; E: electric field
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The measurement of the velocity is done using Laser Dopler Velocimetry (LDV). An electric
field of known strength is applied to a capillary cell containing the particle suspension. The
frequency shift of the laser light passing through the suspension is used to determine the
velocity of the nanoparticles.

In this work, zeta potential is determained in specific biological relevant media or is plotted
against the set pH value. In the latter case, the isoelectric point of the nanoparticles is a
characteristic value, which is determined by the crossing of the X-axis (zeta potential equals
zero). Zeta potential measurements were carried out on diluted suspensions (0.1 mg/mL)
using a Malvern Zetasizer-Nano instrument with a 4 mW He-Ne laser (A = 633 nm), an
avalanche photo detector and an MPT-2 titration system.

2.4. Sorption measurement

Sorption measurements are a common tool to observe the properties of porous materials in
matters of surface area, pore size and pore volume.!! Reversible interactions between the
surface area and inert gas molecules (physisorption) at a known partial pressure lead to
characteristic isotherms which are classified according IUPAC.”> All measurements of
mesoporous MOF materials in this work were performed with nitrogen as an adsorptive.

In principle, a sample of the porous material is placed into a tube with known volume. The
tube is evacuated and heated for a few hours to clean the nanoparticle surface from adsorbed
molecules. Afterwards the measuring cell is cooled down to the temperature of liquid nitrogen
(T = 77 K). Small amounts of nitrogen gas are injected stepwise. The gas is adsorbed by the
pores and until equilibrium pressure occurs. Those pressures (expressed as partial pressure
p/po) and the corresponding amounts of adsorbed gas are recorded. This is done until the
value for the partial pressure reaches 1. That means that the equilibrium pressure p has
reached the vapor pressure of the adsorptive po. The similar procedure is performed for
desorption, with decreasing the partial pressure until 0.

The resulting isotherms are plotted as the amount of adsorbed nitrogen is a function of the
relative pressure (Figure 2-3). The different types (I-VI) distinguish porous materials
regarding pore structure and size, and the interactions of the adsorbed gas molecules with the

adsorbent.
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11 AN

Amount adsorbed ———»

Relative pressure —»

Figure 2-3. Types of sorption isotherms according to IUPAC classification.®

Type | isotherm shows a typical curve for microporous materials with a small external surface
area. The curve reaches a maximum when the micropores are filled. Nonporous and
macroporous solids with high energies of adsorption result in a type 1l isotherm. The first part
of the isotherm represents the creation of a monolayer of the absorbed molecules. With
increasing pressure multilayer are formed. Type I1l also shows nonporous and macroporous
solids, but the weak surface-adsorptive interactions prevent the prior building of a monolayer.
Type IV and V are reflecting mesoporous materials with strong (IV) and weak (V) surface-
adsorptive interactions. The hysteresis loop is a result of the capillary condensation which
takes place in mesoporous materials. Type VI shows the gradual formation of individual
adsorbate layers, which is due to a multimodal pore distribution.

The specific surface area of metal-organic frameworks can be determined with the Brunnauer-
Emmert-Teller theory which was developed in 1938.” It is a further development of the
Langmuir models, in which exclusively monolayers are allowed.® Walton et al. showed in
2007 that the BET theory can be used for the evaluation of MOF surfaces by comparing the
geometric surface area calculated from the crystal structure with the simulated adsorption
isotherm.’
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The BET isotherm model assumes multilayer adsorption, neglecting interactions of the
adsorbates among each other. The initial monolayer serves as a substrate for further
adsorption processes, and consequently a change in adsorption enthalpy between the first and
the subsequent layers occurs. The model is mathematically given by Equation 2-7, with n,
being the amount of adsorbate, n,, the specific monolayer capacity and C the BET constant

being exponentially related to the monolayer adsorption.

c. P
Ra _ _____Po (2-7)

nmo (1- %)(1+C—%)

Equation 2-7. BET equation; n,:amount of the adsorbate at pressure p, n,,:capacity of one monolayer, C: BET
constant; p: equilibrium pressure; p,: saturation vapor pressure of the adsorbate.

The BET method is the most widely used procedure for evaluating surface areas. To

determine n,,, only the linear form of the BET equation is valid, which is typically the case for

low pﬂ (0.0-0.3). Considering the linear form and taking into account the molecular cross-
0

sectional area (o), the BET surface area (A;) can be calculated by Equation 2-8.

AS = nmNAO-m (2'8)

Equation 2-8. Calculation of the BET surface are (4s); N,: Avogadro constant; o,,,: molecular cross-sectional
area

Further, isotherms can be used to calculate the pore size distribution. Density functional
theory (DFT) and Monte Carlo simulations are nowadays reliable tools for pore size
analysis.'® Based on fundamental principles of statistical mechanics they are able to describe
the distribution of adsorbed materials and provide information on the local fluid structure at
curved solid surface. Hence, different models for various pore shapes (slit, cylindrical and
spherical) and material classes (such as zeolites, carbons and silicas) exist to determine the
pore size and pore volume of porous materials.

Nitrogen sorption measurements in this work were either performed on Quantachrome
Instruments NOVA 4000e or Autosorb at 77 K. For the measurements approximately 10 mg

of a sample were outgassed at 120 °C and 10 mTorr for approximately 16 hours.
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2.5. Thermogravimetric analysis (TGA)

Thermal stability of MOFs can be investigated by TGA.™ ** Furthermore it is a useful
technique to evaluate the content of organic substance within a hybrid material. The sample is
placed onto a thermo-balance in an electrically heated oven. A constant heating rate
(B = dT/dt) is applied and the behavior of the sample up to 900 °C can be investigated under
desired atmosphere such as nitrogen or synthetic air. A steady laminar flow of the chosen gas
passes the sample and volatile components are removed from the heating chamber. The
weight loss can be caused by evaporation of volatile molecules, desorption of incorporated
molecules and the decomposition of the sample, respectively.

Thermogravimetric analysis was performed in this work with a thermo-microbalance
(Netzsch, STA 449 C Jupiter) with a heating rate of 10 °C/min. Approximately 10 mg of the
material were heated under synthetic air conditions with a flow rate of 25 mL/min.

2.6. Infrared spectroscopy (IR)

IR spectroscopy is based on absorption of electromagnetic waves in the infrared area. In this
area molecule vibrations and/or rotations are encouraged depending on length and strength of
the covalent bonds. The whole scope of infrared irradiation ranges over wave numbers from
10 cm™ to 14000 cm™. It can be divided into three regions; near-infrared (14000 cm™ -
4000 cm™), mid-infrared (4000 cm™ - 400 cm™) and far-infrared (400 cm™ - 10 cm™).
Characteristic infrared absorption bands of the materials, studied in this thesis appear in the
mid-infrared area. Due to the typical stimulation energies, it is possible to determine different
functional groups in molecules. To describe the transitions between different vibrational

states, the quantum mechanical model of the anharmonic oscillator is applied (Figure 2-4).

N
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Figure 2-4. Potential of the anharmoic oscillator
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If the wavelength of the infrared light fits the energy between different vibrational states it is
absorbed, resulting in characteristic vibrational bands in the IR spectrum of the analyzed

molecule or material, respectively.

Nowadays IR spectroscopy is performed by a Fourier-Transform-IR (FTIR) spectrometer. In
contrast to a classical scanning IR spectrometer using monochromatic irradiation,
polychromatic light is guided through a Michelson interferometer. The resulting time-
depending data is translated via Fourier-Transformation into the common infrared spectrum
which is a function of the wave number.

FTIR spectroscopy has three major advantages compared to classical spectroscopy:™

« time saving aspect (multiplex of Fellgett's advantage)
« Dbetter signal to noise ratio (Jacquinot advantage)
e Dbetter wavelength accuracy (Cones advantage)

However, IR spectroscopy is only applicable if a vibration is accompanied with a change of
the dipole moment. Complementary to IR, Raman spectroscopy can be used to analyze

molecules missing vibrational modes with change in dipole moment.

IR spectroscopy was performed on an FT-IR spectrometer (Thermo Scientific, NICOLET
6700) in transmission mode. Transparent potassium bromide pellets (150 mg) served as

matrix for 1 mg MOF nanoparticles.