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I Summary 

The modification of the particle shape for drug delivery systems to address the lungs 

offers a new field in the development of inhalable therapies. By using aspherical 

forms, advantageous properties are generated, which can be used for the treatment 

of various lung diseases. Thereby, the efficient and targeted transport of drugs with 

a modification of the uptake rate of immunologically active cell populations as well 

as an increased loading capacity due to the larger surface area compared to 

spherical particles, are in focus. 

In the present work, a nanostructured, cylindrical particle system in the micrometre 

range was developed, which was loaded with a specific small interfering RNA 

(siRNA) for inhibition of tumour necrosis factor alpha (TNF-α) to generate an anti-

inflammatory effect in alveolar macrophages. In a first step, the obtained 

microparticles were characterized with respect to their aerodynamic properties. The 

measured results showed positive aerodynamic properties, which indicates a 

possible pulmonary application. Furthermore, both alveolar epithelial cells and 

macrophages showed good particle tolerance. Additionally, in vitro tests 

demonstrated that a significant inhibition of TNF-α could be induced by the particle 

system. These results could be further improved by modifying the delivery system 

to load an additional drug to enhance the anti-inflammatory effect, making the 

formulation developed in this thesis a possible carrier system for pulmonary 

administration. 
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II Zusammenfassung 

Die Modifizierung der Partikelform von Arzneistoffträgersystemen zur Applikation 

der Lunge eröffnet ein neues Feld in der Entwicklung von inhalativen Therapien. 

Durch die Verwendung asphärischer Formen werden positive Eigenschaften 

generiert, welche für die Behandlung verschiedener Lungenerkrankungen genutzt 

werden können. Dabei steht besonders der effiziente und gezielte Transport von 

Arzneistoffen im Fokus, der zudem, aufgrund der Form, auch die 

Aufnahmegeschwindigkeit durch immunologisch aktive Zellen verändert.  

In der vorliegenden Arbeit wurde ein nanostrukturierter, zylindrischer Wirkstoffträger 

im mikropartikulären Größenbereich entwickelt. Dieser wurde mit einer spezifischen 

siRNA zur Inhibition der TNF-α Sekretion beladen, um eine anti-inflammatorische 

Wirkung in Makrophagen zu erzeugen. Die erhaltenen Mikropartikel wurden in 

einem ersten Schritt hinsichtlich ihrer Flugeigenschaften charakterisiert. Die 

Messergebnisse wiesen positive aerodynamische Eigenschaften auf, was eine 

pulmonale Applikation möglich macht. Außerdem zeigten sowohl alveolare 

Epithelzellen als auch Makrophagen eine gute Partikelverträglichkeit. In vitro 

Testungen haben weiterhin gezeigt, dass eine signifikante Inhibition von TNF-α 

durch das Partikelsystem und damit eine Hemmung der inflammatorischen 

Eigenschaften, hervorgerufen werden konnte. Die Kombination aller Ergebnisse 

zeigt, dass die in dieser Arbeit entwickelte Formulierung ein mögliches 

Trägersystem zur pulmonalen Administration darstellt. 
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1. Introduction 

Respiratory diseases are among the most common diseases worldwide because of 

their broad distribution in the human population and a mortality rate of 20% [17, 18]. 

Thereby, a distinction can be made between acute and chronic forms. An acute 

illness of the lungs is an infection with a pathogenic germ such as bacteria, viruses, 

or fungi, which subsides after successful treatment. In contrast, the symptoms of a 

chronic course extend over a longer period of time without any improvement. The 

most common representatives for this clinical pattern are asthma bronchial, chronic 

obstructive pulmonary disease (COPD) cystic fibrosis (CF) and chronic bronchitis 

[19-21]. These diseases can be addressed by different types of application, 

including inhalativ, oral or intravenous. However, for pulmonary diseases the last 

two application routs named combine different disadvantages like low drug 

availability in the target tissue caused by the first-pass metabolism as well as 

possible side effects [22, 23]. For these reasons, a pulmonary application is 

preferred. Since the airways are often narrowed in chronic lung diseases and 

chronic inflammation of the bronchial tubes and deep lungs predominates, 

glucocorticoids and β-agonists are used as standard therapy [24, 25]. However, the 

choice of inhalation device for the patient is of high importance and influences the 

therapeutic success [26]. Therefore, many research groups are pursuing to develop 

new drug delivery systems for pulmonary administration [27-30]. In the following 

thesis, cylindrical, nanostructured microparticles loaded with a RNA sequence 

against pro-inflammatory cytokines will be developed. The delivery of 

oligonucleotides in particular is associated with many hurdles, as both the chemical 

structure and the low stability in biological media result in low bioavailability [31]. 

Therefore, it is important to use suitable drug delivery systems that specifically 

address the lungs in order to transport the drug directly to the target tissue and the 

associated cells. This allows the therapy to be more efficient and, due to the 

combination of local application and increased quantity of loading from aspheric 

delivery system caused by the higher surface area, lower amounts of the formulation 

are required to achieve the same dose of drug.  

In the following chapters, the scientific background of pulmonary applications, 

including aspheric drug delivery systems, will be explained in more detail. Thereby, 
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a focus is also placed on the biological processes that occur after the successful 

deposition of the oligonucleotides. 
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1.1. Physiological aspects and principles of pulmonary administration 

The lungs represent the organ of the human body responsible for the gas exchange 

of oxygen and carbon dioxide. In this process, oxygen is absorbed from the air and 

transported to the cells in the body to maintain metabolism. Carbon dioxide is 

produced as a by-product, which is cleaned from the body by exhalation. The 

transport medium of these gases in the body is the blood. This is supplied with 

oxygen in the pulmonary alveoli by diffusion and pumped through the mitral valves 

into the left ventricle, from where it enters the systemic circulation. There, gas 

exchange occurs in the tissue capillaries, releasing oxygen into the surrounding 

cells and absorbing carbon dioxide by the blood. The deoxygenated blood is then 

pumped in the venous system to the right atrium and transported via the pulmonary 

artery to the lungs where, due to the prevailing concentration gradient, oxygen is 

again taken up with the release of carbon dioxide. The respiratory cycle is completed 

by exhaling the carbon dioxide [32].  

To manage this cycle of gas exchange, the lungs have defined regions with different 

functions to accomplish their task. These areas are divided in the extrathoracic, the 

tracheobronchial and the alveolar region, as illustrated in Figure 1 [11]. During the 

inhalation process, air first passes through the conducting airways, which consist of 

the nasopharynx, the larynx with its narrowest part, the glottis, and the trachea [33]. 

The trachea passes tubularly in the direction of the lungs and is held in shape by 

horseshoe-shaped curved cartilaginous clasps with smooth muscle fibres between. 

At the level of the fifth thoracic vertebra, the trachea bifurcates into the two main 

bronchi, which enter the lobes of the lung at the hilus. These large bronchi divide 

into smaller branches, increasing their cross-sectional area [34]. The small bronchi 

pass into the bronchioles and these into the terminal bronchioles. From the 17th 

generation of division onwards, the bronchioli respiratorii follow, in the walls of which 

some alveoli are already present. With the 20th generation, the ductuli alveolares 

begin, which are densely occupied with alveoli, increasing the cross-sectional area 

and slowing down the air movement to enable the most effective gas exchange 

possible [35].  
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Although gas exchange occurs in the alveolar region with special types of cells, 

already on the way from the bronchi to that point there are epithelial cells involved 

in purifying, humidifying and warming the inhaled air [34]. This pseudostratified 

columnar epithelium from the conductive airways is formed mainly by ciliated, 

goblet, basal and brush cells as shown in Figure 2 [36]. The ciliated cells, which 

form about half of the tracheal epithelium and carry about 250 cilia per cell [37], as 

well as the brush cells are responsible for the removal of protective mucus, which 

intercepts contaminants of the inhaled air [33, 38]. The progenitors of the ciliated 

cells and of Club cells are the basal cells, which are located at the basement 

Figure 1: Schematic structure of the anatomical regions of the human respiratory tract. The 
extrathoracic region forms the first area of the respiratory tract and opens into the trachea and thus 
the beginning of the tracheobronchial region. Here the trachea branches into the bronchi and from 
the 3rd to the 15th generation into the bronchioles. From the 16th branching, the terminal bronchioles 
begin, which flow into the respiratory bronchioles and finally, in the 20th generation, into the alveolar 
duct and alveoli. Here, a specific surface area from up to 190 m2 is present to ensure effective gas 
exchange. Reprinted with permission from [11], Copyright © 2011 Elsevier Ltd. 
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membrane and therefore do not belong to the luminal surface of the epithelium [39]. 

These Club cells, together with the goblet cells, form the secretory cell types, which 

are mainly involved in the formation of the mucus layer due to the secretion of 

various molecules like antimicrobial molecules (defensins, lysozyme and IgA), 

immunomodulatory molecules (e.g., cytokines) and glycoproteins (called mucins) 

[40, 41]. As illustrated in Figure 2, the thickness of the mucus layer depends on its 

location in the airways and varies from 10-30 µm in the tracheal and bronchial 

regions to 2-5 µm in the smaller bronchioles [5, 42]. The interaction of these different 

cell types and their functions serves to protect the lungs from inhaled contaminants 

and is also termed as mucociliary clearance [43]. 

 

The route of air in the inhalation process from the extrathoracic region to the deep 

lungs passes by different types of epithelial cells, which vary in their form and 

function, as well as in the composition and thickness of the coating fluid (Figure 2). 

In the deep lungs, which is also known as alveolar region, gas exchange takes place 

[35]. For this reason, no mucus is present in this area [34]. The epithelium located 

here consists of several hundred million air sacs, the alveoli. Due to their high 

degree of branching, they have a large surface area of 100-190 m2. This allows an 

effective gas exchange [34]. Responsible for the gas exchange are the thin alveolar 

type 1 cells (0.1-0.2 µm in the periphery and 2-3 µm in the perinuclear region (Figure 

2)), which represents approximately 90% of the alveolar surface and, together with 

Figure 2: Morphology of different cell types from the bronchial and alveolar region of the human 
lung. This lateral view on the epithelial cells shows the decreasing thickness of the cells, as well as 
the mucus layer and cilia from the upper to the deeper lung to ensure an effective gas exchange by 
lowering the diffusion path. Reprinted with permission from [5], Copyright © 1996 Elsevier B.V. 
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the capillary endothelium, form the so-called air-blood barrier [37, 44]. As shown in 

Figure 3A, blood and air are separated only by a thin layer of tissue. This so-called 

alveolocapillary membrane is composed of the flat alveolar epithelium of type 1 

cells, the interstitium with intercalated elastic connective fibres and the capillary 

endothelium, with a thickness of less than 1 µm [8].  

In the respiration process, the surface tension of the alveoli plays an important role. 

Since the alveoli are very small, a high surface tension would result, which could 

cause the alveoli to collapse [45]. To prevent this, surface-active substances are 

produced and released into the alveolar fluid (Figure 3B). This compound is called 

surfactant. These substances are formed by the alveolar type 2 cells and consists 

of a mixture of proteins, phospholipids and lecithin derivatives that reduce surface 

tension and facilitating alveolar re-expansion [15]. 

 

Since not only air but also contaminants can enter the deep lungs during the 

inhalation process, which can hinder gas exchange, the alveolar region has a 

special cell type for clearance, the alveolar macrophages [46]. These cells 

phagocyte particles in the range of 1-5 µm, but can also absorb and remove 

nanoparticulate contaminants from the lungs [47-49]. Alveolar macrophages are 

Figure 3: Electron microscope image of the capillary in the alveolar wall (A) and from alveolar type 
2 cells (AE II) (B). In (A), the capillary with the endothelial cell (ENZ) and the alveolar type 1 cell 
(Ep1) build the diffusion barriers in the lung. CT: connective tissue fibres; CE: capillary endothelium; 
AE: alveolar epithelium; Ery: erythrocyte; PL: plasma. (Scale bar represents 2 µm). In (B), the 
surfactant released by AE II in the airspace of an alveolus is visualised by thorium dioxide (boxed 
areas). Reprinted with permission from [8] (A) Copyright © 2016 Springer-Verlag and [15] (B) 
Copyright © 2020 MDPI. 
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also responsible for immunological and inflammatory processes through the 

formation and release of messenger substances, as well as interaction with antigen-

presenting cells [50, 51]. However, because these processes are disrupted in some 

diseases, favouring chronic inflammation, alveolar macrophages provide a target 

cell type for drug delivery [52-54]. Due to its high importance, this cell type with its 

cellular processes will be described in more detail in chapter 1.3 (Human pulmonary 

macrophages as target for drug delivery).  

In order to reach the alveolar region, special particle parameters are required to 

ensure successful transport. For this reason, different inhalation systems have been 

developed to generate inhalable particles. The major systems in this context 

represent nebulizers, metered dose inhalers (MDI) and dry powder inhalers (DPI) 

[55]. Nebulizers are used in groups of patients who, due to different lung diseases, 

are not able to inhale quickly and deeply enough to generate sufficient airflow [56]. 

In this process, the drugs are usually aerosolized through a vibrating mesh to 

generate high delivery efficiency, low residual dose and lack of requirement for 

external gas power [57, 58]. But also, other methods for aerosolization like jet and 

ultrasonic nebulizers are used. However, these methods lead to a change in 

temperature, making the use of temperature-sensitive drugs unsuitable [59]. In 

contrast to nebulizers, MDIs use a propellant gas, where the drug is suspended or 

dissolved, to form an aerosol [60]. This simplifies inhalation and, with the use of 

spacers, prevents side effects and increases effectiveness, especially for children 

[61]. As MDIs are easy to use and show good and high efficiency, they are the most 

widely sold inhalers in the world, but on a similar scale to DPIs [62]. The use of dry 

powders for inhalation offers the advantage of improved physical stability due to the 

solid state [63], as well as a lower risk of microbial growth [64]. Here, the drug can 

be formulated in different ways to generate an effective aerosol: as a mixture with 

large inert powder like lactose (interactive mixture), as agglomerate of micronized 

drug (soft pellets) or as spray-dried powder [62].  

All described inhaler classes have in common, despite different techniques, to 

generate particles with an aerodynamic diameter of 1-5 µm to reach the deep lungs 

[65]. In Figure 4, the correlation between aerodynamic diameter and the deposition 

in different regions of the lungs is presented. These regional deposition differences 
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as a function of particle diameter have been studied in detail in the ICRP 

(International Commission on Radiological Protection) deposition model [66].  

 

As the efficacy of pulmonary administration is proportional to lung deposition, two 

size ranges are revealed, which would be suitable for lung application [67]. One 

peak is in the lower nanoscale range, the other in the range between 1-5 µm. This 

second peak in the microparticulate size range is consistent with the target size in 

the production for inhalation devices and the described size optimum [65, 68]. 

However, the peak in the nanometre range is surprising, since increased exhalation 

is expected for sizes < 0.5 µm [69-71]. This can be explained by the fact that 

nanoparticles can reach the deep lungs by diffusion, but due to their small size, they 

are not able to sediment and impacted, which leads to a fast exhalation [66]. 

However, since microparticulate particles involve increased sedimentation and 

impaction, these particle systems are preferred for pulmonary delivery [34]. 

During the development of a new delivery system for lung application, the 

characterization of the aerodynamic properties is of high importance, because the 

Figure 4: Statistical deposition distribution of inhaled particles on dependency of their aerodynamic 
diameters for the nasal (blue), tracheobronchial (orange), and alveolar (green) region of the 
respiratory tract based on data from International the Commission on Radiological Protection. 
Reprinted with permission from [2], Copyright © 2015 McGraw-Hill Education. 
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flight properties are not only influenced by the geometric diameter, also density and 

shape play an important role [72]. These parameters are described in more detail in 

the next chapter (1.2 Drug delivery of aspherical particles to the lungs). To classify 

a formulation for pulmonary application, impactors are used to simulate the 

probability of deposition into different areas of the lungs. Subsequently, conclusions 

about the aerodynamic properties of the powder mixture can be drawn [73]. To 

determine these properties, the European Pharmacopoeia (Ph. Eur.) has listed the 

Next Generation Impactor (NGI) [3], which is defined by a horizontal structure 

(Figure 5) and thus differs from other Ph. Eur. approved impactors with an horizontal 

setup, such as the Andersen cascade impactor (ACI) [74]. In the present work, the 

flight properties of the developed formulations were characterized using NGI, since 

this device is established at a wider range of flow rates compared to ACI [75]. 

As shown in Figure 5, the NGI is built up of eight removable impacting cups, 

representing different air flows, which results in impaction of distinct particle sizes. 

The eighth stage, also called micro-orifice collector, represents the final filter. During 

the experiment, the powder mixture to be analysed is aerosolized by a vacuum 

pump with a defined air flow to enter the NGI by a 90° angle through the induction 

Figure 5: Structure of the inside of the Next Generation Impactor. Here, the different nozzle size for 
each stage is illustrated, which spilt the investigated powder in terms of its aerodynamic properties. 
Reprinted with permission from Ph. Eur. 10.0 [3], Copyright © 2020 EDQM. 
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port, which mimics the throat. This is followed by the pre-separator, which separates 

larger particle aggregates before the powder reaches the interior [9]. When the 

powder reaches the inner chamber, it follows the prevailing air flow through the 

nozzles of the individual stages. Each stage has its own nozzle pattern with different 

diameters, which become smaller as the number of stages increases, resulting in a 

higher air flow. Due to this enhanced flow, the inertia of the particles increases, so 

that above a certain air flow they can no longer follow the stream and impact instead 

[9]. The powder retained in each stage can then be quantified and used to determine 

the mass median aerodynamic diameter (MMAD), fine particle fraction (FPF) and 

geometric standard deviation (GSD) to characterize the flight properties. The 

calculation and implementation are further explained in chapter 5.4.3 (Aerodynamic 

particle size analysis by Next Generation Impactor). 
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1.2. Drug delivery of aspherical particles to the lungs 

In the development of new drug delivery systems, the design of particle shape has 

become increasingly important in recent years. This is demonstrated by the number 

of newly developed methods for the formation of aspherical particles, where a 

controlled change in size, shape, functionality, spatial arrangement and composition 

is feasible [76-81]. The resulting particles in the nano- or micrometre dimension 

have an anisotropic shape and can additionally be designed anisotropic in chemistry 

[13]. A selection of different shape designs of non-spherical particles is shown in 

Figure 6.  

By using different shapes, the intrinsic properties of the particles can be specifically 

modified. This fact is of interest for the development of carrier systems, as the 

degradation, as well as the drug release of polymer particles can depend on particle 

shape [14, 82]. In addition, the shape of the particle system affects the rheological 

properties of suspensions [83], as well as the electrophoretic behaviour [84, 85]. All 

Figure 6: Illustration of different particle designs. Here, irregular and regular particles, as well as 
porous and Janus particles are illustrated as examples. By changing the morphology, structure or 
shape of particles, the biological interactions and physical properties are modified. This allows 
various parameters of a drug delivery system to be specifically modified to improve the transport of 
drugs. Reprinted with permission from [13]. Copyright © 2018 Elsevier B.V. 
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these characteristics influenced by the geometric structure can be considered for 

the development of new carrier systems [86, 87].  

Various techniques, such as seeded polymerization, clusterization, microfluidic 

techniques, ion etching, electrohydrodynamic jetting and template-assisted 

methods, can be employed for the production of non-spherical particles [13]. These 

particles can be used to improve delivery for specific administration routes [14], but 

not all of them are suited for lung delivery. This is due to the fact that the developed 

particle system requires an aerodynamic diameter of 1-5 µm to reach the deep lungs 

[65]. However, this diameter does not only depend on the geometric diameter, but 

is also influenced by shape and density, as described in equation 1 [88, 89]: 

 

𝑑𝑎 =  𝑑𝑣𝑒 √
1

χ
 
𝜌𝑝

𝜌0
 
𝐶𝑐(𝑑𝑣𝑒)

𝐶𝐶 (𝑑𝑎)
.   (equation 1) 

da: aerodynamic diameter 

dve: volume equivalent diameter 

χ: dynamic shape factor 

ρp: particle density 

ρ0: standard density 

Cc(dve): Cunningham slip correction factor of the volume equivalent diameter 

Cc(da): Cunningham slip correction factor of the aerodynamic diameter 

 

The shape is described by the dynamic shape factor (χ), which is always χ > 1 for 

aspherical particles and χ = 1 for spheres. This factor describes the ratio of the 

resistance force of aspherical particles to their volume-equivalent spheres when 

both particle systems move with the same relative velocity in a gas [88]. In addition, 

the air resistance changes with different particle systems. If the relative velocity of a 

gas at the particle surface is non-zero, the drag is reduced during the flight of the 

particles [89]. Because this reduced drag influences the aerodynamic flight 

properties, Allen and Raabe introduced the Cunningham Slip Correction Factor Cc 

[90, 91]. Since Cc is not selectively changeable and the standard density ρ0 is also 

given, the shape factor and the particle density can be changed specifically. With χ 

in the denominator below the root, increasing this factor lowers the aerodynamic 
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factor, keeping the rest of the parameters constant. For particle density ρp, it is 

exactly the opposite. Here, da and ρp are proportional, so that a reduction in density 

also causes a reduction in aerodynamic diameter. Thus, ρp and χ offer important 

parameters in the development of drug delivery systems for pulmonary 

administration. 

Among the different shapes and the associated pulmonary mobility, the rod shape 

in form of the asbestos has been particularly prominent, as this substance has been 

found to reach the deep lungs and to cause lung cancer, mesothelioma and fibrosis 

(asbestosis) [92]. The elongated shape of the rods, which by definition has a length 

greater than 5 µm and an aspect ratio (AR, ratio of length to width) greater than 3 

[93, 94], allows them to align to the airflow and thus reach the deep lungs [92]. Here, 

they enter the alveoli and small non-ciliated airways, where clearance is only 

achieved by alveolar macrophages, which is hindered by the elongated shape [93, 

95]. Since due to its chemical composition, asbestos does not disintegrate in the 

lungs the residence time increases, resulting in high toxicity [92, 93]. All these 

properties of the rod shape of asbestos, except toxicity due to chemical properties, 

represent an interesting design for the development of a drug delivery system for 

pulmonary administration. Therefore, it is in the scope of different working groups 

[96-98].  

For the determination of the dynamic shape factor of cylindrical particles, the AR is 

of great importance. As shown in Figure 7, χ increases slowly up to an aspect ratio 

of about 100, but exponentially thereafter [6]. Orientation in the air stream plays a 

decisive role here. In Figure 7, the dotted line represents an arrangement parallel to 

the airflow (χ//), the dashed line represents a perpendicular alignment (χ ⊥), and 

the solid line represents a random orientation (χr).  
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To determine the appropriate shape factor for a specific AR and a specific alignment 

in the gas flow, Robert Sturm has created different mathematical formulas for 

calculation [6]. Since not all rods are oriented parallel to the airflow (equation 2), the 

orientation perpendicular to the airflow must also be considered (equation 3). 

 

χ//=  
4

3
(𝑎𝑟2−1)𝑎𝑟

−
1
3

[
2𝑎𝑟2−1

√𝑎𝑟2−1
]ln (𝑎𝑟+√𝑎𝑟2−1)−𝑎𝑟)

  (equation 2) 

 

χ ⊥=  
8

3
(𝑎𝑟2−1)𝑎𝑟

−
1
3

[
2𝑎𝑟2−3

√𝑎𝑟2−1
]ln (𝑎𝑟+√𝑎𝑟2−1)+𝑎𝑟)

  (equation 3) 

 

These two formulars are used to calculate the shape factor for a random orientation 

in the air flow (equation 4), which represents an approximation of the shape factor 

for a cylindrical particle system. 

 

 

 

 

 

Figure 7: Dependence of the aspect ratio to the dynamic shape factor 𝜒. By increasing the aspect 

ratio, 𝜒 increases slowly at first, but exponentially from an AR of about 100. The arrangement of the 
particles to the air stream also plays an important role. This is illustrated in this graph by the three 
different lines. The dotted line represents an parallel arrangement 𝜒//, the dashed line a 

perpendicular arrangement 𝜒 ⊥ and the solid line a random orientation  𝜒𝑟. Reprinted with permission 

from [6], Copyright © 2014 Elsevier B.V. 
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1

χr
=

1

3χ//
+

1

3χ⊥
  (equation 4) 

 

ar: aspect ratio 

χ//: shape factor with an arrangement parallel to the air flow 

χ⊥: shape factor with an arrangement perpendicular to the air flow 

χr: shape factor with a random arrangement to the air flow 

 

For very high aspect ratios (AR ≈ 1000), only an alignment to the airflow occurs, 

which causes equation 3 to be disregarded for such particle systems, resulting in 

χr =  χ// [92, 93, 99]. 

In order to produce cylindrical particle systems with defined AR and narrow size 

distribution, the use of templates has proven to be a suitable method. Here, the 

PRINT® technology (Particle Replication in Non-Wetting Templates) represents an 

interesting technique, where aspherical nanoparticles with a narrow aerodynamic 

diameter (low GSD) can be produced for the transport of small molecules and 

biological therapeutics [30, 100]. For the preparation of cylindrical microparticles, 

track-etched membranes served as templates for shaping the microrods, which are 

composed of nanoparticles. These can be stabilized in the pores by various 

methods, such as the Layer-by-Layer technique, in order to maintain the shape after 

release from the membrane [81, 96]. The preparation by this method is described in 

detail in chapter 3 (Preparation of cylindrical nanostructured microparticles). 

To evaluate the described properties of the cylindrical particles for pulmonary 

application, various experiments were performed both in vitro and in vivo. Since 

transport to the lungs is possible [94], the influence of oligonucleotide-loaded 

microrods on macrophages was investigated. It was found that a significant 

reduction of pro-inflammatory cytokines is possible in vitro without causing 

cytotoxicity [101]. The use of cylindrical microparticles was also shown in vivo by 

Möhwald et. al., where a transfection of BALB/c mouse macrophages was 

successful after seven days [96]. This retarded biological response in vivo suggests 

that, first, the release of the drug is prolonged and, second, phagocytosis of the 

elongated particles is delayed. This perturbation of macrophage uptake toward 

aspheric particles was evaluated and resulted in a change in uptake rate as a 
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function of shape [95]. In addition, the increase in AR slows phagocytosis [102], 

which is mainly influenced by the point of attachment, where the macrophage starts 

to internalize the rods (Figure 8) [14]. 

Thus, for two elongated particles of the same size, the uptake can be significantly 

affected. The beginning of internalization at the pole end can take a few minutes 

until uptake (Figure 8A), whereas macrophages attached at the middle part of the 

particle causes uptake of several hours (Figure 8B). In comparison, spherical 

particles can be internalized equally from all sides due to their symmetry, which does 

not influence the uptake rate (Figure 8C) [14]. 

The described properties show that the shape of a particle system varies different 

parameters, which may be of interest for the development of new particle systems. 

Especially for pulmonary application, rod-shaped particles have emerged as a 

possible design to generate a more efficient lung administration. For this reason, in 

Figure 8: The importance of the point of attachment for the phagocytosis of aspherical particles. 
These illustrations show SEM images of alveolar macrophages (brown) while phagocyting different 
shaped particles (purple). (A) The macrophage started to internalize the elliptical disk at the pole, 
increasing uptake rate. (Scale bar represents 10 µm). (B) Here, the absorption of the particle starts 
in the middle of the flat side, which hinders the internalization and thus prolongs the uptake speed 
(Scale bar represents 5 µm). (C) For spherical particles, the point of attachment does not affect the 
velocity, due to the symmetrical structure (Scale bar represents 5 µm). Reprinted with permission 
from [14], Copyright © 2007 Elsevier B.V. 
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the present work, a cylindrical microparticulate system was characterized with 

respect to its properties as an inhalation product. 
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1.3. Human pulmonary macrophages as target for drug delivery 

The immune system is an important barrier to protect the human body from 

infections. A distinction can be made between the innate immune response, which 

is the initial defence reaction, and the adaptive immune response, which specifically 

targets pathogens that have not been eliminated by the innate immune system 

[103]. Here, both immune responses have specific immunologically active cell types 

and barriers, as shown in Figure 9 [7]. An adapted immune response is 

characterized by antigen specificity, whereby specific protein structures are 

recognized to target these pathogens. This immunological memory is primarily 

addressed in vaccinations, where the acquired immune system is activated in such 

a way that pathogens can be directly recognized and eliminated [104, 105]. 

Figure 9: Overview of the different cell types and barriers of the innate and adaptive immune system. 
The first defence line is represented by the physiological barriers, which prevent pathogens from 
entering the human body. If pathogens overcome this barrier, the cells of the innate immune system 
start to remove the exogenous particles. If this pathogen has already passed the human body before 
and the immune system has reacted to it, the adaptive immune system can quickly recognize and 
remove it. Reprinted with permission from [7], Copyright © 2019 Springer Nature Singapore Pte Ltd. 
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However, the first defence line is represented by the innate immune system, which 

consists of physiological barriers (epithelia), immune cells and various plasma 

proteins Figure 9 [7]. The skin, as well as the mucous membranes of the 

gastrointestinal tract, the urogenital tract, and the respiratory tract, not only serve as 

a physical barrier, but can also produce antibacterial peptides, various enzymes and 

opsonins [106]. Of particular note are the surfactant proteins A and D, which coat 

the lung epithelia and, due to their surface activity, can attach themselves to the 

surface of the pathogens. They act as opsonins, thus facilitating the phagocytosis 

of the pathogens [107, 108]. If pathogens still overcome this physical barrier, 

macrophages will recognize and phagocytose them. This causes the release of 

chemokines from macrophages, which attract neutrophils from the blood and vessel 

walls that assist in phagocytosis [106]. In this process, messenger substances such 

as tumour necrosis factor-α (TNF-α) and interleukin 1 (IL 1) are released, which 

modulate the transcription factor NF-κB, resulting in an inflammatory response 

(Figure 10) [4].  
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Due to this regulatory function of macrophages, disruption of their activity can lead 

from acute to chronic inflammatory responses, as well as cancer diseases [109].  

The disease profile depends on the polarization of the macrophages. They are 

classified into two subtype classes, the M1 and M2 macrophages (Figure 11) [110]. 

M1 macrophages are responsible for inflammatory processes as they produce pro-

inflammatory cytokines and reactive oxygen species, which serve both to defend 

against pathogens and tumour cells, whereas M2 macrophages release anti-

inflammatory mediators and promote angiogenesis, inhibiting tumour cell targeting 

and enhance metastasis [111]. In addition to these two polarization types, there is 

a third group of macrophages, the tumour-associated macrophages (TAMs). These 

TAMs are the major component of the tumour microenvironment and act as 

stimulators to promote tumour growth by releasing growth factors, cytokines, 

inflammatory substrates and proteolytic enzymes (Figure 11) [1].  

 

Figure 10: Activation of the innate immune system by microbes. The macrophages start to internalize 
these pathogens and to release pro-inflammatory cytokines (TNF-α, IL 1) to promote the immune 
reaction. Reprinted with permission from [4], 2008 Copyright © Massachusetts Medical Society. 
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Due to these different polarization possibilities and the associated disease patterns, 

macrophages represent an important target for the treatment of various diseases 

[112-114]. One of the most affected organs are the lungs. According to the World 

Health Organization (WHO), chronic respiratory diseases are among the most 

common diseases worldwide, with a high mortality rate [115]. Even if the course of 

the disease is not fatal, lung function is permanently affected [116]. The most 

common representatives are CF, COPD and asthma [117]. In all of them a disruption 

of macrophage activity is present, leading to an increased release of pro-

inflammatory cytokines like TNF-α [118].  

To restore the disbalance of macrophage activity, new therapeutic strategies are 

still being developed to generate the most efficient immune response [119-121]. The 

use of genetic material like plasmid DNA, as well as oligonucleotides like siRNA or 

mRNA to specifically modify the formation of messenger substances has proven to 

be a very efficient method [122, 123]. Nevertheless, these developed therapeutics 

also need to be delivered to their target and overcome the specific hurdles of 

biological barriers and immunological defence mechanisms [124-126]. This specific 

issue serves as a topic for the following thesis. 

 

Figure 11: The different types of macrophage polarization and their role in tumorigenesis and 
inflammation. Reprinted with permission from [1], 2017 Copyright © BJC, Aras and Zaidi. 
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1.4. Challenges of oligonucleotide delivery to immunologically active cells 

Oligonucleotides form a relatively new class of drugs with the potential to treat a 

wide spectrum of diseases [127]. From the first identification of DNA in the 1860s 

by Swiss chemist Friedrich Miescher, the understanding and use of DNA building 

blocks (nucleotides) has changed significantly [128]. These nucleotides consist of 

three building blocks, as shown in Figure 12: a nitrogenous base, a five-carbon 

sugar (ribose) and a phosphate group. Here, a distinction can be made between 

DNA (deoxyribonucleic acid) and RNA (ribonucleic acid). While in double-stranded 

DNA the ribose at the 2’ position is deoxidized and the bases consist of cytosine, 

thymine, adenine and guanine, single-stranded RNA has a hydroxy group at the 2’ 

position and uracil instead of thymine as a base [128].  

By definition, oligonucleotides are short DNA or RNA chains consisting of 

approximately 8-50 nucleotides [129]. In 1978, the first effective inhibition of a virus 

replication by a 13 nucleotides oligonucleotide was demonstrated [130]. This was 

the first step in the development of oligonucleotide therapeutics, which introduced 

Figure 12: Chemical structure of a nucleotide consisting a pyrimidine or a purine base, as well as a 
five-carbon sugar and a phosphate group. The sugar (ribose) in DNA is deoxidized at the 2’ position 
with cytosine, thymine, adenine or guanine, whereas RNA has a hydroxyl group at the 2’ position and 
the thymine is replaced by uracil.  
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this new class of drugs to the market in 1998 with the first Food and Drug 

Administration (FDA) approval of an oligonucleotide named Fomivirsen 

(Vitravene®) [131, 132]. With the development of new sequences in the past 20 

years, ten oligonucleotide therapeutics are FDA and European Medicines Agency 

(EMA) approved by January 2020 [133, 134]. Here, different variants of 

oligonucleotides can be used to inhibit the production of messenger substances or 

to protect against various diseases, which also allows patient-specific sequences to 

be addressed to treat rare diseases [135]. 

Currently, the most popular oligonucleotides are some of the recently FDA and EMA 

approved vaccines against COVID-19 [136], which contain an mRNA sequence to 

form the spike protein of the viral shell, triggering the body to produce specific 

antibodies against the virus [137-139]. This new application of mRNA vaccination 

against a virus is based on the experience already gained in the development of 

mRNA vaccines against cancer, where a boost of cancer-specific T cells is 

generated and immunological memory is induced to prevent metastasis and 

recurrence of cancer cells [140, 141]. 

The counterpart to the mRNA, which is required for the formation of proteins, is the 

siRNA. This oligonucleotide manages the pathway of RNA interference (RNAi) to 

induce sequence-specific post-transcriptional gene silencing. In this process, 

degradation of mRNA is initiated, resulting in an inhibition of protein formation 

(Figure 13) [10]. There are different ways to trigger the RNAi experimentally in a 

targeted cell: once by short hairpin RNA (shRNA), which is expressed by a plasmid, 

also with long double stranded RNA (dsRNA) or by synthetic siRNA [142]. As shown 

in Figure 13, the dsRNA (and also the shRNA) must first be cleaved by the enzyme 

complex Dicer [143] to generate strand separation of the resulting siRNA by the 

RNA induced silencing complex (RISC) in the next step [144]. After separation, the 

sense strand is degraded by nucleases, whereas the non-sense strand directs the 

RISC complex to the base-complementary mRNA sequence [145]. Binding of 

activated RISC to mRNA results in cleavage by the endonuclease Argonaute, 

silencing gene expression and thereby inhibiting protein formation [146]. 
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Since oligonucleotides have a high potency and thus form a suitable drug class, a 

closer look at their transport into the target tissue follows. Considering the chemical 

structure, a high instability is evident especially for single-stranded sequences, due 

to the easy degradation of intracellular nucleases [31]. This is particularly 

problematic with regards to the oligonucleotides already approved by the FDA and 

EMA, as approximately half of them are based on single-stranded sequences [133, 

134]. Furthermore, the negative charge of unmodified oligonucleotides makes it 

difficult to be taken up by cells [146]. This complicates transport to the desired tissue, 

as the sequence must enter the correct intracellular compartment to induce an effect 

[147]. This is also associated with the high dose requirement needed to enable 

efficient therapy [148].  

To address these problems, modifications can be made either to the chemical 

structure of the oligonucleotide, e.g., by replacement of phosphate groups to 

increase stability [149], or by conjugation with functional ligands and polymers to 

avoid clearance from cells of the reticuloendothelial system [147], as well as by 

Figure 13: Process of RNAi in eukaryotic cells. The long double stranded RNA gets in the first step 
cleaved by the enzyme Dicer into smaller fragments (siRNA). These fragments are then separated 
by the RNA-induced silencing complex (RISC) under the degradation of the sense strand by 
nucleases. The RISC complex containing the non-sense strand is directed to the base-
complementary mRNA sequence, which gets cleaved by the endonuclease Argonaute to silence 
gene expression. Reprinted with permission from [10], 1969 Copyright © Nature Publishing Group. 
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encapsulation in a carrier system [150, 151]. These delivery systems are mostly in 

the nanoparticulate range and serve to protect the active ingredient, but also to 

ensure targeted transport [147]. The most commonly used carrier system for 

oligonucleotides represents lipid nanoparticles [152, 153]. Especially for the 

transport of siRNA positive results have been achieved [154], also for clinical trials 

[155]. But also, the use of other polymers like chitosan, poly-methacrylates. 

polyethylenimine and derivates, poly-l-lactic-co-glycolic acid and inorganic 

materials, for RNA delivery are described in literature [142]. Even though 

nanoparticles are good vehicles for many drug delivery purposes, not all application 

routes are suitable for them [156, 157]. This is especially the case for pulmonary 

applications, where the delivery system must fulfil specific characteristics in order to 

reach the deep lung, like described in chapter 1.1 (Physiological aspects and 

principles of pulmonary administration). However, nanoparticles can also be 

processed in terms of their flight properties by various techniques. On one hand, the 

particles can be spray-dried to influence the geometric diameter and thus the 

aerodynamic properties [158], and on the other hand, the shape and size can also 

be adapted by, for example, a template-assisted approach [81], to generate 

advantages of aspherical particles for pulmonal application, as described in Chapter 

1.2. Delivery of a specific RNA sequence against TNF-α with a cylindrical, 

nanostructured delivery system was already shown with a significant reduction of 

TNF-α release [159]. 

In general, oligonucleotides represent a highly potent class of drugs that currently 

are used primarily in cancer therapy, vaccination against viruses, and regulation of 

pro-inflammatory diseases. However, due to the chemical properties and associated 

instability in biological environments, modification of the chemical structure, or 

innovative drug delivery systems must improve transport into tissues and 

intracellular compartments to ensure effective therapy. 
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2. Aims of the thesis 

The present thesis aims to develop and characterize a nanostructured, cylindrical 

delivery system for the targeted transport of specific oligonucleotides into the deep 

lungs and specifically address different cell types located there. To discuss this topic 

in more detail, several objectives were defined and performed to gain an accurate 

overview of the properties of the particle system described. These chapters were 

defined as follows: 

 

I) Investigation of flight properties of nanostructured, cylindrical microparticles  

II) Oligonucleotide delivery and interaction of cylindrical microparticles with 

macrophages 

III) The influence of silica nanoparticles to alveolar epithelial cells  

IV) Mesoporous silica nanoparticles as drug delivery system for co-delivery of 

two anti-inflammatory drugs 

 

The first question that arises when using cylindrical microparticles for pulmonal 

delivery is the resulting flight characteristics and whether the target tissue can be 

reached. For this reason, the first section of the work deals with the flight properties 

of cylindrical microparticles with different aspect ratios and the comparison to their 

spherical counterparts. 

In the second part, the loading of a specific oligonucleotide sequence to inhibit TNF-

α will be analysed and quantified using various techniques, followed by observation 

of the biological response of macrophages in vitro. Not only cell viability is 

considered, but also inhibition of proinflammatory cytokines and uptake behaviour 

after different time points. 

The third chapter of the thesis deals with interaction between the particle system 

and alveolar epithelial cells. Here, the focus is particularly on the uptake 

characteristics of the nanoparticles that have been released from the disintegrated 

microrods in the biological environment. 

In the fourth section, the cylindrical microparticles are constructed from mesoporous 

silica nanoparticles and simultaneously loaded with two anti-inflammatory drugs. 

Here, the chosen active ingredients represent two different classes with different 
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chemical structures and special physicochemical characteristics: the hydrophobic 

curcumin and a hydrophilic oligonucleotide sequence against TNF-α. The focus was 

on both the characterization of the newly developed carrier system and the 

biological response, especially with respect to the simultaneous transport of two 

drugs with different properties. 
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3. Preparation of cylindrical nanostructured microparticles 

 

3.1. Template-assisted approach for the fabrication of cylindrical 

microparticles 

 

This section is taken from the following publication: 

 

siRNA delivery to macrophages using aspherical, nanostructured 

microparticles as delivery system for pulmonary administration 

(Chapter 2.2 Particle preparation) 
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For the preparation of cylindrical nanostructured microparticles, a template–assisted 

approach was used [81, 96] as illustrated in Figure 14. 

As model substance amorphous silica nanoparticles (SNP) with a diameter of 

200 nm were used, which were infiltrated into a template membrane with a defined 

length of 10 µm and a width of 3 µm. A filter holder system was applied to fill the 

pores of the template membrane, as shown in Figure 14. This system contains a 

sealing ring, the template membrane and a blocking membrane with a pore diameter 

of 0.1 µm. When the membrane got infiltrated with SNP suspension, the 

nanoparticles cannot leave the pores and arrange themselves according to the 

shape of the pore. For complete filling, the membrane was infiltrated three times 

with 500 µL of a 1.5 mg/mL SNP suspension using a syringe pump (kd Scientific, 

Holliston, US). Afterwards, the template membrane was removed from the filter 

holder and stabilized using layer-by-layer technology to stabilize the cylindrical 

arrangement of the SNPs in the pores [81, 96, 160, 161]. As layer solutions, 

branched polyethyleneimine (bPEI) served as polycationic and dextran sulphate 

(Dex. Sulph.) as polyanionic compound. The reason for using bPEI as a stabilizing 

polymer is that the high buffering capacity of bPEI causes an osmotic swelling of the 

Figure 14: (A) Template-assisted approach for the preparation of cylindrical, nanostructured 
microparticles. A filter holder is used for this process, which inside consists of a sealing ring, a 
template membrane and a blocking membrane. The template membrane is the shaping membrane 
with a pore diameter of 3 µm and a pore length of 10 µm. To prevent the SNP from flowing through 
this membrane, the blocking membrane with a pore diameter of 0.1 µm is located underneath. Thus, 
the SNPs arrange themselves in the template membrane to form cylinders of defined size and will 
not flow through the blocking membrane. This filter holder is infiltrated in 3 steps of 500 µL each of a 
suspension of SNPs (d=200 nm) with a concentration of 1.5 mg/mL using a syringe pump. The filled 
template membrane is then removed from the filter holder and stabilized by the layer-by-layer 
technique. (B) To stabilize the nanoparticles in the cylindrical pore, the template membrane gets 
alternatingly floated with a polycationic and polyanionic polymer solution for 12 min each to increase 
the ionic forces between the nanoparticles. The membrane is also immersed in water between the 
polymer solutions for 12 min to remove excess polymer. This layer cycle must be repeated at least 
3 times to generate a stable formulation. In the siRNA-loaded formulation, the Dex. Sulph. is replaced 
by an siRNA solution in the last layer step. 
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lysosome, leading to leakage of the vesicle’s membrane. This destabilization of the 

membrane caused by the so-called ‘’proton sponge effect’’ leads to a release of the 

siRNA into the cytoplasm [162]. The membrane loaded with nanoparticles was first 

immersed in a 2% bPEI solution for 12 min because silica is negatively charged. 

After a 12 min washing step in water, the membrane was submerged in a 2% Dex. 

Sulph. solution in order to adsorb the polymer on the surface through electrostatic 

interactions. After a further 12 min cleaning step in water, the polycationic solution 

was started again. Between every coating step, the membrane was cleaned with a 

lint-free tissue to remove polymer residues on the membrane. This cycle was 

repeated three times to achieve a stable formulation. In the last step, the Dex. Sulph. 

solution was replaced by a 0.05% siRNA solution, as polyanionic compound. To 

release the microparticles from the template, the filled polycarbonate membrane 

was dissolved with tetrahydrofuran (THF), leaving only the formulation residue, as 

both the SNPs and the polymers are insoluble in THF. In a final step, the THF was 

evaporated to obtain a dry formulation. The entire manufacturing process was 

performed under aseptic conditions to ensure stability of the oligonucleotide and 

allow in vitro cell culture experiments. After preparation, the formulation was stored 

in a freezer at -20 °C to prevent decomposition of the oligonucleotides. 
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3.2. Modification of cylindrical microparticles to improve flight 

characteristics 

 

This section is taken from the following publication: 

 

siRNA delivery to macrophages using aspherical, nanostructured 

microparticles as delivery system for pulmonary administration 

(Chapter 2.3 Aerodynamic particle size analysis by Next Generation Impactor) 

 

Reprinted with permission from Elsevier (© 2020 Elsevier B.V.): 

 

The particles titled "formulation" in the following paragraph refer to the manufactured 

cylindrical microparticles described in section 3.1 (Template-assisted approach for 

the fabrication of cylindrical microparticles). 

 

To improve the flight properties, the formulation was coated with L-leucine. 

Therefore, an exact mass of the rods was weighed and redispersed in an L-leucine 

solution with a concentration of 0.4% of the rod mass. This suspension was then 

lyophilized to ensure homogeneous coating of the formulation. 
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4. Comparison between the aerodynamic properties of cylindrical, 

aspherical microparticles and their spherical counterparts using 

Next Generation Impactor 

 

This section refers to the following publication: 

 

Comparison between the aerodynamic properties of cylindrical, aspherical 

microparticles and their spherical counterparts using Next Generation 

Impactor  

 

Thorben Fischer, Aljoscha Koenneke, Marc Schneider* 
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4.1 Abstract 

The use of innovative shapes of drug delivery systems offers new possibilities for 

the targeted transport of genes and drugs into the human body. Especially when 

addressing specific cell types in the lung, aspheric microparticles can provide a 

potential advantage and improve the current therapy. In addition, a higher drug 

quantity can be loaded in comparison to the spherical counterparts. However, 

particles for pulmonary application must fulfil certain aerodynamic criteria to reach 

the target organ.  

In this work, a cylindrical drug delivery system based on hierarchical organized 

nanoparticles for pulmonary application was investigated analysing the 

aerodynamic characteristics by Next Generation Impactor. For this, several 

formulations with different length width ratios (aspect ratios), were produced. Here, 

the length of the rods was constantly set to 10 µm, only the width was changed to 

2, 3 and 5 µm covering aspect rations from 2 - 5. We could show that the mass 

median aerodynamic diameter was reduced by the cylindrical shape with an 

increase in fine particle fraction compared to similar spherical counterparts. This 

underlines the interesting aerodynamic properties of the microrods to potentially 

serve as a new class of pulmonary drug delivery systems.  

 

4.2 Introduction 

The lung represents one of the most important application routes in the human body, 

which is why many particle systems have already been developed for this 

application. The most common inhalation systems are provided by nebulizers, 

metered dose inhalers (MDI) and dry powder inhalers (DPI) [55]. In MDIs and 

nebulizers, propellant gases or vaporizers are used to form droplets to be deposited 

in the lungs [60, 163]. DPIs form solid aerosols, which are in the same aerodynamic 

size range as the droplets of MDIs and nebulizers [164, 165]. The incorporation of 

biopharmaceuticals in spray dried powders for inhalation is usually considered as 

challenging [166], although recently progress is made regarding this [167]. Although 

improvement in dry powder formulation and preparation techniques have already 

occurred, delivery of therapeutics through the respiratory tract can be improved, as 

the physical properties of the powders and the devices used for inhalation represent 
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critical factors [168]. For the physical properties, not only the shape and surface 

morphology of the particles is of high importance for lung deposition [169], also 

hygroscopicity [170] and the electrostatic surface charge are influencing 

aerosolization [171]. 

By changing the shape, previous studies have shown, that cylindrical, 

nanostructured microparticles can be loaded with biopharmaceuticals and are able 

to reach the lungs in vivo [96]. In addition, flight studies of rod-like microparticles 

have shown that an FPF of >30 % can be achieved with an aerodynamic diameter 

< 3 µm [172]. This shape is interesting because the uptake kinetics of 

immunologically relevant cell types can be modified by changing the aspect ratio 

[173, 174]. In addition, the nanostructure and loading of the surface with active 

ingredient means that every fragment of the carrier system is loaded with drug [81], 

so that even if the microrods disintegrate, the resulting nanoparticles can still 

address immunologically active epithelial cells [175]. All these advantages indicate 

that nanostructured rod-like microparticles are an attractive drug delivery system for 

pulmonary application. 

In this work, we are focusing on the flight characteristics of cylindrical microparticles 

and their spherical counterparts. For this purpose, different microrod formulations 

with different widths at the same length were analysed regarding their flight 

properties using Next Generation Impactor and subsequently compared with 

spherical microparticles. These spheres had a diameter equal to the length or width 

of the microrods as well as the same volume. The results obtained from the particle 

populations were compared and flight characteristics were evaluated in terms of 

shape.  
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4.3 Materials and Methods 

4.3.1 Materials 

Fluorescently labelled silica nanoparticles (green) with a diameter of 200 nm and 

green, fluorescent silica microparticles with a diameter of 3; 5 and 10 µm were 

purchased from Kisker Biotech (Steinfurt; Germany). Branched polyethyleneimine 

with a mass of 25 kDa and L-leucine were purchased from Sigma Aldrich 

(Steinheim, Germany). Highly sulphated dextran sulphate 10 HS was purchased 

from TdB Labs (Uppsala, Sweden). Tetrahydrofuran was obtained from Thermo 

Fisher Scientific Inc. (Darmstadt, Germany). Nuclepore® Track-Etched membranes 

with a pore size from 0.1; 2; 3 and 5 µm and a thickness of 10 µm were purchased 

from Whatman plc (Kent, UK). 

 

4.3.2 Production of the cylindrically shaped microparticles 

The aspherical, cylindrical microparticles were produced using a template-assisted 

approach [81, 96, 172]. This method makes use of the defined shape and 

dimensions of membrane pores. These pores with a fixed length of 10 µm and a 

variable width of 2; 3 and 5 µm were infiltrated with amorphous silica nanoparticles 

with a diameter of 200 nm. The layer-by-layer technique was used to stabilize the 

nanoparticles in the cylindrical voids [160]. In this process branched 

polyethyleneimine (bPEI) as polyanionic and dextran sulphate as polycationic 

polymer’s electrostatic interactions were exploited to link the nanoparticles. The 

microrods were then released by dissolving the polycarbonate membrane in 

tetrahydrofuran. The resulting formulation was then surface-coated with L-leucine 

to reduce the hygroscopicity and increase the roughness of the surface which leads 

to a more flowable powder [176, 177]. For coating, the microrods were redispersed 

in an aqueous L-leucine solution and then freeze-dried. The amount of L-leucine 

was 0.4% of the mass of the rods. 
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4.3.3 Morphology analysis by Scanning Electron Microscopy 

In order to characterize the manufactured formulations and the spherical 

microparticles with respect to their morphology, scanning electron microscopy was 

used. For this analysis we applied a Zeiss Evo HD 15 Electron Microscope (Carl 

Zeiss AG, Jena, Germany) equipped with a Lanthanum hexaboride (LaB6) cathode. 

The sample to be analysed was placed as a powder on a silica wafer and then 

coated with a gold layer about 10 nm thick to render the surface conductive, 

avoiding the accumulation of electrons. To generate the thin gold layer a Quorum 

Q150R ES sputter coater (Quorum Technologies Ltd., East Grinstead, UK) was 

used. The images were taken at a magnification of 10 and 1 kX at 5 kV. 

 

4.3.4 Aerodynamic characteristics of spherical and aspherical 

microparticles  

To estimate the deposition profile of the drug carrier systems in the lung after 

inhalation, the determination of the aerodynamic diameter is often applied. To 

generate this value for the developed formulation a Next Generation Impactor (NGI) 

(Copley Scientific, Nottingham, UK) was used. The experiment was performed with 

a setup described by Marple et. al. [9] at a flow rate of 60 L/min. The flow rate was 

adjusted by a M1A flowmeter (Copley Scientific, Nottingham, UK) to ensure efficient 

aerosol formation of the different formulations [178, 179]. To perform the 

experiment, approximately 3 mg of the formulation to be tested were filled into a 

capsule and then aerosolized with a HandiHaler® (Boehringer Ingelheim, Ingelheim, 

Germany) at an air flow of 60 L/min for 4 s, generated by a vacuum pump (Erweka, 

Langen, Germany). The concentrations of the individual stages of the NGI were then 

analysed fluorometrically using microplate spectrophotometer (TecanReader® 

infinite M200, Tecan, Männedorf; Switzerland). The results obtained were then used 

to calculate the Mass Median Aerodynamic Diameter (MMAD), the Fine Particle 

Fraction (FPF) and the Geometric Standard Deviation (GSD) according to 

Abdelrahim et.al [180] and as done before by our group [28, 181]. 
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4.4 Results and Discussion 

4.4.1 Aerodynamic properties of microrods 

In this analysis three different microrod formulations were tested, which are shown 

in Figure 15.  

 

The length of the delivery system was kept constant at 10 µm whereas the diameter 

varied between 2 (µR 2), 3 (µR 3) and 5 µm (µR 5). To improve the flowability of the 

powder formulations and thus also to modify the flight properties, the surface of the 

particles was coated with L-leucine. This proteinogenic amino acid reduces the 

interactions between the microparticles, thereby reducing agglomerate formation, 

which should improve MMAD, GSD and FPF.  

The results of the NGI analyses, which are listed in Table 1 show, that the 

aerodynamic diameter of the microrods is smaller than their geometric diameter. 

This trend is evident for all three formulations showing that the aerodynamic 

properties are strongly influenced by the shape.  

Figure 15: The three different microrod formulations are shown here using scanning electron 
microscopy. The length of the cylinders is identical in [A-C] with L=10 µm. The width of the particles 
varies between 2 µm in [A], 3 µm in [B] and 5 µm in [C]. All three formulations are coated with a thin 
layer of L-leucine to prevent agglomeration. The images clearly show the nanostructure that is 
created by the silica nanoparticles used in the production process. Magnification: 10 kX. 
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Therefore, this factor is also considered when calculating the aerodynamic diameter, 

which is called the dynamic shape factor χ. The equation for calculating the 

aerodynamic diameter is as follows [88, 89]: 

 

𝑑𝑎 =  𝑑𝑣𝑒 √
1

χ
 
𝜌𝑝

𝜌0
 
𝐶𝑐(𝑑𝑣𝑒)

𝐶𝐶 (𝑑𝑎)
. 

 

Since χ is almost always greater than one for aspherical particles and equal to one 

for spherical particles [88], the quotient under the root becomes smaller for 

aspherical particles, which means that for the same volume equivalent diameter 

(dve) the aerodynamic diameter becomes smaller .For this case to occur, all other 

parameters in this equation like the particle density (𝜌𝑝), the standard density (𝜌0) 

as well as the Cunningham slip correction factor of the volume equivalent diameter 

(Cc(dve)) and of the aerodynamic diameter (Cc(da)) must be kept constant. If this is 

the case, the aerodynamic diameter of the microrods is not equal to the diameter or 

length of the particles, but smaller. 

 

 

 

Table 1 Results of the NGI experiments using the cylindrical microparticles. The three formulations 
have a length of 10 µm and differ only in their width. It is evident that the MMAD of the tested particles 
is smaller than their width and length which is caused by the shape factor χ. The GSD is slightly 
elevated in all three samples, which can be explained by agglomeration or disintegration of particles 
during the NGI experiment. The FPF, which represents the percentage of mass with a size < 5 µm 
[12] is for all three samples in a good range in comparison to DPIs [16]. 

 



Comparison between the aerodynamic properties of cylindrical, aspherical microparticles 
and their spherical counterparts using Next Generation Impactor 

 
39 

 

4.4.2 Comparison of cylindrical microparticles and their spherical 

counterparts regarding their aerodynamic properties  

To compare the flight properties of cylindrical and spherical microparticles, the 

formulation µR 3 was investigated against its spherical counterparts, as this 

formulation was already used demonstrating successful loading of siRNA to reduce 

TNF-α secretion from macrophages [172]. For comparison spherical particles were 

chosen offering similar formulation-relevant parameters such as the diameter, the 

length and the volume. Therefore, particles with a diameter of 3 µm (width of the 

rods), with a diameter of 10 µm (length of the rods) and particles with a diameter of 

5 µm (equal volume) were selected (Figure 16).  

 

Since in the present nanostructured drug delivery system the active ingredient is 

located on the surface, the diameter of a round particle with the same surface area 

was also calculated. Due to the internal surfaces of the nanostructured carrier this 

Figure 16: Scanning electron microscopy images of µR 3 (top) and the spherical counterparts 
(bottom). Three different diameters were used for the spherical microparticles from identical material. 
Diameters of 3 µm (bottom left) and 10 µm (bottom right) were used to represent the length and width 
of the rods. In order to use an equal-volume spherical particle, a diameter of 5.13 µm was 
mathematically determined, whereby silica particles with d=5 µm (bottom middle) were used to come 
close to this value. All four formulations shown are coated with L-leucine to keep the particle system 
as uniform as possible. Magnification: 1 kX. 
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value is with d=124.60 µm significantly higher than the size fraction that can reach 

the deep lung [182-184] and was therefore not analysed by NGI. 

The results of the flight experiments are displayed in Table 2 demonstrating that the 

rods have smaller aerodynamic diameters compared to spheres with similar 

properties/sizes.  

 

 

With an MMAD of 2.53 µm the aerodynamic diameter of sample µR 3 is smaller than 

the width as well as the length of the particles. This phenomenon can be attributed 

to the shape factor χ = 1.47 for µR 3 calculated according to Sturm [6]. The spherical 

particles show a shift of the aerodynamic diameter to larger values compared to 

their diameter caused by the density of the material (2.1-2.2 g/cm3) [185]. Especially 

for an equal volume particle with d=5 µm the MMAD is 7.10 µm, which is 2.81-fold 

higher than µR 3. Additionally, the spheres with d=3 µm are already at the upper 

end of the respirable particle population with an aerodynamic diameter of 4.72 µm. 

These results show that cylindrical microparticles can provide better aerodynamic 

properties due to their shape than comparable round microparticles of the same 

dimensions. 

 

 

 

Table 2: Comparison between µR 3 and the spherical counterparts. The results obtained show that 
the rods have a smaller aerodynamic diameter than the spheres with the respective dimensions. The 
shift to larger MMADs for the round silica microparticles is due to the lower shape factor and the 
density, whereas the shape factor decreases the MMAD of the rods. When comparing the four 
particle formulations, it is obvious that µR3 has both the lowest MMAD and the highest FPF. 
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4.5 Conclusion 

Based on the obtained NGI results the shape of the drug delivery system has a 

significant influence on the aerodynamic diameter. When comparing two particle 

systems, where the material is identical and only the shape differs, an improvement 

of the flight characteristics of rod-like particles can be observed. With almost the 

same volume, the aerodynamic diameter of round particles is over 2.8-fold higher 

than the cylindrical counterpart allowing to transport potentially more drug. Looking 

at the surface, µR 3 has an area of 48,75 µm2, which corresponds to a sphere with 

d=124.6 µm. This shows that the surface loading of µR 3 could be so large that no 

spherical reference sample can be generated for lung application. Thus, the 

developed formulation presents flight characteristics possible for a pulmonary 

delivery system. 
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5.1 Abstract 

The delivery of oligonucleotides such as siRNA to the lung is a major challenge, as 

this group of drugs has difficulties to overcome biological barriers due to its 

polyanionic character and the associated hydrophilic properties, resulting in 

inefficient delivery. Especially in diseases such as asthma, chronic obstructive 

pulmonary disease and cystic fibrosis, where increased proinflammation is present, 

a targeted RNA therapy is desirable due to the high potency of these 

oligonucleotides. To address these problems and to ensure efficient uptake of 

siRNA in macrophages, a microparticulate, cylindrical delivery system was 

developed. In the first step, this particle system was tested for its aerodynamic 

characteristics to evaluate the aerodynamic properties to optimize lung deposition. 

The mass median aerodynamic diameter of 2.52 ± 0.23 µm, indicates that the 

desired target should be reached. The inhibition of TNF-α release, as one of the 

main mediators of proinflammatory reactions, was investigated. We could show that 

our carrier system can be loaded with siRNA against TNF-α. Gel electrophoreses 

allowed to demonstrate that the load can be incorporated and released without 

being degraded. The delivery system was found to transport a mass fraction of 

0.371% [%w/w] as determined by inductively coupled plasma mass spectroscopy. 

When investigating the release kinetics, the results showed that several days are 

necessary to release a major amount of the siRNA indicating a sustained release. 

The cylindrical microparticles with an aspect ratio of 3.3 (ratio of length divided by 

width) were then tested in vitro successfully reducing TNF-α release from human 

macrophages significantly by more than 30%. The developed formulation presents 

a possible oligonucleotide delivery system allowing due to its internal structure to 

load and protect siRNA. 

 



siRNA delivery to macrophages using aspherical, nanostructured microparticles as 
delivery system for pulmonary administration 

 
44 

 

5.2 Graphical abstract 

 

5.3 Introduction 

Chronic lung diseases are important due to their high mortality and morbidity rates 

as well as their broad distribution in the human population [19, 186]. Diseases like 

asthma, chronic obstructive pulmonary disease (COPD) and cystic fibrosis (CF) are 

the best-known representatives of this clinical pattern [20, 21]. Here, the innate 

immune system is no longer able to protect the lungs from pathogens due to various 

influences, which leads to an increased inflammatory reaction [187]. The cell 

population that contributes a large part to this inflammatory response are 

macrophages, as the first line of defence against inhaled harmful substances like 

air pollutants and pathogens [188, 189]. If these substances are not removed and 

the retention time in the lungs increases, the macrophages decompose them by 

phagocytosis, leading to an increased release of inflammatory mediators which 

enhances the activation of the immune system [190]. The most prominent mediator, 

which plays a central role in the inflammation process, is the tumour necrosis factor 

alpha (TNF-α). This cytokine not only induces an increased production of itself and 

other proinflammatory cytokines like interleukin-1 beta, it also activates further 

immunologically active cells, which enhance the inflammation status [191-193]. 

Therefore, specifically targeting macrophages is desirable in order to inhibit the 

inflammation cascade at its origin. However, in order to reach the regions of the 

lungs where this cell type is located, the aerodynamic diameter of the formulation 

Figure 17: Graphical abstract from siRNA delivery to macrophages using aspherical, nanostructured 
microparticles as delivery system for pulmonary administration 
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should have a value of 1–5 µm, to ensure that a large part of the delivery system 

arrives at its target [182-184, 194]. Commercial inhalation devices on the market 

produce spherical microparticles of defined size in this range to ensure transport to 

the lungs [195]. However, the transport of oligonucleotides, such as siRNA, across 

biological barriers is not easy to accomplish. This is caused by the negative charge 

and the associated hydrophilic properties, leading to an inefficient delivery [196-

198]. Therefore, a specific transport into the desired cell population is important to 

improve the currently inefficient targeting of siRNA [199]. Especially in acute lung 

diseases, such as COVID-19-induced hyperinflammatory viral pneumonia, a 

targeted transport of inhibitory RNAs will be required to rapidly reduce inflammation. 

This approach to siRNA treatment is currently being considered as well as other 

drug classes [200-203]. To overcome this hurdle, the administration of siRNA should 

be non-invasive, since contact with serum proteins could cause siRNA degradation. 

Such proteins are not present on the apical side of the lung, resulting in delayed 

destruction [204]. In addition, the targeted delivery of siRNA into macrophages 

allows specific inhibition of cytokine release, thus reducing the risk of side effects 

[205]. In the interaction between particles and cells such as macrophages, it has 

already been shown that changing the geometry of the particle system influences 

the interaction [206]. This has already been shown for cylindrical microparticles 

evaluating that a change in aspect ratio can alter the uptake in macrophages [174]. 

In addition, the developed cylindrical microparticle system relies on drug surface 

loading allowing large amounts to be adsorbed. A spherical particle offering the 

same loading ability, would have a diameter >100 µm, which is not respirable. For 

production, a template-assisted approach was used to fill nanoparticles into the 

cylindrical pores of a template membrane with a specific pore size [81, 96]. 

Nanostructured particle stabilization in the pores was realized by the layer-by-layer 

technique [160]. For this method, the membrane is alternatingly placed in a solution 

with polycationic and polyanionic polyelectrolytes so that the polymers adhere to the 

surface and increase the ionic attraction. This formulation has several advantages 

that a spherical microparticle is unable to achieve. Due to the aspherical shape, the 

uptake of alveolar macrophages can be modified in comparison to their spherical 

counterpart [173]. This leads to a delayed availability of the cargo, which might lower 

the frequency of dosing. In addition, the individual nanoparticles are coated with 
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drug by the layer-by-layer procedure, whereby each fragment of the microparticles 

is loaded [81]. Thus, a targeted transport into immunologically active epithelial cells 

[207], which are also potential targets in various lung diseases such as asthma, 

COPD and CF [196], can also occur when the microparticles disintegrate into the 

individual nanoparticles before uptake by macrophages [175]. This decay allows a 

rapid uptake of the nanoparticles into the immunologically active epithelial cells [208, 

209], which is particularly important in diseases such as non-eosinophilic asthma, 

where epithelial cells are mainly involved in the inflammation process [210]. Hence, 

this formulation is capable to address macrophages as well as epithelial cells, both 

of which induce a proinflammatory immune response [96, 175]. Thus, the sizes of 

the particles are the key parameter for uptake into different cell types. Phagocytosis 

is performed by macrophages and neutrophils and describes the uptake of particles 

>0.5 µm [211]. Particles <0.5 µm are absorbed by alveolar epithelial cells [212], but 

larger particles can also be taken up. Particles >1 µm are not taken up by these cells 

[213]. In addition, due to the rod shape, the deep lung can be reached as the 

aerodynamic properties are mainly attributed to the width of the particles allowing to 

reach the target cells [93, 214]. Previous studies have also shown that aspheric, 

nanostructured microparticles can successfully transfect alveolar macrophages 

both in vitro and in vivo [96]. The aim of this work was to incorporate siRNA against 

TNF-α into nanostructured microparticles for the passive targeting of macrophages 

and the inhibition of cytokine release of alveolar macrophages. For this delivery 

system, amorphous silica nanoparticles were used as model particles, since their 

physicochemical properties make them well-suited for formation of microparticles 

using layer-by-layer technique. However, this model would not be a first-choice 

system for human application because of the inflammatory properties in the 

respiratory tract [215, 216]. However, an exchange with biocompatible particle 

systems is possible [161], but complicates the production of the carrier system. The 

specific delivery of the developed microparticles should allow to silence the TNF-α 

expression. Thus, the continuous inflammation of the lung could be interrupted, 

potentially enabling new treatment options [190, 217]. 
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5.4 Materials and methods 

5.4.1 Materials 

Rhodamine green-labelled silica nanoparticles with a hydrodynamic diameter of 

220.2 nm ± 3.1 nm (ζ-potential = -42.1 mV ± 0.8 mV; PDI = 0.0173 ± 0.0054) were 

purchased from Kisker Biotech (Steinfurt; Germany). Branched polyethyleneimine 

25 kDa and L-leucine were purchased from Sigma Aldrich (Steinheim, Germany). 

Dextran sulphate 10 HS was purchased from TdB Labs (Uppsala, Sweden). RPMI-

1640 cell culture medium, Hanks’ Balanced Salt solution, 4′ ,6-diamidino-2-

phenylindol solution (DAPI), dimethyl sulphoxide (DMSO), phorbol 12- myristate 13-

acetate (PMA), lipopolysaccharides from Escherichia coli (LPS), 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), lactate 

dehydrogenase (LDH) cytotoxicity detection kit and ethidium bromide solution were 

obtained from Sigma Aldrich Life Science GmbH (Seelze, Germany). Fetal calf 

serum (FCS) was purchased from Lonza (Basel, Switzerland). Alexa Fluor® 633, 

nuclease-free water, TNF-alpha Human ELISA Kit and tetrahydrofuran were 

obtained from Thermo Fisher Scientific Inc. (Darmstadt, Germany). SYBR® Gold 

nucleic acid gel stain was obtained from Invitrogen (Paisley, UK). IbiTreat® 

microscopy chambers for CLSM imaging were acquired from Ibidi® GmbH 

(Martinsried, Germany). Nuclepore® Track-Etched membranes with a pore size of 

0.1 µm and 3 µm in diameter were purchased from Whatman plc (Kent, UK). 

Silencer® Pre-designed siRNA (Sequences: Sense (5′-

GGACGAACAUCCAACCUUCtt-3′) Antisense (5′- 

GAAGGUUGGAUGUUCGUCCtc-3′)) was purchased from Ambion Inc (Austin, US). 

Silencer™ Select Negative Control No. 1 siRNA (Sequences: Sense (5′-

UAACGACGCGACGACGUAAtt-3′) Antisense (5′- 

UUACGUCGUCGCGUCGUUAtt-3′)) used as negative control for siRNA (scrambled 

siRNA) was purchased from Invitrogen™ (Carlsbad, US). MicroRNA marker was 

purchased by New England Biolabs (Ipswich, US). 
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5.4.2 Particle preparation 

This section was already described in chapter 3.1 Template-assisted approach for 

the fabrication of cylindrical microparticles. 

 

5.4.3 Aerodynamic particle size analysis by Next Generation Impactor 

In order to investigate the aerodynamic size distribution of the aspheric 

microparticles, a Next Generation Impactor (NGI) (Copley Scientific, Nottingham, 

UK) was used. The settings were the same as described from Marple et al. [9]: the 

air flow was adjusted to 60 L/min by a M1A flowmeter (Copley Scientific, 

Nottingham, UK) to generate an efficient aerosol of the formulation [178, 179]. The 

collection cups were not coated as this does not affect the measurement results 

[218]. To improve the flight properties, the formulation was coated with L-leucine. 

Therefore, an exact mass of the rods was weighed and redispersed in an L-leucine 

solution with a concentration of 0.4% of the rod mass. This suspension was then 

lyophilized to ensure homogeneous coating of the formulation. Approximately 3 mg 

of this powder was filled into a capsule, which was then placed in a HandiHaler® 

(Boehringer Ingelheim, Ingelheim, Germany) and punctured. An air flow of 60 L/min 

was then generated for 4 s using a vacuum pump (Erweka, Langen, Germany) to 

aerosolise the formulation. Subsequently, all components of the NGI were rinsed 

with defined volumes of water and collected for measurement by microplate 

spectrophotometer (TecanReader® infinite M200, Tecan, Männedorf, Switzerland) 

to determine the concentration of the microparticles for each stage. Mass Median 

Aerodynamic Diameter (MMAD), Fine Particle Fraction (FPF) and Geometric 

Standard Deviation (GSD) were then calculated as described from Abdelrahim et. 

al. [180] and as done already before [28, 181]. In addition, the emitted fraction (EF), 

which describes the powder fraction leaving the inhaler in relation to the recovered 

dose [219], was also determined to provide data for the efficiency of the 

aerosolization process. 
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5.4.4 Cell differentiation into macrophages (THP-1 -> dTHP-1) 

For all the in vitro studies in this work, the human monocytic cell line THP-1 was 

used. Cells were differentiated into M0 macrophage-like cells. For that, phorbol 12-

myristate 13-acetate (PMA) was added to RPMI 1640 medium with 10% fetal calf 

serum (FCS) to get a total concentration of 50 ng/mL. 200 µL of this mixture was 

then added to the wells, which contained 2*104 cells each. The cells were incubated 

over three days in this differentiation medium in a humidified atmosphere of 5% 

carbon dioxide at 37 °C. After two washing steps with Hank’s Balanced Salt Solution 

(HBSS), the medium was replaced by resting medium which does not contain PMA. 

At the end of this differentiation process, the morphology of the cells was checked 

by light microscopy. Here, the round, small undifferentiated cells showed a clear 

increase in volume, adhesion to the bottom of the well and additionally the shape of 

the cells changed to an asymmetric pattern, which was an indication for the 

successful differentiation to macrophage-like THP-1 cells (dTHP-1) [220]. 

 

5.4.5 MTT-Assay 

For the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromid (MTT)–Assay, 

THP-1 cells were cultivated in 96–well plates and differentiated to M0 macrophage–

like cells as described in the section above. Each well contained 2*104 cells with 

200 µL RPMI 1640 medium. The cells were incubated for 4, 24 and 48 h with a 

concentration of 100, 200 and 300 µg/mL of our formulation, dispersed in RPMI 

medium. Here, the formulation was tested once unloaded and once loaded with the 

oligonucleotide. Thereby 300 µg/mL of the loaded formulation was equivalent to 

2.68 µg/mL siRNA, 200 µg/mL contained 1.79 µg/mL and 100 µg/mL included 

0.89 µg/mL siRNA. The supernatant was then removed, and the cells incubated with 

MTT reagent for 4 h. After the reaction took place, the reagent was removed and 

changed through dimethyl sulphoxide (DMSO) to solve the formazan crystals. The 

absorption was measured at 550 nm after 20 min incubation using a microplate 

spectrophotometer. As positive control (PC) 1% Triton X was used, whereas pure 

RPMI medium was used as negative control (NC). 
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5.4.6 LDH-Assay 

In parallel to the MTT-assay, a lactate dehydrogenase (LDH)-assay was performed 

to obtain a second measurement to determine toxicity evaluating the integrity of the 

cell membrane. In this experiment, 100 µL of the supernatant after incubation with 

the formulation from the MTT-assay were mixed with 100 µL of the LDH solution. 

After 5 min, the absorption was measured at 492 nm using a microplate 

spectrophotometer. 

 

5.4.7 Gel electrophoresis for siRNA qualification 

To qualify the used siRNA after loading into the formulation, gel electrophoresis was 

performed. First, the oligonucleotide had to be replaced from the rods. For this, the 

rods were heated at 94 °C for 3 min in Loading Dye, consisting of 95% formamide, 

10 mM EDTA and 5% w/v bromophenol blue and afterwards centrifuged at 15.000 g 

for 10 min. The supernatant was then loaded onto a 17% urea denaturing 

polyacrylamide gel stained in SBYR® Gold. RNA size was estimated using the 

microRNA Marker (NEB). Additionally, 1 µL of the same sample was loaded on a 

Small RNA Bioanalyzer Chip and evaluated on a Bioanalyzer 2100 (Agilent). 

 

5.4.8 Quantification of siRNA using Inductively Coupled Plasma – Mass 

Spectrometry 

Inductively Coupled Plasma - Mass Spectrometry (ICP-MS) (7500cx, Agilent, Santa 

Clara, USA) was performed to determine the amount of the loaded siRNA cargo. 

For this purpose, the formulation was dissolved in nitric acid (69%, ultra-pure) for 

two weeks to detach the siRNA from the formulation. This solution is then heated to 

over 5000 °C by a high-frequency electric field in an argon gas stream, resulting in 

a plasma. This leads to an atomization and subsequently mono ionisation of the 

sample. The resulting ions can then be quantified by mass spectrometry. Since 

oligonucleotides are the only compounds in the formulation that contain phosphorus, 

quantification of siRNA can be executed by determining the amount of phosphorus 

in the formulation. 

 



siRNA delivery to macrophages using aspherical, nanostructured microparticles as 
delivery system for pulmonary administration 

 
51 

 

5.4.9 In vitro release of siRNA via fluorescence measurement 

To characterize the release kinetics of siRNA in macrophages, a solution was 

prepared that reflects the milieu in the phagolysosome, the phagolysosomal 

simulant fluid [221]. This fluid consists of sodium phosphate dibasic anhydrous 

(Na2HPO4) 142.0 mg/L, sodium chloride (NaCl) 6650.0 mg/L, sodium sulphate 

anhydrous (Na2SO4) 71.0 mg/L, calcium chloride dihydrate (CaCl2 · 2H2O) 

29.0 mg/L, glycine (C2H5NO2) 450.0 mg/L, potassium hydrogen phthalate (1-

(HO2C)–2-(CO2K)–C6H4) 4084.6 mg/L and alkylbenzyldimethylammonium chloride 

50 ppm. The formulation was dispersed in this solution and a concentration of 0.5 

mg/mL was set. The resulting suspension was then divided into micro-reaction tubes 

with 500 µL each and incubated for a defined time at 37 °C while shaking. After the 

defined incubation times, the tubes were centrifuged at 20.000 g for 15 min to avoid 

possible measurement falsifications by nanoparticles. The supernatant obtained 

was then mixed with SYBR® Gold and the fluorescence at λex= 485 nm and 

λem= 535 nm was analysed using a microplate spectrophotometer [222]. 

 

5.4.10 Enzyme Linked Immunosorbent assay (ELISA) for determination of 

TNF-α 

To determine a possible change of TNF-α release after incubation with the siRNA-

loaded rods, ELISA measurements were performed. Therefore 200.000 cells per 

well were seeded in a 96 well plate and differentiated with PMA. The dTHP-1 were 

then incubated with different rod concentrations from 100 to 300 µg/mL at 37 °C for 

2 days followed by a treatment with 200 µg/mL lipopolysaccharide (LPS) from 

Salmonella typhimurium for 6 h to induce a polarization to M1 and a related cytokine 

release. The supernatant was centrifuged at 200 g for 10 min and analysed by 

ELSIA. As controls rods with scrambled siRNA, without any oligonucleotide as well 

as pure scrambled and non-scrambled siRNA were used. The dTHP-1 were 

stimulated with LPS for 6 h as positive control. Untreated dTHP-1 served as 

negative control. 
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5.4.11 Scanning electron microscopy for analysis of rod morphology 

Scanning electron microscopy (SEM) was used to get a detailed impression of the 

produced microparticles and their nanoparticular structure. The microscope used 

was a Zeiss Evo HD 15 Electron Microscope (Carl Zeiss AG, Jena, Germany) 

equipped with a Lanthanum hexaboride (LaB6) cathode. For sample preparation, 

some droplets of the formulation dispersed in water were placed on a silica wafer 

and left to dry. The surface was then coated with an approx. 10 nm thick gold layer 

using a Quorum Q150R ES sputter coater (Quorum Technologies Ltd., East 

Grinstead, UK) and afterwards analysed by SEM with a voltage of 5 kV and a 

magnification of 1 kX and 15 kX.  

 

5.4.12 Cellular uptake investigated by confocal laser scanning microscopy 

For analysing the in vitro uptake using the colocalization between formulation and 

macrophages, rhodamine green-labelled microrods were detected by confocal laser 

scanning microscopy (LSM710, Carl Zeiss AG, Jena, Germany), using an argon-

ion-laser with λ= 488 nm. The siRNA was not stained separately in this experiment 

because the staining reagents could have caused a possible change in uptake. To 

visualize the dTHP-1 cell line, 4',6-diamidino-2-phenylindole (DAPI) with a 

concentration of 10 µg/mL was used to stain the cell nucleus whereas N-

hydroxysuccinimide Alexa Fluor® 633 with a concentration of 5 µg/mL was used to 

stain the cell membrane. To detect the stained cell membrane, a helium-neon laser 

(HeNe633) with λ= 633 nm was applied. DAPI was visualized with a laser diode 

405-30 utilizing λ= 405 nm. The measurement was performed in an ibidi® µ-Slide 8 

well plate using a water-corrected objective M27 with a numerical aperture of 1.2 

and a 40x magnification objective. For the uptake analysis, each well was seeded 

with 104 cells and differentiated like described in the section above. Subsequently, 

200 µL of a 200 µg/mL rod-suspension was added to the cells and incubated for 

different time intervals. To quantify the uptake behaviour of macrophages, three 

individual measurements with 500 randomized chosen cells were performed at each 

time point and the percentage of cells that took up the formulation was determined. 

To evaluate whether an uptake has taken place, the Zen blue software (Carl Zeiss 

AG, Jena, Germany) was used to analyse the colour of the particles. In the case of 
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an uptake, the green fluorescent formulation was colocalized with the red stained 

cell compartments, resulting in a yellow staining. This was an indication for 

absorption. 

 

5.4.13 Statistical evaluation 

The significance was tested by two-sided Student´s t-test using Excel 365 software. 

A significant change in the data was assumed at p < 0.05. 

 

5.5 Results and discussion 

5.5.1 Particle characterization 

For analysing the cytokine inhibition of the M0-like macrophages (dTHP-1), layer-

by-layer stabilized microrods were fabricated with siRNA against TNF-α loaded on 

their surface. The polyanionic cargo was adsorbed and stabilized by electrostatic 

interactions with the underlying positively charged bPEI. Three double layers of 

polymer led to a stable formulation as shown in Figure 18. This was also confirmed 

by analysing the statistical size distribution by measuring the length of the particles 

from CLSM images using ImageJ software (Figure 24). The size distribution 

obtained shows that the majority of the formulation got a length between 8 and 

10 μm. As in-process control, the sample was treated with ethidium bromide and 

analysed by CLSM to determine whether loading had occurred at the surface. As 

shown in Figure 18D, fluorescence at the specific excitation wavelength of ethidium 

bromide could be observed. However, unloaded microrods showed no ethidium 

bromide fluorescence. The number of the cylindrical carriers was determined by a 

Neubauer counting chamber leading to approximately 6 × 106 rods per membrane.  
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The characteristic shape as well as the dimensions are defined by the pores of the 

template membrane. The formulation chosen with a length of 10 µm and a width of 

3 µm leads to an aspect ratio of 3.3 (ratio of particle length to particle width). An 

increase of the aspect ratio leads to a delayed uptake in macrophages as described 

in literature [102]. This delayed absorption offers advantages compared to spherical 

microparticles. These are degraded faster and more efficiently by the macrophages 

and removed from the target organ [95]. As a result, less active substance is 

available, thus reducing therapeutic success.  

 

5.5.2 Flight characteristics 

For a targeted transport of the active ingredient into the deep lung, the delivery 

system must have an aerodynamic diameter of 1–5 µm [183]. To ensure this 

property for the developed formulation, an NGI experiment was performed. The 

results obtained are listed in Table 3 and show that the cylindrical microparticles 

Figure 18: The manufactured microrod formulation illustrated by scanning electron microscopy (A), 
(B), (D), (E) and confocal laser scanning microscopy (C), (F). In figure (A), an overview of the 
formulation is shown, whereas in figure B the SEM image illustrates the nanostructured composition 
of a microrod, stabilized by bPEI and dextran sulphate. (C) The formulation is dispersed in water and 
visualized by CLSM (λex= 485 nm, λem= 510 nm), since the nanoparticles are fluorescently labelled. 
(D), (E) and (F) show the microrods loaded with siRNA against TNF-α. (D) An overview of the 
formulation with siRNA on the surface, leading to a stable formulation. (E) At a higher magnification, 
the nanostructure of the microrods can also be seen here. (F) Here, ethidium bromide was added to 
the formulation from (D) and (E) to visualize the genetic material. λex= 285 nm and λem= 590 nm were 
used to detect the fluorescent property. After ethidium bromide incubation, unloaded particles 
showed no fluorescence at these specific wavelengths. The microparticles are well dispersed and 
stable within weeks. The cylindrical shape, which is determined by the defined pore size of the 
template membrane, exhibits a length of 10 µm and a width of 3 µm. Representative sections were 

used for all images. 
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with a length of 10 µm and a diameter of 3 µm exhibit an aerodynamic diameter of 

2.52 µm. This value is in the range to allow deposition in the deep lung [223]. 

 

Table 3: Results from NGI analysis for the cylindric microparticles with a length of 10 µm and a width 
of 3 µm. The data obtained show, that the formulation displays properties that are suitable for deep 
lung delivery since the MMAD is < 5 µm. MMAD: mass median aerodynamic diameter describing the 
average size of particles, which reach the impactor [12]; GSD: geometric standard deviation, the 
sharpness of the collection efficiency described as the root of the quotient of d84.1 and d15.9. [224]; 
FPF: fine particle fraction providing the percentage of the mass with a size < 5 µm [12], EF: emitted 
fraction: the powder fraction leaving the inhaler in relation to the recovered dose [219]. 

MMAD [µm] GSD FPF [%] EF [%] 

2.52 ± 0.23 3.20 ± 1.22 33.94 ± 5.07 93.83 ± 1.99 

 

Notably, the measured value is below the diameter of the rods and is in contrast to 

previous data from cylinders of soft materials such as gelatine [181]. This seems to 

be surprising at first glance but could be explained by the porous character of the 

rods due to the nanostructured architecture. For the gelatine nanoparticle-

composed rods, the spaces between the nanocarriers were filled with mannitol thus 

not leaving voids. In combination with the surface stabilisation by the layer-by-layer 

technique the density of the cylinder might be modified accordingly due to the non-

filled areas. However, such an explanation must consider the low standard 

deviations of the MMAD: this is most likely a result of the intact morphology of the 

rods after aerosolization. To confirm this hypothesis the individual stages of the NGI 

were visualized by SEM (Figure 25 and Figure 26). Here only a small fraction of the 

formulation was found in stages 5 to 8 (Figure 26), representing an 

MMAD < 0.94 µm [9], which shows that no breakage took place caused by the 

experimental conditions. This is also supported by the CLSM data after application 

to the cells; the rods were not corrupted in length and yielded a homogeneous 

morphology and size. Besides the rod shape which reduces obviously the deposited 

amount we also face an issue with double structures. Those are a consequence of 

the membrane structure, lowering the EF and FPF. Many double pores can be seen, 

which will be filled but cannot easily separated afterwards. But in general, this should 

be able to be solved. The obtained results with a FPF of almost 34% and an EF of 

over 90% indicate, that the flight properties are in an acceptable range for an 

inhalable system [225]. Thus, the aerodynamic properties of the developed 
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formulation show that the formulation displays properties that are suitable for deep 

lung delivery. 

 

5.5.3 Uptake kinetics for different time points 

To determine the uptake rate of the formulation in macrophages, microrods were 

incubated with dTHP-1 cells for 4, 24 and 48 h and visualized by CLSM. The results 

after staining the individual cell components are shown in Figure 19. After 4 h, it is 

evident that the macrophages begin to internalize the particles, but many rods are 

still on the surface, outside of the cells. This is obvious looking at the particles colour. 

Uptaken particles have overlapping own (green) fluorescence with the fluorescence 

of the stained actin (red) resulting in yellow merging the channels. Furthermore, no 

disintegration of the microrods is visible yet. After 24 h most of the formulation is 

internalized and furthermore a decomposition of the microparticles is detectable. 

This result shows that these properties enable macrophages as well as 

immunologically active epithelial cells to be addressed, both of which cause a 

proinflammatory reaction [196, 207]. The uptake of the released nanoparticles from 

the microparticles was already shown in A549 epithelial cells [175]. Within 48 h, all 

microrods are absorbed and only fragments are visible in the macrophages. This 

disintegration in the macrophages increases the surface area of the carrier system, 

thus accelerating the release of the drug. The obtained CLSM images from Figure 

19 also correlate with the measurement results of the quantification of the uptake. 

Here, we observed that for 4 h incubation time 59.20 ± 7.75% of the cells, for 24 h 

85.40 ± 3.47% and for 48 h 93.00 ± 1.78% of the cells took up the formulation. This 

shows that a longer incubation time favours an increased uptake of the formulation. 

This series of experiments showed that after 48 h of incubation, over 90% of the 

human macrophages had internalized microparticles and that disintegration took 

place after several hours, which increases the surface area and thus changes the 

release kinetics as well as enabling the addressing of different cell types. 
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Figure 19: Cell uptake kinetics after 4, 24 and 48 h visualized by CLSM. For this experimental setup, 
microrods with a length of 10 µm and a width of 3 µm were incubated with the macrophage model 
cell line dTHP-1. After 4 hours of incubation, only a small part of the formulation was absorbed without 
any disintegration. By increasing the incubation time up to 24 h or 48 h, most of the microrods are 
taken up. Furthermore, a disintegration of the formulation is apparent (marked with arrows). These 
results show that most the formulation was taken up by the alveolar macrophages within 48 h. The 
scalebar represents 10 µm. All the images shown are representative. 
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5.5.4 Cell viability 

In order to obtain a first impression of how the formulation behaves in vitro, a 

cytotoxicity measurement was performed. Especially regarding later cytokine 

release experiments, the data of this experiment are very important for estimating 

which stress factor the cells are exposed to after incubation with the formulation. 

High mortality rates would lead to increased cytokine release. To verify this, both an 

MTT-and an LDH-assay were performed. Therefore dTHP-1 were incubated for up 

to 48 h with a concentration of 100 to 300 µg/mL which later represents the 

maximum concentration in the cytokine release assays. As can be seen in Figure 

20, no concentration shows a high decrease in cell viability. 
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Figure 20: Determination of cytotoxicity by MTT-assay (left side) and LDH-assay (right side). The 
concentrations of 100 to 300 µg/mL were examined after an incubation period of up to 48 hours. The 
upper graphs show the toxicity data of the unloaded formulation, whereas the lower ones represent 
the formulation loaded with siRNA. When comparing the two formulations, it is clear that none of the 
tested formulations exhibits strong cytotoxicity. Additionally, the loaded one shows a slightly lower 
toxic potential. This shows that, based on the cytotoxicity tests, no strong cytokine release is to be 
expected. 
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5.5.5 Cargo qualification via gel electrophoresis 

The cytokine inhibition experiments focused specifically on TNF-α as it is one of the 

most prominent cytokines, which is involved in the inflammatory cascade. Therefore, 

siRNA specifically targeting human mRNA of TNF-α was used, which is double-

stranded and has a length of 21 nucleotides (nt). Before the formulation was used 

in vitro, it had to be ensured that the siRNA was intact after loading guaranteeing a 

release of functional material. If the siRNA was disintegrated during production, this 

would lead to a loss of effectiveness and it would not be possible to know whether 

the formulation or the degraded siRNA is the reason for the low effectiveness of the 

in vitro results. To address this aspect of stability, we extracted the siRNA from the 

formulation and analysed the integrity on a denaturing gel. SYBR® Gold was used 

to stain siRNA as this staining agent is on one hand much more sensitive than 

ethidium bromide and on the other hand also able to detect single-stranded RNA or 

DNA [226]. These properties are important conducting this experiment as the 

double-stranded siRNA is divided into two single strands upon extraction with the 

loading buffer and therefore cannot be detected with all staining agents for double-

stranded oligonucleotides. In addition to standard gel electrophoresis, we loaded 

the extracted siRNA onto a Small RNA Bioanalyzer Chip to detect small RNA 

species <200 nt which were not visualized on the gel due to their low abundancy.  

The results from Figure 21 show that no decomposition of the siRNA occurred during 

loading of the formulation. The band of siRNA extracted from the rods is at the same 

level as the 21 nt marker and the electropherogram of the bioanalyzer shows a peak 

of the same size with now smaller peaks appearing. If a degradation would have 

taken place, a staircase pattern in the direction of smaller bands would have been 

the result. Since this is not the case, the loading is not affecting the potential activity 

of the siRNA. Thus, the formulation can be used for further testing. 
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5.5.6 Quantification of siRNA using inductively coupled plasma – mass 

spectrometry 

Determination of the exact drug concentration is an indispensable step in the 

characterization of the developed formulation allowing to correlate the obtained in 

vitro data with the amount of cargo used. There are various methods for determining 

the active ingredient content. On the one hand, indirect content determination can 

be performed, like quantifying the layer solution before and after layering process 

determining the different amounts [227] or directly in the formulation. The direct 

method was used to quantify the formulation as it is more precise and less 

susceptible to interferences. ICP-MS was used to determine the phosphorus content 

of the formulation, since this element only occurs in the siRNA and thus conclusions 

can be reached about the loading. The results revealed a phosphorus content of: P 

[%w/w] = 0.034% and thus a siRNA content of: siRNA [%w/w] = 0.371%, which 

means that 1 mg rod formulation contains 3.71 µg siRNA. Loading corresponds to 

expectations and can be increased by multiple layering with the cargo [96]. 

 

Figure 21: Analysis if the integrity of the loaded siRNA coupled to the rods is still intact after loading. 
(A) The siRNA was extracted from the formulation by heating in loading dye and afterwards applied 
to a gel stained with SYBR® Gold. The siRNA against TNF applied is double stranded with 21 nt per 
strand. Therefore, different markers of 25, 21 and 17 nt were loaded in parallel. (B) Extracted siRNA 
was then also analysed on a Small RNA Bioanalyzer chip which is suitable for separation and 
measurement of RNAs smaller than 200 nt. A clear 21 nt peak is visible corresponding to the siRNA 
detected on the gel (4 nt peak is an internal marker). Both figures clearly show no decay of the RNA 
because no staircase pattern in the direction of the lower nucleotide number is present. The band of 
the formulation is at the same level as the 21 nt marker and a clear 21 nt peak is visible in the 
bioanalyzer electropherogram. Thus, it can be summarized that the siRNA is not influenced during 
preparation. 
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5.5.7 In vitro release of siRNA via fluorescence measurement 

Qualification by gel electrophoresis has already shown intact siRNA to be detached 

from the microrods. In this method, very harsh conditions were used which did not 

reflect the physiological conditions in the macrophages. Therefore, the next step 

was to analyse the release of siRNA under relevant, more physiological conditions. 

Since the formulation reaches the phagolysosome after uptake into the macrophage 

and releases the active ingredient there, this environment was simulated. The salt 

mixture was produced after Stefaniak et al. yielding a pH of 4.55 [228, 229]. In this 

solution, the formulation was incubated at 37 °C under gentle shaking and samples 

were taken at different time points over 15 days. As shown in Figure 22, siRNA is 

released from the rods under physiological conditions. The release profile shows no 

burst release and a slow increase in the siRNA concentration in the first days. After 

about 10 days the release levels off and a plateau is reached. Since in vitro 

experiments are carried out over shorter periods of time, this sustained release must 

be taken into consideration. The performed cytokine inhibition experiments were 

incubated for 2 days. Thus, it can be estimated that only about 530 ng/mg 

formulation is available at this time point. 
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5.5.8 Enzyme Linked Immunosorbent assay (ELISA) for determination of 

TNF-α 

After the formulation was tested for loading, release and quality, its in vitro activity 

regarding cytokine release was evaluated. Therefore, dTHP-1 cells were grown in 

96-well plates, incubated with different samples and the cytokine release was 

quantified by ELISA. As positive control the cells were stimulated for 6 h with LPS 

only whereas untreated dTHP-1 served as negative control. Since oligonucleotides 

may show unspecific effects, a non-specific siRNA (scrambled siRNA) was used to 

see if inhibitory effects on the TNF-α release might occur due to presence of the 

siRNA. The model used was a scrambled siRNA which, like the original siRNA 

against TNF-α, has 21 bp and a double-stranded structure. In addition, both siRNAs 

were incubated with the cell line without a carrier system but in the same 

concentration as in the formulation in order to show that pure siRNA cannot induce 

a significant biological response. At last, the biological activity after incubation with 

unloaded rods was analysed. After incubation, the cell line was stimulated once with 

LPS to see that the unloaded formulation does not cause cytokine reduction and 

0
10
20
30
40
50
60
70
80
90
100
110

0

200

400

600

800

1000

1200

1400

1600

1800

2000

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

R
el

ea
se

 [
%

]

c r
el

ea
se

d
[n

g/
m

g 
ro

d
s]

Incubation time [d]

siRNA release in PSF under in vitro conditions over 15 d

Figure 22: In vitro release of the formulation in PSF. For this, the formulation was incubated for 
15 days at 37 °C under gentle shaking and analyzed after staining with SYBR® Gold. The results 
show that the release of siRNA reaches a plateau after about 10 days This plateau is formed by a 
continuous liberation and has no burst release. Looking at the 2-day value, which also represents 
the time period of the ELISA experiments, it becomes clear that only about 530 ng/mg rods were 
released at this time. This result must be taken into account when considering the ELISA data, as 
the complete load is not released and therefore lower siRNA concentrations are present. For each 
measuring point three individual tests were performed and the mean values, as well as standard 
deviation was determined (n=3). 
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once not stimulated to show that the unloaded rods would not induce cytokine 

release. Figure 23 lists all these test groups.  

 

It becomes clear that a significant reduction of the TNF-α level with the formulation 

with siRNA against TNF-α occurs compared to the references used. Both the non-

specific siRNA and the pure oligonucleotides without carrier system showed no 

reduction in cytokine release compared to the positive control. Furthermore, the 

unloaded formulation shows no biological response, both with and without LPS 

stimulation. In conclusion, it can be assumed that the shape and dimension of the 

delivery system is suitable to transport the siRNA into the macrophage and release 

it allowing to reach the site of action and thereby reducing cytokine release. 

However, the reduction of the TNF-α level needs to be improved as the levels 

reached are clearly above those of the control. This might be due to potential 
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Figure 23: This graph shows the TNF-α release after incubation with different formulations over 2 d. 
In addition to the developed formulation, unloaded rods (Rods – siRNA) as well as rods with a non-
specific RNA (Rods + scr siRNA) were used as controls. Furthermore, the siRNA against TNF-α as 
well as the non-specific RNA were incubated without carrier system (pure siRNA; pure scr siRNA) in 
order to detect possible changes in cytokine release. In all these samples, the cells were stimulated 
after incubation with LPS to activate cytokine production. To see if the unloaded rods induced an 
inflammation reaction, they were incubated with dTHP-1 without LPS stimulation. The results show, 
that the developed formulation significantly lowers the TNF-α level compared to the controls. 
Furthermore, the formulation alone does not show any inflammatory reaction. Thus it could be 
demonstrated that the microrods can successfully deliver siRNA against TNF-α and reduce the 
cytokine production. Unspecific effects do not play a role. 3 indepentent experiments were performed 
with each 3 different wells per measurement. Significances were calculated by Student’s-t-test.        
* p < 0.05. 



siRNA delivery to macrophages using aspherical, nanostructured microparticles as 
delivery system for pulmonary administration 

 
64 

 

degradation of the siRNA in the phagolysosome or might be due to the slow release. 

To improve the release other stabilization mechanism for the particles need to be 

evaluated in the future. 

 

5.6 Conclusion 

The performed experiments and the results obtained show that siRNA could be 

successfully incorporated in a rod-shaped nanostructured microparticle. The layer-

by-layer approach allowed stabilization of the rods by using 3 double layers. 

Exchanging the outermost layer with siRNA did not alter the stability and the 

particles could be released from the template membrane without loss of integrity. 

The obtained stability of the rods was also sufficient to aerosolize the particles. The 

aerodynamic properties turned out to be well in the target region of 1–5 µm, were 

even below the width of the rods. This might be an indication for the potential the 

nanostructure with respect to tuning the aerodynamic properties. Due to its flight 

properties with an aerodynamic diameter of 2.51 µm, the formulation is capable to 

deposit in the deep lung reaching the macrophages. The efficient uptake is 

demonstrated as 90% of the THP-1 cells had taken up cylindrical particles after 48 

h without acute toxic effects. This underlines the strong interaction of the aspheric 

particles with the macrophages. Furthermore, the results indicate, that cylindrical 

microparticles can be loaded with siRNA without degrading the oligonucleotide 

which would affect the activity. In addition, the exact content of the drug with a value 

of 0.371% [w/w] could be determined and the release kinetics of the oligonucleotide 

in the phagolysosome could be calculated using a developed release experiment. 

The absence of any burst release stresses the fact that the siRNA is fully adsorbed 

onto the particles being continuously released over several days. When observing 

the TNF-α values after incubation with the unloaded carrier system, no release of 

the cytokine is detected. This implies that the formulation itself does not induce an 

inflammatory reaction and TNF-α secretion. After loading with siRNA, the 

formulation reduced cytokine secretion compared to LPS stimulated cells. A 

significant difference was also detected between the scrambled siRNA and the free 

oligonucleotide without carrier. In future experiments, the disintegration of the 

nanostructured microparticles and the targeted addressing of immunologically 
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active epithelial cells would be of interest. This would allow two different cell 

populations to be addressed with the same carrier system, which could open new 

possibilities in RNA transport. 

 

5.7 Supporting information 

To generate the statistics in Figure 24, three different batches of the formulation with 

L=10 µm were prepared and recorded using CLSM. These images were then 

analysed with the ImageJ software to determine the length of the particles.  

The results obtained show that the main part of the formulation has a length between 

8 and 10 µm. Particle lengths below 8 µm occur if the particles are not completely 

stabilized by the layer-by-layer technique resulting in disintegration during the 

purification of the sample. Particles larger than 10 µm are formed when the pores of 

the template membrane are inclined in the membrane. This is the reason for 

particles exceeding the thickness of the membrane.  

These statistics show that the method used to produce the microrods is suitable for 

producing the formulation in the postulated dimensions. Also, the distribution of the 

rods is small compared to other inhalable particles such as spray-dried particles 

[177]. 
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Figure 24: Statistical size distribution of aspherical, cylindrical microparticles with a length of 10 µm 
and a width of 3 µm. It is evident that the majority of the particles have a length between 8 and 10 µm. 
Particles < 8 µm may occur if not fully stabilized by the layer-by-layer technique, causing the particles 
to disintegrate during the purification step. However, this fraction is small. Particles > 10 µm are 
formed when the pores are not straight through the membrane but tilted. As a result, the pore is 
longer than the thickness of the membrane, resulting in values greater than 10 µm. For this statistic, 
181 microparticles from three different batches were evaluated. 
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The illustrated collecting plates 1 to 4 from Figure 25 show that a major part of the 

formulation lands in this section during NGI run. With the used flow rate of 60 L/min, 

particles with a D50 value of 8.06 µm (stage 1 (A)) over 4.46 µm (stage 2 (B)) and 

2.82 µm (stage 3 (C)) to 1.66 µm (stage 4 (D)) [9] remain in these collecting plates 

after the experiment. In Stage 1 there are mainly double or multiple rods, which can 

be formed during the manufacturing process with the Track-Etched membranes 

used. In addition, rods > 10 µm can also be generated, as some pores are tilted and 

therefore do not go straight through the membrane, which results in an elongation 

Figure 25: SEM images of collecting plates 1 to 4, numbered (A) to (D), to analyse the individual 
populations of the formulation after the NGI run. In these stages, the particles got a D50 value at a 
flow rate of 60 L/min from 8.06 µm (stage 1 (A)) to 1.66 µm (stage 4 (D)) [9]. Most of the formulation 
is transported to this area of the NGI. The pictures also show that the rods do not break during the 
experiment. In Stage 1 there are double rods as well as rods with a length of > 10 µm present, which 
is due to the Track-Etched membrane used. 
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of the rods. However, when looking at Stages 1 to 4, it shows that the majority of 

the rods is not damaged by the conditions of the experimental set-up. 

 

The overview images in Figure 26 show the stages 5 to 8 of the NGI experiment 

and represent a D50 value of ≤ 0.94 µm [9]. These show that, compared to Stages 1 

to 4 (Figure 25), only a small fraction of the formulation is damaged by the conditions 

of the experimental set-up, which has led to the low aerodynamic diameter collection 

plates.  

 

Figure 26: Illustrations of the SEM images of stages 5 (A) to 8 (D), which represent an aerodynamic 
diameter of ≤ 0.94 µm [9]. In comparison to Figure 25, less particles in the range of the small D50 
values are present, which is consistent with the results of the NGI experiment. The particles that get 
into these stages are partly damaged rods, which have been generated during the NGI experiment 
or already during the manufacturing process. However, as can be seen in the pictures, this fraction 
is small. 
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When comparing the release of the oligonucleotide in PSF (pH 4.5) and HBSS (pH 

7.4), the release occurs much faster at the higher pH value. This is due to the fact 

that the electrostatic interactions between the polyanionic siRNA and the 

polycationic bPEI are less pronounced at pH 7.4 than at pH 4.5, leading to an easier 

removal of the oligonucleotide layer [230].  
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Figure 27: To check the siRNA release at different pH values, the release experiment was also 
performed in HBSS buffer. Compared to Figure 22, the release is much faster than in PSF. Here a 
plateau is reached already after 6 days. 
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6.1 Abstract 

A novel type of microparticle has recently been engineered. It consists of amorphous 

silica nanoparticles and has a corncob-like shape. It has already been demonstrated 

in vivo that alveolar macrophages in the lung are able to engulf this particulate 

carrier and that it also functions successfully as a gene delivery system. This 

subsequently raises the question as to whether epithelial cells may also be possible 

targets for these microrods. For this purpose, the alveolar epithelial cell line A549 

was used presently. The epithelial character of these confluent cells was 

documented by the presence of tight junctions using a freeze-fracture technique and 

transmission electron microscopy. A toxic effect of the particles incubated with these 

cells was largely excluded. The interaction of the microparticles with the epithelial 

cells was observed using confocal microscopy and live cell imaging. Interestingly, 

the particles entered the epithelial cells within hours. After 1 day, the intracellular 

particles began to disaggregate and release the silica nanoparticles. Thus, even 

epithelial cells may serve as targets for this novel carrier and gene delivery system. 

This is particularly important since safe and effective gene delivery remains an 

unsolved problem. In addition, delivery of anti-cancer and anti-infective drugs may 

be an application of this novel particulate carrier. 

Figure 28: Graphical abstract. A schematic drawing illustrating the entry of microrods into an 
epithelial cell and their subsequent disaggregation within the cell. 
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6.2 Introduction 

Genetic therapy is a prospective strategy for many genetic disorders and diseases. 

For instance, cystic fibrosis is an important inherited disease in which a specific 

membrane molecule, the cystic fibrosis transmembrane conductance regulator 

(CFTR), is absent or not functional [231]. The CFTR is a chloride channel and 

responsible for the chloride concentration and viscosity of secretions [231]. 

However, there remains to be a need for safe and efficient gene therapy carrier 

systems for different cell types. Recently, a novel carrier system was developed [96] 

and implemented for the delivery of drugs or plasmids to human macrophages [81]. 

A corncob-like microparticle composed of amorphous silica nanoparticles was 

created and loaded with a gene construct for luciferase. Those particles could serve 

as a gene delivery system to phagocytosing cells in vitro and in vivo; notably, it was 

demonstrated that the particles were engulfed by professional phagocytes, alveolar 

macrophages. Days after engulfment of the microparticles, the alveolar 

macrophages were confirmed to be transfected with luciferase [96]. Thus 

macrophages, as the primary phagocytes, may even engulf these relatively large 

microparticles of 10 µm in length and 3 µm in width. However, a prevailing issue 

was whether non-phagocytotic cells could also exhibit carrier uptake. It was 

therefore investigated in the current study whether the carrier system could be 

engulfed by epithelial cells. For the current study the human epithelial cell line A549 

was selected. This cell line was derived from a lung tumour and reflects properties 

of the alveolar epithelial type II cells, meaning that the cells grow to a confluent layer 

in vitro [232]. In the present study, to confirm the epithelial phenotype of A549 cells, 

a freeze-fracture electron microscopy technique was employed. Overall the aim of 

the present study was to clarify whether these non-phagocytic A549 cells could 

engulf relatively large microrod carrier systems comprised of microparticles. 

Therefore, to observe the fate of the microrods within the alveolar epithelial cells, 

different imaging methods were applied: fluorescence microscopy and second 

confocal laser scanning microscopy. In addition, the viability of the A549 cells 

following microrod incubation for different times was investigated using the MTT 

assay. 
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6.3 Materials and methods 

6.3.1 Cells and materials 

The human epithelial cell line A549 was obtained from Merck KGaA, Darmstadt, 

Germany. Cells were cultivated at 37 °C in a humidified atmosphere with 5% CO2 

in RPMI-1640 medium with 10% fetal bovine serum (Merck KGaA), 100 units ml-1 

penicillin and 100 µg ml-1 streptomycin. The microparticles were produced from 

amorphous silica nanoparticles (Polysciences GmbH, Eppelheim, Germany) as 

described previously [96] and had a length of 10 µm and diameter of 3 µm. The 

microparticles were suspended in aqua dest distilled water, and the number of 

particles per µl were determined by the use of a Neubauer counting chamber. A total 

of 2x106 particles were incubated with 1x105 cells to establish a ratio of 20:1. The 

incubation times with the microparticles were 3, 6, 8, 24 and 48 h. 

 

6.3.2 Fluorescence and confocal laser scanning microscopy 

The living cells incubated with microrods were analysed by fluorescence microscopy 

(Carl Zeiss AG, Oberkochen, Germany) and confocal laser scanning microscopy 

(VTinfinity, VisiTech, UK), as previously described for mouse cardiac ventricular 

myocytes [233]. Cell borders were labelled using the membrane dye CellMask Deep 

Red according to the instructions of the supplier (Thermo Fisher Scientific, Inc., 

Waltham, MA, USA). All microscopy examinations were performed at room 

temperature (20-22 °C). 

 

6.3.3 Cell viability  

For an MTT assay, A549 cells were cultured in 96-well plates with 200 µl RPMI-1640 

medium per well. Each well contained 1x104 cells and 0 (control), 1x104 or 1x105 

microrods. Following incubation for 1, 3, 6 and 24 h the cells were washed once with 

sterile phosphate-buffered saline (PBS). The cells were then incubated in a 

humidified atmosphere of 5% CO2, 95% air at 37 °C with 5 mg/ml MTT (Merck 

KGaA) dissolved in PBS buffer at 1:10 ratio under gentle shaking for 4 h. Removal 

of the MTT reagent was followed by the addition of 100 µl dimethyl sulphoxide and 
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incubation for 20 min in the humidified atmosphere of 5% CO2, 95% air at 37 °C to 

dissolve the formazan crystals. To determine cell viability, the absorbance at 550 nm 

was measured using a microplate spectrophotometer. For each concentration and 

time point, triplets were used. 

 

6.3.4 Freeze-facture and electron microscopy 

For freeze-fracture analysis, A549 cells were cultured on poly-L-lysine coated glass 

coverslips. The confluent layer was fixed with 2% paraformaldehyde at room 

temperature for 5 min. Incubation in 30% glycerol in Soerensen's phosphate buffer 

(0.15 M, pH 7.4) as pre-vitrificational cryoprotection was performed at 4 °C for 

30 min. Small pieces of the glass coverslips were mounted headfirst onto the flat 

top of copper specimen carriers (Baltic-preparation, Niesgrau, Germany) and 

subsequently plunge-frozen in nitrogen-cooled liquid ethane using a 

cryopreparation chamber (Leica Microsystems GmbH, Wetzlar, Germany). Frozen 

samples were mounted onto a nitrogen-cooled double replica table and inserted into 

a BAF060 freeze-fracture device (Leica Microsystems GmbH). Freeze-fracturing 

was performed by cracking the double carrier open at -162 °C and 1x10-7 mbar 

pressure. Fractured samples were coated with a 1-nm pre-carbon coat applied at a 

shadowing angle of 90 °, a 1-nm platinum-carbon coat applied at 60 ° and a second 

carbon coat of 20 nm applied at 90 ° (carbon coat: carbon rods 3x50 mm, 

carbon/platinum coat: carbon rods 2x20 mm, platinum inlets 1.5x2 mm; Leica 

Microsystems GmbH). The frozen replicas were stabilized on a gold index grid 

(Plano GmbH, Wetzlar, Germany) using a drop of 0.5% Lexan polycarbonate plastic 

dissolved in dichloroethane (DCE; Acros Organics; Thermo Fisher Scientific, Inc.) 

[234]. To evaporate the DCE and consolidate the Lexan, the assembly of 

carrier-sample-replica-Lexan-grid was incubated at -20 °C for 16 h. Subsequently, 

the samples were thawed at room temperature and the carriers were removed. 

Digestion of the cell samples was performed under agitation in SDS-digestion buffer 

(2.5% SDS, 10 mM Tris-HCl, pH 8.9) at 60 °C for 27 h. Prior to electron microscopy 

analysis, the Lexan film was resolved and removed by dipping the replica in DCE. 

Analysis was performed in a FEI Technai G2 transmission electron microscope 

(Thermo Fisher Scientific, Inc.) at 100 kV. Pictures were taken with an 8-bit camera 
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at an image size of 1.42 megapixels (Olympus MegaView III; Olympus Soft Imaging 

Solutions GmbH, Münster, Germany). 

 

6.4 Results 

6.4.1 Confirmation of epithelial cell character 

It was uncertain whether the microrods are able to enter epithelial cells. The A549 

cell line used is established as an epithelial cell line, which was supported by the 

freeze-fracture analysis (Figure 29). In this representative image, distinct tight 

junctions are apparent. 

 

6.4.2 Effects on viability 

From the MTT assay, cell viability at a 1:1 ratio of cells to microparticles was 

101.9±0.9% after 1 h, 99.9±3.7% after 3 h, 103.6±1.5% after 6 h, 95.9±5.6% after 

24 h, and at a 10:1 ratio was 103.7±5.1% after 1 h, 94.0±3.2% after 3 h, 90.3±2.5% 

after 6 h and 83.6±2.1% after 24 h (data not shown). 

 

Figure 29: Tight junctions in A549 cell membranes. Freeze-fracture replica of the cell membrane, 
showing the protoplasmic leaflet (P-face). The formation of tight junction strands is characteristic of 
epithelial cells and was visible in the form of meandering arrangements of pits and particles (yellow 
overlay). Magnification, x120,000; scale bar, 100 nm. 
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6.4.3 Imaging 

The fluorescence microscopy provided visualisation of the epithelial cells following 

co-incubation with the microrods at different time points (Figure 30).  

After 8 h, microparticles remained extracellular (Figure 30A). After 24 h, the majority 

of the rods had started to disaggregate (Figure 30B). After 48 h, nearly all of the 

rods appeared to have disaggregated, and nanoparticles or conglomerates of 

nanoparticles appeared to be intracellular (Figure 30C). Through confocal analysis, 

this process could be observed in greater detail and higher resolution (Figure 31). 

After 1 h, attachments of the rods to the cells were observed (Figure 31A and B). 

After 3 and 6 h (Figure 31C and D), disaggregated nanoparticles were observed 

within the cells. After 48 h (Figure 31E and F), many epithelial cells contained 

nanoparticles. 

Figure 30: A549 cells and green fluorescent microrods detected by immunofluorescence after (A) 
8, (B) 24 and (C) 48 h of incubation. The geometry of the microrods and its relation to the epithelial 
cells can be visualized. Magnification, x400; scale bars, 40 µm. 
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6.5 Discussion 

The intention of this short report was to highlight that this novel drug delivery system 

may not only reach macrophages but also enter epithelial cells. The corncob-like 

microrods have previously been reported to be engulfed by macrophages and to 

successfully transfect macrophages [96]; however, due to their dimensions, they 

were considered incapable of entering epithelial cells. The epithelial cells used were 

A549 cells. These cells were originally derived from a lung carcinoma and share 

Figure 31: A549 cells (stained with 5 µg/ml CellMask Deep Red plasma membrane stain 15 min 
prior to imaging; red channel) at (A and B) 1 h after the addition of microrods in a ratio of 1:20 (green 
channel). The microrods appeared attached to the plasma membrane. At (C) 3 and (D) 6 h into the 
experiment, the microrods were attached to the A549 cells and there was some disassembly to 
nanoparticle components. Nanoparticles and aggregates of nanoparticles were also observed within 
the cells. At (E and F) 48 h into the experiment, almost all microrods had disassembled and many 
nanoparticles were identified within the A549 cells. The nanoparticles appeared to accumulate 
around the golgi apparatus inside the cells. Magnification, x600; scale bars, 10 µm. 
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many features with type II alveolar epithelial cells [81]. In particular, the cells are 

characterised by fast replication and confluential growth [232]. To confirm the 

epithelial character of these cells, a freeze-fracture technique was employed 

presently, in order to visualize tight junctions, the presence of which is characteristic 

for epithelial cells and tissues. The toxic effects of the microrods were generally 

excluded by determining the viability of the cells. However, a notable reduction of 

viability (<90%) was observed after 1 day of incubation at a particle-to-cell ratio of 

10:1. Conventional fluorescence and confocal laser scanning microscopy were used 

to describe the transitional process undertaken by the microrods and provided 

spatial and temporal resolution. Following their initial adhesion to the A549 cells, the 

rods disaggregated to silica nanoparticles and these appeared to penetrate the cell 

membranes and enter the cytoplasm. The A549 cells are a useful cell line since they 

possess some remnants of alveolar type II cells, including the capacity for the 

synthesis of lamellar bodies [232]. These cells may possibly also have certain 

endocytotic properties. Admittedly, inhibitors of specific endocytosis pathways that 

could have detected phagocytotic mechanisms [235] were not tested. 

A potential application of this microrod-based approach is the targeting of human 

bronchial and intestinal cells. In this regard the rods could be used to carry 

transcripts for a range of genetic disorders. One example would be the CFTR to 

rescue hereditary mutation in this molecule. This may be a viable option to treat 

patients with cystic fibrosis, as a common hereditary disease. A long-term aim is to 

reach epithelial basal cells or stem cells, in order to further target and potentially 

cure genetic disorders including cystic fibrosis. 
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7.1 Abstract 

The transport of macromolecular drugs such as oligonucleotides into the lung has 

become increasingly relevant in recent years due to their high potency. However, 

the chemical structure of this group of drugs poses a hurdle to their delivery, caused 

by the negative charge, membrane impermeability and instability. For example, 

siRNA to reduce tumour necrosis factor alpha (TNF-α) secretion to reduce 

inflammatory signals has been successfully delivered by inhalation. In order to 

increase the effect of the treatment, a co-transport of another anti-inflammatory 

ingredient can be applied. Combining curcumin-loaded mesoporous silica 

nanoparticles in nanostructured cylindrical microparticles stabilized using the layer-

by-layer technique using polyanionic siRNA against TNF-α was used for 

demonstration. This system showed aerodynamic properties suited for lung 

deposition (mass median aerodynamic diameter of 2.85 ± 0.44 µm). Furthermore, 

these inhalable carriers showed no acute in vitro toxicity tested in both alveolar 

epithelial cells and macrophages up to 48 h incubation. Ultimately, TNF-α release 

was significantly reduced by the particles, showing an improved activity co-

delivering both drugs using such a drug-delivery system for specific inhibition of 

TNF-α in the lungs. 
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7.2 Introduction 

According to the World Health Organization (WHO), chronic respiratory diseases 

are among the most widespread diseases worldwide with a high mortality rate, 

which is expected to increase further in the future [115]. With several million cases, 

cystic fibrosis, idiopathic pulmonary fibrosis, tuberculosis, chronic obstructive 

pulmonary disease (COPD) and asthma represent the most common diseases for 

this clinical pattern [117], leading to a permanent inflammation [236-239] and thus 

affect the lung function over time [116, 239]. This proinflammatory status is caused 

by dysregulation of gene expressions, resulting in an imbalance of produced 

transcription factors [240], which translates into increased release of 

proinflammatory mediators such as cytokines [241]. The cell populations such as 

macrophages and immunologically active epithelial cells, which are mainly 

responsible for the production and release of these messenger substances, are 

located in the alveolar region of the lung [242]. 

To reach the deep lung, several inhalation systems have been developed to 

generate the highest possible efficiency. Most commonly used for pulmonary 

delivery are dry powder inhalers (DPIs) metered dose inhalers (MDIs), soft mist 

inhalers (SMIs), and nebulizers [63]. Having a closer look to DPIs, usually powder 

mixtures of the micronized drug particles are mixed with inert substances such as 

lactose, mannitol, trehalose, etc. in order to deliver the drug as efficient as possible 

to its target [243]. Spray-drying is often applied providing suitable particles for 

inhalation although many commercial formulation are reported to have a lung 

deposition as low as 14% [55].  

A relatively new drug carrier for lung application are mesoporous silica particles. 

These are already commercially offered as transport system into the lungs, 

providing various positive characteristics [244]. Especially, mesoporous silica 

nanoparticles (mSNP) are better biocompatible due to their structure, which results 

in faster degradation and thus a lower toxic potential in comparison to amorphous 

silica nanoparticles [245]. In addition, the mSNP can be loaded in high quantities 

[246] with labile molecules like for example curcumin, as the pores create a 

protective environment [247].  
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The filled pores have only a small area where the outer medium comes into contact 

with the drug, leading to a slower release [248]. In addition, to further modify the 

release and better protect labile drugs in the pores, the surface of the mSNPs can 

be coated with polymers. Here, the strong negative surface charge of the silica 

particles can be exploited [247]. An established method for this represents the layer-

by-layer technique [249]. This allows not only the surface to be loaded with drugs, 

but also polymers to be used as stabilizers for the formation of larger particle 

constructs [96, 159]. This property can be used to manufacture drug delivery 

systems for pulmonary application, where an aerodynamic diameter of 1-5 µm must 

be achieved to reach the deep lung [66].  

To generate a stronger cell response and inhibit the release of proinflammatory 

cytokines, mSNPs can be loaded in the pores with multiple anti-inflammatory agents 

such as the natural compound curcumin and also a negatively charged 

oligonucleotide such as a specific siRNA on the surface to generate an improved 

effect [250]. However, since these two drugs have low stability and critical 

pharmacokinetic properties [251-253], targeted transport into immunologically 

active cells is of particular importance to prevent disintegration and also reduce side 

effects [205]. The use of aspheric particles for pulmonary delivery represents a 

possible mode of delivery for this purpose since the change in shape affects the 

interaction with immunological cells such as macrophages [206]. Here, a cylindrical 

shape has been established, since a change in length-width ratio, also called aspect 

ratio, leads to a modified cell uptake into macrophages [174]. In addition, the specific 

surface area of cylindrical microparticles is significantly larger than the surface area 

of their spherical counterparts, which allows higher loading quantities. This drug 

delivery system has already shown that loading with a specific siRNA sequence 

against TNF-α is possible and a significant reduction of this cytokine release from 

macrophages could be achieved, but still showed the need for improvement [159]. 

All the above-mentioned advantages of mSNPs and aspherical particles for siRNA 

delivery to the lung are combined in the drug delivery system described in this 

manuscript. The aim was to develop a nanostructured, cylindrical drug carrier 

system made of mSNPs to ensure the directed transport of siRNA in macrophages. 

Supplemental, curcumin as an additional anti-inflammatory agent was used to 

achieve a synergistic effect and further reduce the release of cytokines. In this work 
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we focused on the inhibition of tumour necrosis factor alpha (TNF-α) as one of the 

most prominent and active cytokines in the inflammation cascade [254]. Such a 

system should allow to enhance the effect combining the two drug types and may 

underline the potential of such a carrier system for future application. 
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7.3 Materials and methods 

7.3.1 Materials 

Mesoporous silica nanoparticles with a pore size of 4 nm and a diameter of 200 nm 

as well as curcumin, branched polyethyleneimine (bPEI) 25 kDa, L-leucine and 3-

aminopropyltrimethoxy silane (APTS) were purchased from Sigma Aldrich 

(Steinheim, Germany). Dextran sulphate 10 HS was purchased from TdB Labs 

(Uppsala, Sweden). Nuclepore® Track-Etched Membranes with a pore size from 

0.1 µm and 3 µm in diameter were purchased from Whatman plc (Kent, UK). RPMI-

1640 cell culture medium, Hanks’ Balanced Salt solution (HBSS), dimethyl 

sulphoxide (DMSO), phorbol 12-myristate 13-acetate (PMA), lipopolysaccharides 

from Escherichia coli (LPS), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) and ethidium bromide solution were obtained from Sigma Aldrich 

Life Science GmbH (Seelze, Germany). Foetal calve serum (FCS) was purchased 

from Lonza (Basel, Switzerland). Nuclease-Free Water, TNF alpha Human ELISA 

Kit and tetrahydrofuran were obtained from Thermo Fisher Scientific Inc. 

(Darmstadt, Germany). Silencer® Pre-designed siRNA (Sequences: Sense (5´-

GGACGAACAUCCAACCUUCtt-3´) Antisense (5´-

GAAGGUUGGAUGUUCGUCCtc-3´)) was purchased from Ambion Inc (Austin, 

US). Silencer™ Select Negative Control No. 1 siRNA (Sequences: Sense (5´-

UAACGACGCGACGACGUAAtt-3´) Antisense (5´-

UUACGUCGUCGCGUCGUUAtt-3´)) used as negative control for siRNA 

(scrambled siRNA) was purchased from Invitrogen™ (Carlsbad, US).  

 

7.3.2 Rhodamine B functionalization of mSNP for visualization 

In order to improve detection and quantification of the colourless nanoparticles in 

various experiments, a fluorescent dye was added. Therefore 3-

aminopropyltrimethoxy silane (APTS) was covalently bound to the hydroxy groups 

on the surface of the silica particles [255]. Previously, the primary amine group of 

APTS was bound with the carboxy group of rhodamine B to form an amide. This 

amide was then intended to functionalize the surface of the nanoparticles by 

covalently attaching the rhodamine B silane to the surface via the methoxy silanes. 
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For this, a 3 % rhodamine B solution in chloroform was prepared and mixed with 

APTS. This mixture was heated for 30 min to 60 °C under stirring. The remaining 

chloroform was then evaporated, the residue dissolved in ethanol and adjusted to 

pH 3.5 using 0.5 N hydrochloric acid. The resulting solution was then allowed to 

react for 1 h while stirring. Subsequently, mSNPs were mixed in a ratio of 1:10 with 

the prepared solution and incubated for 6 h while shaking in a thermal mixer at 

60 °C. The suspension was then washed twice with ethanol, till no unreacted 

fraction of rhodamine B was present [256]. The result was fluorescent, violet-stained 

nanoparticles with an excitation wavelength of 545 nm and an emission wavelength 

of 567 nm. 

 

7.3.3 BET measurement to evaluate pore volume and loading with 

curcumin 

The measurement of the adsorption isotherm after Brunauer, Emmett and Teller 

(BET) determines the monolayer concentration of an adsorbed gas on the sample 

surface. From this value the specific surface of the sample can be determined. The 

physical adsorption observed is based on Van-der-Waals interactions between the 

adsorbed gas molecules and the adsorbing sample surface. Usually, nitrogen is 

used as adsorption gas in this method, as far as the temperatures and the sample 

allow it. The specific surface area determined in a BET measurement also includes 

the surface area of pores in porous materials and is therefore in relation to the 

relative surface area. Gas adsorption thus enables the determination of the size and 

volume distribution of micropores. In addition, comparative measurements can be 

used to directly check loading tests and to determine the loading quantities. For 

sample preparation, the powder was first dried in vacuum at elevated temperature 

followed by the measurement at the boiling point of nitrogen. After recording at least 

three data points, the BET value can be determined using the BET adsorption 

isothermal equation (equation 5). The amount of adsorbed gas is correlated with the 

total surface area of the particles, including pores in the outer surface [257].  
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p

Va∙(𝑝0−p)
=

1

Vm∙C
 +  

C−1

Vm∙C
∙

P

P0
 (equation 5) 

 

p = Partial vapor pressure of the adsorbed gas in equilibrium with the surface at 77.4 

K (boiling point of liquid nitrogen) [Pa]. 

p0 = Saturation pressure of the adsorbed gas [Pa] 

Va = Volume of adsorbed gas under standard conditions (273.15 K and 1.013 × 105 

Pa) [ml]. 

Vm = Volume of the adsorbed gas, to enable monolayer formation on the sample 

surface [ml] 

C = Dimensionless constant related to the adsorption enthalpy of the adsorbing gas 

on the powder sample 

 

7.3.4 mSNP pore loading with curcumin 

To load the pores of the mSNPs, curcumin was dissolved in acetonitrile and 

subsequently nanoparticles were added to the solution. This suspension was first 

homogenized in an ultrasonic bath and then heated for 1 h at 90 °C and 500 rpm to 

evaporate the solvent. By reducing the volume of the solvent, the hydrophobic drug 

is forced into the pores of the nanoparticles, due to the increasing curcumin 

concentration by solvent evaporation. Only a small amount of the curcumin attaches 

to the hydrophilic surface of the nanoparticles and was removed by washing with 

water for three times. To confirm this hypothesis, this loading method was first 

performed with non-porous, non-fluorescently labelled silica particles. These were 

also subsequently washed three times with water yielding particles with no 

detectable fluorescence thereafter. 
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7.3.5 Determination of colloidal properties 

Zetasizer Nano ZS (Malvern Panalytical, Malvern, UK) was used to determine 

hydrodynamic diameter via dynamic light scattering. Here, the polydispersity index 

(PDI) was also determined describing the size distribution of the nanoparticles. The 

same device was used to determine the zeta potential according to the principle of 

laser doppler micro electrophoresis. For sample preparation, a stock solution of 

1 mg/ml was diluted 1:20 with MiliQ® water and measured three times with each of 

the three measurements including 12 runs. 

 

7.3.6 Preparation of cylindrical microparticles composed of mSNP 

To produce the nanostructured, cylindrical microparticles (microrods), the mSNP 

must first be assembled in a cylindrical shape. Therefore, a template-assisted 

approach was used [81, 96] to transfer the nanoparticles into a template membrane 

with a defined length and width of 10 µm and 3 µm. This shaping membrane was 

stretched into a filter holder system, which was sealed with a silicon ring and 

provided with a blocking membrane underneath the template membrane so that the 

mSNPs could remain in the defined pores of the template membrane, allowing only 

the water of the suspension to pass through the small pores (d = 0.5 µm) of the 

blocking membrane. A syringe containing 500 µl of a 1.5 mg/ml mSNP suspension 

was subsequently put on the top of the filter holder and then continuously injected 

with a flowrate of 100 µl/min into the pores of the template membrane by a syringe 

pump (Legato 210; KD Scientific, US). This process was repeated three times to 

achieve uniform filling. Afterwards, the template membrane was washed with a lint-

free tissue, to remove the particles on the top and bottom of the membrane. 

Since the particles are only loosely assembled and not connected strongly to each 

other in the pores, the layer-by-layer technique was used to increase the ionic 

interactions and thus stabilize the microrods [160, 258]. As polycationic substances 

branched polyethyleneimine (bPEI) was used and dextran sulphate was applied due 

to its negative charge. These substances were used because they offer relevant 

properties. Dextran sulphate is highly branched and thus yields many anionic groups 

due to the high number of sulphate groups per glycosyl unit (approximately 2.3) 

[259] and its biocompatible [260]. bPEI was used because this polymer has a strong 
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buffering capacity, which is described to promote osmotic swelling of the lysosome 

and thus destabilizes the membrane of the vesicle. Through this so-called "’proton 

sponge effect" the diffusion of the active ingredients into the cytosol shall be 

facilitated [162] allowing reaching the target in the cytosol [254]. In a first step, the 

template membrane with the infiltrated mSNP was added to 2% bPEI solution for 

12 min to allow the cationic polymer to adhere to the negatively charged surface of 

the nanoparticles. After a subsequent washing step with water, the membrane was 

placed in a 2% dextran sulphate solution for 12 min. After a second washing step 

this cycle of layering was repeated. A total of three double layers (PEI and dextran 

sulphate form one double layer) of the polymers was necessary to generate a stable 

formulation. To load the particles with siRNA, the dextran sulphate solution was 

replaced by an 0.05% siRNA solution in the last layering step. To release the 

stabilized formulation from the polycarbonate template membrane, it was dissolved 

in tetrahydrofuran (THF). The THF insoluble microrods were then centrifuged at 

6,500 g for 7 min and the supernatant containing dissolved polycarbonate was 

discarded. Washing with THF was performed five times in total and after the last 

step the inorganic solvent was evaporated, resulting in a dry powder. Since the 

oligonucleotide used is sensitive to nucleases, the entire production process was 

performed under aseptic conditions. 

 

7.3.7 Aerodynamic characteristics analysed by Next Generation Impactor 

Since the developed formulation was intended for inhalation into the lungs, the 

aerodynamic properties were determined. Therefore, a Next Generation Impactor 

(NGI) (Copley Scientific, Nottingham, UK) with standardized settings was used [9]. 

An M1A flowmeter (Copley Scientific, Nottingham, UK) was used to adjust a 

continuous airflow of 60 l/min ensuring aerosolization of the microparticles [178, 

179]. These were coated with L-leucine at the surface [261] before application to 

reduce hygroscopicity [176] and increase surface roughness to improve flight 

characteristics [262, 263]. Approximately 3 mg of the coated formulation was then 

filled into a capsule, placed in a HandiHaler® (Boehringer Ingelheim, Ingelheim, 

Germany) and punctured. An air flow of 60 l/min was then generated for 4 s by a 

vacuum pump (Erweka, Langen, Germany) to aerosolize the formulation into the 
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NGI. The particle concentrations in each stage were then analysed using a 

microplate spectrophotometer (TecanReader® infinite M200, Tecan, Männedorf; 

Switzerland) to determine the Mass Median Aerodynamic Diameter (MMAD), Fine 

Particle Fraction (FPF) and Geometric Standard Deviation (GSD). The calculation 

of these values was done analogous to Abdelrahim et. al. [180] as already described 

in different publications [28, 181]. 

 

7.3.8 Differentiation of human monocytes (THP-1) into macrophage like 

cells 

To determine the interaction between the developed formulation and 

immunologically active cells, the human monocytic cell line THP-1 was used. In a 

first step, this cell line must be differentiated into M0 macrophage-like cells. 

Therefore, the cells were incubated with a mixture of RPMI 1640 medium with an 

addition of 10% fetal calf serum (FCS) and 50 ng/ml phorbol 12-myristate 13-acetate 

(PMA) for three days in a humidified atmosphere of 5% carbon dioxide at 37 °C. 

Afterwards the cells were washed twice with HBSS and supplemented with medium 

without PMA. The cells resulting from the differentiation process represent a M0 

macrophage-like cell line (dTHP-1) [220]. As the method is well established, the 

successful differentiation was only monitored by light microscopy evaluation of the 

form of the cells and the fact that they turn into adhesive cells growing on the 

support.  

 

7.3.9 Human alveolar basal epithelial cell line A549 

Since not only immunologically active cell types interact with the formulation during 

pulmonary application of drug delivery systems, the A549 cell line was used as 

model for type II pulmonary epithelial cells to analyse possible reactions [264]. To 

cultivate the cells, they were incubated with RPMI 1640 medium with an addition of 

10% FCS in a humidified atmosphere of 5% carbon dioxide at 37 °C. 
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7.3.10 Determination of cell viability by MTT assay 

To get a first impression of how the cells interact with the developed formulation, a 

cytotoxicity test was performed. For this study, the 3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazoliumbromid (MTT)–Assay was applied to determine colourimetrically 

the metabolic activity of the cells after incubation with the drug delivery system [265]. 

For this, the cell lines A549 and dTHP-1 described above were cultivated in 96-well 

plates with a concentration of 2*104 cells per well. Subsequently, the cells were 

incubated for 4, 24 and 48 h with a particle concentration of 10, 50 and 100 µg/ml. 

To obtain these concentrations the formulation was redispersed and diluted in RPMI 

1640 + 10% FCS. After different periods of time the supernatant was removed and 

replaced by MTT reagent incubating for 4 hours. In a final step, the supernatant was 

removed and replaced with DMSO to dissolve the resulting formazan crystals. Cell 

viability was then determined by measuring the absorbance at 550 nm after 20 min 

using microplate spectrophotometer. Untreated cells grown in medium and Triton-X 

treated cells were used a negative and positive control.  

 

7.3.11 In vitro release of siRNA and curcumin under phagolysosomal 

conditions 

When incubating cells with particles, usually not 100% of the active ingredient is 

released in time [266]. Therefore, it is unclear what amount is available for drug 

action. Consequently, a release study in phagolysosomal simulant fluid (PSF) [221] 

was performed to determine the amount of released drug in a phagolysosomal-like 

milieu for correlating the results with the later performed Enzyme Linked 

Immunosorbent Assay (ELISA) for cytokine determination. For the procedure, the 

formulation was placed in different micro reaction tubes under sink conditions and 

incubated at 37 °C with gentle shaking for 1; 2; 3; 4; 6; 24 and 48 hours. To analyse 

the released amount, the tubes were centrifuged at 24,000 g for 30 min. The 

resulting supernatant was then analysed using a microplate spectrophotometer. To 

determine the curcumin content, the supernatant was mixed 1:1 with ethanol to 

facilitate dissolution of the compound and measured at λex= 430 nm and 

λem= 535 nm. For quantification of the released oligonucleotides, the supernatant 
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was mixed with ethidium bromide followed by fluorescence measurement at 

λex= 526 nm and λem= 605 nm [267]. Each value was determined as independent 

triplicate. 

 

7.3.12 Quantification of TNF-α release by Enzyme Linked Immunosorbent 

Assay (ELISA) 

To detect the influence of the developed formulations on the cytokine release 

(TNF- a) of the macrophage-like dTHP-1 cells after induced inflammation by 

lipopolysaccharide (LPS), an ELISA was performed [268]. 200,000 THP-1 cells 

were seeded per well in a 24-well plate and differentiated with PMA to M0 

macrophages as described in the section above. Subsequently, the cells were 

incubated with 500 µl of the different microrod formulations and a concentration of 

40, 200 and 400 µg/ml for 2 days at 37 °C in a humidified atmosphere of 5% carbon 

dioxide. These concentrations represent the same concentrations per cell as used 

in the cytotoxicity assay. After incubation, the supernatant was discarded and 

replaced by 500 µl of 200 µg/ml LPS from Salmonella typhimurium for 6 h to induce 

inflammation of the macrophages leading to an increased release of 

proinflammatory cytokines like TNF-α [269]. The resulting supernatants were then 

centrifuged at 200 g for 10 min to remove cell residues and finally analysed by 

ELISA for the cytokines. As positive control (PC) dTHP-1 stimulated with LPS for 

6 h without treatment where used. Untreated cells served as negative control (NC). 

Further controls included the plain drugs curcumin and siRNA without carrier 

system, as well as scrambled siRNA with and without carrier were used to exclude 

possible unspecific reactions with oligonucleotides. 

 

7.3.13 Scanning electron microscopy for analysis of rod morphology 

Morphology of the nanostructured microrods was determined by scanning electron 

microscopy (SEM). For visualization, a Zeiss Evo HD 15 Electron Microscope (Carl 

Zeiss AG, Jena, Germany) was used, equipped with a Lanthanum hexaboride 

(LaB6) cathode. To prepare the samples for the measurement, the microrods were 

redispersed in water and a few drops of the suspension were placed on a silica 
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wafer and left to dry. These samples were then sputtered with an approximately 

10 nm thick gold layer using a Quorum Q150R ES sputter coater (Quorum 

Technologies Ltd., East Grinstead, UK) to minimize surface artifacts and allow high 

magnifications [270]. The images were taken at a voltage of 5 kV and a 

magnification of 15 kX. 

 

7.3.14 Confocal laser scanning microscopy for particle visualization 

In addition to SEM visualization, confocal laser scanning microscopy (CLSM) 

(LSM710, Carl Zeiss AG, Jena, Germany) was used to characterize the morphology 

of the microrods. Therefore, the formulation was redispersed in water and dropped 

onto a glass slide and covered with a cover glass. To visualize the Rhodamine B-

labelled microrods λex= 545 nm and λem= 567 nm were used, for curcumin 

λex= 440 nm and λem= 542 nm and for the siRNA stained with ethidium bromide 

λex= 526 nm and λem= 605 nm. For the measurement, a water corrected objective 

M27 was used with a magnification objective of 40x and a numerical aperture of 1.2. 

 

7.3.15 Statistical evaluation 

Two-sided Student´s t-test from Excel 365 software was used to check for 

significance between two measurements. A significant change was adopted for 

p < 0.05. 
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7.4 Results 

7.4.1 Particle characterization 

In a first step, the manufactured formulation of nanostructured, cylindrical 

microparticles (microrods) consisting of 260 nm mesoporous silica nanoparticles 

(mSNPs) were characterized by observing the morphology using SEM and CLSM. 

Therefore, unlabelled nanoparticles were stained with rhodamine B to generate a 

fluorescence signal for CLSM imaging on the one hand and to be able to perform 

quantification by fluorometry in the NGI experiments on the other hand. Due to the 

large number of hydroxy groups on the surface of the mSNPs and the resulting 

strongly negative zeta potential of - 40.03 ± 0.80 mV (Table 4). These groups are 

well suited for chemical modification of the surface [271]. Commonly 3-

aminopropyltrimethoxy silane (APTS) is used as a coupling agent preparing the 

surface of silica nanoparticle to be stained with dyes [255]. As demonstrated in 

table 4, surface modification with APTS led to a change in zeta potential to 

36.07 ± 0.57 mV, which turns less positively charged after coupling rhodamine B to 

the amino groups (22.70 ± 1.06 mV), but is still sufficient to be coated during the 

layer-by-layer procedure. The size of the particles remains constant due to the 

modification of the surface, with a small decrease after covalent binding of 

rhodamine B. This phenomenon can be explained by the fact that rhodamine B 

reduces the polarity of the particles, which results in reduced water association at 

the surface of the particles and therefore to a decrease in the hydrodynamic 

diameter [272].  

 

Table 4: Hydrodynamic diameter, PDI and zeta potential of the unmodified mSNPs, covalently bound 
APTS and with rhodamine B and APTS modified mSNPs. The numbers presented show, that APTS 
modification leads to a change of zeta potential from negative to positive values without influencing 
the hydrodynamic diameter. 

 

After staining, the mSNPs were used as building blocks for the microrods. In the 

beginning, an unloaded batch was produced to verify the process of staining and 

unmodified mSNPs APTS modified mSNPs rhodamine B + APTS modified mSNPs

hydr. diameter [nm] 262.13 ± 3.98 263.23 ± 1.33 245.8 ± 2.97

PDI 0.102 ± 0.013 0.045 ± 0.022 0.084 ± 0.068

zeta potential [mV] -40.03 ± 0.80 36.07 ± 0.57 22.7 ± 1.06
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subsequent stabilization by the layer-by-layer technique to the microrods. As 

illustrated in Figure 32, the formation of such nanostructured cylinders could be 

successfully achieved as demonstrated by SEM (Figure 32A and B). The successful 

modification with the fluorescent probe is clearly visible by CLSM showing the 

respective cylindrical form of the particles (Figure 32C). Both images depict 

cylinders in the expected size rage. The template-assisted approach allowed to 

produce the microrods with a defined length of 10 µm and width of 3 µm. The 

microparticles seem to assemble in larger arrangements and piles as obvious from 

the SEM micrographs due to drying. Looking at redispersed conditions in aqueous 

environment, it can be clearly seen that the particles are not agglomerated but well 

separated from each other. Neubauer counting chamber was used to determine the 

number of particles per membrane, resulting in 6 x 106 rods per membrane. The 

length-width ratio (aspect ratio) chosen here is 3.3, which is assumed to delay 

uptake of the particles into macrophages compared to spherical particles [102]. This 

prolongation of internalization favours longer retention in the lungs and slower 

degradation of the active ingredients, thus increasing effectiveness [95]. 

 

 

Figure 32: The microparticle formulation composed of mSNP functionalized with rhodamine B 
visualized (A) and (B) by SEM and (C) by CLSM. In all three images, the cylindrical shape can be 
seen. In (A), the particles are not well dispersed due to drying effects. With an higher magnification 
used in (B), the nanostructure of the formulation is visible. (C) The formulation was visualised by 
CLSM with λex= 545 nm, λem= 567 nm, dispersed in water. The homogeneous particle dispersion is 
clearly visible, and the fluorescent signal indicates that the functionalization with rhodamine B was 
successful. Representative sections were used for all images. Scale represents 10 µm for (A) and 
(C) and 1 µm for (B). The brightness of the CLSM image (C) has been increased for better visibility. 
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7.4.2 Evaluation of aerodynamic properties by Next Generation Impactor 

After verifying the morphology of the fluorescently labelled microrods, the flight 

characteristics were determined by NGI. The determination of these parameters is 

of interest to get an estimation if the formulation may be able to reach the deep lung. 

To enable deposition in the deep lung, an aerodynamic diameter of 1-5 µm need to 

be realized [183]. For the microrod formulation an MMAD of 2.85 ± 0.44 µm was 

determined, which favours deposition in the deep lungs [223]. The percentage of 

mass for particles < 5 µm, represented by the FPF [12], is with a value of 

32.86 ± 2.93% in an acceptable range compared to many commercially applied 

DPIs [16]. This value is mainly promoted by coating with L-leucine, which reduces 

hygroscopicity and increases surface roughness, resulting in a powder with less 

agglomeration and better flow properties [176, 262, 263].  

Having a closer look to the MMAD of the microrods it is evident, that the value of 

2.85 µm is lower than both length and width of the particles. This is in accordance 

with the equation below, correlating the aerodynamic diameter with the volume 

equivalent sphere [88, 89]. 

 

𝑑𝑎 =  𝑑𝑣𝑒 √
1

χ
 
𝜌𝑝

𝜌0
 
𝐶𝑐(𝑑𝑣𝑒)

𝐶𝐶 (𝑑𝑎)
. 

 

da = aerodynamic diameter 

dve = volume equivalent diameter 

χ = dynamic shape factor 

𝜌𝑝 = particle density  

𝜌0 = standard density 

Cc(dve) = Cunningham slip correction factor of the volume equivalent diameter 

Cc(da) = Cunningham slip correction factor of the aerodynamic diameter 

 
The important parameter in this equation for aspherical particles is the dynamic 

shape factor . Calculating this factor according to Sturm [6] results in a value of 

1.47 for an aspect ratio of 3.3. This means, that in comparison to spherical particles, 

where  is equal to one [88], while keeping the other parameters of the equation 

constant, the value under the root decreases leading to a lower aerodynamic 
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diameter (da) for the same volume equivalent diameter (dve). This value underlines 

the advantageous properties of the nanostructured cylinders for aerosol application. 

Looking at the aerodynamic parameters with an MMAD of 2.85 ± 0.44 µm and an 

FPF of > 30%, they are found in the relevant range for deep lung deposition and 

thus enabling lung application [182-184]. 

 

7.4.3 Drug loading and release kinetics 

The microrods were loaded with two different drugs exerting anti-inflammatory 

effects to generate a combined and enhanced biological effect in comparison to one 

drug alone and thus the inhibition of TNF-α release after inflammation was stronger. 

Therefore, curcumin was loaded into the pores of the mSNPs, as they create a 

protective environment [247] which leads to a slower degradation of this instable 

drug [273]. To determine the highest possible loading of the pores, a BET 

measurement was performed. A pore volume of 0.1675 ± 0.0089 cm3/g was found 

leading to a possible loading of approx. 22% loaded mass of curcumin with respect 

to the particles weight. For the preparation, the amounts were chosen in such a way, 

that a load of 20% [m/m] would be theoretically achievable. 

The siRNA was adsorbed to the surface of the microrods during the stabilization 

step using the layer-by-layer technique. In a first step, the loaded formulation was 

visualized with both SEM and CLSM, as the curcumin is fluorescent, and the siRNA 

used was stained with ethidium bromide. As shown in Figure 33, curcumin (C) and 

siRNA against TNF-α (D) can be visualized fluorometrically. The signal obtained 

indicates that the entire formulation is homogeneously loaded with both substances. 

When looking at the morphology under the SEM (Figure 33A and B), the 

nanostructured, cylindrical shape of the microrods can be seen without affecting the 

stability. 



Cylindrical microparticles composed of mesoporous silica nanoparticles for the targeted 
delivery of a small molecule and a macromolecular drug to the lungs: exemplified with 

curcumin and siRNA 

 
96 

 

 

After successful loading, the release kinetics of the drugs were investigated. 

Therefore, an artificial phagolysosomal fluid (PSF) was prepared [221]. This medium 

was chosen for the in vitro release as the microrods are phagocytized by 

macrophages due to their size [274] after reaching the lungs. Looking at the release 

kinetics in Figure 34, the siRNA shows a sustained release whereas the curcumin 

exhibits a delayed release. These release profiles correspond to the expected 

results, as the siRNA is directly available due to its localization on the surface of the 

microrods and thus offers a large area to be detached, whereas the curcumin is 

Figure 33: The curcumin and siRNA loaded formulation under the SEM (A) and (B) and CLSM (C) 
and (D). (A) The SEM image shows that neither the stability nor the morphology of the microrods are 
affected by drug loading. (B) Here, the nanostructure as well as the cylindrical shape is visible. (C) 
Visualization of curcumin fluorescence of λem= 542 nm was realized after excitation at λex= 440 nm. 
Here the homogeneous loading of the mSNPs can be seen (D) To visualize the double-stranded 
siRNA used for CLSM measurement, the formulation was treated with ethidium bromide to generate 
an intercalation, which allowed the detection of a signal at λex= 526 nm, λem= 605 nm. The 
fluorescence is homogeneously distributed over the whole microparticle surface indicating a 
homogeneous loading along the particle. Representative sections were used for all images. Scale 
represents 10 µm for (A), (C) and (D) and 1 µm for (B). 
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protected twice from release, once by the hydrophobic environment in the pores and 

secondly by the polymer layers covering the mSNPs. Therefore, the amount of 

curcumin released was below the detection limit during the first 24 h and after 48 h 

at 15 µg/mg microrods, which is about 8% of the total dose. For siRNA, approx. 

540 ng/mg microrods were released, which is about 15% of the total amount. Thus, 

after 48 hours, the siRNA was released roughly twice as fast as curcumin. The 

release profile of siRNA, which is characterized by a step pattern consisting of a 

sharp increase in release leading to a plateau followed by a slower increase, is 

favoured by several factors. These are, on the one hand, the swelling of the polymer 

layers, as well as an ion exchange with the surrounding counterions and the 

detachment of the various layers. This influences the release of the different 

polymers and thus also of the siRNA, which results in the release pattern observed 

[275, 276]. 

The release time was only considered for 48 h, as this corresponds to the time of 

incubation of the dTHP-1 with microrods before the ELISA experiment. This allows 

estimating the amount of drug released during the experiment. 
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Figure 34: In vitro release kinetics of siRNA (A) and curcumin (B) in PSF for 48 h at 37 °C under 
gentle shaking. The release profiles show that the two drugs release with different kinetics. The 
curcumin, which was located in the pores of the mSNPs and covered by various polymers, was only 
detected at 24 h. After two days 15 µg per mg rods were released, which is about 8% of the total 
load. The siRNA found on the surface of the microrods was released continuously with a final amount 
of about 540 ng per mg microrods after 48 h, which is about 15% of the load. For each time point 
three individual tests were performed and the mean values, as well as standard deviation was 
determined (n=3). 

A 
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7.4.4 Cell viability of alveolar basal epithelial cells and macrophages 

After the formulation was successfully loaded with the selected anti-inflammatory 

drugs, acute cytotoxicity was evaluated. Since during pulmonary application 

immunologically active cells as well as epithelial cells encounter the applied 

formulation, a toxicity test was performed on both A549 cells as model for alveolar 

epithelial cells as well as on dTHP-1 cells as macrophages. As illustrated in Figure 

35, the MTT assay showed no toxicity for 10 to 100 µg/ml up to an incubation time 

of 48 h. Here, the loaded microrods represents 20% curcumin loading with siRNA 

against TNF-α in the outer layer and the unloaded microrods are the formulation 

without any drug. The concentrations used per cell were chosen to provide the same 

conditions as in the ELISA performed subsequently. Since no toxicity was generated 

by the selected parameters, the formulation was used to determine the effect on the 

cytokine release. 
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Figure 35: Determination of cell viability after incubation of the human alveolar epithelial cell line 
A549 (upper graph) and the human macrophage cell line dTHP-1 (lower graph) with unloaded and 
curcumin + siRNA loaded microrods. Incubation times of 4 to 48 h were chosen with a concentration 
of 10, 50 and 100 µg/ml. These parameters were adjusted to those of the ELISA performed later to 
see if the conditions are suitable for cytokine determination, as toxicity would cause high cytokine 
levels. Up to 48 h incubation time, no relevant toxicity can be observed. 
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7.4.5 TNF-α quantification via ELISA 

The successfully prepared nanostructured microrods loaded with curcumin and 

siRNA showing no toxicity on relevant time scales allowed the investigation of the 

cytokine inhibition potential of the microrods. The dTHP-1 cells were grown in 24-

well plates with 2*105 cells per well and incubated with 500 µl of 400 to 40 µg/ml 

microrods suspension for 48 h to generate the same rod-to-cell ratio as in the 

previous MTT assay (no toxicity observed). Subsequently, the cells were incubated 

for 6 h with LPS to induce an inflammation and afterwards cytokine release was 

measured. In addition to the formulation loaded with curcumin and siRNA, further 

control groups were tested for TNF-α inhibition allowing to separate the effect of the 

different compounds. Therefore, microrods only loaded with curcumin as well as 

curcumin solution were tested: To exclude unspecific gene silencing by an 

oligonucleotide sequence, a scrambled siRNA with the same number of base pairs 

was used as control. Additionally, all drugs were used without carrier system, to 

check their behaviour with respect to cytokine inhibition. As positive control (PC) 

dTHP-1 were cultivated without LPS stimulation whereas for the negative control 

(NC), cells were only incubated with LPS for 6 h without any drug delivery system 

or drug applied. Comparing the results of the ELISA (Figure 36), the microrods 

loaded with both anti-inflammatory reagents were found to be most powerful and 

inhibit the TNF-α release significantly in comparison to the NC, as well as the loaded 

formulation with just one drug. Also, the unspecific siRNA and the pure drugs without 

carrier system had no influence in cytokine inhibition as expected. This 

demonstrates that loading the microrods with two drugs has a positive effect on 

TNF-α reduction and is significantly more effective than applying just one drug. 

Additionally, the results obtained show, that the developed nanostructured, 

cylindrical microparticles loaded with curcumin and siRNA is a drug delivery system 

with suitable properties to reduce inflammation reaction of macrophages in the 

lungs. The release kinetics only providing a small fraction of the loaded drug 

released after two days might be also a beneficial aspect for future in vivo studies, 

as inflammation will not just last 48 hours. 
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Figure 36: Determination of TNF-α release after incubation with different formulations for 48 h 
followed by LPS stimulation. As NC, cells were stimulated only with LPS without any carrier system, 
whereas the PC represents unstimulated cells. In order to compare the microrods loaded with both 
active ingredients (Rods Cur+siRNA) and the individually loaded microrods, a formulation containing 
only curcumin (Rods Cur) and only siRNA (Rods siRNA) were prepared and its influence on cytokine 
release determined. To exclude possible unspecific gene silencing by an oligonucleotide sequence, 
a scrambled siRNA with the same number of base pairs was used as an additional control. In 
addition, the drugs were applied to the cells without a carrier system to show the influence of the 
microrods as a means of transport. The results obtained show that the formulation with both active 
ingredients can significantly reduce the TNF release in contrast to the formulations with just one drug, 
or the active ingredients without carrier. Also, no unspecific inhibition by scrambled siRNA was 
observed. However, it can also be seen, that all microrod formulations can inhibit cytokine release, 
which also shows that the cylindrical microparticles can effectively transport the active ingredients 
into the macrophages. Significances were calculated by two-sided Student’s-t-test. * p < 0.05. 
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7.5 Discussion 

The manuscript described the stepwise production of a nanostructured, cylindrical 

microparticle system for pulmonary application, loading two anti-inflammatory drugs 

to reduce TNF-α release by human macrophage cell line THP-1. Mesoporous silica 

nanoparticles were used as building blocks of these microparticles as they have 

various positive properties in terms of drug delivery. Due to their large specific 

surface area and pore volume, high quantities of drug can be loaded into the pores 

and additionally this porous structure leads to an improved biocompatibility [277]. 

Another advantage of pore loading is the protection of unstable drugs such as 

curcumin due to the protective environment created in the pores [247]. This property 

was taken advantage of when loading curcumin, as this anti-inflammatory drug [278] 

is subject to rapid degradation [252] and thus should be transported as closely as 

possible to the target. After loading the mSNPs, they had to be moved to a next 

larger dimension, since the aerodynamic properties were not sufficient to reach the 

deep lungs [183]. To allow for formation of inhalable objects, the layer-by-layer 

technique was used to increase the adhesion forces of the nanoparticles to each 

other. Thus, a stable microparticulate formulation was generated. Various polyionic 

polymers can be used in this technique, but also biomolecules such as proteins, 

polypeptides and nucleic acids [279]. In the developed formulation, a specific siRNA 

against TNF-α was used as layering material to stabilize the formulation and to act 

at the same time as anti-inflammatory active ingredient. The delivery of siRNA faces 

many hurdles due to the chemical structure. The typically low stability, as well as 

the membrane impermeability caused by the polyanionic character are the biggest 

challenges [280]. As the target location of siRNA is the cytoplasm [281], branched 

polyethyleneimine was used as polycationic polymer for stabilisation, as this 

molecule has a strong buffering capacity, which promotes osmotic swelling of the 

lysosome and thus destabilizes the membrane of the vesicle, leading to a diffusion 

of the siRNA in the cytoplasm (proton sponge effect) [162]. A provision of siRNA 

and curcumin without the delivery system did not impact on the TNF-a secretion. 

However, the combination of both anti-inflammatory drugs with the developed drug 

delivery system showed a significant reduction in cytokine release, compared to the 
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individual agents. This suggests that the combination of such two drugs will allow to 

obtain stronger effects reducing the inflammatory status. 

The use of different particle shapes for drug delivery has been of increasing interest 

in recent years [14]. For lung application, a cylindrical shape is of interest, since on 

the one hand the aerodynamic properties are suitable for inhalation (as described 

in the manuscript) and on the other hand the particle-cell interaction is different to 

spherical particles. By changing the aspect ratio of the microrods, particle uptake 

into macrophages can be prolonged [174] which allows a sustained residence time 

of the formulation and the active ingredient. This was also demonstrated in vivo for 

cylindrical microparticles using plasmid DNA [96]. In addition, the surface of the 

cylindrical nanostructured microparticles is significantly higher than their spherical 

counterparts due to the large internal surface. This allows a larger amount of drug 

to be loaded. Thus, larger quantities can be transported to the target cell population, 

which is particularly important for siRNA delivery [282]. Especially the effective 

transport of siRNA into the lungs is still a major hurdle at present [283]. However, 

the data discussed above in terms of pulmonary deposition (NGI data) and the 

inhibition of TNF-a release (ELISA data) depicts an intriguing direction with respect 

to co-application as well as with respect to novel formulation approaches. 

 

7.6 Conclusion 

The delivery of curcumin and siRNA is difficult due to chemical properties of the two 

compounds. Therefore, it is important to develop suitable drug carrier systems to 

enable effective transport. Due to the rapid decay of curcumin, protection of this 

substance is particularly important. This was provided by the pores of the mSNPs 

and the protective environment formed there, as well as the polymer layers above. 

The loading, as well as the transport of siRNA to macrophages could be successfully 

evaluated resulting in a significant reduction of TNF-α. The combination of both anti-

inflammatory drugs proved to be the most efficient. Besides the positive biological 

results, the obtained aerodynamic characteristics with a MMAD of 2.85 µm and a 

FPF > 30% render a possible pulmonary application feasible using such systems. 

In summary, the developed nanostructured, cylindrical particle formulation is 

suitable for the transport of labile drugs and due to its flight properties, can enable 
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transport into the lungs. In addition, the formulation is non-toxic to both alveolar 

epithelial cells and macrophages and can significantly inhibit TNF-α release after 

inflammation with LPS, making it a potential alternative to a drug delivery system for 

the lungs. 
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8. Conclusion and perspectives 

The development of new oligonucleotide therapeutics has increased significantly in 

recent years, which is also reflected in the rising number of approvals. This highly 

potent group of drugs not only offers a more effective treatment method for various 

diseases, but also an opportunity to treat currently incurable diseases [135]. For this 

reason, it is all the more important that effective drug delivery systems are 

developed to enable efficient transport and thereby improve therapy [142]. 

In this work, the development of a delivery system for pulmonary administration was 

in focus to enhance the effectivity of drug transport to the lungs leading to an 

increased biological response. Special attention was paid to overcome the hurdles 

of oligonucleotide transport in order to generate the highest possible drug 

concentration in the target tissue. 

 

Therefore, at the beginning of the work, the focus was on the development of the 

carrier system. The existing template method was used to generate the specific 

cylindrical shape of the particles. In this process, the nanoparticles were 

interconnected with different polymers using the layer-by-layer technique to 

maintain the cylindrical shape after release from the template membrane. This 

stabilization method also had the advantage that the polyanionic oligonucleotide 

sequence could be loaded onto the surface of the rods without disintegration. 

However, this result was not self-evident, since an unmodified RNA sequence was 

used, which is characterized by high instability [31]. In addition, the polymer 

multilayers served as protection of the loaded drugs in the pores of mesoporous 

silica nanoparticles. Finally, to improve the flight properties of the microparticles, the 

prepared formulation was coated with L-leucine to reduce hygroscopicity and 

increase roughness to minimize interaction between particles. 

 

To address the first research issue of the thesis, the flight characteristics of different 

microrods with variations in the AR were analysed using NGI and were then 

compared to the data obtained for their volume equivalent spherical counterparts. It 

was shown that a change in shape and the associated shape factor χ significantly 

influence the aerodynamic properties. The AR plays a decisive role, especially for 
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cylindrical particles, which influences χ particularly at high length ratios. Thus, NGI 

experiments showed that for volume equivalent particles, the cylindrical 

microparticles with an AR of 3.3 had a 2.8-fold lower aerodynamic diameter 

compared to their spherical counterpart. This offers the potential that cylindrical 

particles with a large volume equivalent diameter can be used to reach the deep 

lungs, allowing a higher amount of drug to be delivered directly to the target organ 

due to the larger surface area. In addition, the design of the drug delivery system 

offers the possibility of loading the individual nanoparticles that comprise the 

formulation to achieve a further increase in drug quantity, making transport more 

efficient than using a spherical particle with the same aerodynamic properties. 

 

Based on these positive flight properties, the particle system could be characterized 

with respect to its biological properties. In this process, the loaded microrods were 

first characterized in terms of their morphology and loading. Here, the 

nanostructured surface could be imaged by SEM and the loading of oligonucleotides 

was visualized by CLSM. To ensure that the loading did not cause degradation of 

the chemical structure of the nucleotides, the sequence length was characterized 

by gel electrophoresis and Bioanalyzer® showing an intact structure after the 

production process. Based on this finding, quantification of phosphorus was 

performed by ICP-MS, which revealed an siRNA loading of 0.371% [%w/w]. Release 

kinetics were then performed in a phagolysosomal medium to estimate the amount 

of drug after different time points in the cell following uptake and whether nucleotide 

sequence detachment could generally be measured. Since a release was 

detectable, this demonstrated that the developed delivery system could be 

successfully loaded with an oligonucleotide without causing a degradation and, in 

addition, that a release occurs under biological conditions. These results were 

confirmed by subsequent determination of cytokine release from macrophages with 

and without the loaded drug carrier system after an inflammation was induced by 

LPS, where a significant reduction in pro-inflammatory TNF-α was obtained by the 

formulation in vitro. 

 

Nevertheless, prolonged incubation of the microrods in biological media leads to 

disintegration into small fragments and nanoparticles. However, this can be used to 
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specifically target epithelial cells, which are not able to take up microparticles and 

yet play a role in some chronic pro-inflammatory lung diseases like asthma, COPD 

and CF. The advantage is firstly the manufacturing method, which allows the 

individual nanoparticles to be loaded and also causes rapid absorption by epithelial 

cells due to the small size. Thus, the developed delivery system can address both, 

macrophages as microparticles and epithelial cells after disintegration. Which cell 

population to target can be achieved by changing the polymer layers. Decreasing 

the amount of layers also reduces the intraparticle adhesion forces, which leads to 

faster disintegration and thus favours the uptake in epithelial cells [284]. Increasing 

the number of polymer layers and the associated stability induces an increased 

uptake by macrophages due to the more resistant micron size of the particles. 

 

Since silica nanoparticles were used as a model in the first three sections to produce 

the microrods, the last part of the thesis consisted of using a more biocompatible 

building material to produce the cylindrical microparticles. Therefore, mesoporous 

silica nanoparticles were used because they combine different advantages as drug 

delivery system since they represent a special morphology and interesting chemical 

properties [246]. Due to the mesoporous structure, a higher loading can be 

achieved. Since the environment in the pores also changes due to the loaded drug, 

the drug is also protected from the external medium and the release kinetics are 

also altered [247]. This protection of the pore content can also be enhanced by 

coating the surface. Here, the high negative surface charge is helpful in adsorbing 

loaded polymers. Furthermore, a chemical modification of the hydroxy groups of the 

surface can be performed to change the characteristics of the particles as well as to 

stain them for visualization [285]. These properties of mesoporous particles were 

exploited in the last section to improve the previously developed delivery system. 

For this purpose, the system was loaded with two anti-inflammatory agents to 

promote a possible enhancement of the biological response. Here, the combination 

of the herbal immune modulating substance curcumin and a siRNA sequence 

against TNF-α proved to be very effective, eliciting a strong reduction of TNF-α 

release after induced inflammation in macrophages. Although the results obtained 

so far show a positive trend, further characterizations are still needed. In a next step, 

more cytokines (e.g., IL 1, IL 6) should be considered after incubation with the 



Conclusion and perspectives 

 
109 

 

formulation to evaluate the potential of inhibition in more detail. Additionally, the 

biological response in vivo should be investigated to verify the current in vitro data.  

The potential of mesoporous silica nanoparticles in terms of morphological and 

chemical conditions still give many approaches for modifying the release kinetics of 

the loaded pores. Several methods like pH triggering, surface coating and 

functionalization, as well as capping the pores with gatekeepers, represent possible 

opportunities for an altered release [286, 287]. Not only drug release can be 

influenced by modifying the surface, but also targeting of cell populations and 

enhanced biocompatibility could be induced by using different ligands like poly 

(ethylene glycol), poly (2-hydroxyethyl methacrylate), folate or antibodies [288]. All 

these modification possibilities need to be considered in further optimization of the 

developed formulation to better understand the system and define the limits in both 

technological and biological implementation. 

 

In the present thesis, an innovative drug delivery system for transporting 

oligonucleotides to the lungs was described. In this context, a possible addressing 

of the deep lungs based on the aerodynamic properties was demonstrated and the 

interaction with representative cell types was characterized. Since the developed 

carrier system was constructed from silica nanoparticles as a model substance, 

these had to be replaced with an alternative. Therefore, mesoporous silica particles 

were chosen, as they have similar chemical properties and also result in better 

biocompatibility. However, for future systems, a change to biodegradable and 

biocompatible polymers such as poly-l-lactic-co-glycolic acid or gelatine, as well as 

inorganic compounds like calcium phosphate should be sought to avoid toxic 

potential and side effects due to the chemical structure of silica. Another critical point 

is the low yield in the present production method. An in vivo application would 

require large amounts of the formulation, which would not be easy to realize due to 

cost and time constraints. This would have to be considered in future investigations. 

Nevertheless, the data obtained indicate that the developed innovative delivery 

system is a potential candidate for effective delivery of oligonucleotides, which may 

improve future therapies. 
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