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1. Introduction and motivation 

Around 40 years ago the term “nanotechnology” started its rise with K. Eric 

Drexler1 who was inspired by Richard Feynman’s concepts of the manipulation of 

matter on its atomic, molecular and supramolecular level with at least one 

dimension in the range of 1-100 nanometers.2 From its original proposed idea of a 

“machine” on the nanoscale, which is able to assemble atom-precise copies of 

itself without any human operator, more areas of research were added to the 

term. Nowadays it comprises topics like nanomaterials and their toxicology,3,4,5 

surface functionalization and characterization6,7, energy conversion and storage,8 

nanoscale optoelectronics9,10 or nanomedicine.11,12 Up to this date, around one 

million research articles are addressing the field of nanotechnologies. The general 

interest in nanoscale materials derives from altered properties compared to bulk 

materials, sometimes opening up completely different possibilities of applications. 

These phenomena include statistical and quantum mechanical effects like electro-

physicochemical, optical, thermal, catalytic and biological alterations. Prominent 

examples are dispersed spherical silver or gold nanoparticles showing colors due 

to plasmonic resonances as a result of the quantum effects. Other examples of 

nanoparticles are metal oxides, polymers and minerals. Biological and 

theranostical applications for these systems include sensing,13 energy conversion 

(photothermal therapy),14 controlled drug release,15,16 imaging,17,18 and gene 

therapy.19 In contrast to other available nanosystems calcium phosphate occurs 

naturally in bone tissue and teeth and is considered to have a good 

biocompatibility and a high biodegradability in biological applications.20 Due to 

these properties, nanoparticles (NPs) based on calcium phosphate (CaP) have 

become a potent and traceless delivery system for a vast range of cargo 
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molecules. Generally (bio-)molecules are not able to cross the cell membrane as 

long as there is no membrane receptor/channel capable of transporting them or 

the possibility of passive diffusion.21 This includes ions, small molecules, peptides, 

DNA, RNA and proteins which are used in in vitro and in vivo applications.22,23 

Beside the sole transport of a molecular cargo, it is of utmost importance to lower 

the effective dose necessary to treat diseases or to address a specific target. The 

intention behind this is to be as microinvasive as possible to reduce toxic or 

harmful side effects as well as the treatment expenses and to increase local 

concentrations of drugs. Therapeutic applications based on CaP nanoparticles, 

evolved from this thesis, showing promising results in the treatment of 

inflammations and derived carcinogenesis, vaccination against retroviral 

infections, as well as viral clearance,24,25,26 although the intracellular location and 

biodistribution within the body of these nanocarriers remain still uncertain. The 

aim of this thesis was the synthesis and characterization of biofunctionalized CaP 

nanoparticles, their biomedical applications and the elucidation of their pathways 

in cellular uptake and overall biodistribution. 
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2. Theoretical background 

2.1 Natural occurrence of calcium phosphate (CaP) 

Crystalline calcium phosphate (CaP) naturally occurs in the form of minerals 

(apatites) as well as the inorganic component in the bodies of vertebrates as 

supporting skeleton and teeth. The mineral group of apatites generally consists of 

Ca10(PO4)6(X)2 where X represents the most common anions (OH-, F-, Cl-) 

incorporated into the crystal lattice. Bones and teeth are made up of 

hydroxyapatite (Ca10(PO4)6(OH)2) as mineral phase and additional organic parts 

(collagen, proteins, etc.). In detail the bone is constructed with mineralized 

collagen fibrils that consist of collagen chains and are organized in between discs 

of crystalline calcium deficient hydroxyapatite (CDHA). Furthermore, the porous 

marrow of the bone (Spongiosa) is protected with a more dense kind of bone, the 

so-called Corticalis (Figure 1). 

 

Figure 1: Construction of a human (femur) bone. Non-calcined spongy femur bone, the dense 

layer (Corticalis) is protecting the porous microstructure (Spongiosa). Adapted from Ref. 27 

 

Whereas teeth are much more complex than bones and consist of a strongly 

mineralized protective but not renewable layer (Enamelum) of up to 98% CDHA, a 

renewable bioactive bone-like layer of around 70% CDHA and collagen just 

beneath (Dentin) and a hollow center (Pulpa) in which blood vessels and nerves 

are located (Figure 2). The natural occurrence or bioavailability of hydroxyapatite 
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in bones and teeth results in the biocompatibility of nanostructures based on this 

material. This can be used either to layer bone displacements and prosthetics to 

support a better bioresorption and acceptance of the implanted materials or to 

treat bone defects by filling the defect with bone cement as replacement to 

increase bone healing and tissue regeneration.27 Moreover CaP nanoparticular 

systems became prominent in biomedical applications due to the high 

biocompatibility.20 

 

Figure 2: Schematic construction and composition of a tooth. Modified from Ref. 27 

 

2.2 Colloids and nanoparticles as an important subspecies 

Colloids are biphasic systems in which very small structures are evenly dispersed 

throughout the whole medium without sedimenting (Table 1).28 Colloids have 

discrete phase separations and exhibit simultaneously molecular properties. 

Based upon their characteristics colloidal solutions are depicted as a transition 

between real homogeneous solutions and heterogeneous mixtures.29 According to 

Staudinger, colloids can be characterized and sorted into one of three subgroups 

(Figure 3). Dispersed colloids are lyophobic particles (e.g. calcium phosphate 

nanoparticles or metal nanoparticles) and thermodynamically unstable, thus 

tending to agglomeration and minimization of their surface energy. Therefore, 

they need to be stabilized to prevent precipitation. The opposite is represented by 
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lyophilic particles, deriving from associated and molecular colloids, which are 

thermodynamically stable. Associated colloids are micellar structures build up by 

self-assembled amphiphilic surfactants or fatty acids in water. They are formed 

when the critical micelle concentration is passed, which means the water surface 

is completely saturated with surfactant / fatty acid monomers. Driven by their 

hydrophobic tails and the hydrophobic effect, they are assembling a micelle with a 

hydrophobic core and a hydrophilic surface. The group of molecular colloids is 

made up of polymers, which can be classical chemical (poly (ethyleneimine), PEI; 

poly (styrenesulfonate), PSS; poly (vinylpyrrolidone), PVP; etc.) or biological 

macromolecules (DNA, RNA and proteins). Generally their size depends on the 

degree of polymerization and the tertiary structure.29  

 

Table 1: Colloids of biphasic systems. Adapted from Ref.28 

Disperse 

phase  

Medium 

Gas Liquid Solid 

Gas - foam solid foam 

Liquid liquid aerosol liquid emulsion solid emulsion 

Solid solid aerosol sol solid sol 

 

Nanostructures are too small to be seen by the eye. According to the International 

Union of Pure and Applied Chemistry (IUPAC) they have a size of several 

nanometers (10-9 m)30 and vary between 1 - 100 nm. It is sufficient, if the structure 

displays one of its three dimensions in this size range, although two of three 

dimensions grant more specificity in size and shape. Based on the nanoparticular 

system’s size its properties can change rapidly (compared to the bulk material). 

Small nanoparticles are able to pass cell membranes without entering the 
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endocytic machinery,31 whereas bigger nanoparticles can enter the cell via 

endocytosis. Either way nanoparticles can be used for gene transfection20 or direct 

transport of biomolecular cargo into cells.22,32 This nanomedicine creates 

promising approaches in medical applications. 

 

Figure 3: Simplified scheme of the colloid characterization and the three types of colloids. 

Dispersed colloids comprise micro- or nanoscaled particles which are thermodynamically 

instable. Associated colloids are micellar structures build up by self-assembled amphiphilic 

surfactants or fatty acids in water. Together with molecular colloids, which are made up of 

polymers forming a tertiary structure, they are considered to be highly stable.33 

 

2.3 Synthesis and stabilization of nanoparticles 

The synthesis of nanoparticles can be carried out in different ways, which can be 

summarized in two main approaches (Top-Down and Bottom-Up, Figure 4). 

Methods within the Top-Down approach are mechanical milling or laser ablation. 

Milling is using bulk materials, which are cracked and milled into powders and 

then ground to nanoparticles. Despite the advantages of a simple, quick and 

massive production of nanoparticles there are grave downsides too. Mechanical 

milling contaminates the nanoparticle sample with up to 40% abrasion material in 

the final product. Impurities can be overcome in the process of laser ablation 
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where a thin metal foil in an electrolyte containing solution is irradiated with a 

pulsed laser. The irradiation is heating the material, which then evaporates and 

goes into dispersion by forming particles. Then the particles are stabilized by the 

ions in the solution. Nevertheless, Top-Down approaches are often lacking size 

and morphology control.34 Thus applications which rely on specific properties of 

nanoparticles of specific size and shape need nanoparticles out of a Bottom-Up 

approach (wet-chemical synthesis). Here the synthesis starts on the molecular 

scale where particles assemble via nucleation of atoms or molecules and growth 

processes which are described in the LaMer plot (Figure 5).  

 

Figure 4: Top-Down and Bottom-Up approaches in nanoparticle synthesis. Top-Down 

approaches usually are mechanical milling or laser ablation processes, grinding nanomaterials 

from bulk. The Bottom-Up approach is the wet-chemical synthesis of nanomaterials using atoms 

or molecules. 

 

Beside the reduction of metal ions to metal atoms there are precipitation 

reactions of molecules to form nanoparticles. The significant advantage of a 
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Bottom-Up approach is the efficient control over size and morphology by variation 

of stabilization agents or reductant.34 The downside, compared to Top-Down 

methods, is the relatively small amount that can be synthesized. Usually the metal 

nanoparticle growth is described with the LaMer plot for hardly soluble 

substances, but it also applies to nanoparticles formed by salt precipitation (e.g. 

magnetite, CaP nanoparticles, etc.) and consist of three phases. After the addition 

of a phosphate solution to a calcium solution CaP, precursors start to form 

(phase I) and are saturating the solution (cs). Due to a high energy barrier, nuclei 

will assemble only when a critical concentration of precursors (monomers) is 

reached (cmin; phase II). 

 

Figure 5: LaMer plot explaining nanoparticle formation. In Phase I precursors (monomers) start 

to form and are saturating the solution (cs). Nuclei will assemble only when a critical 

concentration of monomers is reached (cmin; phase II). Monomers and nuclei are forming until 

the maximal concentration (cmax) is passed. At this point the monomer concentration is 

decreasing as they bind to the nuclei and build spherical amorphous aggregates (phase III) until 

the saturation concentration is reached again. 
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Precursors and nuclei are forming until the maximal concentration (cmax) is passed. 

From here on the monomer concentration is decreasing as the precursors bind to 

the nuclei and build spherical amorphous aggregates (phase III) until the 

saturation concentration is reached again. The nanoparticles’ growth is driven by 

their thermodynamic instability (high specific surface and high surface energy), so 

the system is trying to minimize this energy by creating larger particles (lower 

specific surface). The process is called Ostwald ripening35 and will dissolve smaller 

particles to “feed” bigger particles. With an increase of temperature the ripening 

is accelerated due to a faster Brownian motion of the particles. This will eventually 

form crystalline CaP needles and plates,36,37 although for applications in medicine 

and biology the smaller spherical and amorphous CaP nanoparticles are desired. 

Therefore, this unstable state has to be stabilized externally to prevent further 

growth. Furthermore, the specific surface of nanoparticles is determined by the 

high surface to volume ratio. Based on the free enthalpy δG (Equation 1), a high 

specific surface is energetically unfavorable which results in nanoparticle 

instability.  

δG =  γ ·  δAG                                                             (1) 

δG: free enthalpy, γ: surface tension, δAG: particle interface 

 

A decrease in the particle interface results in a progressively exergonic character 

of the free enthalpy. Thus, the coagulation of nanoparticles is spontaneous and 

energetically favored.38 Nanoparticles can be stabilized using steric bulky ligands 

like (bio-) polymers (PVP, PEI, PSS, DNA, RNA, etc.), electrolytes or a combination 

of both approaches (Figure 6). The steric stabilization with bulky ligands is 

favorable according to the Gibbs free energy (Equation 2).  
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Δ𝐺 =  Δ𝐻 − 𝑇Δ𝑆                                                          (2) 

ΔG: Gibbs free energy, ΔH: enthalpy, T: absolute temperature, ΔS: entropy 

 

The ligand shell is limiting the particle mobility which decreases the entropy in the 

system. In addition, the interaction between nanoparticles or their ligand shells is 

decreasing the entropy, thus the Gibbs free energy becomes progressively 

endergonic. That renders particle interactions thermodynamically disfavored und 

contributes to the overall stability of dispersed nanoparticles. On the side of an 

electrostatic stabilization, nanoparticles in an electrolyte solution are building an 

electric double layer (Figure 7). 

 

Figure 6: Typical stabilization approaches in nanoparticle synthesis. A steric stabilization is using 

large bulky ligands or polymers to shield nanoparticles against each other, whereas an 

electrostatic stabilization is relying on the formation of an electrochemic double layer to repel 

the nanoparticles in dispersion. The electrosteric stabilization is using the advantages of both 

approaches to achieve even more stable dispersions. 
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Figure 7: Development of the interfacial electrical double layer in an electrolyte solution. An even 

layer of homogenous ions (inner Helmholtz layer) is binding to the particle surface. These ions 

draw more counter ions to form another layer (outer Helmholtz layer). Both of them form the 

rigid Stern layer to which another diffuse layer of ions is binding (shear layer). The immobilized 

part of the shear layer is depicted as the shear radius. At this interface the zeta potential can be 

determined. 

 

In the beginning an even layer of homogenous ions (inner Helmholtz layer), out of 

the solution, is binding to the particle surface. These ions induce a charged surface 

which draws counter ions to form another layer (outer Helmholtz layer). Both of 

them form a rigid layer (Stern layer) to which another diffuse layer of ions is 

binding (shear layer). The part of the shear layer which is moving along with the 

particle is depicted as the shear radius.39 At this interface the zeta potential of a 

particle can be determined. Furthermore, a combined stabilization (electrosteric) 

with charged polymers or other bulky ligands is possible to surpass limitations of a 

single kind of stabilization. 
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The stability at different zeta potentials is explained in the technical notes of 

Malvern Instruments (Table 2). With an increasing (positive or negative) zeta 

potential, the repulsive interactions start to dominate and electrostatically 

stabilize a particle. A schematic representation of the total interaction energy is 

displayed in Figure 8. Three types of interaction are contributing to the total 

interaction energy. These are the electrostatic repulsion of an electrochemical 

double layer, the Born repulsion and the van der Waals attraction. At long 

distances between two particles the electrostatic repulsion and the van der Waals 

attraction are working against each other.  

 

Table 2: Influence of the zeta potential on the electrostatic stability of colloid dispersions. 

Zeta potential  Colloid stability 

0 - ±5 fast coagulation/precipitation 

±10 - ±30 developing stability 

±30 - ±40 modest stability 

±40 - ±60 good stability 

> ±60 excellent stability 

 

If the van der Waals attraction dominates, a first but still reversible (mixing, ultra-

sonication, etc.) agglomeration of particles occurs. This is visualized in the 

secondary minimum of the curve. To enable smaller distances between particles, 

an energy barrier has to be overcome. The more stable a nanoparticle dispersion 

is the higher is this barrier, in contrast an unstable system will pass this barrier due 

to more dominant van der Waals attractions and fall into the primary minimum. 

Here the particles will form covalent bonds and aggregate irreversibly.28 
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Figure 8: Simplified representation of the total interaction energy between two particles in the 

DLVO theory. 

 

2.4 Fluorescence in molecular biology 

Fluorescence was first described in the middle of the 16th century by the Spanish 

Franciscan friar Bernardino de Sahagún and physician and botanist Nicolás 

Monardes in the so called “kidney wood”. It was caused by the secondary plant 

metabolite matlaline.40 Eventually in the 19th century over the course of 30 years 

the phenomenon was given its name by George Gabriel Stokes who at that time 

studied on fluorite mineral and uranium glass. He drew the analogy to the 

etymology of opalescence and called the observed effect fluorescence.41 

According to the Boltzmann distribution a molecule resides usually in the lowest 

vibration level of an electronic ground state (singlet ground state S0). Upon 

absorption of a photon λ with the energy E= h·ν, an electron can be switched into 

the first excited electronic state (singlet excited state S1). The absorption is a fast 

process in the range of femtoseconds (10-15 s) which is faster than the change of 

the internuclear distances. Thus, it is more likely that a transition to higher 

vibration levels of the S1 state is taking place. The system returns into the lowest 
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vibration level of S1 (internal conversion) by vibrational relaxation. Out of this level 

several processes can occur. A Jablonski diagram (Figure 9) summarizes and 

illustrates all possible electronic processes.  

 

Figure 9: Jablonski diagram illustrating electronic states and processes of a molecule. The 

absorption of a photon, with the energy h·ν, is able to excite an electron from the singlet ground 

state (S0) into a singlet excited state (S1). After vibrational relaxation (internal conversion) into 

the lowest vibration level of S1, several possible quenching mechanisms can occur. Fluorescence 

and phosphorescence are radiation-dependent ways to quench the excited state by emitting a 

photon with the energy Δh·ν. Another way is the radiationless quenching by complete vibrational 

relaxation. 

 

For example fluorescence is a way of deactivating an excited electronic state of a 

fluorophore by emitting the energy difference as a photon.42 Compared to the 

absorbed wavelengths, the emitted photon is shifted to longer ones due to the 

occurring conversion. Beside a deactivation by fluorescence there is another 

radiation-dependent and much slower process in the range from seconds to hours 
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(> 10-4 s), so-called phosphorescence. For this to occur, the system has to 

undergo a quantum-mechanically forbidden spin reversion (violation of the Pauli 

Exclusion Principle) into a triplet excited state (T1). This intersystem crossing is the 

rate-determining step when returning into the electronic ground state again (S0). 

Opposing the radiation dependent processes there are also radiation independent 

energy quenching processes carried out by molecular collisions or in the form of 

heat by vibration or rotation. 

 

2.5 Gene therapy by gene transduction, transfection and silencing 

The term gene therapy summarizes all therapeutic deliveries of nucleic acids (DNA 

or RNA) into host cells or the gene manipulation of those cells. These 

manipulations can be transient or stable gene transfections, gene silencing with 

small interfering RNA (siRNA),42 or complete and irreversible gene knockouts by 

CRISPR/Cas gene editing.43,44 In the beginning of transfection methods the term 

had a different meaning, regarding the infection of a prokaryotic cell with viruses 

or bacteriophages and their concluded reproduction (infection by transformation). 

Nowadays, the meaning has been shifted towards a change of genetic properties 

of a cell in general. Transfections of nucleic acids are carried out with a wide range 

of approaches. These can be chemical non-viral methods like lipofection,45 a 

transport with cationic polymers46 or by nanoparticles.20,47,48,49 Lipofection directly 

transports the nucleic acids into the cell’s cytoplasm because of the membrane 

fusion of vesicle and cell membrane, whereas polymers and nanoparticles 

undergo a process called endocytosis (for more details see chapter “2.6.1 In vivo 

biodistribution and cellular uptake of nanoparticles”). Besides chemical non-viral 

based methods there are approaches using a mechanical introduction of genetic 
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information like electroporation as well as microinjection with syringes or a gene 

gun. In case of viral based approaches, usually a lentivirus or an adeno-associated 

virus is used. In every case the transported nucleic acids are arriving in the 

cytoplasm from where they need to enter the cell’s nucleus (Figure 10). Once in 

the nucleus, the foreign DNA is transcribed into mRNA which is exported into the 

cytoplasm and directed to ribosomes where the genetic information is translated 

into proteins. Then the produced protein can be modified post-translationally in 

the Golgi apparatus or the endoplasmic reticulum (glycosylation patterns differ in 

these organelles). Every step in the chain of process is strictly regulated.50 When 

transfecting siRNA, the main intention is the knockdown in gene expression or 

protein translation by RNA interference (gene silencing).42 For this, double-

stranded RNA is needed (sense-strand and antisense-strand) which is fragmented 

e.g. into 21 bp sequences by the enzyme Dicer (Figure 11). These sequences, so-

called siRNA, consist of 19 paired bases and two unpaired in the 5’-ends. The 

siRNA is then interacting with the RNA-induced silencing complex (RISC), which is 

unwinding the sense- and antisense-strands and finally cleaves the sense-strand. 

 

Figure 10: Protein biosynthesis, the central dogma of life. DNA is transcribed into mRNA and 

then translated into the encoded protein. 
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Figure 11: Schematic mechanism of gene silencing through RNA interference. Shown are the 

enzymatic siRNA procession by Dicer and the RISC enzyme complex. 

 

The antisense-strand is binding the mRNA complementary to its own sequence. 

Finally, the RISC is cutting sequences of mRNA complementary to the bound 

antisense siRNA which renders the fragments useless for any protein translation.51 

If a temporary gene knockdown is not sufficient, a complete knockout is required. 

CRISPR/Cas is a method conveying the capability to achieve this.44 In 2015 it was 

named as scientific breakthrough of the year52 but soon raised bioethical concerns 

about editing a patient’s genome.53 Recently, ignoring all ethical and medical 

concerns actual genome editing on human embryos was carried out in China 

illegally.54 The editing was meant to create a genetic immunity against HIV. 

Mechanistically CRISPR/Cas is based on an abridged variant of the bacterial 



2.5 Gene therapy by gene transduction, transfection and silencing 

18 

protection against viruses. The nuclease Cas9 is complexed with a synthetic guide 

RNA which contains a part of a complementary sequence to the targeted gene 

section (Figure 12). This ribonucleoprotein complex is binding to a recognition 

sequence (PAM) in the targeted double-stranded DNA and generates a double-

strand break. This then allows to remove or insert whole genes in a precise and 

efficient manner.55 

 

Figure 12: Schematic mechanism of CRISPR/Cas gene editing. Arrows depict the cleaving site of 

the double-stranded DNA. 

 

The first successful and approved gene transfer by the American National Institute 

of Health was performed in 1989.56 The initial success set off therapeutic 

applications like the treatment of otorhinolaryngologic cancer with oncolytic 

viruses57 based on the adenovirus (adeno-associated viruses, AAVs) to deliver the 

wild-type p53 gene into cancer cells. Once expressed and inside the cytoplasm the 

protein p53 is leading to the cell’s apoptosis. Another commercially available AAV 

gene therapy is Glybera. It is linked with lipoprotein lipase deficiency, which 

enriches the blood with triglycerides and leads to painful fat depositions under the 

skin. The virus transports the gene sequence of an intact lipoprotein lipase, which 

then enables a normal metabolism. Due to the lack of demand and dietary 
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alternatives in treating this rare disease this specific gene therapy is not in use 

anymore.58 In case of another rare disease like spinal muscular atrophy, dietary 

plans are not suitable. Based on the severity of the genetic defect in SMN1 gene it 

can be fatal. With Zolgensma, a one-time treatment in infants (less than two 

years) with AAVs was just approved in the United States.59 It is directly injected 

into the blood stream and transported to atrophied motor neurons where the 

SMN protein is produced to take over a healthy function.  

 

2.6 Nanomedicine or the biomedical applications of nanoparticles 

The term nanomedicine describes biomedical applications of nanotechnological 

materials and structures.60 By paraphrasing Paracelsus’ famous statement "Poison 

is in everything, and no thing is without poison. The dosage makes it either a 

poison or a remedy.", it is true in case of nanomedicine too. Lots of side effects of 

commercially available drugs are based on too high systemic dosages, undirected 

application and poor solubility in the blood stream. With nanomaterials the local 

concentration of a drug can be increased (e.g. longer residual time and lower renal 

filtration or excretion) due to their size and often molecule-like properties. Thus in 

medicine more and more treatments (drug delivery, diagnostics, and theranostics) 

or surgical operations are relying on biomaterials from macro to nanoscale.61 

Therefore a high biocompatibility for implants and carrier systems is the most 

important feature to completely avoid possible side effects during long-time 

exposure or periodic treatments.62 The application of specially designed 

nanocarriers in drug delivery is able to increase transport efficacy, 

pharmacokinetics and biodistribution. This results in lower renal filtration, 

excretion, directed transport and thus a longer availability of a drug in the 
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body.63,64 In addition, the bioavailability of poorly soluble drugs can be improved 

by creating an ideal environment through the incorporation into nanocarriers 

consisting of hydrophilic and hydrophobic groups.65 Recent advances in tumor 

diagnosis66,67 and treatment68,69,70 brought forth nanosystems which were able to 

effectively fight against the respective tumor tissue. As mentioned in the previous 

chapter, there are gene-therapeutic approaches relying on nanoparticles by 

transfection of new gene sequences or gene regulation by gene silencing.19,71 

Nevertheless, the applied particles still have to reach their target to function 

efficiently. Due to possible side effects or unwanted host reactions to these 

nanocarriers, it is impossible to generalize their biodistribution patterns. Thus, the 

distribution need to be analyzed in every case of a new particle formulation.72 

 

2.6.1 In vivo biodistribution and cellular uptake of nanoparticles 

The pharmacokinetics and principles of ADME (absorption, distribution, 

metabolism and excretion) apply to every administered drug, substance or 

nanomaterial injected into living organisms. Depending on the route of application 

(oral, nasal, intravenous (i.v.), subcutaneous (s.c.), etc.), the biodistribution 

diverges greatly. In addition, the efficacy and possible side effects of nanoparticles 

are strongly connected to their chemical and physical properties (size, surface 

charge and chemical functionalization).73 Based on the nature of the particle 

surface, a protein corona can adsorb, thus shaping the biological identity of these 

nanoparticles. De facto, the interactions between nanoparticles and the biological 

environment and the underlying mechanisms of cellular uptake are controlled by 

the adsorbed proteins (opsonization).74 For example, nanoparticles functionalized 

with neutral or hydrophilic polymers show an increased residual time in the 

bloodstream and an improved transport to tumor tissue by i.v. injections. The 
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improved tumor delivery results from a higher capillary permeability and is called 

enhanced permeability and retention (EPR) effect.75 In comparison free drugs 

applied by i.v. injections can diffuse through capillary walls into tissues freely but 

are quickly cleared from the bloodstream through renal filtration. Due to the 

increased size by an encapsulation of drugs into nanoparticles, they are shielded 

against renal clearance and enzymatic metabolism. The size limit for renal 

clearance lies at approximately 5.5 nm.76 Nevertheless, nanoparticles are 

subjected to restrictions regarding their diffusion, only ultrasmall nanoparticles (< 

2 nm) are free in their diffusion pattern and can enter cells directly.31 Bigger 

nanoparticles depend on gaps between the endothelium and endocytosis to cross 

cell membranes. On the one hand these gaps are restraining any particle delivery 

due to a limited pore size of the endothelium; on the other hand these gaps 

enable a selective enrichment of nanoparticles in tissues. Those tissues with a very 

porous endothelial wall enhance this enrichment in addition. This includes the 

liver, spleen, and bone marrow, as well as tumors. On a cellular level, 

macrophages located in these tissues are responsible for the enriched uptake (the 

protein corona on nanoparticles is recognized by the scavenger receptor on the 

cells) due to their ability of clearing the bloodstream from colloids and other 

macromolecules.73  

As mentioned, bigger nanoparticles (~ 100 nm in diameter) rely on other ways 

than passive diffusion through cell membranes. Looking at eukaryotic cells in 

detail, there are several possible mechanisms of endocytosis (Figure 13).77 This 

term was first mentioned by the Nobel laureate and biochemist Christian de Duve 

in 1963.78 The most prominent mechanisms are macropinocytosis, clathrin- and 

caveolin-mediated endocytosis.  
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Figure 13: Schematic representation of endocytic pathways of nanoparticle uptake into 

eukaryotic cells. The scheme shows the uptake of Tandem protein-loaded CaP NPs. The main 

mechanisms are micropinocytosis, caveolin- or clathrin-mediated endocytosis. The intracellular 

distribution, from the initial uptake, is going over a vesicular fusion with early endosomes. Next, 

early endosomes either fuse with the vesicles of the golgi complex or mature to late endosomes 

and then to lysosomes.  

 

Macropinocytosis occurs in membrane areas with a high level of curvature. The 

curved membrane areas form a pocket, which is internalized into the cell as a 

vesicle. These vesicles (macropinosomes) contain extracellular fluids without any 

specificity, biomolecules and colloids. After internalization into the cells 

cytoplasm, the macropinosomes fuse with early endosomes.79 Beside pinocytosis 

there is the clathrin-mediated endocytosis, which is carried out by the assembly of 

vesicles coated with clathrin (a cytosolic protein)80 and can be found in any cell 

type. Clathrins build so-called clathrin-coated pits in the plasma membrane in 
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which molecules or ligands (low density lipoproteins, transferrins, growth factors, 

antibodies, etc.) bind to receptors that are responsible for a receptor-mediated 

endocytosis.81 The most relevant clathrin-independent endocytic uptake is 

connected to a type of lipid rafts in cell membranes, the caveolae. They consist of 

the cholesterol-binding protein caveolin, typical components of lipid rafts 

(cholesterol and glycolipids), and resemble cave-like pits. The uptake of 

extracellular molecules and ligands is postulated to work with receptors, 

comparable to clathrin pits. Mainly, caveolae can be found in smooth muscle cells, 

type I pneumocytes, fibroblasts, adipocytes and endothelial cells.82 Once the 

vesicles are internalized, the intracellular distribution is going over a vesicular 

fusion with early endosomes. Early endosomes are found in the periphery of the 

cell and are a checkpoint for vesicles coming in and going out, sorting endocytosed 

molecules, ligands or receptors into their following pathways. Receptors and 

ligands either recycle back to the membrane or remain enclosed in the early 

endosomes which then mature into late endosomes and start to degrade the 

proteins.83,84 Matured late endosomes contain endocytosed material, cargo from 

the golgi apparatus or from phagosomes.85 They already contain acidic nucleases 

and proteases to prepare the degradation of their cargo and reconcile the final 

step of sorting before the delivery to lysosomes. In the endocytic pathway, 

lysosomes are the last checkpoint in the degradation of extra- and intracellular 

(bio-) molecules. They enclose, similar to late endosomes, a full set of 

nucleosome, proteasome and lipase machineries, which make up to 60 enzymes.86 

In addition, they have around 50 membrane-bound enzymes, like ion channels, 

carriers and ATP-dependent proton pumps, which keep up their acidic pH of 4.5 - 

5.0.87 Their main purpose, as the hydrolytic center of the cell, is to degrade cellular 

waste products, buildup or excess like nucleic acids, proteins, fatty acids, complex 
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carbohydrates, other macromolecules and even pathogens into smaller 

structures.88,89 These are then recycled into the cytoplasm as fresh building blocks 

for the cell. 

The concept of biodistribution and intracellular procession is also holding true for 

pathogens entering a living organism. Pathogens fight against the detection and 

clearance by the immune system. They often inherit evasive mechanisms to 

escape, like changing the composition of their surface proteins, stripping their 

viral lipids to “cloak” themselves in host lipids as a disguise or the downregulation 

of enzymes and enzyme complexes key to the immune system.90 

 

2.7 The immune system, immune responses and signaling pathways 

Living organisms are surrounded and invaded by myriads of different malevolent 

bacteria, viruses or parasites (short: pathogens) aiming at thriving and 

proliferating in the bodies. Nonetheless, the human body, as an example, has its 

own beneficial symbiotic microbiota. The largest microbiome is residing the gut 

following complex routines in food degradation and providing nutrients to the 

whole body.91 The problem to be solved by the immune system is to distinguish 

between harmful and useful microbiota (recognition of “self” and “not-self”). If 

this recognition is disturbed, the body will develop autoimmune diseases attacking 

its own cells and symbionts. In a healthy organism the immune system defends 

the body in two ways. There are the innate immune system’s toll-like receptors 

(TLRs, toll-like is denoted from the toll gene in Drosophila species92) recognizing 

fast ubiquity and highly conserved surface antigens, like lipopolysaccharides (LPS) 

or endotoxins and nucleic acids foreign to the host, of pathogens (Table 3) which 

can be referred to as pathogen-associated molecular patterns (PAMPs).93  
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Table 3: Pathogen-associated molecular patterns (PAMPs) recognized by human TLRs.  Adapted 

from Ref.94 

Receptor PAMP Origin of PAMP 

TLR1  

(together with TLR2) 

Triacyl lipoproteins Bacteria 

TLR2 Lipoproteins Bacteria, viruses, parasites 

TLR3 Double stranded RNA (dsRNA) Viruses 

TLR4 Lipopolysaccharides (LPS) Bacteria, viruses 

TLR5 Flagellin Bacteria 

TLR6  

(together with TLR2) 

Diacyl lipoproteins Bacteria, viruses 

TLR7 Single stranded RNA (ssRNA) Viruses, bacteria 

TLR8 Single stranded RNA (ssRNA) Viruses, bacteria 

TLR9 CpG DNA motifs Viruses, bacteria, protozoa 

TLR10 Unknown Unknown 

 

TLRs are monotopic transmembrane proteins and consist of a large extracellular 

domain, a single transmembrane α-helix and an intracellular signal transduction 

domain (receptor for other proteins). The extracellular domain responsible for 

PAMP recognition is made of leucine-rich repeats (LRRs, 18-27 repeats, each 

repeat comprised of 20-30 amino acids with 6 leucines) and at the end of the LRRs 

a cysteine-rich part right at the outer membrane interfaces. Each LRR builds a β-

strand which adds up to a parallel β-sheet. The C-shaped TLR structure is 

characteristic to the whole family. Usually PAMPs are recognized by the surface or 

groove of dimerized TLRs. By binding to an epitope a cellular signaling cascade is 

induced. Besides TLRs, there are so-called phagocytes or dendritic cells which are 
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capable to take up and neutralize pathogens without direct support of the 

adaptive immune system. Furthermore, there is the adaptive immune system 

which reacts to characteristic surface antigens of specific pathogens with antibody 

(immunoglobulins; humoral immune response) and T-Cell receptor (cellular 

immune response) production. In total over 108 different antibodies and 1012 

T-Cell receptors (TCRs) are possible.51 Helper T-Cells, which are working in the 

humoral and cellular response, chemically stimulate antigen-binding B-Cells to 

differentiate into plasma cells. Then these plasma cells massively produce 

antibodies and finally secrete them (Figure 14) to fight off the invading pathogens. 

 

Figure 14: General B-Cell function and antibody production against antigens. 

 

In the cellular immune response, cytotoxic T lymphocytes or killer T-Cells are 

sensing and destroying pathogen-infected host cells, however infected cells are 

only “visible” when presenting parts of the pathogens’ surface proteins on their 

own cell surface to T-Cell TCRs. Evolution in vertebrates led to a very smart 

mechanism enabling antigen detection by presenting a sample of the cellular 

proteins as degraded peptides (pMHCs) in the major histocompatibility complex 

class I (MHC I, complex of integral membrane proteins; Figure 15 A). In more 

detail the peptide presenting process is initiated in the cytoplasm by degradation 
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of the proteins in the proteasome. The shorter peptide fragments are transported 

by the transporter associated with antigen processing (TAP) into the lumen of the 

endoplasmic reticulum. There, the complex association of peptide fragments and 

MHC I is taking place. These pMHCs are then transported to the plasma 

membrane where they are oriented to the cell surface and can be bound by TCRs. 

Killer T-Cells are constantly monitoring these pMHCs. There is a mechanism in 

which the surface marker proteins CD8 (cluster of differentiation 8) of killer T-Cells 

bind to the MHC I of target cells to further stabilize the initial TCR interaction. CDs 

are dimerized T-Cell co-receptors with domains like the complementarity-

determining regions (CDRs) of antibodies. Only upon binding of TCRs to infected 

cells, killer T-Cells release several proteins. Two important proteins are the 

enzymes perforin and granzyme. Perforins destabilize and permeabilize the cell 

membrane and granzymes can enter the cell. Granzymes are serine proteases 

which then initiate apoptosis once they are in the cytoplasm.95 The apoptosis 

destroys the cell’s DNA which also terminates viral DNA. After the cells’ death 

killer T-Cells loosen the bond and propagate more killer T-Cells with the same 

receptor (evolutionary effectiveness of receptors). In addition, there is a 

cooperativity between the innate (dendritic cells) and adaptive (killer T-Cells) 

immune responses. Dendritic cells phagocytose pathogens and their proteins, 

degrade them into peptides and present them in an analogous way to MHC I and 

move to the lymphatic tissues, where killer T-Cells can detect and destroy the 

pathogens. As mentioned before, helper T-Cells are also working in the cellular 

immune response by stimulating and differentiating killer T-Cells in a similar way 

to B-Cells when a higher number of cells is required.96 This way they are directly 

involved in the determination of the required immune response. Furthermore, 

helper T-Cells are able to sense pathogenic-derived peptides presented on MHC I 
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similar to killer T-Cells (Figure 15 B), but in contrast they are binding to peptide 

presenting MHC II. These pMHCs are only expressed on antigen-presenting cells. 

Additionally, the proteins degraded to peptides are not coming from the 

cytoplasm, instead they are taken up by endocytosis after binding to surface 

receptors. Inside endosomes the proteins are degraded to peptides and 

associated with MHC II. The associated pMHCs are then transported to the plasma 

membrane. Usually, peptides of an endocytic procession are not able to reach 

MHC I, and peptides out of the cytoplasm are not able to enter endosomes and 

get in contact with MHC II. 

 

Figure 15: Cells presenting peptides on MHC I (A) and MHC II (B) on the cell surface for T-Cell 

detection. 

 

Peptides presented on MHC II are a direct signal that a cell encountered a 

pathogen and is calling for help. On the other side peptides presented on MHC I 

show that the cell has been succumbed to a pathogen and is requesting its 

apoptosis. The binding of helper T-Cells to pMHCs is analogue to killer T-Cells, 
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although the binding is only specific to MHC II due to their surface marker CD4. 

This protein is interacting with the domain of MHC II closest to the membrane. 

Upon binding, a signal cascade is initiated in which helper T-Cells release cytokines 

like interleukin 2 and interferon γ. Unlike killer cells these lymphocytes do not 

destroy the infected cells, instead their cytokines stimulate plasma cells to release 

pathogen-primed antibodies. Thus, helper T-Cells have a supporting role in the 

innate and adaptive immune response.51 Recently, it has been shown that, besides 

the typical MHC II peptide presentation, there is an endosome-to-cytosol pathway 

of antigen cross-presentation, in which endocytic internalized antigens, are 

delivered into the cytosol. In the cytosol, these proteins are degraded by a 

proteasome complex. The processed peptides are then transported with TAP into 

the endoplasmic reticulum or back into the antigen-containing endosomes. From 

here they can be transported to MHC I and are presented on the cell surface.97 
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3. Materials and Methods 

3.1 Materials and organisms 

3.1.1 Chemicals and biomolecules 

All chemicals and biomolecules used in this thesis’ experiments are listed in Table 

4 - Table 7. 

 

Table 4: Chemicals and biomolecules used in the experiments (p.a.: pro analysi, n.a.: not 

applicable). 

Chemicals/Biomolecules Manufacturer  Purity  

30% Acrylamide Carl Roth - 

30% Ammonia solution  Carl Roth  - 

Alexa488-phalloidin Thermo Fisher Scientific ≥99% 

Ampicillin sodium salt Carl Roth  ≥99%  

APS Carl Roth ≥98% 

ATTO 490LS NHS-Ester ATTO-TEC 95-98% 

BSA Fraction V SERVA Electrophoresis ≥98% 

Calcium nitrate tetrahydrate  Merck ≥99%  

Citric acid monohydrate Panreac Applichem ≥99% 

Diammonium 

hydrogenphosphate  

Merck p.a.  

Disodium hydrogenphosphate Merck p.a. 

DMSO Carl Roth ≥99.5% 

DNA Gel Loading Dye (6X) Thermo Fisher Scientific - 

DAPI Sigma-Aldrich ≥95% 

DPBS Invitrogen - 
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eGFP this thesis n.a. 

Ethanol, absolute  Fisher Chemical  p.a.  

Ethidium bromide Carl Roth ≥98% 

FCS Invitrogen - 

37% Formaldehyde Sigma-Aldrich - 

GeneRuler 1 kb Plus Thermo Fisher Scientific - 

25% Glutaraldehyde Carl Roth - 

Glutathione Sigma-Aldrich ≥98% 

Glycerol Carl Roth ≥99% 

HEPES Sigma-Aldrich ≥99.5% 

Hoechst 33342 staining solution Thermo Fisher Scientific - 

Hydrochloric acid Bernd Kraft p.a. 

IPTG Sigma-Aldrich ≥99% 

LysoTrackerTM Deep Red Thermo Fisher Scientific ≥99% 

Maleimide-DOTA-GA CheMatech ≥99% 

MOPS Sigma Aldrich ≥99.5% 

MPS  Sigma Aldrich  95%  

mRFP1 this thesis n.a. 

MTT Thermo Fisher Scientific ≥98% 

PMSF Sigma-Aldrich ≥99% 

PEI, 25 kDa branched Sigma-Aldrich ≥99% 

PEICy5, 25 kDa branched Surflay ≥99% 

PLGA (Resomer® RG 502 H, 

50:50, MW  7000 - 17 000) 

Evonik Industries - 
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PVA (MW 30 000 - 70 000,  

87-90 % hydrolyzed) 

Sigma-Aldrich - 

Roti®-Blue quick, ready-to-use Carl Roth - 

Sodium hydroxide Sigma-Aldrich ≥98% 

SDS Carl Roth ≥99% 

SPDP  Thermo Fisher Scientific 99%  

Tandem this thesis n.a. 

TEMED Carl Roth ≥99% 

TEOS  Sigma-Aldrich  98%  

Trypsin-EDTA solution Biochrom - 

Ultrapure water  ELGA  nuclease free 

 

3.1.2 Peptides, oligonucleotides, siRNA and plasmids 

Table 5: List of peptides used in this thesis and their single letter sequences. 

Peptide  Sequence  Distributor 

GagL85-93 CCLCLTVFL (cysteines changed 

to aminobutyric acid) 

JPT Peptide 

Technologies GmbH 

Gp70123-141 EPLTSLTPRCNTAWNRLKL JPT Peptide 

Technologies GmbH 

 

Table 6: List of oligonucleotides used in this thesis and their single letter sequences. 

Oligonucleotide/siRNA  Sequence 5’-3’ Distributor 

Class B CpG 1824 TCC ATG ACG TTC CTG ACG TT Eurofins GmbH 

DNA Oligo-647 Alexa647-TTA GCC ATG GGT 

GCA CTT GAG CTG C 

Invitrogen GmbH 
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Primer rth_eGFP_fwd [Phos]GTG AGC AAG GGC GAG 

GAG C 

Sigma Aldrich GmbH 

Primer rth_eGFP_rev [Phos]GGA TCC CAG GGG CCC 

CTG GA 

Sigma Aldrich GmbH 

Primer rth_mRFP1_fwd [Phos]TAA GAA TTC AAT TCC 

CGG GTC GAC 

Sigma Aldrich GmbH 

Primer rth_mRFP1_rev [Phos]GGC GCC GGT GGA GTG Sigma Aldrich GmbH 

Primer pGEX-6P-1_fwd GGG CTG GCA AGC CAC GTT 

TGG TG 

Sigma Aldrich GmbH 

Primer pGEX-6P-1_rev CCG GGA GCT GCA TGT GT Sigma Aldrich GmbH 

siRNA CCL-2 GGG UCC AGA CAU ACA UUA A Dharmacon GmbH 

siRNA CXCL1 GAC CAU GGC UGG GAU UCA C Dharmacon GmbH 

siRNA IFN-γ AGC AAC AAC AUA AGC GUC A Dharmacon GmbH 

siRNA IL-6 UUA CAC AUG UUC UCU GGG A Dharmacon GmbH 

siRNA IP-10 GAA UGA GGG CCA UAG GGA A Dharmacon GmbH 

siRNA Scrambled Ctrl UGG UUU ACA UGU CGA CUA A Dharmacon GmbH 

 

Table 7: List of plasmids used in this thesis and their properties. 

Plasmid  Gene of insert and properties Reference 

pcDNA3.3_eGFP CMV promotor, mammalian 

expression of eGFP, Amp+ 

Gift from H. P. Wendel 

(Tübingen, Germany) 

pcDNA3.3_mRFP1 CMV promotor, mammalian 

expression of mRFP1, Amp+ 

Thesis of M. Kopp32 

pcDNA3.3_Tandem CMV promotor, mammalian 

expression of Tandem, Amp+ 

Thesis of M. Kopp32 
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pGEX-6P-1 (empty) T7 promotor, GST-PreScission 

protease site 

Gift from H. Meyer 

(Essen, Germany)  

pGEX-6P-1_eGFP T7 promotor, bacterial 

expression of eGFP, GST-

PreScission protease site 

This work 

pGEX-6P-1_mRFP1 T7 promotor, bacterial 

expression of mRFP1, GST-

PreScission protease site 

This work 

pGEX-6P-1_Tandem T7 promotor, bacterial 

expression of Tandem, GST-

PreScission protease site 

Thesis of M. Kopp32 

ptfLC3 CMV promotor, mammalian 

expression of LC3-Tandem, Kan+ 

Gift from H. Meyer 

(Essen, Germany) 

 

3.1.3 Media, Buffers and gel formulations 

Medium and buffer formulations used in this thesis’ experiments are listed in 

Table 8 - Table 10. 

 

Table 8: Media used in bacterial and mammalian cell cultivation. 

Media Formula  

Bacterial medium 20 g mL-1 LB broth (Lennox), sterile water 

Mammalian cell culture 

medium 

DMEM containing 10 % FCS and 100 U mL-1 

penicillin/streptomycin 
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Table 9: Buffer systems used in the experiments. 

Buffer Formula  

68Ga labeling buffer 100 mM MOPS, pH 7.4 

GST elution buffer  50 mM HEPES, 150 mM KCl, 5 mM MgCl2, 

20 mM GSH, pH 7.4 

Imaging wash buffer DPBS, 1 mM CaCl2, 1 mM MgCl2 

pH assay buffer 100 mM citric acid and 200 mM Na2HPO4 · 2 H2O,  

pH 7.4 – 4.0 

Resuspension buffer  50 mM HEPES, 150 mM KCl, 5 mM MgCl2, 

1 mM EDTA, pH 7.4; added freshly: 1 mM PMSF 

and 1 mg mL-1 lysozyme 

SDS running buffer (1x) 50 mM Tris-HCl, 0.1 % (w/v) SDS, 384 mM Glycine,  

pH 8.3 

SDS collecting gel buffer (4x) 0.5 M Tris-HCl, 0.4% (w/v) SDS, pH 6.8 

SDS sample buffer (5x) 50 mM Tris-HCl, 12% (w/v) glycerole, 4% (w/v) 

SDS, 0.01% (v/v) Coomassie Blue R-250, 

5% (v/v) β-mercaptoethanol, pH 6.8 

SDS separation gel buffer (4x) 1.5 M Tris-HCl, 0.4% (w/v) SDS, pH 8.8 

TAE buffer (1x) 40 mM Tris-acetate, 1 mM EDTA 
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Table 10: Gel formulations (for one gel each) used in electrophoretic experiments. 

 

SDS-PAGE (proteins) Agarose-GE (DNA) 

Collecting gel 

(4%) 

Separation gel 

(12.5%) 
Running gel (1%) 

Agarose - - 1 g 

TAE buffer  - - 100 mL 

Water 2.50 mL 1.60 mL - 

Collecting gel buffer 1.35 mL - - 

Separation gel buffer - 1.30 mL - 

30% Acrylamide 0.65 mL 2.10 mL - 

APS 0.05 mL 0.05 mL - 

TEMED 0.005 mL 0.005 mL - 

 

3.1.4 Bacterial host strains 

Table 11: Bacterial strains used for DNA amplification and protein expression. 

Bacterial strain  Chromosomal Genotype  

E. coli BL21 (DE3)  B F– dcm+ ompT hsdS(rB
−mB

−) gal λ (DE3)  

E. coli DH5 alpha fhuA2 lac(del)U169 phoA glnV44 Φ80' Δ(lacZ)M15 gyrA96 

recA1 relA1 endA1 thi-1 hsdR17  

 

3.1.5 Immortalized mammalian cell lines 

Table 12: List of cell lines used in this thesis and their respective origin. 

Cell line  Origin of cancer tissue 

A549 adenocarcinomic human alveolar basal epithelial cells 

Caco-2 heterogeneous human epithelial colorectal adenocarcinoma 

HeLa human cervix carcinoma 
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3.1.6 Mice 

Mice used in the biomedical experiments in this thesis’ cooperation experiments 

were purchased from Envigo CRS GmbH (Rossdorf, Germany) or bred in-house and 

housed under pathogen-free conditions at the Animal Facility of the University 

Hospital Essen (Table 13). 

 

Table 13: List of mice used in this thesis’ cooperation experiments. 

Mice  Specifications 

BALB/c General purpose 

C.Cg-Foxp3tm2Tch/J Foxp3/eGFP 

C57BL/6 Genetic background 

CBy.PL(B6)-Thy1a/ScrJ Thy1.1 

DEREG Depletion of regulatory T cells, expressing eGFP and 

diphtheria toxin receptor (controlled by Foxp3 promotor) 

IFNAR-/- IFNAR deficient 

SPC-HA Express A/PR/34 influenza HA (controlled by specific 

alveolar epithelial cell promoter surfactant protein C) 

TCR-HA CD4+ T cells express α/β-TCR specific for MHC class II 

H2Ed:HA110-120 
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3.2 Laboratory devices 

Table 14: Laboratory devices used during the experiments. 

Device Manufacturer Model  

Agarose gel electro-

phoresis chamber  

PEQLab PerfectBlue  

Atomic absorption 

spectrometer 

Thermo Electron M-Series 

Cell density meter Biochrom WPA Biowave CO8000 

Centrifuge Eppendorf MiniSpin® 

Centrifuge  Thermo Scientific Hereaus Fresco 21  

Centrifuge  Thermo Scientific Multifuge XR1  

Dynamic Light Scattering  Malvern Zetasizer Nano ZS  

Fluorescence microscope  Keyence Biorevo BZ-9000  

Fluorescence 

spectrophotometer 

Agilent Technologies Cary Eclipse 

Lyophilizer Christ Alpha 2-4 LSC  

Multi-Plate Reader  Thermo Scientific   Multiscan FC 

PCR cycler  Eppendorf MasterCycler Nexus  

Safety work bench  Thermo Scientific MSC Advantage 1.2 

Scanning electron 

microscope  

FEI ESEM Quanta 400 FEG 

SDS-PAGE chamber Biorad Mini-PROTEAN Tetra cell  

Ultracentrifuge  Thermo Scientific SORVALL WX Ultra Series  

Ultracentrifuge Rotor  Beckman&Coulter 70 Ti rotor 
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3.3 Software 

Table 15: List of software used in this thesis. 

Software Purpose Reference/ Editor 

ChemDraw 
Molecular formula, 

graphic design 
Perkin Elmer Informatics Inc. 

Endnote X7, X8, X9 Citation manager Thomson Reuter 

Genome Compiler 
Creation of vector maps 

and cloning analysis 
Twist Bioscience 

ImageJ 
Graphical particle and 

colocalization analysis 

Wayne Rasband, National 

Institutes of Health (NIH), USA 

Microsoft Office Suite 
Graphic design and thesis 

textualization 
Microsoft 

Origin 2018 Data analysis OriginLab 

ProtParam web tool Protein calculations ExPASy Server 

Servier Medical Art Graphic design Les Laboratoires Servier 

 

Ultrapure water 

purification system  

Purelab Ultra Bioscience ELGA 

Ultrasonic bath Elma Elmasonic S10 

Ultrasonic sonotrode Hielscher UP50 H  

UV-Vis-Spectrophotometer DeNovix DS 11 FX+ Nanodrop 

UV-Vis-Spectrophotometer  Varian Cary 300 Bio  

Vortex VWR VV3 

Confocal laser scanning 

microscopes 

Leica TCS SP8 HCS A and  

TCS SP8X Falcon 
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3.3 Synthesis of calcium phosphate nanoparticles 

UltraPureTM DNase/RNase free water (Invitrogen) was used for all preparations. All 

formulations were prepared and analyzed at room temperature and sterile 

filtered before usage. 

 

3.3.1 Biomolecule-loaded triple-shell nanoparticles 

The preparation of triple-shell CaP NPs functionalized with the fluorescent 

Tandem protein (e.g. CaP-PEIATTO490LS-Tandem-CaP-PEIATTO490LS, Figure 16) was 

carried out by pipetting and mixing 0.25 mL 6.25 mM calcium nitrate (titrated to 

pH 9.0) and 0.25 mL 3.74 mM diammonium hydrogen phosphate (titrated to 

pH 9.0), then colloidally stabilized with 0.05 mL of fluorescence-labelled 

poly(ethylene imine) (ATTO490LS orange dye, PEI: 2 mg mL-1) to form single-shell 

nanoparticles. 100 µg of Tandem protein (0.026 mL; 3.79 mg mL-1)98 were directly 

added to the dispersion of single-shell nanoparticles and protected with another 

shell of CaP-PEIATTO490LS against proteolytic degradation once inside the cell. 50 µg 

of pcDNA3.3_Tandem (0.05 mL; 1 mg mL-1) were directly added to the dispersion 

of single-shell nanoparticles and protected with another shell of CaP-PEIATTO490LS. 

 

Figure 16: Schematic representation of the synthesis of triple-shell tandem-protein calcium 

phosphate nanoparticles (CaP-PEIATTO490LS-Tandem-CaP-PEIATTO490LS). The synthesis of 

pcDNA3.3_tandem plasmid-loaded calcium phosphate nanoparticles was done in the same way 

by using the plasmid instead of the protein. 
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Next, the triple-shell nanoparticles were removed from the supernatant by 

centrifugation for 15 min at 12,000 g (MiniSpin®, Eppendorf). The concentration of 

the incorporated protein was determined by UV/Vis spectroscopy on the 

supernatant in a DS 11 FX+ Nanodrop instrument (DeNovix). The centrifuged NPs 

were redispersed in water (e.g. in 1 mL) in an ultrasonic water-bath (Elmasonic 

S10, Elma) for 10 s.  

 

3.3.2 Surface functionalized silica-shell nanoparticles 

The preparation of silica shell CaP NPs for surface functionalization (e.g. CaP-PEI-

SiO2-S-DOTA), Figure 17) was carried out according to a modified synthesis by 

Kozlova et al.99 and is based on the Stöber process.100 For the synthesis 2.5 mL 

6.25 mM calcium nitrate (adjusted to pH 9.0 with 1 M NaOH) and 2.5 mL 3.74 mM 

diammonium hydrogen phosphate (titrated to pH 9.0) were mixed, then 

colloidally stabilized with 0.5 mL of poly(ethylene imine) (PEI: 2 mg mL-1) to form 

single-shell nanoparticles. A solution of 20 mL absolute ethanol containing 13 µL 

of 30% (w/v) ammonia and 25 µL of pure tetraethoxysilane (TEOS) was stirred for 

10 min, allowing the silane to polymerize, before adding 5 mL of the particle 

dispersion. The dispersion was stirred overnight at room temperature and 

ultracentrifuged (30 min at 66,000 g) on the next day. The silica shell is protecting 

biomolecular cargo against proteolytic or nucleolytic degradation inside the cell, 

as well as building a platform for further functionalizations. Afterwards, the 

supernatant was discarded and the particle pellet redispersed in 5 mL pure water 

in an ultrasonic water-bath (Elmasonic S10, Elma) for 10 s. Then the redispersed 

particles were added to 20 mL absolute ethanol with 25 µL pure 

(3-mercaptopropyl)trimethoxysilane (MPS; ligand exchange and surface 
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functionalization with terminal thiol groups) and stirred for six hours at room 

temperature and ultracentrifuged again. These thiol-functionalized nanoparticles 

can be used in combination with thiol-reactive compounds (e.g. DOTA-GA-

maleimide; Figure 17) for further chemical conjugation reactions. 

 

Figure 17: Schematic representation of the synthesis of DOTA-terminated calcium phosphate 

nanoparticles. A) Synthesis route from single-shell CaP NPs to DOTA-functionalized CaP NPs. B) 

Chemical structures of key ligands used in this synthesis. 
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3.3.3 PLGA polymer-encapsuled nanoparticles for gene silencing 

The synthesis of polymer-encapsuled CaP-NPs for gene silencing (e.g. CaP-siRNA-

PLGA-PVA-PEI), Figure 18) was carried out according to Dördelmann et al. as a 

modified water-in oil-in water double emulsion synthesis (W1/O/W2) with 

subsequent solvent evaporation.101 For the synthesis, 0.21 mL 6.25 mM calcium 

nitrate (adjusted to pH 9.0 with 1 M NaOH) and 0.21 mL 3.74 mM diammonium 

hydrogen phosphate (adjusted to pH 9.0 with 1 M NaOH) were mixed, then 

colloidally stabilized with 0.1 mL of siRNA (4 mg mL-1, W1) and 400 µg BSA in 

0.08 mL. This dispersion was dispersed in a solution of 20 mg poly(D,L-lactide-co-

glycolide) (PLGA, Resomer® RG 502 H, MW 7000 - 17 000; Figure 19) in 1.5 mL 

dichloromethane (DCM, W1/O) by ultra-sonication. Then, the freshly emulsified 

dispersion was transferred into 6 mL of an ice-cold 1% (w/v) solution of polyvinyl 

alcohol (PVA, W1/O/W2; Figure 19) and ultrasonicated again. The double-

emulsified dispersion was stirred at r.t. for 4 h until all DCM was evaporated and 

the polymer-encapsuled CaP NPs precipitated out of the solution. The 

nanoparticles were purified by centrifugation for 30 min at 12,000 g, redispersed 

in a PEI solution (2 mg mL-1, Figure 19) for charge reversal and better cellular 

uptake and centrifuged again to remove excess polymers. Finally, the particles 

were redispersed in the desired amount of ultrapure water. 
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Figure 18: Synthesis scheme of PLGA-encapsuled CaP NPs for gene silencing. 

 

 

Figure 19: Chemical structures of PLGA, PVA and branched PEI. 
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3.4 Colloid-chemical characterization 

3.4.1 Scanning electron microscopy and energy dispersive X-ray 

spectroscopy 

Scanning electron microscopy (SEM) shows the surface of a sample. Every 

microscope is restrained to the Abbé diffraction limit.102 With visible light as in 

brightfield microscopy, the best diffraction limit (spatial resolution between two 

points) is around 180 nm. Responsible for this limit is the numerical aperture of an 

objective (NA of 1.00 for air, 1.33 for pure water, 1.52 for oil immersion) and of a 

light condenser and the yellow light (550 nm, sharpest sample representation for 

the human eye) commonly used to illuminate samples. 

 

For the diffraction limit d under a standard situation is: 

𝑑 =  
λ

2NA
                                                                   (3) 

d: Diffraction limit, λ: Wavelength, NA: Numerical aperture 

 

This means mathematically: 

𝑑 =  
550 nm

2·1.52
= 181 nm                                                (4) 

 

Together with this wavelength and the resulting limit it is not possible to resolve 

smaller nanostructured objects. SEM overcomes this diffraction problem by using 

a focused short-waved electron beam and an external acceleration voltage. With 

this improved diffraction limit it is possible to achieve a resolution down to 

1 nm.103 The electron beam (primary electrons, PE) emerges by application of an 

electrostatic field (field electron emission) out of the surface of a LaB6 single 

crystal (cathode), is accelerated towards the ring anode and focused to 0.1 µm 
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with electromagnetic lenses. The surface of a sample can be scanned by adjusting 

deflector coils which gradually change the beam path. Samples need to be 

vacuum-stable and conductive (prevention of electrostatic charge) since 

measurements will be carried out in high vacuum to exclude collision with air 

molecules.104 If a sample is not conductive, it is sputtered with a thin layer (few 

nanometers) of vaporized metals (commonly with gold/palladium).105 Upon 

scanning of the sample surface, PE can interact with the material in elastic and 

inelastic impacts. The elastic impacts result in back-scattered electrons (BSE) 

which are diffracted in the Coulomb potential of sample atoms (Figure 20 A). 

These electrons more or less conserve their initial kinetic energy and are detected 

near the beam outlet. The BSE signal is connected to the atomic number (Z) of an 

element; hence heavy elements are brighter due to a higher amount of diffraction 

and depict the material contrast. In addition, BSE which impact into other sample 

parts and do not reach the detector will cause shadows in the final image. In case 

of inelastic impacts, PE collide with sample electrons and drive them out of the 

surface (secondary electrons, SE, Figure 20 A and B).106 SE are detected with an 

Everhart-Thornley detector which consists of a scintillator inside a collector 

surrounded by a metal mesh as well as a photomultiplier. The metal mesh is 

positively charged and attracts the emitted SE (low kinetic energy); the scintillator 

converts them into photons and the photomultiplier generates photoelectrons 

which are converted into an image. The SE deliver information about the 

topography of the sample because only the ones that reach the detector will be 

seen. SE of a plane are partially unable to leave the material due to collisions with 

surrounding atoms of other lattice planes. The emission out of grooves is even 

poorer (more atom lattice planes to pass or impact into). The SE emission on 

edges is promoted due to a lesser number of atom lattice planes (Figure 20 B) and 
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lower work function to exit the material. The more SE are detected the brighter 

the scanned sections appear in the final image. Respectively, lower amounts of 

detected electrons will result in shadows (Figure 20 C and D).  

 

Figure 20: Schematic representation of elastic and inelastic electron impacts in SEM. A) Elastic 

impact for BSE and inelastic impact for SE. B) Topographical effects on SE emission. Shadows 

generated by topographic unevenness for SE C) and BSE D). 

 

Simultaneously with SE emission there is another process which can be used to 

analyze the chemical composition of a sample. When PE transfer their kinetic 

energy to an inner orbital sample electron (e.g. K series) with an inelastic impact, 

another sample electron of an outer orbital (e.g. L series) will fill the empty place 

to stabilize the ionized system (Figure 21). The excess of energy of the 

energetically higher orbital will be emitted as a photon (wavelength of X-rays; in 
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this case Kα radiation) which is characteristic for every element due to unique 

orbital distances. Kβ radiation is emitted, when an electron of the M series falls 

into the K series. Aside from the characteristic radiation, there is the continuous 

radiation, the so-called Bremsstrahlung, which is emitted when PE are decelerated 

by interactions with free sample electrons. Thus, the Bremsstrahlung is the noise 

or background in a spectrum conveyed by energy dispersive X-ray spectroscopy 

(EDX). 

 

Figure 21: Basic principle of the energy-dispersive X-ray spectroscopy. 

 

3.4.2 Dynamic light scattering and zeta potential 

Dynamic light scattering (DLS) is a method for size characterization of a spherical 

colloid in liquid phase (hydrodynamic diameter). A monochromatic laser 

(λ = 532 nm, non-invasive back scatter) is sent at a sample cuvette. The laser will 

be scattered at the surface of the dispersed nanoparticles (Rayleigh scattering). 

This creates constructive and destructive interferences, from which only 

constructive interferences will display a change in time-resolved scattering 

intensity. Dispersed nanoparticles are moving according to the Brownian motion 

through a medium. The constant change of their position alters the interference 

patterns. With this change, the diffusion constant D is calculated with the Stokes-
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Einstein relation (Equation 5). Then the diffusion constant is used to calculate the 

hydrodynamic radius. 

D =  
kBT

6πηrH
                                                                  (5) 

D: Diffusion constant, kB: Boltzmann constant, T: Temperature, η: Viscosity, 

rH: Hydrodynamic radius 

 

The fluctuating interferences are auto-correlated which gives the average particle 

diameter (z-Average) and the polydispersity index (PDI). The PDI describes the 

broadness of a given size distribution. Between a PDI of 0 – 0.3, a system is 

considered as monodisperse (narrow size distribution), above a PDI of 0.5 it will be 

polydisperse (broad size distribution). The device’s software calculates the PDI 

with the Equation 6 and a Gaussian fit function.107 This calculation can be 

reproduced in any analytical software using fit functions (e.g. Origin). 

PDI =  (
FWHM

xc
)

2
                                                            (6) 

PDI: Polydispersity index, FWHM: full width at half maximum, xc: peak maximum 

 

Interpreting the results of a DLS measurement should consider that the 

hydrodynamic diameter is represented. Particles appear bigger than their solid 

core because the ligand and solvent shell are included. Additionally, the scattering 

intensity depends on the sixth power of the diameter (d6) which causes a 64 times 

higher intensity of a particle with double size. This may lead to masking of signals 

of smaller particles, and the average size and PDI will be overestimated.29 DLS is 

able to determine the zeta potential of a colloid dispersion. The zeta potential is 

calculated with Henry’s law (Equation 7) from the electrophoretic mobility of a 

particle. By applying an electrical field to the dispersion, the charged particles will 
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move to the complementary charged electrode. The velocity of this movement is 

determined with the equilibrium of the particle movement towards an electrode 

and the viscosity of the medium. 

UE= 
2 ε ζ f(κa)

3 η
                                                                 (7) 

UE: Electrophoretic mobility, ε: Dielectric constant of the medium, ζ: Zeta 

potential, f(κa): Henry function, η: Viscosity of the medium 

 

3.4.3 Atomic absorption spectrometry 

Atomic absorption spectrometry is a method to determine the chemical 

composition of a sample. It is based on the characteristic line spectrum or the light 

absorption of chemical elements in solution. Therefore, a sample needs to be 

dissolved, atomized and transferred to the analytical compartment. According to 

the Lambert-Beer law108 the absorption A is defined as: 

A = log (
I0

I
) = ε c d                                                      (8) 

I0: Incident light intensity, I: Transmitted light intensity, ε: Molar extinction 

coefficient, c: Sample concentration, d: Optical path length 

 

Then the atoms in a sample are irradiated with an element-specific 

electromagnetic radiation. The sample absorption is connected to the Lambert-

Beer law and the concentration of the element to be determined. For instance, 

the amount of calcium per sample is used together with the stoichiometric 

assumption of hydroxyapatite to calculate the number of CaP NPs per milliliter 

dispersion. 

All measurements were carried out in the Laboratory of Microanalysis of the 

University of Duisburg-Essen by Kerstin Brauner and Robin Meya. 
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3.5 UV/Vis spectroscopy 

UV/Vis spectroscopy uses monochromatic light in the range of 200 – 800 nm109 

(typical light source: deuterium or xenon lamps) to irradiate a sample and excite 

its electrons, following a spontaneous relaxation of the excited state back to the 

ground state. Equally to chapter “3.4.3 Atomic absorption spectrometry” a part of 

the incident light is absorbed by the sample. Then the transmitted light can be 

used to analyze optical properties. Solvent interferences are filtered by a 

reference sample measurement with only solvent. The logarithm of incident to 

transmitted light is directly proportional to the concentration108 of a sample. This 

correlation can be used to calculate the loading efficiency of nanoparticles, the 

concentration of biomolecules or their purity in general. DNA and RNA absorb at 

260 nm, whereas proteins absorb at 280 nm. In case of nucleotide-based samples, 

the absorbing species are the aromatic nucleobases, for proteins it is mostly 

driven by the aromatic sidechains of the amino acids phenylalanine, tyrosine or 

tryptophan. The purity of nucleotide and protein samples is determined with the 

absorption coefficient A260/A280 for DNA/RNA and A280/A260 for proteins (pure 

sample 1.9 - 2.1). 

 

3.6 Methods of molecular biology 

3.6.1 Polymerase chain reaction 

With the polymerase chain reaction (PCR) Kary Mullis enriched the scientific world 

by a simple yet powerful method capable of amplifying a specific DNA sequence 

several million times in only a few hours.110 Eventually the development of this 

method earned him the Nobel Prize for chemistry in 1993. Due to the PCR a large 

amount of DNA can be generated which is necessary for the analysis and 
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characterization of whole gene sequences. Thus, the specific identification of 

genetic disorders became possible. The key enzyme in the amplification is the 

DNA polymerase of a thermophilic bacterium, Thermus aquaticus. T. aquaticus 

inhabits hot springs and resists temperatures up to 80 °C. The Taq DNA 

polymerase even works at higher temperatures without losing its native 

conformation. This permits multiple cyclic reactions without the need to replace 

the enzyme after the thermal denaturation of the DNA. The chain reaction starts 

with the initial denaturation of double-stranded DNA (dsDNA) at 94 °C into 

complementary single-stranded DNA (ssDNA). Next short complementary DNA 

fragments (primer) are annealing and hybridizing at 42-68 °C to each ssDNA and 

framing the gene of interest. The hybridization takes place at the 3’ end of the 

sequences. Further DNA replication by the DNA polymerase runs in the direction 

of 5’ → 3’. In the elongation step the polymerase binds to the primers at the 

3’ end and replicates the complementary sequence by polymerizing deoxy 

nucleoside triphosphates (dNTPs). These three steps are summarized into one 

cycle, common cycle numbers are 20-50. The amount of DNA rises exponentially 

according to 2n (with n= number of cycles). PCRs on samples analyzed in this thesis 

consisted of 10 ng DNA template, 20 pmol primer, 10 mM dNTPs, sample buffer 

and Taq DNA polymerase.  

 

Table 16: Schematic PCR program. 

Temperature [°C] Time [s] Step 

94 30 Denaturation 

55 15 Annealing 

68 240 Elongation 

4 - Holding temperature 

20-50 
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3.6.2 Molecular cloning methods 

With molecular cloning emerging, the amplification of genes (recombinant DNA) 

foreign to the host became possible. The recombinant gene is inserted into the 

multiple cloning site (MCS) of a shuttle vector (plasmid) containing essential genes 

(e.g. antibiotic resistance gene for selection) for the host organism required for 

the subsequent amplification of this vector (Figure 22).111 Thus, molecular cloning 

is key to many modern biological and medical applications.112  

 

Figure 22: Workflow of a traditional approach in molecular cloning. At the restriction site of a 

vector or fragment can be cut evenly (blunt ends) or with overhanging complementary ends 

(sticky ends). The gene insert can be a PCR amplified DNA sequence or obtained out of another 

vector bearing the required restriction sites. Then the digested fragments (vector backbone and 

insert) are incubated with DNA ligase to ligate the compatible ends and form the new vector. 

Finally, the assembled vector is transformed in E. coli for amplification. Adapted from Ref.113 

 

3.6.2.1 Restriction and ligation 

Fragment insertion traditionally starts with restriction and ligating enzymes 

(Figure 22). Restriction enzymes can selectively cut DNA in the center of an often 
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palindromic six base-pair sequence. The restriction site can be cut evenly (blunt 

ends) or with overhanging complementary ends (sticky ends), although sticky ends 

are preferred because of the selective DNA hybridization of fragments (lower 

mismatching). This gene insert can be a PCR amplified DNA sequence or obtained 

out of another vector bearing the required restriction sites. Then the digested 

fragments (vector backbone and insert) are incubated together with DNA ligase to 

ligate the compatible ends and form the new vector. The parental template DNA is 

digested with DpnI (according to the standard NEB protocol, DpnI has multiple 

cutting sites, only recognizes methylated bacterial DNA) to exclude undesired 

transformations with vector templates. After the transformation (see chapter 

“3.6.3 Bacterial transformation, cultivation and DNA amplification”) of the 

assembled vector into e.g. E. coli DH5α and incubation at 37 °C overnight on agar 

plates containing the antibiotic for selection (Figure 22), only single colonies are 

analyzed (standard colony PCR). Positive colonies will be amplified to extract the 

vector for downstream DNA sequencing and validation (Sanger sequencing service 

of Microsynth GmbH) of a correct inserted gene of interest. 

 

3.6.2.2 “Round the horn” site-specific mutagenesis 

Since the first protocols for standard molecular cloning were established, the need 

of methods enabling a site-specific mutagenesis became increasingly important. 

With the here described method it is possible to address the three types of 

mutations (deletion, insertion, substitution) in an uncomplicated PCR approach. 

Thus point mutations, whole gene insertions/deletions or gene truncations are 

achievable in a short time. This site-specific mutagenesis is highly relying on the 

primer architecture which will control the result in the end. One of the two 
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primers is phosphorylated in its 5’ end to allow a back-to-back annealing on the 

opposing DNA strands (Figure 23). Substitutions and insertions are carried out by 

including the mutagenic DNA sequences into the non-binding tails of the primers. 

In a sequence deletion the primers anneal at the respective beginning and end of 

the sequence to be cut out (Figure 24).  

 

Figure 23: Schematic representation of the “round the horn” site-specific mutagenesis.  Adapted 

from Ref.114 

 

Figure 24: Schematic representations of primer features to achieve a substitution, insertion, 

deletion or a combination of substitution/deletion.  Mutagenesis site is displayed in dark grey. 

One primer is phosphorylated at its 5’ end (P). Primer orientation: F, forward; R, reverse. 

Adapted from Ref.114 
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The mutagenic PCR product can be purified by gel electrophoresis and is finally re-

circularized by a T4 ligase reaction and transformed into competent E. coli DH5α 

or TOP 10. 

 

3.6.2.3 DNA characterization by agarose gel electrophoresis 

Agarose gel electrophoresis is used in DNA separation on an analytical 

(characterization of plasmid DNA, fragment size) or a preparative scale (isolation 

of DNA fragments, cloning inserts). For a preparative amount of DNA, the bands 

have to be cut out precisely (an excess of gel matrix lessens the efficacy in 

downstream applications) and purified with gel extraction kits. The gel is created 

by suspending agarose (1% (w/v) agarose is suitable for a size range of 0.5 - 10 kb) 

in TAE buffer (Tris-Acetate-EDTA, Table 9), bringing the suspension to boil and 

mixing it until all of the agarose is dissolved. To the still hot solution 1 µg mL-1 

ethidium bromide is added and then poured into a lying gel cast. A comb of the 

desired amount of pockets is added to gel. After gelation, the cast is put into a gel 

chamber containing TAE buffer. DNA samples are prepared by mixing 1 µg DNA 

with 6x DNA Gel Loading Dye to obtain a final concentration of 1x and adjusting 

the volume with nuclease-free water. For size determinations, a DNA ladder 

GeneRuler 1 kb Plus is used as standard. Gel electrophoresis is carried out for one 

hour at a constant voltage of 100 V. Finally the bands in the gel are analyzed and 

documented under UV light. 

 

3.6.3 Bacterial transformation, cultivation and DNA amplification 

For downstream applications after cloning of the plasmids, higher numbers of 

copies are needed. Therefore, chemically competent E. coli DH5 alpha cells are 
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transformed with 1 µg of plasmid by pipetting the DNA into an aliquot of slowly 

thawing bacteria. Next, the bacterial cell walls are permeabilized with a heat 

shock at 42 °C for 45 s in a water bath (Selftec, GFL, 14 Liter Typ 1013) and closed 

by cooling the cells on ice for 10-30 min. After the incubation on ice, 900 µL of 

pre-warmed LB medium (without antibiotics) is given to the cells. The cells are 

growing in a Thermoblock (Ditabis, Thermomixer MHR 11) at 37 °C and 650 rpm 

for one hour. Then the bacterial suspension is centrifuged at 4000 g for one 

minute. The supernatant is discarded until a residual amount of 100 µL in which 

the bacteria are resuspended. This resuspension is then plated on a LB agar plate 

containing the desired antibiotic (e.g. 100 µg mL-1 ampicillin) for selection. The 

plate is incubated at 37 °C for 24 hours in an incubator (Thermo Scientific, 

HerathermTM InKubator). Sequentially a single bacterial colony is taken from a LB 

agar plate to inoculate 5 mL or 500 mL (mini or giga preparation) of fresh LB 

containing the desired antibiotic (e.g. 100 µg/mL ampicillin) for maintaining the 

selective pressure (otherwise E. coli would dispose the plasmid DNA). Further the 

inoculated medium is incubated at 37 °C and 160 rpm overnight. The cells are 

harvested by centrifugation at 10 000 g for one minute. Depending on the volume 

of the culture, the cell pellet is processed according to the commercial protocol 

either with the NucleoSpin® Plasmid Transfection-grade kit (5 mL mini 

preparation; Macherey-Nagel) or the NucleoBond® PC 10000 EF kit (500 mL giga 

preparation for endotoxin-free plasmid DNA; Macherey-Nagel). The eluted DNA is 

stored at -20 °C. 
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3.6.4 Heterologous gene expression  

The aim of the heterologous gene expression is the massive production of a 

protein of interest in a host organism lacking this exact protein. The produced 

protein then has to be isolated. Common expression systems are bacteria like 

E. coli or fungi like Saccharomyces cerevisiae (S. cerevisiae) or Pichia pastoris 

(P. pastoris). Transformation of the system with plasmid DNA containing the lac 

operon (which can be induced later on) allows a controlled expression. The 

induction begins by adding isopropyl β-D-thiogalactopyranoside (IPTG) into the 

bacterial suspension.115,116 This activates mRNA transcription and subsequently 

protein translation. F. Jacob and J. Monod established this expression cassette 

controlled by E. coli’s lac operon in 1960 and laid the groundwork for gene 

regulation and expression.117 Operons in general consist of a regulatory site 

(operator and promotor region and repressor protein) and structure genes to 

which the gene of a protein of interest is added.118 RNA polymerases bind to the 

promotor site while the operator is blocked by a repressor protein, thus no 

transcription of mRNA takes place. Upon ligand (activator) binding to the 

repressor, the RNA polymerase is able to pass the operator site and starts 

transcription of the structure gene site. The lac operon naturally uses lactose as 

substrate but derivatives are also able to bind to the repressor. IPTG is a lactose 

derivative that cannot be metabolized which means a constant activation of RNA 

polymerase activity in this operon.119  

Experimentally the expression starts with freshly transformed (according to 3.6.3 

Bacterial transformation, cultivation and DNA amplification) E. coli BL21(DE3) cells 

which are incubated at 37 °C and 130 rpm overnight in LB medium containing 

100 µg mL-1 ampicillin. The main cultures are inoculated with the pre-culture to an 

OD600 of 0.1 and grown until an optical density of 0.4 at 600 nm (OD600). Then the 
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protein expression is induced with 0.4 mM IPTG. Next, the induced main culture is 

incubated at 37 °C and 130 rpm overnight. Afterwards the cells are harvested by 

centrifugation at 4 °C and 4500 g for 15 min. Eventually, the supernatant is 

discarded and only the bacterial pellet is used. 

 

3.6.4.1 Protein purification 

To purify and isolate a single specific protein out of raw mixtures like cell lysates, 

there are several methods which are relying on intrinsic properties of proteins. By 

using ion-exchange chromatography, the isoelectric point (pI) of the protein 

charge is the key element in separation. When changing the pH of the protein 

solution above the pI, a protein becomes anionic and negatively charged. Below 

the pI a protein is cationic and positively charged. Based on electrostatic 

interactions between complementarily charged species, a protein of a specific 

charge at a distinct pH can bind to the column material. Contrary to ionic 

interactions, size exclusion chromatography is a separation method based on the 

different sizes of proteins. The column matrix consists of a porous gel into which 

small proteins can enter but bigger ones are passing by. Thus, big proteins elute 

faster from the column. Another technique is the affinity chromatography in 

which a tagged protein, e.g. with a histidine, FLAG or glutathione-S-transferase 

(GST) tag, binds to a ligand immobilized on column material.120,121 Besides the non-

covalent interaction between avidin and biotin, the glutathione (GSH) and GST 

interaction is one of the strongest122 which creates an attractive and easy to use 

purification system. The first step of purification is the resuspension of the 

bacterial cell pellet in resuspension buffer (Table 9) together with a spatula tip of 

lysozyme and DNaseI, 14 mM β-mercaptoethanol, 1 mM EDTA and 0.1 mM PMSF 
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(protease inhibitor). For a complete lysis, the received mixture is treated with 

shear forces. Next the raw lysate is ultracentrifuged at 60,000 g for 60 min to 

remove remaining cell debris and dead cells. The clear lysate (supernatant) 

contains the soluble proteins GST-eGFP, GST-mRFP1 or GST-Tandem, depending 

on the used plasmids and expressed genes. Subsequently, the cleared lysate is 

applied to a GSH-column which is equilibrated with resuspension buffer (three 

column volumes) and washed with three column volumes of resuspension buffer. 

Further the GST tagged fluorescent proteins are eluted with two column volumes 

resuspension buffer containing 10 mM GSH. The proteins are then purified from 

residual GSH, other molecules and ions with ultrafiltration using a protein 

concentrator with a molecular weight cutoff (MWCO) of 30 kDa. At last the 

protein concentration is determined at the absorption at 280 nm (A280) with the 

DeNovix DS-11 FX+ UV/Vis photometer application. 

 

3.6.4.2 Protein characterization by sodium dodecyl sulfate 

polyacrylamide gel electrophoresis 

After collecting all relevant protein samples of the purification, it is crucial to 

verify their protein content. The sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) is a common method in characterizing protein 

samples in molecular biology.123 By adding an evenly distributed negative charge 

provided by the anionic surfactant SDS which binds to the protein surface it is 

possible to separate proteins according to their size (ranging between 5 and 

250 kDa). The protein samples diluted in SDS sample buffer 5x (Table 9) are 

heated to 95 °C to denaturize higher ordered protein structures (e.g. quaternary 

and tertiary structures) to form a single long amino acid sequence covered with 
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SDS. Following the heat-treated and cooled-down samples are applied to 12.5% 

poly acrylamide gels (Table 10). The proteins are separated according to their 

molecular weight by placing the gel in SDS running buffer (Table 9) and applying a 

voltage of 150 V for 40 min. After the electrophoresis, the proteins are stained 

with Roti®-Blue quick for 10 min and the documentation was performed on a 

common desk scanner. 

 

3.6.5 pH-dependent in vitro fluorescence assay 

Based on the interesting optical properties of fluorescent proteins, a fusion 

protein of eGFP-mRFP1 (Tandem) was chosen to observe the pH change inside of 

lysosomes. After the protein purification (see chapter “3.6.4.1 Protein 

purification”), the sensitive pH-dependent eGFP fluorescence (Figure 25) was 

determined in an in vitro assay. 

 

Figure 25: Schematic representation of the concept of the tandem fusion protein of mRFP1 and 

eGFP: pH-dependent fluorescence of eGFP as tool to visualize the lysosomal entrapment, and the 

pH-independent fluorescence of mRFP1. The protein structure was modified from PDB ID: 2H5Q. 

 

The assay is carried out in black 96-well fluorescence plates (200 µL volume, 

Thermo Fisher Scientific) in a Cary Eclipse fluorimeter (Agilent Technologies) with 

a constant protein concentration of 1 µM at varying pH values from 7.4 to 4.0. The 
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distinct buffer conditions are collected in Table 17. The observed protein species 

are Tandem and its respective single protein parts eGFP and mRFP1. The eGFP 

fluorescence is excited at 482 nm and detected at 500 - 650 nm, whereas mRFP1 

fluorescence is excited at 584 nm and detected at 600 - 750 nm. All calculations 

are made using the intensity maxima 506 nm for eGFP and 606 nm for mRFP1. 

Background subtraction was achieved by measuring plain buffer under the same 

experimental conditions. 

 

Table 17: Buffer conditions for the pH-dependent in vitro fluorescence assay.  For 50 mL buffer x 

mL of 0.1M citric acid and y mL of 0.2M Na2HPO4 are mixed. 

pH 0.1M citric acid / mL 0.2M Na2HPO4  / mL 

7.4 4.58 45.42 

7.0 8.83 41.17 

6.4 15.38 34.62 

6.0 18.43 31.57 

5.4 22.13 27.87 

5.0 24.25 25.75 

4.4 27.95 22.05 

4.0 30.73 19.27 

 

3.7 Cell cultural methods in eukaryotic cell cultivation and preparation 

For cell culture experiments, all used cell lines, i.e. human cervix carcinoma cells 

(HeLa),124 heterogeneous human epithelial colorectal adenocarcinoma cells 

(Caco-2),124 and human alveolar basal epithelial cells (A549)125 were cultivated in 

Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf 

serum (FCS), 100 U mL−1 penicillin/streptomycin. The cells were washed three 
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times with Dulbecco's buffered saline (DPBS) between the individual steps of the 

experiment. 

 

3.7.1 Cell viability assay 

A cell viability assay is used to determine the ability of survival. The value of 

survival is quantified by the use of an index ranging from 0 – 100%. This is 

important to know, e.g. before a treatment with therapeutically functionalized 

nanoparticles is initiated systemically. There are different types of assays, which 

include sometimes special observables like the mechanical activity (muscle 

contraction) or cell motility (mitotic activity).126 A common colorimetric assay for 

cell viability is the enzymatic reduction of tetrazolium salts.127 In the so-called MTT 

assay 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) is 

reduced by mitochondrial NAD(P)H-dependent oxidoreductase enzymes to the 

insoluble and cell-impermeable formazan (purple dye) in living cells.128  

First, the adherent cells are seeded at the desired cell density (usually 25,000 

cells/well in a 24-well plate) and incubated with 0.5 mL DMEM overnight at 37 °C 

and a 5% CO2 atmosphere. Next, the cells are incubated with the species to be 

analyzed for a certain time (4 - 6 h in case of nanoparticle-mediated cell 

transfection). After the initial incubation, the cells are washed three times with 

DPBS to remove dead cells and remaining nanoparticles. Besides the treated 

group, there is always an intrinsic control group of untreated cells (MOCK). For the 

staining solution, 5 mg of MTT is dissolved in 1 mL PBS and then diluted with 

DMEM to a final concentration of 1 mg mL-1. Then, 0.3 mL of the prepared staining 

solution is pipetted in every well and incubated for 1 h. The supernatant is 

discarded, replaced with 0.3 mL DMSO and incubated for another 30 min. 
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Afterwards the supernatant, containing the dissolved formazan, is analyzed in a 

96-well plate with a Multiscan Platereader (Thermo Fisher Scientific GmbH) at 

570 nm. The absorbance of the colored solution is directly dependent on the 

concentration of formazan accumulated inside the cells. The higher the 

absorbance, the more living cells have remained in the respective well. The 

background absorption is subtracted with pure DMSO. 

 

3.7.2 Cell transfection and protein transport 

For DNA transfection experiments, the HeLa, Caco-2 and A549 cells were each 

seeded at a concentration of 50,000 cells per well in an 8-well chamber polymer 

slide surface modified with ibiTreat for tissue culture applications (µ-Slide 8-well, 

ibidi GmbH, 300 µL per well). All cells were incubated in 150 µL DMEM with DNA-

loaded nanoparticles (146 µL DNA-loaded CaP-NPs, equals 5 µg of DNA per well) 

for 6h, stained with 75 nM LysoTracker™ Deep Red for 0.5 h and washed with 

DPBS. For protein uptake experiments, HeLa, Caco-2 and A549 cells were seeded 

at 10,000 cells per well, respectively, in 300 µL cell mammalian cell culture 

medium in an 8-well chamber polymer slide surface modified with ibiTreat for 

tissue culture applications (µ-Slide 8-well, ibidi GmbH). All cells were incubated 

with protein-loaded nanoparticles (20 µL protein-loaded calcium phosphate 

nanoparticles, containing 2 µg of tandem protein), and stained with 75 nM 

LysoTracker™ Deep Red for 0.5 h, washed with DPBS and then kept on ice to 

suppress the endocytic uptake until the start of the experiment. 
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3.7.3 Cell fixation and fluorescence labeling 

For a direct visual representation of the nanoparticle uptake by cells, HeLa cells 

were plated on a round cover glass (12 mm diameter, Waldemar Knittel 

Glasbearbeitung GmbH) in a 24-well tissue culture plate (25,000 cells per well in 

0.5 mL DMEM; Sarstedt GmbH) and incubated with nanoparticles for 5 h. The cells 

were washed twice with DPBS, fixated with 3.7% (v/v) glutaraldehyde for 15 min 

and washed three times with DPBS. After fixation the cells were dehydrated in an 

ascending water-ethanol row (20, 40, 60, 80 and twice with 100% (v/v) ethanol). 

Finally, ethanol was evaporated at r.t. Then, the cover glass was attached to an 

SEM sample holder and sputtered with palladium-gold. The samples were 

characterized with an ESEM Quanta 400 electron microscope (FEI Company). 

For nanoparticle uptake studies with fixed cells, HeLa cells were trypsinized 

(0.01 mg mL-1 trypsin in DPBS) and seeded in a 4-well slide (ibidi GmbH) with 

30,000 cells per well in 0.5 mL DMEM. After 24 h, 1.76·109 CaP-PEICy5-SiO2-S-DOTA 

nanoparticles were added per well (40 µL particle dispersion with 4.41010 

nanoparticles mL-1). After 6 h incubation at 37 °C, the mammalian cell culture 

medium was removed; the cells were fixed with 4% (v/v) formaldehyde at r.t. for 

10 min and then washed three times with DPBS. Actin staining was done with an 

AlexaFluorTM488-Phalloidin according to the manufacturer's recommendation 

(Thermo Fisher Scientific), followed by three times washing with DPBS. The cells’ 

nuclei were stained with DAPI (according to standard protocols) and washed three 

times with DPBS. 
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3.8 Fluorescence microscopy 

Under the term of fluorescence microscopy any type of microscope is understood, 

that uses fluorescence in the acquisition of a sample image. In this thesis, a 

Biorevo BZ-9000 (Keyence) with fluorescence filter cubes was used for image 

acquisition. The sample capable of fluorescence (either self-fluorescent or labeled 

with chemical fluorophores) is illuminated evenly with a specific excitation 

wavelength, which is absorbed by fluorophores according to photo effects 

mentioned in chapter “2.4 Fluorescence in molecular biology”. Technically, it 

allows specific excitation by separating the illuminating light into specific 

wavelengths through a spectral excitation filter. An overexposure is prevented by 

a dichroic mirror and a spectral emission filter. In case of multi-color images with 

more than one fluorophore, the acquisition is led sequentially one image at a time 

and combined afterwards.129 The confocal laser scanning microscopy (CLSM) is a 

special case of fluorescence microscopy. This technique has been patented by 

Marvin Minsky in 1957 and overcomes limitations of traditional wide-field 

fluorescence microscopes. Wide-field fluorescence microscopes illuminate the 

entire sample evenly, thus all parts of the sample can be excited at the same time 

and the resulting fluorescence is detected together with a large unfocused 

background. In contrast, a confocal microscope enables an increased optical 

resolution through point illumination and a spatial pinhole, which blocks out-of-

focus fluorescence (lower background). In addition to single two-dimensional 

images, it is possible to reconstruct the three-dimensional structure of a sample 

by optical sectioning. The increased resolution is at the expense of a decreased 

signal intensity. Therefore, longer exposure times are required, which can affect 

the sample’s integrity. To counterbalance this loss in signal, the signal intensity is 

detected by sensitive detectors like a photomultiplier tube (PMT) or hybrid 
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detectors (HyD). Then, these detectors convert the light signal into an electrical 

signal.130 

Multiposition live cell CLSM in this thesis was performed with a TCS SP8 system 

(Leica Microsystems GmbH) with a 63x/1.2 water immersion objective for 6 h 

(with a 7 min time interval) in multiple focal planes (z-stacks, interval 1 µm). The 

excitation wavelengths were 488 nm for eGFP and ATTO490LS (detection 

emission: eGFP 500 - 520 nm, ATTO490LS 700 - 740 nm), 561 nm for mRFP1 

(detection emission: 580 - 600 nm) and 633 nm for LysoTrackerTM Deep Red 

(detection emission: 640 - 700 nm). The respective excitation and emission 

spectra can be found in Figure 26 and Figure 27. 

 

Figure 26: Excitation spectra of eGFP, mRFP1, Cy5 and ATTO490LS.  Excitation laser lines (488, 

561 and 633 nm) are included. 
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Figure 27: Emission spectra of eGFP, mRFP1, Cy5 and ATTO490LS.  Excitation laser lines (488, 

561 and 633 nm) are included. 

 

For an automated image analysis, all nanoparticles were identified by the mRFP1 

fluorescence after creating a 3D mask using the SCF plugin of FIJI131 first by 

applying a median filter to z-stack images (standard Median 3D filter and 

Background Subtraction), followed by a HMaxima local maximum detection and 

using Watershed with seed points.132 The fluorescence intensity of the particles 

was measured in the raw data images with the Label analyser tool according to 

the created 3D mask. 

CLSM for fixed cells was performed with a TCS SP8 AOBS system (Leica 

Microsystems GmbH) in multiple focal planes (z-stacks, interval 1 µm). The laser 

lines used for excitation were 405 nm for DAPI (detection range: 410 - 460 nm), 

488 nm for AlexaFluorTM488-Phalloidin (detection range: 488 - 520 nm) and 

633 nm for Cy5 (detection range: 640 - 720 nm). Images were acquired with a 

HCX PL Apo 63x/1.4 oil immersion objective. 
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3.9 Positron emission and computed tomography 

Positron emission tomography (PET)133 is an effective method to trace 

radioisotope-labelled molecules and nanoparticles deep inside the body during in 

vivo studies. 134-141 PET combined with computed tomography (CT) enables a serial 

in vivo non-invasive assessment of the molecule or nanoparticle biodistribution 

within the body. A high sensitivity permits the localization and quantification of 

trace amounts of radioactivity. Common tracers for PET-CT are based on DOTA 

(metal ion binding macrocyclic ligand)142,143 or glucose derivatives like 

fluorodeoxyglucose (FDG) containing radioactive 18F. The tracer is injected into the 

body and transported or entrapped within the area of interest. Then, the detected 

concentration indicates metabolic tissue activity linked to the uptake and 

processing of the tracer. The unstable nucleus of a radioisotope like 68Ga emits 

positrons which combine with nearby electrons and produce two antiparallel 

gamma rays per collision. A computer program reconstructs three-dimensional 

images of the tracer concentration using the energy and location of the gamma 

rays.  

 

3.9.1 68Ga production and loading of nanoparticles with 68Ga 

68Ga was eluted manually from a 68Ge/68Ga Generator (GalliaPharm, Eckert und 

Ziegler Radiopharma GmbH) with sterile ultrapure 0.1 M aqueous HCl solution at a 

flow rate of 2 mL min-1. To minimize the labeling volume, the first 2 mL were 

discarded, and only the third eluted mL was used for labeling, containing between 

400 and 900 MBq activity of 68Ga. The concentration of 68Ga can be computed 

from the activity in the following way: For a first-order decay, the equation 

k = ln(2)/t1/2 holds. With t1/2 = 68 min = 4,080 s, we obtain k = 1.7010-4 s-1. The 
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number of decays per second (= activity in Bq) is equal to kN(68Ga). Thus, 

N(68Ga) = (activity in Bq)/k, and n(68Ga) = (activity in Bq)/(kNA) with NA Avogadro's 

number = 6.0231023 mol-1. The freshly eluted acidic 68GaCl3 solution was adjusted 

to pH 6.5 - 7.0 with 0.1 M MOPS buffer to avoid the dissolution of the calcium 

phosphate nanoparticles. 900 µL 68GaCl3 solution were mixed with 1800 µL MOPS 

buffer (pH 7.5) to a final activity of ~820 MBq (8.0110-12 mol 68Ga). To bind 68Ga to 

the DOTA-terminated nanoparticles, a freeze-dried aliquot of CaP-PEI-SiO2-S-DOTA 

nanoparticles (1.64·1011 nanoparticles or 96 µg HAP per aliquot) was dispersed in 

100 µL water and mixed with 150 µL 68Ga solution (ca. 40 MBq activity; 

3.910-13 mol 68Ga) for 10 min at r.t. Unbound 68Ga was removed by centrifugation 

for 10 min at 12,000 g. Before centrifugation, 39.6 MBq (3.8710-13 mol 68Ga) for 

the whole dispersion were measured. After centrifugation, 31.5 MBq 

(3.0810-13 mol 68Ga) was found in the pellet containing the nanoparticles and 

0.1 MBq (9.810-16 mol 68Ga) were found in the supernatant. After redispersion of 

the nanoparticle pellet containing 1.641011 nanoparticles in either 50 µL water for 

intramuscular and intratumoral (i.m. and i.t.) or 100 µL for intravenous and soft 

tissue (i.v. and s.t.) application, an activity of 22.0 MBq (2.1510-13 mol 68Ga, 

corresponding to 1.291011 68Ga atoms) was detected. Note the decrease of the 

68Ga activity during the synthesis due to the decay of 68Ga. The short half-life of 

68Ga leads to a rapid decay of radioactivity, i.e. all laboratory equipment was 

radiation-free after one day. 

 

3.9.2 Mice and particle administration 

BALB/c mice were purchased from Envigo Laboratories (Envigo CRS GmbH). All 

mice used in the experiments were 8 to 10 weeks old and housed under specific 
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pathogen-free conditions in the Laboratory Animal Facility of the University 

Hospital Essen. This study was carried out in accordance with the 

recommendations of the Society for Laboratory Animal Science (GV-SOLAS) and 

the European Health Law of the Federation of Laboratory Animal Science 

Associations (FELASA). The protocol was approved by the North Rhine-Westphalia 

State Agency for Nature, Environment and Consumer Protection (LANUV), 

Germany (permit number: Az.: 84-02.04.2014.A290). 

Mice received injections of CaP nanoparticles i.v. into the tail vein, s.t. into the tail, 

i.m. into the thigh muscle, or i.t. Depending on the groups (i.m. and i.t. only 

allowed 50 µL of injection), mice were injected with either 50 µL (i.m. and i.t.) or 

100 µL (i.v. and s.t.) CaP-PEI-SiO2-S-DOTA-68Ga nanoparticles (see chapter “3.3.2 

Surface functionalized silica-shell nanoparticles”; 1.64·1011 nanoparticles; 

7 - 10 MBq) under 2 - 3% isoflurane anesthesia. 

 

3.9.3 In vivo tumor transplantation 

The CT26 colon cancer cell line was obtained from the American Type Culture 

Collection (Manassas). CT26 cells were maintained in Iscove's Modified Dulbecco's 

Medium (IMDM) containing 10% endotoxin-free FCS, 50 mg L-1 

penicillin/streptomycin and 25 µM β-mercaptoethanol. Cell lines were cultivated 

in humidified 5% CO2 atmosphere at 37 °C. Cell vials were stored in liquid nitrogen 

and passaged twice before injection. Mycoplasma testing was performed every 

two months by PCR on in vitro propagated cultures. No additional authentication 

method was performed. Mice were injected subcutaneously (s.c.) with 105 viable 

CT26 tumor cells in PBS. Tumor volumes were calculated as 

V = (length·width·height). 
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3.9.4 Small animal positron emission and computed tomography 

All animal experiments were performed in accordance to the guidelines of the 

German Animal Protection Law and approved by the state authority for nature, 

environment, and customer protection, North Rhine-Westphalia, Germany. 

Imaging was performed with a benchtop small animal PET and a self-shielded 

computed tomography (CT) scanner (β-CUBE and X-CUBE, Molecubes, Belgium). 

Mice were imaged in temperature-controlled beds with continuous monitoring of 

breathing frequency. PET imaging was performed in list mode under isoflurane 

anesthesia directly after injection and 1 h, 2 h and 4 h post injection with 

subsequent 5 min high resolution CT. During all scan procedures, the mice were 

kept warm and under 2-3% isoflurane anesthesia; between the scans, mice were 

conscious.  

 

3.9.5 Image reconstruction and processing 

Static images were reconstructed at 5 min, 15 min, 30 min, 1 h, 2 h and 4 h time 

points using an iterative reconstruction algorithm (ISRA) with attenuation 

correction of the corresponding CT image. PET data were reconstructed into a 

192·192 transverse matrix, producing a 400 µm isometric voxel size. PET images 

were evaluated by analysis of the decay-corrected injected activity per gram of 

tissue (%IA/g) of the tumor and organs of interest. Volumes of interest (VOIs) 

were defined as spheres of 2.5 mm (lung, liver, spleen, gut, heart, brain, kidneys, 

bladder, injection site) and 1.25 mm (femur, bone marrow, thigh muscle, blood 

pool) radius, centered at the tumor and organs of interest. The average 

radioactivity concentration was calculated from the average pixel values reported 

in Bq mL-1 within these VOIs.  
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3.9.6 Ex vivo analysis 

After PET/CT at 5 h post-injection (p.i.), the animals were sacrificed by cervical 

dislocation under isoflurane anesthesia, and the organs of interest were extracted, 

weighed, and measured for radioactivity in an automated gamma counter (Perkin-

Elmer Gamma Counter 2480 Wizard², USA). Organ and tumor uptake were 

calculated from radioactive counts as decay-corrected percentage of injected 

activity per gram of tissue (%IA/g) ± standard deviation. 
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4. Results and discussion 

4.1 Cloning of vectors and heterologous expression of genes 

The plasmids for mammalian gene expression pcDNA3.3_eGFP, pcDNA3.3_mRFP1 

and pcDNA3.3_Tandem, and the plasmid for bacterial expression 

pGEX-6P-1_Tandem were produced in the thesis of Dr. Mathis Kopp.32 Based on 

pGEX-6P-1_Tandem the expression vectors pGEX-6P-1_eGFP and 

pGEX-6P-1_mRFP1 were cloned in this work. First, for the validation of the correct 

gene insertion into the pcDNA3.3 plasmid backbone, an in silico test restriction 

with the restriction enzyme XbaI and the software Genome Compiler (Figure 28 A) 

was computed. XbaI cuts the plasmids three times, generating three fragments 

with sizes given in Table 18. The experimental test restriction of pcDNA3.3_eGFP, 

pcDNA3.3_mRFP1 and pcDNA3.3_Tandem plasmids with XbaI confirmed the 

computed fragment sizes (Figure 28 B). The gel only showed two bands (plasmid 

backbone and the variable protein insert), the fragment of 0.114 kb was not 

visible most likely due to concentration effects and/or the lower amount of EtBr 

intercalating in such small fragments. Also, below 0.5 kb the DNA ladder was 

hardly visible, which undermines this assumption. According to the in silico 

fragment patterns, the variable part of the gene inserts showed correct sizes. The 

additional band at 3.0 kb in the lane of pcDNA3.3_mRFP1 resulted from uncut 

supercoiled plasmid.  

 

Table 18: Fragment sizes of XbaI test restriction of the cloned pcDNA3.3 plasmids. 

 Plasmids 

 pcDNA3.3_eGFP pcDNA3.3_mRFP1 pcDNA3.3_Tandem 

Fragment sizes 

5.408 kb 5.408 kb 5.408 kb 

0.922 kb 0.880 kb 1.615 kb 

0.114 kb 0.114 kb 0.114 kb 
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Figure 28: Test restriction of pcDNA3.3 plasmids with restriction enzyme XbaI. A: Simulated 

restriction with the software Genome Compiler, M: GeneRulerTM1 kb Plus DNA ladder. B: UV 

image of the experimental restriction run in a 1% agarose gel, M: GeneRulerTM1 kb Plus DNA 

ladder. 

 

For the generation of the bacterial expression plasmids containing the single 

fluorescent proteins eGFP and mRFP1, the PCR method “Round the horn” was 

used (see chapter “3.6.2.2 “Round the horn” site-specific mutagenesis”).114 The 

sense and anti-sense primers used to cut out one of the genes of Tandem were 

rth_eGFP_fwd and rth_eGFP_rev for eGFP and rth_mRFP1_fwd and 

rth_mRFP1_rev for mRFP1 expression (Table 7). Correct deletion of the respective 

gene was verified by fragment amplification of the pGEX-6P-1 backbone with 

sense and anti-sense primers pGEX-6P-1_fwd and pGEX-6P-1_rev and the Sanger 

sequencing service of Microsynth GmbH. The PCR on pGEX-6P-1_eGFP resulted in 

a 0.747 kb and on pGEX-6P-1_mRFP1 in a 0.853 kb fragment (Figure 29). The next 

step was the heterologous expression of the eGFP, mRFP1 and Tandem genes. The 

spectral and molecular properties of the proteins used in later calculations are 

shown in Table 19. 
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Figure 29: PCR fragment amplification of gene inserts in the pGEX-6P-1 expression plasmid. 

 

Table 19: Spectral and molecular properties of produced proteins at A280. 

 Protein species 

 GST-eGFP GST-mRFP1 GST-Tandem 

Extinction coefficient 65125 M-1cm-1 78980 M-1cm-1 100995 M-1cm-1 

Molecular weight 53.089 kDa 52.079 kDa 79.002 kDa 

 

SDS-PAGE (see chapter “3.6.4.2 Protein characterization by sodium dodecyl 

sulfate polyacrylamide gel electrophoresis”) samples of the single steps of protein 

purification (see chapter “3.6.4.1 Protein purification”) are represented in Figure 

30. Before the induction with IPTG, there was no detectable biosynthesized 

protein, though after induction a strong band of GST-tagged fluorescent protein 

became visible (above 50 kDa marker reference for eGFP and mRFP1 and 70 kDa 

for Tandem). The raw as well as the cleared lysate were showing that the 

heterologous expressed genes, the biosynthesized proteins, are within the soluble 

fraction (supernatant). By loading the GSH column with the cleared lysate the 

capacity of the column was at its limit, thus the flowthrough contained residual 

GST-tagged protein. This was supported by the sample of the column washout in 
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which a small amount of mostly pure GST-tagged protein is still detectable. In the 

end the column elution showed pure GST-tagged fluorescent protein. 

 

 Figure 30: SDS-PAGE of the expressed proteins (eGFP, mRFP1, Tandem).  M: SpectraTM 

Multicolor Broad Range Protein Ladder, 1: before induction, 2: after induction, 3: raw lysate, 4: 

clear lysate, 5: column flowthrough, 6: column washout, 7: column elution. 

 

4.1.1 Summary 

The analysis of the restriction patterns of the mammalian expression plasmids 

showed fragments in the predicted size range. With this plasmid confirmation 

they were set for transfection experiments in HeLa cells (see chapter ”4.2 

Transfection and transport of biomolecules mediated by calcium phosphate 

nanoparticles”). The analysis of the cloned plasmids for bacterial gene expression 

revealed correct insert lengths and subsequently correct biosynthesized GST-

tagged fluorescent proteins with the calculated molecular weight. The 

biosynthesized proteins were used in the following experiments presented in 

chapter ”4.3 Tandem used as a biomolecular pH-sensitive light switch to detect 

endocytic progression in living cells”. 
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4.2 Transfection and transport of biomolecules mediated by calcium 

phosphate nanoparticles 

4.2.1 Transfection of HeLa cells with calcium phosphate nanoparticles 

Normally, DNA is unable to cross the cell membrane on its own and would be 

degraded quickly by nucleases in the cytoplasm as it is DNA foreign to the cell. 

Thus, it is essential to protect the DNA by some sort of a carrier to enable a 

transfection of a cell. Carriers can be AAVs, lipoplexes or nanoparticles (see 

chapter “3.7.2 Cell transfection and protein transport”). Since common 

commercially available lipoplex agents show a certain cytotoxicity144,145 

nanoparticles made of a biocompatible material like calcium phosphate represent 

a non-cytotoxic carrier. CaP NPs were functionalized with the plasmid 

pcDNA3.3_eGFP and used in test transfections of HeLa cells to show general 

genetic activity (Figure 31). 

 

Figure 31: Fluorescence microscopy images of HeLa cells transfected CaP-NPs functionalized 

with DNA (CaP-PEI-pcDNA3.3_eGFP-CaP-PEI). Images were taken after 72 h of incubation. Scale 

bar 100 µm. 

 

The cells (25,000 cells per well) were incubated with the functionalized triple-shell 

nanoparticles for 5 h, then washed with DPBS and incubated until 72 h. After 72 h 
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the image acquisition was performed on a Biorevo BZ-9000 fluorescence 

microscope (Keyence). HeLa cells were evenly transfected, thus CaP NPs are a 

suitable alternative to lipoplexes and other transfection agents. 

 

4.2.2 Transport of fluorescence labeled BSA into HeLa cells with calcium 

phosphate nanoparticles 

Besides the transfection of cells with genetic information to produce proteins like 

eGFP, there is the possibility to transport a protein of interest directly into cells 

with nanoparticles. This is of importance when a certain biomolecule cannot be 

produced by the cell itself or only upon antigen recognition, e.g. antibodies (see 

chapter “2.7 The immune system, immune responses and signaling pathways”). 

CaP NPs loaded with fluorescein (FAM) labeled BSA were synthesized according to 

chapter “3.3.1 Biomolecule-loaded triple-shell nanoparticles”. Subsequently, HeLa 

cells (25,000 cells per well) were incubated for 24 h with the synthesized 

nanoparticles and then washed with DPBS to remove the excess of nanoparticles. 

The image acquisition was performed on a Biorevo BZ-9000 fluorescence 

microscope (Keyence). The uptake of these functionalized nanoparticles into HeLa 

cells is shown in Figure 32. After 24 h, FAM fluorescence can be seen in vesicular 

structures (presumably of the endolysosomal pathway) or evenly distributed 

throughout the cytoplasm. In a separate video acquisition over a short period of 

40 s, a release of FAM fluorescence from vesicular structures into the cytoplasm 

was observed. The release resembled a sudden rupture or explosion and filled the 

cytoplasm within seconds. To examine if the nanoparticles followed the 

endolysosomal pathway and were enclosed in lysosomes, vesicles of this pathway 

need to be labeled to enable colocalization experiments (see chapter “4.3 Tandem 
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used as a biomolecular pH-sensitive light switch to detect endocytic progression in 

living cells”). 

 

Figure 32: Fluorescence microscopy images of CaP-PEI-BSAFAM-CaP-PEI incubated with HeLa 

cells. Images were taken after 24 h of incubation. White arrows are showing a quick release of 

vesicular entrapped BSAFAM into the cells’ cytoplasm. Scale bar 50 µm. 

 

4.2.3 Summary 

Regarding the successful transfection of HeLa cells with CaP nanoparticles loaded 

with a plasmid encoding for eGFP, they are a non-cytotoxic alternative to the 

commercially available and cationic lipoplex agents. These agents have a higher 

transfection efficiency in a shorter incubation time but are cytotoxic and 

impossible to apply in vivo in living organisms. In contrast, CaP nanoparticles are 

biocompatible and easily applied in vivo (see chapters “4.4 In vivo biodistribution 

of immunostimulatory calcium phosphate nanoparticles using small animal 

PET/CT” and “4.5 Biomedical applications of CaP nanoparticles”). Besides the 

transfection of cells, the transport of BSAFAM mediated by CaP nanoparticles was 

successful too. It would be interesting to investigate if the observed vesicular 

release of BSAFAM is related to the proton sponge effect146 of PEI and applicable to 
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other protein cargo as well. Nevertheless, the FAM or eGFP fluorescence alone is 

not suitable to follow the pathway into cell organelles like lysosomes since their 

fluorescence is highly pH-dependent and is quenched in an acidic environment. 

Therefore, a second acid-resistant fluorophore needs to be included in the loading 

of the nanoparticles. 

 

4.3 Tandem used as a biomolecular pH-sensitive light switch to detect 

endocytic progression in living cells 

The Tandem colocalization experiments were carried out in cooperation with the 

group of Prof. Dr. Meyer (Department of Molecular Biology, University of 

Duisburg-Essen) as well as with Dr. Koch and Dr. Schulze (Imaging Centre Campus 

Essen, University of Duisburg-Essen) and were jointly published in the work of 

Kollenda et al.147  

The intracellular location of CaP nanoparticles remained uncertain yet, to 

elucidate the assumed endocytic nanoparticle uptake a pH-sensitive fluorescent 

fusion protein probe was used. This probe consisted of mRFP1148 (λex = 584 nm, 

λem = 607 nm) and eGFP149 (λex = 488 nm, λem = 507 nm) and is denoted as Tandem 

in the following.150 Both protein units are separated by a seven amino acid 

sequence (GGPVATM) to prevent FRET effects.151-153 At the physiological pH of 7.4, 

both proteins (red and green) are fluorescent. By progression into an acidic 

environment with a pH of about 4.5 – 5.0 (inside endolysosomes), the green 

fluorescence will be quenched due to protonation of the chromophore of eGFP 

(Figure 25).154,155 This pH-dependent probe enables a direct localization of 

Tandem-loaded calcium phosphate nanoparticles, e.g. inside lysosomes, during 



4.3.1 Spectroscopic and colloid-chemical characterization 

82 

live-cell imaging which can be transposed to follow other kinds of nanoparticles as 

well.  

 

4.3.1 Spectroscopic and colloid-chemical characterization 

First, the optical properties of the Tandem protein were analyzed, especially as a 

function of pH. UV/Vis spectroscopy showed the strong pH dependence of the 

fluorescence of the eGFP protein as a part of tandem and alone (Figure 33). At the 

physiological pH of 7.4, only a minor quenching of the eGFP and mRFP1 

fluorescence was detected (Tandem (eGFP): 100±3%, eGFP: 100±8%; Tandem 

(mRFP1): 96±4%, mRFP1: 93±4%). After a continuous drop with decreasing pH, the 

initial eGFP fluorescence intensity was almost completely quenched at pH 4.4 

(Tandem (eGFP): 0%, eGFP: 1%), whereas the red fluorescence of Tandem and 

mRFP1 was much less affected (Tandem (mRFP1): 83±3%, mRFP1: 74±2%). From 

the observed fluorescence curves, the pKa values of Tandem (eGFP) and eGFP 

alone were determined to 6.00 (eGFP in Tandem) and 6.15 (eGFP alone), in good 

agreement with literature data for eGFP (5.98).156 The decrease in eGFP 

fluorescence is due to the protonation of the eGFP chromophore. The absorption 

maximum of the phenol (state A; acidic pH) of the chromophore of wtGFP is at 

384 nm, and that of the phenolate (state B; neutral or basic pH) is at 448 nm.157 

The pH-dependent drop in eGFP fluorescence is usually ascribed to quenching of 

the transition state between A and B and also to the incapability of the transition 

state to convert correctly into state B.156,158 Altogether, this pH-dependent 

fluorescence makes eGFP an ideal candidate to probe the pH conditions around a 

protein inside a cell.150 The Tandem protein is better suited to probe the 

intracellular fate of a transported protein than an organic pH-sensitive dye 
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because it probes both the pH and the structural integrity of a protein (which 

could be degraded by proteases, leading also to a reduced fluorescence). 

 

Figure 33: Spectroscopic analysis of the Tandem fusion protein and its constituent parts. A) 96-

well plate under UV-light (254 nm) shows the pH-dependent fluorescence of eGFP itself and as 

part of the Tandem protein (pH range from 7.4 down to 4.0 at a constant protein concentration 

of 1 µM). B) The excitation at 584 nm shows only a limited decrease in the mRFP1 fluorescence 

at 606 nm with decreasing pH. C) The excitation at 482 nm shows a constant decrease in the 

eGFP fluorescence emission at 506 nm with decreasing pH. D) Estimated pKa values of eGFP, 

defined as 50% loss of the fluorescence intensity. The data (n=3) are presented as mean + 

standard deviation of the mean (SD).147 
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The protonation and deprotonation of eGFP are reversible, i.e. if the green 

fluorescence returns, it is sure that the protein has not been structurally damaged. 

In a separate experiment (data not shown), the quenched eGFP was titrated back 

from pH 4 to pH 6.4, and within 20 s of incubation the fluorescence was restored. 

The same holds for the red fluorescence of mRFP1: If it is unchanged, the protein 

is structurally intact. The fact that the green fluorophore (eGFP) and the red 

fluorophore (mRFP1) are both present in the same fusion protein also removes 

any ambiguity about the separation of the two fluorescent labels during cellular 

uptake and processing (as it would be the case with two separate organic dyes or 

indicators, i.e. two small molecules or two separate fluorescent proteins).159-162 

Next, the properties of the biomolecule-loaded nanoparticles were studied in 

detail. Scanning electron microscopy showed approximately spherical calcium 

phosphate nanoparticles with an average diameter of about 100 nm (Figure 34). 

The fact that the diameter by dynamic light scattering (Figure 35) was only slightly 

bigger indicated a good dispersion of mostly individual nanoparticles. The positive 

zeta potential of the unloaded nanoparticles is due to the outer PEI shell. It 

decreased slightly for the DNA- and protein-loaded nanoparticles due to the 

negative charge of the biomolecular cargo. All analytical data are summarized in 

Table 20. The crystallographic phase of the calcium phosphate nanoparticles could 

not be determined because the available amount was too low to perform X-ray 

powder diffraction. In earlier studies on similar nanoparticles (stabilized with 

polymers), the particles were X-ray amorphous (pointing to amorphous calcium 

phosphate; ACP), but showed crystalline domains corresponding to 

hydroxyapatite in the high-resolution transmission electron microscope. However, 

a crystallization in the electron beam cannot be excluded. As the stoichiometry 
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(especially the Ca:P ratio) was not available, the stoichiometry of hydroxyapatite 

(HAP) was assumed to compute particle concentrations as given in Table 20.163 

 

Figure 34: Representative scanning electron micrographs of triple-shell calcium phosphate 

nanoparticles, loaded with tandem DNA (CaP-PEIATTO490LS-pcDNA3.3_Tandem-CaP-PEIATTO490LS) or 

tandem protein (CaP-PEIATTO490LS-Tandem-CaP-PEIATTO490LS), and empty particles without cargo for 

comparison (CaP-PEIATTO490LS-CaP-PEIATTO490LS).147  

 

The Ca:P ratio as derived from EDX was not accurate enough to permit a 

determination of the calcium phosphate either. All particles were freshly prepared 

before the experiments and did not show any change in their properties (e.g. 

particle size and shape) during the time of the experiments (i.e. a few days). To 
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compute particle concentrations, the calcium concentration in the dispersion was 

stoichiometrically converted into the calcium phosphate concentration (as 

hydroxyapatite; Ca5(PO4)3OH). Together with the density of hydroxyapatite, the 

particle diameter from SEM and the assumption of spherical particles, the particle 

concentrations were computed (see Ref. 164 for the computation steps). Next, the 

mass ratio of biomolecule (DNA and protein) to calcium phosphate was calculated. 

For the DNA-carrying particles, the ratio was 0.19:1 DNA:CaP (µg/µg), for protein-

carrying particles, the ratio was 0.30:1 protein:CaP (µg/µg). Given the 

uncertainties in the computation process, the error in the number of biomolecules 

per particle was estimate to at least ±20%. However, it is very unlikely that there 

would be a particle without biomolecule. 

 

Figure 35: Normalized number weighted size distribution of CaP NPs loaded with Tandem DNA 

(pcDNA3.3_Tandem), Tandem protein and empty particles without cargo.  Left: Normalized DLS 

number-weighted particle size distribution of calcium phosphate nanoparticles, loaded with 

Tandem plasmid DNA (pcDNA3.3_Tandem), tandem protein, and without cargo for comparison. 

Right: Normalized SEM number weighted size distribution of calcium phosphate nanoparticles, 

loaded with Tandem DNA (pcDNA3.3_Tandem), Tandem protein and without cargo.147 
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Table 20: Characterization and analysis of calcium phosphate nanoparticles containing 

biomolecular cargo, i.e. either Tandem protein and plasmid DNA encoding for Tandem. The 

calcium phosphate concentration was computed from the calcium concentration by assuming 

the stoichiometry of hydroxyapatite, Ca5(PO4)3OH).147 

 Particle type 

 

CaP-PEIATTO490LS-

pcDNA3.3_Tandem- 

CaP-PEIATTO490LS 

CaP-PEIATTO490LS-

Tandem- 

CaP-PEIATTO490LS 

CaP-PEIATTO490LS-

CaP-PEIATTO490LS 

Diameter by DLS / nm 136 ± 26 131 ± 25 110 ± 28 

Diameter by SEM / nm 127 ± 27 137 ± 20 65 ± 5 

Zeta potential by DLS / mV 19 ± 3 12 ± 3 22 ± 3 

PDI by DLS 0.21 0.21 0.36 

Calcium concentration / mg L-1 77.7 132.0 66.8 

HAP concentration / mg L-1 195.0 331.3 167.8 

Particle concentration / L-1 5.8·1010 7.8·1010 3.7·1011 

Loading efficiency / % a 74 100 - 

Biomolecule concentration / L-1 1.0·1013 5.5·1014 - 

Biomolecules per particle 176 7100 - 

a The loading efficiency was defined as the percentage of biomolecule bound to the 
nanoparticles in comparison to the total amount of biomolecule used in the synthesis. 

 

4.3.2 Cellular uptake and visualization of endocytic progression 

HeLa cells were then incubated with the calcium phosphate nanoparticles. SEM 

analysis of HeLa cells incubated with tandem protein-loaded calcium phosphate 

nanoparticles showed single nanoparticles bound to the membrane before uptake 

(Figure 36).  
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Figure 36: Scanning electron micrographs of a HeLa cell incubated with tandem protein-loaded 

calcium phosphate nanoparticles ("white" particles), showing endocytosis at the outer cell 

membrane.147 

 

In the magnification, different states of macropinocytosis are seen with some 

nanoparticles partly engulfed by the cell membrane and others still loosely 

attached to the cell surface. As shown in chapter “4.2.1 Transfection of HeLa cells 

with calcium phosphate nanoparticles” one way to bring proteins into a cell (e.g. 

for genetic vaccination)165 is transfection. The cell lines HeLa, Caco-2 and A549 

were incubated with tandem-encoding plasmid DNA-loaded nanoparticles to 

visualize the protein transfection. The HeLa cell line was used as standard cell line, 

and Caco-2 and A549 cell lines have been used in lysosomal uptake studies before 

and were expected to have lysosomes tending to be weaker and more prone to 

rupture.166 Fluorescence microscopy also showed the uptake of fluorescent 

calcium phosphate nanoparticles (Figure 37). As shown earlier the uptake of 

calcium phosphate nanoparticles occurs by endocytosis, but depends on the cell 
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line.167,168 The calcium phosphate nanoparticles are stable at basic and neutral pH 

but dissolve under acidic conditions. This happens at lysosomal pH (4 to 5) as we 

have shown earlier and as expected.166,167 This increases the osmotic pressure due 

to released calcium and phosphate ions and (together with the proton sponge 

effect of polyethyleneimine)169 leads to an endosomal escape.170 An excess of 

calcium ions in the cytoplasm can be harmful, but usually cells rapidly excrete the 

calcium in ionic form171 unless the particle concentration is very high.172-176 

About 10 transfected cells per cell line were imaged in high resolution in each 

experiment (n=3). After 6 h (t1), the nanoparticles were mostly attached to the 

outer cell membrane. After 48 h (t2), there was a stable signal of the expressed 

Tandem protein (eGFP and mRFP1) inside the entire transfected cells, in good 

agreement with earlier transfection experiments where it was shown that the 

transfection started after about 4-6 h.170,177-180 Depending on the cell line, the 

fluorescence of the nanoparticles themselves (PEIATTO490LS) was also distributed in 

the cytoplasm. In HeLa cells, the PEIATTO490LS-labelled nanoparticles were mostly 

found inside endolysosomes. It has been reported that the endosomal transport 

vesicles of other cell lines are more sensitive and prone to rupture or 

permeabilization than vesicles of HeLa cells.181 DNA alone was not taken up by the 

cells (no transfection observed; data not shown), i.e. a nanoparticulate carrier is 

required, in agreement with earlier observations.166,168,182 The control transfection 

with mRFP1 and eGFP plasmids loaded onto calcium phosphate nanoparticles in 

the same way and at the same dose showed very similar results (data not shown). 
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Figure 37: Confocal laser scanning images of the transfection of HeLa, A549 and Caco-2 cells 

with PEIATTO490LS-labelled calcium phosphate nanoparticles. The cells were incubated with DNA-

loaded nanoparticles (5 µg plasmid pcDNA3.3_tandem DNA with 50,000 cells per well) for 6 h, 

stained with 75 nM LysoTracker™ Deep Red for 0.5 h and then washed. The cells were observed 

at two time points, i.e. t1 (6 h after the initial incubation with nanoparticles) and t2 (48 h after 

the initial incubation with nanoparticles). All scale bars are 20 µm.147 
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A direct transport of proteins into cells requires a nanoparticle or another vector 

as carrier. Figure 38 shows the direct protein transport into cells with the help of 

nanoparticles. After 0.5 h (t1), the particles were attached to the outer cell 

membrane. There, the particles showed the green fluorescence of eGFP and the 

red fluorescence of mRFP1 together with the red fluorescence of PEIATTO490LS in the 

nanoparticles. After 5 h (t2), all cell lines had taken up most nanoparticles and 

transferred them into endolysosomes where a colocalization of Tandem(mRFP1), 

nanoparticles (ATTO490LS) and LysoTracker was observed. However, the eGFP 

fluorescence was mainly absent, indicating the low local pH inside endolysosomes. 

This clearly demonstrates the expected sensing character of the Tandem fusion 

protein. There was no uptake of the dissolved Tandem protein alone into any of 

the three cell lines (data not shown). The Tandem protein is a sensor for the local 

pH and for the structural integrity of the protein (i.e. no degradation by 

nucleases).  



4.3.2 Cellular uptake and visualization of endocytic progression 

92 

 

Figure 38: Confocal laser scanning images of HeLa, A549 and Caco-2 cells taking up calcium 

phosphate nanoparticles. The cells were incubated with tandem-loaded nanoparticles (2 µg 

protein with 10,000 cells per well) and 75 nM LysoTracker™ Deep Red for 0.5 h, then washed and 

stored on ice. The cells were observed at two time points, i.e. t1 (after the nanoparticle 

incubation and staining for 0.5 h) and t2 (5 h after the initial nanoparticle incubation). White 

arrows depict points of interest of nanoparticles. All scale bars are 20 µm.147 
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For a more detailed insight into the intracellular pathway after endocytosis, a 

time-resolved imaging experiment with single cells (n=3, about 20 cells per 

sample) was carried out with HeLa cells. Z-stack images of HeLa cells incubated 

with CaP-PEIATTO490LS-Tandem-CaP-PEIATTO490LS nanoparticles were recorded in 

intervals of 7 min for 6 h (Figure 39). Directly after nanoparticle incubation and 

cell staining (t1), the nanoparticles were attached to the outer membrane. After 

140 min (t2), most of the detected mRFP1 fluorescence was colocalized with 

lysosomes as the eGFP fluorescence had decreased. At the end of the experiment 

(t3, 350 min), almost the entire initial eGFP fluorescence had been quenched and 

even more vesicles containing the mRFP1 fluorescence were detected.  

 

Figure 39: Confocal laser scanning images of HeLa cells taking up calcium phosphate 

nanoparticles. The cells were incubated with tandem protein-loaded nanoparticles (2 µg of 

protein with 10,000 cells per well) and 75 nM LysoTracker for 0.5 h, then washed and stored on 

ice. Dynamic live cell confocal laser scanning microscopy (CLSM) was performed for a duration of 

6 h. t1 = 0 h; t2 = 140 min; t3 = 350 min. White arrows depict points of interest of nanoparticles. 

All scale bars are 20 µm.147 
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In rare cases, eGFP fluorescence was observed inside the cell, but not colocalizing 

with lysosomes, probably enclosed in other endocytic vesicles like early 

endosomes as shown earlier for calcium phosphate nanoparticles.166 

These data were further processed by quantitative image analysis (see 

experimental section for details). With multiple z-stack images of all cells taken, 

the nanoparticles were identified by the red mRFP1 fluorescence. After the 

nanoparticles had been defined, the absolute mean fluorescence intensity of 

LysoTrackerTM Deep Red, eGFP and mRFP1 was determined at these positions 

(Figure 40 A). The mRFP1 fluorescence remained constant and showed no 

significant change over time. This proves the absence of proteolytic degradation 

during the observation period. In contrast, the eGFP signals showed a strong 

signal decrease after 140 min until the end of the experiment. The LysoTracker 

fluorescence increased during the experiment, consistent with the transport of 

the endocytosed mRFP1-labelled nanoparticles to lysosomes. This illustrates the 

pH-dependence of the eGFP fluorescence, whereas mRFP1 was still detectable 

inside acidic cell organelles like endolysosomes. In some cases, we found eGFP 

and mRFP1 signals at the same spot but no LysoTracker signal, indicating that the 

nanoparticles were not enclosed in endolysosomes and at about neutral pH. This 

means that the nanoparticles were either still in the early endosome or in the 

cytoplasm, in any case at a neutral pH. By measurement of the mean fluorescence 

intensity of each fluorescence channel, it was possible to compute the 

fluorescence intensity ratios of detected particles with eGFP/mRFP1 and 

LysoTracker/mRFP1 (Figure 40 B). There was a strong decrease in the ratio of 

eGFP/mRFP1 after 70 min as expected. The LysoTracker/mRFP1 ratio increased 

after 70 min and remained constant until the end of the experiment. This again 

confirms the increasing number of mRFP1-positive nanoparticles inside 
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endolysosomes. A visualization of the subsequent endosomal escape of the 

protein would require longer observation periods and is beyond the scope of this 

work. 183-187 

 

Figure 40: Mean fluorescence intensities (MFI) of the time-lapse live cell imaging and calculated 

fluorescence ratios (HeLa cells). A) Scatter plots of the absolute MFI of mRPF1, eGFP and 

LysoTrackerTM Deep Red showing a decrease in the average eGFP fluorescence and unaffected 

mRFP1 fluorescence over time. One-way ANOVA was used followed by Tukey’s comparison test: 

n.s., not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001. B) Fluorescence ratios calculated 

with the MFI of mRFP1, eGFP and LysoTrackerTM Deep Red. Data points represent the mean ± 

standard deviation of the mean (SD).147 
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4.3.3 Summary 

Tandem protein (eGFP-mRFP1) is a versatile probe to follow nanoparticles inside 

cells, especially if the nanoparticles are intended to transport therapeutic 

proteins. The in vitro fluorescence assay confirmed the strong pH-dependence of 

the eGFP fluorescence (neutral pH: green; acidic pH: no fluorescence) and the 

mostly pH-independent red fluorescence of mRFP1. The transfection with 

Tandem-encoding plasmid DNA-loaded calcium phosphate nanoparticles showed 

that Tandem protein was well expressed by HeLa, A549, and Caco-2 cells. In that 

case, the protein was distributed throughout the whole cell. In a direct protein 

transport by Tandem-loaded calcium phosphate nanoparticles, time-lapse 

confocal microscopy showed the endocytosis of Tandem-loaded nanoparticles 

into cells. After uptake, the red fluorescence of mRFP1 colocalized with the 

nanoparticles inside endolysosomes, while the green fluorescence of eGFP 

vanished. Thus, the nanoparticles were directed into endolysosomes and the 

protein cargo was still structurally intact. The further fate of the protein inside the 

cell will depend on a successful endosomal escape which was not studied here in 

detail. In general, the distribution of a protein strongly differs depending on 

whether it is expressed from transfected plasmids or whether it is taken up as 

cargo of a nanoparticle. Notably, neither DNA nor protein were taken up by any 

cell line in dissolved form, i.e. without the help of a nanoparticle. We conclude 

that Tandem is very well-suited probe to study the intracellular processing of 

therapeutic proteins, both after transfection and after endocytic uptake, mediated 

by nanoparticle carriers. 
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4.4 In vivo biodistribution of immunostimulatory calcium phosphate 

nanoparticles using small animal PET/CT 

The in vivo biodistribution was carried out in cooperation with the groups of Prof. 

Dr. Hermann (Department of Nuclear Medicine, University Hospital Essen, and 

University of Duisburg-Essen) and Prof Dr. Westendorf (Institute of Medical 

Microbiology, University Hospital Essen, and University of Duisburg-Essen). All 

small animal PET/CT results have been produced by the cooperation partners of 

the Department of Nuclear Medicine and were jointly published in the work of 

Kollenda et al.188 

The synthesized calcium phosphate nanoparticles were covalently surface-

functionalized with the ligand DOTA (CaP-PEI-SiO2-S-DOTA). DOTA is a well-

established ligand to bind radioisotopes for PET-CT.189,190 and loaded with the 

radioisotope 68Ga (Figure 17). The biodistribution of such 68Ga-labelled 

nanoparticles was followed in vivo in mice by positron emission tomography in 

combination with computer tomography (PET-CT). The biodistribution of 68Ga-

labelled nanoparticles was compared for different application routes: intravenous, 

intramuscular, intratumoral, and into soft tissue. The particle distribution was 

measured in vivo by PET-CT after 5 min, 15 min, 30 min, 1 h, 2 h, and 4 h, and ex 

vivo after 5 h. After intravenous injection (tail vein), the nanoparticles rapidly 

entered the lungs with later redistribution into liver and spleen. The nanoparticles 

remained mostly at the injection site following intramuscular, intratumoral, or soft 

tissue application. 
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4.4.1 Spectroscopic and colloid-chemical characterization 

The amount of accessible thiol groups on the surface of CaP-PEI-SiO2-SH 

nanoparticles was determined by UV/Vis spectroscopy of the supernatant with a 

DS 11 FX+ Nanodrop instrument (DeNovix). Succinimidyl 3-(2-

pyridyldithio)propionate (SPDP) is a heterobifunctional crosslinking molecule that 

reacts with primary amino and thiol groups.191 When reacting with thiol groups, 

SDPD releases the UV/Vis-active compound pyridine-2-thiol. This can be 

monitored at 284 and 343 nm to calculate the reaction turnover. To determine 

the number of accessible thiol groups on the surface of calcium phosphate 

nanoparticles, the SPDP concentration was set to 1 µM and the dispersion of CaP-

PEI-SiO2-SH nanoparticles was added (5.641013 nanoparticles per L-1; Table 21). 

After saturation when no more pyridine-2-thiol was released, the concentration of 

thiol groups was calculated from the added volume. With the calcium 

concentration, the concentration of nanoparticles was computed and combined 

with the concentration of thiol groups to calculate the amount of thiol groups per 

nanoparticle. The particles had a spherical morphology and were monodisperse 

with a typical diameter of 50-150 nm (Figure 41). The number of thiol groups on 

the nanoparticle surface was determined by titration with SPDP. The number per 

nanoparticles was high (1.07104). Although the number of the conjugated DOTA 

molecules cannot be directly determined, it can be assumed that it will be of the 

order of several thousands on each nanoparticle. 
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Figure 41: Scanning electron micrograph of thiol-terminated nanoparticles and SPDP thiol 

titration (SPDP concentration 1 µM) with an increasing volume of CaP-PEI-SiO2-SH nanoparticle 

dispersion (5.641013 nanoparticles per L). The saturation of the release of pyridine-2-thiol gives 

the amount of thiols in the nanoparticle dispersion. 188 

The particle size remained constant after the DOTA conjugation as demonstrated 

by SEM and DLS (Figure 42). 

 

Figure 42: Left: SEM images of DOTA-functionalized calcium phosphate nanoparticles. Right: 

Representative DLS curve (by number).188 
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The elemental composition of the nanoparticles was determined by energy-

dispersive X-ray spectrometry (Figure 43). The presence of the silica shell and of 

the thiol groups was clearly demonstrated. Table 21 summarizes the analytical 

data of the CaP-PEI-SiO2-SH and the CaP-PEI-SiO2-S-DOTA particles. 

 

Figure 43: EDX mapping of CaP-PEI-SiO2-S-DOTA nanoparticles with molar ratios of the elements 

(aluminum sample holder).188 
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Table 21: Characterization data of calcium phosphate nanoparticles. The given concentrations 

refer to the stock dispersions of calcium phosphate nanoparticles.188 

 Particle type 

 CaP-PEI-SiO2-SH CaP-PEI-SiO2-S-DOTA 

Diameter by DLS / nm 131 ± 25 111 ± 25 

Diameter by SEM / nm 82 ± 15 71 ± 15 

Zeta potential by DLS / mV 18 ± 4 24 ± 4 

PDI by DLS 0.28 0.21 

Calcium concentration / mg L-1 20.5 25.6 

HAP concentration / mg L-1 51.5 64.3 

Volume of one particle / m3 2.8910-22 - 

Mass of one particle / kg (based on the 

density of hydroxyapatite; 3,140 kg m-3) 
9.0710-19 - 

Particle concentration / L-1 5.641013 1.091014 

Thiol concentration by titration / L-1 6.081017 - 

Thiol groups per particle 1.07104 - 

Surface of one particle / nm2 2.11104 - 

Thiol group density / nm-2 0.51 - 

 

4.4.2 Cellular uptake and biodistribution of radioactive labeled CaP NPs 

The DOTA-terminated nanoparticles were non-toxic and easily taken up by cells. 

CLSM demonstrated a successful endocytosis of nanoparticles into the cells 

(Figure 44), in good agreement with earlier studies on calcium phosphate 
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nanoparticles.170,172,192-194 Calcium phosphate nanoparticles are dissolved in the 

endolysosome under acidic conditions.195 

 

Figure 44: HeLa cells were incubated with CaP-PEICy5-SiO2-S-DOTA nanoparticles for 6 h. The 

nuclei (DAPI, cyan) and polymerized actin (Alexa488-Phalloidin, green) were stained. The 

nanoparticles (magenta) were well taken up by the cells.188 

For PET-CT imaging, the DOTA-terminated nanoparticles were loaded with the 

radioisotope 68Ga. At a particle concentration of 1.641011 mL-1, an initial activity of 

22.0 MBq was measured, corresponding to 0.79 68Ga atoms per nanoparticle.  

The in vivo biodistribution was analyzed in BALB/c mice by PET-CT. Four different 

application routes were examined: intravenous (i.v.) into the tail vein, 

intramuscular (i.m.) into the thigh muscle, intratumoral (i.t.) into a subcutaneous 

tumor, and into the soft tissue (s.t.). Per injection 1.64·1011 nanoparticles with 7 to 

10 MBq activity were applied by these four administration routes in n = 5 mice per 

group. The experimental setup consisted of sequential small animal PET/CT 
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acquisitions, subsequent euthanasia, organ extraction, and ex vivo readout in an 

automated gamma counter.  

Compared to normal tissues, solid tumors develop defective blood vessels and 

lack functional lymphatics (so-called EPR effect). 196-200 Therefore, an ideal anti-

cancer drug or therapeutic carrier system should be able to enter the tumor to 

target tumor cells directly in the center or cells of the tumor immune 

microenvironment. However, the permeability of tumor tissue is often limited, 

and the effect of an anti-cancer therapeutic is restricted to the periphery of the 

tumor.201 The central part remains unaffected and is a potential source for tumor 

relapse or metastasis.202 Besides the development of new delivery approaches, an 

intratumoral injection of anti-cancer therapeutics is a well-established way to 

target the center of solid tumors leading to tumor growth decrease or infiltration 

of immune cells.203,204 To investigate the biodistribution of CaP nanoparticles after 

intratumoral injection, nanoparticles were injected into transplanted CT26 tumors 

(~0.5 cm3). 

Figure 45 shows the in vivo time-activity curves of all application routes. 

Intravenous application led to a rapid distribution via the blood pool and heart 

within the first minutes with high initial uptake in the lung. The particle 

distribution to liver, spleen, and bone marrow increased up to 2 hours post 

injection, possibly mediated by immune cell phagocytosis and migration. After 

intravenous application, the first organ that it hit is the heart followed by the lung. 

Due to the pulmonary capillary system, bigger particles (15 - 19 μm) are trapped in 

the lungs.205 However, smaller particles can either leave the lungs directly via the 

blood circulation or they are taken up by immune cells which support the 

transport of the particles into other organs like the liver, spleen or bone marrow. 

An increased uptake in the kidneys and the bladder at later timepoints indicates a 
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partial renal clearance. Intramuscular injection showed a high local activity which 

mostly remained in the tissue. There was minimal nanoparticle distribution to 

organs following intramuscular, intratumoral, and soft tissue administrations. 

Over the time course of 4 h, the majority of radioactively labeled particles 

remained at the injection site. This is in contrast to the much faster distribution of 

injected 68Ga-DOTATOC complexes (molecules) that have a higher mobility due to 

their smaller size.206,207 

 

Figure 45: In vivo PET/CT biodistribution of CaP-PEI-SiO2-S-DOTA-68Ga nanoparticles (CaP) in 

healthy and tumor-bearing BALB/c mice. A) Experimental set up; B and C) intravenous (i.v.) 

injection in healthy mice; D) intramuscular (i.m.) injection in healthy mice; E) intratumoral (i.t.) 

injection in tumor-bearing BALB/c mice; F) soft tissue (s.t.) injection in healthy mice. Time-

activity curves illustrate tracer dynamics in selected volumes of interest (VOI) at indicated 

timepoints post injection. %IA/g: percentage of the injected activity per gram. Data are shown as 
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mean + SEM (n=5 per group).188Figure 46 shows representative whole-body maximum 

intensity projections (MIPs) for one individual mouse at each time point. 

 

Figure 46: Whole body maximum intensity projections of one representative BALB/c mouse for 

each group after injection of CaP-PEI-SiO2-S-DOTA-68Ga nanoparticles. A) intravenous (i.v.) 

injection in healthy mice; B) intramuscular (i.m.) injection in healthy mice; C) intratumoral (i.t.) 

injection in tumor-bearing BALB/c mice; D) soft tissue (s.t.) injection in healthy mice. E) In vivo 

local and systemic biodistribution of CaP-PEI-SiO2-S-DOTA-68Ga nanoparticles. Each bar 

represents one individual mouse of n=5 per application group. Asterisks indicate the injection 

site. %IA/g: percentage injected activity per gram.188 

 

No adverse effects to the mice after nanoparticle injection were observed, which 

is in good agreement with earlier studies where calcium phosphate particles were 
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injected intravenously208 and intraperitoneally209 into mice. Figure 47 shows the ex 

vivo distribution 5 h p.i. Draining lymph nodes of the injection site had no relevant 

uptake 5 h p.i. ex vivo. 

 

Figure 47: Ex vivo biodistribution of calcium phosphate nanoparticles (CaP) in healthy and 

tumor-bearing BALB/c mice by gamma counter measurement of extracted organs after sacrifice 

5 h p.i. A) intravenous (i.v.) injection in healthy mice; B) intramuscular (i.m.) injection in healthy 

mice; C) intratumoral (i.t.) injection in tumor-bearing BALB/c mice; D) soft tissue (s.t.) injection in 

healthy mice. Pooled other organs in the cake plots (less than 5 % IA/g each) were gut, thigh 

muscle, femur, brain as in the bar plots and additionally lymph nodes and thymus. % IA/g: 

percentage injected activity per gram. Data are shown as mean+SEM (n = 5 each group).188 

 

Overall, the ex vivo data are in line with the in vivo observations. Until 5 h, most 

CaP-PEI-SiO2-S-DOTA-68Ga nanoparticles were distributed to spleen (28% IA/g), 
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lung (21% IA/g) and liver (10% IA/g) in the i.v. group. The uptake of all other 

organs was below 3% IA/g. I.m and s.t. groups showed an organ uptake below 

2% IA/g. In the i.t. group, a high tumor vascularity may have led to relevant blood 

distribution resulting in a minor uptake in spleen (5.7% IA/g), lung (3.7% IA/g) and 

liver (3.5% IA/g) ex vivo.  

In general, the biopersistence of nanoparticles depends on their size. It is known 

that small nanoparticles (20 - 30 nm) are rapidly excreted in the kidney by renal 

filtration, but larger nanoparticles are eliminated by phagocytosis.210 In the size 

range between about 30 and 200 nm, nanoparticles have a longer persistence in 

the bloodstream.211 Tracing nanoparticles in the body in vivo is generally a difficult 

task as optical methods, even in the NIR window, are limited to the outer parts of 

the body.212,213,214,215 Radioactive labelling is a useful technique to study the 

biodistribution of nanoparticles, but it can only be evaluated post mortem. After 

an intravenous injection of hydroxyapatite nanoparticles (rod-shaped, about 

20 nm·100 nm; radioactive labelling with 125I; t1/2 59 d) into mice, the particles 

were mainly found in the liver, with smaller amounts in the lung and in the spleen. 

However, most particles (or, to be correct, radioactive 125I atoms) were excreted 

after 2 h, raising questions whether the iodine remained attached to the 

nanoparticles after injection.216 From the area of ceramic biomaterials, the 

biodistribution of 45Ca (t1/2=163 d) after implantation of 45Ca-labelled ceramics 

(sintered HAP and -TCP) into dog femurs was reported. After 12 months 

implantation, a low activity of 45Ca in lymph nodes was found. It remains open 

whether particulate material or dissolved ions were present in the lymph nodes 

after such a long implantation time which will have involved resorption of calcium 

phosphate ceramics by osteoclasts.217 In a follow-up experiment where 
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radioactively labelled sintered HAP and -TCP were implanted into rat femurs for 

13 weeks, no increased level of radioactivity was found in the lymph nodes.218 

For surface-functionalized and colloidally stable calcium phosphate nanoparticles 

(diameter about 200 nm), in vivo near infrared (NIR) imaging (mouse) showed that 

the particles were well distributed inside the body after intravenous tail-vein 

injection. A considerable accumulation in the lung was observed (24 h).212 

Poly(I:C)-loaded calcium phosphate nanoparticles (cationic, diameter 120 nm) 

were administered by tail-vein injection into mice and predominantly found in the 

lung and the liver (analysis post mortem) after 1 and 3 h.213 For calcium phosphate 

particles, only three in vivo PET studies have been reported so far. 

Jauregui-Osoro et al. have injected dispersed calcium phosphate particles 

(unfunctionalized and strongly agglomerated; primary particle size 100 nm, but 

agglomerate size much larger) into mice. After 4 h, they found an enrichment in 

the lung, the liver, and the spleen. For labelling they used the isotope 18F 

(t1/2 110 min) which efficiently binds to calcium phosphate.219 Zheng et al. carried 

out a similar experiment with unfunctionalized calcium phosphate nanoparticles 

that were labelled with 18F and found them mainly in lung, liver, spleen and 

stomach after auricular vein injection into rabbits.220 Sandhöfer et al. have 

injected citrate-stabilized calcium phosphate nanoparticles (about 140 nm), 

labelled with 18F and 68Ga (t1/2 68 min) intravenously into rats and followed them 

for 90 min. They found an enrichment in lung, liver, and spleen.221 In these three 

cases, it is unclear whether the particles were colloidally stable and travelled 

individually in the bloodstream. 
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4.4.3 Summary 

The biodistribution of calcium phosphate nanoparticles is important for a future 

biomedical application. A covalent coupling of the DOTA ligand to the surface of 

calcium phosphate nanoparticles ensures a persistent binding between the 

particle and the radio-label, i.e. 68Ga for small animal PET-CT. After intravenous 

injection in mice, the particles are mobile and travel with the bloodstream to liver 

and lung with subsequent redistribution to spleen and kidney/bladder. Renal 

extraction starts within a few hours as indicated by the increased 68Ga activity in 

the bladder. Presumably, the nanoparticles are not excreted as such, i.e. it is likely 

that dissolved 68Ga ions are present after endocytosis/phagocytosis of the 

nanoparticles.195 Notably, after intramuscular, intratumoral, and soft tissue 

injection, the nanoparticles remain mostly at the injection site. This is especially 

interesting for tumor treatment where a persistent nanoparticle activity is 

beneficial. Due to the inherent limitations of PET-CT with respect to the lifetime of 

isotopes, the nanoparticles could be followed only up to 4 h in vivo and 5 h after 

injection post mortem. However, it is not possible to draw conclusions on the 

biodistribution at longer times from these experiments. 

 

4.5 Biomedical applications of CaP nanoparticles 

The biomedical application of CaP nanoparticles was carried out in cooperation 

with the work group of Prof Dr. Westendorf and especially with Dr. Torben 

Knuschke (Institute of Medical Microbiology, University Hospital Essen, and 

University of Duisburg-Essen). All biomedical results and readouts were produced 

by the work group of Prof. Dr. Westendorf. 
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4.5.1 Abatement of pulmonary inflammation induced by gene silencing 

CaP nanoparticles 

PLGA-encapsulated CaP nanoparticles were prepared as described in chapter 

“3.3.3 PLGA polymer-encapsuled nanoparticles for gene silencing”. The prepared 

CaP particle core was functionalized either with specific siRNA or non-targeting 

AlexaFluor750-labeled oligonucleotides. Later, the loaded nanoparticles were 

stabilized sequentially with PLGA, PVA and PEI. In a previous study, this particle 

composition has been an efficient carrier for the delivery and release of nucleic 

acids to cells at mucosal surfaces.222 The success of the synthesis was validated by 

dynamic light scattering and scanning electron microscopy. The synthesized CaP 

nanoparticles were monodisperse, of spherical morphology and showed an 

average diameter of about 145 nm and a zeta potential of +23 mV. 

The fluorescence-labeled CaP nanoparticles were applied to BALB/c mice nasally 

and again one hour after the initial administration. In vivo life imaging (Figure 48 A) 

as well as fluorescence microscopy of tissue sections (Figure 48 B) revealed a 

comparable and reproducible fluorescence signal in the lungs of treated mice. 

Next, the distribution into different organs after the uptake of nanoparticles was 

analyzed by flow cytometry. While most of the CaP nanoparticles remained in the 

lung, a smaller part was detectable in bronchial lymph nodes (bLN). Other organs 

like the spleen, liver and mesenteric lymph nodes received almost no particles 

(Figure 48 C), which hints at a local rather than a systemic distribution after a 

nasal administration. The flow cytometric analysis of the lung proved 

macrophages and dendritic cells to be the major cell types to endocytose 

functionalized CaP nanoparticles, whereas only few epithelial cells and 

lymphocytes internalized nanoparticles (Figure 48 C). 
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Figure 48: CaP/PLGA NPs are taken up in the lung after nasal instillation. Distribution of 

fluorescence-labeled oligonucleotide-loaded CaP/PLGA NPs was analyzed 1 h after nasal 

instillation by IVIS (A), fluorescence microscopy (B) and flow cytometry (C). Adapted from Ref. 24 

 

Lastly, the therapeutic efficiency of siRNA-loaded CaP nanoparticles was examined 

by treating SPC-HA mice with functional siRNA or non-targeting siRNA (scrambled 

control)-loaded nanoparticles on day one, three and five after TH1 cell transfer 

(Figure 49 A). The test subjects’ weight loss was monitored daily throughout the 

experiment. On day six the mice were sacrificed and analyzed. Non-transgenic 

mice did not lose body mass after the cell transfer, whilst transgenic SPC-HA mice 

treated with non-targeting siRNA-loaded CaP nanoparticles or DPBS showed a loss 
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of body mass of 7% by day six. Transgenic mice treated with functional siRNA lost 

less mass than the animals of the control groups (Figure 49 B). Mice, which were 

treated with siRNA-loaded CaP nanoparticles, demonstrated a significantly 

reduced number of cells within the bronchoalveolar lavage fluid (BALF) indicating 

a milder inflammation (Figure 49 C). The lung tissue of the respective mice 

showed the same signs of a milder inflammation. This reflects to patients who 

suffer from pulmonary inflammation with an increased influx of immune cells 

because of an increased chemokine production.223 Looking at the interstitium in 

treated mice, a lower number of alveolar macrophages and fewer neutrophils was 

detected too. This is also manifested visually in the reduced histological score of 

the lung tissue (Figure 49 D). The gene silencing efficiency of the different siRNA-

loaded CaP nanoparticles was validated through biopsies of the lung and BAL fluid. 

The samples were analyzed for CCL-2, IP-10 and IFN-γ gene expression. Their gene 

expression was significantly reduced on the mRNA (CCL-2: 40%; IP-10: 50 %; IFN-γ: 

25%) and protein levels (CCL-2: 40%; IP-10: 25%; IFN-γ: 55%), which can be seen in 

Figure 49 E. Aside from inflammatory lung diseases, the lung is susceptible to viral 

infections. For some of them vaccines are available, for other diseases like the 

severe acute respiratory syndrome caused by the coronaviruses SARS-CoV and 

SARS-CoV-2 are not treatable and vaccines are not available.224,225 While there are 

no prophylactic measures against such viruses, there is a therapeutic approach by 

using siRNA to inhibit the viral reproduction and propagation inside a cell. Like the 

previous synthesis, CaP nanoparticles were loaded with siRNA targeting the non-

structural protein 1 (NS1) of the influenza virus. 
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Figure 49: Treatment with PLGA/CaP NPs reduces lung inflammation.  During induction of 

inflammation, mice were treated with siRNA-loaded CaP/PLGA NPs directed against CCL2, IP-10 

and IFN-γ by nasal instillation on days 1, 3 and 5 (A). On day 6, mice were analyzed for weight 

loss (B), and the infiltration of cells into the lung (C). The histopathology in the lung was analyzed 

(D) and expression levels of target genes in lung tissue or BALF were measured by qPCR and 

Luminex assay (E). Data from two independent experiments are shown. Statistical analysis was 

performed with one-way ANOVA followed by Tukey's multiple comparison test or Student's t-test 

(*p b 0.05; **p b 0.01; ***p b 0.001; ns, not significant). Adapted from Ref. 24 
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On day one BALB/c mice were infected with the influenza virus. Two days later, 

the mice were treated with siRNA-loaded CaP nanoparticles. On day five they 

were analyzed for symptoms and the NS1 production in the lung tissue. Influenza-

infected mice, which received CaP nanoparticle treatment exhibited significantly 

lower levels of NS1 production in the lung. Simultaneously, on day five the viral 

load in the lung was significantly decreased. A further histopathological analysis of 

the tissue demonstrated fewer damages and a smaller number of infected cells in 

mice treated with anti-NS1 siRNA-loaded CaP nanoparticles compared to the 

untreated control group or mice treated with scrambled siRNA-loaded CaP 

nanoparticles or only DPBS (data not shown). 

 

4.5.2 Effective colon cancer treatment with gene silencing CaP 

nanoparticles 

Cytokines like IL-6 were identified to have pro-inflammatory and tumor promoting 

properties, which drive intestinal inflammations and are critical in the early 

tumorigenesis of the colon associated cancer mouse model.226,227  

First, BALB/c mice were infected with 200 third-stage larvae of Heligmosomoides 

polygyrus. Six days later a colitis in the mice was induced with dextran sodium 

sulfate (DSS). The helminth-driven increase of IL-6 and CXCL1 levels was analyzed 

on effects affecting the severity of the colitis’ symptoms. Simultaneous with the 

DSS administration, siRNA-loaded CaP nanoparticles (against IL-6 and CXCL1) were 

applied rectally into infected mice (Figure 50 A) and monitored for the disease 

activity index. Figure 50 B shows an effective inhibition of IL-6 and CXCL1 

expression upon application of gene silencing CaP nanoparticles, which also 

reduced the disease activity index compared to only DSS-treated helminth 
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infected mice. Likewise, mice treated with gene silencing CaP nanoparticles 

manifested milder inflammations in their colonic tissue and preserved its natural 

structure (Figure 50 C). The supernatant of colon explant cultures revealed 

efficient gene silencing of IL-6 and CXCL1 and thus a lower production of these 

cytokines (Figure 50 D).  

 

Figure 50: Gene silencing of IL-6 and CXCL1 ameliorates colonic inflammation in H. polygyrus 

infected DSS treated animals. (A) Schematic time schedule of H. polygyrus (H.poly) infection and 

siRNA treatment during the induction of dextran sulfate sodium colitis (DSS) in BALB/c mice. At 

day 1, mice were infected with 200 stage-three larvae (L3) H. polygyrus by oral gavage. Six days 

later, DSS was given via the drinking water for 7 days and mice were sacrificed on day 14. 

Eight μg siRNA-loaded CaP/PLGA nanoparticles directed against IL-6 and CXCL1 were applied 
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intrarectally daily during DSS treatment until day 13. (B) Disease activity index (DAI) of DSS-

treated mice (DSS, black circles), DSS-treated H. polygyrus infected mice (DSS+H.poly, grey 

rectangles) and siRNA+DSS-treated H. polygyrus infected mice (DSS+H.poly+siRNA, red 

rectangles) during the course of the experiment. The graph shows data from 1 experiment. 

Statistical significance was calculated using two-way ANOVA and Bonferroni posttests 

(**, p≤ 0.01). (C) Representative tissue sections of colon samples from DSS, DSS+H. poly and 

DSS+H.poly+siRNA mice were fixed and stained with haematoxylin and eosin to show pathologic 

changes. Images show magnification at x200. (D) At day 14 colons were prepared and biopsies 

from colon samples were cultured in vitro for 6 hours in culture medium. Levels of IL-6 and CXCL1 

in the supernatants were determined by Luminex. Bars show the mean ± SEM of cytokines per 

milligram tissue from 1 experiment (DSS, n = 5; DSS+H.poly, n = 6; DSS+H.poly+siRNA, n = 5). 

Statistical significance was calculated using Mann Whitney test (*, p≤ 0.05). Adapted from Ref.25 

 

4.5.3 Treatment of a chronic retroviral infection with therapeutic CaP 

nanoparticles 

It is known that dendritic cells (DCs) excrete large quantities of type I interferons 

(IFN I) when they are activated with TLR ligands like CpG or poly(I:C). Previously, 

triple-shell CaP nanoparticles functionalized with CpG and the antigenic viral 

peptides GagL85–93 and gp70123–141 have shown to efficiently stimulate DCs in vitro 

and in vivo.228,229,230  

The in vitro stimulation of DCs with functionalized CaP nanoparticles was meant to 

clarify if they produce IFNα after they took up nanoparticles. For this, the level 

IFNα response was measured in the supernatant after 4 h of the initial treatment. 

A strong induction of IFNα secretion was detected for CaP nanoparticle-treated 

DCs, while no increase was detectable for untreated DCs or when they were 

treated with CaP nanoparticles functionalized with non-stimulatory polystyrene 

sulfonate (Figure 51 A). This means that non-stimulatory functionalized CaP 
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nanoparticles are indeed non-stimulatory in general. Furthermore, it revealed a 

direct link between particle enclosed CpG and IFN I secretion. In vivo experiments 

also showed the effective activation of DCs within 3 h hours of the initial 

treatment (data not shown). Like the in vitro immunization with CaP nanoparticles 

it was examined if the functionalized nanoparticles were able to stimulate IFN I 

secretion in vivo. Therefore, 5 h after subcutaneous vaccination the expression of 

IFN-stimulated genes (ISG) in the skin and lymph nodes was analyzed. Consistent 

with the in vitro results, the expression of IFNα and other ISGs like MX1, IRF7, and 

Usp18 was upregulated. There was no expression of ISGs in mice lacking the IFN I 

receptor (IFNAR−/−) after vaccination with stimulatory CaP nanoparticles (Figure 

51 B). The uptake of CaP nanoparticles induced a DC maturation in vivo. This 

maturation was further analyzed to see whether the induced expression of ISGs 

was responsible for this process. Thus, wild-type and IFNAR−/− mice were 

vaccinated with CaP nanoparticles containing CpG and friend virus (FV)-specific 

peptides and investigated the respective DCs of their draining lymph nodes for 

expressed co-stimulants. Both groups of mice revealed an upregulation of CD40, 

CD80, and CD86 surface proteins on DCs (Figure 52). This hints at an IFN I-

independent DC maturation upon a treatment with CaP nanoparticles. 
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Figure 51: Induction of type I interferon (IFN I) signaling by CpG functionalized calcium 

phosphate nanoparticles.  (A) CD11c+ cells were isolated from the spleen and incubated with CpG 

functionalized CaP NPs or CaP NPs functionalized with non-immunogenic polystyrene sulfonate. 

Concentrations of IFNα in cell culture supernatants were analyzed 4 h later by Luminex 

technology, n = 6. Statistical analysis was performed by ANOVA with Bonferroni’s multiple 

comparisons test (****p < 0.0001). (B) Expression of IFNα and the interferon regulated genes 

(IRF) MX1, IRF7, and Usp18 were analyzed by quantitative real-time PCR in the skin and the 

popliteal lymph node 5 h postvaccination, n = 6. The results of two independent experiments are 

shown. Bars represent mean ± SEM. Statistical analysis was performed by Student’s t-test 

(*p < 0.05; **p < 0.01). Adapted from Ref.26 



4.5.3 Treatment of a chronic retroviral infection with therapeutic CaP 
nanoparticles 

119 

 

 

Figure 52: Activation of dendritic cells is independent of type I interferon (IFN I) signaling after 

vaccination with functionalized calcium phosphate nanoparticles. C57BL/6 mice or IFNAR−/− mice 

were vaccinated subcutaneously either with phosphate- buffered saline (PBS) or CpG and FV 

peptide functionalized CaP NPs. 6 h postvaccination, mice were sacrificed and CD11chigh cells 

from the popliteal lymph node were stained for CD40 and expression of costimulatory molecules 

CD80 and CD86. The results of two independent experiments are depicted, n = 6. Data represent 

mean ± SEM. Adapted from Ref.26 

 

Additionally, the influence of expressed ISGs on the priming of anti-viral T cell 

responses was examined. Naïve wild-type and IFNAR−/− mice were immunized with 

CpG and viral peptide functionalized CaP nanoparticles in a prime-boost and 

investigated on the numbers of IFNγ producing virus-specific CD4+ and CD8+ T cells 

in the spleen. The numbers of FV-specific CD4+ and CD8+ T cells in immunized mice 

were significantly higher than in the untreated control group. Nevertheless, 

immunized IFNAR−/− mice still exhibited much lower numbers compared to wild-

type mice (Figure 53 A). This indicates an impairment in the initial T cell priming in 

IFNAR−/− mice. IFNAR−/− mice were unable to control a FV challenge infection and 

viral loads remained unchanged, whereas immunized wild-type mice proved a 

drastic decrease in viral loads (Figure 53 B). Furthermore, prophylactically 
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immunized IFNAR−/− mice showed decreased numbers of virus-specific MHC I H2-

Db tetramer+ CD8+ T cells in contrast to the immunized wild-type (Figure 53 C). 

 

Figure 53: Vaccination induced type I interferon signaling is important for sufficient protection 

against acute FV infection.  (A) C57BL/6 mice or IFNAR−/− mice were vaccinated subcutaneously 

either with phosphate-buffered saline (PBS) or CpG and FV peptide functionalized calcium 

phosphate (CaP) nanoparticles (NPs) in a prime-boost regiment. 14 days post the last 

vaccination, mice were sacrificed and splenocytes were restimulated ex vivo with 5 μg/mL of 

GagL85–93 or gp70123–141 peptide. After 24 h, the numbers of IFN-γ-producing CD4+ and CD8+ T 

cells were determined by using an ELISpot reader. The results of two independent experiments 

are depicted, n = 6. Statistical analysis was performed by ANOVA with Bonferroni’s multiple 

comparisons test (*p < 0.05; **p < 0.01). (B) Vaccinated C57BL6 mice or IFNAR−/− mice were 

challenged with FV 14 days post the last vaccination. 7 days later, mice were sacrificed and 

infectious centers (ICs) in the spleen were determined. Statistical analysis was performed by 

Student’s t-test (*p < 0.05; **p < 0.01). (C) Frequencies of tetramer+ FV-specific CD43+ CD8+ T 

cells in C57BL/6 mice or IFNAR−/− mice 7 days after FV infection. Statistical analysis was 

performed by Student’s t-test (*p < 0.05; **p < 0.01). All data represent mean ± SEM. Adapted 

from Ref.26 
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4.5.4 Summary 

The different biomedical applications of functionalized CaP nanoparticles resulted 

in an efficient cellular uptake of nanoparticles after administration to mice and 

showed promising beneficial therapeutic effects in treating pulmonary 

inflammations, inflammation derived carcinogenesis and retroviral infections. 

Gene silencing CaP nanoparticles were able to knockdown target genes specifically 

in vivo. Further, anti-viral immune responses were induced upon immunization 

with antigenic FV-derived peptides and the TLR9 ligand CpG and lead to a 

substantial reactivation of CD4+ and CD8+ T cell responses. Finally, the reactivation 

increased the elimination of infected cells during a chronic FV infection. Based on 

these results, we conclude that CaP nanoparticles are a protective vaccine against 

viral infections. By using CaP nanoparticles in the applications, it was possible to 

minimize potential harmful side-effects. This renders these nanoparticles an 

efficient tool for the delivery of immunotherapeutic molecules.  
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5. Conclusion 

This thesis covers different syntheses of CaP nanoparticles (triple-shell systems, 

silica-shelled CaP nanoparticles for surface functionalization or PLGA encapsulated 

CaP nanoparticles for gene silencing), the complete colloid-chemical and 

molecular biological characterization and possible applications of these 

nanoparticles. The investigated applications included the in vivo particle 

biodistribution of the different routes of administration, gene silencing, 

immunization and vaccination in mice, cell transfection and sub-cellular targeting 

within the process of endocytosis. 

The previously cloned plasmids were fully intact, used to transfect different cell 

lines in vitro and produced fluorescent proteins by using the T7 polymerase 

system of E. coli. The transport of BSAFAM mediated with triple-shell CaP 

nanoparticles showed fluorescent foci in cells which underwent a vesicular 

rupture and subsequently a cytoplasmic distribution. A closer look on the 

transfection of HeLa, Caco-2 and A549 cells with CaP nanoparticles loaded with a 

plasmid encoding for Tandem revealed the expected cytoplasmic distribution of 

the fluorescent fusion protein as well as the fluorescent PEIATTO490LS. Additionally, 

in context of the mentioned BSAFAM transport, the signal of PEIATTO490LS hints at the 

postulated proton sponge effect for an endolysosomal escape. Unfortunately, this 

phenomenon was not observed in the transport of the fusion protein directly 

loaded onto CaP nanoparticles. Nevertheless, the transport of the Tandem protein 

efficiently visualized the endocytic pathway. Tandem was accumulated 

significantly in lysosomes. This co-localization was analyzed using the measured 

signals of the high-resolution CLSM of HeLa cells. The biodistribution of CaP 

nanoparticles in mice was examined by applying radioisotope (68Ga) labeled 

DOTA-functionalized particles. An intravenous administration into the 
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bloodstream had the consequence of a fast systemic distribution into the lung, 

spleen, liver and subsequentially into the bone marrow and hip bones. To a lesser 

extent the radioactive signal was found in the heart, kidney and lymph nodes. The 

intramuscular, intratumoral and soft tissue administration demonstrated a local 

distribution remaining near the injection site, which is beneficial when a 

stimulation of the immune system is intended. The biomedical application of 

functionalized CaP nanoparticles in vivo proved therapeutic effects in treating 

pulmonary inflammations, inflammation-derived carcinogenesis and retroviral 

infections. Thus, CaP nanoparticles functionalized with immunotherapeutic 

molecules represent an efficient tool to target and treat diseases. Besides the 

diagnostic and therapeutic CaP nanoparticles presented in this thesis, there are 

studies on similar nanoparticular systems like polymer nanospheres, gold 

nanoparticles or functionalized dendrimers on treating hepatitis B virus (HBV),231 

herpes simplex virus 1 (HSV-1),232 and human immunodeficiency virus (HIV).233,234 

HBV infection was treated efficiently with chitosan-functionalized gene silencing 

PLGA nanocapsules.231 An approach of a prophylactic viral treatment was 

presented in mercaptoethane sulfonate BSA nanospheres which effectively 

inhibited an infection with HSV-1 by binding to the virus and blocking the cellular 

entrance.232 Another in vitro study on treating the infection with HIV-1 showed 

promising results by using glucose-coated gold nanoparticles functionalized with 

reverse-transcriptase inhibitors abacavir and lamivudine.233 It was proven that 

HIV-1 infects regulatory T cells (Treg) to impair their suppressor activity in the 

immune homeostasis. A treatment with cationic and anionic carbosilane 

dendrimers preserved the Treg cells phenotype and prevented the viral replication 

and the spread of the infection to other cells.234 
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6. Zusammenfassung 

Diese Arbeit umfasst unterschiedliche Syntheseansätze zur Herstellung von CaP-

Nanopartikeln (dreischalige Systeme, CaP-Nanopartikel mit Silica-Schale zur 

Oberflächenfunktionalisierung oder PLGA-verkapselte CaP-Nanopartikel zur 

Genstummschaltung), die vollständige kolloidchemische und molekularbiologische 

Charakterisierung und mögliche Anwendungen dieser Nanopartikel. Die 

untersuchten Anwendungen umfassten die in vivo Biodistribution der Partikel 

über verschiedene Verabreichungswege, Genstummschaltung, Immunisierung und 

Impfung bei Mäusen, Zelltransfektion und subzelluläres Targeting im Rahmen des 

Endozytoseprozesses. 

Die zuvor geklonten Plasmide waren vollständig intakt und wurden zur 

Transfektion verschiedener Zelllinien in vitro und zur massiven Produktion 

fluoreszierender Proteine unter Verwendung des T7-Polymerasesystems von 

E. coli verwendet. Der mit dreischaligen CaP-Nanopartikeln vermittelte Transport 

von BSAFAM zeigte fluoreszierende Fokusse in Zellen, die ein „Zerplatzen“ und eine 

anschließende zytoplasmatische Verteilung durchliefen. Ein genauerer Blick auf 

die Transfektion von HeLa-, Caco-2- und A549-Zellen mit CaP-Nanopartikeln, die 

mit einem für Tandem kodierenden Plasmid beladen waren, zeigte die erwartete 

zytoplasmatische Verteilung des fluoreszierenden Fusionsproteins, sowie des 

fluoreszierenden PEIATTO490LS. Im Zusammenhang mit dem erwähnten BSAFAM-

Transport deutet das Signal von PEIATTO490LS zusätzlich auf den postulierten 

Protonenschwammeffekt für ein endolysosomales Entkommen hin. Leider wurde 

dieses Phänomen beim Transport der Tandem-beladenen CaP-Nanopartikel nicht 

beobachtet. Dennoch verdeutlichte der Transport des Tandem-Proteins effizient 

den endozytären Verlauf, und Tandem akkumulierte im Laufe der Zeit signifikant 

in den Lysosomen. Diese Kolokalisierung wurde anhand der gemessenen Signale 
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mittels hochauflösender CLSM von HeLa-Zellen untersucht. Die Biodistribution von 

CaP-Nanopartikeln in Mäusen wurde durch Injektion von mit Radioisotop 

markierten (68Ga) DOTA-funktionalisierten Partikeln untersucht. Eine intravenöse 

Verabreichung in die Blutbahn hatte eine schnelle systemische Verteilung in 

Lunge, Milz, Leber und in der Folge in Knochenmark und Hüftknochen zur Folge. In 

geringerem Maße wurde das radioaktive Signal in Herz, Niere und Lymphknoten 

wiedergefunden. Die intramuskuläre, intratumorale und Weichteilverabreichung 

zeigte eine lokale Verteilung, die in der Nähe der Injektionsstelle verblieb. Dies ist 

insbesondere vorteilhaft, wenn eine Stimulation des Immunsystems beabsichtigt 

ist. Die biomedizinische Anwendung funktionalisierter CaP-Nanopartikel bewies 

begünstigende therapeutische Effekte bei der Behandlung von 

Lungenentzündungen, entzündungsbedingter Kanzerogenese und retroviralen 

Infektionen. Somit stellen CaP-Nanopartikel, die mit immuntherapeutischen 

Molekülen funktionalisiert sind, ein effizientes Mittel zur Bekämpfung und 

Behandlung von Krankheiten dar. Neben den in dieser Arbeit vorgestellten 

diagnostischen und therapeutischen CaP-Nanopartikeln, gibt es Studien ähnlicher 

nanopartikulärer Systeme wie z.B. Polymer-Nanokugeln, Gold-Nanopartikeln oder 

funktionalisierte Dendrimere zur Behandlung des Hepatitis-B-Virus (HBV),231 des 

Herpes Simplex-Virus 1 (HSV 1)232 und des humanen Immunschwäche-Virus 

(HIV).233,234 Die HBV-Infektion wurde effizient durch Genstummschaltung mittels 

Chitosan-funktionalisierter PLGA-Nanokapseln behandelt.231 Ein prophylaktischer 

Ansatz zur Virusbehandlung wurde mit Mercaptoethansulfonat-BSA-Nanosphären 

vorgestellt, die eine Infektion mit HSV-1 wirksam hemmten, indem sie an das Virus 

banden und ein zelluläres Eindringen blockierten.232 Eine weitere in vitro-Studie 

zur Behandlung der Infektion mit HIV-1 zeigte vielversprechende Ergebnisse durch 

die Verwendung von Glukose-beschichteten Goldnanopartikeln, die mit den 
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Reverse-Transkriptase-Inhibitoren Abacavir und Lamivudin funktionalisiert 

wurden.233 Es wurde nachgewiesen, dass HIV-1 regulatorische T-Zellen (Treg) 

infiziert, um deren Suppressoraktivität in der Immunhomöostase zu 

beeinträchtigen. Eine Behandlung mit kationischen und anionischen Carbosilan-

Dendrimeren erhielt den Phänotyp der Treg-Zellen, verhinderte die virale 

Replikation und die Ausbreitung der Infektion auf andere Zellen.234  



7. References 

127 

7. References 

 (1) Drexler, K. E.: Engines of Creation; Anchor Press/Doubleday, 1986. 

 (2) Feynman, R. P.: Miniaturization; Reinhold, 1961. pp. 282-96. 

 (3) Zhu, M.; Nie, G.; Meng, H.; Xia, T.; Nel, A.; Zhao, Y. Physicochemical 

Properties Determine Nanomaterial Cellular Uptake, Transport, and Fate. 

Accounts of chemical research 2013, 46, 622-631. 

 (4) Nel, A.; Xia, T.; Mädler, L.; Li, N. Toxic Potential of Materials at the 

Nanolevel. Science 2006, 311, 622-627. 

 (5) Seabra, A. B.; Durán, N. Nanotoxicology of Metal Oxide Nanoparticles. 

Metals 2015, 5, 934-975. 

 (6) Lapshin, R. V.; Alekhin, A. P.; Kirilenko, A. G.; Odintsov, S. L.; Krotkov, V. A. 

Vacuum Ultraviolet Smoothing of Nanometer-scale Asperities of Poly(methyl 

methacrylate) Surface. Journal of Surface Investigation. X-ray, Synchrotron and 

Neutron Techniques 2010, 4, 1-11. 

 (7) Pelaz, B.; del Pino, P.; Maffre, P.; Hartmann, R.; Gallego, M.; Rivera-

Fernández, S.; de la Fuente, J. M.; Nienhaus, G. U.; Parak, W. J. Surface 

Functionalization of Nanoparticles with Polyethylene Glycol: Effects on Protein 

Adsorption and Cellular Uptake. ACS Nano 2015, 9, 6996-7008. 

 (8) Hübler, A. W.; Osuagwu, O. Digital Quantum Batteries: Energy and 

Information Storage in Nanovacuum Tube Arrays. Complexity 2010, 15, 48-55. 

 (9) Kurtoglu, M. E.; Longenbach, T.; Reddington, P.; Gogotsi, Y. Effect of 

Calcination Temperature and Environment on Photocatalytic and Mechanical 

Properties of Ultrathin Sol–Gel Titanium Dioxide Films. Journal of the American 

Ceramic Society 2011, 94, 1101-1108. 

 (10) Beaumont, S. P. III–V Nanoelectronics. Microelectronic Engineering 1996, 

32, 283-295. 



7. References 

128 

 (11) Herrmann, I. K.; Schlegel, A.; Graf, R.; Schumacher, C. M.; Senn, N.; Hasler, 

M.; Gschwind, S.; Hirt, A.-M.; Günther, D.; Clavien, P.-A.; Stark, W. J.; Beck-

Schimmer, B. Nanomagnet-based Removal of Lead and Digoxin from Living Rats. 

Nanoscale 2013, 5, 8718-8723. 

 (12) Zheng, G.; Patolsky, F.; Cui, Y.; Wang, W. U.; Lieber, C. M. Multiplexed 

Electrical Detection of Cancer Markers with Nanowire Sensor Arrays. Nature 

Biotechnology 2005, 23, 1294-1301. 

 (13) Saha, K.; Agasti, S. S.; Kim, C.; Li, X.; Rotello, V. M. Gold Nanoparticles in 

Chemical and Biological Sensing. Chemical Reviews 2012, 112, 2739-2779. 

 (14) Liu, Y.; Meng, X.; Bu, W. Upconversion-based Photodynamic Cancer 

Therapy. Coordination Chemistry Reviews 2019, 379, 82-98. 

 (15) Kamaly, N.; Yameen, B.; Wu, J.; Farokhzad, O. C. Degradable Controlled-

Release Polymers and Polymeric Nanoparticles: Mechanisms of Controlling Drug 

Release. Chemical Reviews 2016, 116, 2602-2663. 

 (16) Wang, K.; Kievit, F. M.; Zhang, M. Nanoparticles for Cancer Gene Therapy: 

Recent Advances, Challenges, and Strategies. Pharmacological Research 2016, 

114, 56-66. 

 (17) Nune, S. K.; Gunda, P.; Thallapally, P. K.; Lin, Y.-Y.; Forrest, M. L.; Berkland, 

C. J. Nanoparticles for Biomedical Imaging. Expert Opin Drug Deliv 2009, 6, 1175-

1194. 

 (18) Han, X.; Xu, K.; Taratula, O.; Farsad, K. Applications of Nanoparticles in 

Biomedical Imaging. Nanoscale 2019, 11, 799-819. 

 (19) Herranz, F.; Almarza, E.; Rodríguez, I.; Salinas, B.; Rosell, Y.; Desco, M.; 

Bulte, J. W.; Ruiz-Cabello, J. The Application of Nanoparticles in Gene Therapy and 

Magnetic Resonance Imaging. Microscopy Research and Technique 2011, 74, 577-

591. 

 



7. References 

129 

 (20) Sokolova, V.; Epple, M. Inorganic Nanoparticles as Carriers of Nucleic Acids 

into Cells. Angewandte Chemie International Edition 2008, 47, 1382-1395. 

 (21) Fu, A.; Tang, R.; Hardie, J.; Farkas, M. E.; Rotello, V. M. Promises and Pitfalls 

of Intracellular Delivery of Proteins. Bioconjugate Chemistry 2014, 25, 1602-1608. 

 (22) Kopp, M.; Rotan, O.; Papadopoulos, C.; Schulze, N.; Meyer, H.; Epple, M. 

Delivery of the Autofluorescent Protein R-phycoerythrin by Calcium Phosphate 

Nanoparticles into Four Different Eukaryotic Cell Lines (HeLa, HEK293T, MG-63, 

MC3T3): Highly Efficient, but Leading to Endolysosomal Proteolysis in HeLa and 

MC3T3 Cells. PLoS One 2017, 12, e0178260. 

 (23) Rotan, O.; Severin, K. N.; Popsel, S.; Peetsch, A.; Merdanovic, M.; Ehrmann, 

M.; Epple, M. Uptake of the Proteins HTRA1 and HTRA2 by Cells Mediated by 

Calcium Phosphate Nanoparticles. Beilstein Journal of Nanotechnology 2017, 8, 

381-393. 

 (24) Frede, A.; Neuhaus, B.; Knuschke, T.; Wadwa, M.; Kollenda, S.; Klopfleisch, 

R.; Hansen, W.; Buer, J.; Bruder, D.; Epple, M.; Westendorf, A. M. Local Delivery of 

siRNA-loaded Calcium Phosphate Nanoparticles Abates Pulmonary Inflammation. 

Nanomedicine 2017, 13, 2395-2403. 

 (25) Pastille, E.; Frede, A.; McSorley, H. J.; Grab, J.; Adamczyk, A.; Kollenda, S.; 

Hansen, W.; Epple, M.; Buer, J.; Maizels, R. M.; Klopfleisch, R.; Westendorf, A. M. 

Intestinal Helminth Infection Drives Carcinogenesis in Colitis-associated Colon 

Cancer. PLoS Pathogens 2017, 13, e1006649. 

 (26) Knuschke, T.; Rotan, O.; Bayer, W.; Kollenda, S.; Dickow, J.; Sutter, K.; 

Hansen, W.; Dittmer, U.; Lang, K. S.; Epple, M.; Buer, J.; Westendorf, A. M. 

Induction of Type I Interferons by Therapeutic Nanoparticle-Based Vaccination Is 

Indispensable to Reinforce Cytotoxic CD8(+) T Cell Responses During Chronic 

Retroviral Infection. Frontiers in Immunology 2018, 9, 614. 

 (27) Dorozhkin, S. V.; Epple, M. Die Biologische und Medizinische Bedeutung von 

Calciumphosphaten. Angewandte Chemie 2002, 114, 3260-3277. 



7. References 

130 

 (28) Cosgrove, T.: Colloid Science: Principles, Methods and Applications; Wiley, 

2010. 

 (29) Dörfler, H. D.: Grenzflächen und kolloid-disperse Systeme: Physik und 

Chemie; Springer, 2002. 

 (30) Duffus John, H.; Nordberg, M.; Templeton Douglas, M.: Glossary of Terms 

Used in Toxicology, 2nd edition (IUPAC Recommendations 2007). In Pure and 

Applied Chemistry, 2007; Vol. 79; pp 1153. 

 (31) van der Meer, S. B.; Loza, K.; Wey, K.; Heggen, M.; Beuck, C.; Bayer, P.; 

Epple, M. Click Chemistry on the Surface of Ultrasmall Gold Nanoparticles (2 nm) 

for Covalent Ligand Attachment Followed by NMR Spectroscopy. Langmuir 2019, 

35, 7191-7204. 

 (32) Kopp, M. Biofunctionalisation of Calcium Phosphate Nanoparticles for 

Applications in Molecular Biology and Biomedicine. Dissertation, University of 

Duisburg-Essen, 2018. 

 (33) Russel, W. B.; Russel, W. B.; Saville, D. A.; Schowalter, W. R.: Colloidal 

Dispersions; Cambridge University Press, 1991. 

 (34) Tadros, T. F.: Nanodispersions; De Gruyter, 2016. 

 (35) Schubert, U.; Hüsing, N.: Synthesis of Inorganic Materials; 4 ed.; Wiley-VCH, 

2019. 

 (36) Kim, D.; Lee, B.; Thomopoulos, S.; Jun, Y.-S. In Situ Evaluation of Calcium 

Phosphate Nucleation Kinetics and Pathways during Intra- and Extrafibrillar 

Mineralization of Collagen Matrices. Crystal Growth & Design 2016, 16, 5359-

5366. 

 (37) Dalmônico, G. M. L.; López, E. O.; Longuinho, M. M.; Checca, N. R.; Farina, 

M.; Ersen, O.; Rossi, A. M.; Rossi, A. L. Insight by Cryo-TEM into the Growth and 

Crystallization Processes of Calcium Phosphate Nanoparticles in Aqueous Medium. 

Materials Chemistry and Physics 2019, 237, 121862. 



7. References 

131 

 (38) Wedler, G.; Freund, H. J.: Lehrbuch der Physikalischen Chemie; Wiley-VCH, 

2012. 

 (39) Lauth, G. J.; Kowalczyk, J.: Einführung in die Physik und Chemie der 

Grenzflächen und Kolloide; Springer Berlin Heidelberg, 2015. 

 (40) Acuña, A. U.; Amat-Guerri, F.; Morcillo, P.; Liras, M.; Rodríguez, B. Structure 

and Formation of the Fluorescent Compound of Lignum Nephriticum. Organic 

Letters 2009, 11, 3020-3023. 

 (41) Stokes, G. G. On the Change of Refrangibility of Light. Philosophical 

Transactions of the Royal Society of London 1852, 142, 463-562. 

 (42) Saurabh, S.; Vidyarthi, A. S.; Prasad, D. RNA Interference: Concept to Reality 

in Crop Improvement. Planta 2014, 239, 543-564. 

 (43) Hendel, A.; Bak, R. O.; Clark, J. T.; Kennedy, A. B.; Ryan, D. E.; Roy, S.; 

Steinfeld, I.; Lunstad, B. D.; Kaiser, R. J.; Wilkens, A. B.; Bacchetta, R.; Tsalenko, A.; 

Dellinger, D.; Bruhn, L.; Porteus, M. H. Chemically Modified Guide RNAs Enhance 

CRISPR-Cas Genome Editing in Human Primary Cells. Nature Biotechnology 2015, 

33, 985-989. 

 (44) Heidenreich, M.; Zhang, F. Applications of CRISPR-Cas Systems in 

Neuroscience. Nature Reviews: Neuroscience 2016, 17, 36-44. 

 (45) Dalby, B.; Cates, S.; Harris, A.; Ohki, E. C.; Tilkins, M. L.; Price, P. J.; 

Ciccarone, V. C. Advanced Transfection with Lipofectamine 2000 Reagent: Primary 

Neurons, siRNA, and High-throughput Applications. Methods 2004, 33, 95-103. 

 (46) Fischer, D.; von Harpe, A.; Kunath, K.; Petersen, H.; Li, Y.; Kissel, T. 

Copolymers of Ethylene Imine and N-(2-Hydroxyethyl)-ethylene Imine as Tools to 

Study Effects of Polymer Structure on Physicochemical and Biological Properties of 

DNA Complexes. Bioconjugate Chemistry 2002, 13, 1124-1133. 

 (47) Graham, F. L.; van der Eb, A. J. A New Technique for the Assay of Infectivity 

of Human Adenovirus 5 DNA. Virology 1973, 52, 456-467. 



7. References 

132 

 (48) Sandhu, K. K.; McIntosh, C. M.; Simard, J. M.; Smith, S. W.; Rotello, V. M. 

Gold Nanoparticle-Mediated Transfection of Mammalian Cells. Bioconjugate 

Chemistry 2002, 13, 3-6. 

 (49) Sokolova, V. V.; Radtke, I.; Heumann, R.; Epple, M. Effective Transfection of 

Cells with Multi-shell Calcium Phosphate-DNA Nanoparticles. Biomaterials 2006, 

27, 3147-3153. 

 (50) Kafri, M.; Metzl-Raz, E.; Jona, G.; Barkai, N. The Cost of Protein Production. 

Cell Reports 2016, 14, 22-31. 

 (51) Berg, J. M.; Held, A.; Stryer, L.; Lange, C.; Mahlke, K.; Maxam, G.; Seidler, L.; 

Zellerhoff, N.; Häcker, B.; Jarosch, B.: Stryer Biochemie; Springer Berlin Heidelberg, 

2012. 

 (52) Travis, J.: Breakthrough of the Year: CRISPR Makes the Cut. American 

Association for the Advancement of Science: Science Magazine, 2015. 

 (53) Ledford, H. CRISPR, the Disruptor. Nature 2015, 522, 20-24. 

 (54) Foley, K. E.: Chinese Scientists Used CRISPR Gene Editing on 86 Human 

Patients. QUARTZ, 2018. 

 (55) Jinek, M.; Chylinski, K.; Fonfara, I.; Hauer, M.; Doudna, J. A.; Charpentier, E. 

A Programmable Dual-RNA–Guided DNA Endonuclease in Adaptive Bacterial 

Immunity. Science 2012, 337, 816. 

 (56) Rosenberg, S. A.; Aebersold, P.; Cornetta, K.; Kasid, A.; Morgan, R. A.; Moen, 

R.; Karson, E. M.; Lotze, M. T.; Yang, J. C.; Topalian, S. L.; Merino, M. J.; Culver, K.; 

Miller, A. D.; Blaese, R. M.; Anderson, W. F. Gene Transfer into Humans — 

Immunotherapy of Patients with Advanced Melanoma, Using Tumor-Infiltrating 

Lymphocytes Modified by Retroviral Gene Transduction. New England Journal of 

Medicine 1990, 323, 570-578. 

 (57) Wilson, J. M. Gendicine: The First Commercial Gene Therapy Product; 

Chinese Translation of Editorial. Human Gene Therapy 2005, 16, 1014-1015. 



7. References 

133 

 (58) Stroes, E. S.; Nierman, M. C.; Meulenberg, J. J.; Franssen, R.; Twisk, J.; 

Henny, C. P.; Maas, M. M.; Zwinderman, A. H.; Ross, C.; Aronica, E.; High, K. A.; 

Levi, M. M.; Hayden, M. R.; Kastelein, J. J.; Kuivenhoven, J. A. Intramuscular 

Administration of AAV1-Lipoprotein Lipase S447X Lowers Triglycerides in 

Lipoprotein Lipase Deficient Patients. Arteriosclerosis, Thrombosis, and Vascular 

Biology 2008, 28, 2303-2304. 

 (59) (FDA), U. S. F. a. D. A.: FDA Approves Innovative Gene Therapy to Treat 

Pediatric Patients with Spinal Muscular Atrophy, a Rare Disease and Leading 

Genetic Cause of Infant Mortality. 2019. 

 (60) Freitas, R. A.: Nanomedicine; S. Karger AG, 2004. 

 (61) Freitas, R. A., Jr. What is Nanomedicine? Nanomedicine 2005, 1, 2-9. 

 (62) Ranganathan, R.; Madanmohan, S.; Kesavan, A.; Baskar, G.; Krishnamoorthy, 

Y. R.; Santosham, R.; Ponraju, D.; Rayala, S. K.; Venkatraman, G. Nanomedicine: 

Towards Development of Patient-friendly Drug-delivery Systems for Oncological 

Applications. Int J Nanomedicine 2012, 7, 1043-1060. 

 (63) Cullis, T. M. A. a. P. R. Drug Delivery Systems: Entering the Mainstream. 

Science 2004, 303 5665, 1818-1822. 

 (64) Chu, K. S.; Hasan, W.; Rawal, S.; Walsh, M. D.; Enlow, E. M.; Luft, J. C.; 

Bridges, A. S.; Kuijer, J. L.; Napier, M. E.; Zamboni, W. C.; DeSimone, J. M. Plasma, 

Tumor and Tissue Pharmacokinetics of Docetaxel Delivered via Nanoparticles of 

Different Sizes and Shapes in Mice Bearing SKOV-3 Human Ovarian Carcinoma 

Xenograft. Nanomedicine : Nanotechnology, Biology, and Medicine 2013, 9, 686-

693. 

 (65) Nagy, Z. K.; Balogh, A.; Vajna, B.; Farkas, A.; Patyi, G.; Kramarics, Á.; Marosi, 

G. Comparison of Electrospun and Extruded Soluplus®-Based Solid Dosage Forms 

of Improved Dissolution. Journal of Pharmaceutical Sciences 2012, 101, 322-332. 

 



7. References 

134 

 (66) Stendahl, J. C.; Sinusas, A. J. Nanoparticles for Cardiovascular Imaging and 

Therapeutic Delivery, Part 2: Radiolabeled Probes. Journal of Nuclear Medicine 

2015, 56, 1637-1641. 

 (67) Seleci, M.; Ag Seleci, D.; Joncyzk, R.; Stahl, F.; Blume, C.; Scheper, T.: Smart 

Multifunctional Nanoparticles in Nanomedicine. In BioNanoMaterials, 2016; Vol. 

17; pp 33. 

 (68) Aw Yong, P. Y.; Gan, P.; Sasmita, A.; Mak, S. T.; Ling, A. Nanoparticles as 

Carriers of Phytochemicals: Recent Applications Against Lung Cancer. International 

Journal of Research in Biomedicine and Biotechnology 2018, 7, 1-11. 

 (69) Pérez-Herrero, E.; Fernández-Medarde, A. Advanced Targeted Therapies in 

Cancer: Drug Nanocarriers, the Future of Chemotherapy. European Journal of 

Pharmaceutics and Biopharmaceutics 2015, 93, 52-79. 

 (70) He, J.; Li, C.; Ding, L.; Huang, Y.; Yin, X.; Zhang, J.; Zhang, J.; Yao, C.; Liang, 

M.; Pirraco, R. P.; Chen, J.; Lu, Q.; Baldridge, R.; Zhang, Y.; Wu, M.; Reis, R. L.; 

Wang, Y. Tumor Targeting Strategies of Smart Fluorescent Nanoparticles and Their 

Applications in Cancer Diagnosis and Treatment. Advanced materials 2019, 31, 

e1902409. 

 (71) Chernousova, S.; Epple, M. Live-cell Imaging to Compare the Transfection 

and Gene Silencing Efficiency of Calcium Phosphate Nanoparticles and a Liposomal 

Transfection Agent. Gene Therapy 2017, 24, 282-289. 

 (72) Bertrand, N.; Leroux, J.-C. The Journey of a Drug-carrier in the Body: An 

Anatomo-physiological Perspective. Journal of Controlled Release 2012, 161, 152-

163. 

 (73) Li, S.-D.; Huang, L. Pharmacokinetics and Biodistribution of Nanoparticles. 

Molecular Pharmaceutics 2008, 5, 496-504. 

 

 



7. References 

135 

 (74) Ritz, S.; Schöttler, S.; Kotman, N.; Baier, G.; Musyanovych, A.; Kuharev, J.; 

Landfester, K.; Schild, H.; Jahn, O.; Tenzer, S.; Mailänder, V. Protein Corona of 

Nanoparticles: Distinct Proteins Regulate the Cellular Uptake. Biomacromolecules 

2015, 16, 1311-1321. 

 (75) Brannon-Peppas, L.; Blanchette, J. O. Nanoparticle and Targeted Systems for 

Cancer Therapy. Advanced drug delivery reviews 2004, 56, 1649-1659. 

 (76) Soo Choi, H.; Liu, W.; Misra, P.; Tanaka, E.; Zimmer, J. P.; Itty Ipe, B.; 

Bawendi, M. G.; Frangioni, J. V. Renal Clearance of Quantum Dots. Nature 

Biotechnology 2007, 25, 1165-1170. 

 (77) Alberts, B.: Molecular Biology of the Cell; CRC Press, 2017. 

 (78) Rieger, R.; Michaelis, A.; Green, M. M.: Glossary of Genetics: Classical and 

Molecular; Springer Berlin Heidelberg, 2012. 

 (79) Falcone, S.; Cocucci, E.; Podini, P.; Kirchhausen, T.; Clementi, E.; Meldolesi, J. 

Macropinocytosis: Regulated Coordination of Endocytic and Exocytic Membrane 

Traffic Events. Journal of Cell Science 2006, 119, 4758-4769. 

 (80) McMahon, H. T.; Boucrot, E. Molecular Mechanism and Physiological 

Functions of Clathrin-mediated Endocytosis. Nature Reviews Molecular Cell 

Biology 2011, 12, 517-533. 

 (81) Marsh, M.; McMahon, H. T. The Structural Era of Endocytosis. Science 1999, 

285, 215-220. 

 (82) Parton, R. G.; Simons, K. The Multiple Faces of Caveolae. Nature Reviews 

Molecular Cell Biology 2007, 8, 185-194. 

 (83) Mellman, I. Endocytosis and Molecular Sorting. Annual Review of Cell and 

Developmental Biology 1996, 12, 575-625. 

 (84) Mukherjee, S.; Ghosh, R. N.; Maxfield, F. R. Endocytosis. Physiological 

Reviews 1997, 77, 759-803. 



7. References 

136 

 (85) Stoorvogel, W.; Strous, G. J.; Geuze, H. J.; Oorschot, V.; Schwartz, A. L. Late 

Endosomes Derive from Early Endosomes by Maturation. Cell 1991, 65, 417-427. 

 (86) Keiser, H.; Weissmann, G.; Bernheimer, A. W. Studies on Lysosomes. IV. 

Solubilization of Enzymes During Mitochondrial Swelling and Disruption of 

Lysosomes by Streptolysin S and other Hemolytic Agents. J Cell Biol 1964, 22, 101-

113. 

 (87) Xu, H.; Ren, D. Lysosomal Physiology. Annual Review of Physiology 2015, 77, 

57-80. 

 (88) Gruenberg, J.; Maxfield, F. R. Membrane Transport in the Endocytic 

Pathway. Current Opinion in Cell Biology 1995, 7, 552-563. 

 (89) Luzio, J. P.; Rous, B. A.; Bright, N. A.; Pryor, P. R.; Mullock, B. M.; Piper, R. C. 

Lysosome-endosome Fusion and Lysosome Biogenesis. Journal of Cell Science 

2000, 113 ( Pt 9), 1515-1524. 

 (90) Finlay, B. B.; McFadden, G. Anti-Immunology: Evasion of the Host Immune 

System by Bacterial and Viral Pathogens. Cell 2006, 124, 767-782. 

 (91) Ursell, L. K.; Metcalf, J. L.; Parfrey, L. W.; Knight, R. Defining the Human 

Microbiome. Nutr Rev 2012, 70 Suppl 1, S38-S44. 

 (92) Hansson, G. K.; Edfeldt, K. Toll to be Paid at the Gateway to the Vessel Wall. 

Arteriosclerosis, Thrombosis, and Vascular Biology 2005, 25, 1085-1087. 

 (93) Mahla, R. S.; Reddy, M. C.; Prasad, D. V. R.; Kumar, H. Sweeten PAMPs: Role 

of Sugar Complexed PAMPs in Innate Immunity and Vaccine Biology. Frontiers in 

Immunology 2013, 4, 248-248. 

 (94) Takeuchi, O.; Akira, S. Pattern Recognition Receptors and Inflammation. Cell 

2010, 140, 805-820. 

 



7. References 

137 

 (95) Voskoboinik, I.; Whisstock, J. C.; Trapani, J. A. Perforin and Granzymes: 

Function, Dysfunction and Human Pathology. Nature Reviews Immunology 2015, 

15, 388-400. 

 (96) Kaieda, T.; Okada, M.; Yoshimura, N.; Kishimoto, S.; Yamamura, Y.; 

Kishimoto, T. A Human Helper T Cell Clone Secreting Both Killer Helper Factor(s) 

and T Cell-replacing Factor(s). The Journal of Immunology 1982, 129, 46. 

 (97) Embgenbroich, M.; Burgdorf, S. Current Concepts of Antigen Cross-

Presentation. Frontiers in Immunology 2018, 9. 

 (98) Klionsky, D. J.; Abdelmohsen, K.; Abe, A.; Abedin, M. J.; Abeliovich, H.; 

Acevedo Arozena, A.; Adachi, H.; Adams, C. M.; Adams, P. D.; Adeli, K.; Adhihetty, 

P. J.; Adler, S. G.; Agam, G.; Agarwal, R.; Aghi, M. K.; Agnello, M.; Agostinis, P.; 

Aguilar, P. V.; Aguirre-Ghiso, J.; Airoldi, E. M.; Ait-Si-Ali, S.; Akematsu, T.; 

Akporiaye, E. T.; Al-Rubeai, M.; Albaiceta, G. M.; Albanese, C.; Albani, D.; Albert, 

M. L.; Aldudo, J.; Algul, H.; Alirezaei, M.; Alloza, I.; Almasan, A.; Almonte-Beceril, 

M.; Alnemri, E. S.; Alonso, C.; Altan-Bonnet, N.; Altieri, D. C.; Alvarez, S.; Alvarez-

Erviti, L.; Alves, S.; Amadoro, G.; Amano, A.; Amantini, C.; Ambrosio, S.; Amelio, I.; 

Amer, A. O.; Amessou, M.; Amon, A.; An, Z.; Anania, F. A.; Andersen, S. U.; Andley, 

U. P.; Andreadi, C. K.; Andrieu-Abadie, N.; Anel, A.; Ann, D. K.; Anoopkumar-Dukie, 

S.; Antonioli, M.; Aoki, H.; Apostolova, N.; Aquila, S.; Aquilano, K.; Araki, K.; Arama, 

E.; Aranda, A.; Araya, J.; Arcaro, A.; Arias, E.; Arimoto, H.; Ariosa, A. R.; Armstrong, 

J. L.; Arnould, T.; Arsov, I.; Asanuma, K.; Askanas, V.; Asselin, E.; Atarashi, R.; 

Atherton, S. S.; Atkin, J. D.; Attardi, L. D.; Auberger, P.; Auburger, G.; Aurelian, L.; 

Autelli, R.; Avagliano, L.; Avantaggiati, M. L.; Avrahami, L.; Awale, S.; Azad, N.; 

Bachetti, T.; Backer, J. M.; Bae, D. H.; Bae, J. S.; Bae, O. N.; Bae, S. H.; Baehrecke, E. 

H.; Baek, S. H.; Baghdiguian, S.; Bagniewska-Zadworna, A. Guidelines for the Use 

and Interpretation of Assays for Monitoring Autophagy (3rd edition). Autophagy 

2016, 12, 1-222. 

 (99) Kozlova, D.; Chernousova, S.; Knuschke, T.; Buer, J.; Westendorf, A. M.; 

Epple, M. Cell Targeting by Antibody-functionalized Calcium Phosphate 

Nanoparticles. Journal of Materials Chemistry 2012, 22, 396-404. 

 



7. References 

138 

 (100) Stöber, W.; Fink, A.; Bohn, E. Controlled Growth of Monodisperse Silica 

Spheres in the Micron Size Range. Journal of Colloid and Interface Science 1968, 

26, 62-69. 

 (101) Dördelmann, G.; Kozlova, D.; Karczewski, S.; Lizio, R.; Knauer, S.; Epple, M. 

Calcium Phosphate Increases the Encapsulation Efficiency of Hydrophilic Drugs 

(Proteins, Nucleic Acids) into Poly(D,L-Lactide-co-glycolide Acid) Nanoparticles for 

Intracellular Delivery. Journal of Materials Chemistry B 2014, 2, 7250-7259. 

 (102) S. G. Lipson, H. L. a. D. S. T.: Optical Physics; 3rd ed ed.; Cambridge 

University Press: Cambridge, U.K. ; New York, N.Y, 1995. 

 (103) Macherauch, E.; Zoch, H. W.: Praktikum in Werkstoffkunde: 95 ausführliche 

Versuche aus wichtigen Gebieten der Werkstofftechnik; Springer Fachmedien 

Wiesbaden, 2014. 

 (104) Hawkes, P. W.; Spence, J. C. H.: Science of Microscopy; Springer, 2008. 

 (105) Niederauer, K.; Schäfer, W. Das Rasterelektronenmikroskop. Physik in 

unserer Zeit 1985, 16, 180-190. 

 (106) McMullan, D. Scanning Electron Microscopy 1928–1965. Scanning 1995, 17, 

175-185. 

 (107) (ISO), I. O. f. S.: International Standard ISO22412 Particle Size Analysis — 

Dynamic Light Scattering (DLS). 2017. 

 (108) Bienz, S.; Bigler, L.; Fox, T.; Meier, H.; Hesse, M.; Zeeh, B.: Spektroskopische 

Methoden in der organischen Chemie; Georg Thieme Verlag, 2016. 

 (109) Cammann, K.: Instrumentelle Analytische Chemie: Verfahren, Anwendungen, 

Qualitätssicherung; Spektrum Akademischer Verlag, 2010. 

 (110) Mullis, K. B. The Unusual Origin of the Polymerase Chain Reaction. Scientific 

American 1990, 262, 56-65. 



7. References 

139 

 (111) Watson, J. D.; Richard M. Myers, J. W. J. D. W. A. A. C.; D, W. J.; Caudy, A. A.; 

Myers, R. M.; Myers, U. R. M.; Witkowski, J. A.: Recombinant DNA: Genes and 

Genomes: A Short Course; W. H. Freeman, 2007. 

 (112) Glick, B. R.; Pasternak, J. J.: Molecular Biotechnology: Principles and 

Applications of Recombinant DNA; ASM Press, 2003. 

 (113) Tirabassi, R. Foundations of Molecular Cloning - Past, Present and 

Future[Online early access]2014. https://www.neb.com/tools-and-

resources/feature-articles/foundations-of-molecular-cloning-past-present-and-

future. 

 (114) Follo, C.; Isidoro, C. A Fast and Simple Method for Simultaneous Mixed Site-

specific Mutagenesis of a Wide Coding Sequence. Biotechnology and Applied 

Biochemistry 2008, 49, 175-183. 

 (115) Schleif, R. F.: Genetics and Molecular Biology; Johns Hopkins University 

Press, 1993. 

 (116) Sambrook, J.; Russell, D. W.: The Condensed Protocols from Molecular 

Cloning : a Laboratory Manual; Cold Spring Harbor Laboratory Press, 2006. 

 (117) Jacob, F.; Monod, J. Genetic Regulatory Mechanisms in the Synthesis of 

Proteins. Journal of Molecular Biology 1961, 3, 318-356. 

 (118) Jeffrey H. Miller; Griffiths, A. J. F.; Wessler, S. R.; Lewontin, R. C.; Gelbart, W. 

M.; Suzuki, D. T.; Miller, J. H.; Suzuki, U. D. T.: An Introduction to Genetic Analysis; 

W. H. Freeman, 2005. 

 (119) Trun, N.; Trempy, J.: Fundamental Bacterial Genetics; Wiley, 2009. 

 (120) Beck-Sickinger, A.; Solodkoff, C.; Lottspeich, F.; Zorbas, H.; Domdey, H.; 

Eckerskorn, C.; Engelhardt, H.; Ficner, R.; Görg, A.; Haberhausen, G.: Bioanalytik; 

Spektrum Akademischer Verlag, 1998. 

 



7. References 

140 

 (121) Rehm, H.; Letzel, T.: Der Experimentator: Proteinbiochemie/Proteomics; 

Spektrum Akademischer Verlag, 2009. 

 (122) Detection of Protein-protein Interactions Using the GST Fusion Protein Pull-

down Technique. Nature Methods 2004, 1, 275-276. 

 (123) Laemmli, U. K. Cleavage of Structural Proteins During the Assembly of the 

Head of Bacteriophage T4. Nature 1970, 227, 680-685. 

 (124) Scherer, W. F.; Syverton, J. T.; Gey, G. O. Studies on the Propagation In Vitro 

of Poliomyelitis Viruses. IV. Viral Multiplication in a Stable Strain of Human 

Malignant Epithelial Cells (Strain HeLa) Derived from an Epidermoid Carcinoma of 

the Cervix. J Exp Med 1953, 97, 695-710. 

 (125) Giard, D. J.; Aaronson, S. A.; Todaro, G. J.; Arnstein, P.; Kersey, J. H.; Dosik, 

H.; Parks, W. P. In Vitro Cultivation of Human Tumors: Establishment of Cell Lines 

Derived From a Series of Solid Tumors. Journal of the National Cancer Institute 

1973, 51, 1417-1423. 

 (126) Pegg, D. E. Viability Assays for Preserved Cells, Tissues, and Organs. 

Cryobiology 1989, 26, 212-231. 

 (127) Stockert, J. C.; Horobin, R. W.; Colombo, L. L.; Blázquez-Castro, A. 

Tetrazolium Salts and Formazan Products in Cell Biology: Viability Assessment, 

Fluorescence Imaging, and Labeling Perspectives. Acta Histochem 2018, 120, 159-

167. 

 (128) Mosmann, T. Rapid Colorimetric Assay for Cellular Growth and Survival: 

Application to Proliferation and Cytotoxicity Assays. Journal of Immunological 

Methods 1983, 65, 55-63. 

 (129) Stockert, J. C.; Blázquez-Castro, A.: Fluorescence Microscopy in Life Sciences; 

Bentham Science Publishers, 2017. 

 (130) Pawley, J.: Handbook of Biological Confocal Microscopy; Springer US, 2006. 



7. References 

141 

 (131) Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; 

Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid, B.; Tinevez, J. Y.; White, 

D. J.; Hartenstein, V.; Eliceiri, K.; Tomancak, P.; Cardona, A. Fiji: An Open-source 

Platform for Biological-image Analysis. Nature Methods 2012, 9, 676-682. 

 (132) Lotufo, R.; Falcao, A.: The Ordered Queue and the Optimality of the 

Watershed Approaches. In Mathematical Morphology and its Applications to 

Image and Signal Processing; Goutsias, J., Vincent, L., Bloomberg, D. S., Eds.; 

Springer US: Boston, MA, 2000; pp 341-350. 

 (133) Bailey, D. L.; Townsend, D. W.; Valk, P. E.; Maisey, M. N.: Positron Emission 

Tomography: Basic Sciences; Springer London, 2005. 

 (134) Aanei, I. L.; ElSohly, A. M.; Farkas, M. E.; Netirojjanakul, C.; Regan, M.; 

Murphy, S. T.; O'Neil, J. P.; Seo, Y.; Francis, M. B. Biodistribution of Antibody-MS2 

Viral Capsid Conjugates in Breast Cancer Models. Molecular Pharmaceutics 2016, 

13, 3764-3772. 

 (135) Liu, Q. F.; Zhou, M.; Li, P. L.; Ku, G.; Huang, G.; Li, C.; Song, S. L. (CuS)-Cu-64-

labeled Nanoparticles: A New Sentinel-lymph-node-mapping Agent for PET-CT and 

Photoacoustic Tomography. Contrast Media & Molecular Imaging 2016, 11, 475-

481. 

 (136) Luehmann, H. P.; Detering, L.; Fors, B. P.; Pressly, E. D.; Woodard, P. K.; 

Randolph, G. J.; Gropler, R. J.; Hawker, C. J.; Liu, Y. J. PET/CT Imaging of Chemokine 

Receptors in Inflammatory Atherosclerosis Using Targeted Nanoparticles. Journal 

of Nuclear Medicine 2016, 57, 1124-1129. 

 (137) Voulgari, E.; Bakandritsos, A.; Galtsidis, S.; Zoumpourlis, V.; Burke, B. P.; 

Clemente, G. S.; Cawthorne, C.; Archibald, S. J.; Tucek, J.; Zboril, R.; Kantarelou, V.; 

Karydas, A. G.; Avgoustakis, K. Synthesis, Characterization and In Vivo Evaluation 

of a Magnetic Cisplatin Delivery Nanosystem Based on PMAA-graft-PEG 

Copolymers. Journal of Controlled Release 2016, 243, 342-356. 

 



7. References 

142 

 (138) Zhang, J.; Hao, G. Y.; Yao, C. F.; Yu, J. N.; Wang, J.; Yang, W. T.; Hu, C. H.; 

Zhang, B. B. Albumin-mediated Biomineralization of Paramagnetic NIR Ag2S QDs 

for Tiny Tumor Bimodal Targeted Imaging In Vivo. ACS applied materials & 

interfaces 2016, 8, 16612-16621. 

 (139) Polyak, A.; Nagy, L. N.; Mihaly, J.; Gorres, S.; Wittneben, A.; Leiter, I.; 

Bankstahl, J. P.; Sajti, L.; Kellermayer, M.; Zrinyi, M.; Ross, T. L. Preparation and Ga-

68-radiolabeling of Porous Zirconia Nanoparticle Platform for PET/CT-imaging 

Guided Drug Delivery. Journal of Pharmaceutical and Biomedical Analysis 2017, 

137, 146-150. 

 (140) Gao, X. L.; Guo, L. H.; Li, J. Q.; Thu, H. E.; Hussain, Z. Nanomedicines Guided 

Nanoimaging Probes and Nanotherapeutics for Early Detection of Lung Cancer and 

Abolishing Pulmonary Metastasis: Critical Appraisal of Newer Developments and 

Challenges to Clinical Transition. Journal of Controlled Release 2018, 292, 29-57. 

 (141) Konopka, C. J.; Wozniak, M.; Hedhli, J.; Ploska, A.; Schwartz-Duval, A.; 

Siekierzycka, A.; Pan, D.; Munirathinam, G.; Dobrucki, I. T.; Kalinowski, L.; 

Dobrucki, L. W. Multimodal Imaging of the Receptor for Advanced Glycation End-

products with Molecularly Targeted Nanoparticles. Theranostics 2018, 8, 5012-

5024. 

 (142) Viola-Villegas, N.; Doyle, R. P. The coordination chemistry of 1,4,7,10-

tetraazacyclododecane-N,N′,N″,N′″-tetraacetic acid (H4DOTA): Structural 

overview and analyses on structure–stability relationships. Coord. Chem. Rev. 

2009, 253, 1906-1925. 

 (143) Volkert, W. A.; Hoffman, T. J. Therapeutic radiopharmaceuticals. Chem. Rev. 

1999, 99, 2269-2292. 

 (144) Wu, Y.; Wang, W.; Chen, Y.; Huang, K.; Shuai, X.; Chen, Q.; Li, X.; Lian, G. The 

Investigation of Polymer-siRNA Nanoparticle for Gene Therapy of Gastric Cancer In 

Vitro. Int J Nanomedicine 2010, 5, 129-136. 

 



7. References 

143 

 (145) Bauer, M.; Kristensen, B. W.; Meyer, M.; Gasser, T.; Widmer, H. R.; Zimmer, 

J.; Ueffing, M. Toxic Effects of Lipid-mediated Gene Transfer in Ventral 

Mesencephalic Explant Cultures. Basic & Clinical Pharmacology & Toxicology 2006, 

98, 395-400. 

 (146) Benjaminsen, R. V.; Mattebjerg, M. A.; Henriksen, J. R.; Moghimi, S. M.; 

Andresen, T. L. The Possible "Proton Sponge " Effect of Polyethylenimine (PEI) 

does not Include Change in Lysosomal pH. Mol Ther 2013, 21, 149-157. 

 (147) Kollenda, S.; Kopp, M.; Wens, J.; Koch, J.; Schulze, N.; Papadopoulos, C.; 

Pöhler, R.; Meyer, H.; Epple, M. A pH-sensitive Fluorescent Protein Sensor to 

Follow the Pathway of Calcium Phosphate Nanoparticles into Cells. Acta 

Biomaterialia 2020. 

 (148) Campbell, R. E.; Tour, O.; Palmer, A. E.; Steinbach, P. A.; Baird, G. S.; 

Zacharias, D. A.; Tsien, R. Y. A Monomeric Red Fluorescent Protein. Proc Natl Acad 

Sci U S A 2002, 99, 7877-7882. 

 (149) Brendan P. Cormack, R. H. V., Stanley Falkow. FACS-optimized Mutants of 

the Green Fluorescent Protein (GFP). Gene 1996, 173, 33-38. 

 (150) Kimura, S.; Noda, T.; Yoshimori, T. Dissection of the autophagosome 

maturation process by a novel reporter protein, tandem fluorescent-tagged LC3. 

Autophagy 2007, 3, 452-460. 

 (151) Bajar, B. T.; Wang, E. S.; Zhang, S.; Lin, M. Z.; Chu, J. A Guide to Fluorescent 

Protein FRET Pairs. Sensors 2016, 16, 1488. 

 (152) Hillesheim, L. N.; Chen, Y.; Müller, J. D. Dual-color Photon Counting 

Histogram Analysis of mRFP1 and eGFP in Living Cells. Biophys J 2006, 91, 4273-

4284. 

 (153) Peter, M.; Ameer-Beg, S. M.; Hughes, M. K. Y.; Keppler, M. D.; Prag, S.; 

Marsh, M.; Vojnovic, B.; Ng, T. K. Multiphoton-FLIM Quantification of the eGFP-

mRFP1 FRET Pair for Localization of Membrane Receptor-kinase Interactions. 

Biophys J 2005, 88, 1224-1237. 



7. References 

144 

 (154) Haupts, U.; Maiti, S.; Schwille, P.; Webb, W. W. Dynamics of Fluorescence 

Fluctuations in Green Fluorescent Protein Observed by Fluorescence Correlation 

Spectroscopy. Proc Natl Acad Sci U S A 1998, 95, 13573-13578. 

 (155) Scharnagl, C.; Raupp-Kossmann, R. A. Solution pKa Values of the Green 

Fluorescent Protein Chromophore from Hybrid Quantum-Classical Calculations. 

The Journal of Physical Chemistry B 2004, 108, 477-489. 

 (156) Kneen, M.; Farinas, J.; Li, Y.; Verkman, A. S. Green fluorescent protein as a 

noninvasive intracellular pH indicator. Biophys. J. 1998, 74, 1591-1599. 

 (157) Bizzarri, R.; Serresi, M.; Luin, S.; Beltram, F. Green fluorescent protein based 

pH indicators for in vivo use: a review. Anal. Bioanal.Chem. 2008, 393, 1107. 

 (158) Chattoraj, M.; King, B. A.; Bublitz, G. U.; Boxer, S. G. Ultra-fast excited state 

dynamics in green fluorescent protein: multiple states and proton transfer. Proc. 

Nat. Acad. Sci. USA 1996, 93, 8362-8367. 

 (159) Feliu, N.; Sun, X.; Alvarez Puebla, R. A.; Parak, W. J. Quantitative Particle–

cell Interaction: Some Basic Physicochemical Pitfalls. Langmuir 2017, 33, 6639-

6646. 

 (160) Messerschmidt, C.; Hofmann, D.; Kroeger, A.; Landfester, K.; Mailänder, V.; 

Lieberwirth, I. On the Pathway of Cellular Uptake: New Insight into the Interaction 

Between the Cell Membrane and Very Small Nanoparticles. Beilstein Journal of 

Nanotechnology 2016, 7, 1296-1311. 

 (161) Shang, L.; Nienhaus, K.; Jiang, X.; Yang, L.; Landfester, K.; Mailänder, V.; 

Simmet, T.; Nienhaus, G. U. Nanoparticle Interactions with Live Cells: Quantitative 

Fluorescence Microscopy of Nanoparticle Size Effects. Beilstein Journal of 

Nanotechnology 2014, 5, 2388-2397. 

 (162) Treuel, L.; Jiang, C.; Nienhaus, G. U. New Views on Cellular Uptake and 

Trafficking of Manufactured Nanoparticles. Journal of the Royal Society Interface 

2013, 10, 20120939. 



7. References 

145 

 (163) Urch, H.; Vallet-Regi, M.; Ruiz, L.; Gonzalez-Calbet, J. M.; Epple, M. Calcium 

Phosphate Nanoparticles with Adjustable Dispersability and Crystallinity. Journal 

of Materials Chemistry 2009, 19, 2166-2171. 

 (164) Rojas-Sánchez, L.; Sokolova, V.; Riebe, S.; Voskuhl, J.; Epple, M. Covalent 

Surface Functionalization of Calcium Phosphate Nanoparticles with Fluorescent 

Dyes by Copper-catalysed and by Strain-promoted Azide-alkyne Click Chemistry. 

Chemistry of Nanomaterials for Energy, Biology and More 2019, 5, 436-446. 

 (165) Rojas-Sanchez, L.; Zhang, E.; Sokolova, V.; Zhong, M.; Yan, H.; Lu, M.; Li, L.; 

Yan, H.; Epple, M. Genetic Immunization Against Hepatitis B Virus with Calcium 

Phosphate Nanoparticles In Vitro and In Vivo. Acta Biomaterialia 2020, (accepted). 

 (166) Kopp, M.; Rotan, O.; Papadopoulos, C.; Schulze, N.; Meyer, H.; Epple, M. 

Delivery of the autofluorescent protein R-phycoerythrin by calcium phosphate 

nanoparticles into four different eukaryotic cell lines (HeLa, HEK293T, MG-63, 

MC3T3): Highly efficient, but leading to endolysosomal proteolysis in HeLa and 

MC3T3 cells. PLoS One 2017, 12, e0178260. 

 (167) Sokolova, V.; Kozlova, D.; Knuschke, T.; Buer, J.; Westendorf, A. M.; Epple, 

M. Mechanism of the uptake of cationic and anionic calcium phosphate 

nanoparticles by cells. Acta Biomater. 2013, 9, 7527-7535. 

 (168) Rotan, O.; Severin, K. N.; Pöpsel, S.; Peetsch, A.; Merdanovic, M.; Ehrmann, 

M.; Epple, M. Uptake of the proteins HTRA1 and HTRA2 by cells mediated by 

calcium phosphate nanoparticles. Beilstein J. Nanotechnol. 2017, 8, 381-393. 

 (169) Akinc, A.; Thomas, M.; Klibanov, A. M.; Langer, R. S. Exploring 

Polyethylenimine-mediated DNA Transfection and the Proton Sponge Hypothesis. 

Journal Gene Medicine 2005, 7, 657-663. 

 (170) Neuhaus, B.; Tosun, B.; Rotan, O.; Frede, A.; Westendorf, A. M.; Epple, M. 

Nanoparticles as transfection agents: a comprehensive study with ten different 

cell lines. RSC Adv. 2016, 6, 18102-18112. 

 



7. References 

146 

 (171) Neumann, S.; Kovtun, A.; Dietzel, I. D.; Epple, M.; Heumann, R. The use of 

size-defined DNA-functionalized calcium phosphate nanoparticles to minimise 

intracellular calcium disturbance during transfection. Biomaterials 2009, 30, 6794-

6802. 

 (172) Motskin, M.; Möller, K. H.; Genoud, C.; Monteith, A. G.; Skepper, J. N. The 

Sequestration of Hydroxyapatite Nanoparticles by Human Monocyte-macrophages 

in a Compartment that Allows Free Diffusion with the Extracellular Environment. 

Biomaterials 2011, 32, 9470-9482. 

 (173) Motskin, M.; Wright, D. M.; Muller, K.; Kyle, N.; Gard, T. G.; Porter, A. E.; 

Skepper, J. N. Hydroxyapatite Nano and Microparticles: Correlation of Particle 

Properties with Cytotoxicity and Biostability. Biomaterials 2009, 30, 3307-3317. 

 (174) Epple, M. Review of potential health risks associated with nanoscopic 

calcium phosphate. Acta Biomater. 2018, 77, 1-14. 

 (175) Dautova, Y.; Kapustin, A. N.; Pappert, K.; Epple, M.; Okkenhaug, H.; Cook, S. 

J.; Shanahan, C. M.; Bootman, M. D.; Proudfoot, D. Calcium Phosphate Particles 

Stimulate Interleukin-1beta Release from Human Vascular Smooth Muscle Cells: A 

Role for Spleen Tyrosine Kinase and Exosome Release. Journal of molecular and 

cellular cardiology 2018, 115, 82-93. 

 (176) Ewence, A. E.; Bootman, M.; Roderick, H. L.; Skepper, J. N.; McCarthy, G.; 

Epple, M.; Neumann, M.; Shanahan, C. M.; Proudfoot, D. Calcium Phosphate 

Crystals Induce Cell Death in Human Vascular Smooth Muscle Cells - A Potential 

Mechanism in Atherosclerotic Plaque Destabilization. Circulation Research 2008, 

103, e28-e32. 

 (177) Chernousova, S.; Epple, M. Live-cell imaging to compare the transfection 

and gene silencing efficiency of calcium phosphate nanoparticles and a liposomal 

transfection agent. Gene Ther. 2017, 24, 282-289. 

 (178) Kirchenbuechler, I.; Kirchenbuechler, D.; Elbaum, M. Correlation Between 

Cationic Lipid-based Transfection and Cell Division. Experimental cell research 

2016, 345, 1-5. 



7. References 

147 

 (179) Fiume, G.; Di Rienzo, C.; Marchetti, L.; Pozzi, D.; Caracciolo, G.; Cardarelli, F. 

Single-cell Real-time Imaging of Transgene Expression Upon Lipofection. 

Biochemical and Biophysical Research Communications 2016, 474, 8-14. 

 (180) Bishop, C. J.; Majewski, R. L.; Guiriba, T. R. M.; Wilson, D. R.; Bhise, N. S.; 

Quinones-Hinojosa, A.; Green, J. J. Quantification of Cellular and Nuclear Uptake 

Rates of Polymeric Gene Delivery Nanoparticles and DNA Plasmids via Flow 

Cytometry. Acta Biomaterialia 2016, 37, 120-130. 

 (181) Stern, S. T.; Adiseshaiah, P. P.; Crist, R. M. Autophagy and lysosomal 

dysfunction as emerging mechanisms of nanomaterial toxicity. Part. Fibre Toxicol. 

2012, 9, 20-20. 

 (182) Sokolova, V.; Rotan, O.; Klesing, J.; Nalbant, P.; Buer, J.; Knuschke, T.; 

Westendorf, A. M.; Epple, M. Calcium phosphate nanoparticles as versatile carrier 

for small and large molecules across cell membranes. J. Nanopart. Res. 2012, 14, 

910. 

 (183) Patel, S.; Kim, J.; Herrera, M.; Mukherjee, A.; Kabanov, A. V.; Sahay, G. Brief 

Update on Endocytosis of Nanomedicines. Advanced drug delivery reviews 2019, 

144, 90-111. 

 (184) Scaletti, F.; Hardie, J.; Lee, Y. W.; Luther, D. C.; Ray, M.; Rotello, V. M. 

Protein Delivery into Cells Using Inorganic Nanoparticle-protein Supramolecular 

Assemblies. Chemical Society Reviews 2018, 47, 3421-3432. 

 (185) Cardarelli, F.; Digiacomo, L.; Marchini, C.; Amici, A.; Salomone, F.; Fiume, G.; 

Rossetta, A.; Gratton, E.; Pozzi, D.; Caracciolo, G. The Intracellular Trafficking 

Mechanism of Lipofectamine-based Transfection Reagents and its Implication for 

Gene Delivery. Scientific Reports 2016, 6, 25879. 

 (186) Varkouhi, A. K.; Scholte, M.; Storm, G.; Haisma, H. J. Endosomal Escape 

Pathways for Delivery of Biologicals. Journal of Controlled Release 2011, 151, 220-

228. 

 



7. References 

148 

 (187) Pichon, C.; Billiet, L.; Midoux, P. Chemical Vectors for Gene Delivery: Uptake 

and Intracellular Trafficking. Curr Opin Biotechnol 2010, 21, 640-645. 

 (188) Kollenda, S. A.; Klose, J.; Knuschke, T.; Sokolova, V.; Schmitz, J.; 

Staniszewska, M.; Costa, P. F.; Herrmann, K.; Westendorf, A. M.; Fendler, W. P.; 

Epple, M. In Vivo Biodistribution of Calcium Phosphate Nanoparticles After 

Intravascular, Intramuscular, Intratumoral, and Soft Tissue Administration in Mice 

Investigated by Small Animal PET/CT. Acta Biomaterialia 2020, 109, 244-253. 

 (189) Viola-Villegas, N.; Doyle, R. P. The Coordination Chemistry of 1,4,7,10-

Tetraazacyclododecane-N,N′,N″,N′″-tetraacetic Acid (H4DOTA): Structural 

Overview and Analyses on Structure–stability Relationships. Coordination 

Chemistry Reviews 2009, 253, 1906-1925. 

 (190) Volkert, W. A.; Hoffman, T. J. Therapeutic Radiopharmaceuticals. ACS 

Chemical Reviews 1999, 99, 2269-2292. 

 (191) Carlsson, J.; Drevin, H.; Axen, R. Protein Thiolation and Reversible Protein-

protein Conjugation. N-Succinimidyl 3-(2-pyridyldithio)Propionate, a New 

Heterobifunctional Reagent. Biochemical Journal 1978, 173, 723-737. 

 (192) Müller, K. H.; Motskin, M.; Philpott, A. J.; Routh, A. F.; Shanahan, C. M.; 

Duer, M. J.; Skepper, J. N. The Effect of Particle Agglomeration on the Formation 

of a Surface-connected Compartment Induced by Hydroxyapatite Nanoparticles 

in Human Monocyte-Derived Macrophages. Biomaterials 2014, 35, 1074-1088. 

 (193) Tay, C. Y.; Fang, W. R.; Setyawati, M. I.; Chia, S. L.; Tan, K. S.; Hong, C. H. L.; 

Leong, D. T. Nano-hydroxyapatite and Nano-titanium Dioxide Exhibit Different 

Subcellular Distribution and Apoptotic Profile in Human Oral Epithelium. ACS 

applied materials & interfaces 2014, 6, 6248-6256. 

 (194) Zhao, X.; Ng, S.; Heng, B. C.; Guo, J.; Ma, L.; Tan, T. T.; Ng, K. W.; Loo, S. C. 

Cytotoxicity of Hydroxyapatite Nanoparticles is Shape and Cell Dependent. 

Archives of toxicology 2013, 87, 1037-1052. 

 



7. References 

149 

 (195) Neumann, S.; Kovtun, A.; Dietzel, I. D.; Epple, M.; Heumann, R. The Use of 

Size-defined DNA-functionalized Calcium Phosphate Nanoparticles to Minimise 

Intracellular Calcium Disturbance During Transfection. Biomaterials 2009, 30, 

6794-6802. 

 (196) Jain, R. K.; Stylianopoulos, T. Delivering Nanomedicine to Solid Tumors. 

Nature Reviews Clinical Oncology 2010, 7, 653-664. 

 (197) Matsumura, Y.; Maeda, H. A New Concept for Macromolecular Therapeutics 

in Cancer-chemotherapy - Mechanism of Tumoritropic Accumulation of Proteins 

and the Antitumor Agent Smancs. Cancer Research 1986, 46, 6387-6392. 

 (198) Kozlova, D.; Epple, M. Biological targeting with nanoparticles: state of the 

art. BioNanoMaterials 2013, 14, 161-170. 

 (199) Kiessling, L. L.; Rotello, V. M. Bioconjugates and Chemical Biology. 

Bioconjugate Chemistry 2016, 27, 1429. 

 (200) Lammers, T.; Kiessling, F.; Hennink, W. E.; Storm, G. Drug Targeting to 

Tumors: Principles, Pitfalls and (Pre-) Clinical Progress. Journal of Controlled 

Release 2012, 161, 175-187. 

 (201) Minchinton, A. I.; Tannock, I. F. Drug Penetration in Solid Tumours. Nature 

Reviews Cancer 2006, 6, 583-592. 

 (202) Lankelma, J.; Dekker, H.; Luque, R. F.; Luykx, S.; Hoekman, K.; van der Valk, 

P.; van Diest, P. J.; Pinedo, H. M. Doxorubicin Gradients in Human Breast Cancer. 

Clinical Cancer Research 1999, 5, 1703-1707. 

 (203) Munakata, L.; Tanimoto, Y.; Osa, A.; Meng, J.; Haseda, Y.; Naito, Y.; 

Machiyama, H.; Kumanogoh, A.; Omata, D.; Maruyama, K.; Yoshioka, Y.; Okada, Y.; 

Koyama, S.; Suzuki, R.; Aoshi, T. Lipid Nanoparticles of Type-A CpG D35 Suppress 

Tumor Growth by Changing Tumor Immune-microenvironment and Activate CD8 T 

Cells in Mice. Journal of Controlled Release 2019, 313, 106-119. 

 



7. References 

150 

 (204) Wang, A. Z.; Langer, R.; Farokhzad, O. C. Nanoparticle Delivery of Cancer 

Drugs. Annual Review of Medicine 2012, 63, 185-198. 

 (205) Schrepfer, S.; Deuse, T.; Reichenspurner, H.; Fischbein, M. P.; Robbins, R. C.; 

Pelletier, M. P. Stem Cell Transplantation: The Lung Barrier. Transplantation 

Proceedings 2007, 39, 573-576. 

 (206) Velikyan, I.; Sundin, A.; Sorensen, J.; Lubberink, M.; Sandstrom, M.; Garske-

Roman, U.; Lundqvist, H.; Granberg, D.; Eriksson, B. Quantitative and Qualitative 

Intrapatient Comparison of Ga-68-DOTATOC and Ga-68-DOTATATE: Net Uptake 

Rate for Accurate Quantification. Journal of Nuclear Medicine 2014, 55, 204-210. 

 (207) Bodei, L.; Ambrosini, V.; Herrmann, K.; Modlin, I. Current Concepts in Ga-68-

DOTATATE Imaging of Neuroendocrine Neoplasms: Interpretation, Biodistribution, 

Dosimetry, and Molecular Strategies. Journal of Nuclear Medicine 2017, 58, 1718-

1726. 

 (208) Ding, T. T.; Xue, Y.; Lu, H.; Huang, Z. W.; Sun, J. Effect of Particle Size of 

Hydroxyapatite Nanoparticles on its Biocompatibility. IEEE Transactions on 

Nanobioscience 2012, 11, 336-340. 

 (209) Wang, L. T.; Zhou, G.; Liu, H. F.; Niu, X. F.; Han, J. Y.; Zheng, L. S.; Fan, Y. B. 

Nano-hydroxyapatite Particles Induce Apoptosis on MC3T3-E1 Cells and Tissue 

Cells in SD Rats. Nanoscale 2012, 4, 2894-2899. 

 (210) Moghimi, S. M.; Hunter, A. C.; Murray, J. C. Long-circulating and Target-

specific Nanoparticles: Theory to Practice. Pharmacological Reviews 2001, 53, 283-

318. 

 (211) Kozlova, D.; Epple, M. Biological Targeting with Nanoparticles: State of the 

Art. BioNanoMaterials 2013, 14. 

 (212) Haedicke, K.; Kozlova, D.; Grafe, S.; Teichgraber, U.; Epple, M.; Hilger, I. 

Multifunctional Calcium Phosphate Nanoparticles for Combining Near-infrared 

Fluorescence Imaging and Photodynamic Therapy. Acta Biomaterialia 2015, 14, 

197-207. 



7. References 

151 

 (213) Sokolova, V.; Shi, Z.; Huang, S.; Du, Y.; Kopp, M.; Frede, A.; Knuschke, T.; 

Buer, J.; Yang, D.; Wu, J.; Westendorf, A. M.; Epple, M. Delivery of the TLR Ligand 

Poly(I:C) to Liver Cells In Vitro and In Vivo by Calcium Phosphate Nanoparticles 

Leads to a Pronounced Immunostimulation. Acta Biomaterialia 2017, 64, 401-410. 

 (214) Pittella, F.; Cabral, H.; Maeda, Y.; Mi, P.; Watanabe, S.; Takemoto, H.; Kim, 

H. J.; Nishiyama, N.; Miyata, K.; Kataoka, K. Systemic siRNA Delivery to a 

Spontaneous Pancreatic Tumor Model in Transgenic Mice by PEGylated Calcium 

Phosphate Hybrid Micelles. Journal of Controlled Release 2014, 178, 18-24. 

 (215) Dalmina, M.; Pittella, F.; Sierra, J. A.; Souza, G. R. R.; Silva, A. H.; Pasa, A. A.; 

Creczynski-Pasa, T. B. Magnetically Responsive Hybrid Nanoparticles for In Vitro 

siRNA Delivery to Breast Cancer Cells. Materials Science and Engineering: C 2019, 

99, 1182-1190. 

 (216) Ignjatovic, N.; Djuric, S. V.; Mitic, Z.; Jankovic, D.; Uskokovic, D. Investigating 

an Organ-targeting Platform Based on Hydroxyapatite Nanoparticles Using a Novel 

In Situ Method of Radioactive (125)Iodine Labeling. Materials Science and 

Engineering: C 2014, 43, 439-446. 

 (217) Den Hollander, W.; Patka, P.; Klein, C. P. A. T.; Heidendal, G. A. K. 

Macroporous Calcium-phosphate Ceramics for Bone Substitution - A Tracer Study 

on Biodegradation with Ca-45 Tracer. Biomaterials 1991, 12, 569-573. 

 (218) Fischer-Brandies, E.; Dielert, E.; Bauer, G.; Senekowitsch, R. Zum Verbleib 

der Abbauprodukte isotopenmarkierter Calciumphosphatkeramik. Zeitschrift 

Zahnarztlicher Implantologie 1987, 3, 39-42. 

 (219) Jauregui-Osoro, M.; Williamson, P. A.; Glaria, A.; Sunassee, K.; 

Charoenphun, P.; Green, M. A.; Mullen, G. E. D.; Blower, P. J. Biocompatible 

Inorganic Nanoparticles for F-18-fluoride Binding with Applications in PET Imaging. 

Dalton Transactions 2011, 40, 6226-6237. 

 (220) Zheng, J.; Zhou, W. In Vivo Imaging of Nano-hydroxyapatite Biodistribution 

Using Positron Emission Tomography Imaging. Chemistry Letters 2012, 41, 1606-

1607. 



7. References 

152 

 (221) Sandhöfer, B.; Meckel, M.; Delgado-López, J. M.; Patrício, T.; Tampieri, A.; 

Rösch, F.; Iafisco, M. Synthesis and Preliminary In Vivo Evaluation of Well-

dispersed Biomimetic Nanocrystalline Apatites Labeled with Positron Emission 

Tomographic Imaging Agents. ACS applied materials & interfaces 2015, 7, 10623-

10633. 

 (222) Frede, A.; Neuhaus, B.; Klopfleisch, R.; Walker, C.; Buer, J.; Muller, W.; 

Epple, M.; Westendorf, A. M. Colonic Gene Silencing Using siRNA-loaded Calcium 

Phosphate/PLGA Nanoparticles Ameliorates Intestinal Inflammation In Vivo. 

Journal of Controlled Release 2016, 222, 86-96. 

 (223) Di Stefano, A.; Caramori, G.; Ricciardolo, F. L.; Capelli, A.; Adcock, I. M.; 

Donner, C. F. Cellular and Molecular Mechanisms in Chronic Obstructive 

Pulmonary Disease: An Overview. Clinical & Experimental Allergy 2004, 34, 1156-

1167. 

 (224) Fehr, A. R.; Perlman, S. Coronaviruses: An Overview of their Replication and 

Pathogenesis. Nature Public Health Emergency Collection 2015, 1282, 1-23. 

 (225) Zheng, J. SARS-CoV-2: an Emerging Coronavirus that Causes a Global Threat. 

Int J Biol Sci 2020, 16, 1678-1685. 

 (226) Neurath, M. F. Cytokines in Inflammatory Bowel Disease. Nature Reviews 

Immunology 2014, 14, 329-342. 

 (227) Grivennikov, S.; Karin, E.; Terzic, J.; Mucida, D.; Yu, G.-Y.; Vallabhapurapu, S.; 

Scheller, J.; Rose-John, S.; Cheroutre, H.; Eckmann, L.; Karin, M. IL-6 and Stat3 Are 

Required for Survival of Intestinal Epithelial Cells and Development of Colitis-

Associated Cancer. Cancer Cell 2009, 15, 103-113. 

 (228) Knuschke, T.; Bayer, W.; Rotan, O.; Sokolova, V.; Wadwa, M.; Kirschning, C. 

J.; Hansen, W.; Dittmer, U.; Epple, M.; Buer, J.; Westendorf, A. M. Prophylactic and 

Therapeutic Vaccination with a Nanoparticle-based Peptide Vaccine Induces 

Efficient Protective Immunity During Acute and Chronic Retroviral Infection. 

Nanomedicine: Nanotechnology, Biology and Medicine 2014, 10, 1787-1798. 



7. References 

153 

 (229) Sokolova, V.; Knuschke, T.; Kovtun, A.; Buer, J.; Epple, M.; Westendorf, A. M. 

The Use of Calcium Phosphate Nanoparticles Encapsulating Toll-like Receptor 

Ligands and the Antigen Hemagglutinin to Induce Dendritic Cell Maturation and 

T Cell Activation. Biomaterials 2010, 31, 5627-5633. 

 (230) Knuschke, T.; Sokolova, V.; Rotan, O.; Wadwa, M.; Tenbusch, M.; Hansen, 

W.; Staeheli, P.; Epple, M.; Buer, J.; Westendorf, A. M. Immunization with 

Biodegradable Nanoparticles Efficiently Induces Cellular Immunity and Protects 

Against Influenza Virus Infection. Journal of immunology 2013, 190, 6221-6229. 

 (231) Zeng, P.; Xu, Y.; Zeng, C.; Ren, H.; Peng, M. Chitosan-modified Poly(d,l-

lactide-co-glycolide) Nanospheres for Plasmid DNA Delivery and HBV Gene-

silencing. International Journal of Pharmaceutics 2011, 415, 259-266. 

 (232) Baram-Pinto, D.; Shukla, S.; Richman, M.; Gedanken, A.; Rahimipour, S.; 

Sarid, R. Surface-modified Protein Nanospheres as Potential Antiviral Agents. 

Chemical Communications 2012, 48, 8359-8361. 

 (233) Chiodo, F.; Marradi, M.; Calvo, J.; Yuste, E.; Penadés, S. Glycosystems in 

Nanotechnology: Gold Glyconanoparticles as Carrier for Anti-HIV Prodrugs. 

Beilstein Journal of Organic Chemistry 2014, 10, 1339-1346. 

 (234) Jaramillo-Ruiz, D.; De La Mata, F. J.; Gómez, R.; Correa-Rocha, R.; Muñoz-

Fernández, M. Á. Nanotechnology as a New Therapeutic Approach to Prevent the 

HIV-Infection of Treg Cells. PloS One 2016, 11, e0145760-e0145760. 

  



8 Attachment 

154 

8 Attachment 

8.1 List of publications 

Kopp, M.; Kollenda, S.; Epple, M. Nanoparticle–protein Interactions: Therapeutic 

Approaches and Supramolecular Chemistry, Accounts of Chemical Research 2017, 

50, 6, 1383-1390. 

 

Pastille, E.; Frede, A.; McSorley, H. J.; Gräb, J.; Adamczyk, A.; Kollenda, S.; 

Hansen, W.; Epple, M.; Buer, J.; Maizels, R. M.; Klopfleisch, R.; Westendorf, A. M. 

Intestinal Helminth Infection Drives Carcinogenesis in Colitis-associated Colon 

Cancer, PLoS Pathogens 2017, 13, 9, e1006649. 

 

Frede, A.; Neuhaus, B.; Knuschke, T.; Wadwa, M.; Kollenda, S.; Klopfleisch, R.; 

Hansen, W.; Buer, J.; Bruder, D.; Epple, M.; Westendorf, A. M. Local Delivery of 

siRNA-loaded Calcium Phosphate Nanoparticles Abates Pulmonary Inflammation, 

Nanomedicine 2017, 13, 8, 2395-2403. 

 

Knuschke, T.; Rotan, O.; Bayer, W.; Kollenda, S.; Dickow, J.; Sutter, K.; Hansen, W.; 

Dittmer, U.; Lang, K. S.; Epple, M.; Buer, J.; Westendorf, A. M. Induction of Type I 

Interferons by Therapeutic Nanoparticle-based Vaccination is Indispensable to 

Reinforce Cytotoxic CD8+ T Cell Responses During Chronic Retroviral Infection, 

Frontier in Immunolgy 2018, 9, 614. 

 

 

 



8.1 List of publications 

155 

Eyth, C. P.; Hansen, S.; Bruderek, K.; Schirrmann, R.; Altenhoff, P.; Wey, K.; 

Kollenda, S.; Lang, S.; Epple, M.; Brandau, S. Cytotoxic Effects of Cetuximab-

conjugated Calcium Phosphate-Nanoparticles on Epithelial and Mesenchymal 

Cells”, Laryngo-Rhino-Otolgy 2019, 98, 11034. 

 

Heße, C.; Kollenda, S.; Rotan, O.; Pastille, E.; Adamczyk, A.; Wenzek, C.; 

Hansen, W.; Epple, M.; Buer, J.; Westendorf, A. M.; Knuschke, T. A Tumor-

Peptide–Based Nanoparticle Vaccine Elicits Efficient Tumor Growth Control in 

Antitumor Immunotherapy”, Molecular Cancer Therapeutics 2019, 18, 1069-1080. 

 

Scheffel, F.; Knuschke, T.; Otto, L.; Kollenda, S.; Cosmovici, C.; Buer, J.; Timm, J.; 

Epple, M. and Westendorf, A. M. Effective Activation of Human Antigen-

Presenting Cells and Cytotoxic CD8+ T Cells by a Calcium Phosphate-based 

Nanoparticle Vaccine Delivery System”, Vaccines 2020, 8, 110. 

 

Kollenda, S. A.; Klose, J.; Knuschke, T.; Sokolova, V.; Schmitz, J.; Staniszewska, M.; 

Fragoso Costa, P.; Herrmann, K.; Westendorf, A. M.; Fendler, W. P. and Epple, M. 

In Vivo Biodistribution of Calcium Phosphate Nanoparticles After Intravascular, 

Intramuscular, Intratumoral, and Soft Tissue Administration into Mice Investigated 

by Small Animal PET/CT, Acta Biomaterialia 2020, 109, 244-253. 

 

Kollenda, S. A.; Kopp, M.; Wens, J.; Koch, J.; Schulze, N.; Papadopoulos, C.; 

Pöhler, R.; Meyer, H.; Epple, M. A pH-sensitive Fluorescent Protein Sensor to 

Follow the Pathway of Calcium Phosphate Nanoparticles into Cells, Acta 

Biomaterialia 2020, 111, 406-417. 

  



8.2 Poster and oral presentations 

156 

8.2 Poster and oral presentations 

DAAD exchange with the University Hospital of Wuhan, Wuhan, China, November 

2016, Kollenda, S.; Kopp, M.; Epple, M.; Nanoparticular Systems in Biomedical 

Applications (oral presentation). 

 

11th Winter Academy of the Faculty of Medicine of the University of Duisburg-

Essen, Pichl, Austria, February 2017, Kollenda, S.; Epple, M.; CaP-NPs Loaded with 

a Fluorescent RNA-based System for Monitoring Gene Transcription in Living 

Eukaryotic Cells (oral presentation). 

 

CRC 1093 – Supramolecular Chemistry on Proteins Evaluation, University of 

Duisburg-Essen, Essen, Germany, July 2017, Ruks, T.; van der Meer, S.; Kopp, M.; 

Kollenda, S.; Sokolova, V.; Epple, M. Ultrasmall Nanoparticles for Protein-specific 

Targeting (poster presentation). 

 

2nd International Symposium of the CRC 1093 – Supramolecular Chemistry on 

Proteins, University of Duisburg-Essen, Essen, Germany, September 2017, 

Kollenda, S. and Epple, M. Biomolecular pH-sensitive Light Switch to Detect 

Endocytic Progression in Living Cells (poster presentation). 

 

Molecular Basis of Life – fall conference of the German Society of Biochemistry 

and Molecular Biology, Ruhr-University of Bochum, Bochum, Germany, September 

2017, Kollenda, S. and Epple, M. A Fluorescence-based Calcium Phosphate 

Nanoparticle Probe to Elucidate Lysosomal Entrapment in Living Cells” (poster 

presentation). 

 



8.2 Poster and oral presentations 

157 

Student Symposium of the CRC 1093 – Supramolecular Chemistry on Proteins, 

Billerbeck, Germany, September 2018, Kollenda, S.; Kopp, M.; Wens, J.; 

Schulze, N.; Pöhler, R.; Meyer, H.; Epple, M. Live Cell Imaging of Fluorescent 

Nanoprobes to Envision their Cellular Fate (oral presentation). 

 

29th Annual Meeting of the European Society for Biomaterials, Maastricht, The 

Netherlands, September 2018, Kollenda, S.; Kopp, M.; Wens, J.; Schulze, N.; 

Pöhler, R.; Meyer, H.; Epple, M. A Smart Fluorescent Nanoprobe to Visualize the 

Pathway of Nanoparticles in Living Cells” (poster presentation). 

 

13th Winter Academy of the Faculty of Medicine of the University of Duisburg-

Essen, Pichl, Austria, February 2019, Kollenda, S. and Epple, M. Smart Fluorescent 

Inorganic Nanoparticles for Visualizing Biomedical Applications (oral 

presentation). 

 

MRS Spring Meeting, Phoenix Convention Center, Phoenix, USA, April 2019, 

Kollenda, S.; Kopp, M.; Wens, J.; Schulze, N.; Papadopoulos, C.; Pöhler, R.; Meyer, 

H.; Epple, M. A Biosensor on the Nanoscale – About the Fate of Functionalized 

Inorganic Nanoparticles in Living Cells (oral presentation). 

 

3rd International Symposium of the CRC 1093 – Supramolecular Chemistry on 

Proteins, University of Duisburg-Essen, Essen, Germany, September 2019, 

Kollenda, S.; Kopp, M.; Wens, J.; Schulze, N.; Koch, J.; Papadopoulos, C.; Pöhler, R.; 

Meyer, H.; Epple, M.  Biomolecular pH-sensitive Light Switch to Detect Endocytic 

Progression in Living Cells (poster presentation). 

  



8.3 Curriculum Vitae 

158 

8.3 Curriculum Vitae 

  



8.4 Danksagung 

159 

8.4 Danksagung 

An dieser Stelle möchte ich mich bei Herrn Prof. Epple für die Bereitstellung 

meines interessanten und interdisziplinären Forschungsthemas und die Betreuung 

meiner Promotionsarbeit bedanken. Außerdem danke ich Frau Prof. Westendorf 

für die Übernahme des Zweitgutachtens. Zudem bin ich sehr dankbar für die 

Möglichkeit, mir aktuelle Mikroskopietechniken zur Erforschung komplexer 

zellulärer Vorgänge, sowie festkörper- und kolloidchemische Analysemethoden 

anzueignen und zu vertiefen und die resultierenden Ergebnisse auf internationaler 

Ebene präsentieren zu dürfen. 

 

Des Weiteren bedanke ich mich bei den Kooperationspartnern für die erfolgreiche 

und effektive Zusammenarbeit und deren Mitwirkung an der Fertigstellung dieser 

Arbeit. Hervorzuheben sind dabei Astrid Westendorf, Torben Knuschke (Institut 

für Medizinische Mikrobiologie, Universitätsklinikum Essen), Johannes Koch, Nina 

Schulze (Imaging Center Campus Essen, Universität Duisburg-Essen), Hemmo 

Meyer, Robert Pöhler, Chrisovalantis Papadopoulos (Molekularbiologie I, 

Universität Duisburg-Essen), Ken Hermann, Jochen Schmitz, Jasmin Klose 

(Abteilung für Nuklearmedizin, Universitätsklinikum Essen), sowie Viktoriya 

Sokolova (Institut für Anorganische Chemie , Universität Duisburg-Essen). 

 

Besonderer Dank gilt außerdem den technischen und organisatorischen 

Mitarbeiter*innen Carola, Sabine K., Kateryna, Sabine B., Ursula, Robin und 

Kerstin und deren fachlicher Expertise. Weiterhin danke ich dem Arbeitskollegium 

für die ausgelassene und wissenschaftlich fruchtbare Stimmung inner- und 

außerhalb der Arbeitszeiten. 



8.4 Danksagung 

160 

Nicht zuletzt möchte ich mich herzlich bei meinem Partner Christoph, meiner 

Familie und meinen Freunden bedanken, die mich stets in allen Jahren meiner 

schulischen und beruflichen Laufbahn unterstützten und mich zu dem Menschen 

machten, der ich heute bin.  



8.5 Eidesstattliche Erklärung 

161 

8.5 Eidesstattliche Erklärung 

Hiermit versichere ich, die vorliegende Arbeit mit dem Titel  

 

“Calcium phosphate nanoparticles for biomedical applications”  

 

selbst verfasst und keine außer den angegebenen Hilfsmitteln und Quellen 

verwendet zu haben. Zudem erkläre ich, dass ich die Arbeit in dieser oder einer 

ähnlichen Form bei keiner anderen Fakultät eingereicht habe. 

 

 

Düsseldorf, den 

 

_________________ 

Sebastian Kollenda 




