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Abstract 

Nanotechnology has revolutionized the field of drug delivery by enabling the design and 

development of targeted and multifunctional nanocarrier systems. Nanoparticles have been 

engineered to become ‘smart’ agents to overcome the limitations of free molecular 

therapeutics. They can improve the stability and solubility of the cargos they encapsulate, 

facilitate transport across membranes, and prolong circulation times, thereby improving safety 

and efficacy. Advanced nanoparticle designs have incorporated complex architectures, stimuli-

responsive components, and targeting agents to improve drug delivery, using controlled 

synthesis strategies. In this context, many different nanoparticles have been investigated 

including liposomes, carbon nanotubes, quantum dots, polymers, gold or silver nanoparticles, 

mesoporous silica nanoparticles (MSN), cyclodextrin-based nanocarriers, dendrimers, and 

micelles. These nanoparticles have effectively delivered a wide range of therapeutic agents, 

including chemotherapy drugs, proteins, vaccines, immunoadjuvants, and nucleic acids, aiming 

to provide novel and effective therapeutic opportunities. In recent years, researchers have 

concentrated their efforts on the development and optimization of nanosystems, which has led 

to tremendous advancements in creating multiple formulations and nanocarriers that are being 

utilized in various clinical applications. However, notably, many these systems still suffer from 

poor clinical translation and the number of nanomedicines available to patients is still 

drastically below expectations in this field for several reasons. This is partially due to the 

incomplete understanding of the fundamental behavior of nanocarriers in the (human) body 

and their physico-chemical properties. There still exist multiple concerns regarding 

nanocarriers, e.g. concerning the biodegradability of drug carriers. This shows that there is still 

a great need for further research on this topic to gain more insights into the behavior of these 

complex materials in the biological and medical context and to further improve drug delivery 

systems.  
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This thesis aims to contribute to a better understanding of nanoparticles for drug delivery 

applications. Striving to investigate and improve nanotechnology, this work focuses on the 

development of novel biodegradable nanoagents and the modification of a well-established 

delivery platform to tailor it for targeted delivery of RNA as anti-cancer agent. Systematic 

studies were conducted to investigate the influence of the particle size effect and the type of 

nanocarrier on delivery efficiency.  

The first part of this thesis summarizes the results of research concerning the synthesis and 

degradation behavior of novel mesoporous magnesium phosphate-citrate nanoparticles (MPCs) 

(Chapter 3) as well as novel cyclodextrin-based nanoparticles (Chapter 4). These nanoparticles 

are both constructed from biogenic precursors, resulting in biocompatible and biodegradable 

carrier systems. The impact of the synthesis conditions, especially on the colloidal stability, 

was investigated for both nanoparticle systems. Magnesium phosphate (MgP) based materials 

provide attractive features for biomedical applications, because the human body possesses 

mechanisms to degrade MgP materials and therefore the risks of side effects are small. We 

show that chelating with citric acid in the synthesis process enables the formation of colloidal 

nanoparticles that are small in size and colloidally stable. To achieve a high loading capacity 

for drugs, a surfactant template was employed during synthesis to implement mesoporosity, 

resulting in the first reported mesoporous magnesium-phosphate citrate material for drug 

delivery applications. The crosslinked β-cyclodextrin (β-CD) nanoparticles consist specifically 

of β-CD units that were covalently crosslinked by carbonyl linkages using carbonyldiimidazol 

(CDI) and were colloidally stabilized via PEGylation (β-CD-CDI-PEG). β-CD is a naturally 

occurring, cone-shaped molecule, and a variety of hydrophobic guest molecules can be 

encapsulated in its non-polar cavity, making it a promising candidate for drug delivery 

applications. The crosslinking creates additional voids for guest encapsulation in the 

nanoparticle structure. We show exemplarily the drug delivery potential of MPCs and β-CD-
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CDI-PEG using different model cargos, including the chemotherapeutic agent methotrexate 

(MTX) and the fluorescent Hoechst dye, respectively. We demonstrate a stable retention of 

cargo at neutral pH for both carrier systems, and in contrast, an efficient stimuli-responsive 

release at acidic pH.  

To implement the gained knowledge and to explore the potential of the described nanocarriers 

as drug delivery systems, a comparative study was conducted in the following chapter where 

the delivery efficiencies of three different types of porous nanoparticles are examined (Chapter 

5). MSN, the newly developed crosslinked cyclodextrin carriers (β-CD-CDI-PEG), and 

mesoporous MPCs were used to deliver Necrosulfonamide (NSA) to both mouse and human 

macrophages. NSA is known to suppress the inflammatory response of immune cells, such as 

macrophages, which is induced by the release of mediators of inflammation, e.g. the cytokines 

interleukin (IL)-1β and IL-18, through pores in the plasma membrane formed by the 

oligomerized protein gasdermin D (GSDMD). NSA is an effective GSDMD inhibitor and 

represents a promising therapeutic agent in GSDMD-dependent inflammatory diseases. A 

significant (undesired) cytostatic effect was observed in a macrophage cell line when exposed 

to free NSA. Notably, the impact on cell growth was considerably lower when NSA was 

administered using nanoparticle carriers. Functional assays, measuring the extracellular IL-1β 

concentration, showed the strongest suppressive effect on human macrophages when using the 

crosslinked cyclodextrin carriers for NSA delivery, followed by MSN. In contrast, MPCs 

completely blocked the metabolic activity in macrophages when loaded with NSA. This study 

demonstrates the potential of porous nanoparticles for the effective delivery of hydrophobic 

drugs to macrophages in order to suppress inflammatory responses.  

The final part of this thesis addresses the development of a series of MSN with different particle 

sizes ranging from 60 to 160 nm to investigate the particle-size-dependent delivery of 

microRNA (miRNA) as anti-cancer agent. Intracellular delivery of miRNA offers the 
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possibility to mediate the process of RNA interference in order to suppress cancer-related genes 

as targets of cancer therapy. MSN were efficiently tailored to make them specifically suitable 

for miRNA delivery including a positively charged core for adsorption of the fragile miRNA 

cargo, and negatively charged particle surface which enables the linkage of a designed block 

copolymer. The latter was intended to function as gate keeper and simultaneously as endosomal 

escape agent, and can be covalently bound to a targeting ligand. To exclusively study the 

particle size effect on targeted miRNA delivery, the series of functionalized MSN covers a 

broad size range but still provides comparable properties for each sample, including surface 

chemistry, surface charge, pore size and miRNA concentration. Here we show that good gene-

silencing and antitumoral effects are obtained when miRNA is delivered by the largest MSN 

particles in this sequence, due to the fastest cellular internalization. 

In summary, we have established the synthesis of two new nanocarrier systems to expand the 

spectrum of powerful biocompatible nanoparticles with great potential for drug delivery 

applications. Furthermore, systematic studies helped to establish a better understanding of the 

complex mechanisms and nanocarrier behavior in the field of drug delivery. Implementing 

these materials as ‘talented’ carrier systems even further and adding comparative studies to 

close the gap of knowledge will ultimately facilitate the translation of scientific nanomedicine 

into clinical applications.  
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1. Introduction 

1.1. Nanotechnology in Biomedicine – Definition, History and Examples 

The field of nanoscience deals with the study of structures and materials at the nanoscale. 

Technology which utilizes nanoscience in applications to manipulate and control matter is 

called nanotechnology.1 The prefix ‘nano’ comes from the Greek term for ‘dwarf’ and refers to 

materials with characteristic sizes in the 10-9 m range - one billionth of a meter. The common 

definition of the nanoscale ranges from 1-100 nm. The upper limit of the definition is vague 

since most nanomaterials do not change their size-dependent properties at a cut-off of 100 nm. 

This has led to different definitions in industry, governments, and standard organizations, where 

some authors expanded the upper limit potentially beyond 100 nm.2-3 Sizes between 10-200 nm 

are especially preferred for nanocarriers for drug delivery applications.  

Nanotechnology, as we know it today, is a relatively recent development in science and 

technology. However, nanoparticles have accompanied mankind throughout its history, dating 

back as far as ancient Roman times where gold nanoparticles were used to stain glass for 

decorative purposes. The term "nanotechnology" was first used in the 1970s but the history of 

nanotechnology goes back much further than that, with roots in 19th-century scientific 

discoveries and technological innovations. 

A key figure in the history of nanotechnology was Michael Faraday, who studied the 

preparation and properties of colloidal suspensions of gold nanoparticles with their unique 

optical and electronic properties in the 1850s. Faraday demonstrated how gold nanoparticles 

produce differently-colored solutions under certain lighting conditions.4 With his discoveries 

he laid the groundwork for modern colloid chemistry.  
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Another pioneer in the field was Richard Zsigmondy, who won the Nobel Prize in Chemistry 

in 1925 for his work on colloids. Zsigmondy developed techniques for measuring the size and 

shape of small particles, including gold nanoparticles, using light scattering methods.5 

In the 1950s, the physicist Richard Feynman gave a famous lecture at the California Institute 

of Technology in which he discussed the potential of manipulating and controlling matter at the 

atomic and molecular level. This lecture, titled ‘There's Plenty of Room at the Bottom’, is often 

cited as the birth of modern nanotechnology.6 Feynman's ideas laid the foundation for the 

development of nanotechnology as a field of research in the decades that followed.  

The era of modern nanotechnology began in the 1980s and 1990s, when advances in 

microscopy, e.g. by scanning tunneling microscopy (STM)7-8, atomic force microscopy9-10, and 

other techniques made it possible to study and manipulate materials at the nanoscale. These 

techniques paved the way for the development of new materials with unprecedented properties 

and functions. Hence, in 1985, almost at the same time as Binnig and Rohrer received the Nobel 

Prize in Physics “for their design of the STM”, one of the first carbon nanomaterials, fullerenes, 

were discovered. Fullerenes are spherical, cage-like carbon molecules discovered by Harry 

Kroto, Richard Smalley and Robert Curl.11 In the following years several further carbon 

nanomaterials were discovered, including carbon nanotubes12 as cylindrical carbon molecules 

with high strength, thermal conductivity, and electrical conductivity, as well as single-layer 

graphene13 as a two-dimensional material, and carbon dots14 with small sizes below 10 nm. 

Overall, the discovery of carbon nanomaterials has opened up new opportunities for materials 

science, electronics, energy, and biomedicine.  

In the decades that followed, researchers made significant advances in the field of 

nanotechnology. Recently, several studies have emphasized the huge potential that 

nanotechnologies offer in biomedicine for the diagnosis and therapy of many human diseases.15-
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20 In this regard, bio-nanotechnology, also called nanomedicine, is considered by many experts 

to be one of the most intriguing fields of application for nanoscience and will be the focus of 

this thesis. 

Today, nanomedicine has branched out in numerous different directions. It can be used for the 

synthesis and application of targeted drug delivery systems, cancer therapeutics, diagnostic 

tools, and medical implants to name only a few. Recently, nanotechnology gained a lot of 

attention when it showed its potential in medicine with the development of the SARS/CoV2 

mRNA vaccine.21 The Pfizer-BioNTech and Moderna vaccines use messenger RNA (mRNA) 

molecules encapsulated within lipid nanoparticles to stimulate an immune response against the 

virus.22 The World Health Organization has estimated that over one million lives were saved 

by this vaccination across Europe alone.23-24 

An example of successful modern nanotechnology in cancer therapeutics is Abraxane®, the 

anti-cancer drug Paclitaxel as an albumin-bound nanoparticle formulation for the treatment of 

metastatic breast, pancreatic and lung cancer.25 The nanoformulation enhances transendothelial 

transport into the tumor site.26 

A popular diagnostic tool in biomedicine is the lateral flow assay (LFA), for example, 

commonly used as urine diagnostic pregnancy test. The principle is based on antibodies 

conjugated to the surface of gold nanoparticles which can bind to specific target molecules. 

This binding causes a visible color change, indicating the presence or absence of the target 

molecule.27 Gold nanoparticle-based LFAs have furthermore been successfully used for the 

rapid diagnosis of a wide range of diseases, including HIV28and COVID-1929.  

Drug delivery is another key application of nanomedicine. Over the last decades the research 

concerning drug delivery has increased dramatically, as shown by the high number of 

publications on this topic. Nowadays, there exist over 300,000 publications with the keyword 
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‘drug delivery’ in scientific collections such as the Web of Science. To understand the 

tremendous developments and the huge interest generated by this field, it is necessary to take a 

closer look at the advantages, potential and limitations of drug delivery.  
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1.2. Nanocarriers for Drug Delivery Applications  

Drug delivery is one of the most significant applications of nanotechnology in medicine. 

Researchers are exploring the use of nanocarriers or nanoparticles to deliver cargos to specific 

targets in the body, such as cancer cells or diseased tissues. Drug delivery systems can help to 

overcome limitations of the direct pharmaceutical use of molecular drugs while improving their 

therapeutic efficacy. They can have advantages over conventional therapies, thereby providing 

new therapeutic opportunities for a large number of agents that cannot be used effectively as 

conventional formulations, e.g., when oral administration cannot be used effectively due to poor 

bioavailability of a given drug. The main purpose of using nanobiotechnology in drug delivery 

is to increase the concentration and lifetime of a drug in the diseased site and decrease its 

concentration in normal cells, thereby enhancing the therapeutic effect. 

Since the beginning of nanomedicine, the majority of nanomedicine research has almost 

exclusively focused on tumor-targeting drug delivery.30-31 Therefore, the advantages of drug 

delivery systems in contrast to conventional therapy will be discussed in the context of anti-

tumor treatment while giving additional examples and explanations of other innovative 

approaches and applications.  

Conventional cancer therapy consists of surgery, chemotherapy and radiation-treatment. At 

present, most patients encounter multiple challenges during treatment, including severe side 

effects and drug resistance. Many potent anti-cancer drugs face solubility issues because they 

are too hydrophobic for direct use. Furthermore, they are unspecific, exhibiting a lack of 

selectivity. The encapsulation of the drug inside suitable nanocarriers can overcome limitations 

regarding the solubility and improve bioavailability. Moreover, some nanoparticles are even 

capable of performing two functions and simultaneously assuming diagnostic functions, like 
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tumor imaging, in addition to the delivery of therapeutic drugs. This is referred to as theranostic, 

a combination of therapeutic and diagnostics.  

However, drug delivery systems face demanding issues for successful and safe use as 

nanocarriers. Multiple factors need to be considered in a sensible design strategy for drug 

delivery. Design considerations should include the composition of the nanocarrier core, the 

cargo, targeting ligands, stimulation–responsive triggers for specific site release of cargo, and 

expected therapeutic outcomes among others.32-33  

 

Nanocarrier core 

Beginning with the choice of nanocarrier core for an efficient drug delivery, the drug loading 

capacity should be high. Therefore, the nanocarrier has to be able to encapsulate, bind or adsorb 

the drug. Several nanosized materials were introduced as nanocarriers for drug delivery 

applications. They include liposomes, carbon nanotubes, quantum dots, polymers, gold or silver 

nanoparticles, mesoporous silica nanoparticles, cyclodextrin-based nanocarriers, dendrimers, 

micelles, etc.34-35 Figure 1.1 schematically depicts several constructs used as drug delivery 

systems for targeting cancer.  

 

Figure 1.1: Nanocarriers for drug delivery applications. Modified from reference35. 
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Carbon nanotubes are one type of nanocarrier that has been explored for drug delivery.36 These 

tubes are extremely strong and have a high surface area, which makes them a potentially 

attractive option for carrying drugs. Quantum dots are another type of nanocarrier with a small 

size that comprise a semiconductor core and are useful for detection, monitoring and localized 

treatments in the body.37 Polymers are commonly used as nanocarriers due to their 

biocompatibility, versatility and ability to encapsulate a wide range of drugs. Polymeric 

nanoparticles can be made from synthetic38 or natural39-40 polymers, and may be used to 

encapsulate drugs without chemical modification. Polymers can also be used to design polymer-

drug conjugates as nanocarriers.41 

Gold42 or silver43 nanoparticles are also frequently used as nanocarriers because they have 

unique optical and electronic properties that make them useful for imaging and tracking 

applications. They can also be functionalized with specific targeting molecules to enhance drug 

delivery to specific cells or tissues. Dendrimers are highly branched, nanoscale molecules that 

can be designed to carry drugs and targeting molecules. They offer a high degree of control 

over their size and shape, making them an attractive option for drug delivery.44-45 Micelles are 

another type of nanocarrier that are formed from amphiphilic molecules and can encapsulate 

hydrophobic drugs for targeted delivery.46-48 Mesoporous silica nanoparticles (MSN) have a 

high surface area and tunable pore sizes. Both the core and the shell of the MSN can be 

functionalized for tailoring the nanocarrier characteristics for specific applications and 

cargos.49-50 Cyclodextrin (CD)-based nanocarriers are also useful for drug delivery, as they can 

encapsulate hydrophobic drugs to enhance bioavailability and protect the drug from 

degradation.51 

The latter two nanocarriers, MSN and CD-based nanocarriers, were explored in this thesis and 

their potential for drug delivery as well as their unique properties and wide range of applications 

will be discussed in the following chapters.  
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Beside this, there exist special cases including metal organic frameworks52-53 and metal 

phosphate-based nanoparticles which have both been successfully used as nanocarriers. Metal 

phosphate-based nanoparticles will also be described in more detail in chapter 1.2.2.  

Different synthetic routes, architectures and physicochemical properties yield multiple different 

nanosized materials, each of them with their own advantages and disadvantages regarding 

different aspects of drug delivery. Overall, the use of nanocarriers for drug delivery holds great 

promise for improving the efficacy and safety of drug therapies. However, more research is 

needed to fully understand the potential benefits and risks of these systems and ultimately 

control their properties. 

 

Cargo 

Nanoparticles can be loaded with a variety of cargos for drug delivery in cancer therapy, 

including chemotherapeutic drugs, proteins (enzymes), antibody drugs, nucleic acids, 

immunoadjuvants and imaging agents (Figure 1.2). The choice of cargo depends on the specific 

therapeutic goals, the disease type, and the intended mode of action.  

 

Figure 1.2: Examples of cargos used for anti-cancer drug delivery. 

 

Small-molecule chemotherapeutic drugs, e.g., paclitaxel, doxorubicin (DOX) and cisplatin can 

be delivered to improve their pharmacokinetics, biodistribution, and therapeutic efficacy. 
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Encapsulation, surface adsorption, or chemical conjugation can be used to load these drugs into 

nanoparticles. Since many anticancer drugs are hydrophobic, the loading process is often based 

on hydrophobic adsorption. This involves adsorbing the drug or cargo onto the surface of the 

nanoparticle through hydrophobic interactions.  

Larger molecules such as proteins can be loaded into nanoparticles, e.g., for the delivery of the 

active enzymes into cancer cells that catalyze reactions within living systems.54 This can induce 

cell-death for cancer treatment and has shown to be an efficient combination cancer therapy 

when combined with DOX delivery.55 Enzymes represent large cargos and require large pores 

or appropriate molecular interactions for the successful adsorption/encapsulation.56 Another 

approach is the covalent conjugation of enzymes into the structure of polymeric nanoparticles57. 

Efficient therapeutic anti-cancer strategies can be performed with the delivery of antibodies, for 

example immune checkpoint inhibitors58. Immune checkpoint inhibitors can inhibit 

immunosuppressive molecules, which provide cancer cells with a mechanism to escape 

elimination through the immune system. Inhibiting these molecules successfully activates the 

immune system to fight cancer. To date, various drug delivery platforms have also been 

developed to improve the bioavailability, delivery convenience, and reduced toxicity towards 

an increased therapeutic efficacy of antibodies.59 Antibodies, such as trastuzumab, can be 

delivered through the design of antibody-based nanoparticles60-61 or through antibody 

encapsulation in nanosystems like liposomes or polymers62.  

Nucleic acids, such as small interfering RNA (siRNA) or messenger RNA (mRNA), can be 

encapsulated within nanoparticles for gene therapy63 or RNA interference (RNAi) therapy.64-65 

These nanoparticles can be designed to target specific genes or pathways involved in 

carcinogenesis and metastasis.66 RNA molecules are fragile: they show limited stability in 

serum, suffer from rapid blood clearance, off-target effects, and poor cellular uptake, and may 
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activate immune responses.67-69 Therefore, they need to be protected and specifically delivered 

inside target cells to reach their full therapeutic potential. Delivery by nanocarriers can ensure 

that the therapeutic RNA can function inside target cells without eliciting unwanted immune 

responses. Electrostatic adsorption is commonly used for the loading of negatively charged 

nucleic acids into nanocarriers.70 

For the delivery of immunoadjuvants, e.g., toll-like receptor agonists, the cargo can be 

encapsulated or adsorbed within nanoparticles to augment or potentiate the immune response 

against cancer cells. These nanoparticles can be used in cancer immunotherapy to activate the 

immune system and induce antitumor immunity.71 While for most cargos a tumor-targeted 

delivery is needed, the delivery of the toll-like receptor (TLR) 7/8 agonist resiquimod72 was 

achieved through delivery to the lymph nodes. MSN were equipped with biotin-avidin caps to 

obtain a tailor-made pH-responsive drug carrier system which ensures tight binding of 

resiquimod without premature release. By taking advantage of the dendritic cells which 

phagocytose foreign elements including nanocarriers and bring them to the lymph nodes, it was 

possible to initiate an immune response.73 The MSN significantly improved the 

pharmacokinetic profile of resiquimod in mice, increasing the drug’s half-life 6-fold while also 

reducing systemic exposure. 

Overall, the choice of cargo as well as the loading method depends on the cargo properties, the 

nanoparticle properties, the therapeutic application as well as the desired drug release profile. 

  



1.2. Nanocarriers for Drug Delivery Applications 

 

 12 

Surface functionalization: Targeting ligands 

In the context of tumor-targeted drug delivery, there are two main ways to target cancer cells 

using nanocarriers: passive targeting and active targeting. Figure 1.3 depicts a schematic 

representation of passive and active tumor targeting.  

Passive targeting refers to the accumulation of nanoparticles in tumors due to the unique 

features of tumor tissues, such as leaky blood vessels and impaired lymphatic drainage. These 

features allow nanoparticles to accumulate in the tumor tissue more than in normal tissues, 

leading to a higher drug concentration in the tumor area. This phenomenon is known as the 

‘enhanced permeability and retention (EPR) effect’ and takes advantage of the natural 

differences in blood vessels between normal and tumor tissues to achieve selective drug 

delivery.74-75 In general, nanoparticles with a size range of 10-200 nm are considered to be the 

most suitable for passive targeting.34, 76 Nanoparticles within this size range can extravasate 

through the leaky blood vessels surrounding the tumor tissue and accumulate in the tumor 

through the EPR effect. The optimal size of nanoparticles depends on several factors, including 

the tumor type, the location of the tumor, and the route of administration. It is known that 

nanoparticles with smaller sizes are rapidly cleared by renal filtration, while larger particles can 

be trapped in the liver and spleen, leading to reduced accumulation in the tumor tissue.77 Within 

this size range, it is expected that nanoparticles exhibit longer circulation times in the blood, due 

to their ability to avoid recognition and clearance by the immune system. In addition to size, 

several other properties can influence their circulation time in the blood, including particle 

shape and surface charge and coating. It  has been shown that PEGylation of particles can 

achieve or improve this effect.78 
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However, passive delivery via the EPR effect takes place in an unspecific way and varies from 

patient to patient. The effect generally offers only a modest increase in accumulation inside the 

tumor compared with critical normal organs.79 

 

 

Figure 1.3: Schematic representation of passive and active cellular targeting (inset). Nanocarriers are shown as 

discs and can accumulate passively inside tumor tissue through the EPR effect. Active targeting can be achieved 

by presenting targeting ligands at the surface of the nanocarrier. Thus, the cargo can be released (i) extracellularly, 

(ii) in a sustained way from a depot or reservoir in the form of the nanocarrier attached to the cell membrane or 

(iii) intracellularly after uptake.34 

 

Because of this, great efforts have been made towards active targeting. Active targeting 

involves attaching specific targeting molecules to the surface of nanoparticles that interact 

specifically with antigens or receptors that are either uniquely expressed or overexpressed on 

the tumor cells relative to normal tissues. Active targeting is more selective than passive 

targeting because it relies on the interaction between the targeting molecule and its specific 

receptor on the cancer cell’s surface.80  
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In 1906 Paul Ehrlich dreamed of the idea of the ‘magic bullet’: a hypothetical drug that could 

selectively target and destroy diseased cells in the body without harming healthy cells. He 

envisioned a drug that would be able to recognize and bind specifically to a disease-causing 

agent, such as a bacterium or a cancer cell, and deliver a lethal dose of medication directly to 

the target site while sparing healthy cells.81  

At the time, Ehrlich's vision of the ‘magic bullet’ was largely based on the use of chemical 

compounds, such as drugs and synthetic molecules, to target specific cells. However, with the 

advent of modern nanotechnology, nanomedicine has made significant strides in recent years 

towards realizing Ehrlich's vision of the ‘magic bullet’ by developing a range of nanoscale 

targeted drug delivery systems.  

Methods of active targeting can range from the attachment of an antibody for a specific cell 

surface protein to the use of a synthetic targeting moiety.82-83 At the moment, multiple ligand-

targeted nanoparticle formulations for preferential cancer cell binding are in the early stages of 

investigation in clinical trials.80 MESOMIR 1 is one example which is a nonliving bacterial 

minicell targeting the epidermal growth factor receptor (EGFR) with EGFR antibodies as 

targeting ligands.84 EGFR belongs to the tyrosine kinase receptor family and is present in the 

epithelial cell membrane. Mutations in the epidermal growth factor occur in various cancer 

types. When EGFR is overexpressed, binding of endogenous ligands, including the epidermal 

growth factor (EGF), stimulates the growth and progression of tumors. In cancer therapy EGFR 

is currently considered an important target, aiming to achieve the synergistic effects of 

inhibition of receptor activation through binding of EGF as well as achieving targeted drug 

delivery (Figure 1.4).85  
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Figure 1.4: Targeting of EGFR-overexpressing tumors can be achieved through monoclonal antibodies, antibody-

drug conjugates (ADC) or antibody-nanoparticle conjugates (ANC). Upon administration, the binding to EGFR 

inhibits the activation of the receptor by EGF binding and ADC and ANC targeted delivery of drugs.85 

 

Drug Release Mechanisms  

Stimuli-responsive drug delivery refers to the ability of nanoparticles to release their cargo in 

response to specific environmental cues or external stimuli. The idea behind stimuli-responsive 

drug delivery is to design nanocarriers that can remain stable and intact until they reach the 

target site, at which point the nanocarriers collapse/degrade or experience stimuli-responsive 

pore opening caused by some physical or chemical change to the carrier material, followed by 

the release of the cargo either intracellularly or extracellularly in a controlled manner to achieve 

optimal therapeutic efficacy.86 

There are several types of stimuli that can trigger the release of drugs from nanoparticles, 

including pH, temperature87, oxidation potential88, light89, magnetic field90, and enzymatic 

activity91. The most commonly used stimuli are pH and temperature, as they are easily 

controlled and the latter can be readily manipulated in vivo e.g., via magnetic heating. In pH-

responsive drug delivery systems, nanoparticles are designed to respond to changes in the 

acidity of the surrounding environment. Different organs, tissues and cellular compartments 

have different pH values, which makes the pH value a suitable stimulus for controlled drug 

release.92 The pH values in tumors and inflammatory tissues are lower than those in blood and 
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normal tissues (≈7.4), and the acidic cellular environments exhibit even lower pH values, e.g. 

endosomes (pH ≈5.5–6.0) and lysosomes (pH ∼4.5–5.0).93 For example, the research groups of 

Fraser Stoddart and Jeffrey Zink have extensively studied the development of pH-responsive 

systems using cyclodextrins as macrocyclic gatekeepers on MSN. The systems typically consist 

of a monolayer of β-CD rings positioned selectively around the orifices of the pores of the 

nanoparticles. The cylindrical β-CD cavities could be used as closable openings, while 

conjugates can be moved in and out responding to pH levels like nanopistons (Figure 1.5).94 

This stimuli-responsive release worked for small cargo molecules (e.g. 2,6-

naphthalenedisulfonic acid disodium). For larger cargo molecules (e.g. rhodamine B), the 

whole β-CD rings could be severed from the surface, releasing the large cargo molecules at 

acidic pH.94-95 

 

Figure 1.5: Schematic representation of nanopistons as gate keepers. Reprinted with permission from reference 94. 

Copyright 2010 American Chemical Society. 

 

Overall, stimuli-responsive drug delivery systems offer a promising approach to improve the 

efficacy and safety of drug delivery by providing more precise control over drug release. 
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Toxicity Profile 

The use of nanocarriers for cancer therapy is a rapidly evolving field and researchers face 

multiple challenges in the design and synthesis of drug-loading nanocarriers. Reliable and 

reproducible safety assessments are required, as the safety of consumer products quickly 

became a topic of concern in society.96 There are several regulatory frameworks in place to 

ensure the safety of nanoparticles. The United States Food and Drug Administration (FDA) is 

one such regulatory body that oversees the approval of nanocarriers for use in cancer therapy. 

For example, before a nanocarrier can be approved by the FDA, it must go through a rigorous 

testing process to ensure its safety and efficacy. The FDA considers several factors, including 

the toxicity, pharmacokinetics and biodistribution of the nanoparticles.97 

Biocompatibility and biodegradability of vehicles is a prerequisite for non-toxicity to animals 

and humans. The attraction of biodegradable nanoparticles centers on the principle of enhanced 

bioavailability of drugs through uptake, followed by degradation and disappearance of the 

vehicle from the system. A careful selection of precursors is therefore necessary. Furthermore, 

the synthesis conditions can play a role in the degradation behavior of nanoparticles.98 For 

example, in a conclusive study of our group, the biodegradability of MSN at low concentrations 

was addressed in relation to their synthesis conditions (acidic, neutral, or basic pH) and their 

functionalization. The synthesis conditions determine the silica network connectivity while co-

condensation with functional groups ‘interrupted’ the silica building blocks. Both 

predominantly determined the dissolution rate of MSN at low concentrations (Figure 1.6).  
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Figure 1.6: Comparison of the dissolution rate of MSN at low concentrations in dependence of their synthesis 

conditions or their functionalization. Reprinted with permission from reference 98. Copyright 2019 American 

Chemical Society. 

 

Then, during the design phase of the nanocarrier, it is necessary to conduct toxicity studies to 

further determine the safety of vehicles. These studies should evaluate the potential toxicity of 

the nanoparticles in vitro and in vivo and provide information on the dose-response relationship 

and the potential for adverse effects. Toxicity studies in vitro mostly involve cell viability 

assays, conducted via the measurement of metabolic activity. Interestingly, calcium phosphate-

citrate nanoparticles are composed of completely biogenic, non-toxic calcium, phosphate, and 

citrate and the particles are not toxic to healthy cells either before endosomal release or after 

their degradation. However, as a composite they show an enormous potential to selectively kill 

cancer cells without involvement of inherently toxic drugs. The mechanism behind the selective 

killing might be the result of a high intracellular release of Ca2+ and citrate which induce 

apoptosis only in cancerous cells due to their altered metabolic activity.99 More details can be 

found in Chapter 1.2.2. 

For toxicity studies in vivo, it is important to carefully evaluate the biodistribution of 

nanoparticles used in drug delivery to ensure that they reach their intended targets and do not 
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cause harm to other tissues or organs, e.g. liver or spleen. Understanding the interactions 

between drug delivery vehicles and biological systems in vivo is essential for evaluating 

nanocarriers’ safety and developing better nanomedicine. Interactions between nanocarrier and 

proteins, e.g. immediate formation of a protein corona, can occur when nanoparticles are 

administered or exposed to biological systems.100 Protein corona formation can depend on the 

surface of the nanocarrier, e.g. differences occur when coated or non-coated carriers are 

considered.101  

All of these aspects have to be carefully evaluated when nanocarriers are designed for drug 

delivery.  
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1.1.1. Mesoporous Silica Nanoparticles 

Mesoporous silica nanoparticles (MSN) are a type of material that have a large surface area and 

a well-defined porous structure with a pore size in the range of about 2-50 nm.102-103 MSN are 

composed of silica, which is a fairly biocompatible and non-toxic material, and they have been 

extensively studied as a drug delivery system due to their unique properties.95 

MSN can be synthesized using a sol-gel process, which involves the hydrolysis and 

condensation of a silica precursor to form a solid silica network. There are multiple different 

synthesis routes which are based on the formation of surfactant micelles that serve as a template 

for the formation of a silica network. 

The general steps involved in MSN synthesis are as follows: 

1. Silica precursor: A silica precursor such as tetraethyl orthosilicate (TEOS) is mixed with 

a solvent. 

2. Surfactant: A surfactant, for example cetyltrimethylammonium bromide (CTAB) is 

added to the mixture to form micelles, which act as a template for the formation of the 

mesoporous structure. 

3. Stabilization: The mixture is stirred or sonicated to stabilize the micelles and prevent 

them from coalescing. 

4. Hydrolysis and condensation: An acidic or basic catalyst is added to the mixture to 

induce the hydrolysis and condensation of the silica precursor, forming a silica network 

around the micelles. 

5. Calcination / acid wash: To remove the surfactant, the as-synthesized product is washed 

and then subjected to either high-temperature calcination or acid wash, resulting in a 

mesoporous silica structure. 
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The parameters involved in the synthesis process can be optimized to control the size, shape 

and pores of the MSN. For example, the type and concentration of the surfactant can affect the 

size and shape of the MSN as well as their pore size and the degree of ordering of the 

mesoporous structure. The surfactant template can form either lamellar (g=1), cylindrical 

(g=1/2), or spherical (g=1/3) micellar structures and can be described using the surfactant 

packing parameter g. This model predicts molecular self-assembly in surfactant solutions.104 

The surfactant packing parameter is defined as: 

𝑔 =  
𝑉

𝑎𝑙
      (1.1) 

Surfactant packing parameter g: V: Volume of the hydrophobic chain of the organic template, a: surface interface 

(cross-section area at head) of surfactant, l: length of the hydrophobic chain of the surfactant. 

 

The first material synthesis reported by the Mobil researchers (designated as MCM-41) was a 

significant breakthrough in the field of materials science, as it represented a new class of 

ordered mesoporous materials with well-defined pore sizes and large surface areas (700–1500 

m2/g). The base-hydrolysed synthesis with TEOS as precursor and CTAB as cationic surfactant 

led to micrometer-sized particles with hexagonally ordered mesopores.105-106 The successful 

synthesis of MCM-41 demonstrated the potential of using surfactant templates to control the 

formation of mesoporous silica materials and has laid the groundwork for controlling the 

morphology of the particles by manipulating the pH during synthesis107, by adding 

cosolvents108, or by adjusting the surfactant concentration.109 In subsequent work, the synthesis 

of MSN was targeted, however, many synthesis approaches suffered from agglomeration 

issues. Some attempts to circumvent these issues, e.g., by dilution of the reaction, resulted in 

large reaction volumes with low product yields.110-112 To overcome this hurdle, we developed a 

synthesis route which employs the chelating base triethanolamine (TEA).113 TEA can act as a basic 

catalyst, enabling the use of lower pH values in synthesis, and as a complexing agent for silica-

based species. This could increase the hydrolysis rate and affect the nucleation of MSNs to 
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achieve smaller particle sizes and a narrower size distribution and to avoid particle 

agglomeration.113 

To date, systematic studies exist investigating the impact of experimental parameters on the 

particle sizes of MSNs, e.g. stirring rate, TEA concentration, and reaction temperature. Some 

of the results are visualized in Figure 1.7.114-115 

 

 
Figure 1.7: Impact of synthetic parameters on the resulting diameters of MSN.114 

 

In addition, functional groups can be incorporated into the walls of the MSN during the 

synthesis. There are generally two possible ways to introduce organic functionalities into the 

silica framework: post-synthesis grafting and co-condensation. In post-synthesis grafting, MSN 

are first synthesized without any functional groups (except the naturally occurring silanol 

groups) on their surface or pores. After synthesis, the MSN are functionalized by adding a 

functional molecule such as a silane coupling agent, e.g. by either soaking or grinding the MSN 

in a solution or powder containing the functional molecule. In some cases, it has been found 

that materials functionalized via this grafting method can contain an inhomogeneous surface 

coverage of organic functional groups.116  

Co-condensation functionalization is another approach where the functional groups are 

incorporated into the MSN during synthesis. In this method, a functional molecule, normally 
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an organotrialkoxysilane, is mixed with the silica precursor (often TEOS) before the MSN are 

synthesized. During synthesis, the functional molecule is co-condensed with the silica precursor 

and incorporated into the silica structure.116 

MSN can be functionalized in a spatially controlled manner, gaining access to core-shell 

nanoparticles. The core of MSN can be functionalized to optimally control the interactions 

between cargo and host to achieve very high loading and release efficiencies. On the other hand, 

the shell can be differently functionalized to enable the attachment of targeting ligands, endosomal 

escape agents or different capping systems. Bifunctional core-shell MSN can be obtained by a site-

selective delayed co-condensation synthesis approach, developed in our group (Figure 1.8).117 

 

 

Figure 1.8: Site-selective delayed co-condensation approach for creating bifunctional MSNs. In a first step, co-

condensation with a specific functionalization forms the core of the MSN (green). An unfunctionalized middle 

layer completes the growth of the nanoparticle (blue) by addition of TEOS to the reaction mixture. Finally, the 

addition of another organotriethoxysilane (RTES, R represents an organic moiety, red) forms the differently 

functionalized shell of the MSN. Reprinted with permission from reference 118. Copyright 2014 American 

Chemical Society. 

 

Overall, the above characteristics make MSN a promising family of materials that meets many of 

the requirements for a successful drug delivery vehicle.118 The size-dependent delivery of 

antitumoral miRNA using MSN was investigated in Chapter 6. 
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1.1.2. Metal Phosphate-based Nanoparticles 

Metal phosphate-based nanoparticles are a class of materials that have shown promise in drug 

delivery applications due to their biocompatibility, biodegradability and ability to encapsulate 

and protect drugs from degradation.119 Among different metal ions used to form these 

nanoparticles, calcium is preferred. One advantage of using calcium in metal phosphate-based 

nanoparticles is its biocompatibility. Calcium is a naturally occurring element in the human 

body, making it a safe and biocompatible option for drug delivery.120  

Crystalline hydroxyapatite and amorphous calcium phosphate are two types of calcium 

phosphate-based materials that have been extensively studied for medical and biological 

applications. The use of calcium-based metal phosphates for medical applications can be traced 

back to the discovery of crystalline hydroxyapatite in 1920.121 Hydroxyapatite is the main 

mineral component of bone and teeth and has been extensively used for bone repair and 

regeneration.122 

Amorphous calcium phosphate has been investigated for use in drug delivery, gene therapy, 

and tissue engineering applications. Due to their strong affinity for binding nucleic acids123-124 

and therapeutic drugs, promising results were generated using calcium phosphate nanoparticles 

for drug delivery.125 Furthermore, it is hypothesized that after entering the cells, calcium 

phosphate nanoparticles would de-assemble at low pH in the endosome, which would cause 

endosome swelling and bursting to release the entrapped cargo to ensure an efficient drug 

delivery.126 Therefore, considering the use of calcium phosphate nanoparticles in advanced drug 

delivery systems seems to be very attractive. 

There are various synthesis strategies for these materials, but the most common method 

involves wet-chemical precipitation from aqueous solutions.127 In this process, calcium and 

phosphate ions are mixed together to form a supersaturated solution. Calcium phosphate 
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nanoparticles can then easily be precipitated. Synthesis strategies can be altered for co-

precipitation with various regulators or stabilizers to prevent rapid nucleation and disordered 

growth. Furthermore, the precipitation kinetics of calcium phosphates can be controlled with 

organic complexing agents, such as ethylenediamine tetraacetic acid or citric acid.128-129 The 

established method of complexing metal ions with hydroxycarboxylic acids to slow down 

kinetics130 was employed for an easy synthesis route of amorphous calcium-phosphate-citrate 

nanoparticles (CPC), developed by Schirnding et al. in our group.99  

If the metal is changed from calcium to magnesium, and magnesium-phosphate-citrate 

nanoparticles (MPCs) are obtained, the properties of the nanoparticles are different. Magnesium 

is also a biocompatible metal but it has different chemical and physical properties compared to 

calcium. However, similar to calcium phosphate, amorphous magnesium phosphate is used as 

part of state-of-the-art orthopedic cements.131 Furthermore, magnesium phosphate 

nanoparticles can be efficiently used in vitro and in vivo for targeted drug delivery.132 In the 

following chapter 3, the previously developed synthesis approach for Ca2+-based phosphate 

nanoparticles was modified to obtain mesoporous biodegradable magnesium phosphate-citrate 

(MPC) nanocarriers.133 Interestingly, MPCs are non-toxic, both to healthy and to cancerous cells, 

and were successfully used as drug delivery vehicles. 
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1.1.3. Cyclodextrin-based Nanoparticles 

Cyclodextrins (CDs) are a family of cyclic oligosaccharides that are composed of glucose 

monomers. The most common types of cyclodextrins are alpha (α)-, beta (β)-, and gamma (γ)-

cyclodextrin, which consist of 6, 7, and 8 glucose units, respectively, linked by α-1,4 glycosidic 

bonds. A CD’s shape is that of a hollow truncated cone, with a hydrophobic cavity and a 

hydrophilic external surface (Figure 1.9).  

 

Figure 1.9: Dimensions and structure of α-CD, β-CD and γ-CD, respectively.134 

 

Cyclodextrins have several properties that make them advantageous for drug delivery 

applications. They are generally non-toxic, biodegradable and biocompatible, which allowed 

them to be approved by the Food and Drug Administration (FDA) and the European Medicines 

Agency (EMA) for use in pharmaceutical formulations.  

With their structural arrangement, they are able to form inclusion complexes. The encapsulation 

is based on hydrogen bonding, van-der-Waals forces and/or hydrophobic interactions and is 

used in various application fields such as biomedicine, catalysis, environmental protection, the 

food industry, and separation processes.135-136 Numerous guest moieties, including, for 
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example, adamantane, azobenzene, ferrocene, cholesterol, etc., can be encapsulated. Although 

CDs are hydrophilic, they, along with the CD-guest complexes, can self-assemble to form either 

non-inclusion or CD/guest complexes, respectively, to form micro- and nanostructures that 

precipitate from aqueous CD solutions.137-138 The encapsulation occurs if a dimensional fit 

between the host cavity and the guest molecule is achieved.139 The adamantyl group is one of 

the most suitable guest moieties that can be accommodated by β-CD, due to its size. Exploiting 

the strong interactions of CD-adamantane complexes and the associated self-assembly 

behavior, multiple examples of supramolecular nanoparticle carriers were created that self-

assembled from cyclodextrin- and adamantane-functionalized polymers for targeted drug 

delivery.140-142 However, the non-covalent interactions could limit the use of supramolecular 

self-assemblies for drug delivery applications, since they might degrade easily before they reach 

their target. Furthermore, they have to be optimized for each new guest molecule that is 

incorporated or loaded due to different interactions with the particle structure.  

Thus, covalently-crosslinked cyclodextrin materials open the possibility of building a platform 

for safe and efficient drug delivery. Recently, different approaches were used to prepare 

covalently-crosslinked CD molecule-containing materials. Groundbreaking work in this field 

was conducted by Dichtel et al.. β-CD was polymerized in a nucleophilic aromatic substitution 

reaction with tetrafluoro terephthalonitrile (TFTN), and mesoporous bulk material was obtained 

that was used to rapidly remove organic micropollutants from waste water.143 Based on this 

work, our group developed β-CD-based nanoparticles which were crosslinked by TFTN for 

anti-cancer drug delivery applications.144-145 The successful synthesis of covalently crosslinked 

cyclodextrin nanoparticles using carbonyldiimidazole as a linker molecule is discussed in detail 

in chapter 4. Biocompatible and biodegradable nanocarriers were obtained. Their synthesis as 

well as their degradation behavior was studied. In the following chapter 5, the potential of these 
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nanoparticles was demonstrated when they were used for the effective delivery of hydrophobic 

drugs in order to suppress inflammatory responses in macrophages. 

Overall, innovative and biocompatible β-CD-based nanocarriers offer a promising platform for 

the development of controllable and efficient nanocarrier systems. 
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2. Characterization 

For the characterization of nanomaterials, several different analytical techniques can be 

applied. First, dynamic light scattering (DLS) can be used to determine the size (distribution) 

of nanoparticles. Scanning electron microscopy (SEM) and transmission electron microscopy 

(TEM) allow the imaging of a specimen and can be used to gain information about the particle 

size, morphology and pore structure. Further information about the surface area, pore size 

distribution and pore volume of porous material can be obtained with nitrogen sorption 

measurements. Furthermore, various functional groups of different functionalization steps can 

be identified using Fourier-transform-infrared (FTIR) microscopy and Raman spectroscopy. 

Additionally, zeta potential measurements were performed to examine the surface charge of 

samples and to evaluate changes in surface charge through incorporated organic moieties. The 

relative amounts of organic functionalization were determined using thermogravimetric 

analysis (TGA). Loading and release properties of loaded fluorescent dyes or other cargos into 

the pores of the sample can be investigated using fluorescence spectroscopy, confocal 

fluorescence microscopy and UV-Vis measurements.  
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2.1. Dynamic Light Scattering 

Dynamic light scattering (DLS) enables the fast and easy measurement of the hydrodynamic 

diameter of NPs and their size distribution. The general method is based on the principle that 

particles in solution will exhibit Brownian motion, which results in fluctuations in the scattered 

light intensity that can be measured and analysed.1  

Particles in suspension undergo Brownian motion due to random collisions of solvent 

molecules and particles. Here, larger particles show slower Brownian motion in comparison to 

smaller ones. The movement of the particles leads to a fluctuation in interference and scattered 

light intensity. The fluctuations of scattered light intensity due to the movement of the 

individual scattering centers can be analyzed using second-order autocorrelation functions. The 

autocorrelation function describes the time-dependent fluctuations in the scattered light 

intensity to measure how similar the intensity function is to itself over different delay times.2  

𝑔2(𝜏) =
〈𝐼(𝑡)𝐼(𝑡+𝜏)〉

〈𝐼(𝑡)〉2       (2.1) 

𝜏: delay time, 𝐼: Intensity 

 

To clarify, when the movement of particles over time is monitored, information on the size can 

be obtained since large particles diffuse slowly, resulting in more similar positions at different 

time points and a slower decay time in the correlation functions. Small particles move faster 

and therefore leave their positions more quickly. Consequently, they have a faster rate of decay 

in the correlation function. Thus, it is possible to obtain the translational diffusion coefficient 

D that is related to the size of the particles in solution, the hydrodynamic radius d(H) via the 

Stokes-Einstein equation (equation 2.2).  
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𝒅(𝑯) =
𝒌𝑻

𝟑𝝅𝜼𝑫
     (2.2) 

Stokes-Einstein equation: 𝑘: Boltzmann’s constant, 𝑇: temperature, 𝜂: viscosity of the suspending medium, 𝐷: 

diffusion coefficient. 

 

The hydrodynamic radius is defined as the size of a sphere that diffuses at the same rate as the 

particle being measured. This sphere comprises the particle as well as everything that is bound 

to the surface of the particle, e.g., ions or adsorbed polymers. Consequently, the hydrodynamic 

radius can be influenced by factors like the ionic strength of the medium and the nature of the 

particle’s surface. Furthermore, it should be noted that bigger particles scatter light 

significantly more than smaller ones so that even small amounts of agglomerated particles can 

cause high scattering intensity. As a result, the method is only suitable for relatively 

monodisperse and uncontaminated (e.g. by dust), non-agglomerated samples. If all those 

considerations are taken into account, DLS is a very powerful and commonly used method to 

investigate the sizes of particles between about 1 and 1000 nm. 

 

 

2.2. Zeta Potential Measurements 

Zeta potential measurements can be conducted to obtain information about the surface charge 

of nanoparticles, which can be employed to assess the stability of a colloidal system. In aqueous 

solution, nanoparticles are usually (slightly) charged due to the dissociation of surface groups 

or adsorption of solvent molecules. Hereby, oppositely charged ions of the dispersion medium 

attach to the surface of the nanoparticle, forming an electric double-layer (Figure 2.1). The 

inner layer consists of tightly bound counter ions, called Stern layer, while weakly bound 

counter ions can be found in the outer layer (up to the slipping plane). The double layer (up to 

the slipping plane) remains attached to the particle and follows its Brownian motion. The 
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electric potential difference between this double layer and the surrounding dispersion medium 

is defined as the zeta potential 𝜁.3 

 

Figure 2.1: Schematic drawing showing a nanoparticle with negative surface charge surrounded by attached 

counter ions in a dispersion medium and the potential difference as a function of distance.4 

 

The measurement of the zeta potential can take place in a cuvette with two gold electrodes 

where a laser measures how fast the particles move when an external electric field is applied. 

Charged particles will move towards the electrode with the opposite charge. The velocity of 

the movement, referred to as the electrophoretic mobility of particles, is related to the zeta 

potential by the Henry equation (equation 2.3) and depends on the strength of the electric field, 

the dielectric constant of the medium, the viscosity of the medium and the zeta potential.  
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𝑈𝐸 =  
2 𝜀 𝜁 𝑓(𝜅𝑎)

3 𝜂
     (2.3) 

Henry equation. 𝑈𝐸: electrophoretic mobility; 𝜀: dielectric constant of the medium; 𝜂: viscosity of the medium; 

𝜁: zeta potential; 𝑓(𝜅𝑎): Henry function with 𝜅 Debye length and a particle radius. 

 

The magnitude of the zeta potential gives an indication of the stability of the colloidal system 

due to the degree of repulsion between the charged particles in the dispersion. Large values 

(positive or negative) indicate good colloidal stability because of the strong electrostatic 

repulsion of individual particles. Small zeta potential values and a poor resulting colloidal 

stability can affect particle agglomeration and flocculation because there is no force to prevent 

the particles from coming together.  

 

 

2.3. Nitrogen Sorption measurements 

The properties of porous materials, e.g. surface area, pore size distribution and pore volume 

can be determined with sorption measurements.5 The term adsorption refers to the attachment 

of gaseous particles (adsorptive) on a solid surface (adsorbent). Nitrogen at 77 K is the most 

common adsorptive and can undergo attractive interactions when it is brought into contact with 

the solid surface of the adsorbent. This general phenomenon is classified as physisorption and 

is a result of weak van-der-Waals interactions.  

Static volumetric determination of the sorption isotherm is a widely used procedure for surface 

analysis. The method involves measuring the amount of nitrogen gas adsorbed onto the 

material at various pressures, and then using these data to calculate the surface area and pore 

size distribution. 
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The measurement involves introducing a known quantity of nitrogen gas to the sample material 

at a low temperature, typically around -196°C (77 K). As the gas is introduced, it begins to 

adsorb onto the surface of the sample, filling up the available pores and probing the surface 

area of the sample. The amount of gas adsorbed at each pressure after equilibration is then 

measured using a volumetric method, and the data are plotted on a graph called an adsorption 

isotherm. The reverse process, decreasing the amount of adsorptive in the sample chamber, 

leads to the desorption isotherm.  

According to IUPAC the isotherms are classified into six different isotherm types (Figure 2.2). 

The sorption isotherms are plotted as the amount of adsorptive as a function of relative pressure 

𝑝/𝑝0, with 𝑝0 being the equilibrium vapor pressure and p the actual pressure. 
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Figure 2.2: IUPAC classification of physisorption isotherms. Adapted from reference 6, IUPAC Technical Report, 

2015, © IUPAC. 

 

The isotherms are grouped into six main types according to the materials’ pore size and 

structure and its interaction with the adsorptive. Type I isotherms include microporous solids 

with narrow pores < ~ 1nm (Type Ia) or wider pores with a pore width of < ~ 2.5 nm (Type 

Ib). Nonporous material falls into the category of type II isotherms. A substrate with only weak 

adsorbent-adsorptive interactions is represented by a type III isotherm. Type IV isotherms 

comprise mesoporous samples. For material with a pore width greater than ~ 4 nm, additional 

phenomena such as capillary condensation can lead to a hysteresis loop (type IVa). This is the 

case when the relative pressure p/p0 is reduced and more energy is needed to remove the 
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condensed adsorbate molecules from the pore than for the adsorption of the adsorptive 

molecules. In materials with pores smaller than 4 nm no capillary condensation and no 

hysteresis is typically observed (type IVb). The type V isotherm is similar to type III and 

representative of weak adsorbent-adsorptive interactions. Here, at higher p/p0 values the 

adsorption of additional adsorptive molecules is favored due to previously adsorbed molecules 

followed by pore filling. The type VI isotherm shows stepwise multilayer adsorption on well-

defined surfaces.  

The most widely used principle for the evaluation of the surface area is the Brunauer-Emmett-

Teller (BET) method expressed in the BET equation 
6-7: 

𝑝/𝑝0

𝒏(1−𝑝/𝑝0)
=

1

𝒏𝑚𝐶
+

𝐶−1

𝒏𝑚𝐶
(𝑝/𝑝0)    (2.4) 

BET equation. n: specific amount adsorbed at relative pressure p/p0; nm: specific monolayer capacity; C: BET 

constant.  

 

The BET method involves plotting the quantity 
𝑝/𝑝0

𝒏(1−𝑝/𝑝0)
 against the relative pressure (𝑝/𝑝0) 

for a given adsorbate gas. The resulting linear plot is called a BET plot. The range of linearity 

is limited to a part of the isotherm, normally within the (𝑝/𝑝0)  range of ~ 0.05-0.30. In the 

application of the BET method, the monolayer capacity 𝑛𝑚 has to be derived from a “BET 

plot”. Then, the BET specific area 𝐴 can be calculated with the obtained value 𝑛𝑚 using 

equation 2.5. For this a knowledge of the average area, 𝑎𝑚, occupied by the adsorbate 

molecules in the complete monolayer is required. For each nitrogen molecule in a close-packed 

monolayer at 77 K, a value of am(N2) = 0.162 nm2 is usually assumed. 

𝐴(𝐵𝐸𝑇) = 𝑛𝑚
𝑎 ∙ 𝐿 ∙ 𝑎𝑚     (2.5) 

Calculation of BET area with 𝑛𝑚
𝑎  monolayer capacity, L Avogadro constant and 𝑎𝑚 average area occupied by 

adsorptive molecule.8 
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2.4.  Thermogravimetric Analysis 

Thermogravimetric analysis (TGA) is a technique to characterize materials by measuring the 

change of mass of a substance as a function of temperature or time. The mass changes may be 

caused by thermal decomposition or combustion of the material as well as chemical reactions, 

e.g., oxidation of components. 

The TGA instrument consists of a sample holder within a furnace which is coupled to a 

microbalance mechanism. During analysis the sample is heated stepwise and the microbalance 

mechanism detects mass changes in the sample. TGA is often used together with differential 

scanning calorimetry (DSC) for a simultaneous measurement of both mass change and heat 

flow during thermal analysis. This coupling provides complementary information about the 

thermal behavior of materials.9 

During DSC, a sample is heated or cooled at a constant rate while its heat flow is monitored. 

This allows for the detection of thermal events such as phase transitions, chemical reactions, 

and crystallization processes, which are accompanied by a change in heat flow. By measuring 

the heat flow as a function of temperature, DSC can provide information about the enthalpy 

(heat) changes associated with these events, as well as their onset temperature and rate of 

occurrence.10 

By combining TGA and DSC in a single instrument, TGA-DSC can help to identify the causes 

of mass changes observed in TGA, by providing information about the thermal events that are 

occurring. 

 

 

2.5. Molecular Spectroscopy  

Molecular spectroscopy is a powerful tool to study the interaction of matter with 

electromagnetic radiation.11 This technique is applied when determining the composition and 
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structure of a sample, which is essential for the characterization of chemical compounds. There 

are several different types of molecular spectroscopy relevant to this thesis, including 

ultraviolet-visible- (UV-Vis-) infrared- (IR) and Raman, as well as fluorescence spectroscopy, 

each of which will be introduced in the following. 

Electromagnetic radiation is characterized by its wavelength λ or its frequency ν. The 

electromagnetic spectrum is typically divided into different segments as shown in Figure 2.3. 

The energy E of the light quantum, namely a photon, is related to the frequency 𝜈 through the 

Planck constant ℎ:  

𝐸 = ℎ𝜈      (2.6) 

 

Depending on the type of spectroscopy, the sample is irradiated with light of different 

wavelengths and energies.  

 

 

Figure 2.3: Overview of the electromagnetic spectrum with respect to frequency and wavelength, highlighting the 

visible spectrum.12 

 

The principle of molecular spectroscopy is based on different absorption and emission 

processes caused by the interaction of molecules with electromagnetic radiation (Figure 2.4). 
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Molecules can absorb light with appropriate frequency and are thus excited to higher energy 

levels. With the emission of energy, the molecule regresses back to its former lower energy 

level, usually the ground energy level (or distribution) at the given temperature.13 

 

Figure 2.4: Schematic representation of electronic energy levels (S0 and S1), of vibrational energy levels (ν=1, 

ν=2, etc.), and virtual energy states showing the different absorption and emission processes involved in IR- (red 

arrow), UV Vis- (orange absorption arrow), fluorescence (green arrow) and Raman spectroscopy (blue arrows).  

 

 

2.5.1.  UV-Vis Spectroscopy 

UV-Vis spectroscopy is a common analytical technique used in qualitative and quantitative 

analysis.13-14 In this technique, a sample – often in solution or suspension – is irradiated with 

light in the ultraviolet and visible region of the electromagnetic spectrum, typically using 

wavelengths between 200 and 800 nm. When a molecule absorbs electromagnetic radiation in 

this wavelength range, the process involves excitation of electrons, typically outer shell valence 

electrons, to an excited state at higher energy levels. The energy absorbed by the sample is 

determined by the ratio between the intensity of the incident beam and the transmitted one. 

This process is repeated for each distinctive wavelength, and the resulting absorption bands 

show a distinct position, intensity, and fine structure that correspond to defined transitions in 
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the sample. However, these transitions are often accompanied by rotational and vibrational 

transitions, leading to complex fine structures that result in broad absorption bands. 

The absorption observed in UV-Vis spectroscopy can be quantitatively described using the 

Beer-Lambert-Bouger Law, which states that absorbance (A) is equal to the product of the 

molar absorptivity (ε), concentration (c), and path length (d) of the sample. This law allows the 

amount of light absorbed by a sample to be quantified and the concentration of an absorbing 

species in a solution to be determined. For example, this is often used for the quantification of 

nucleic acids.  

 

𝐴 = 𝑙𝑜𝑔
𝐼0

𝐼
= 𝜀 𝑐 𝑑      (2.7) 

 

 

2.5.2. Infrared Spectroscopy 

Infrared spectroscopy is a technique that relies on the interaction of infrared radiation with 

matter. Molecular vibrations and rotations are excited and can be measured directly as 

absorption in an IR spectrum.13 In contrast to the UV (~190-400 nm) and visible (~400-800 

nm) regions of the electromagnetic spectrum, the energy of radiation in the IR region is not 

sufficient to excite electrons to higher energy levels. Instead, IR energy excites vibrational 

motions of the nuclei and covalent bonds in molecules. Molecular vibrations refer to the motion 

of atoms within a molecule, where atoms oscillate about their equilibrium positions. These 

vibrations can be excited by the absorption of light, which can cause the molecule to move 

from its ground state to an excited vibrational level. The energy of the absorbed light 

corresponds to the difference in energy between the ground and excited states of the molecule. 
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A molecular vibration is IR-active if the dipole moment of the molecule changes during the 

excitation.  

The specific frequencies at which the vibrations in molecules absorb depend on the 

composition and structure of the compound. In a common IR spectrum the wavenumber – 

defined as the reciprocal of wavelength – is used instead of frequencies to show the absorbed 

radiation. The common range of an IR spectrum lays in the mid-IR region between 4000 and 

400 cm-1 (which approximately corresponds to the wavelength range of 2.5 µm to 25 µm, see 

Figure 2.3). In the mid-infrared region, the absorption of vibrations by covalently bound 

molecules as well as by functional, organic groups can be detected, which makes IR 

spectroscopy a powerful tool to determine its chemical composition and structure and identify 

functional groups in a molecule.  

 

 

2.5.3. Raman Spectroscopy 

Raman spectroscopy is based on the inelastic scattering of light by a sample, which causes a 

shift in the frequency of the scattered light, providing information about the vibrational modes 

of the sample. For vibrations to be Raman active, the polarizability of bonds has to change due 

to scattering of (monochromatic) light.15 

In Raman spectroscopy, a laser is used to irradiate the sample, the absorbed light excites an 

electron from a vibrational state into a virtual energy state, and the scattered light is collected 

and analyzed. The main part is scattered elastically at the same frequency as the incident light 

(Rayleigh scattering) and a small fraction is scattered inelastically. The inelastically scattered 

light can be either at a higher frequency (anti-Stokes scattering) or at a lower frequency (Stokes 

scattering) than the incident laser light, depending on the vibrational modes of the sample. The 
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respective shifts in frequency observed as anti-Stokes or Stokes shifts are characteristic for 

each molecule and can give information about the molecular structure. 

The Raman spectrum of a sample shows peaks at specific frequencies, which correspond to the 

vibrational modes of the chemical bonds in the sample. The Raman spectrum can be used to 

identify the functional groups in a molecule, and to determine its chemical composition and 

structure. 

 

 

2.5.4. Fluorescence Spectroscopy 

Fluorescence spectroscopy is a method that involves the emission of light from a fluorescent 

molecule after it has been excited by absorbing light.16 Fluorescence is a phenomenon where a 

molecule absorbs light energy and then releases it as light at a longer wavelength (Figure 2.3). 

This process is called fluorescence emission and is the basis for fluorescence spectroscopy. 

The excitation process in fluorescence spectroscopy involves irradiating a fluorophore with 

light with a specific wavelength, called the excitation wavelength. When a molecule in the 

sample absorbs the excitation light, it becomes excited to a higher (typically electronic) energy 

level. The energy difference between the ground state and excited state of the molecule 

corresponds to the energy of the excitation light. 

After electronic excitation to a higher vibrational energy level, commonly of the multiplicity S1 

or S2, the molecule typically decays to the lowest vibrational level of the first excited singlet 

state, S1. This loss is mostly due to non-radiative processes, e.g., vibrational decay and/or 

internal conversion.  

This excited molecule is unstable and may decay to its ground state via emission of radiation 

(fluorescence). Due to the energy loss during vibrational relaxation, the emitted photon has a 

longer wavelength than the excitation light. This is known as the Stokes shift. Emitted light is 
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detected by a fluorescence spectrometer. The resulting spectrum shows the wavelengths of 

light emitted by the molecule which can be used to identify and /or quantify the chemical 

species present in the sample.  
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2.6. Microscopy 

Microscopy is an essential tool for imaging samples at a microscopic or nanoscale, such as 

cells, nanoparticles, and other small objects. It allows for the observation of the intricate details 

of biological, chemical, and physical systems, providing insight into their structure, behavior, 

and interactions. 

The diffraction limit, as described by Ernst Abbe, is a fundamental limit to the resolution of 

any optical system. It states that the smallest resolvable detail, meaning the minimal distance 

between two resolvable objects, in an image is proportional to the wavelength of the light used 

to illuminate the sample. This limit is often expressed in terms of the numerical aperture of the 

lens, which determines the amount of light that can be collected from the sample. 

𝑑 =  
𝜆

2𝑛 sin 𝜃
       (2.8)  

Abbe diffraction limit: 𝑑: minimal distance between two resolvable objects, 𝜆: wavelength, 𝑛: index of 

refraction, 𝜃: maximal half-angle of the cone of the light. 

 

However, recent advancements in microscopy have enabled super-resolution imaging beyond 

the diffraction limit. Super-resolution imaging techniques have overcome the diffraction limit 

by harnessing various principles and methodologies. One notable example is stimulated 

emission depletion (STED) microscopy, which utilizes a depletion beam to confine the 

excitation spot below the diffraction limit. Additionally, single-molecule localization 

microscopy techniques, such as stochastic optical reconstruction microscopy (STORM) and 

photoactivated localization microscopy (PALM), enable super-resolution imaging by precisely 

localizing individual fluorophores. These techniques, collectively known as high resolution 

microscopy, have revolutionized the field of microscopy by allowing researchers to visualize 

biological and physical systems in unprecedented detail.17 While optical imaging beyond the 

diffraction limit was not used in this thesis, the potential for high resolution imaging of different 
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samples and structures using confocal fluorescence microscopy, scanning electron microscopy 

and transmission electron microscopy is described in the following.  

 

2.6.1. Confocal Fluorescence Microscopy 

Confocal fluorescence microscopy is a powerful imaging technique that uses laser light to 

excite fluorescent molecules within a sample. By selectively illuminating specific regions of 

the sample and detecting the resulting fluorescence while eliminating out-of-focus light, high 

resolution images of cells, tissues, and other structures can be generated.18-19 

Confocal fluorescence microscopy is a technique intended to increase the optical resolution in 

all three spatial dimensions compared to a standard light microscope. A typical confocal 

microscope consists of a light source (usually a laser), a scanning system, a pinhole, a dichroic 

mirror, an objective lens, and a detector. When the laser light is directed at the sample, it causes 

fluorescent molecules within the sample to emit light of a longer wavelength (compare Figure 

2.4). This emitted light is then collected by the objective lens, which focuses it, before it is 

detected by a detector such as a photomultiplier tube. 

The pinhole acts as a spatial filter, blocking out-of-focus light from other planes within the 

sample. In contrast to standard light microscopy, this increases the contrast of the image and 

reduces background noise. By scanning the laser beam across the sample in a controlled 

manner, a three-dimensional image can be constructed from the collected data. Figure 2.5 

illustrates confocal fluorescence microscopy.  
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Figure 2.5: Excitation and emission light pathways a) in a basic confocal fluorescence microscope and b) when a 

spinning disc is used for image acquisition.20 

 

In confocal fluorescence microscopy, a spinning disc can be used to speed up image 

acquisition. The spinning disc consists of multiple concentrically arranged pinholes. As the 

disc spins, each pinhole passes through the image plane, allowing light from multiple points in 

the sample to be collected simultaneously. This drastically speeds up the image generation 

process as compared to a single pinhole system where the entire image range has to be scanned 

to acquire the image. The spinning disc technique also reduces photobleaching and 

phototoxicity by reducing the amount of time the sample is exposed to the excitation light.  
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2.6.2. Scanning Electron Microscopy 

Scanning electron microscopy (SEM) is an examination method used for surface and 

morphology characterization and enables resolution on the nanoscale.  

As stated in equation 2.8, the resolution that can be achieved in classical optical microscopy is 

limited by the Abbe diffraction limit and is determined by the wavelength and the numerical 

aperture of the lens used to focus the beam. Unlike optical microscopes, which use visible light, 

SEM can achieve higher resolution because electrons have a shorter wavelength than visible 

light. In 1924, De Broglie proposed that moving particles with distinct mass possess wave-like 

characteristics. He built upon the earlier works of Albert Einstein and Max Planck to develop 

his theory. De Broglie's equation (2.13) established a correlation between the wavelength (λ) 

and the momentum (p) of moving particles, which helped him win the Nobel Prize in Physics 

in 1929.21  

𝜆 =
ℎ

𝑝
=

ℎ

𝑚𝑣
      (2.13) 

λ: Wavelength, h: Planck´s constant, p: Momentum, m: Mass, v: Velocity. 

 

When electrons are accelerated by a high voltage of 300 kV, they generate a wavelength of 

approximately λ = 1.97 pm. These electrons can be utilized for electron-optical imaging 

techniques.22 

To obtain topographic information of a sample surface, SEM uses a different approach towards 

manipulating the beam. Instead of using a lens and a static beam, SEM uses a series of 

electromagnetic lenses to scan the beam across the surface of the sample.  

Specifically, an electron beam scans the surface of sample in a raster scan pattern and the 

position of the beam is combined with the intensity of the detected signal to produce an image. 
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To obtain a beam of primary electrons, the electron source emits free electrons that are 

accelerated downwards with an anode. The obtained beam of primary electrons features 

energies between about 0.1 keV and 30 keV. The beam is focused on the sample with electron 

lenses using electromagnetic forces to control the beam’s direction. The raster scan generator 

enables the systematic scanning of the surface of the sample point for point. A possible 

electron-sample interaction, when the beam hits the sample, is ionization of a weakly bound 

electron of the sample through inelastic scattering of the primary electron. These ejected 

electrons are called secondary electrons (SE) and have a low kinetic energy (Ekin<50 eV). Other 

products of the electron-sample interactions are backscattered electrons, X-rays, 

Bremsstrahlung and so called Auger-electrons, while in most common SEM modes SE are 

detected using a secondary detector. Because of their low kinetic energy, their mean free path 

in solid matter is limited and only SE that were generated close to the surface can escape and 

be detected. This enables/produces a very high spatial resolution because the spatial resolution 

is mainly determined by the size of the interaction volume of the primary electron beam in the 

sample. The number of the detected SE from every point in the sample defines the image 

contrast. When the sample surface is scanned point for point and the SE intensity is recorded 

for each point, a microscopic image of the sample is generated (Figure 2.6). 
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Figure 2.6: Schematic setup of an SEM.23 

 

For this type of analysis, the microscope has to work under high vacuum to avoid interactions 

of electrons with gas molecules. Therefore, the samples need to be suitable for being exposed 

to high vacuum. Also, non-conductive materials should be coated with electrically conductive 

compounds such as carbon to ensure good image resolution.  
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2.6.3. Transmission Electron Microscopy 

Another powerful tool for materials characterization is transmission electron microscopy 

(TEM), which provides high-resolution images and detailed information about the crystal 

structure, morphology, and chemical composition of materials. Similar to SEM, TEM also uses 

an accelerated electron beam for the investigation of samples but it can achieve an even higher 

resolution, which can be as low as 0.05 nm.24  

 

Figure 2.7: Schematic setup of a TEM.23 

 

In TEM measurements electrons are accelerated with energies of about 100-400 kV. A thin 

specimen is placed in the path of the beam. The principle of TEM measurements is based on 

an electron beam which is transmitted through the sample. A wide area of the sample is 

illuminated and the primary electron beam passes through the sample (Figure 2.7). During 
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transmission, the electrons of the beam gain phase and diffraction information of the sample 

due to elastic scattering. Electrons can experience elastic incoherent scattering depending on 

the atomic number as well as the thickness and the density of the sample. They can also 

experience elastic coherent scattering on periodic structures. Both events determine the image 

contrast of the microscopy image. Similar to SEM, additional information can be obtained 

through other types of particles and energy losses generated as a result of the electron-sample 

interactions.  
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Abstract 

We present the synthesis of amorphous, mesoporous, colloidal magnesium phosphate-citrate 

nanoparticles (MPCs) from biogenic precursors, resulting in a biocompatible and 

biodegradable nanocarrier that amplifies the action of the anticancer drug methotrexate (MTX). 

Synthesis conditions were gradually tuned to investigate the influence of the chelating agent 

citric acid on the colloidal stability and the mesoporosity of the obtained nanoparticles. With 

optimised synthesis conditions a large BET surface area of 560 m2/g was achieved. We 

demonstrate the potential of these biocompatible and biodegradable mesoporous MPCs as a 

drug delivery system. Lipid-coated MPCs were used to load the fluorescent dye calcein and 

the chemotherapeutic agent MTX into the mesopores. In vitro experiments show very low 

premature release of the cargo but efficient stimuli-responsive release in an environment of pH 

5.5, in which MPCs degrade. Lipid-coated MPCs are taken up by cancer cells and are nontoxic 

up to concentrations of 100 μg/mL. When loaded with MTX serving as a representative model 

drug for in vitro studies, MPCs induced efficient cell death with an IC50 value of 1.1 μg/mL. 

Compared to free MTX, its delivery with MPCs enhances its efficiency by an order of 

magnitude. In summary, we have developed a biodegradable nanomaterial synthesized from 

biocompatible precursors that are neither toxic by themselves nor in the form of nanoparticles. 

With these features MPCs may be applied as drug delivery system and have the potential to 

reduce the side effects of current chemotherapies.  
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3.1. Introduction 

Since the consideration of nanoparticles for drug delivery applications, many materials 

including inorganic silica1-5, carbon materials6, 7, layered double hydroxides8, 9, liposomes10, 11 

and polymers12-15, and DNA-origami16 have been investigated.17, 18 However, existing 

nanomaterials are still limited with respect to their efficient loading and release, their targeted 

uptake by specific cells, their ability to escape the endosome, their increased efficacy, and their 

biodistribution, biodegradability and biocompatibility19-24. Drug delivery systems based on 

biomaterials and synthetic analogues such as magnesium carbonates25, phosphates26 and 

calcium phosphates27, may help to overcome these shortcomings due to their excellent 

biocompatibility and biodegradability resulting in reduced side effects.28-30 We recently 

obtained promising results with calcium phosphate-citrate nanoparticles, which induce 

apoptosis selectively in cancer cells and successfully reduce pleural tumors in mice with 

minimal adverse effects.31 These nanoparticles release calcium and citrate ions in toxic 

amounts when introduced into the cytosol of cancer cells. However, the ions are not toxic when 

added to a nontumorigenic environment. Calcium is an essential biomineral in the tumorigenic 

pathway but simultaneously represents the most abundant messenger for cell survival 

mechanisms including apoptosis.32 As an alternative, magnesium phosphate (MgP) based 

materials provide attractive features for biomedical applications, because the human body 

possesses mechanisms to degrade MgP materials and therefore the risks of side effects are 

decreased. 33, 34 Additionally, magnesium and phosphate ions are inherent components of the 

human body. So far, different MgP based materials have been synthesized under various 

conditions such as Mg/P ratio, temperature, and pH value.35 MgP based materials are mainly 

investigated as material for bone repair and substitution, for example as bone cement or also 

as a reservoir for anti-inflammatory drugs.36 Dense and lipid coated magnesium phosphate 

nanoparticles were used by Fang et al. to deliver proteins into the cytosol of cells.26 Bhakta et 
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al. presented a co-precipitation synthesis to yield magnesium phosphate nanoparticles with 

encapsulated pDNA.37, 38 Their nanoparticles were dense precipitates and did not contain any 

mesoporosity. Mesoporosity is an attractive feature as it may enable the design of flexible, 

biodegradable drug delivery platforms with efficient release of drug molecules loaded into the 

pores of such nanocarriers.2, 39, 40 So far, mesoporous magnesium-based materials exist only in 

combination with calcium phosphates31, 41, silicates42 or oxides43 and with fairly low 

mesoporosity. For example, a BET surface area of 306 m2/g was reported for a porous 

magnesium oxide structure.43 A much smaller BET surface area of 132 m2/g was reported for 

a magnesium-calcium phosphate structure.41 The development of colloidal mesoporous 

magnesium phosphate-based materials at the nanometer scale with high mesoporosity will 

therefore extend the portfolio of magnesium phosphate materials to biomaterials that are 

readily biodegradable, biocompatible, and allow for efficient loading and release of bioactive 

guest-molecules. This would leverage the use of magnesium phosphate materials in biomedical 

applications.  

Here, we present the synthesis of colloidal, mesoporous magnesium-phosphate citrate 

nanoparticles (MPCs) as nanomaterial that offers a large BET surface area – up to 650 m2/g - 

and degrades at lysosomal pH 5.5. A lipid coating allows for very low premature release of 

incorporated drugs. Furthermore, MPCs are efficiently taken up by cells and exhibit high 

biocompatibility. We investigate the influence of the complexing agent citrate on the 

nanoarchitecture of MPCs. We use MPCs with the best colloidal stability and a large BET 

surface area of 560 m2/g for in vitro drug delivery experiments. MPCs efficiently load and 

release methotrexate and increase its cytotoxic efficacy on HeLa cells by a factor of 9 compared 

to the free drug. With these features, the novel mesoporous colloidal MPCs are a promising 

nanomaterial for biomedical applications. 

 



 

3.2. Results and Discussion 

 

 
68 

3.2. Results and Discussion  

Biocompatible, porous MPCs were synthesized via a modified Pechini sol-gel process44, based 

on our previously published synthesis of calcium phosphate-citrate nanoparticles.31 

Magnesium ions are dissolved in a citric acid (CA) containing aqueous solution, resulting in 

complexation of magnesium by citrate ions and an acidic pH. This prevents the rapid 

precipitation of magnesium phosphate after the addition of phosphate ions and leads to a 

stabilized solution of magnesium, phosphate, and citrate ions. To obtain a mesoporous 

structure, the surfactant template cetyltrimethylammonium chloride (CTAC) is added, 

presumably forming micelles in an ordered mesophase to yield a Mg-P-CA-complex. The 

interaction of CA with the magnesium ions facilitates the gelation ability of the mixed solution 

and influences the precipitation behavior.45 Nanoparticles are formed after a rapid increase of 

the pH to strongly alkaline conditions. This is achieved with a mixture of triethanolamine and 

ethanolamine, which not only act as base but additionally as complexing agents, facilitating 

formation of nanoparticles.46 The extraction of the surfactant template with an ethanolic 

ammonium nitrate solution yielded the mesoporous MPCs. 

Initially, we investigated the influence of citric acid during the reaction while keeping the 

concentrations of the other reactants constant. To this end, we prepared three different samples 

with a molar ratio of Mg/CA = 1:0, 1:0.5, and 1:1.12. The molar ratio of Mg/P was 1:1 for all 

three samples. Sample Mg/CA = 1:0 served as a control without CA. After extraction of the 

resulting MPCs, we determined the hydrodynamic radius with dynamic light scattering (DLS) 

and the morphology with scanning electron microscopy (SEM). The hydrodynamic particle 

size of MPCs in ethanolic solution and corresponding SEM images are depicted in Figure 3.1. 

All samples show a narrow size distribution. Samples Mg/CA = 1:0 and 1:0.5 have a similar 

hydrodynamic particle size distribution with maxima at 530 nm and 615 nm, respectively. For 

the sample Mg/CA = 1:1.12 smaller particle sizes with a maximum at 255 nm are observed. 
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SEM images show that all particles exhibit spherical morphology. They also show 

agglomeration due to the drying process during sample preparation (Figure 3.1). The DLS 

results suggest that the content of citric acid during synthesis may influence the colloidal 

stability in solution. This is of importance for applications in drug delivery, since it influences 

cell uptake. Sample Mg/CA = 1:1.12 with the smallest hydrodynamic size is therefore 

preferable for such applications. 



 

3.2. Results and Discussion 

 

 
70 

 

Figure 3.1 Particle size of MPC samples. Left column depicts the dynamic light scattering data, right column 

depicts the corresponding scanning electron microscopy images. Scale bars: 200 nm a, MPCs with a molar ratio 

of Mg/CA = 1:0 (green line). b, MPCs with a molar ratio of Mg/CA = 1:0.5 (red line). c, MPCs with a molar ratio 

of Mg/CA = 1:1.12 (black line). 

 

Additionally, energy dispersive X-ray (EDX) measurements were performed with the samples 

having molar ratios of Mg/CA = 1:0, 1:0.5, and 1:1.12. The averaged results for each ratio are 

presented in Table 3.1. They increase from 1.19 to 1.25 with increasing CA content. 
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Table 3.1: Energy dispersive X-ray analysis for MPCs with a molar ratio of Mg/CA = 1:0, 1:0.5, and 1:1.12. 

Mg/CA molar 

ratio 

Magnesium 

(atom%) 

Phosphorus 

(atom%) 

Mg:P 

1:1.12 4.20 3.36 1.25 

1:0.5 5.12 4.23 1.21 

1:0 6.25 5.23 1.19 

 

The IR-spectra of the MPC samples obtained with a molar ratio of Mg/CA = 1:0, 1:0.5, and 

1:1.12 are depicted in Figure 3.2a. They are normalized to the ν3(PO4) stretching vibration at 

1081 cm-1. The two strong vibrations at 1423 cm-1 and 1616 cm-1 (marked with asterisks) are 

attributed to the symmetric and the anti-symmetric stretching modes of COO- groups of citric 

acid incorporated into the MPCs structure.47, 48 The vibrations at 1428 cm-1 and 1635 cm-1 of 

the sample with no citric acid result from the incorporation of carbonate ions into the 

structure.49 The incorporation of carbonate ions is attributed to their presence in the aqueous 

reaction solution. The intensity increase of the COO- vibrations with the relative citric acid 

content Mg/CA = 1:0, 1:0.5, and 1:1.12 in the sample reflects the increasing amount of citrate 

and carbonate ions incorporated into the MPC structure. The vibrations at 1269 cm-1 and 

879 cm-1 are assigned to H-OPO3
2- and HO-PO3

2-, respectively (marked with pound signs).50 

Their appearance suggests that MPCs exhibit undissociated POH groups with respect to the 

trimagnesium phosphate stoichiometry Mg3(PO4)2, which is in accordance with the EDX 

results. The broad band between 3600 cm-1 and 2200 cm-1 is attributed to the O–H vibration of 

water remaining in the pores of the samples. 

To quantify the amount of citrate in the MPC structure, thermogravimetric analysis (TGA) was 

performed on all samples up to 850 °C (see Figure 3.2b). The moderate mass loss of all samples 



 

3.2. Results and Discussion 

 

 
72 

up to 120 °C is assigned mainly to water (~ 8 wt%). Up to 180 °C, we attribute the mass loss 

in all samples to weakly bound organics (~ 6 wt%). Between 180 °C and 700 °C a significant 

mass loss is observed for all samples, attributed to the decomposition of strongly bound 

organics incorporated in the MPCs. Above 700 °C the mass stays almost constant up to 850 

°C. In the sample Mg/CA = 1:0, the mass loss of organics adds up to 13 wt%. This drop is 

caused by residues of surfactant template, carbonates, ammonia, and crystal water within the 

nanoparticles.51 The sample Mg/CA = 1:0.5 loses mass of 23 wt%, the sample Mg/CA = 1:1.12 

loses 28 wt%. Therefore, in the samples containing citric acid an additional mass loss of 10 

wt% and 15 wt%, respectively is recorded in comparison to the sample without citric acid. We 

attribute these additional mass losses to the decomposition of citrate ions incorporated in the 

structure of MPCs. Confirming the conclusions from IR data, the results show that the 

incorporation of citrate ions into the structure of MPCs increases with increasing initial CA 

content. 

For the application as drug delivery system a large surface area is desired.2, 39 The porosity of 

MPCs was investigated with nitrogen sorption analysis. The measurements revealed the typical 

type IV isotherm for all samples. The isotherms with the molar ratios of Mg/CA = 1:0, 1:0.5, 

and 1:1.12 are shown in Figure 3.2c and the pore size distributions of all samples are 

represented in Figure 3.2d. The presence of mesoporosity is visible in a strong increase of 

adsorbed nitrogen volume at relative pressures between 0.4 and 0.8, which is very pronounced 

for sample Mg/CA = 1:1.12, and the narrow pore size distribution, which is apparent for all 

samples. With increasing amounts of citric acid in the reaction solution, the degree of porosity 

of MPCs increases. While the samples Mg/CA = 1:0 and 1:0.5 show rather low mesoporosity, 

sample Mg/CA = 1:1.12 exhibits the largest BET surface area with 560 m2/g, a maximum of 

the pore size distribution at 6.3 nm and a corresponding pore volume of 0.8 cm3/g (see also 

Table S3.1). 
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We conclude that the amount of citric acid strongly influences the formation and resulting 

nanoarchitecture of mesoporous MPCs. The coordination complex Mg-citrate apparently slows 

down the kinetics of the precipitation reaction, allowing the solid structure to form around the 

micelles of the surfactant template. This results in a large BET surface area and high pore 

volume of the MPCs with molar ratio Mg/CA = 1:1.12, featuring an additional promising 

characteristic as drug delivery system.  

X-ray analysis reveals an amorphous structure for all samples (Figure 3.2e). This is in 

accordance with the observed ν3(PO4) stretching vibration at 1081 cm-1 in the IR-spectra, 

which is shifted to higher wavenumbers compared to crystalline magnesium phosphate 

structures.52 With transmission electron microscopy the mesoporous structure of MPCs can be 

visualized. The nanoparticles are strongly agglomerated due to the drying process during 

sample preparation (Figure 3.2f). To better visualize the spherical morphology of MPCs with 

initial molar ratio of Mg/CA = 1:1.12 additional SEM images are depicted in the supporting 

information Figure S3.1. 
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Figure 3.2: a, Infrared spectra of MPCs with a molar ratio of Mg/CA = 1:1.12 (black line), 1:0.5 (red line), and 

1:0 (green line). b, Thermogravimetric analysis of the samples with a molar ratio of Mg/CA = 1:1.12 (black line), 

1:1.05 (red line), and 1:0 (green line). c, Adsorption and desorption isotherms. d, Calculated pore size 

distributions. e, X-ray diffraction of the amorphous MPCs with a molar ratio of Mg/CA = 1:1.12 (black line), 

1:0.5 (red line), and 1:0 (green line). f, Transmission electron microscopy image of MPCs with a molar ratio of 

Mg/CA = 1:1.12. Scale bar: 100 nm. 

 

As demonstrated, the initial concentration of citric acid in the range of molar ratios of Mg/CA 

= 1:0, 1:0.5, and 1:1.12 has a significant effect on the resulting material. To also investigate 
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the influence of initial phosphate content on nanoparticle formation, we used the MPCs with a 

molar ratio of Mg/CA =1:1.12 as they were shown to offer the most promising characteristics 

for application as drug delivery system including a high surface area, small particle diameter, 

and high colloidal stability in solution. We kept the Mg/CA molar ratio constant at 1:1.12, 

while decreasing the phosphate content from a molar ratio of Mg/P of 1:1 to 1:0.6.  

The hydrodynamic diameter of the resulting particles was characterized using DLS. Figure 

S3.2a shows a size distribution around a maximum of 370 nm, which is increased compared to 

MPCs with Mg/P ratio of 1:1. Again, particles showed a spherical morphology in the SEM 

(Figure S3.2b). As expected from the decreased initial phosphate content, EDX measurements 

of the MPCs with a molar ratio of Mg/P = 1:0.6 confirm a slightly decreased incorporation of 

phosphate in the nanoparticle structure (Table S3.2) with an atom percentage of Mg:P of 1.17 

(in comparison to 1.25 for MPCs synthesized with an initial molar ratio of Mg/P = 1:1). The 

IR spectra exhibit the same features as for the molar ratio of Mg/P = 1:1 described above. The 

only difference is an increase in the intensity of the carboxylic groups suggesting an increase 

in incorporated citric acid (Figure S3.2c). The amount of citrate in the MPC structure was again 

quantified using TGA. Between 180°C and 700°C a mass loss of 33 wt% was observed, 

corresponding to a mass loss of 20 wt% that can be attributed to decomposition of citrate ions 

(Figure S3.2d). The mass loss due to incorporated citrate ions is thus increased for MPCs with 

Mg/P = 1:0.6 compared to Mg/P = 1:1. This result shows that the incorporation of citrate into 

the structure of MPCs is not only dependent on the initial molar ratio of Mg/CA, but also 

dependent on the initial molar ratio of Mg/P. Nitrogen sorption measurements resulted in a 

typical type IV isotherm. The surface analysis for Mg/P = 1:0,6 indicates a higher BET surface 

area of 650 m2/g in comparison to MPCs with a molar ratio Mg/P = 1:1 and a slightly smaller 

pore size of 5.6 nm corresponding to a pore volume of 0.9 cm3/g (Figure S3.2e and f). These 

findings support the mesoporosity of MPCs to follow the observed trend of an increasing 
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surface area with increasing amounts of citrate incorporated into the MPC structure. For the 

MPCs with a molar ratio of Mg/P = 1:0.6 we achieved the highest citrate concentration of 20 

wt% resulting in the highest BET surface area of 650 m2/g. The amorphous structure of the 

MPCs with a molar ratio of Mg/P = 1:0.6 was confirmed via X-ray analysis (Figure S3.2g). 

Hence, we now have introduced a synthesis route that leads to small, biodegradable magnesium 

phosphate-citrate nanoparticles. Additionally, by tuning the synthesis parameters we were able 

to vary the amount of citrate incorporated into the structure of magnesium phosphate-citrate, 

changing the properties of the nanoarchitecture. Because the colloidal stability of nanoparticles 

is an important factor for their application as drug delivery systems, the sample Mg/CA = 

1:1.12 with an initial Mg/P molar ratio of 1:1 was chosen in the following for testing the 

promise of MPCs as drug delivery system. Among all synthesized and characterized MPCs, 

they offer the most promising characteristics, including the highest colloidal stability of all 

samples, a large BET surface area, and a highly mesoporous structure. 

Next, we established a method for the stable and impermeable coating of the MPCs with a 

supported lipid bilayer. For this purpose, we loaded the particles in a solution of calcein serving 

as fluorescent model drug and a small amount of cetyltrimethylammonium chloride (CTAC) 

as endosomal escape agent31 for subsequent cell experiments. For the coating we used the 

solvent exchange method53 with a mixture of 1,2-dioleoyl-3-trimethylammonium-propane 

(DOTAP) and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC). This procedure leads to 

calcein and CTAC-loaded magnesium phosphate-citrate nanoparticles with lipid coating 

(lipid@MPCs). 

While the lipid@MPCs are colloidally stable at pH 7.4 (see supporting information Figure S3.3 

for DLS in buffer solution) and can be recovered from solution via centrifugation, acidification 

leads to degradation of the MPCs and destabilization of the lipid coating, and therefore release 

of its cargo (see Figure 3.3a). For fluorescence release measurements the lipid@MPCs were 
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transferred into a special measuring cell for fluorescence detection of the release. The 

lipid@MPCs were separated from the measuring compartment with a dialysis membrane with 

a molecular-weight cutoff at 14 kDa. This setup only allows for the penetration of released 

fluorescent dye through the membrane into the measuring compartment. The release of calcein 

from the lipid@MPCs was measured for the as-prepared sample at pH 7.4 (Figure 3.3b, red 

line) and for a sample with acidified, degraded lipid@MPCs (Figure 3.3b, green line). As 

expected, the increase in fluorescence counts is much stronger for the acidified, degraded 

sample compared to the non-degraded lipid@MPCs. The latter shows some initial release until 

saturation is reached. Since MPCs fully degrade upon acidification, we assume 100% of the 

loaded cargo to be released into the cuvette over time for the acidified sample. With respect to 

this, the premature release of the as-prepared, sealed sample can be estimated to be no more 

than 15% of the loaded calcein. Thus, lipid@MPCs degrade at slightly acidic conditions as 

experienced in the endosome and show only small premature release – two promising 

properties for applications in drug delivery.  
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Figure 3.3: a, Photograph of centrifuged lipid@MPCs at pH 7.4 (red frame) and degraded lipid@MPCs after 

acidification at pH 5.5 (green frame) b, Fluorescence release measurement of calcein over 20 hours showing the 

premature release behavior (red line) and a strong increase upon triggered release by acidification (green line). c, 

Confocal microscopy image of HeLa cells with lipid@MPCs (in green) internalized in the WGA-stained cell 

membrane in red (concentration: 15 µg/mL. incubation for 24 h. Scale bar: 50 μm). d, Cell viability assessed by 

MTT assay for different concentrations of uncoated MPCs (plain, green triangle), MPCs with lipid coating 

(control, black circles), and MPCs with lipid coating and CTAC (lipid@MPCs, red squares) incubated for 72 h 

on HeLa cells. Concentrations ranging from 1 to 100 µg/mL. 

In vitro cell experiments were carried out to investigate the uptake behavior of lipid@MPCs 

with HeLa cells. After an incubation of 24 hours with lipid@MPCs, the cells were investigated 

with a confocal fluorescence microscope, showing efficient particle uptake (Figure 3.3c, 

supporting information Video S1). The green fluorescent particles are localized inside the cell 

(marked in red on its membrane) suggesting successful intracellular uptake. 

Further, in vitro experiments were performed to study the toxicity of magnesium phosphate-

citrate particles on cells. Three different kinds of particles were incubated for 72 hours on HeLa 

cells and analyzed with MTT-assays (Figure 3.3d). The sample plain (green line) represents 

the bare magnesium phosphate-citrate particles without any further modification. The sample 
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control (black line) was prepared in the same way as the sample lipid@MPCs (red line) but 

without the addition of the endosomal escape agent CTAC. The samples plain and control show 

no cytotoxicity up to particle concentrations of 100 μg/mL. For the sample lipid@MPCs a drop 

in cell viability at a particle concentration of 100 μg/mL was obtained. We calculated an IC50 

value of 77 μg/mL. In the supporting information, we depict brightfield images of the control 

and lipid@MPCs at different times (Figure S3.4). Thus, MPCs are not toxic up to fairly large 

concentrations and therefore appear to be promising candidates for advanced drug delivery 

applications. 

 

Finally, we investigated the loading capacity of the newly developed MPCs for methotrexate 

(MTX), a hydrophobic anti-cancer drug54, its release behavior, and its efficiency in cell 

experiments. MPCs (0.5 mg) were loaded for 30 min in an excess MTX-containing solution 

(0.5 mg) with small amounts of the endosomal escape agent CTAC. After centrifugation of 

MPCs containing MTX, the particles were sealed with a lipid coating as described above to 

yield MPCs-MTX. After further washing steps, the maximum loading capacity and the release 

of MPCs-MTX were investigated with UV-Vis measurements at a wavelength of 303 nm55. 

The same cuvette as that employed for calcein release measurements was used and release from 

MPCs-MTX and dissolved MPCs-MTX was each measured via UV-Vis spectroscopy and 

quantified according to the calibration curve shown in Figure S3.5. MPCs-MTX (Figure 3.4a, 

closed, red line) showed very low release compared to dissolved MPCs-MTX (Figure 3.4a, 

degraded, green line), which exhibited efficient release. The total amount of MTX released 

over the course of 12 h from 0.5 mg MPCs-MTX after their dissolution was 0.02 mg 

corresponding to 4 wt% loading and release. The premature release of MTX from lipid-coated, 

non-degraded MPCs-MTX is as low as 13 % with respect to the dissolved sample after 12 h. 
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All in all, the experiments show that MTX is readily loaded into MPCs, retained at pH 7 and 

released at acidic pH. 

To test their effect on cells, the MPCs-MTX were then incubated for 72 hours on HeLa cells 

and a viability assay was performed (Figure 3.4b, black line). The delivery of MTX into HeLa 

cells results in an efficient cytotoxicity with an IC50 = 1.1 μg/mL for MPCs-MTX. Furthermore, 

the supernatant of MPCs-MTX was analyzed to verify the safe MTX delivery without 

premature release. Here, we did observe minor changes in cell viability above 20 μg/mL 

(Figure 3.4b, green line) reflecting the small amount of prematurely released MTX as detected 

by UV-Vis. 

 

 

Figure 3.4: a, UV-Vis release measurement of MTX over 12 hours showing only premature release (red line) and 

a strong increase upon triggered release by acidification (green line). b, HeLa cell viability measured with MTT-

assay. MPCs-MTX (black line) with an IC50 = 1.1 μg/mL, dissolved MPCs-MTX (red line) with an IC50 = 9.3 

μg/mL, and the supernatant of MPCs-MTX (green line) with no IC50 obtained. Concentrations ranging from 1 to 

100 µg/mL. The control of particles with the same composition but not delivering MTX can be seen in Figure 

3.3d (red data). 

As in the release experiments, dissolved MPCs-MTX served as control providing 

approximately the same amount of free MTX in solution as loaded in the respective amount of 

non-dissolved MPCs-MTX. Free MTX of dissolved MPCs-MTX (Figure 3.4b, red line) shows 

an IC50 of 9.3 μg/mL. Compared to intact MPCs-MTX the IC50 is increased by a factor of ~ 9. 

The experiment with the dissolved MPCs is also a good control yielding the amount of MTX 
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that is remaining in adjacent tissue after dissolution of the MPCs in the target cells. Comparing 

the the above results, MPCs enhance the efficiency of MTX by a factor of ~ 9. 
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3.3. Conclusion 

Here, we have presented the synthesis of colloidal mesoporous magnesium phosphate-citrate 

nanoparticles using a modified Pechini process and investigated the influence of the chelating 

agent citric acid on the properties of the resulting nanoparticles. The level of citric acid 

incorporated into the structure of magnesium phosphate-citrate influences the colloidal stability 

of MPCs in solution. Additionally, incorporated citric acid impacts the mesoporosity of the 

MPCs. A maximum BET surface area of 650 m2/g with a pore size of about 5.6 nm and a 

corresponding pore volume of 0.9 cm3/g was reached. Particles degrade at slightly acidic pH 

as present in the lysosome. With the fluorescent model drug calcein, the release of MPCs sealed 

with a lipid coating was studied. The release measurements show that we established a 

synthesis method for a tight closure and entrapment of drugs with only 15 % premature release 

within 12 h. In subsequent cell experiments we observed very good biocompatibility for MPCs. 

This renders them a promising, biodegradable platform for drug delivery applications. To 

explore this potential, we loaded the anti-cancer drug methotrexate into MPCs as delivery 

vehicle and applied the resulting MTX-loaded MPCs to HeLa cells, reaching high cell toxicity 

with an IC50 value of 1.1 μg/mL – an increase in efficiency of a factor of 9 compared to free 

MTX. In conclusion, we have developed an efficient drug delivery vehicle synthesized from 

biocompatible precursors that are neither toxic by themselves nor in the form of nanoparticles. 

With these features – specifically the 100% release and their biodegradability - MPCs 

overcome the limitations of inefficient release and toxicity due to remaining nanoparticles that 

many of the current drug delivery systems face. They may thus represent a promising 

alternative material for drug delivery, and potentially also for other applications, such as bone 

cement. 
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3.4. Experimental Part  

Chemicals for Nanoparticle Synthesis. Magnesium nitrate hexahydrate (Sigma, 99 %), 

ammonium dihydrogenphosphate (Alfa Aesar, 99 %), citric acid (Aldrich, 99.5 %), 

cetyltrimethylammonium chloride (CTAC, Fluka, 25 wt% in H2O), ethylene glycol (Aldrich, 

99.8 %), ethanolamine (Fluka, >99 %), triethanolamine (TEA, Aldrich, 98%), ethanol (EtOH, 

Aldrich, >99.5 %), ammonium nitrate (Sigma, 99 %), calcein (Sigma), simulated body fluid 

(SBF, prepared as written elsewhere48, containing: Na+, K+, Mg2+, Ca2+, Cl-, CO3
2-, SO4

2-, PO4
3-

, and tris(hydroxymethyl) aminomethane, Sigma, >99 %), methotrexate (Sigma, >99 %), 

hydrochloric acid (Sigma, 2 M), 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP, 

Avanti Polar Lipids), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC, Avanti Polar Lipids), 

sodium hydroxide (Aldrich, 0.1 M).  

All chemicals were used as received without further purification. Doubly distilled water from 

a Millipore system (Milli-Q Academic A10) was used for all synthesis steps. 

 

Synthesis of Magnesium Phosphate-Citrate Nanoparticles (MPCs). The synthesis of MPCs 

was carried out following a modified Pechini sol-gel process.44, 56 In a 50 mL polypropylene 

reactor magnesium nitrate hexahydrate (320 mg, 1.25 mmol) and different amounts of citric 

acid (0 mg/ 120 mg/ 270 mg; 0 mmol/ 0.625 mmol/ 1.41 mmol) were dissolved in water (17 

mL, 0.94 mmol). This leads to solutions with a molar ratio of Mg/CA = 1:0, 1:0.5, and 1:1.12. 

Then, ammonium dihydrogenphosphate (for samples Mg/P = 1:1: 142 mg, 1.25 mmol; for 

sample Mg/P = 0.6: 86 mg, 0.76 mmol) was added to the solution and stirred until complete 

dissolution. Then, cetyltrimethylammonium chloride (622 mg, 1.94 mmol) and ethylene glycol 

(7.15 g, 115 mmol) were added and the synthesis mixture was stirred at 500 rpm at room 

temperature. Thereafter, the clear solution was combined with triethanolamine (7.15 g, 
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48 mmol) and ethanolamine (3.00 g, 49.1 mmol) under vigorous stirring for three minutes. The 

suspension was diluted approximately 1:1 with ethanol. The particles were separated by 

centrifugation at 7,830 rpm (7,197 rcf) for 5 minutes and redispersed in NH4NO3/EtOH (2 wt%, 

80 mL). To extract the template, the suspension was heated under reflux conditions at 90 °C 

for 30 minutes. Then the particles were again separated by centrifugation at 7,830 rpm (7,197 

rcf) for 5 minutes and redispersed in 80 mL ethanol. The mixture was again heated under reflux 

conditions at 90 °C for 30 minutes, and the particles were separated by centrifugation at 7,830 

rpm (7,197 rcf) for 5 minutes and redispersed in 20 mL ethanol.  

 

Preparation of Magnesium Phosphate-Citrate Nanoparticles for Release and Cell 

Experiments with the Model Drug Calcein. The amount of 0.5 mg of magnesium phosphate-

citrate nanoparticles was loaded in 1 mL aqueous calcein solution (0.62 mg, 1 mmol, pH 9.4) 

and, if needed, cetyltrimethylammonium chloride (6.25 μg, 19.5 nmol) for 30 minutes. The 

particles were separated by centrifugation at 14,000 rpm (16,873 rcf) for 3 minutes. The loaded 

particles were redispersed in a lipid solution of 1,2-dioleoyl-3-trimethylammonium-propane 

(DOTAP, 75 μL of a solution with 12.5 mg/mL 60/40 vol% H2O/EtOH) and 1,2-dioleoyl-sn-

glycero-3-phosphocholine (DOPC, 25 μL of a solution with 12.5 mg/mL 60/40 vol% 

H2O/EtOH) under sonication conditions, and bi-distilled water (900 μL, pH adjusted to 9.4 

with NaOH) was added. Then, the particles were separated by centrifugation at 14,000 rpm 

(16,873 rcf) for 5 minutes. The lipid-coated magnesium phosphate-citrate nanoparticles were 

washed twice by centrifugation at 12,000 rpm (12,396 rcf, 13 °C) for 5 minutes with SBF (500 

μL, pH 7.4). 
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Preparation of Magnesium Phosphate-Citrate Particles for Release and Cell Experiments 

with the Anti-Cancer Drug Methotrexate. The amount of 0.5 mg of methotrexate was 

dissolved in 50 μL of sodium hydroxide solution (0.1 M) and cetyltrimethylammonium 

chloride (6.25 μg, 19.5 nmol) was added. Then 500 μL of bi-distilled water and 0.5 mg of 

magnesium phosphate-citrate particles were added. The particles were loaded for 30 minutes 

and then separated by centrifugation at 14,000 rpm (16,873 rcf) for 3 minutes. The loaded 

particles were redispersed in a lipid solution of 1,2-dioleoyl-3-trimethylammonium-propane 

(DOTAP, 75 μL of a solution with 12.5 mg/mL 60/40 vol% H2O/EtOH) and 1,2-dioleoyl-sn-

glycero-3-phosphocholine (DOPC, 25 μL of a solution with 12.5 mg/mL 60/40 vol% 

H2O/EtOH) under sonication conditions and 900 μL bi-distilled water was added. Then, the 

particles were separated by centrifugation at 14,000 rpm (16,873 rcf) for 5 minutes. The lipid-

coated magnesium phosphate-citrate nanoparticles were washed twice by centrifugation at 

12,000 rpm (12,396 rcf, 13 °C) for 5 minutes with SBF (500 μL, pH 7.4).  

 

In vitro Release Fluorescence and UV-Vis Measurements. Lipid-coated magnesium 

phosphate-citrate particles were transferred into the cap of a homebuilt fluorescence and UV-

Vis setup (0.5 mg particles in 200 μL SBF) and separated by a cellulose membrane from the 

measuring cell, which is filled with SBF. Dye or drug that is released from the particles diffuses 

through the membrane and can be detected in the measuring cell. While detecting the 

fluorescence of calcein with a fluorescence spectrometer at 512 nm (excitation at 495 nm) as a 

function of time, the calcein release can be observed. While detecting the absorbance of 

methotrexate with a UV-Vis spectrometer at 303 nm as a function of time, the MTX release 

can be observed. All experiments were carried out at least twice on different days to evaluate 

the reproducibility of the tight supported lipid bilayer.  
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Cell Line and Culture. HeLa human cervical cancer cells were purchased from and cultured 

according to American Type Culture Collection (ATCC). HeLa cells were grown in DMEM 

medium low glucose (Sigma Aldrich) supplemented with 10 % FCS (Gibco) and 2 mM L-

glutamine (Gibco) at 37 °C and 5 % CO2. Cells were routinely tested and confirmed as 

mycoplasma free.  

 

Cell Viability. Cell viability assays (MTT) were carried out on HeLa cells for particles MPCs-

MTX, their supernatant, dissolved MPCs-MTX, control, plain, and lipid@MPCs. Dissolved 

MPCs-MTX served a reference experiment and were prepared as follows: We dissolved 1 mg 

of MPCs-MTX that was loaded with MTX and CTAC with 0.1 mL of 0.1 M HCl and added 

0.9 mL of SBF to yield a final concentration of 1 mg/mL with a pH value of 7.4. Thus, the 

dissolved MPCs-MTX have the same composition and concentration as MPCs-MTX and differ 

only in their morphology (free components in solution vs. nanoparticles). The supernatant of 

MPCs-MTX was taken 12 h after preparation of the particles and was applied to HeLa cells at 

the same concentration as the particle solution. 

 

Characterization.  

Nitrogen sorption analysis was performed on a Quantachrome Instruments Nova 4000e at 77 

K. Samples (25 mg) were outgassed at 120 °C for 12 h in vacuo (10 mTorr). Pore size and pore 

volume were calculated by a QSDFT equilibrium model of N2 on carbon, based on the 

desorption branch of the isotherms. The QSDFT method takes the effects of surface roughness 

and heterogeneity into account. Cumulative pore volumes were evaluated up to a pore size of 

12 nm, in order to remove the contribution of inter-particle textural porosity. Surface areas 

were calculated with the BET model in the range p/p0 = 0.05–0.2. Thermogravimetric analysis 
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of the samples was performed on a Netzsch STA 440 C TG/DSC in a stream of synthetic air 

with a flow rate of 25 mL/min and a heating rate of 10 K/min. Dynamic light scattering 

measurements were performed on a Malvern Zetasizer-Nano instrument with a 4 mW He-Ne 

laser (633 nm) in ethanolic suspension with a concentration of 0.5 mg/mL. Scanning electron 

microscopy (SEM) images were obtained on a JEOL JSM-6400F (Figure 1) and on an FEI 

Helios G3 (Figure S1 and Figure S2). For sample preparation a droplet of the ethanolic 

colloidal suspension was placed on a 60 °C preheated carbon pad. Samples were sputtered with 

carbon before measurement. Transmission electron microscopy (TEM) was performed on an 

FEI TECNAI G2 instrument at an acceleration voltage of 200 kV. For sample preparation, a 

droplet of a diluted ethanolic colloidal suspension was deposited on a carbon-coated copper 

grid and the solvent was allowed to evaporate. Infrared spectra were measured with a Thermo 

Scientific Nicolet iN 10 infrared microscope. XRD patterns were obtained with a Bruker D8 

Discover X-ray diffractometer using Cu-Kα radiation (1.5406 Å). UV/Vis measurements were 

performed on a Perkin Elmer Lambda 1050 UV-Vis/NIR spectrophotometer with a deuterium 

arc lamp and a tungsten filament equipped with a 150 mm integrating sphere and an InGaAs 

detector. 

 

MTT-Assay. For MTT-assays in a 96 well plate we treated 5000 cells per well containing 100 

μL of the respective medium with MPCs-MTX, its supernatant, dissolved MPCs-MTX, 

control, plain, or lipid@MPCs at the indicated concentrations. After 72 h incubation, 10 μL 3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was added to the 

magnesium phosphate-citrate treated cells and incubated for further 2 h. Unreacted MTT and 

medium were removed and the 96-well plates were stored at -80 °C for at least 1 h. Then, 100 

μL DMSO was added to each well. The absorbance was read out by a Tecan plate reader. All 
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studies were performed in biological triplicates (three independent experiments on different 

days, each in triplicates). IC50 values were calculated with OriginPro 9.  

Live-Cell Fluorescence Microscopy. To visualize nanoparticle internalization by cells, live-

cell imaging was performed on a spinning disc microscope based on the Zeiss Cell Observer 

SD utilizing a Yokogawa spinning disk unit CSU-X1. The system was equipped with a 1.40 

NA 63x Plan apochromat oil immersion objective from Zeiss. For all experiments the exposure 

time was 0.1 s and z-stacks were recorded. Calcein-loaded MPCs were imaged with 

approximately 0.4 W/mm2 of 488 nm excitation light. Atto647 was excited with approximately 

11 mW/mm2 of 639 nm. In the excitation path a quad-edge dichroic beamsplitter 

(FF410/504/582/669-Di01-25x36, Semrock) was used. For two-color detection of calcein and 

Atto647, a dichroic mirror (560 nm, Semrock) and band-pass filters 525/50 and 690/60 (both 

Semrock) were used in the detection path. Separate images for each fluorescence channel were 

acquired using two separate electron multiplier charge coupled device (EMCCD) cameras 

(PhotometricsEvolveTM). Immediately before imaging, cell membranes were stained using 

wheat germ agglutinin Alexa Fluor 647 conjugate at a final concentration of 5 μg/mL. After 

application of the dye, cells were washed twice. 
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3.6. Appendix 

 

 

Figure S 3.1: Scanning electron microscopy images of MPCs with an initial molar ratio of Mg/CA = 1:1.12 and 

Mg/P = 1:1. a, Scale bar: 400 nm. b, Scale bar: 1 µm.  

 

Table S 3.1: Sorption data analysis for MPCs with a molar ratio of Mg/CA = 1:0, 1:0.5, and 1:1.12 and a molar 

ratio of Mg/P = 1:1 for all samples. 

Mg/CA molar ratio Pore size distribution 

           Size (nm)                     Volume (cm3/g) 

BET surface area 

(m2/g) 

1:1.12 6.3 0.8 560 

1:0.5 6.2 0.52 390 

1:0 4.8 0.13 215 
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Figure S 3.2: The impact of a decreased phosphate content during synthesis on the MPCs with an initial molar 

ratio Mg/P = 1:0.6. (black curves) in comparison to Mg/P = 1:1 samples (red curves). For both samples the initial 

molar ratios of Mg/CA were kept constant at 1:1.12. a, Dynamic light scattering measurements, b, SEM image. 

Scale bar: 400 nm. c, IR spectra, d, TGA curves measured up to 850 °C. The temperature range between 170°C 

and 700 °C was used to calculate the amount of organics incorporated into the MPC structure. e, nitrogen sorption 

isotherms, f, corresponding pore size distribution, and g, X-ray diffraction of the amorphous MPCs. 
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Table S 3.2 Energy dispersive X-ray analysis for MPCs with a molar ratio of Mg/P = 1:0.6 and Mg/CA = 1:1.12 

in comparison to the results of MPCs with a molar ratio of Mg/P = 1:1 and varying molar ratios of Mg/CA. 

 

Mg/CA molar 

ratio 

Mg/P molar ratio Atom % ratio 

(Mg:P) 

1:1.12 1:0.6 1.17 

1:0 1:1 1.19 

1:0.5 1:1  1.21 

1:1.12 1:1 1.25 

 

 

 

Figure S 3.3: DLS of lipid@MPCs in buffer solution demonstrates colloidal stability in aqueous solution with  

hydrodynamic particle size distribution with a maximum at 80 nm. The second peak of the size distribution at 460 
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nm results from some agglomeration of particles. Nevertheless the majority of depicted particle sizes are well 

suitable for cellular uptake. 

 

Video S1: Video of z-stack from the bottom of the cell to the top. Lipid@MPCs (green) are internalized within 

the cell membrane (red). Particle concentration was 15 µg/mL. The video was recoreded after 24 h of pafticle 

treatment on HeLa cells. 

 

 

 

 

Figure S 3.4: Brightfield images of the control and lipid@MPCs at different time spots were recorded. The used 

particles treatment concentration was 100 µg/mL @ 5000 seeded cells per 100 µL well. The observation of 

growing and vital cells supplements observations of MTT assay. At even high concentrations particles are non-

toxic. 
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Figure S 3.5: Absorption fitting curve of methotrexate with different concentrations measured at 303 nm. 

  



 

 

CHAPTER 4 

Crosslinked Cyclodextrin-based Nanoparticles as Drug 

Delivery Vehicles: Synthesis Strategy and Degradation 

Studies 

 

 

 

 

 

 

 

 

 

 

 

The study was guided by Thomas Bein and the described nanoparticles are the basis for a part 

of the experiments described in Chapter 5.  
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4. Crosslinked Cyclodextrin-based Nanoparticles as Drug Delivery 

Vehicles: Synthesis Strategy and Degradation Studies 

 

This chapter is based on the manuscript:  

Lisa Wehl, Katharina Muggli, Hanna Engelke, Thomas Bein, ACS Omega 2023, submitted 

 

Abstract  

In this work, we report on the synthesis and characterization of cyclodextrin-based 

nanocarriers, intended as new biogenic and biodegradable drug-delivery agents. Specifically, 

β-cyclodextrins were covalently crosslinked by carbonyl linkages using carbonyldiimidazol 

(CDI) and were colloidally stabilized via PEGylation (β-CD-CDI-PEG). The optimized 

synthesis results in size-controlled nanoparticles with a narrow particle size distribution and a 

hydrodynamic diameter of around 200 nm in water and 100 nm in dried powder as observed 

by scanning electron microscopy. β-CD-CDI-PEG nanoparticles are promising drug delivery 

carriers as they offer an intrinsic pore system originating from the β-cyclodextrin building units 

and an additional intra-particle pore space gained by crosslinking these β-cyclodextrin units. 

We demonstrate the biodegradability of these materials and show exemplarily their drug 

delivery potential using two different model cargos. Time-based fluorescence release 

measurements in cuvette established a stable cargo-retention of the fluorescent dye Hoechst at 

neutral pH, and in contrast, an efficient stimuli-responsive release at pH 5, accompanied by 

efficient nanoparticle degradation. These findings were supported by infrared spectroscopy 

measurements, where upon the degradation of nanoparticles at acidic pH, the efficient release 

of the second model cargo, the hydrophobic small drug necrosulfonamide, was shown. Finally, 

the cell uptake of these covalently labeled β-CD-CDI-PEG nanoparticles into HeLa cells was 
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followed with in vitro fluorescence microscopy where the membrane-permeable Hoechst dye 

was delivered time-delayed in comparison to the free Hoechst dye, establishing the drug-

delivery potential of these new nanoparticles. 

In summary, our work aims to contribute to the design and understanding of cyclodextrin-based 

nanocarriers as a promising drug delivery platform.  
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4.1. Introduction 

In recent years, many different materials have been explored as nanocarriers for drug delivery.1-

3 These include liposomes, polymer nanoparticles, micelles, dendrimers, and inorganic 

nanoparticles. The use of nanocarriers is anticipated to overcome many challenges experienced 

upon direct therapeutic use of drugs in classical treatments, such as limited stability and 

solubility, unfavorable pharmacokinetics and the potential off-target toxicity of small 

(hydrophobic) drugs. Using nanocarrier systems can enhance the bioavailability, reduce side 

effects of toxic drugs, may allow for a controlled release or function as slow release reservoir, 

and improve the stability of drugs by preventing premature degradation, thus overall enhancing 

the final efficacy. However, nanocarriers must also meet several requirements, including 

sufficient drug loading capacity, good biocompatiblity and timely biodegradability. 

In this context cyclodextrins (CDs) have emerged as interesting materials due to their favorable 

properties. CD are cyclic oligosaccharides composed of 6, 7 or 8 D-glucopyranose units 

forming alpha-, beta- (β-) or gamma-CD, respectively, with 0.5 to 0.8 nm cone-shaped 

cavities.4 They are natural products obtained from enzymatic conversion of starch. They have 

an inner hydrophobic cavity, while free hydroxyl groups point outward and form a hydrophilic 

surface. Cyclodextrins can form host-guest inclusion complexes, making them interesting 

candidates for numerous drug delivery applications. The cone-shaped cavity can form inclusion 

complexes with small organic or inorganic lipophilic molecules. Thus, a low solubility of 

hydrophobic molecules can be overcome by incorporating these guests in the cavity. Labile 

drugs can simultaneously be stabilized and protected against premature degradation.  

Together these aforementioned properties have resulted in an extensive use of CDs for drug 

delivery applications, following various strategies.5-8 The simplest CD drug delivery vehicles 

consist of formulations of free CDs or their water-soluble derivatives by forming inclusion 

complexes with various poorly soluble drug guest molecules.9 In addition, CDs can 



4. Crosslinked Cyclodextrin-based Nanoparticles as Drug Delivery Vehicles: Synthesis 

Strategy and Degradation Studies 

 
101 

spontaneously self-assemble to form visible microparticles in aqueous media10, therefore, self-

assembled aggregates of either non-inclusion or CD/drug complexes can lead to drug delivery 

systems, like micro- or nanoparticles.11-12 Self-assembly can be guided by polymers or 

polymer-functionalized CDs.13 In groundbreaking work, Davis et al. designed a targeted CD-

based nano-assembly for siRNA delivery by the conjugation of a neutral stabilizing polymer, 

polyethylene glycol (PEG) to the targeting ligand and adamantane, the latter forming strong 

inclusion complexes with β-CD. This targeted siRNA nanoparticle-delivery system reached 

clinical trial.14-15 Another strategy assembles CD units onto the surface of nanoparticles, e.g. 

gold or silica NP, assisted by host-guest interactions between CDs and surface functional 

groups decorating the metal NPs.16-18 Nanosized and well-defined polymeric drug delivery 

materials can also be obtained with CD-based dendrimers. Dendrimers are highly branched 

nanoscale polymers. For example, cyclodextrins can be conjugated to the surface of the 

dendrimer to enhance the drug encapsulation (loading) ratio and simultaneously provide 

targeting moieties for specific cells or tissues.19  

Conceptually different routes use direct chemical crosslinking or van der Waals association of 

CDs with different linker molecules. The large number of available linker molecules and 

strategies for crosslinking leads to a wide variety of resulting materials with tunable properties. 

This family of cyclodextrin-based cross-linked porous structures involves metal organic 

frameworks (MOFs)20, crosslinked CD-nanoparticles21, hydrogels8 and nanosponges.22-24 In 

CD-based metal organic frameworks, cyclodextrin molecules act as linkers, connecting metal 

ions or clusters to form a three-dimensional porous structure. However, the coordinative bonds 

between metal ions and hydroxyl groups in metal-organic frameworks are not stable in aqueous 

solution at neutral pH, leading to rapid dissolution of the frameworks in water. On the other 

hand, covalently crosslinked three-dimensional networks, as present in crosslinked CD-based 

nanoparticles, hydrogels and nanosponges, can enhance the stability of the nanocarriers. In 
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contrast to the small size of nanoparticles, nanosponges, however, result in larger, often even 

macroscopic powders requiring mechanical degradation or size-exclusion chromatography 

methods to reach the nanoscale.25  

Interestingly, crosslinking creates additional adsorption space beyond the CD-inherent cavities 

in the polymeric network, resulting in a higher loading capacity for guest molecules.26 For 

example, unusually high payloads of curcumin were recently achieved in 

tetrafluoroterephthalonitrile crosslinked CD-nanoparticles, resulting in a molar ratio of 2.3:1 

of curcumin molecules : CD units.27 Moreover, Pivato et al. observed prolonged multistep drug 

release kinetics with pyromellitic dianhydride crosslinked β-cyclodextrin nanosponges due to 

the beneficial adsorption properties of the cyclodextrin-drug polymer network.28  

Crosslinking CDs with the above two linker molecules leads directly to nanoparticles 

respectively nanosponges with favorable properties for successful drug delivery. However, in 

terms of biocompatibility as well as biodegradability, the choice of crosslinker needs to be 

carefully considered. In this respect, short linkers, forming only a carbonate diester bond as 

crosslinking unit, such as carbonyldiimidazol (CDI), are well suited because they are expected 

to be degradable on the one side and promise to form, in combination with β-CD, only harmless 

fragments after degradation.29 CD nanosponges crosslinked with CDI have been used 

successfully as potent drug carriers.30-35 One of the most relevant applications in this field is 

the use in cancer therapy, for example, in vitro anti-cancer drug delivery was shown with the 

hydrophobic anticancer drugs paclitaxel36 or flutamide.37 However, to the best of our 

knowledge, the CDI crosslinked nanosponges were produced by mechanochemical size 

reduction of the respective bulk materials, often resulting in particle sizes > 400 nm, without 

intrinsic size control during the synthesis.  
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It should be noted that the application of cyclodextrin nanosponges in the biomedical context 

is still at an early stage. Aiming at enhanced control and understanding of the direct synthesis 

of crosslinked cyclodextrin nanoparticles sized about 200 nm for drug delivery, here we present 

a synthesis strategy resulting in colloidally stable, size-controlled CD-based nanoparticles. 

Moreover, we show that these ‘true’ nanoparticles are degradable under physiological 

conditions and are well tolerated by cells. Drug-delivery capabilities are demonstrated with 

two different probe molecules. In our approach discussed here, we crosslinked β-cyclodextrins 

with CDI, forming covalent carbamate bonds as linker units, and stabilized the nanoparticles 

using amino-PEG. The resulting nanoparticles show a particle size of 100 nm (obtained with 

scanning electron microscopy, SEM) and a hydrodynamic diameter of around 200 nm, which 

is stable over weeks in aqueous solution at neutral pH. We show the encapsulation as well as 

the stimuli-responsive release of guest molecules, achieved through acidification, which is 

typical for late endosomes. Overall, the nanoparticles show a high potential for drug delivery 

applications regarding their suitable size, porosity, degradability and low toxicity. They have 

already demonstrated their potential for the effective delivery of hydrophobic drugs in a recent 

comparative study being one of three examined porous nanoparticles in order to suppress 

inflammatory responses in macrophages.38 Now, we present a detailed report of the synthesis 

conditions as well as the impact of stabilization to obtain suitable nanoparticles for drug 

delivery applications. 
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4.2. Results and Discussion  

In this study, β-cyclodextrin (β-CD) based nanoparticles crosslinked with N,N-

carbonyldiimidazole (CDI) and stabilized via PEGylation were synthesized. We first focused 

on the synthesis of unPEGylated nanoparticles by crosslinking β-CD with CDI serving as 

crosslinker. First, we examined in more detail the β-CD : crosslinker ratio with respect to 

resulting particle size. This synthesis was performed in DMF at room temperature. The 

complete polymerization of β-CD with CDI at elevated temperatures resulted in a gel-like bulk 

material, and resembles the nanosponge material established by Trotta et al..39-40 They dried 

these bulk materials and subsequentially crushed them mechanically into smaller fragments to 

obtain nanosized powders. To avoid these secondary treatments and directly obtain colloidally 

stable nanoparticles, we modified the synthesis conditions, finally resulting in size-controlled, 

reproducible β-CD-CDI nanoparticles termed unPEGylated β-CD-CDI NP in the following.  

The synthesis conditions for unPEGylated β-CD-CDI nanoparticles are summarized in the 

following: β-CD and CDI were dissolved in anhydrous N,N-dimethylformamide (DMF) and 

the mixture was stirred at room temperature for 3 hours. Afterwards, the solution was aged at 

4 °C for 2-3 days without stirring (details are discussed in the appendix). This procedure is 

based on the known crosslinking reaction of CDI with two molecules having free hydroxyl 

groups (e.g., free OH-groups from β-CD) which occurs in two steps. With the first hydroxyl 

group an imidazole carbamate intermediate is formed. The intermediate can react with a second 

hydroxyl group to form a crosslinked ester bond.41 An illustrative reaction scheme with CDI 

and free hydroxyl groups of β-cyclodextrin is shown in Figure 4.1a.  

The resulting unPEGylated β-CD-CDI nanoparticles can be precipitated with water, however, 

they are unstable and flocculate within minutes when kept in aqueous solution. We assume that 

this is caused by the formation of CDI-activated hydroxyl units - the imidazole carbamate 

intermediate or diesters which are reactive towards water and amines (Figure 4.1b). To prevent 
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flocculation, unPEGylated β-CD-CDI nanoparticles were freeze-dried directly after 

precipitation and used mainly as powder samples for further characterization. 

In order to optimize the formation of uniform nanoparticles with small size distribution, we 

varied the β-CD : cross-linker ratio in three steps between 1:6 and 1:18. Dynamic light 

scattering (DLS) measurements of aqueous suspensions, immediately after precipitation, and 

SEM images of the dried powder show that mostly uniform β-CD-CDI nanoparticles were 

obtained when a molar ratio of 1:12 was used (Figure S4.1, supplemental material). For the 

following experiments, the molar ratio of CD : CDI was kept at 1:12. 

The amount of β-CD in β-CD-CDI NP was quantified using FTIR spectroscopy. First, 

increasing concentrations of the β-CD precursor were measured using KBr pellets (Figure 

S4.2a). To obtain a calibration curve, peaks at 2975 cm-1 (C-H stretching vibration) were used 

for the calculation (Figure S4.2b). The β-CD amount in nanoparticles was determined by 

comparing spectra of a defined mass of β-CD-CDI powder samples to the calibration curve 

(Figure S4.2c). The amount of β-CD in β-CD-CDI NP was determined to be 60 wt%.  
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Figure 4.1: Reaction scheme of a) CDI with free hydroxyl groups of β-CD and b) imidazole carbamate intermediates with 

amines. Schematic representation c) of the possible reaction of β-CD-CDI with the used amine-PEG and d) synthesized β-CD-

CDI-PEG NP. 

 

To obtain colloidally stable nanoparticles meeting key requirements for drug delivery, the 

nanoparticles were stabilized with polyethylene glycol. It was anticipated that residual exterior 

carbamate linkers can be coupled to amine-functionalized PEG, thus establishing a stable 

solvatization of the nanoparticles. Therefore, methoxy-polyethylene glycol amine (MeO-
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PEG750-NH2) was added to the DMF reaction solution after aging at 4 °C, followed by stirring 

overnight at room temperature. Cyclodextrins are known to form inclusion complexes with 

linear polymers such as polyethylene glycol (PEG).42 Thus, the amine-functionalized PEG 

molecules can potentially also form these inclusion complexes but are also likely to bind to β-

CD-CDI units forming stable N-alkyl carbamate linkages (Figure 4.1b).43 By applying this 

procedure, we obtained colloidally stable, water-dispersible spherical nanoparticles (NP) 

which we call β-CD-CDI-PEG NP in the following. 

 

Characterization of β-CD-CDI-PEG NP 

Transmission electron microscopy (TEM) and scanning electron microscopy (SEM) images of 

β-CD-CDI-PEG NP show spherical nanoparticles with a size distribution of 100-160 nm 

(Figure 4.2a and b). Dynamic light scattering measurements in aqueous solution are in good 

agreement with the microscopically measured size distribution, showing a hydrodynamic 

diameter of 200 nm (Figure 4.2c, black line). Furthermore, the DLS measurements reveal long-

term colloidal stability of these nanoparticles. We could not detect major changes in the 

hydrodynamic diameter when nanoparticles were stored for 1 month in H2O (Figure 4.2c, red 

line). The formation of β-CD-CDI-PEG NP was also established using Fourier transform 

infrared (FTIR) spectroscopy (Figure 2d). The spectra of the final nanoparticles exhibit a strong 

signal at 1035 cm-1, which corresponds to characteristic stretching vibrations of the 

oligosaccharide ring of incorporated β-CD (marked with hash) and a strong signal at 1761 cm-1 

(marked with asterisk), which can be assigned to the C=O stretching vibration of carbonate 

ester units formed by CDI. Carbamate linkages resulting from covalent binding of amine-PEG 

show characteristic peaks at 1650 cm-1 (due to amide-I like carbonyl stretching) and 1530 cm−1 

(assignable to amide-II like N−H bending).44  
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The surface area of dried β-CD-CDI-PEG NP was examined using nitrogen sorption 

experiments. The overall surface of crosslinked cyclodextrin nanoparticles is generated from a 

combination of the inner cavities of the oligosaccharides, the additional interstitial 

(intraparticle) polymer surface resulting from crosslinking, as well as interparticle textural 

porosity depending on particle size. When rigid linker molecules like 

tetrafluoroterephthalonitrile were used for crosslinking, BET surface areas of up to 140 m2/g 

were reported for small cyclodextrin nanoparticles.21 However, here the CD units are coupled 

via a short and more flexible carbonyl residue formed when using CDI as linker precursor. 

Consequently, the framework of the β-CD-CDI-PEG NP is expected to (partially) collapse 

under the high vacuum conditions employed during the nitrogen sorption measurements, 

resulting in a moderate BET surface area of β-CD-CDI-PEG NP of around 20-40 m2/g (Figure 

4.2e). Here, microporosity does not contribute to the overall porosity, indicating that the 

cyclodextrin cavities are blocked in vacuum, for example by the PEG chains or by collapsing 

particles. The thermogravimetric analysis (TGA) of β-CD-CDI-PEG NP, using a heating rate 

of 10 °C/min up to 900 °C with a stream of synthetic air of about 25 mL·min−1, indicates a 

complete decomposition of the material within a temperature range between 170 °C and 

620 °C. Zeta potential measurements show a negative surface charge of -14 mV at pH 7.3 due 

to the free hydroxyl groups of the oligosaccharide.  
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Figure 4.2: Characterization of β-CD-CDI-PEG NP. a) TEM (scale bar: 150 nm) and b) SEM (scale bar: 500 nm) 

images show a spherical morphology of the nanoparticles with a particle size ranging between 100-160 nm). c) 

DLS measurements of β-CD-CDI-PEG NP show (hydrodynamic) particle sizes of around 200 nm and a colloidal 

stability over months in water. d) FTIR spectra of the final NP in comparison to the reagents β-CD and CDI reveal 

the formation of crosslinked and PEG-stabilized cyclodextrin-based nanoparticles. The signals at 1760 cm−1 and 

1035 cm−1 (indicated by * and #, respectively) indicate the presence of carbonyl groups (from CDI crosslinking) 

and of an oligosaccharide ring (from β-CD). e) Nitrogen sorption isotherm and f) TGA curve of β-CD-CDI-PEG 

NP.  

 

In-vitro experiments 

The synthesized β-CD-CDI-PEG NP were subsequently used for in vitro experiments. 

Biocompatibility of the nanoparticles was studied via a cell viability assay. A concentration 
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series of plain nanoparticles was added to HeLa cells for 48 h, when the cellular metabolic 

activity (MTT assay) was measured as indicator for cell survival. Notably, after this prolonged 

incubation time, the metabolic activity of Hela cells was not strongly affected, even for high 

particle concentrations of 100 µg/mL, indicating a good biocompatibility (Figure 4.3a). To 

follow the uptake of β-CD-CDI-PEG NP into HeLa cells, nanoparticles were covalently 

labelled with the fluorescent dye Atto633-NH2. The amine group of the dye was used to form 

a stable N-alkyl carbamate linkage with the imidazole carbamate intermediate of the β-CD-

CDI units, thereby covalently attaching the dye to the nanoparticles. After several washing 

steps, the particles were used for fluorescence microscopy imaging. The uptake of the labeled 

nanoparticles was followed by time-based fluorescence microscopy (Figure 4.3b, transmission 

light image of HeLa cells overlaid with the red fluorescence channel for labelled β-CD-CDI-

PEG NP). After 5 h of particle incubation, an association of the nanoparticles with HeLa cells 

can be observed.  
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Figure 4.3: In vitro studies of β-CD-CDI-PEG NP on HeLa cells. a) MTT cell viability assay of different concentrations of β-

CD-CDI-PEG NP samples on HeLa cells after 48 h incubation. b) Uptake of labelled β-CD-CDI-PEG NP (red) after 5 h of 

particle incubation followed by fluorescence microscopy.  

 

Degradation of β-CD-CDI-PEG-NP 

The degradability of drug carriers is a prerequisite for safe applications in living systems. 

Therefore, the degradation of β-CD-CDI-PEG NP was studied in detail. As shown above 

(Figure 4.2c), β-CD-CDI-PEG NP can be stored in water for weeks without change of particle 

size. In contrast, in acidic environments (around pH 5), prevalent in late endosomes, the 

nanoparticles are hydrolyzed and will degrade, as demonstrated below. This is a favorable 

situation for drug delivery applications, preventing unwanted accumulation of nanoparticles 

and simultaneously triggering the release of guest molecules. With crosslinked cyclodextrin 

nanoparticles it is therefore expected to be possible to efficiently release the cargo upon cellular 

uptake in the late endosomes without premature release. The degradation mechanism of β-CD-

CDI-PEG NP originates presumably from breaking the cross-linking sites, the carbamate- and 

ester bonds. We suggest that after hydrolysis free PEG molecules support the formation of 

inclusion complexes with free β-CD leading to weakly aggregated fragments. Thus, 

nanoparticles hydrolyze into fragments followed by re-assembly as seen by particle size 
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measurements. The DLS studies were conducted at different time points after particles were 

kept in suspension either at pH 7 or at pH 5. At pH 7 we observed unchanged particle sizes of 

around 300 nm over 48 h when particles were stored as aqueous suspensions as well as in 

buffered solution or cell culture medium (at pH 7.4 in phosphate buffered saline (PBS) or 

DMEM cell culture medium, see Figure S4.3). In striking contrast, when particles were stored 

at pH 5, we observed an immediate increase in hydrodynamic size directly after acidification, 

which increased until sedimentation of hydrolyzed and self-assembled aggregates occurred 

after 48 h, indicating particle disintegration and re-aggregation (see Figure 4.4a,b). Particle 

disintegration is studied in more detail in the following using loaded β-CD-CDI-PEG NP with 

encapsulated guest molecules. 

 

Guest absorption and release in β-CD-CDI-PEG NP upon degradation 

Crosslinked beta-cyclodextrin-based nanoparticles offer a versatile and effective approach for 

the encapsulation and controlled release of guest molecules. β-CD-CDI-PEG NP can absorb 

guest molecules within their cavities and a pH-sensitive release is achieved through the use of 

CDI as crosslinking agent, when crosslinking is degraded at acidic pH.  

For further investigations of guest absorption and release under drug-delivery conditions, we 

loaded cargo molecules into the β-CD-CDI-PEG NP. We used a hydrophobic small molecule 

as first model compound for adsorption into our β-CD-CDI-PEG NP. Specifically, we used the 

immune-suppressant necrosulfonamide (NSA), which we have recently successfully delivered 

to macrophages by means of these particles.38 The loading was performed using a yellow stock 

solution of NSA in DMSO, of which aliquots were added to an aqueous particle suspension, 

resulting in highly loaded NP suspensions with over 20 wt% cargo as determined by UV-Vis 

measurements (Figure S4.4).  
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The encapsulation of NSA into our cyclodextrin nanoparticles was confirmed by XRD 

measurements. The comparison of crystalline free NSA (black line) and amorphous β-CD-

CDI-PEG NP (red line) is shown in Figure 4.4c). A physical mixture of the two individual 

powdered samples (green line) still contained distinct peaks of the free NSA at 12 °, 14 ° and 

26 °2θ. In contrast, when NSA was adsorbed into the CD particles, a diffractogram without 

any indication of crystalline material was obtained.  

Evidence of the NSA uptake and release was further obtained with IR spectroscopy (Figure 

4.4d). The characteristic vibration at 1685 cm-1 (indicated by hash) of the amide groups of NSA 

is clearly present in the spectra of β-CD-CDI-PEG-NSA nanoparticles (red line). In addition, 

a significant shift in the position of this peak to 1689 cm-1 with respect to the free NSA was 

observed, pointing to an interaction with the cyclodextrin surface. These samples were then 

remeasured after treatment in acidic solutions at pH 5 for 48 h. For this, the suspension was 

centrifuged, the pellet washed with water to remove soluble fragments of degraded particles, 

dried and subsequently analyzed. The spectrum of this sample after degradation (green line) 

completely misses the absorption peak at 1761 cm-1, assigned to the C=O stretching vibrations 

from crosslinking as seen in the undegraded nanoparticles (red line, indicated by asterisk). Only 

small residues of NSA remained after washing, indicated by a signal at 1685 cm-1. Thus, major 

amounts of NSA were released from the nanoparticles upon degradation. 

As a second model cargo in form of the fluorescent dye Hoechst was loaded into β-CD-CDI-

PEG NP (β-CD-CDI-PEG-Hoechst). Here, a stimuli-responsive release upon degradation at 

pH 5 was studied by UV-Vis measurements (Figure 4.4e) and fluorescence spectroscopy 

(Figure 4.4f). For time-based UV-Vis release measurements, particles were collected by 

centrifugation after shaking in an aqueous solution either at pH 7 or pH 5 at different time 

points. The supernatant was then used to follow the release of the dye. As seen before, also the 

Hoechst loaded β-CD-CDI-PEG NP were stable at pH 7 and could be recovered from solution 
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via centrifugation without detectable release of Hoechst dye into the supernatant. Acidification, 

as expected at this point, led to particle degradation and release of the Hoechst dye into the 

supernatant, demonstrated by an intense absorption peak at around 340 nm.  

These findings were supported by in-situ fluorescence spectroscopy. To this end, we used a 

home-made cell for fluorescence detection of the released cargo, consisting of a separate 

sample compartment on top of a cuvette. Cap and measuring compartment were separated by 

a dialysis membrane, with a molecular cut-off at 14 kDa. This ensures that only small 

molecules, like the released dye, can pass freely through the membrane into the measuring 

compartment. The β-CD-CDI-PEG-Hoechst samples were transferred into the cap of the 

measuring compartment, while the cuvette contained an aqueous solution either at pH 7 or at 

pH 5. The time-based release of Hoechst dye from β-CD-CDI-PEG NP was first measured for 

the as-prepared samples at pH 7 (black line) and then for β-CD-CDI-PEG in an acidified 

solution (red line). Here, an increase in fluorescent counts over time can only be detected for 

the acidified, degraded sample while the non-degraded sample shows just a very weak signal. 

When free Hoechst dye was measured accordingly, we observed an increase in fluorescence 

after approximately four hours. This is a similar time-delay as observed with our β-CD-CDI-

PEG-Hoechst samples and indicates an immediate start of nanoparticle disintegration at pH 5.  
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Figure 4.4. Degradation and release studies of β-CD-CDI-PEG NP. a, b) DLS measurements of β-CD-CDI-PEG 

NP in aqueous solution at a) pH 7 and b) pH 5 at diferent time points. c) XRD measurements of the model 

compound NSA as free compound, mixed with and loaded in β-CD-CDI-PEG. d) FT-IR spectroscopy of NSA in 

β-CD-CDI-PEG before and after degradation. The asterisk marks the absorption peak at 1761 cm-1, assigned to 

the C=O stretching vibrations from crosslinking, which is completely missing for degraded particles. The hash 

marks the characteristic NSA absorption peak at 1685 cm-1. For degraded samples, only a weak signal can be 

detected, indicating that major amounts of NSA were released upon degradation. Release measurements of model 

compound Hoechst dye in β-CD-CDI-PEG studied by e) UV-Vis and f) time-based fluorescence spectroscopy at 

pH 7 or at pH 5. Please note, due to the strong measured fluorescence of the released Hoechst dye (red line), the 

noise of control sample at pH 7 (black line) is not visible because of the required large scale.  

 

pH triggered release of Hoechst in HeLa cells 

The in vitro application of Hoechst-loaded nanoparticles to HeLa cells was studied to learn 

more about the pH-sensitive degradation and simultaneous release of the Hoechst model drug. 

The delivery of Hoechst dye into HeLa cells was followed by life-cell fluorescence 
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microscopy. Hoechst-loaded NP were added to HeLa cells seeded in a 96 well plate, and 

studied by time-lapse fluorescence measurements every 5 minutes. Images of the blue channel 

at selected time intervals after particle addition are shown in Figure 4.5. The corresponding 

transmission light images of cells are inserted as insets. The blue fluorescence of the Hoechst 

dye develops only after intercalation of Hoechst into the DNA located in the nucleus. Image 

acquisition was started directly after nanoparticle addition. When Hoechst-loaded particles 

were added to HeLa cells (column a in Figure 4.5) a slight blue staining of cell nuclei can be 

observed after 20 minutes, increasing steadily in intensity and reaching a maximum after 

around 90 minutes. In contrast, when free Hoechst dye was added to HeLa cells (column b in 

Figure 4.5) the staining was immediately visible. Free Hoechst dye is membrane-permeable 

and able to efficiently stain the nuclei of HeLa cells within a very short time period of less than 

3 minutes (time interval of addition until image acquisition). This difference in nuclei staining 

kinetics shows that Hoechst is indeed initially enclosed in the β-CD-CDI-PEG particles and 

can efficiently be released upon cell contact because it is cell-permeable and/or upon cell 

uptake into the acidic environment of endosomes causing degradation of the NP.  

For a reference experiment, we kept an identical particle suspension as the one used for the in 

vitro cell experiments for 2 h at 37 °C, then centrifuged the solutions and used the supernatants 

on HeLa cells (column c in Figure 4.5). Now, no nuclei staining was observed, clearly 

demonstrating that no Hoechst dye molecules were released prematurely from the NP.  
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Figure 4.5: Time-based fluorescence microscopy to follow Hoechst nuclei staining by a) cargo release from β-CD-CDI-PEG-

Hoechst nanoparticles, b) free Hoechst dye and c) supernatant of the β-CD-CDI-PEG Hoechst suspension pretreated in DMEM 

cell culture media for 2 h.  
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4.3. Conclusion 

In summary, we have developed biocompatible and colloidally stable, yet also degradable 

crosslinked β-cyclodextrin-based nanoparticles that are able to carry guest molecules at high 

loadings. The obtained nanoparticles are small (100 nm when imaged in the scanning electron 

microscope, 200 nm hydrodynamic diameter in the DLS), highly dispersible and stable in 

aqueous solution over long periods. The nanoparticles were generated by crosslinking β-CD 

via carbonic acid diesters and were stabilized by means of short PEG molecules. As expected, 

in vitro metabolic activity studies showed that β-CD-CDI-PEG NP were extremely well 

tolerated by HeLa cells, indicating excellent biocompatibility. Moreover, biodegradability is 

an important feature for a safe use as drug nanocarrier and a feature that can enable favorable 

drug release behavior. We established that β-CD-CDI-PEG NP are stable at pH 7 but could be 

degraded at pH 5 and are able to efficiently release cargo molecules into cells. This is 

exemplarily shown by delivering the model cargo Hoechst dye into HeLa cells and efficiently 

staining the nuclei without experiencing a premature release. As a result, these nanoparticles 

show great potential for future applications as a biocompatible drug carrier system. 
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4.4. Experimental Part 

Methods 

Chemicals: 

β-Cyclodextrin (Sigma, 97 %), 1,1’-carbonyldiimidazole (CDI, Sigma, ≥ 90 %), Hoechst 

33342 (Sigma, 97 %), methoxy-polyethylene glycol amine (750) (OMe-PEG-NH2, Sigma), 

N,N-dimethylformamide (anhydrous) (Sigma, 99.8 %), necrosulfonamide (NSA, Cayman 

chemical, %), DMSO, hydrochloric acid (Sigma, 2 M), MTT reagent (3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyl tetrazolium bromide, Sigma), Atto633-Amine (Atto-Tec).  

All chemicals were used as received without further purification. Doubly distilled water from 

a Millipore system (Milli-Q Academic A10) was used for all synthesis steps. 

 

Cell Line and culture 

HeLa human cervical cancer cells were purchased from and cultured according to American 

Type Culture Collection (ATCC). HeLa cells were grown in DMEM medium (Sigma Aldrich) 

supplemented with 10 % FCS (Gibco) and 2 mM L-glutamine (Gibco) at 37 °C and 5 % CO2. 

Cells were routinely tested and confirmed as mycoplasma free. 

 

Synthesis of β-CD-CDI-PEG 

β-Cyclodextrin (200 mg, 0.176 mmol) and CDI (342 mg, 2.11 mmol) were dissolved in 

anhydrous DMF (8 mL) and stirred at room temperature for three hours. Then the reaction 

mixture was aged at 4 °C without further stirring for 1-3 days. Afterwards, in a small glass vial 

1 mL of the reaction solution was mixed with 7 mg of methoxy-polyethylene glycol amine 
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(OMe-PEG-NH2) and stirred overnight. This leads to nanoparticles named β-CD-CDI-PEG. 30 

µL of β-CD-CDI-PEG reaction solution (corresponds to 0.5 mg of unPEGylated β-CD-CDI 

nanoparticles) was added in 1.5 mL H2O for precipitation. To remove unreacted reagents, the 

particles were separated by centrifugation (5 min, 14 000 rpm), the supernatant was discarded 

and particles redispersed in 1 mL doubly distilled water.  

 

Preparation of labeled β-CD-CDI-PEG nanoparticles: β-CD-CDI-PEG-Atto633 

The preparation of covalently labelled nanoparticles with the dye Atto633-Amine was 

performed as described in the section above “Synthesis of β-CD-CDI-PEG”. When OMe-PEG-

NH2 was added to the reaction solution, additionally 2 µL of Atto633-Amine was added 

directly into the solution and stirred overnight in the dark. To remove excess dye, the labeled 

nanoparticles were washed in three centrifugation steps with 1 mL bi-distilled water.  

 

Cargo loading of β-CD-CDI-PEG NP 

For NSA loading a stock solution of NSA (10 mg/mL in DMSO) was used. For Hoechst dye 

loading a Hoechst solution was prepared by dissolving Hoechst 33342 (5 mg) in 1 mL water. 

20 µL of either the NSA or the Hoechst stock solution was added to 0.5 mg β-CD-CDI-PEG 

in 1 mL H2O and shaken (700 rpm) for 2 h at room temperature. The loaded particles were 

washed three times with 1 mL water by centrifugation (5 min, 14 000 rpm). 
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Characterization 

TEM: For transmission electron microscopy, samples were prepared on a carbon-coated 

copper grid. A droplet of a diluted aqueous solution of β -CD-CDI-PEG NP was dried at room 

temperature on the sample holder overnight. The measurements were performed on a Tecnai 

G2 20 S-Twin operated at 200 kV using a TemCam-F216 camera (TVIPS). 

SEM: For scanning electron microscopy, a droplet of an aqueous solution of NP was dried 

overnight on a silicon wafer. Measurements were performed on an FEI Helios Nanolab G3 UC. 

The microscope was equipped with a field emission gun and was operated at acceleration 

voltages of 2-3 kV using working distances of about 3 mm. 

DLS and Zeta-potential: Dynamic light scattering and zeta-potential measurements were 

performed with diluted colloidal suspensions of NP on a Malvern Zetasizer-Nano instrument 

with a 4 mW He-Ne laser (633 nm) using PMMA cuvettes.  

FTIR: Infrared spectra were measured with a Thermo Scientific Nicolet iN 10 infrared 6700 

Microscope (Figure 4.2 and 4.4), and with a Smart OMNI Transmission attachment when using 

KBr-pelleted samples (Figure S4.2).  

Nitrogen sorption: Nitrogen sorption analysis was performed on a Quantachrome Instruments 

Nova 4000e at 77 K. Samples (25 mg) were outgassed at 120 °C for 12 h in vacuo (10 mTorr). 

Surface areas were calculated with the BET model in the range p/p0 = 0.05–0.2. 

TGA: Thermogravimetric analysis of the samples was performed on a Netzsch STA 440 C 

TG/DSC in a stream of synthetic air with a flow rate of 25 mL/min and a heating rate of 10 

K/min. 

XRD: XRD patterns were obtained with a Bruker D8 Discover X-ray diffractometer using Cu-

Kα radiation (1.5406 Å). 
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UV-VIS: UV-Vis measurements using 2 µl of the liquid samples were performed on a 

NanoDrop 2000c spectrometer from Thermo Scientific Fisher. 

Fluorescence spectroscopy: Time-based fluorescence release experiments were performed at 

37 °C on a PTI spectrofluorometer equipped with a xenon short arc lamp (UXL-75XE USHIO) 

and a photomultiplier detection system (Model 810/814) with λex = 340 nm and λem = 510 nm.  

 

Degradation studies with FTIR spectroscopy. Aliquots of β-CD-CDI-PEG-NSA suspension, 

containing 0.5 mg β-CD-CDI-PEG NP, were centrifuged (5 min, 14 000 rpm) and the 

supernatant was discarded. The pellet was resuspended in 1 mL phosphate buffered saline 

(PBS), adjusted with HCl to pH 5. The suspension was shaken for 48 h and again centrifuged. 

The resulting pellet was washed with 1 mL water and again re-suspended in 1 mL water. The 

dried powder of the sample was further used for IR spectroscopy.  

 

Fluorescence release measurements with fluorescence spectroscopy. The NP were 

transferred into the cap of a homebuilt setup (0.5 mg particles per 200 µL water) and separated 

by a cellulose dialysis membrane from the measuring cuvette, which was filled with water. For 

control experiments the water was adjusted to pH 7.3 with NaOH, while the water was acidified 

using HCl to pH 5 for degradation and release studies. Dye that was released from the particles 

diffused through the membrane and could be detected in the measuring cuvette.  

 

Live cell Fluorescence Microscopy. Live cell fluorescence microscopy was performed using 

an ImageXpress Micro XLS (Molecular Devices) wide-field high content imaging system 

using an environmental cell. Bright field images were recorded in addition to fluorescence 
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images using Cy 5 (wavelength: 631/28 nm) and DAPI channels (wavelength: 377 / 50 nm). A 

20x objective from Nikon was used (Ph1 S Plan Fluor 0.45 NA).  

 

24 Hours prior to particle incubation, HeLa cells were seeded in 96 well plates. β-CD-CDI-

PEG NP were added in 10 µL aliquots (final particle concentration in well: 500 µg mL-1) to 

each well. Plates were carefully shaken and transferred into the environmental control chamber 

at 37 ° under the flow of a 5 % CO2 humidified atmosphere. Samples were measured in 

triplicates, with four images per well.  

 

Metabolic activity determined by MTT Assay. MTT assays were performed in triplicates in 

96-well plates. One day prior to transfection, HeLa cells were seeded at 5000 cells/well. Before 

particle addition, medium was replaced by 80 µL fresh medium. β-CD-CDI-PEG samples (20 

µL suspension) were added at different concentrations in PBS and the cells were incubated for 

48 h at 37 °C. Afterwards, a viability assay was performed. For this, an MTT solution (100 

µL/well; 0.5 mg mL−1 in DMEM) was added for 2 h. Then, the supernatant was removed and 

cells were lysed by freezing at –80 °C for at least 1 h. Then, cells were allowed to return to 

room temperature and DMSO (100 µL) was added. Absorption at 590 nm against a reference 

wavelength of 630 nm was measured using a SpectraFluorTM Plus microplate reader S4 

(Tecan, Groeding, Austria). Metabolic activity was calculated as percentage of absorption 

compared to wells treated only with PBS.  

 

Loading control and release studies with UV-Vis spectroscopy (Nanodrop). To follow the 

loading of NSA into the CD nanoparticles, the supernatant resulting after the loading process 

was analyzed with the Nanodrop spectrometer (2 µL sample, blank: corresponding 
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water/DMSO solution). Furthermore, the successful washing procedure was monitored by 

measuring the decreasing UV-Vis absorption of the washing supernatants. For time-based 

release studies, the supernatants obtained after distinct time points were analyzed with the 

Nanodrop spectrometer.  
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4.6. Appendix 

 

Figure S4.1. DLS in water (left side) and SEM measurements (right side) of unPEGylated β-CD-CDI 

nanoparticles prepared with CD:CDI molar ratios of 1:6 (blue), 1:12 (red) and 1:18 (black). Scale bars on SEM 

images: 3 µm 
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Figure S4.2.FTIR calibration to determine the amount of β-CD in unPEGylated β-CD-CDI NP. a) IR spectra of 

increasing amounts of pelleted β-CD precursor. Respecting amounts of β-CD (0.5-2 mg) were mixed with KBr, 

until a final mass of 200 mg was reached to further press KBr pellets. b) Resulting calibration curve using the C-

H vibration at 2926 cm-1 c) IR spectra of β-CD-CDI samples prepared with CD:CDI molar ratio of 1:12. FTIR 

measurements were conducted using three different KBr pellets from the same β-CD-CDI stock samples. Different 

amounts of the sample (0.8 mg, 1.3 mg and 1.6 mg (green, blue and turquoise line, respectively) were mixed with 

KBr, until a final mass of 200 mg was reached to further press KBr pellets. For visualization in Figure S4.2 c) the 

FTIR spectra of the samples are depicted in comparison to the spectra of β-CD with known mass (black and red 

line) in the wavenumber range around 2926 cm-1. d) Results of the calculations based on the calibration curve. 
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Figure S4.3. DLS measurements of sample β-CD-CDI-PEG in aquoues solution at pH 7 (black line), in PBS buffer 

at pH 7.4 (red line), and in FluoroBrite DMEM cell culture medium at pH 7.4 (blue line).  
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Figure S4.4. UV-Vis spectra used to follow uptake of NSA into β-CD-CDI-PEG NP. Black curve: UV-Vis spectrum of free 

NSA at a concentration of 100 µg/mL. For loading the NP, an even higher concentration of 200 µg/mL was used. The lower 

concentration of 100 µg/mL is depicted here for visualization because it is already at the upper detection limit. Red curve: The 

supernatant after loading the nanoparticles. NSA-loaded NP were centrifuged down and the supernatant with residual NSA 

was analyzed to determine the nanoparticle loading by difference.  
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CHAPTER 5 

Inhibition of IL-1β Release from Macrophages Targeted with 

Necrosulfonamide-loaded Porous Nanoparticles 
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5. Inhibition of IL-1β Release from Macrophages Targeted with 

Necrosulfonamide-loaded Porous Nanoparticles 
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Abstract 

Inflammation is required for protective responses against pathogens and is thus essential for 

survival, but sustained inflammation can lead to diseases, such as atherosclerosis and cancer. 

Two important mediators of inflammation are the cytokines IL-1β and IL-18, which are 

produced by myeloid cells of the immune system, including macrophages. These cytokines are 

released into the extracellular space through pores formed in the plasma membrane by the 

oligomerized protein gasdermin D (GSDMD). Necrosulfonamide (NSA) was recently 

identified as an effective GSDMD inhibitor and represents a promising therapeutic agent in 

GSDMD-dependent inflammatory diseases. Here, we targeted NSA to both mouse and human 

macrophages by using three different types of porous nanoparticles (NP), i.e. mesoporous silica 

(MSN), porous crosslinked cyclodextrin carriers (CD-NP), and a mesoporous magnesium-

phosphate carrier (MPC-NP), all displaying high loading capacities for this hydrophobic drug. 

Cellular uptake and intracellular NSA delivery were tracked in time-lapse experiments by live-

cell, high-throughput fluorescence microscopy, demonstrating rapid nanoparticle uptake and 

effective targeted delivery of NSA to phagocytic cells. Notably, a strong cytostatic effect was 

observed when a macrophage cell line was exposed to free NSA. In contrast, cell growth was 

much less affected when NSA was delivered via the nanoparticle carriers. Utilizing NSA-

loaded nanoparticles, a successful concentration-dependent suppression of IL-1β secretion 

from freshly differentiated primary murine and human macrophages was observed. Functional 

assays showed the strongest suppressive effect on human macrophages when using CD-NP for 

NSA delivery, followed by MSN-NP.  In contrast, MPC-NP completely blocked the metabolic 

activity in macrophages when loaded with NSA. This study demonstrates the potential of 

porous nanoparticles for the effective delivery of hydrophobic drugs to macrophages in order 

to suppress inflammatory responses. 
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5.1.  Introduction 

Inflammation is a physiological response of the organism that is essential for the defense 

against pathogens. However, chronic inflammation can be detrimental for many diseases, 

including cardiovascular and autoimmune disorders, as well as different types of cancer.1, 2 

Two major mediators of inflammation are the cytokines interleukin (IL)-1β and IL-18, which 

are released from immune cells, such as macrophages, upon activation by danger signals from 

pathogens or by endogenous stress signals. The release of these cytokines can trigger and 

sustain inflammatory processes throughout the body.1, 3  

The release of IL-1β and IL-18 from immune cells is the result of a sequential process 

illustrated in Scheme 5.1a. First, the detection by sensor proteins of bacterial or viral 

components, which function as danger signals, triggers a cascade of intracellular events leading 

to the activation of caspase-1 by proteolytic cleavage. Activated caspase-1 is in turn able to 

cleave several other proteins, including the proforms of IL-1β and IL-18 and the pore-forming 

protein gasdermin D (GSDMD).4, 5 GSDMD cleavage liberates its N-terminal domain, which 

oligomerizes to form a 10–14 nm pore that inserts into the plasma membrane.6, 7 Ultimately, 

GSDMD-mediated pore formation allows the release of pro-inflammatory mediators, such as 

IL-1β, IL-18, high mobility group box 1 (HMGB1) and adenosine triphosphate (ATP) and 

results in a form of inflammatory cell death termed pyroptosis.8 
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Scheme 5.1 Schematic overview of the GSDMD activation mechanism resulting in transmembrane pore formation 

and cytokine release (a) and its blocking through particle-delivered NSA (b). 

 

Recently, high-throughput screening efforts have identified two GSDMD pore formation 

antagonist molecules, disulfiram and necrosulfonamide (NSA); see Figure 5.2 for the structure 

of NSA.9-11 NSA inhibits GSDMD pore formation by binding directly to Cys191 of human 

GSDMD or to Cys192 of mouse GSDMD.10 By preventing pore formation, NSA inhibits the 

release of pro-inflammatory mediators such as IL-1β (Scheme 1b). NSA thus represents a 

promising new effector molecule against GSDMD-dependent inflammation. However, the 

extremely hydrophobic nature of this molecule complicates drug administration in vivo since 

it requires the use of potentially toxic organic solvents. Furthermore, NSA has demonstrated 

toxicity towards immune cells and, as a small molecule, may present less than ideal 

pharmacokinetic behavior within the organism.12 

To overcome limitations with respect to limited stability, unfavorable pharmacokinetics and 

the potential toxicity of small (hydrophobic) molecular delivery, different nano-carrier systems 

have been developed over the years.13 These are made of organic materials such as polymers, 

micelles and liposomes or consist of solid/porous inorganic materials. Especially porous 

nanocarriers have evolved as promising drug-carrier systems because they allow for an internal 

encapsulation of small molecular drugs within the host as opposed to an attachment onto the 
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surface of solid nanoparticles (NP). In this way, toxicity issues or a premature degradation of 

attached molecules can be avoided. Mesoporous silica NP are a prominent class of porous 

carrier systems, which have proven to be effective delivery agents for a broad range of 

applications, including cancer (immuno)-therapy, combination drug delivery or gene 

delivery.14-20 Similarly, cyclodextrins21 and crosslinked cyclodextrin-based NP22, 23 show a high 

capacity to encapsulate both hydrophobic and hydrophilic drugs and were found to improve 

the solubility of poorly water-soluble molecules.24 

In this work, we explore for the first time the feasibility of targeting NSA to macrophages with 

porous NP. In addition to their ability to initiate inflammation, an essential function of 

macrophages is their capacity to engulf particulate material such as bacteria or dying cells by 

phagocytosis.25 We have taken advantage of this specialized function by using NP as vehicle 

to deliver NSA specifically to macrophages and other phagocytic cells. We show that the 

exposure of murine and human macrophages to these NSA-loaded carriers enables a solvent-

free NSA delivery that inhibits release of proinflammatory IL-1β. Three in-house developed 

nanocarriers featuring different composition and structure were evaluated in this study. The 

nanocarriers comprise mesoporous silica nanoparticles (MSN), our newly developed 

covalently crosslinked cyclodextrin NP (CD-NP) and recently established mesoporous 

magnesium phosphate NP (MPC).26 The efficacy of NP cellular uptake, NSA delivery and 

toxicity were studied using a macrophage cell line and primary mouse splenocytes. Murine 

bone marrow-derived macrophages (BMDM), as well as human monocyte-derived 

macrophages (MDM) were then used to evaluate the efficacy of cytokine suppression upon 

NSA delivery. Overall, we demonstrate that a high NSA loading capacity is reached with our 

nanocarrier systems and that NSA delivery is successful and efficient with several of the 

carriers, as established by a concentration-dependent suppression of the GSDMD-mediated 
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release of IL-1β. Importantly, the toxicity of NSA towards immune cells is strongly reduced 

by NP delivery.  
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5.2. Results and Discussion 

Synthesis and characterization of nanoparticles 

Three different materials were evaluated for their ability to efficiently deliver NSA to immune 

cells. All porous nanocarriers used in this project are biocompatible and were chosen for their 

beneficial properties regarding a sustained, solvent-free drug delivery. The robust NP stability 

often allows for a storage in ethanolic solutions for years and thus potential “off-the-shelf” 

applications. Nevertheless, such NP are completely degradable under drug-delivery conditions, 

as established, for example, for mesoporous silica NP (MSN).27, 28 Their large surface areas 

and the presence of mesopores are suitable for the uptake of large amounts of NSA into their 

internal cavities. All NP used here were synthesized with or without a lipid bilayer consisting 

of a cationic dioleoyl-containing lipid mixture (DOTAP/DOPC, DD). This was done for two 

reasons: a) to study its impact on cell uptake, and b) to provide a shield against premature drug 

release.  

The first class of materials used in this study, MSN, has been continuously developed in our 

group over the years and was used in diverse biomedical applications based on their exceptional 

flexibility with respect to particle and pore size, as well as NP composition and molecular 

functionalization.29, 30 For the adsorption of the hydrophobic molecule NSA, we synthesized 

core-shell MSN consisting of a silica core functionalized with 5 wt% of a phenylsilane 

precursor in order to create a hydrophobic interior. The outer MSN surface was then co-

condensed with 2 wt% mercaptopropyl-triethoxysilane to create a negatively charged particle 

surface decorated with mercapto-groups for future fluorophore attachment or bilayer adhesion. 

These particles have an average size of about 80 nm based on transmission electron microscopy 

(TEM) (see Figure 5.1a, b) and a hydrodynamic particle size of around 245 nm in water as 

measured by dynamic light scattering (DLS; see SI Table S5.1). A large surface area of 1098 

m2/g was determined with nitrogen sorption. A relatively small pore size of 3.4 nm with a pore 
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volume of 0.75 cm3/g was implemented here to best fit the dimensions and diffusive transport 

of the small NSA guest molecules (Figure 5. 1c, d). 

The second class of materials consists of new cyclodextrin-based nanoparticles (CD-NP). 

Cyclodextrin-based materials have been used as carriers for anti-inflammatory drugs before.31 

Pioneering work creating crosslinked cyclodextrin ‘nanosponge’ materials was performed by 

the group of Trotta, who used carbonyl- or dicarboxylate-based linker molecules.32, 33 Here, we 

synthesized nanoparticles of cyclodextrin by covalently cross-linking 𝛽-cyclodextrin with 

carbonyldiimidazole (CDI) in dimethylformamide (DMF). These particles were subsequently 

stabilized by addition of polyethylene glycol (PEG). The NP were finally precipitated with 

water, resulting in NP with a controlled particle size distribution and a hydrodynamic diameter 

of around 195 nm in water (DLS). The dried powder shows a particle size of 90 nm in the 

scanning electron microscope (SEM; Figure 5. 1e, f). Cyclodextrin NP are promising materials 

because they offer small integrated cavities of 0.7 nm with hydrophobic character originating 

from the β-CD molecular subunits. By crosslinking these units with spacer molecules such as 

tetrafluoroterephthalonitrile (TFTN) or CDI, nanoparticles with added interstitial adsorption 

sites are generated.34 This creates space for additional guest adsorption, thus expanding the 

molecular capacity of the CD entities as recently demonstrated with related β-CD-TFTN NP 

for the adsorption of hydrophobic curcumin.35 The high adsorption capacity of CD-CDI NP 

becomes apparent upon NSA loading (please consult the Supplemental Information (SI) for 

further details of materials synthesis and characterisation). We have also evaluated NSA 

delivery with the mentioned TFTN crosslinked CD-NP (CD-TFTN-NP). Although NSA 

delivery was successful with this carrier system, cellular toxicity was observed already in the 

unloaded state (data not shown). We therefore concentrated our efforts on the alternative 

cyclodextrin NP crosslinked via CDI -linker (CD-NP). 
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Figure 5.1 MSN, CD- and MPC-NP materials characterization. a,b) TEM images of MSN, c,d) MSN nitrogen 

sorption isotherm and pore size distribution. e) SEM images of CD-CDI-NP, f) SEM images of MPC-NP. 

 

The third material is composed of completely biogenic magnesium phosphate citrate NP 

(MPC-NP). We recently showed that a cetyltrimethylammonium (CTAC)-templated 

precipitation method resulted in evenly sized MPC NP of around 80 nm diameter (SEM).36 

Nitrogen sorption established a high surface area of 560 m2/g of template-extracted particles 

and most importantly, a high pore volume of 0.8 cm3/g originating from pores of 6.3 nm. These 

particles are stable at neutral to basic conditions when coated with a DOTAP/DOPC lipid 

bilayer, however, are completely biodegradable under acidic conditions at pH 5.5.  

In the following, we will describe cellular interactions with MSN carriers in more detail and 

refer to the other carrier systems where applicable. 

 

Porous NP show high loading capacities for NSA  

The uptake of NSA into the pores of the different carriers is conveniently followed by UV-VIS 

spectroscopy. NSA displays a prominent absorption band at 377 nm (see SI, Figure S5.1) that 
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allows one to determine the uptake by difference calculation regarding the NSA amounts 

offered in solution. Loading efficiencies (amount taken up vs. amount offered) calculated after 

extensive washings were usually high for all materials, ranging from 80 to 95%. When a 

standard amount of 200 µg NSA was offered to 1 mg of carrier, an uptake between 16-19 wt% 

was reached. Samples with this loading level were used for all cell experiments for 

comparability. In principle, however, it is possible to increase the loading capacity up to 49 

wt% in MSN, up to 29% in CD-NP or up to 32 wt% in MPC-NP. 

The rapid and nearly complete absorption of NSA into the MSN carrier was indicated when 

the light-yellow suspension of MSN and added NSA was centrifuged. A yellow cake and a 

nearly clear supernatant were obtained (see SI, Figure S5.2). UV-Vis analysis confirmed that 

most of the NSA had been adsorbed, even after a short exposure time of 30 minutes. 

Spectroscopic evidence of the NSA uptake was further obtained with FT-Raman spectroscopy 

(Figure 5.2). In contrast to FTIR spectroscopy that showed only very weak additional signals 

of NSA in the MSN NP, prominent Raman signals were obtained due to the phenyl, thiophene, 

pyrazine as well as the sulfoxide groups present in NSA (purple trace in Figure 5.2). While 

MSN particles (blue) show weak Raman scattering, strong peaks were observed from NSA in 

MSN.  In addition, NSA-MSN show significant shifts in position as well as relative intensity 

with respect to the solid NSA precursor, pointing to strong interactions with the internal MSN 

surface. 
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Figure 5.2 FT-Raman spectroscopy of the carrier MSN (blue), NSA powder (purple) and NSA absorbed in MSN 

(green). 

 

The apparent dimensions (hydrodynamic diameter) of the NP when measured in solution are 

dependent on the dispersing agent and are least influenced in an ethanolic solution. For 

instance, for unloaded MSN, we observe a particle size of 140 nm in ethanolic solution that 

increases to 245 nm in aqueous solution. CD-NP have a particle size of 195 nm in water, yet 

the measured particle size of dry CD-NP is 90 nm as obtained by SEM. However, even after 

loading with NSA, the application of a lipid bilayer (coded DD = DOTAP/DOPC), or after 

addition of a fluorophore for imaging, hydrodynamic diameters were all around 200 nm or 

below (see Figure 5.3 as well as SI Figure S5.3 and Table 5.1). These dimensions are suitable 

for cell experiments, where NP samples with and without a lipid bilayer were used to study 

their cellular uptake.  
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Figure 5.3 Dynamic light scattering (DLS) curves of NSA-loaded samples in water with and without a lipid bilayer 

(DD), a) MSN, b) CD and c) MPC NP. 

 

Following the absorption of NSA, MSN samples with or without a lipid bilayer were examined 

regarding spontaneous NSA release in different media. No release was measurable by UV-Vis 

spectroscopy when samples were dispersed in aqueous solution and stirred for 1 h at pH 7 or 

pH 5. Even in cell medium (fluobrite DMEM) or medium containing 10% of fetal bovine serum 

(FBS) the release was minimal with or without a lipid bilayer, ranging between 2-5% of the 

absorbed NSA (see SI, Figure S5.4). We can therefore assume that no significant premature 

release would occur in cell experiments with these NP even without a lipid bilayer.  

 

 

Rapid phagocytosis of NSA-loaded nanoparticles and fast release of NSA in a murine 

macrophage cell line  

First, we examined the rate of uptake of unloaded MSN-NP in the murine macrophage cell line 

RAW 264.7. In order to follow the uptake by fluorescence microscopy, we labeled the particles 

with a red fluorophore resulting in MSN-633 NP. RAW 264.7 cells seeded in a 96-well plate 

were placed into an environmental chamber located directly within the microscope. Cells were 

kept at 37 °C and 5% CO2 atmosphere to perform time-lapse measurements every 3 minutes 
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over 3 h. Images were obtained at a 40x magnification. Selected time intervals are shown in 

Figure 5.4 (transmitted light and red fluorescence channel). The first image was collected as 

soon as possible after NP addition, after about 3 minutes. Strikingly, MSN particles were 

almost immediately associated with cells. NP were clearly seen around the cells, close to the 

cell wall, directly after sample addition. Accumulation of additional particles within the cells 

was observed continuously with time, with particles moving deeper into the cellular interior. 

No particles were observed in the nucleus at any time. No additional particle uptake was 

observed by visual inspection after about 60 minutes. Following cell division, particles were 

still detected in daughter cells, albeit at apparently lower amounts per cell, as expected (see SI, 

Figure S5.5). 

 

Figure 5.4 a) Time-lapse images of RAW 264.7 cells directly after exposure to ATTO-633-labeled MSN (red) NP 

(40x, transmitted light and CY5 channel). b) Time-lapse images of RAW 264.7 cells directly after exposure to 
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free NSA (left column) or to NSA-loaded MSN-particles of corresponding NSA concentration (right column). 

NSA was detected in the GFP channel (20x). 

Having established a very rapid uptake of the unloaded MSN NP in this macrophage cell line, 

we examined the rate of NSA delivery by means of MSN carriers. Comparable imaging 

experiments were thus performed with either NSA-loaded MSN NP or with free NSA at the 

same nominal concentrations. As shown in Figure 5.4b, we observed an increase in green 

fluorescence originating from the accumulation of NSA in RAW 264.7 cells. Visible evidence 

of NSA appeared after about 30 minutes and increased in intensity up to about 90 minutes. No 

major difference in time of uptake was noticed between free NSA and NSA originating from 

MSN particles. We noticed that NSA started to fluoresce only after accumulating 

intracellularly. Further, we observed that the NSA was distributed in the cytosol as well as in 

the nucleus (for higher magnification see SI, Figure S5.6). 

When the NSA-loaded CD-NP were studied in RAW 264.7 cells, we encountered a comparable 

time scale of NSA delivery as with MSN particles. While first indications for NSA uptake 

appeared already after 10 minutes, an evenly distributed green fluorescence in the cytosol was 

again encountered after 30 minutes. This fluorescence increased in intensity for up to 2 h as 

seen before. We noticed a difference between MSN and CD NP accumulation in the cells: 

while MSN NP were readily and strongly taken up by the RAW 264.7 as discussed above, 

apparently fewer CD NP were encountered within the cells after 2 h incubation. Evidence for 

NSA delivery with ATTO-633 labeled CD NP, as well as for the cellular uptake as observed 

with confocal microscopy can be found in the Supplemental information (see SI, Figure S5.7). 

In summary, NSA delivery into cells occurs on a similar time scale with free NSA as well as 

through NP delivery. Since a premature release of NSA from MSN-NP into aqueous phases 

was not observed as described above, and having established a very rapid 

phagocytosis/membrane attachment of the nanoparticles, we propose that the intracellular NSA 
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release from the nanoparticles occurs via diffusion along concentration gradients, driven by the 

lipophilic character of NSA upon contact with lipophilic intracellular components.  

Assessment of the toxicity/compatibility of nanoparticles and NSA in a macrophage cell 

line: unloaded and NSA-loaded nanoparticles are better tolerated than free NSA  

The compatibility of NSA-loaded NP carriers with macrophages was tested on the murine 

RAW 264.7 macrophage cell line with MSN NP in long-term exposure experiments. Cell 

growth of the macrophages was monitored using a lensless “Cellwatcher” imaging device. 

Growth curves of untreated and particle-loaded RAW 264.7 cells were obtained by following 

the confluency in single wells of a 24-well plate continuously up to about 30 h after NP 

exposure without medium change. Figure 5.5a shows a steady increase in confluency of 

untreated RAW 264.7 cells over time, represented by the black curve. This graph is mirrored 

by growth curves of cells treated with either unloaded MSN (purple trace) or NSA-loaded 

MSN, reflecting a 20 µM or 30 µM NSA concentration (blue and green traces). These results 

establish that the cells are not compromised in their growth kinetics by the presence of these 

nanocarriers. Corresponding measurements on RAW 264.7 cells were made with comparable 

concentrations of free NSA. Here, NSA was added in form of aqueous suspensions derived 

from a DMSO stock solution. A steady increase of cell proliferation was also observed for 

these samples, however, displaying slower growth kinetics (Figure 5.5b). Thus, free NSA 

inhibits cell proliferation compared to untreated control cells. 
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Figure 5.5 Compatibility test of RAW 264.7 cells for free NSA and NSA loaded into MSN. Normalized 

confluency of RAW 264.7 cells in time as measured with a Cellwatcher, a) MSN-exposed cells, growth curves of 

untreated cells (black trace), cells exposed to unloaded MSN (purple) and MSN-NSA samples (20 µM NSA, blue; 

30 µM NSA green. b) free NSA exposed cells, growth curves of untreated cells (black) and cells exposed to 

increasing concentration of DMSO-derived NSA: 10 µM (purple), 20 µM (blue) and 30 µM (green). Growth 

curves were normalized to the initial confluency (observed to be around 20%). 

 

Corresponding endpoint images taken after 45 h confirm the greater negative impact of free 

NSA on cell growth kinetics (see SI, Figure S5.8) Notably, all cells were alive at this point and 

the successful delivery of NSA into the cells was evidenced by the green fluorescence of NSA 

in all cells (see SI, Figure S5.9).  

Having established a successful NSA delivery with the NP carrier systems and preserved cell 

growth following NP exposure, we quantified the metabolic activity of RAW cell response to 

the unloaded and NSA-loaded carriers. For this we used incubation times of 45 h without 

performing a medium change. 

RAW 264.7 cells were exposed to the different NP, that is, MSN, CD and MPC-NP with 

increasing concentrations and metabolic activity was measured by an MTT assay. None of the 

three unloaded carriers showed a substantial impact on metabolic activity up to 100 µg 

carrier/mL. The particles were also applied with or without a lipid bilayer of DOTAP/DOPC 

(DD, see Figure 5.6 a,b). 
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Figure 5.6 Assessment of RAW 264.7 cell survival after long incubation times of 45 h without medium change 

with unloaded and NSA-loaded NP in comparison to exposure to free NSA. a,b) MTT assay of unloaded MSN, 

CD and MPC particles with and without a lipid bilayer (DD), c,d) MTT assay of MSN and CD NP loaded with 

NSA. Results are expressed in % as compared to untreated cells. 

 

We also tested the RAW 264.7 metabolic cell activity under comparable conditions with NSA-

loaded carriers. In Figure 5.6 c,d we compared the impact of NSA-loaded MSN and CD carriers 

with and without a lipid bilayer to that of the free NSA compound at increasing concentrations. 

A decrease in cell activity was observed with increasing NSA concentrations for both particles. 

However, cell metabolism was less inhibited by particle-delivered NSA than by the same 

amount of free NSA. This decreased cell activity was not associated with increased cell death, 

as observed by live microscopy (See SI, Figure S5.11).  

In contrast, NSA-loaded MPC-NP completely blocked metabolic activity in RAW 264.7 

macrophages already at low NSA concentrations under these conditions. Loading of these MPC 

particles with NSA required the addition of small concentrations of the surfactant 
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cetyltrimethylammonium chloride (CTAC), which may be detrimental for RAW 264.7 cell 

survival (see SI, Figure S5.10). 

We also examined NSA delivery under the more realistic condition of a shorter exposure time 

as likely encountered in in vivo situations and performed a medium exchange after 3 h, while 

the final assay was again performed after 45 h. Under these less severe exposure conditions, 

we did not observe any influence on metabolic cell activity with either MSN-NSA NP or free 

NSA (see SI, Figure S5.12).  

 

Porous nanoparticles are taken up by primary macrophages and are not toxic 

Having established that NP delivery of NSA to a macrophage cell line is successful and better 

tolerated by the cells than the free compound, we examined whether particles were taken up in 

primary macrophages. To this end, macrophages were differentiated either from freshly 

isolated murine bone marrow (bone marrow-derived macrophages, BMDM) or from human 

monocytes isolated from peripheral blood mononuclear cells (PBMC) of healthy volunteers 

(human monocyte-derived macrophages, hMDM). 

To visualize the uptake of NP in primary macrophages, mouse BMDM were incubated with 

fluorescently labeled MSN (Figure 5.7a) and CD (Figure 5.7b) particles (green) and examined 

by confocal microscopy. Cellular and endosomal membranes were stained with a lipophilic 

dye (red). Pictures were taken approximately one minute after particles were added to the cell 

cultures. Co-localization of the membrane marker and NP signals demonstrated that the NP 

were rapidly internalized by the macrophages.  

To determine whether the porous nanoparticles are toxic in primary macrophages, mouse 

BMDM and human hMDM were exposed to the NP for 2 hours. The 2-hour time point was 

chosen because NP release their cargo within 2 hours (see Figure 5.4 and Fig. S5.7, SI). The 
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amount of NP was equal to the maximum concentration used for the functional studies 

described below. Metabolic activity was assessed by a cell counting kit-8 (CCK-8) assay. This 

assay, similar to MTT assays, is based on the reduction of a tetrazolium salt in the presence of 

an electron carrier. A lactate dehydrogenase (LDH) release assay was performed to determine 

membrane integrity. The assays showed that neither the unloaded particles nor the free NSA at 

100 µM had an effect on metabolic activity (Figure 5.7 c,e) or membrane integrity (Figure 

5.7 d,f) in mouse BMDM or hMDM after this exposure time.  
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Figure 5.7 BMDM were exposed to fluorescently labeled MSN (a) or CD particles (b) for approximately 1 minute. 

Left) endosomal staining (red), middle) Atto-488 labeled particles (green) and right) merge (red and green), 

overlay with phase contrast image. 

Murine BMDM and human MDM were treated with unloaded NP with and without lipid 

bilayer (DD) or with free NSA (100 µM). After 2 hours CCK-8 (c,e) and LDH assays (d,f) 

were performed. (c,e) Metabolic activity of untreated cells was set at 100%. (d,f): LDH release 

by detergent-lysed control cells was set at 100%. 
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NSA prevents IL-1β and IL-18 release from primary macrophages upon GSDMD 

activation  

In a next step, we examined whether we could successfully inhibit GSDMD-mediated cytokine 

release using NSA. Traditionally, a two-signal model is proposed for the stimulation of 

GSDMD mediated IL-1β release by immune cells. A first priming signal, such as 

lipopolysaccharide (LPS), which activates Toll like receptor 4 (TLR4), triggers the intracellular 

accumulation of pro-IL-1β. Then, a second signal, such as high concentrations of extracellular 

ATP, leads to activation of caspase 1 and allows for maturation and release of IL-1β through 

GSDMD pores.37 Mouse BMDM were primed for 4 hours with LPS, of which the last 30 min 

included exposure to NSA. After priming, GSDMD was activated by treating the BMDM for 

1 hour with ATP (see also scheme in Figure 5.9 a). Inhibition of GSDMD pore formation was 

evaluated by measuring secretion of IL-1β and IL-18 into the cell medium by ELISA. LPS 

combined with ATP induced IL-1β and IL-18 secretion, while LPS or ATP alone did not have 

an effect on the release of IL-1β or IL-18. NSA dose-dependently inhibited the release of IL-

1β and IL-18 induced by the combination of LPS and ATP. At 40 µM, NSA was able to 

completely prevent both IL-1β and IL-18 release from LPS and ATP-treated BMDM (Figure 

5.8 a,b). Because IL-1β and IL-18 release both appear to reflect GSDMD pore formation 

equally well, we decided to continue using IL-1β release as a readout for GSDMD activation.  
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Figure 5.8 Concentration of a) IL-1β and b) IL-18 in cell culture supernatant after mouse BMDM were treated 

with LPS (100 ng/ml), ATP (5 mM) and NSA at increasing concentrations. 

 

NSA-loaded nanoparticles inhibit IL-1β release from murine BMDM and human MDM 

in a dose-dependent manner  

Next, we investigated whether porous NP could successfully deliver NSA to BMDM and 

inhibit the release of IL-1β. As in Figure 5.8, the LPS and ATP combination was used to 

activate GSDMD in BMDM. NSA-loaded NPs were added to BMDM during the last 2 hours 

of priming with LPS (see priming/activation scheme in Figure 5.9a). After priming, the cell 

culture medium was exchanged to remove LPS and cells were activated with ATP for 1 hour. 

Cells were exposed to NP containing NSA concentrations of up to 60 µM, considering that 

particle-delivered NSA concentrations of up to 80 µM were well tolerated in RAW 264.7 cells 

(see SI, Figure S5.13), and that IL-1β release was completely inhibited in BMDM at 40 µM of 

free NSA (see Figure 8a). ELISA assays were performed to measure IL-1β release and values 

were expressed as % of response to unloaded particles, to allow for comparison with other cells 

types described below. All NSA-loaded particles inhibited GSDMD-mediated IL-1β release in 

a dose-dependent manner (Figure 5.9b-g). However, only CD particles were able to fully 

prevent the release of IL-1β, similar to the effect of free NSA (Figure 5.9d).  
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Empty MSN, MSN-DD and CD particles did not induce release of IL-1β from unstimulated 

mouse BMDM, nor by human MDM (See SI, S14a and b). Only the empty MPC-DD++ and 

CD-DD particles induced small amounts of IL-1β release, suggesting that these particles may 

cause low levels of inflammation. Empty MSN, CD and MPC particles with and without lipid 

bilayers did not inhibit LPS+ATP-induced IL-1β release (See SI, S14c and d).   

To determine if the IL-1β suppression with NSA-loaded nanoparticles seen in primary murine 

macrophages could also be observed in human macrophages, hMDM were activated with the 

LPS+ATP combination and exposed to NP according to the activation scheme in Figure 5.9a. 

In human macrophages, all NSA-loaded particles showed a dose-dependent inhibitory effect 

on IL-1β release. As seen with BMDM, the strongest inhibition was observed with NSA-loaded 

CD particles (Figure 5.10 a-f). Thus, porous NP can successfully deliver NSA to both mouse 

and human macrophages, allowing a strong inhibition of IL-1β release in the absence of particle 

toxicity. 
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Figure 5.9 IL-1β release by mouse BMDM exposed to NSA-loaded nanoparticles: a) cells were primed for 2 hours 

with LPS and 2 hours additionally with particles. After 4 hours of priming, cells were treated with ATP to activate 

caspase 1 and GSDMD. b) MSN, b) MSN-DD, c) CD, d) CD-DD, e) MPC-DD, f) MPC-DD++. Particles were 

used empty and NSA-loaded, containing NSA at final well concentrations of 3.75, 7.5, 15, 30, and 60 µM.  
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Figure 5.10 IL-1β release by human MDM: cells were activated with LPS and ATP as in Figure 5.9. a) MSN, b) 

MSN-DD, c) CD, d) CD-DD, e) MPC-DD, f) MPC-DD++. Particles were used empty and containing NSA at 

final well concentrations of 3.75, 7.5, 15, 30, and 60 µM.  

 

Nanoparticles are preferentially taken up by phagocytes such as macrophages   

Since myeloid cells, such as macrophages, are the main producers of the proinflammatory 

cytokines IL-1β and IL-18 in a GSDMD-dependent manner, it is of great interest to target NSA 
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specifically to these cell types in order to avoid off-target effects of the drug. NP provide an 

opportunity to selectively deliver the drug to these cells, as myeloid cells are professional 

phagocytes and are well-known to take up particulate material.25 

To determine whether the NP in this work permit effective targeting of myeloid cells, murine 

splenocytes were exposed to the different types of porous particles. Mouse splenocytes are 

composed of different immune cell populations, including myeloid cells, such as macrophages 

and dendritic cells, as well as B and T lymphocytes.38 Freshly isolated splenocytes were 

cultured with fluorescently-labeled MSN, MSN-DD, CD and CD-DD particles for 2, 6 and 24 

hours. An acidic wash (pH 3) was performed to remove surface-bound particles as previously 

described.39 Immune cell types, their viability and their positivity for the fluorescent NP were 

determined by flow cytometry (see SI, Figure S5.15 for gating strategy used). Viability was 

assessed for the CD45.2-positive cells, representing all immune cells within the splenocytes. 

No decrease in viability was observed at any of the timepoints, after exposure to the different 

porous NP compared to untreated cells (Figure 5.11a). 

The percentage of NP-positive cells was measured for dendritic cells, macrophages, B cells 

and T cells. After 2 hours, the proportion of positive cells within each cell type ranged from 

5% to 30% and was similar among the different cell types (Figure 5.11b). Overall, particles 

with a lipid bilayer tended to be taken up less than their non-coated counterparts. This effect 

may be traced to a bilayer-induced modulation of the metabolism in the phagocytic cells.40 

After 24 hours, over 70% of dendritic cells and over 40% of macrophages and B cells were 

positive for uncoated CD particles, whereas less than 20% of T cells were positive for these 

particles. Less than 10% of all cell types were positive for MSN and MSN-DD. Thus, CD 

particles were taken up by a high proportion of phagocytic cells including dendritic cells, 

macrophages and B cells, but much less by T cells, which are non-phagocytic cells. 
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Figure 5.11: a) Percentage of live CD45.2+ splenocytes after treatment with CD (dark green), CD-DD (light 

green), MSN (red) and MSN-DD (orange) particles compared to untreated cells after 2 h, 6 h and 24 h. b) 

Percentage of NP-positive dendritic cells (CD11c+), macrophages (CD11b+, CD11c-), B cells (CD19+) and T 

cells (CD3+) after 2 h, 6 h and 24 h. 
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5.3. Conclusion 

NSA was recently discovered as a specific antagonist against GSDMD-mediated pyroptotic 

cell death and inflammatory cytokine release. One of the major cell types that express GSDMD 

are macrophages, which play an important role for the initiation of inflammatory processes. It 

is therefore relevant to target NSA specifically to these cells in order to limit inflammation, 

while at the same time preventing unwanted toxicity of the drug to other cell types.8 The use 

of NP as delivery system can allow for the selective targeting of macrophages, since these cells 

are specialized in the uptake of particulate material.25 We could show that the highly 

hydrophobic NSA can be absorbed into three different nanocarriers at high loading, allowing 

for a solvent-free delivery of NSA. Both MSN and CD particles were rapidly taken up by 

macrophages and delivered their NSA cargo into the cells. After 24h of exposure to a mixed 

population of immune cells, a high proportion of macrophages and dendritic cells, which are 

also phagocytic cells with inflammatory properties, were positive for CD particles. 

Interestingly, a substantial percentage of B lymphocytes was also positive for CD particles after 

24h. B lymphocytes are capable of phagocytosis,41 and we have previously shown that B 

lymphocytes can take up certain types of particles such as gold nanoparticles.42 In contrast, few 

T cells, which are non-phagocytic cells, were positive for CD particles. This suggests that NSA 

delivery by porous NP may be an effective manner to target macrophages and dendritic cells 

as the main initiators of inflammation. 

Utilizing a macrophage cell line, as well as freshly differentiated primary macrophages from 

mice and human donors in a variety of in vitro studies, we showed a good compatibility of all 

unloaded carriers with these cell types, even in long-term incubation experiments of over 45 h. 

The particles themselves did not induce inflammation in macrophages, with the exception of 

lipid-coated MPC-DD++ and CD-DD particles. This lipid bilayer coating was applied to 

evaluate its effect on the speed of cellular uptake as well as a protective coating, preventing 
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premature release of NSA. Since we did not observe major release of NSA even from uncoated 

NP and did recognize a reduced effect of DD-covered NP with respect to IL-1β suppression, 

we conclude that for future applications bilayer-free particles can be used advantageously, thus 

avoiding potential immune responses.  

We have previously shown that different types of NP can be taken up into phagocytic cells 

without immune activation.43 In contrast, other particles, including certain types of silica-based 

NP, can induce inflammation and GSDMD-mediated pyroptosis in macrophages.[44, 45] Early 

screening for proinflammatory effects in standardized conditions is therefore essential during 

the development of particles for clinical applications.25 

When loaded with NSA, MSN and CD NP were better tolerated by macrophages than the free 

NSA compound, which forms aggregates in aqueous media. In contrast, NSA-loaded MPC 

particles completely blocked metabolic activity of macrophages even at low NSA 

concentrations. MPC particles require small amounts of surfactant for loading of NSA, which 

may have toxic effects on these cells.46 Thus, with the exception of MPC particles, delivery by 

porous NP may enhance the compatibility of NSA with macrophages.  

In functional assays with freshly differentiated macrophages from mice and human donors, a 

concentration-dependent suppression of IL-1β release was established with all three types of 

NP. The strongest suppressive effect on human macrophages was obtained with CD particles 

and was observed already at the lowest NSA concentrations. None of the unloaded particles 

impaired IL-1β release after GSDMD activation, demonstrating that the anti-inflammatory 

effect is due to the drug cargo rather than to the carrier.  

In summary, our screening of particles has established two valuable candidates for NSA 

delivery in the form of MSN and CD-CDI NP. Both particles are easily synthesized, scalable, 

storable as well as biodegradable and can deliver high contents of this hydrophobic molecule 
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without further application of a capping layer to phagocytic cells, inducing a successful 

suppression of the IL-1β cytokine. While MSN NP are rapidly taken up in large numbers by 

macrophages, we established that CD-NP are apparently even more effective in intracellular 

NSA release, leading to the highest reduction of the IL-1β cytokine. 

Here, we have focused on the characterization of different NSA-NP systems and on their in 

vitro effects on macrophages and other immune cells. However, we expect additional benefits 

of these nanoparticle formulations in vivo. Indeed, we have previously shown that following 

subcutaneous injection, MSN nanoparticles accumulate in phagocytic cells in the lymph 

nodes draining the injection site.19 Nanoparticle formulation may therefore also allow for 

site-specific, DMSO-free delivery of NSA in vivo.  

This study establishes the potential of porous biocompatible NP for the effective and targeted 

delivery of potentially toxic, hydrophobic drugs in order to regulate inflammatory responses in 

both primary murine and human immune cells. 
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5.4. Experimental Part 

Materials: All chemicals were used as received. 

Ammonium fluoride (NH4F, Fluka), Cetyltrimethylammonium chloride 25% solution in water 

(CTAC, Sigma-Aldrich), Triethanolamine (TEA, 98% Fluka), Tetraethylorthosilicate (TEOS, 

99%, Aldrich), Phenyltriethoxysilane (PhTES, 98% Aldrich), 3-Mercaptopropyl-

triethoxysilane (MTES, > 80%, Fluka),   

β-Cyclodextrin (Sigma, 97 %), 1,1’-Carbonyldiimidazole (CDI, Sigma, ≥ 90 %), Methoxy-

polyethylene glycol amine (750) (OMe-PEG-NH2, Sigma), N, N-Dimethylformamide (DMF, 

anhydrous) (Sigma, 99.8 %), Tetrafluoroterephthalonitrile (TFTN, Alfa Aesar, 98%), 

Potassium carbonate (K2CO3, Aldrich 99.99%), Poly(ethylene glycol)200 (PEG200, Sigma-

Aldrich), Magnesium nitrate hexahydrate (Sigma, 99 %), ammonium dihydrogenphosphate 

(Alfa Aesar, 99 %), citric acid (Aldrich, 99.5 %), ethylene glycol (Aldrich, 99.8 %), 

ethanolamine (Fluka, >99 %), ethanol (EtOH, Aldrich, >99.5 %), ammonium nitrate (Sigma, 

99 %), 

1,2-dioleoyl-3-trimethylammonium-propane (DOTAP, Avanti Polar Lipids), 1,2-dioleoyl-sn-

glycero-3-phosphocholine (DOPC, Avanti Polar Lipids), Dopamine HCl (Fluka) 

Hoechst 33342 (Sigma, 97 %), ATTO-633 amine, ATTO-633 maleimid and ATTO-488 

maleimid (all ATTO-Tech), bidistilled water (Millipore system Milli-Q Academic A10) was 

used for all synthesis steps. Necrosulfonamide (Cayman chemical, %), dimethylsulfoxide 

(DMSO, anhydrous, Sigma, > 99.9%),  

RAW 264.7 cells: Dulbecco's Modified Eagle Medium (DMEM, high Glucose, GlutaMAX) 

and FluoBrite DMEM (both ThermoFisher), penicillin, streptomycin, and fetal bovine serum 

(FBS) were purchased from Life Technologies. Thiazolyl Blue Tetrazolium Bromide (MTT, 

https://bein.cup.uni-muenchen.de/chemdb/substances/view/2657
https://bein.cup.uni-muenchen.de/chemdb/substances/view/2416
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97.5% Aldrich), CCK-8 cell counting kits (Dojindo Molecular Technologies).  
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Methods 

Synthesis of MSN-NP: MSN with co-condensation of 5 mol% phenyl-groups in core and 2 

mol% mercapto-groups in shell  

Solution 1: 100 mg NH4F (2.7 mmol), 21.7 mL H2O (1.12 mol) and 2.41 mL of a 25% CTAC 

solution (1.83 mmol) were mixed in a 50 mL polypropylene reactor and heated to 60 °C under 

stirring in an oil bath. 

Solution 2: was prepared in a 20 mL polypropylene reactor, containing 14.3 g TEA (97 mmol) 

to which was added a premixed solution of 1.8 mL TEOS (8.1 mmol) combined with 0.124 

mL PhTES (0.5 mmol), for forming the core of the MSN particles. This solution was heated to 

90 °C under static conditions for 1 h. 

Solution 2 was added to solution 1 under strong stirring. The combined solutions were 

subsequently allowed to cool to room temperature under stirring. After 20 minutes we added, 

dropwise, the ingredients for the shell layer, consisting of a premixed solution of 44 µL MTES 

(0.22 mmol) and 44 µL TEOS (0.20 mmol). The condensation reaction was allowed to continue 

over night at room temperature.  

The next day, this suspension was mixed with an additional 50 ml ethanol for 15 minutes, and 

the nanoparticles were then retrieved via centrifugation at 7830 rpm (7197 rcf) for 15 minutes. 

The sample cake was redispersed in a 90:10 vol% solution of ethanol: concentrated HCl (37%). 

Twofold template extraction was performed at 90° under reflux for 45 minutes in a 100 mL 

round bottom flask. After cooling, the sample was collected by centrifugation and a threefold 

washing cycle in i) ethanol, ii) water and iii) ethanol again was performed. The final sample 

was kept concentrated in absolute ethanol until further use. The concentration of this stock 

solution was determined gravimetrically by drying 1 mL of the ethanolic stock solution. 
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Preparation of labelled MSN nanoparticles: MSN-633-MAL or MSN-488-MAL: Usually, 

1 mg MSN particles co-condensed with 2 mol% mercaptogroups on the particle surface were 

dispersed in 1 mL ethanol and 1 μL Atto-633-MAL (or Atto-488-MAL, DMF stock solution, 

0.5 mg mL−1) was added. Samples were stirred in the dark for 1-2 h and finally washed 

repeatedly in bidistilled water. 

Synthesis of CD-CDI-PEG: β-Cyclodextrin (200 mg, 0.176 mmol) and 1,1’-

carbonyldiimidazole (CDI, 342 mg, 2.11 mmol) were dissolved in anhydrous DMF (8 mL) and 

stirred at room temperature for three hours and were subsequently aged at 4 °C without further 

stirring for 1-3 days.  1 mL of this precursor solution was then mixed with 7 mg of methoxy-

polyethylene glycol amine (OMe-PEG-NH2) in a small glass vial and was stirred overnight to 

result in a CD-CDI-PEG stock solution. 30 µL of this stock solution (corresponding to 0.5 mg 

of un-PEGylated CD-CDI nanoparticles) was then added to 1.5 mL H2O for nanoparticle 

precipitation. Sample purification was performed by centrifugation (5 min, 14 000 rpm; 

16,873 rcf). Samples were finally redispersed in 1 mL doubly distilled water (pH = 7).  

Preparation of labelled CD-CDI-PEG nanoparticles: CD-CDI-PEG-Atto633: Covalently 

labeled nanoparticles were obtained directly during the nanoparticle synthesis by adding 2 µL 

Atto-633-amine (1 mg/mL DMSO) mixed together with the OMe-PEG-NH2 to the reaction 

solution, as described above. These samples were stirred overnight in the dark and were washed 

in three centrifugation steps with 1 mL bidistilled water to remove excess dye.  

Synthesis of MPC-NP: In a 50 mL polypropylene reactor magnesium nitrate hexahydrate (320 

mg, 1.25 mmol) and citric acid (270 mg, 1.41 mmol) was dissolved in water (17 mL, 0.94 

mmol). This leads to solutions with a molar ratio of Mg/CA = 1:1.12. Then, ammonium 

dihydrogenphosphate (for samples Mg/P = 1:1: 142 mg, 1.25 mmol) was added to the solution 

and stirred until complete dissolution. Subsequently, cetyltrimethylammonium chloride (622 
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mg, 1.94 mmol) and ethylene glycol (7.15 g, 115 mmol) were added and the synthesis mixture 

was stirred at 700 rpm at room temperature for 5 minutes. This clear solution was combined 

with triethanolamine (7.15 g, 48 mmol) and ethanolamine (3.00 g, 49.1 mmol) under vigorous 

stirring (3 minutes). The obtained suspension was finally diluted 1:1 with ethanol. Particles 

were separated by centrifugation at 7,830 rpm (7,197 rcf) for 5 minutes and redispersed in 

NH4NO3/EtOH (2 wt%, 80 mL). Template extraction was performed by heating the latter 

suspension under reflux at 90 °C for 30 minutes. Following centrifugation (7,830 rpm, 7,197 

rcf, 5 minutes), samples were redispersed in 80 mL ethanol. This extraction procedure was 

repeated one more time. The particles were separated by centrifugation at 7,830 rpm (7,197 

rcf) for 5 minutes and redispersed in 20 mL ethanol. These particles were always used after 

applying a lipid bilayer of DOTAP/DOPC (Lipid coating see below). 

 

Loading of NSA into nanoparticles:  

a) MSN-NSA, and CD-CDI-PEG-NSA: Aliquots of 1 mg nanoparticles/mL in bidistilled water 

were exposed to different amounts of an NSA stock solution (10 mg/mL in DMSO, aliquots 

kept at -20°C) and stirred at room temperature for 3 h. Samples were freed of excessive NSA 

by multiple centrifugation (three times for 3 min at 14 000 rpm) and redispersion in bidistilled 

water. Supernatants were kept for UV-VIS analysis. Sample loading was determined by 

difference calculation of offered NSA concentration to residual NSA in the supernatants. Under 

these conditions loading efficiencies of over 90-95% were obtained, usually in a range between 

15-19 wt% NSA loading. However, higher loadings of up to 49 wt% could also be achieved in 

MSN or when higher concentrations of NSA were offered to these nanoparticles.  

b) Loading of NSA into MPC: A loading of substantial amounts of NSA required the addition 

of CTAC. 20 µL of the NSA stock solution was mixed in a 1.5 mL reaction tube with CTAC 
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(CTAC concentration used for MPC: 60.5 µg, 184 nmol; MPC++: 151.25 µg, 460 nmol) and 

filled up to 1 mL with water, and 0.5 mg of MPCs were added as ethanolic suspension. The 

reaction tube was shaken (700 rpm) for 4 hours. The loaded particles were separated by 

centrifugation, the supernatant was collected and kept for quantification of the loaded amount 

of NSA. Particles were wrapped with a lipid bilayer of DOTAP/DOPC (see below) after NSA 

loading. Loading of MPC-NP with NSA resulted in an uptake of 16 wt%. For MPC++ higher 

loadings up to 32% NSA were achieved. 

 

Preparation of lipid-coated NSA loaded nanoparticles:  

MSN-NSA-DD, CD-CDI-PEG-NSA-DD and MPC-DD: 1 mg of NSA-loaded particles were 

usually centrifuged for 5 minutes at 14 000 rpm, freed of the supernatant and subsequently 

carefully redispersed in 100 μL of a DOTAP solution (2.5 mg DOTAP/mL of a 60/40 vol% 

H2O/EtOH solution) by up-down-pipetting. Bi-distilled water (900 µL) was then added and 

again mixed by pipetting. Samples were again centrifuged and a second layer consisting of 

DOTAP/DOPC was added by redispersing the sample pellets now in a mixture of 50 µL each 

of DOTAP and DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine with 2.5 mg DOPC/mL of 

a 60/40 vol% H2O/EtOH) under short sonication. 900 μL bi-distilled water was finally added. 

The lipid-coated nanoparticles were washed twice by centrifugation at 14,000 rpm (16,873 rcf) 

for 5 minutes with H2O (1 mL). 

 

Characterization:  

Sorption measurements: Nitrogen sorption measurements were performed on a 

Quantachrome NOVA 4000e Instrument at 77 K. Template-extracted nanoparticle samples of 

10-15 mg were degassed for 12 h at 120 °C under vacuum (10-5 Torr) before measurement. 
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Brunauer Emmett Teller (BET) surface areas were calculated using the linearized form of the 

BET equation (in the range of 0.08 to 0.2 P/P0). The pore volume and pore size distribution 

were calculated based on the NLDFT equilibrium model for N2 on silica. 

UV-VIS: UV-VIS spectra were recorded in transmission with a Nanodrop instrument in 

disposable UV-VIS micro-cuvettes. A calibration curve of NSA was prepared from a stock 

solution (10 mg NSA/mL in DMSO) by diluting 80 µg NSA/mL DMSO successively in an 

aqueous solution. 

TEM: Transmission electron microscopy was performed on a Tecnai G2 20 S-Twin operated 

at 200 kV using a TemCam-F216 camera (TVIPS). A drop of an MSN-ethanol suspension was 

placed on a carbon-coated copper grid and dried at room temperature for several hours before 

TEM observation. 

SEM: Scanning electron microscopy, using an FEI Helios Nanolab G3 UC. The microscope 

was equipped with a field emission gun and was operated at acceleration voltages of 2-3 kV 

using working distances of about 3 mm. Samples were dispersed in ethanol or DMSO solution, 

shortly treated by ultrasonication and dropped on a Si wafer. Samples were dried over night 

before analysis. 

DLS and Zeta potential: The hydrodynamic size distribution of samples was measured by 

dynamic light scattering (DLS) analysis in disposable PMMA cuvettes using a Malvern 

Zetasizer-Nano instrument equipped with a 4 mW He-Ne laser (633 nm). Particle size 

distribution was measured in aqueous solutions containing a concentration of 0.1 mg/mL. Zeta 

potentials were measured with an attached multi-purpose titrator. Measurements were 

performed with 10 mL of an aqueous solution of nanoparticles (0.1 mg/mL) using an automated 

titrator scanning the pH range from 3 to 8 (with pH steps of 0.5) using diluted NaOH and HCl 
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solutions. Single-point measurements were performed with a concentration of 0.1 mg/mL at 

pH = 7.3. 

FTIR: Infrared spectra were obtained with a Thermo Scientific Nicolet iN10 IR 6700 

Microscope with a Smart OMNI Transmission attachment using KBr-pelleted samples. 

Raman: Spectra were recorded on a Bruker Vertex 70 RAM II FT-IR-Raman instrument using 

an N2 cooled Ge detector and an Nd:YAG 1064 cm-1 laser. Spectra were collected in 

backscattering mode on powders. 10.000 scans were accumulated for the MSN carrier while 

only 1000 scans were needed for the pure NSA as well as the NSA-loaded MSN sample.  

Cell culture  

RAW 264-7 cells: RAW 264.7 macrophage cells were received as a gift from Prof. Wagner, 

Pharmaceutical Department, LMU Munich. Cells were cultured in Dulbecco’s modified 

Eagle’s medium (DMEM), supplemented with 10 % FBS, 100 U/mL penicillin and 100 μg/mL 

streptomycin at 37 °C and a 5 % CO2 humidified atmosphere. For cell experiments, cells were 

seeded in 96-well plates (Ibidi, 15 µ bottom thickness, black, ibiTreat) or in 24-well Corning 

plates and were allowed to adhere for 24 h before incubation with the respective NP in a 

Heracell Incubator (Thermo Fisher) at 37 °C and 5% CO2. 

Generation of L929 cell conditioned medium: Conditioned medium collected from L929 

cells was used as a source of M-CSF.1 Briefly, 2.5*105 L929 cells were cultured in a T75 flask 

in 25 ml of DMEM supplemented with Glutamax (ThermoFisher), 10% FBS (PAN Biotech, 

P30-3302), 1% L-glutamine (Gibco, 25030081), 1% non-essential amino acids (Gibco, 

11140050), 1% sodium pyruvate (Gibco, 11360070), 1% penicillin/streptomycin (Gibco 

15140122) at 37°C, 5% CO2. Conditioned medium was collected when cells reached 
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confluency, filtered on 0.22 µm Stericup filters (Millipore, 05469) and used for generation of 

mouse bone marrow-derived macrophages (BMDM). 

Generation of murine bone marrow-derived macrophages (BMDM): Bone marrow cells 

were flushed out of the cavities of fresh tibias and femurs of naïve adult (12 weeks) C57BL/6 

mice in bone marrow differentiation medium (DMEM (Gibco, 11966025), 20% FBS, 1% 

penicillin/streptomycin, and 20% L929 cell conditioned medium). Cells were passed through 

a 40 µM filter (Greiner, 7542041), seeded in Petri dishes (TPP, 93100, 1 bone per 10 cm2 dish) 

and incubated in bone marrow differentiation medium at 37°C, 5% CO2. Four days after 

isolation, cells were split to 50% density and incubated for 2 additional days. Animal studies 

were approved by the Geneva cantonal authority for animal experimentation under the approval 

number GE182. 

Generation of human monocyte-derived macrophages (MDM): MDM were isolated from 

buffy coats obtained from anonymous healthy donors at the Geneva University Hospital Blood 

Transfusion Center (Geneva, Switzerland) after informed consent. LeucosepTM 50 ml tubes 

(Greiner, 7.227 290) tubes were loaded with 15 ml Lymphocyte separation medium (Ficoll) 

(GE Healthcare, 17-1440-02), 25 ml human blood, and filled to 50 ml with PBS, 2 mM EDTA. 

The tubes were centrifuged at 440 g for 35 min at room temperature without brake. The PBMC 

fraction was then transferred into a fresh 50 ml Falcon tube and washed twice with PBS, 2 mM 

EDTA. Monocytes were enriched by adhesion and differentiated for 7 days into macrophages 

in RPMI 1640 (Gibco 61870010), 1% penicillin/streptomycin containing 2.5 % human plasma 

(Geneva University Hospital Blood Transfusion Center) in LeucosepTM 6 well plates (Greiner, 

163288). 

RAW 264.7 cell treatment with NSA-loaded nanoparticles: Exposure of RAW 264.7 cells 

to nanoparticles was performed after allowing the cells to adhere for 24 h. Usually, to each 100 
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µL well volume we added aliquots of 10 µL suspensions containing increasing amounts of 

(NSA-loaded) nanoparticles, ranging between 2 to 10 µg nanoparticles /100 µL. The respective 

NSA concentration in µM is included in the figures. 

 

Imaging and flow cytometry  

Continuous cell growth measurements: Cellwatcher, PHIO scientific GmbH, Munich, lensless 

microscope for continuous cell growth monitoring (https://www.phio.de/index.html). RAW 

264.7 cells were seeded in 24 well plates to give a starting confluency of about 20% (1 mL cell 

medium). Plates were inserted into PHIO holders, located in the incubator, and continuously 

monitored for changes in confluency. 24 h after seeding, cells were incubated with 

nanoparticle suspension. After reaching close to 90% confluency, cells were imaged with 

higher resolution in the ImageXpress microscope. 

 

Live-cell imaging: ImageXpress Micro XLS, widefield high-content microscope, equipped 

with an environmental cell chamber, Molecular Devices. 

RAW 264.7 cells were seeded with 3000 cells/well. 24 h after seeding, MSN nanoparticles 

were added in 10 µl aliquots to each well (in triplicates). Plates were carefully shaken and 

immediately transferred into the life-cell imaging environmental control chamber of the high-

content-screening wide-field microscope.  They were kept in the microscope at 37°C under 

flow of a 5% CO2 humidified atmosphere over the whole measuring time. Images of all 

assigned wells in the plate were taken of 4 different areas in each well, and automated 

sequential scans were performed usually every 5 h over extended times of up to 72 h. 

Objectives from Nikon were used with magnifications as indicated: 10x (Plan Fluor 0.3 NA), 
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20x (Ph1 S Plan Fluor 0.45 NA) or 40x (Plan Apo Lambda 0.95 NA). Bright field images were 

recorded in addition to fluorescence images of the GFP, DAPI, or CY5 channels using a filter 

cube changer (Semrock filters).  

Image analysis: Cell proliferation information was acquired from bright field images (at 20x 

or 40x magnification) of unlabeled cells at specified time-intervals, usually in 5 h steps. Final 

cell viability was assessed after Hoechst nucleus staining. Automated cell counts were 

performed using ImageXpress Custom Modules. Results for each sample and time point 

reflect the averaged information of three different wells, with four images taken from each 

well (total n=12). 

Confocal Microscopy of RAW 264.7 cells: Fluorescence microscopy was performed with a 

Zeiss Observer SD spinning disk confocal microscope using a Yokogawa CSU-X1 spinning 

disc unit and an oil objective (63x magnification) and BP 525/50 (WGA488) and LP 690/50 

(Atto633) emission filters. A 488 nm and a 639 nm laser were used for excitation. At 24 h prior 

to addition of NP, 3500 RAW 264.7 cells per well were seeded in 8-well plates in 280 µL 

growth medium. A total of 20 µL CD-CDI-PEG covalently labelled with Atto-633-amino (200 

µg mL-1 CD-CDI-NP in PBS buffer) were added to each well and incubated for 2 h, at 37 °C 

followed by addition of WGA-488 to the medium for cell membrane staining. Cells were 

washed with PBS and after addition of 300 µL fresh medium, cells were directly imaged. 

Confocal microscopy of BMDM: BMDM were seeded at 2x104 cells/well in IbiTreat 

microscopy chambers (Ibidi, 80826) and incubated overnight at 37°C, 5% CO2. Cell 

membranes were fluorescently labeled using 5 μg/ml FM™ 4-64 Dye (ThermoFisher, T13320) 

in ice cold HBSS (Gibco, 24020117) for 1 minute. Nanoparticles were then added at 25 ng/µl 

and the chamber was placed immediately inside a temperature and CO2 controlled Nikon a1r 

spectral confocal microscope for live cell imaging. 
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Flow cytometric analysis of nanoparticle uptake by mouse splenocytes: Fresh spleens were 

harvested from 3 adult C57BL/6 mice (Charles River Laboratories) and passed through a 40 

µM filter (Greiner, 7542041) in PBS. Red blood cells were lysed for one minute using BD 

Pharm Lyse (BD Biosciences, 555899). Cells were seeded at 1x106 cells/well in RPMI 

(12633012, Gibco), 10% FBS (PAN Biotech, P30-3302), 1% L-glutamine, 1% non-essential 

amino acids (11140050, Gibco), 1% sodium pyruvate (11360036, Gibco), 0.1% β- mercaptanol 

in a 96 well plate and incubated at 37°C, 5% CO2. Nanoparticles were added immediately after 

seeding for 2, 6 and 24 hours. Cells were washed using a light acidic wash (pH=3, 100 mM 

NaCl, 50 mM glycine). Cells were treated with Fc block (101320, BioLegend) and stained with 

the following antibodies: PE CD11c (117308, BioLegend), PE-Cy7 CD45 (103114, 

BioLegend), APC-Cy7 CD3 (100222, BioLegend), BV510 CD19 (115546, BioLegend), 

BV785 CD11b (101243, BioLegend), all in a 1:200 dilution ratio. Zombie violet (423114, 

BioLegend) was used to exclude dead cells. Stained cells were analyzed using a NovoCyte 

Flow Cytometer 3000 (Agilent). Data represent average and standard deviation (SD) from 3 

individual mice. 

 

Functional assays 

Metabolic and membrane integrity assays: Endpoint assays were performed with MTT or 

the cell counting Kit-8 assays (CCK-8) according to manufacturer’s instructions, using the 

water-soluble tetrazolium salt, which is reduced by dehydrogenases in living cells to a water-

soluble orange formazan dye. 8 µL of the CCK-8 solution was added to each 100 µl well 

volume and the wells were incubated for 2 hours at 37°C under 5% CO2 atmosphere. The 

relative concentration of living cells was then evaluated using a microplate reader (TECAN 
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plate reader spark 10M or CLARIOstar Plus) by referencing against untreated cells in the same 

plate holder. 

LDH release was measured using the LDH-Glotm (Promega, J2380) kit according to 

manufacturer’s instructions. Cells were lysed with 1:200 diluted TritonX-100 (ThermoFisher, 

85111) as positive control for 100% lysed cells. Cell medium was incubated for 30 min with 

assay buffer (1:1 volume) and absorbance was measured using CLARIOstar Plus (BMG 

Labtech). 

CCK8 and LDH assays were performed on BMDM or MDM pooled from 3 mice or 3 healthy 

donors. Data represent average and SD of 3 technical replicates. 

 

Induction and measurement of IL-1β and IL-18 secretion: Mouse BMDM (1,25x106 

cells/mL) or human MDM (1,25x106 cells/mL) were seeded in 96-well plates (Greiner, 

655180), respectively in DMEM, 7,5% FBS, 1% penicillin/streptomycin or in RPMI 1640, 1% 

penicillin/streptomycin, 2.5 % human plasma and incubated overnight at 37°C, 5% CO2. Cells 

were primed for 4 hours using LPS (Invivogen, Tlrl-pb5lps) at 100 ng/ml in culture medium. 

After 2 hours of priming, nanoparticles were added to the medium for the remaining 2 hours. 

Cells were then washed in PBS and incubated with 5 mM ATP (Sigma, A6419) for 2 hours in 

OptiMEM (ThermoFisher, 31985062). Culture supernatants were collected and stored at -

20°C. IL-1β concentrations in culture supernatants were measured using ELISA MAX™ 

(Biolegend, 437004, 432604). Mouse IL-18 concentrations were measured by ELISA using 

recombinant IL-18BPa (AB2 bio) and in house biotinylated anti IL-18 antibody (clone74, RnD) 

as described.47,48 Concentrations for IL-18 were determined from optical densities by 

interpolating values within a linear regression generated by optical densities of varying 

concentration of mature IL-18 (RnD, Cat.B004-5). CLARIOstar Plus (BMG labtech) was used 
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to measure absorbance. Murine BMDM were pooled from 3 mice and data represent average 

and SD of 3 technical replicates. Error bars represent standard deviation. Human MDM from 

3 healthy donors were assessed individually on 3 separate days. Data represent the average and 

SD of the separate experiments. A one-way ANOVA, using Graphpad Prism 9, was used to 

determine P values. 
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5.6. Appendix 

 

Table S5.1: Particle properties as determined from TEM, nitrogen sorption and zeta potential measurements. (* 

samples measured with a lipid bilayer). 

 

 

 

Figure S5.1: UV-VIS absorption spectroscopy of necrosulfonamide (NSA). a) UV-VIS spectra, b) calibration 

curve derived from absorption intensities at 377 nm.  

NSA solutions were derived from a DMSO stock solution (10 mg/mL) and corresponding 

aliquots were dispersed in water. 
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Figure S 5.2: NSA absorption in different carriers before and after centrifugation 

 

 

Figure S5.3: DLS measurements of unloaded, ATTO-488 labeled and lipid bilayer covered MSN and CD 

nanoparticles a) MSN in ethanolic solution, b,c) MSN (b) and CD-NP (c) in aqueous solutions. 
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Figure S5.4: NSA release studies in MSN-NSA and MSN-NSA-DD with UV-Vis spectroscopy: 1 mg MSN was 

loaded with 190 µg NSA (19 wt%) and finally stirred in different solutions. Samples were then centrifuged for 3 

minutes and the supernatant was analysed for NSA residues with UV-Vis as shown above. a) Negligible NSA 

was present in the third washing solution after loading, after 3 days standing in water, or after stirring in aqueous 

solution at pH=5. When Fluobrite medium containing 10% FBS was used as solution we recovered 20 µg NSA 

in the supernatant after 1 h stirring with or without a lipid bilayer DD. b) Samples were also stirred in aqueous 

solution containing 10% DMSO in which NSA is soluble. Under these conditions we recovered 25 µg NSA of 

the 190 µg from MSN-NSA without lipid bilayer and 7.6 µg NSA from MSN-NSA-DD with lipid bilayer.  

 

We should note that upon measuring the supernatant solutions with dynamic light scattering 

(DLS) we always encountered a signal typical for MSN particle sizes, indicating incomplete 

sedimentation of particles. The NSA concentration based on UV-Vis absorption decreased 

strongly to 4 µg (from 25 µg as measured before) when these solutions were finally filtered 

with a microfilter (see Fig. S4 c) and the particles vanished, leaving only 7 nm particles in the 

solution, presumably from very low-concentrated NSA in water (see Fig. S4d).  

We can therefore conclude that a premature NSA release is unlikely in cell medium even when 

particles are not covered by a lipid bilayer.  
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Figure S5.5: Images of RAW 264.7 cells with the CY5 channel (identical spot in time, zoomed-in area, x20 

objective) showing the uptake and transfer of unloaded 633-labeled MSN particles upon cell division to new cells 

in time (a medium change was performed after 3 h). 

 

Even after a period of 43 hours we notice MSN particles in nearly every cell.  
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Figure S5.6: RAW264.7 cells after exposure to free NSA as measured in transmitted light and in the GFP 

fluorescence channel (overlay at right, x40). 

 



 

5.6. Appendix 

 

 
186 

 

Figure S5.7: a,b,c) Time-lapse images (x20 objective) of NSA delivery (green) to RAW 264.7 cells with NSA-

loaded, ATTO-633 labeled CD nanoparticles (red). GFP (NSA) and CY5 channels are overlaid.  

d,e) Confocal fluorescence microscopy images including cross sections of WGA-stained (green) RAW 264.7 cells 

incubated with ATTO-633 (red) labeled CD-NP d) without and e) with a lipid bilayer; 2 h after incubation. Cross 

sections of selected cells show the location of CD-NP within the cellular compartment. 

 

NSA is delivered on a similar time scale as with MSN particles. Confocal microscopy shows 

the internalization of both CD-NP and lipid-bilayer covered CD-DD nanoparticles. 
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Figure S5.8: Cell density shown in transmitted-light images of RAW 264.7 cells taken 45 h after exposure to a) 

NSA-loaded MSN (a representative image at the start of the measurements is seen as inset) or b) to free NSA. 

Images correspond to Fig 5 in the main part of the manuscript.  Images were taken with the ImageXpress at x10 

magnification.  

Cell growth with reduced growth kinetics is observed when pure NSA is added to RAW 264.7 

cells. However, cells are still alive even after exposure to 30 µM NSA as seen below in Figure 

S9. 
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Figure S5.9: ImageXpress micrographs of RAW 264.7 cells after 45 h exposure to NSA-loaded MSN or to free 

NSA without medium change (transmitted light and GFP filter). a, b) MSN-NSA 30 µM and c, d) free NSA 30 

µM. TL and GFP channel (x20 objective). 

Images show that cells are alive even after a long incubation time of 45 h. NSA appears auto-

fluorescent upon enrichment in cells. 
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Figure S 5.10: a) MTT assay testing metabolic activity of RAW 264.7 cells after 45 h incubation with unloaded 

MPC-DD particles and particles loaded with 16 wt% NSA (MPC-NSA-DD) or 32 wt% NSA (MPC++-NSA-DD) 

without performing a medium change, b) corresponding TL images (20x) of (top row) 4 µg/well pure MPC-NP 

and (bottom) MPC-NSA-DD-NP after 10 minutes and 48 h incubation.  

 

While empty MPC particles do not affect cell growth kinetics (see Figure 6b main text), a 

complete block in metabolic activity is observed already after 2 h with MPC-NSA-DD 

particles, as is also seen in the microscope images showing no cell growth when treated with 

these particles. We note that loading of these MPC particles with NSA required small 

concentrations of the surfactant CTAC, which is apparently detrimental for RAW 264.7 cell 

survival. 
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Figure S 5.11: Assessment of RAW 264.7 cell survival after long incubation times of 45 h without medium change 

with NSA-loaded MSN particles in comparison to exposure to free NSA. a) MTT assay (identical data as shown 

in Fig. 6a for comparison), b) cell counts obtained from images at start (strong colors) and after 45 h exposure 

(lighter colors), c) selected images after 45 h exposure to 10 µM NSA (20x). 

 

In addition to the MTT assay shown in S11a, we followed RAW 264.7 cell proliferation by 

counting the cells in time-lapse images during these measurements in order to show cell growth 

and thus viability even under exposure of NSA-loaded MSN particles. 12 images were 

analyzed and averaged for each concentration and time point by an automated cell counting 

routine. As shown in Fig. S11b, all cells have proliferated during the 45 h when compared to 

the initial cell count (depicted at the bottom of the bars in bold colors). Untreated cells are 

represented as green bar and for ease of comparison we have noted the relative cell 

concentrations on top of the bars. Representative images after 45 h are displayed in Fig. S11c. 

All images show living cells, only with lower density when compared to the untreated reference 

cells. Here, the untreated and MSN-NSA treated RAW 264.7 cells have formed typical cell 

clusters with partial overgrowth after 45 h, while cells exposed to free NSA are evenly spread 

out with a lower overall confluency.  
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Overall, MTT assays and cell counts give comparable results concerning the final live cell 

concentration, showing a greater negative impact of the free NSA on cell proliferation.  

 

 

 

 

Figure S 5.12: RAW 264.7 cell metabolic activity after MSN exposure, assayed with MTT after 45 h, including a 

medium change after 3 h. Results are expressed in % as compared to untreated control cells.  

When a medium change and thus cell wash is performed 3 h after particle exposure, we do not 

encounter any effect on cell activity when measured with MTT after 45 h.  
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Figure S 5.13: RAW 264.7 cell viability assay performed after 3 h exposure and high NSA concentrations up to 

87 µM with NSA-loaded MSN and CD-NP.  Results are expressed in % as compared to untreated control cells. 

NSA concentrations are indicated in red. 

Cells are unaffected after 3 h even when exposed to very high NSA concentrations of over 80 

µM when the NSA is delivered via nanoparticles.  
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Figure S 5.14: IL-1β release by mouse BMDM (a,c) and human MDM (b,d): effect of unloaded particles on 

untreated mouse BMDM (a) and untreated human MDM (b). Effect of unloaded particles on activated (LPS+ATP) 

mouse BMDM (c) and hMDM (d). Exposure time and particle concentration are as in Fig. 9.  
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Figure S 5.15: Flow cytometer gating strategy to compare uptake of CD-488, CD-DD-488, MSN-488 and MSN-

DD-488 in different subsets of immune cells among murine splenocytes. Splenocytes were incubated for 2, 6 and 

24 hours with the particles. After incubation cells were washed with a light acid (NaCl, glycine, pH=3) to wash 

away cell membrane-bound particles. The following gating strategy was then applied. The first two gates were set 

to exclude cell debris and doublets. Dead cells were excluded using a viability marker. B-cells (CD19+), T-cells 

(CD3+), dendritic cells (DCs, CD11c+) and macrophages (CD11b+, CD11c-) were then further examined for the 

presence of NPs.  
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Abstract  

Multifunctional core-shell mesoporous silica nanoparticles (MSN) were tailored in size ranging 

from 60 to 160 nm as delivery agents for antitumoral microRNA (miRNA). The positively 

charged particle core with a pore diameter of about 5 nm and a stellate pore morphology 

allowed for an internal, protective adsorption of the fragile miRNA cargo. A negatively charged 

particle surface enabled the association of a deliberately designed block copolymer with the 

MSN shell by charge-matching, simultaneously acting as a capping as well as endosomal 

release agent. Furthermore, the copolymer was functionalized with the peptide ligand GE11 

targeting the epidermal growth factor receptor, EGFR. These multifunctional nanoparticles 

showed an enhanced uptake into EGFR-overexpressing T24 bladder cancer cells through 

receptor-mediated cellular internalization. A luciferase gene knock-down of up to 65% and 

additional antitumoral effects such as a decreased cell migration as well as changes in cell cycle 

were observed. We demonstrate that nanoparticles with a diameter of 160 nm show the fastest 

cellular internalization after a very short incubation time of 45 min and produce the highest 

level of gene knock-down. 
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6.1.  Introduction 

A novel modality in cancer therapy emerged over the past two decades in the form of gene 

therapy and in this context, small interfering RNA (siRNA) and micro RNA (miRNA) are 

promising alternatives to common anti-cancer medications.1, 2. Both nucleotide oligomers 

mediate the process of RNA interference (RNAi) in which cells use these short RNA strands 

of 19-24 nucleotides to recognize messenger RNA (mRNA) with a complementary sequence, 

induce their destruction and thus inhibit the translation into proteins. To provide cancer therapy, 

synthetically produced siRNA and miRNA mimics can be used that target and silence specific 

oncogenes. Recent studies have identified a number of cancer-related genes as potential targets 

for RNAi-based therapy3-5. One of these tumor suppressor miRNA is miR200c, which targets 

the proto-oncogene KRAS. It regulates cell differentiation, proliferation and survival6, the 

epithelial to mesenchymal transition7 and suppresses chemoresistance8. 

However, a major challenge for a widespread therapeutic application of RNAi is creating 

appropriate delivery vehicles to safely and effectively deliver and release siRNA and miRNA 

into the cytosol of disease-causing cells. Several excellent reviews summarize the requirements 

for siRNA delivery and comprehensively report on the efficiencies of gene silencing achieved 

with various delivery materials9-11. 

Some promising results were recently obtained from ongoing clinical trials concerning RNA 

delivery vehicles and in 2018 Alnylam’s Onpattro (Patisiran) has been FDA-approved as the 

first ever RNAi drug against nerve damage caused by the rare hereditary disease, transthyretin 

amyloidosis.12 However, Patisiran is a lipid-based nanocarrier system that does not actively 

target the cancer tissue, and most of the administered drug accumulates passively in the liver 

instead. Therefore, robust and specifically targeted carrier systems are needed for an efficient 

delivery of siRNA and miRNA to prevent a premature degradation of the unstable RNA. For 
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this purpose, nanoparticles have attracted much attention because they provide a stable, 

nontoxic, and highly flexible platform. 

Mesoporous silica nanoparticles (MSN) are emerging as potential nanocarriers for a variety of 

anti-cancer cargos including nucleic acids.13,14 The properties that have rendered them 

specifically suitable for siRNA and miRNA delivery include a high surface area and pore 

volume, a controllable biodegradability15, 16, the tunability of particle size and pore size, their 

variable morphology and importantly, the possibility to create core-shell particles constructed 

of spatially separated regions with different surface functionalization.17,18  

This tunability of MSNs opens the possibility to systematically study the influence of the 

carrier properties on the gene silencing efficacy. Multiple parameters can affect successful gene 

silencing using carrier agents, e.g., the adsorption and release kinetics of the nucleic acid in the 

drug carrier, the dependence of cellular uptake or endosomal escape on nanoparticle size, 

surface characteristics such as charge and/or the attachments of functional residues, to name a 

few, but systematic studies addressing these issues are rare.19 

For the adsorption and release kinetics of nucleic acids using MSNs, the pore size, pore 

morphology and surface charge are important parameters. High loadings of nucleic acid were 

achieved by using large pore MSNs with a pore diameter of around 10–20 nm20 and when pores 

were modified with cationic functional groups—aminopropyltriethoxysilane (APTES) or 

polylysine—to create a cationic layer for nucleic acid adsorption.14, 21 However, some of these 

systems suffer from poor release kinetics associated with low knockdown efficacies because 

of either the high affinity of polycations towards nucleic acid or because of a bottleneck-type 

pore morphology that features smaller pore openings than pore diameters, which both might 

decrease an efficient release of the highly charged nucleic acid molecules. Based on these 

findings, our group introduced novel medium-pore MSNs (pore diameter of around 5 nm) with 
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stellate pore morphology, which were able to adsorb an exceptionally high amount of siRNA 

of 380 µg mg−1 and which enabled a mainly electrostatically driven fast and efficient RNA 

desorption, resulting in a high silencing efficacy.21 

Cellular internalization of the nanocarrier is another factor that influences gene silencing 

efficacy. The relationship between shape and size of MSNs22-25 or other nanocarriers26,27 and 

cellular internalization is important as nanoparticle size may affect the uptake efficiency and 

kinetics and the internalization mechanism.28 One of the great advantages of MSNs is that they 

can be designed to feature different sizes and shapes. For MSNs22,29 as well as for Au30, 

polystyrene31 and iron oxide nanoparticles32, a size-dependent uptake in cells was observed 

with a maximum uptake at a particle diameter of 30–50 nm. However, as size is only one among 

several parameters controlling cellular uptake of nanoparticles, optimal sizes may vary for 

different surfaces and different surface functionalizations. Additionally, targeting ligands were 

shown to improve selective cellular uptake and a better accumulation in tumor tissue.33,34 The 

effect of particle size on gene transfection efficiency using silica-based nanoparticles with 

diameters from 125 to 570 nm as nanocarriers for plasmid DNA was studied by Yu et al. Here, 

the transfection efficiency was found to be a compromise between binding capacity of the 

nanocarriers and cellular uptake. Smaller particles showed higher cellular uptake but less 

binding capacity for plasmid DNA. Particles with a diameter of 330 nm showed the best gene 

transfection efficacy.35 

Gene silencing mediated by delivery of siRNA and miRNA with MSN nanocarriers is strongly 

dependent on the escape of siRNA or miRNA from the endosomes into the cytosol. To trigger 

this reaction, the surface of particles is often decorated with cationic polymers, which are 

known to support an endosomal escape. Polyethylenimine (PEI) is one well-studied polymer 

exhibiting good endosomal escape capability when used at high dosage, attributed to a ‘proton 
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sponge’ effect, however, it has a poor toxicity profile.36 For instance, the group of Gu showed 

very good knockdown efficacies when PEI was attached to the outside of their particles.37,38 

A systematic study of the correlation between gene knockdown efficacy and endosomal escape 

kinetics was performed by Wang et al..39 They used magnetic MSNs capped with PEI at low 

concentrations to avoid toxic effects, resulting in poor endosomal escape ability. When 

endosomal escape was induced by a chloroquine treatment at early transfection times they 

could still see a high gene silencing efficacy. In contrast, when applied at later stages, a low 

gene-silencing efficacy was found, presumably because the released RNA was already 

degraded within the endosome. 

Although MSNs have shown great potential as an efficient carrier system for siRNA and 

miRNA delivery, systematic studies about particle properties and corresponding gene-silencing 

efficacy remain rare. Herein, we present a systematic investigation of the particle size-

dependent delivery of miRNA using core-shell MSNs for gene silencing in T24 cells. A series 

of MSNs with uniform sizes ranging from 60 to 160 nm with an average pore diameter of 

around 5-6 nm was used to encapsulate an antitumoral microRNA mimic (miR200c) or a 

control RNA with a scrambled sequence (Ctrl). The core of these particles was functionalized 

with APTES to yield a positively charged inner surface to accommodate the negatively charged 

miRNA, while a thinner surface layer was enriched with mercaptosilane, forming a negatively 

charged shell to enable binding of the capping agent. This consisted of an amino-acid block-

copolymer 454 (see Figure 6.1) to aid endosomal escape and which was further linked via 

polyethylene glycol (PEG) to the peptide GE11, targeting the epidermal growth factor 

receptor.40 This vector is abbreviated as MSN-454-GE11. An alternative construct for the 

delivery of this miRNA was studied before by Müller et al. using RNA-encapsulating 

polyplexes consisting of the same copolymer 454 functionalized with GE11.41 Their particles, 
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featuring a size of 120-150 nm, successfully showed antitumoral effects with two different 

therapeutic RNAs.  

Our series of MSN-454-GE11 particles covers a broad size range but still provides comparable 

properties for each sample, including surface chemistry, surface charge, pore size and miRNA 

concentration to enable a conclusive study of the particle-size effect on miRNA delivery. Here, 

we show that good gene-silencing and antitumoral effects are obtained when miR200c is 

delivered by the largest MSN-454-GE11 particles in this sequence. 

 

Figure 6.1: Schematic overview of the structure of core-shell mesoporous silica nanoparticles (MSN), the loading 

of miR200c and the polymer capping resulting in the MSN-454-GE11 vector. The positively charged core in core-

shell MSN enables a high loading capacity for miRNA. The mercapto-lined MSN shell associates with a positively 

charged block copolymer carrying the targeting ligand GE11, thus acting simultaneously as capping, endosomal 

release and targeting agent. 

 

6.2. Results and Discussion 

Particle Synthesis. We synthesized a series of core-shell MSNs with uniform size, ranging 

from 60 to 160 nm via a delayed co-condensation method.17 The core of all MSNs was 

functionalized with 4.5 mol% APTES (with respect to total silica) carrying amino groups in 
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order to create a positively charged inner void volume capable of encapsulating the negatively 

charged RNA by electrostatic interaction. The outer surface was functionalized with 2 mol% 

mercaptopropyl triethoxysilane (MPTES) carrying a thiol functionalization to act as 

regiospecific linker for external binding of polymer and targeting ligand.  

Two slightly different approaches were used to modulate the particle size of MSNs and to 

prepare a series of MSNs with uniform sizes over a range from 60 to 160 nm. Larger particles 

with average particle sizes of 160, 130 and 100 nm (MSN160 nm, MSN130 nm and MSN100 

nm) were synthesized based on our previous reports using a decreasing amount of the base 

triethanolamine (TEA) in order to reduce the particle size (experimental details are described 

in the Materials and Methods section).43,44,46 Briefly, to prepare the core of our core-shell 

particles, a preheated solution containing cetyltrimethylammonium chloride (CTAC) as 

template and triisopropylbenzene (TiPB) as pore-expanding agent was mixed with a preheated 

solution containing TEA, tetraethoxysilane (TEOS) and APTES at an elevated temperature for 

20 min. This was then followed by addition of the ingredients for the surface layer containing 

TEOS and MPTES. To prepare smaller particles with average particle sizes of 80 and 60 nm 

(MSN80 nm and MSN60 nm), we applied a slightly different procedure, additionally using 

F127 as growth inhibitor/pore expanding agent according to published reports.45 The particle 

size and core-shell structure were then established as above, again by changing the molar ratio 

of TEOS:TEA. Hereby, a preheated solution of octadecyltrimethylammonium bromide (C18Br) 

as template was mixed with a second preheated solution of TiPB, F127, TEA, TEOS and 

APTES, and stirred at 60 °C for 30 min. Afterwards, premixed TEOS and MPTES were added 

to form the negatively charged shell layer. 

Characterization. The particles were characterized using a number of techniques including 

transmission electron microscopy (TEM), dynamic light scattering (DLS), thermogravimetric 

analysis (TGA), zeta potential measurements, Raman and IR spectroscopy. The particle size 
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and the morphology were analyzed with TEM and DLS. All MSN samples show a spherical 

particle morphology with a disordered, wormlike pore structure, independent of size (Figure 

6.2). Figure 6.2a,b shows a size distribution around 160 nm (sample MSN160 nm) for particles 

obtained with the CTAC synthesis using a molar ratio of TEOS:TEA = 1:10. As the molar ratio 

of TEOS:TEA was decreased to TEOS:TEA = 1:5 and 1:3, the average particle size decreased 

to 128 nm (sample MSN130 nm, Figure 6.2c,d) and 100 nm (sample MSN100 nm, Figure 

6.2e,f), respectively. Particles obtained by the F127 synthesis show a mean particle size of 

80 nm (sample MSN80 nm, TEOS:TEA = 1:5, Figure 6.2g,h). The smallest particles with a 

mean particle size of 60 nm (sample MSN60 nm, Figure 2i,j) were obtained with F127 and a 

TEOS:TEA ratio of 1:3. DLS measurements of suspended particles show slightly larger 

hydrodynamic diameters ranging from 90 to 250 nm (Figure S6.1) but clearly illustrate the 

same trend of a decreasing particle size with decreasing TEA concentration.  

Nitrogen sorption measurements resulted in typical type IV isotherms for all samples, as 

expected for MSNs (Figure 6.3a). Surface analysis indicates higher surface areas for particles 

prepared by the CTAC synthesis (samples MSN160 nm, MSN130 nm and MSN100 nm) 

ranging between 742–960 m2/g, and shows a similar pore size of about 4.8 nm. Slightly smaller 

surface areas but larger pore sizes were obtained for particles prepared by the F127 synthesis 

(MSN80 nm, MSN60 nm; 660–685 m2/g; pore size 6.0 nm, Figure 6.3b). Table 6.1 summarizes 

the properties of the particles obtained by the different synthesis methods.  

 
Table 6.1 Synthesis and properties of MSN samples. 

Name Synthesis Method 

  
Diameter 

TEM a [nm] 

ABET 

[m2/g] 

Pore 

Volume b 

[cc/g] 

Pore 

Size c 

[nm] 

MSN160 

nm 

CTAC Synthesis; 

TEOS:TEA = 1:10 

  
159 ± 21 742 0.80 4.8 

MSN130 

nm 

CTAC Synthesis; 

TEOS:TEA = 1:5 

  
128 ± 30 961 1.06 4.8 
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MSN100 

nm  

CTAC Synthesis; 

TEOS:TEA = 1:3 

  
100 ± 37 811 0.95 4.8 

MSN80 

nm 

F127 Synthesis; 

TEOS:TEA = 1:5 

  
84 ± 23 685 0.95 6.0 

MSN60 

nm 

F127 Synthesis; 

TEOS:TEA = 1:3 

  
59 ± 8 660 1.00 6.0 

 a The average particle size was obtained from TEM micrographs by measuring the diameter of around 200 

particles of respective samples. b The total pore volume was determined at p/p0 = 0.9 to exclude contributions of 

textural porosity. c Data were acquired from the adsorption branch of the nitrogen isotherm. 

 

The presence of the amino and thiol groups originating from functionalization was verified 

with Raman and IR spectroscopy as well as with TGA. Representative results for sample 

MSN160 nm are shown in Figure 6.3c–d, respectively. Raman spectroscopy shows the S–H 

stretching mode of the thiol groups in the particle shell at 2580 cm−1 (Figure 6.3c), while the 

primary amines from core functionalization are seen at 1630 cm−1 with IR spectroscopy 

(MSN160 nm, black line, Figure 6.3d). TGA confirms the inclusion of organic functional 

groups by a weight loss of 20% (Figure S6.2). The decomposition of aminopropyl and 

successively, the mercaptopropyl groups starts at 290 °C. 
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Figure 6.2 TEM micrographs of (a) MSN160 nm, (c) MSN130 nm, (e) MSN100 nm, (g) MSN80 nm, (i) MSN60 

nm and corresponding particle size distribution histograms obtained from TEM images (b,d,f,h,j). Scale bar 

represents 150 nm. 
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Figure 6.3 Characterization of MSN and MSN-454-GE11. (a) Nitrogen sorption isotherms and (b) corresponding 

pore size distributions. For clarity, the pore size distribution curves in panel b are shifted along the y-axis. (c) 

Raman spectrum of MSN160 nm. The signal at 2580 cm−1 (indicated by *) indicates the presence of thiol groups. 

(d) IR spectra, (e) UV VIS spectra of the capping solution before capping (black line) and the supernatants after 

capping, and (f) zeta potential measurements of MSN and MSN-454-GE11 at pH = 7.3. 

 

Polymer Capping with 454-PEG and 454-GE11 and Targeting The surface of the MSNs 

was capped with a modularly designed block copolymer 454 to prevent a premature release of 

the cargo and to enhance endosomal escape for intracellular delivery of miRNA. The structure 

of the copolymer 454 is shown in Figure S6.3. This T-shaped polymer 454 consists of a 

hydrophobic domain in the center made of two oleic acids attached to lysine units. Branched 

off at each side from the center are two succinyl-tetraethyl-pentamine (Stp) units47, providing 
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the polymer with a cationic charge. Each end contains a tyrosine trimer coupled to a terminal 

cysteine unit, potentially allowing additional functionalization. The combination of the central 

Stp and oleic acid units in 454 is assumed to facilitate interactions with the endosomal 

membrane, resulting in endosomal destabilization and thus enabling the nucleic acid cytosolic 

delivery. This block copolymer was successfully used for the formulation of INF-7-

polyplex/siRNA vehicles [48] and was further essential for the highly efficient delivery of 

siRNA using MSNs, reported previously.21 

An anticancer therapy can potentially be improved by implementing cancer-cell-specific 

targeting molecules to the external surface of a carrier system. It is well known that EGF 

receptors (EGFR) are concentrated on many cancer cells. The small peptide GE11 has been 

used successfully before to specifically address EGFR-expressing cells.41,49,50 Here, we exploit 

the mercapto residues of the cysteine groups in the capping polymer 454 for binding GE11 via 

a PEG linker to study the targeted, particle-size-dependent delivery of the miR200c. 

For anchoring GE11 to the cysteine units in the block copolymer, we used a mercapto-reactive 

maleimide-PEG moiety consisting of 28 ethylene glycol monomer units that was previously 

linked to the GE11 ligand (Mal-PEG-GE11 reagent). The Mal-PEG-GE11 reagent was then 

mixed with the 454 block-copolymer (454-GE11). Only 0.1 equivalents (eq.; relative to 454-

polymer) of the targeting ligand were used for 454-functionalization to maintain free thiol 

groups at the end of 454. The latter can potentially undergo a disulfide bridging with the 

terminal mercapto-groups on the outer surface of the MSNs, thus creating a stable copolymer 

capping. The attachment of the cationic polymer 454 to the surface is additionally 

electrostatically favored since zeta potential measurements of our pure MSNs reveal a negative 

surface charge for all samples at a pH higher than 5.5 (Figure S6.4). To perform the attachment 

of the premixed 454-GE11 to the surface of MSN, a suspension of MSN at pH 7.3 was mixed 

with 454-GE11 and the successful capping was confirmed using UV–VIS, IR, and zeta 
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potential measurements. IR spectroscopy shows a significant increase of the CH stretching 

vibrations between 2850 and 2930 cm−1 and of the C-H bending vibrations of 1460 cm−1 as 

compared to the bare MSN particles (red graph in Figure 6.3d). Furthermore, the MSN-454-

GE11 spectrum shows an increase of the N–H bending vibrations at 1650 cm−1 and a new 

signal at 1720 cm−1 related to a C=O stretching mode, indicating the multiple amide bonds of 

the copolymer. UV–VIS measurements were further used to quantify the amount of the 454-

GE11 capping agent, which was similar in all samples and ranged from 17 to 20 wt% 

(Figure 6.3e, calibration curve Figure S5 and capping amount of different samples, Table S6.1). 

Figure 6.3f shows the zeta potential measurements of all MSN samples before and after 

attachment of the 454-GE11 linker (MSN-454-GE11) at pH = 7.3. Besides the size of the 

nanoparticles, their surface charge is an important parameter for cellular internalization. Our 

pure MSN samples display a negative surface charge between − 37 and – 20 mV, as expected 

for mercapto-covered MSNs. The zeta potential of all capped MSN-454-GE11 samples is very 

comparable and has increased to about −24 mV when measured at pH 7.3. The observed 

difference before and after capping can be seen as an additional indication for a successful 

attachment of the targeted copolymer. The polymer capping did not affect the particle size 

distribution in water for most of the MSN-454-GE11 samples when measured by DLS. Only 

the sample with a mean particle size of 60 nm showed some moderate agglomeration 

(Figure S6.6). 

Cell Internalization. As documented above, we have now established that our MSN carrier 

system shows physical properties such as surface area, pore size, zeta potential and capping 

concentration that are all very comparable, thus, leaving solely the particle size as a distinct 

variable. First, flow cytometry and confocal fluorescence microscopy data were used to 

investigate how the targeting ligand concentration as well as particle size might influence the 

cell internalization of the fully assembled MSN-454-GE11 samples. 
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Figure 6.4 shows the cellular internalization of the MSNs by T24 cells as examined via flow 

cytometry after a 45 min incubation time. MSN-454-GE11 samples were labeled with the Atto-

633-carboxy fluorescent dye, which was covalently bound to the amino groups in the core of 

the particles. In order to investigate the best targeting concentration, we mixed different weight 

equivalents of targeting ligand GE11 with the 454 polymer in the range from 0.1 to 1 eq. before 

attaching the polymer to the MSN samples. Maleimide-PEG without ligand was used as 

negative control for polymer capping without targeting ligand (sample MSN-454-PEG). A 

significant targeting effect can be seen in Figure 6.4a when 0.1 eq. of the targeting ligand was 

used, while only a minor improvement is observed at higher concentrations.  

 

 
Figure 6.4 Cellular internalization determined by flow cytometry. Cells were incubated for 45 min, washed and 

analyzed. (a) MSN160 nm-454-PEG was used for passive and MSN160 nm-454-GE11 for receptor-mediated 

uptake. 454 was functionalized with different equivalents of Mal-PEG (454-PEG) and Mal-PEG-GE11 reagent 

(454-GE11), respectively, in the range from 0.1 to 1 eq. The mean fluorescence intensity of the Atto-633 signal 

(MFI APC) represents the amount of internalized nanoparticles. A high MFI corresponds to a large cell uptake of 

MSN. For statistical analysis, a two-tailed t-test was performed (n = 3, mean ± SD, * p < 0.05, ** p < 0.01) (b) 

Histograms of cellular internalization of Atto-633 labeled MSN-454-GE11 after 45 min incubation with particle 

sizes in the range of 160 nm to 60 nm and negative control (NC). The Atto-633 intensity (APC-A channel) is 

plotted against the number of events detected (‘count’). ‘Count’ represents cumulative counts of cells with 

indicated Atto-633 fluorescence after appropriate gating by forward/sideward scatter and pulse width. For 

statistical analysis, see Figure S6.7. 
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Figure 6.4b documents the particle-size-dependent association of MSN-454-GE11 to cells as 

investigated via flow cytometry. Flow cytometry showed a similar degree of cell association 

for all samples, while a slight trend towards stronger association can be seen for smaller 

particles (quantification and statistical analysis can be found in SI, Figure S6.7). Since flow 

cytometry is not able to differentiate internalization from externally adhering particles, we 

followed this process also with confocal fluorescence microscopy as shown in Figure 6.5 (for 

enlarged images with additional orthogonal views of each image showing the particle 

internalization, see Figure S6.8, SI). Images were subsequently analyzed via the digital method 

`Particle_in_Cell-3D` to quantify the cellular uptake of the differently sized MSN vectors. 

After imaging cells directly after an incubation time of 45 min, we found that only MSN160 

nm-454-GE11 particles had penetrated through the cell membrane and were truly internalized. 

Other smaller MSN-454-GE11 particles were only attached to the outer cell membrane at this 

time. In contrast, all particle sizes were internalized after a 6 h incubation time. However, also 

after this time, MSN160 nm-454-GE11 particles showed the highest number of internalized 

particles of all samples (Figure S6.9). 

 

 
Figure 6.5 Representative confocal fluorescence microscopy images of Atto-633 labeled MSN-454-GE11 (red) 

with particle sizes in the range of 160 nm to 60 nm after 45 min (upper panel) and 6 h (lower panel) incubation 

on WGA488-stained T24 cells (green). For a statistical evaluation of particle-size-dependent uptake, see Figure 

S6.9, SI. 
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Loading of RNA. Loading of the genetic material into our MSN samples was performed with 

all samples prior to the attachment of the block copolymer. The adsorption of the miRNA is 

mainly driven by electrostatic interactions with the cationic, amino-functionalized core of the 

MSNs. The negatively charged thiol groups at the particle periphery are expected to minimize 

any external adsorption. For the best results, we performed the RNA adsorption in MES buffer 

at pH = 5. The MSN particles show a positive zeta potential at this pH due to protonation of 

the amino groups (zeta potential titration, see Figure S6.4). 

Here, aliquots of 50 µg mg−1 RNA/MSN were used for loading and the actual uptake was 

calculated by difference measurements by determining the remaining RNA concentration in 

the supernatant. All samples were able to adsorb the amount offered, as no residual RNA could 

be detected in the supernatant after loading times as short as 30 min. The samples were 

subsequently capped with 454-GE11 to obtain the final MSN-454-GE11 samples used for 

subsequent experiments. The stable binding of RNA in these samples is reflected in gel shift 

results, as shown in Figure 6.6a). Only little RNA elution is visible upon applying a voltage of 

100 V for 1 h to the gel. 

 

 
Figure 6.6 (a) Gel electrophoresis of samples MSN160 nm-454-GE11 (1), MSN130 nm-454-GE11 (2), MSN100 

nm-454-GE11 (3), MSN80 nm-454-GE11 (4), and MSN60 nm-454-GE11 (5). (b) Gene silencing of 

T24/eGFPLuc-200cT cells transfected with MSN-454-GE11 containing either Ctrl (white) or miR200c (grey). 

After an incubation time of 45 min, cells were washed. At 48 h after transfection, gene-silencing effects were 

analyzed. 
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Gene Silencing. As a proof of concept, the gene silencing of the eGFP-luciferase reporter gene 

was performed using T24/eGFPLuc-200cT cells. This cell line stably expresses the eGFP-

luciferase fusion protein, while simultaneously featuring a miR200c target site on the expressed 

mRNA. Therefore, the gene expression of eGFP-luciferase fusion protein can be blocked by 

the delivery of miR200c. The luciferase signal was thus used to evaluate the gene-silencing 

efficacy of miR200c. In order to simulate the dynamic conditions of drug delivery and to avoid 

a prolonged overexposure of the cells with particles suspended in the medium, we have used 

extremely short incubation times of 45 min. Cells were subsequently washed by exchanging 

the medium and the effect of this short exposure was then analyzed after time spans referred to 

as transfection time in the following. Cells were transfected with MSN and MSN-454-GE11 

of different sizes loaded with either a synthetic miR200c mimic or a control siRNA without 

any target gene (Ctrl, Figure 6.6b). Gene silencing was never observed with the pure MSN 

samples (missing the 454 polymer construct) loaded with miR200c for silencing (Figure 

S6.10a). This might be caused by a premature release of the RNA or by endosomal trapping of 

the MSN samples missing the 454 polymer.  

Similarly, none of the smaller sized MSN-454-GE11 samples showed any significant silencing 

efficacy. In contrast, with the larger 160 nm targeted polymer-capped MSN160 nm-454-GE11 

sample, a luciferase gene knockdown of up to 65% was observed. These findings are in good 

agreement with the confocal fluorescence microscopy images, which showed the fastest 

internalization for particles with a size of 160 nm.  

Flow cytometry data showed an improved cellular internalization of the targeted MSN160 nm-

454-GE11 vector in comparison with the non-targeted control MSN-454-PEG when 0.1 eq. of 

the targeting ligand was used. This targeted vector showed a higher silencing efficacy 
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compared to the non-targeted control, which is in good agreement with the increased uptake 

observed via flow cytometry. 

As expected, the same sample loaded with just scrambled RNA (Ctrl) did not show a significant 

unspecific knockdown, thus excluding major toxic effects induced by the carrier system itself. 

Systematic cell viability studies using an MTT assay also show a good tolerance of the cells 

towards these samples (Figure S6.11). 

These results show that a particle size of about 160 nm in combination with the copolymer 454 

enables the fastest cell internalization and also the best transfection efficacy when short 

incubation times of only 45 min are used. Inhibition experiments addressing specific endocytic 

pathways were inconclusive with respect to a preferred mechanism for a certain particle size. 

However, endocytosis was substantially more blocked for the larger particles as compared to 

the 60 nm particles (see Figure S6.12, SI). Our data also confirm the endosomolytic activity of 

the 454 polymer since cell adherence/uptake was observed for all pure MSN samples (flow 

cytometry of pure MSN samples in Figure S6.13), but no transfection occurred without the 454 

polymer (see Figure S6.10a). As described above, we further found that only MSN160 nm-

454-GE11 showed gene-silencing activity, while all smaller MSN-454-GE11 samples were not 

active after the short incubation period applied here. Confocal fluorescence microscopy 

showed that MSN160 nm-454-GE11 particles were already internalized after 45 min, while all 

other MSN-454-GE11 samples needed much longer incubation times to achieve 

internalization. Thus, particle internalization of the smaller particles is likely too slow and 

prevents a larger efficacy. 

Recently, miR200c was delivered by some of us using GE11 modified 454 polyplexes with a 

similar size of 120–150 nm.41 The gene silencing efficiency achieved in the same 

T24/eGFPLuc-200cT cells with these polyplexes was around 60%, which is in the same range 
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as the knockdown efficiency of the MSN-454-GE11 constructs presented here. This 

comparison suggests that the size of the targeted constructs is a determining feature controlling 

the knockdown efficiency. As MSN160 nm-454-GE11 constructs were shown to offer the best 

cellular-uptake behavior and gene-silencing efficiency, they were used for the following cell 

migration and cell cycle experiments.  

Antitumoral Effects. The tumor suppressor miR200c inhibits the epithelial–mesenchymal 

transition, a process involved in metastasis by enhancing the motility and migration of tumor 

cells, by targeting ZEB1 and ZEB2. ZEB1 and ZEB2 are transcriptional repressors, which 

downregulate the marker E-cadherin.7,51 Furthermore, Kopp et al. reported that one of the most 

prominent oncogenes KRAS is targeted by miR200c, which results in an altered cell cycle of 

the cancer cells.6 Notably, they could show that miR200c inhibits cell cycle progression by 

decreasing the G1-population. We have performed direct investigations of these antitumoral 

effects through tumor cell migration and cell cycle analysis on two different EGFR 

overexpressing cell lines, T24 bladder cancer and HeLa cervical cancer cells using miR200c 

loaded MSN-454-GE11 samples.  

Cell migration was studied using a scratch assay, as shown in Figure 6.7. T24 cells and HeLa 

cells were incubated with MSN-454-GE11 for 4 h (5 µg miR200c/well), then the medium was 

changed. After additional 24 h, the cell layer was broken by a scratch using a 200 µL Eppendorf 

pipette tip. The closure of the scratch, which is an indicator for cell migration, was measured 

at indicated time points. In both cell lines, the scratch was almost completely closed after 48 h 

when MSN-454-GE11 was loaded with Ctrl-RNA (88% scratch closure for T24 and 82% 

closure for HeLa cells). In contrast, with MSN-454-GE11 particles loaded with miR200c, a 

scratch closure of only 48% (for T24) and 53% (for HeLa cells) was observed after this time. 

Hence, miR200c delivered by MSN-454-GE11 significantly hinders cell migration. 
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Figure 6.7 Inhibition of tumor cell migration. Images of a scratch assay of T24 and HeLa cells. Cells were treated 

with MSN160 nm-454-GE11 loaded with miR200c. The cell layer was broken after 24 h through a scratch and 

the closure was monitored for 48 h. 

 

In addition, the effect of miR200c on the cell cycle was studied. Cells were transfected with 

MSN-454-GE11 loaded with miR200c or with the control RNA Ctrl and incubated for 4 h 

(Figure 8). A significant decrease in the number of cells in the G1 phase is observed when 

exposed to miR200C delivered by MSN, in combination with an increase in the number of cells 

in the S-phase. Thus, tumor cells transfected with MSN-454-GE11 loaded with miR200c 

showed the expected decreased migration and changes in the cell cycle.  

 
Figure 6.8 Cell cycle analysis via flow cytometry of cell stages G1, S and G2 of T24 cells at 72 h after treatment. 

For statistical analysis, a two-tailed t-test was performed (n = 3, mean ± SD, *** p < 0.01). 
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6.3. Conclusion 

In this study, we exploited the tunability of MSNs to synthesize a series of core-shell MSNs 

with different particle sizes between 60 to 160 nm for studying the size effect of these carriers 

on antitumoral miRNA delivery. All other properties of the delivery vehicles, including surface 

area, pore size and zeta potential were kept comparable. The nanoparticles were capped with a 

positively charged block copolymer 454 equipped with the targeting agent Mal-PEG-GE11. 

Since gene silencing was only observed after capping the nanocarriers with this 454 polymer, 

we conclude that it is essential for the endosomal escape by destabilizing the endosomal 

membrane. It was shown that the targeting ligand GE11 enhances a receptor-mediated uptake. 

After capping, the MSN-454-GE11 vehicles were used for a systematic investigation of size-

dependent gene silencing. While smaller particles did not lead to significant effects, MSN-454-

GE11 with a size of 160 nm showed a remarkable gene knockdown efficacy and antitumoral 

effects such as a decreased migration and changes in cell cycle. Overall, we observed the fastest 

cellular internalization as well as the best knock-down efficacies with MSN-454-GE11 sized 

160 nm. In contrast to FACS results that indicated a particle association with the cells 

independent of MSN particle size, we found with statistically evaluated image analysis that 

only the largest particles are truly internalized in the cells after short incubation times. Thus, 

cell studies as performed here, aiming to simulate dynamic conditions of in vivo drug delivery 

by washing the incubated cells after a short incubation time, might discriminate against all 

particles that are not well attached to the cell surface. Fast internalized particles are thus the 

winner. We hypothesize that due to their size, they expose a larger contact area to the cell 

membrane and simultaneously a larger number of targeting ligands, which, when spaced just 

right, allow for a maximum degree of endocytosis. Our study shows that fast cellular 

internalization is essential for a successful downregulation. In summary, the nanoscale 
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MSN160 nm-454-GE11 vehicles show the most promising potential for future in vivo 

biomedical applications. 
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6.4.  Experimental Part  

Reagents and Materials. 2-(N-morpholino)ethanesulfonic acid (MES, Sigma-Adrich, 

Darmstadt, Germany), 3-aminopropyltriethoxysilane (APTES, Sigma-Adrich), 3-

mercaptopropyl triethoxysilane (MPTES, >95%, Sigma-Adrich), ammonium fluoride (NH4F, 

>98% Fluka, Darmstadt, Germany), Atto 633-carboxy dye (Atto-Tec, Siegen, Germany), 4′,6-

diamidino-2-phenylindole (DAPI, Thermo Fisher, Schwerte, Germany), block copolymer 

surfactant (Pluronic F127 (EO106PO70EO106), Sigma-Aldrich), cetyltrimethyl-ammonium 

chloride (CTAC, 25% in H2O, Sigma-Adrich), N-(3-dimethylaminopropyl)-N′-

ethylcarbodiimide hydrochloride (EDC, >97%, Sigma-Adrich), N-hydroxysulfosuccinimide 

(sulfo-NHS, 98%, Sigma-Adrich), octadecyltrimethylammonium bromide (C18Br, Sigma-

Adrich), propidium iodide, tetraethylorthosilicate (TEOS, >98%, Sigma-Aldrich), 

triethanolamine (TEA, 98%, Fluka), triisopropylbenzene (TiPB, 96%, Sigma-Adrich). 

Oligomer 45442 and Mal-PEG-GE1141 were synthesized as described before. siRNA and 

miRNA duplexes were purchased from Axolabs GmbH (Kulmbach, Germany):  

Control RNA (sense: 5-AuGuAuuGGccuGuAuuAGdTsdT-3′, 

antisense: 5′-CuAAuAcAGGCcAAuAcAUdTsdT-3), 

miR200c (sense: 5′-UCCAUCAUUACCCGGCAGUAUUA-3, 

antisense: 5′-UAAUACUGCCGGGUAAUGAUGGA-3). 

Synthesis of MSN-NH2in-SHout. Two slightly different synthesis methods were used to 

prepare core-shell functionalized MSN containing 4.5% amino groups in the core and 2% thiol 

groups on the shell (MSN-NH2in-SHout).  

Procedure A: Core-shell MSN particles were prepared by a co-condensation reaction according 

to our previous reports.17,43 Early reports from our group showed that a consistent decrease in 

particle size can be obtained by decreasing the amount of TEA serving as organic base. This 
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concept was applied for the synthesis of samples MSN160 nm, MSN130 nm and MSN100 

nm.44 A mixture of TEA (14 g, 138 mmol/10 g, 101,2 mmol/4 g, 39,5 mmol, respectively), 

tetraethylorthosilicate (TEOS, 1.74 mL, 7.84 mmol) and 3-aminopropyltriethoxysilane 

(APTES, 89 µL, 0.38 mmol) in a polypropylene reactor was heated in an oil bath at 90 °C for 

20 min without stirring. A second solution was prepared consisting of water (21.7 mL, 1.21 

mol), CTAC (2.71 mL, 1.83 mmol), TiPB (2.97 mL, 12 mmol) and ammonium fluoride (NH4F, 

100 mg, 2.7 mmol) and was heated to 60 °C under stirring. The second solution was 

subsequently added to the first solution under strong stirring. The whole mixture was further 

stirred at room temperature for 20 min. After this time, four portions of TEOS (4 × 51 µL, 0.92 

mmol) were added in three minutes intervals and the solution was stirred for another 30 min. 

To prepare the shell layer, a premixed solution of TEOS (42 µL, 0.190 mmol) and 

mercaptopropyl triethoxysilane (MPTES) (42 µL, 0.22 mmol) was added to the whole mixture. 

The condensation reaction was allowed to continue over night at room temperature.  

Procedure B: MSN80 nm and MSN60 nm were prepared using the tri-block copolymer F127 

as a particle growth inhibitor/dispersant. The procedure is based on an adapted recipe reported 

in the literature.45 First, a mixture of TEA (7 g, 46.8 mmol/4 g, 26.7 mmol, respectively), TiPB 

(1.5 mL, 6.2 mmol), F127 (100 mg, 8 µmol) TEOS (2 mL, 9 mmol), and APTES (89 µL, 0.38 

mmol) was prepared in a polypropylene reactor and heated at 90 °C for 20 min. Separately, 

NH4F (100 mg, 2.7 mmol) and C18Br (0.35 g, 0.9 mmol) were dissolved in H2O. This solution 

was heated to 90 °C under static conditions for 30 min and was then added under strong stirring 

to the first solution at once. The combined solutions were further heated at 60 °C for 30 min. 

The ingredients for the shell layer, TEOS (42 µL, 0.190 mmol) and MPTES (42 µL, 0.22 

mmol), were mixed, preheated to 60 °C and added to the reaction mixture. Heating at 60 °C 

was continued for 30 min, and then the reaction mixture was allowed to cool down to room 

temperature under stirring and was continuously stirred overnight.  
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Template Extraction. Agglomerates were removed from the as- synthesized samples by 

centrifugation for a short time at low speed (7197 rcf, 5 min). The pellet was discarded and the 

remaining particles in the supernatant were collected via centrifugation (7197 rcf, 20 min) for 

template extraction. After centrifugation, the particles were resuspended in a solution 

containing 2 g ammonium nitrate in 100 mL ethanol and heated for 45 min under reflux (90 

°C), cooled and collected by centrifugation (7197 rcf, 20 min). The first reflux treatment was 

followed by a second extraction step for 45 min under reflux (90 °C) using a solution of 10 mL 

concentrated hydrochloric acid in 90 mL ethanol. The MSNs were collected by centrifugation 

for 20 min (7197 rcf) and washed with ethanol (3 × 70 mL). Finally, MSNs were dispersed in 

15 mL ethanol and used for further characterization.  

Characterization  

For transmission electron microscopy (TEM), samples were prepared by drying a diluted 

ethanolic suspension of MSN on a carbon-coated copper grid at room temperature for several 

hours. The measurements were performed on a Tecnai G2 20 S-Twin instrument operated at 

200 kV with a TVIPS TemCam-F216 camera.  

Dynamic light scattering (DLS) and zeta potential measurements were performed with a 

Malvern Zetasizer Nano instrument equipped with a 4 mW He-Ne-Laser (633 nm). For DLS 

data, a diluted colloidal suspension of the particles was measured in PMMA cuvettes at 25 °C. 

For zeta potential measurements, the additional Zetasizer titration system (MPT-2) was used 

based on diluted NaOH and HCl as titrants. For this purpose, a colloidal suspension of MSNs 

in water at a concentration of 0.1 mg mL−1 was prepared.  

Raman spectroscopy was performed on a Bruker Equinox 55 with FRA-106 Raman attachment 

with a ND:YAG laser (1064 nm) and a laser power of 100 mW. Infrared spectra of dried sample 
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powder were recorded on a ThermoScientific Nicolet iN10 IRmicroscope in reflection–

absorption mode with a liquid-N2 cooled MCT-A detector.  

A Quantachrome Instrument NOVA 4000e was used for nitrogen sorption analysis at −196 °C. 

Sample outgassing was performed for 12 h at 120 °C and at a vacuum of 13.3 × 10−3 mbar. A 

quenched solid density functional theory (QSDFT) equilibrium model of N2 on silica at a 

relative pressure p/p0 = 0.8 was used to calculate the pore size and pore volume, based on the 

adsorption and desorption branch of the isotherm. A BET model in the range p/p0 = 0.05–0.2 

was used to determine the specific surface area.  

Thermogravimetric analysis (TGA) of the powder samples (10 mg) was performed on a 

Netzsch STA 440 C TG/DSC using a heating rate of 10 °C/min up to 900 °C with a stream of 

synthetic air of about 25 mL·min−1.  

siRNA concentrations were determined by UV measurements performed with the Nanodrop 

2000c spectrometer (Thermo Scientific). 

Loading of Ctrl and miR200c for Gene Silencing. In all experiments, 100 µL Ctrl or 

miR200c solution (c = 50 ng µL−1) in MES buffer (pH = 5) was added to 100 µg MSN-NH2in-

SHout samples, resulting in a final RNA concentration of 50 µg mg−1 of MSN carrier. Samples 

were vortexed and shaken at 37 °C for 30 min to complete adsorption. Particles were washed 

via centrifugation and were resuspended in 100 µL HEPES buffer. The supernatant was 

collected to verify complete adsorption of RNA.  

Loading of Fluorescent Dye for Cellular Internalization Studies. A total of 1 mL MSN-

NH2in-SHout samples (pH = 5; 1 mg mL−1 MES buffer) was mixed with 2 µL Atto-633 

carboxy (2 mg mL−1 in anhydrous DMSO), 10 µL EDC and a catalytic amount of sulfo-NHS. 

The samples were vortexed and shaken for 4 h, were washed multiple times afterwards with 
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MES and HEPES buffer (1 mL, respectively) (centrifugation steps: 10 min, 16,900 rcf) and 

were redispersed in 1 mL MES buffer. 

Capping with 454-GE11. For capping of MSN-NH2in-SHout samples, 10 µL Mal-PEG-

GE11 reagent (5 mg mL−1 in H2O) was added to 100 µL 454 solution (5 mg mL−1 in H2O) 

and shaken for 2 h at 37 °C. Then, 454-GE11 was mixed with 1 mL MSN suspension (1 mg 

mL−1 in HEPES buffer) and again shaken for 2 h at 37 °C. Resulting MSN-454-GE11 samples 

were centrifuged (16900 rcf, 10 min) and washed with water and HEPES buffer. The samples 

were redispersed in 2 mL HEPES buffer. 

miRNA Binding Assay. For the miRNA binding assay, a 2.5% agarose gel was prepared by 

dissolving agarose in TBE buffer (Trizma base 10.8 g, boric acid 5.5 g, disodium EDTA 0.75 

g, and 1 L of water) and by heating to 100 °C. GelRed® (1:10,000) was added and the agarose 

gel was cast in the electrophoresis unit. MSN-454-GE11 samples loaded with Ctrl RNA were 

mixed with 4 µL loading buffer (6 mL glycerol, 1.2 mL of 0.5 M EDTA, 2.8 mL H2O, 0.02 g 

bromophenol blue) and placed into the gel sample pockets. Electrophoresis was run at 120 V 

for 90 min. 

Cell Culture. HeLa, T24 or T24/eGFPLuc-200cT (authenticated by DSMZ, Braunschweig, 

Germany) cells, stably expressing an eGFP-luciferase fusion gene under the control of the 

CMV promoter and with a target site for miR200c, were cultivated in Dulbecco’s modified 

Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 U mL−1 

penicillin and 100 U mL−1 streptomycin.  

Cell Viability Determined by MTT Assay. MTT assay was performed in triplicate in 96-well 

plates. One day prior to transfection, T24 cells were seeded at 3500 cells/well. Before 

transfection, medium was replaced by 80 µL fresh medium. MSN samples (20 µL) loaded with 

or without RNA were added at different concentrations in HEPES buffer and incubated for 45 
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min at 37 °C followed by a medium exchange. Subsequently, cells were returned to the 

incubator and 48 h after transfection a viability assay was performed. For this, an MTT solution 

(100 µL/well; 0.5 mg mL−1 in DMEM) was added for 2 h. Then, the supernatant was removed 

and cells were lysed by freezing at –80 °C. DMSO (100 µL) was added and plates were 

incubated at 37 °C under shaking. Absorption at 590 nm against a reference wavelength of 630 

nm was measured using a SpectraFluorTM Plus microplate reader S4 (Tecan, Groeding, 

Austria). Cell viability was calculated as percentage of absorption compared to wells treated 

with HEPES buffer.  

Cellular Adhesion Determined by Flow Cytometry. T24/eGFPLuc-200cT cells were seeded 

24 h before transfection on 24-well plates with a density of 5 × 105 cells per well in 1000 µL 

growth medium. After 24 h, the medium was replaced by 400 µL fresh medium. A total of 100 

µL MSN, MSN-454-PEG and MSN-454-GE11 samples loaded with fluorescent dye (500 µg 

mL−1 MSN in HEPES buffer) were added and incubated for 45 min at 37 °C. After incubation 

time, the cells were washed three times with PBS, 500 I.U. heparin to remove particles non-

specifically associated to the cell surface and were detached with trypsin/EDTA, taken up in 

growth medium, centrifuged and resuspended in PBS containing 10% FBS. Cellular 

internalization of the MSN samples was assayed by flow cytometry at an Atto-633 carboxy 

fluorescent dye excitation wavelength of 635 nm and detection of emission at 665 nm. Cells 

were gated by forward/sideward scatter and pulse width for exclusion of doublets. DAPI (4′,6-

diamidino-2-phenylindole) was used to discriminate between viable and dead cells. Data were 

recorded by BD LSRFortessa™ (BD Biosciences, USA) and analyzed by FlowJo® 7.6.5 flow 

cytometric analysis software. All experiments were performed in triplicate. 

Confocal Fluorescence Microscopy. Fluorescence microscopy was performed with a Zeiss 

Observer SD spinning disk confocal microscope using a Yokogawa CSU-X1 spinning disc unit 

and an oil objective (63× magnification) and BP 525/50 (WGA488) and LP 690/50 (Atto633) 



6. Particle-Size-Dependent Delivery of Antitumoral miRNA Using Targeted Mesoporous 

Silica Nanoparticles 

 
225 

emission filters. A 488 nm and a 639 nm laser were used for excitation. At 24 h prior to 

transfection, 3500 T24 cells per well were seeded in 8-well plates in 280 µL growth medium. 

A total of 20 µL MSN-454-GE11 covalently labeled with Atto-633 carboxy (200 µg mL−1 

MSN in HEPES buffer) were added to each well and incubated for 45 min or 6 h, respectively, 

at 37 °C followed by addition of WGA-488 to the medium for cell membrane staining. Cells 

were washed with PBS and after addition of 300 µL fresh medium, cells were directly imaged.  

The cellular uptake of nanoparticles was quantified using the ImageJ macro “Particle_in_Cell-

3D” developed by Adriano A. Torrano and Julia Blechinger, Department of Chemistry and 

Center for NanoScience (CeNS, University of Munich (LMU), Munich, Germany. 

http://imagejdocu.tudor.lu/doku.php?id=macro:particle_in_cell-3d) 

Luciferase Gene Silencing. In all experiments, siRNA and miRNA delivery was performed 

in 96-well plates in triplicate. 3500 T24/eGFPLuc-200cT cells per well were seeded 24 h prior 

to transfection in 100 µL growth medium. Before transfection, medium was replaced with 80 

μL fresh growth medium. 20 µL MSN, MSN-454-PEG and MSN-454-GE11 for RNA delivery 

(500 µg mL−1 MSN in HEPES buffer) were added to each well and incubated for 45 min at 

37 °C followed by a medium exchange. Cells were then incubated with 100 µL fresh medium 

for an additional 48 h following transfection. After this time, cells were treated with 100 μL 

cell lysis buffer (Promega (Mannheim, Germany)). Luciferase activity in cell lysate (35 μL) 

was measured using a luciferin-LAR (1 M glycylglycine, 100 mM MgCl2, 500 mM EDTA, 

DTT, ATP, coenzyme A) buffer solution on a luminometer for 10 s (Centro LB 960 plate reader 

luminometer, Berthold Technologies, Bad Wildbad, Germany). 

Cell Cycle Analysis. At 24 h prior to transfection, 3.5 × 104 T24 cells per well were seeded in 

a 12-well plate in 1000 µL growth medium and then medium was replaced by 400 µL fresh 

medium. A total of 100 µL MSN-160 nm-454-GE11 (500 µg mL−1 in HEPES buffer) loaded 
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with Ctrl RNA or miR200c was added and incubated at 37 °C for 4 h. After a selected 

incubation time, the medium was replaced with fresh medium and cells were incubated for an 

additional 72 h. Afterwards, cells were washed with PBS and detached with trypsin/EDTA. 

Cells were washed with PBS twice and suspended in 100 µL PBS. The cell suspension was 

added dropwise to 0.9 mL cold 70% ethanol and incubated at 4 °C for 2 h. Then, cell pellets 

were suspended in 1 mL PBS after centrifugation and incubated for 15 min at room temperature 

for counting. A total of 1 × 105 cells of each sample was incubated in 300 µL propidium 

iodide/TritonX-100 containing RNase solution for 15 min at 37 °C. For cell cycle analysis, the 

cells were analyzed by flow cytometry at an excitation wavelength of 488 nm and detection of 

emission with a 613/20 bandpass filter. Data were recorded by BD LSRFortessa™ (BD 

Biosciences, USA) and analyzed by FlowJo® 7.6.5 flow cytometric analysis software. All 

experiments were performed in triplicate.  

Scratch Assay. At 24 h prior to transfection, 1 × 105 T24 and MDA-MB 231 cells per well 

were seeded in a 6-well plate in 2000 µL of growth medium. The medium was replaced by 800 

µL fresh medium and 200 µL MSN160 nm-454-GE11 (500 µg mL−1 in HEPES buffer) loaded 

with Ctrl RNA or miR200c was added. Cells were incubated with MSN160 nm-454-GE11 for 

4 h, then the medium was changed. After 24 h additional incubation time, the cell layer was 

broken by a scratch using a 200 µL Eppendorf tip. Cells were washed with PBS and microscope 

(Axiovert 200, Zeiss, Oberkochen, Germany) pictures were taken after 24 h. 

  



6. Particle-Size-Dependent Delivery of Antitumoral miRNA Using Targeted Mesoporous 

Silica Nanoparticles 

 
227 

6.5. References 

1. Elbashir, S.M.; Harborth, J.; Lendeckel, W.; Yalcin, A.; Weber, K.; Tuschl, T. Duplexes of 21-nucleotide 

RNAs mediate RNA interference in cultured mammalian cells. Nature 2001, 411, 494. 

2. McCaffrey, A.P.; Meuse, L.; Pham, T.-T.T.; Conklin, D.S.; Hannon, G.J.; Kay, M.A. RNA interference 

in adult mice. Nature 2002, 418, 38. 

3. Xin, Y.; Huang, M.; Guo, W.W.; Huang, Q.; Zhang, L.z.; Jiang, G. Nano-based delivery of RNAi in 

cancer therapy. Molecular Cancer 2017, 16, 134. 

4. Friedman, R.C.; Farh, K.K.-H.; Burge, C.B.; Bartel, D.P. Most mammalian mRNAs are conserved targets 

of microRNAs. Genome Research 2009, 19, 92-105. 

5. Lee, S.J.; Kim, M.J.; Kwon, I.C.; Roberts, T.M. Delivery strategies and potential targets for siRNA in 

major cancer types. Advanced Drug Delivery Reviews 2016, 104, 2-15. 

6. Kopp, F.; Wagner, E.; Roidl, A. The proto-oncogene KRAS is targeted by mir-200c. Oncotarget 2013, 

5, 185-195. 

7. Hurteau, G.J.; Carlson, J.A.; Spivack, S.D.; Brock, G.J. Overexpression of the microRNAleads to 

reduced expression of transcription factor 8 and increased expression of e-cadherin. Cancer Research 2007, 67, 

7972-7976. 

8. Kopp, F.; Oak, P.S.; Wagner, E.; Roidl, A. miR-200c sensitizes breast cancer cells to doxorubicin 

treatment by decreasing trkb and bmi1 expression. PLOS ONE 2012, 7, e50469. 

9. Kim, H.J.; Kim, A.; Miyata, K.; Kataoka, K. Recent progress in development of siRNA delivery vehicles 

for cancer therapy. Advanced Drug Delivery Reviews 2016, 104, 61-77. 

10. Kim, B.; Park, J.-H.; Sailor, M.J. Rekindling RNAi therapy: Materials design requirements for in vivo 

siRNA delivery. Advanced Materials 2019, 31, 1903637. 

11. Revia, R.A.; Stephen, Z.R.; Zhang, M. Theranostic nanoparticles for RNA-based cancer treatment. 

Accounts of Chemical Research 2019, 52, 1496-1506. 

12. Adams, D.; Gonzalez-Duarte, A.; O’Riordan, W.D.; Yang, C.-C.; Ueda, M.; Kristen, A.V.; Tournev, I.; 

Schmidt, H.H.; Coelho, T.; Berk, J.L., et al. Patisiran, an RNAi therapeutic, for hereditary transthyretin 

amyloidosis. New England Journal of Medicine 2018, 379, 11-21. 

13. Chen, Y.; Gu, H.; Zhang, D.S.-Z.; Li, F.; Liu, T.; Xia, W. Highly effective inhibition of lung cancer 

growth and metastasis by systemic delivery of siRNA via multimodal mesoporous silica-based nanocarrier. 

Biomaterials 2014, 35, 10058-10069. 

14. Hartono, S.B.; Gu, W.; Kleitz, F.; Liu, J.; He, L.; Middelberg, A.P.J.; Yu, C.; Lu, G.Q.; Qiao, S.Z. Poly-

l-lysine functionalized large pore cubic mesostructured silica nanoparticles as biocompatible carriers for gene 

delivery. ACS Nano 2012, 6, 2104-2117. 

15. Möller, K.; Bein, T. Degradable drug carriers: Vanishing mesoporous silica nanoparticles. Chemistry of 

Materials 2019, 31, 4364-4378. 

16. Braun, K.; Pochert, A.; Beck, M.; Fiedler, R.; Gruber, J.; Lindén, M. Dissolution kinetics of mesoporous 

silica nanoparticles in different simulated body fluids. Journal of Sol-Gel Science and Technology 2016, 79, 319-

327. 

17. Kecht, J.; Schlossbauer, A.; Bein, T. Selective functionalization of the outer and inner surfaces in 

mesoporous silica nanoparticles. Chemistry of Materials 2008, 20, 7207-7214. 

18. Möller, K.; Bein, T. Talented mesoporous silica nanoparticles. Chemistry of Materials 2017, 29, 371-

388. 

19. Wang, J.; Lu, Z.; Wientjes, M.G.; Au, J.L.S. Delivery of siRNA therapeutics: Barriers and carriers. The 

AAPS journal 2010, 12, 492-503. 

20. Gao, F.; Botella, P.; Corma, A.; Blesa, J.; Dong, L. Monodispersed mesoporous silica nanoparticles with 

very large pores for enhanced adsorption and release of DNA. The Journal of Physical Chemistry B 2009, 113, 

1796-1804. 

21. Möller, K.; Müller, K.; Engelke, H.; Bräuchle, C.; Wagner, E.; Bein, T. Highly efficient siRNA delivery 

from core–shell mesoporous silica nanoparticles with multifunctional polymer caps. Nanoscale 2016, 8, 4007-

4019. 

22. Jin, Y.; Lohstreter, S.; Pierce, D.T.; Parisien, J.; Wu, M.; Hall, C.; Zhao, J.X. Silica nanoparticles with 

continuously tunable sizes: Synthesis and size effects on cellular contrast imaging. Chemistry of Materials 2008, 

20, 4411-4419. 

23. Gan, Q.; Dai, D.; Yuan, Y.; Qian, J.; Sha, S.; Shi, J.; Liu, C. Effect of size on the cellular endocytosis 

and controlled release of mesoporous silica nanoparticles for intracellular delivery. Biomedical Microdevices 

2012, 14, 259-270. 

24. Huang, X.; Teng, X.; Chen, D.; Tang, F.; He, J. The effect of the shape of mesoporous silica nanoparticles 

on cellular uptake and cell function. Biomaterials 2010, 31, 438-448. 



 

6.5. References 

 

 
228 

25. Zhu, J.; Tang, J.; Zhao, L.; Zhou, X.; Wang, Y.; Yu, C. Ultrasmall, well-dispersed, hollow siliceous 

spheres with enhanced endocytosis properties. Small 2010, 6, 276-282. 

26. Chono, S.; Tanino, T.; Seki, T.; Morimoto, K. Uptake characteristics of liposomes by rat alveolar 

macrophages: Influence of particle size and surface mannose modification. Journal of Pharmacy and 

Pharmacology 2007, 59, 75-80. 

27. Osaki, F.; Kanamori, T.; Sando, S.; Sera, T.; Aoyama, Y. A quantum dot conjugated sugar ball and its 

cellular uptake. On the size effects of endocytosis in the subviral region. Journal of the American Chemical Society 

2004, 126, 6520-6521. 

28. Shang, L.; Nienhaus, K.; Nienhaus, G.U. Engineered nanoparticles interacting with cells: Size matters. 

Journal of Nanobiotechnology 2014, 12, 5. 

29. Lu, F.; Wu, S.-H.; Hung, Y.; Mou, C.-Y. Size effect on cell uptake in well-suspended, uniform 

mesoporous silica nanoparticles. Small 2009, 5, 1408-1413. 

30. Chithrani, B.D.; Ghazani, A.A.; Chan, W.C.W. Determining the size and shape dependence of gold 

nanoparticle uptake into mammalian cells. Nano Letters 2006, 6, 662-668. 

31. Varela, J.A.; Bexiga, M.G.; Åberg, C.; Simpson, J.C.; Dawson, K.A. Quantifying size-dependent 

interactions between fluorescently labeled polystyrene nanoparticles and mammalian cells. Journal of 

Nanobiotechnology 2012, 10, 39. 

32. Huang, J.; Bu, L.; Xie, J.; Chen, K.; Cheng, Z.; Li, X.; Chen, X. Effects of nanoparticle size on cellular 

uptake and liver mri with polyvinylpyrrolidone-coated iron oxide nanoparticles. ACS Nano 2010, 4, 7151-7160. 

33. Goel, S.; Chen, F.; Hong, H.; Valdovinos, H.; Hernandez, R.; Shi, S.; Barnhart, T.; Cai, W. VEGF121 -

conjugated mesoporous silica nanoparticle: A tumor targeted drug delivery system. 2014, 6, 21677-21685. 

34. Chen, F.; Nayak, T.R.; Goel, S.; Valdovinos, H.F.; Hong, H.; Theuer, C.P.; Barnhart, T.E.; Cai, W. In 

vivo tumor vasculature targeted pet/nirf imaging with trc105(fab)-conjugated, dual-labeled mesoporous silica 

nanoparticles. Molecular Pharmaceutics 2014, 11, 4007-4014. 

35. Yu, M.; Niu, Y.; Zhang, J.; Zhang, H.; Yang, Y.; Taran, E.; Jambhrunkar, S.; Gu, W.; Thorn, P.; Yu, C. 

Size-dependent gene delivery of amine-modified silica nanoparticles. Nano Research 2016, 9, 291-305. 

36. Nayak, T.R.; Krasteva, L.K.; Cai, W. Multimodality imaging of RNA interference. Current medicinal 

chemistry 2013, 20, 3664-3675. 

37. Li, X.; Chen, Y.; Wang, M.; Ma, Y.; Xia, W.; Gu, H. A mesoporous silica nanoparticle – PEI – fusogenic 

peptide system for sirna delivery in cancer therapy. Biomaterials 2013, 34, 1391-1401. 

38. Chen, Y.; Wang, X.; Liu, T.; Zhang, D.S.-Z.; Wang, Y.; Gu, H.; Di, W. Highly effective antiangiogenesis 

via magnetic mesoporous silica-based siRNA vehicle targeting the VEGF gene for orthotopic ovarian cancer 

therapy. International Journal of Nanomedicine 2015, 10, 2579-2594. 

39. Wang, M.; Li, X.; Ma, Y.; Gu, H. Endosomal escape kinetics of mesoporous silica-based system for 

efficient siRNA delivery. International Journal of Pharmaceutics 2013, 448, 51-57. 

40. Li, Z.; Zhao, R.; Wu, X.; Sun, Y.; Yao, M.; Li, J.; Xu, Y.; Gu, J. Identification and characterization of a 

novel peptide ligand of epidermal growth factor receptor for targeted delivery of therapeutics. Faseb j 2005, 19, 

1978-1985. 

41. Müller, K.; Klein, P.M.; Heissig, P.; Roidl, A.; Wagner, E. EGF receptor targeted lipo-oligocation 

polyplexes for antitumoral siRNA and miRNA delivery. Nanotechnology 2016, 27, 464001. 

42. Troiber, C.; Edinger, D.; Kos, P.; Schreiner, L.; Kläger, R.; Herrmann, A.; Wagner, E. Stabilizing effect 

of tyrosine trimers on pDNA and siRNA polyplexes. Biomaterials 2013, 34, 1624-1633. 

43. Cauda, V.; Schlossbauer, A.; Kecht, J.; Zürner, A.; Bein, T. Multiple core−shell functionalized colloidal 

mesoporous silica nanoparticles. Journal of the American Chemical Society 2009, 131, 11361-11370. 

44. Möller, K.; Kobler, J.; Bein, T. Colloidal suspensions of nanometer-sized mesoporous silica. Advanced 

Functional Materials 2007, 17, 605-612. 

45. Gu, J.; Huang, K.; Zhu, X.; Li, Y.; Wei, J.; Zhao, W.; Liu, C.; Shi, J. Sub-150nm mesoporous silica 

nanoparticles with tunable pore sizes and well-ordered mesostructure for protein encapsulation. Journal of Colloid 

and Interface Science 2013, 407, 236-242. 

46. Kobler, J.; Möller, K.; Bein, T. Colloidal suspensions of functionalized mesoporous silica nanoparticles. 

ACS Nano 2008, 2, 791-799. 

47. Schaffert, D.; Badgujar, N.; Wagner, E. Novel fmoc-polyamino acids for solid-phase synthesis of defined 

polyamidoamines. Organic Letters 2011, 13, 1586-1589. 

48. Zhang, W.; Muller, K.; Kessel, E.; Reinhard, S.; He, D.; Klein, P.M.; Hohn, M.; Rodl, W.; Kempter, S.; 

Wagner, E. Targeted siRNA delivery using a lipo-oligoaminoamide nanocore with an influenza peptide and 

transferrin shell. Advanced Healthcare Materials 2016, 5, 1493-1504. 

49. Genta, I.; Chiesa, E.; Colzani, B.; Modena, T.; Conti, B.; Dorati, R. Ge11 peptide as an active targeting 

agent in antitumor therapy: A minireview. Pharmaceutics 2017, 10, 2. 



6. Particle-Size-Dependent Delivery of Antitumoral miRNA Using Targeted Mesoporous 

Silica Nanoparticles 

 
229 

50. Biscaglia, F.; Rajendran, S.; Conflitti, P.; Benna, C.; Sommaggio, R.; Litti, L.; Mocellin, S.; Bocchinfuso, 

G.; Rosato, A.; Palleschi, A., et al. Enhanced EGFR targeting activity of plasmonic nanostructures with engineered 

GE11 peptide. Advanced Healthcare Materials 2017, 6, 1700596. 

51. Korpal, M.; Lee, E.S.; Hu, G.; Kang, Y. The miR-200 family inhibits epithelial-mesenchymal transition 

and cancer cell migration by direct targeting of e-cadherin transcriptional repressors zeb1 and zeb2. Journal of 

Biological Chemistry 2008, 283, 14910-14914. 

  



 

6.6. Appendix 

 

 
230 

6.6. Appendix 

DLS Measurements of MSN Samples. The particles obtained via the reported synthesis 

procedure were characterized using DLS. The different samples show an average 

hydrodynamic radius between 90 and 250 nm. 

 

 

Figure S6.1 DLS measurements of MSN samples in EtOH: MSN160nm (black line), MSN130nm (red line), MSN100nm 

(blue line), MSN80nm (green line), and MSN60nm (magenta line). 
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TGA Data of MSN160 nm up to 900 °C  

 
Figure S6.2 TGA curves of sample MSN160nm measured up to 900 °C. 

 

Structure of Copolymer 454 

The structure of the copolymer is depicted in Figure S6.3.  

 

Figure S6.3 Structure of copolymer 454 
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Zeta Potential of MSN Samples 

 

Figure S6.4 Zeta potential titration curves of pure MSN samples: MSN160nm (black line), MSN130nm (red line), 

MSN100nm (blue line), MSN80nm (green line), and MSN60nm (magenta line). 

 

 

 

UV-VIS Measurements for Quantification of Capping Amount of 454-GE11. The amount 

of the attached 454-GE11 polymer was obtained by difference measurements: increasing 

concentrations of 454-GE11 in MES buffer were used to obtain a calibration curve and were 

measured at a spectral maximum of 275 nm. For determining the capping concentration, we 

added a 454-GE11 solution to a defined amount of MSN in MES buffer. After 2 h, the particles 

were centrifuged to form a pellet and the unreacted 454-GE11 in the supernatant was 

determined by UV-VIS spectroscopy. A substantial decrease in absorbance in the coupling 
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solution was observed for all MSN samples. The particles were capped with 454-GE11 with 

amounts ranging between around 17–20 wt% (detailed amounts are listed in Table S6.1). 

 
Figure S6.5 454-GE11 calibration curve measured at 275 nm for quantification of the capping concentration. 

 

Table S 6.1 Estimated capping amount of 454-GE11 for different MSN samples. 

MSN-454-

GE11 

Difference Concentration before and after Capping 

[µg/mL] 

Capping Amount 

wt% 

160 nm 230,7 18,7 

130 nm 256,7 20,4 

100 nm 220,3 18,0 

80 nm 204,7 17,0 

60 nm 246,3 19,7 
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Comparison of DLS Measurements of Pure MSN and MSN-454-GE11 Samples of 

Different Sizes. 

 
Figure S6.6 DLS measurements of MSN and corresponding MSN-454-GE11 samples in HEPES buffer: MSN160nm 

(black line), MSN130nm (red line), MSN100nm (blue line), MSN80nm (green line), MSN60nm (magenta line). 
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Figure S6.7 Quantification of the FACS data shown in Figure 6.4b in the main text. It shows the cellular 

internalization of Atto-633 labeled MSN-454-GE11 after 45 min incubation with particle sizes in the range of 160 

nm to 60 nm. For statistical analysis a two-tailed t-test was performed (n = 3, mean ± SD, ns (not significant) p > 

0.05, * p < 0.05, ** p < 0.01). Statistical significance indications on top of the flow cytometry bars without 

connecting line show statistical significance between 160 nm sample and other sizes of MSN-454-GE11 samples. 

Indicated statistical significance with connecting line shows no statistical significance between MSN80 nm-454-

GE11 and MSN60 nm-454-GE11. 
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Figure S 6.8. Enlarged representative confocal fluorescence microscopy images of Atto-633 labeled MSN-454-

GE11 samples (red) with particle sizes in the range of 160 nm to 60 nm after 45 min and 6 h of incubation on 

WGA488-stained T24 cells (green), respectively. The orthogonal views on the side of each image show the 

particle internalization. 

 
Figure S6.9 Quantification of the cellular uptake of MSN-454-GE11 with 160, 100 and 60 nm particle sizes in 

T24 cells after a) 45 min and b) 6 h incubation time using Particle_in_Cell-3D as analysis method for confocal 

fluorescence microscopy images. The histograms represent three independent experiments (n = 21–25). 
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Gene Silencing of eGFP-Luciferase using Pure MSN Samples without 454-GE11. No 

silencing efficacy was observed when the gene silencing of the eGFP-luciferase reporter gene 

was examined using pure MSN samples without the capping/targeting ligand 454-GE11 but 

loaded with either miR200c or siCtrl RNA (Figure S6.11a). Figure S6.11b shows the 

comparison of silencing efficacy of the targeted MSN160 nm-454-GE11 sample to a non-

targeted control (MSN-454-PEG). The non-targeted MSN show again a lower effectivity, as 

was anticipated from the flow cytometry results shown in Figure 6.4a. 

 
Figure S6.10 Gene-silencing assay using a) pure MSN loaded with miR200c or Ctrl, but without the 

capping/targeting ligand 454-GE11, b) MSN 160 nm-454-GE11 as a targeted sample in comparison to a non-

targeted MSN160 nm-454-PEG sample. For statistical analysis a two-tailed t-test was performed (n = 3, mean ± 

SD, * p < 0.05). All samples were incubated for 45 minutes and transfected for 48 h after medium change. 
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Cell Viability Assay with siRNA Control 

 
Figure S6.11 MTT cell viability study of MSN-454-GE11 samples on T24 cells after 48 h of incubation (cells 

were washed once after 45 min). a) MTT cell viability study of MSN-454-GE11 samples with various diameters 

using a concentration of 100 µg mL-1 as applied before in the in vitro cell experiments. b) MSN dose-dependent 

MTT assay with MSN160 nm (white) and MSN 160 nm-454-GE11 (grey) loaded with Ctrl. c) MTT assay of 

MSN-160 nm-454-GE11 in various concentrations in comparison with non-targeted sample MSN160 nm-454-

PEG, both loaded with active miR200c (RNA concentration = 50 µg mg-1 of MSN carrier). 
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Figure S6.12 Inhibition results using Dynasore, 5-(N-Ethyl-N-isopropyl)amiloride and Filipin to inhibit different 

endocytosis pathways. We have performed confocal fluorescence microscopy experiments with subsequent image 

analysis for quantification of internalized particles and find that there are slight differences in uptake pathways. 

Control: uptake of particles in cells without inhibitor. 
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Flow cytometry of pure MSN samples 

  

Figure S6.13: Cellular internalization of Atto-633 labeled pure MSN samples (without 454-GE11 polymer 

capping) with particle sizes in the range of 160 nm to 60 nm. 
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7. Conclusion and Outlook 

The focus of this thesis was the development of two new innovative nanoparticle materials and 

the fine-tuning of MSN as well-established nanosystem platform and their further use in drug 

delivery applications. We demonstrated their potential as biocompatible drug delivery agents 

in various fields and additionally compared the influence of particle size and nanocarrier type 

on delivery efficiencies.  

In Chapter 3, colloidal mesoporous magnesium phosphate-citrate nanoparticles (MPCs) were 

synthesized and investigated for drug delivery applications. The effect of the chelating agent, 

citric acid, on the properties of these nanoparticles was examined. It was found that the amount 

of citric acid used in the synthesis process affects the colloidal stability of MPCs and their 

mesoporosity. The optimized MPCs show all prerequisites for successful drug delivery 

applications: A high BET surface area of 650 m2/g was achieved, with a pore size of 

approximately 5.6 nm, the MPCs degrade in slightly acidic pH, such as that found in the 

lysosome, and we observed a tight closure and entrapment of drugs for lipid-coated MPCs with 

only 15% premature release within 12 hours. Furthermore, MPCs showed good 

biocompatibility in vitro, making them a promising and biodegradable platform for drug 

delivery applications. To assess if this system can principally function as carrier for anti-cancer 

drugs, methotrexate (MTX) was loaded into MPCs and the loaded nanoparticles were applied 

to HeLa cells. Compared to free MTX, the effect of the anticancer drug was enhanced nine 

times when delivered by lipid-coated MPCs. Hence, it was demonstrated that MPCs hold great 

promise as biocompatible drug carrier, which has to be evaluated in further studies.  

The next chapter of this thesis introduces a novel biocompatible drug carrier system which is 

based on crosslinked β-cyclodextrins (β-CDs). These crosslinked CD nanoparticles are organic, 

water-dispersible, and small in size (~100 nm in the scanning electron microscope). The 

nanoparticles consist mainly of β-CD linked by diesters and are stabilized by short PEG 
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molecules. In vitro studies demonstrated that these nanoparticles are well tolerated by HeLa 

cells, indicating a good biocompatibility. The nanoparticles remain stable at pH 7 but are 

readily degraded at pH 5, demonstrating their biodegradability and thus allowing for efficient 

release of cargo molecules with rapid kinetics. This is exemplarily shown by delivery of the 

model cargo Hoechst dye into HeLa cells. A time-delayed staining of cell nuclei by the 

membrane-permeable fluorescent Hoechst dye was observed when delivered in comparison to 

the free dye. In total, these nanoparticles hold great promise for future applications as a 

biocompatible drug carrier system. 

The potential of the two newly developed nanocarriers was investigated in the following 

chapter of this thesis (Chapter 5). In a comparative study, three different types of nanoparticles 

were used to deliver necrosulfonamide (NSA) into macrophages. The three types of nanocarrier 

tested were MSN, crosslinked cyclodextrin nanoparticles (CD-NP) and MPCs. NSA is a potent 

inhibitor of Gasdermin D (GSDMD)-mediated pyroptotic cell death and inflammatory cytokine 

(such as IL-1β) release, which occurs in response to inflammatory stimuli in macrophages. 

Targeting macrophages with an NSA-loaded nanocarrier to inhibit GSDMD-mediated 

pyroptosis has potential as a therapeutic strategy for the treatment of inflammatory diseases, 

while at the same time preventing unwanted toxicity of the drug to other cell types. The fast 

internalization of MSN and CD-NP in a macrophage cell line was established, since these cells 

are specialized in the uptake of particulate material. After exposure of the nanoparticles to a 

mixed population of immune cells, a high proportion of macrophages and dendritic cells were 

positive for CD-NP after 24 h, indicating that porous NP may be an effective manner to target 

both cells as the main initiators of inflammation. All three empty porous nanoparticles neither 

showed any effect on the metabolic activity nor the membrane integrity using a macrophage 

cell line as well as freshly differentiated primary macrophages from mice and human donors, 

indicating their good biocompatibility. To investigate if unloaded particles already induce an 
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immune response, proinflammatory cytokine release was measured upon addition of empty 

nanoparticles with and without activation of GSDMD of macrophages. No significant up- or 

downregulation of IL-1β, respectively, could be observed after exposure to cargo-free particles, 

showing that empty nanoparticles could not induce inflammation. In contrast, when the 

nanocarriers were loaded with NSA, we demonstrated that MSN-NSA as well as CD-NSA 

were able to inhibit the release of pro-inflammatory cytokines IL-1β in primary macrophages 

from mice and human sources. CD particles were able to fully prevent the release of IL-1β, 

similar to the effect of free NSA, while in terms of metabolic activity the particle-loaded NSA 

was better tolerated by macrophages than the free NSA. In contrast, NSA-loaded MPC particles 

completely blocked metabolic activity of macrophages even at low NSA concentrations. MPC 

particles require small amounts of surfactant for loading of NSA, which may have toxic effects 

on these cells. Thus, with the exception of MPC particles, it was shown that CD-NSA and 

MSN-NSA have potential as an effective anti-inflammatory agent that can selectively target 

macrophages and inhibit IL-1β release, which is involved in the inflammatory response. 

Overall, porous nanoparticles are a promising platform for the development of targeted drug 

delivery systems for the treatment of inflammatory diseases. 

The final part of this thesis focuses on the tailoring of MSN to further establish their potential 

as multifunctional delivery agents for antitumoral microRNA (miRNA). MSN were modified 

in size ranging from 60 to 160 nm for studying the influence of the particle size on antitumoral 

miRNA delivery. All other properties of the delivery vehicles, including surface area, pore size 

and zeta potential were kept similar. To exploit the potential of these nanoparticles, the interior 

of MSN was functionalized to allow for the successful loading of RNA molecules through 

electrostatic adsorption. Exterior functionalization allowed for the capping of MSN with a 

positively charged block copolymer 454 equipped with a targeting ligand (GE11). Since gene 

silencing was only observed after capping the nanocarriers with this 454 polymer, we conclude 
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that it is essential for the endosomal escape by destabilizing the endosomal membrane. It was 

shown that the targeting ligand GE11 enhances a receptor-mediated uptake. After capping, the 

MSN-454-GE11 vehicles were used for a systematic investigation of size-dependent gene 

silencing. The study showed that the size of the MSN nanocarriers had a significant impact on 

the efficiency of RNA delivery and gene knockdown. Specifically, it was found that MSN-

454-GE11 with a size of 160 nm showed the best knockdown efficacy and antitumoral effects, 

including decreased migration and changes in cell cycle. In contrast, smaller particles did not 

have significant effects. Following the uptake of MSN-454-GE11 over time into cells using 

confocal fluorescence microscopy, it was revealed that only the largest particles (160 nm) were 

truly internalized in cells after a short incubation time. In summary, fast cellular internalization 

was essential for successful gene knockdown. We hypothesize that this is due to the larger 

contact area of the particles with the cell membrane and consequently the larger number of 

targeting ligands interacting with the cell surface. Overall, the potential of MSN nanocarriers 

was demonstrated for the delivery of antitumoral miRNA and the importance of considering 

the nanocarriers’ size and surface properties for optimal delivery efficiency was highlighted. 

In conclusion, we have developed novel synthesis and application strategies for multifunctional 

nanocarriers. The nanomaterials were applied as carrier systems in cellular delivery 

investigations for the treatment of cancer as well as inflammatory diseases. Overall, it is hoped 

that the insights gained in this work regarding nanoparticle-based drug delivery will help to 

provide more effective and targeted therapies that can improve patient outcomes and quality of 

life.   
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