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Preface

Preface

Microscopy has been an essential part of most scientific fields for centuries. The first true light
microscope was invented in the late 16th century. Over the years, microscopes have been
constantly developed and their resolution improved. These improvements led to discoveries that
humankind was unaware of, such as the existence of bacteria and cells. One of the greatest
innovations in microscopy and imaging was the switch from light to electrons in 1931 by Ernst
Ruska and Max Knoll, who built the first transmission electron microscope. Shortly afterwards Max
Knoll introduced the first scanning electron microscope in 1935 [1]. The importance of this
development was recognized in 1986 when Ernst Ruska was awarded the Nobel Prize in physics
[2]. The continuous improvement of microscopes and their impact on research has recently been
highlighted by two further Nobel Prizes. One was awarded in 2014 for the invention of super-
resolution microscopy techniques such as stimulated emission depletion microscopy (STED) and
single molecule microscopy [3], and the other in 2017 for the ability to image biomolecules at
atomic resolution using cryo-electron microscopy [4].

Pharmaceutics and drug delivery science require a wide range of microscopic techniques, as the
samples are heterogeneous in composition and size. Especially drug delivery is an interdisciplinary
field that combines materials science with biological targets such as cells, tissues, organs or model
organisms. This wide variety of samples is the basis for the application of numerous imaging
techniques [5].

In pharmaceutics, SEM holds a significant position, with its own dedicated section in the European
Pharmacopeia [6]. Given this importance, it is crucial to investigate and assess new developments
in electron microscopy. The need for new electron microscopy techniques arises from the fact that
new active pharmaceutical ingredients (APIs) are becoming increasingly complex and therefore
require more advanced drug delivery strategies. These new drug delivery systems need to be
characterized by suitable techniques to ensure that their structure and mode of action is addressed
properly. Electron microscopy techniques can help to assess the quality characteristics of drug
carriers and, in the case of nanomedicines, provide insights into their interactions with biological
targets.

In recent years, focused ion beam scanning electron microscopy (FIB-SEM) has been introduced
into drug delivery sciences [7]. Although its use is not yet widespread, its potential is promising.
These emerging techniques including FIB-SEM provide new analytical capabilities but also benefit
from advancements in sample preparation and contrast enhancement.
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Aims and scope

Aims and Scope

Drug delivery systems usually contain excipients composed of light elements such as carbon and
nitrogen, oxygen. These elements in particular make up the majority of active ingredients and
excipients resulting in no or minor differences in electron density. However, the materials can have
different affinities towards contrast-enhancing agents, so that it is possible to differentiate between
the various materials on the basis of the changes in electron density after contrasting. Cellular
delivery of nanomedicines using drug delivery systems face similar challenges. Common excipients
used for cellular delivery are composed of light elements and are thus nearly indistinguishable from
the surrounding biological material.

Resulting from this, the main objective of this work is the visualization of pharmaceutical excipients
in drug delivery systems and cells by electron microscopy using contrasting techniques. To achieve
this contrast enhancement strategies using osmium tetroxide as well as ruthenium tetroxide are
explored.

Neither contrast enhancement of drug delivery systems nor imaging of cellular ultrastructure after
nanoparticle treatment by electron microscopy are commonly imaged in the field of pharmaceutics.
These investigations will benefit our understanding of ultrastructural features of drug delivery
systems and cellular trafficking of drug delivery systems.

Since the topics addressed are very different from one another, this work has two general
introductions. One focuses on electron microscopy, sample preparation and contrast enhancement
and another focusing on the underlying biological processes of nanoparticle uptake, trafficking and
the organelles involved. Following this, each experimental section has its own chapter.

XIII






Basics of electron microscopy

1. Basics of Electron
microscopy



Basics of electron microscopy

1.1. General principle

Electron microscopy is a technique in which a focused beam of electrons is used to produce images.
When imaging with electrons, the resolution is not limited by the diffraction limit of the light, so
that even smaller objects can be imaged. Although the traditional resolution limit of 0.2 pm set by
Abbe for light microscopy has been surpassed by modern light microscopy techniques [8], electron
microscopy exceeds even these super-resolution techniques in terms of resolution.

Since all electron microscopic images in this thesis were taken using scanning electron microscopes,
the functionality of each technique will be explained based on SEMs as modern SEMs are also
capable of transmission measurements. In short, an SEM consists of a sample chamber, usually
under high vacuum, an electron gun generating a certain amount of electrons at a certain speed, an
electron column focusing the electron beam and scanning it across the sample, and certain
detectors to collect the electrons.

1.2. From source to sample

The electron source generates the electrons required for beam formation. The resolution is
determined, among other things, by the electron source. Standard SEMs operate with thermionic
electron sources from which the electrons are emitted into the vacuum by heating (approx. 2800
K). These emitted thermo-electrons are then accelerated to a desired energy by the anode. The
typical thermionic electron sources are tungsten filaments or lanthanum hexaboride crystals. More
expensive electron microscopes work with field emission sources in which the electrons are drawn
out of the emitter by a magnetic field. These sources offer better resolution. Microscopes that use
these sources are called field emission scanning electron microscopes (FE-SEM). Within FE-SEMs
a distinction can be made between Schottky emitters and cold field emission. Schottky emission
electron guns operate at higher temperatures (1800 K), yet the electrons are emitted from the
source tip through the magnetic field. A cold-field emission gun emits electrons at room
temperature [9—13] (Figure 1).

Tungsten Filament LaBe/CeBg Crystal Tungsten Tip

| |
Thermoionic emission sources Field emission sources

Figure 1: Electron emission sources. , ‘ '
Thermionic sources consist of tungsten filaments or lanthanum hexaboride/cerium hexaboride
crystals. Field emission sources are nanometer sized tungsten tips. In case of Schottky emitters
these tips are coated with zirconium oxide.

The released and accelerated electrons pass through the electron column through a series of
apertures and electromagnetic lenses (Figure 2). The condenser lens together with the aperture
control the current and diameter of the electron beam. Following the aperture, the scanning coils

are used to scan the beam from point to point over the sample surface. Final focusing of the electron
2
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beam is performed using the objective lens. This process is similar for SEM and Scanning
transmission electron microscopy (STEM). These techniques only differ in electron detection,
which is explained in greater detail later. Generally, STEM is in most cases comparable to
conventional transmission electron microscopy (TEM).

SEM STEM
@ —— Electron source ——— @
v v
(e | (0 ) |
Ji Condenser lenses 4{
| [ | [ - |
== =——| — F FF— Aperture _— = =
B ——m | —— Scanning coil —— [ -

\Q 7/7 Objective lens | 7/
Back-scattered e ¥

- electron detector
,< 4 Secondary
@7 — electron detector
N ——— Characteristic X-rays
XY —— Sample

Scanning transmission electron Detector ————————— BE===—m===m—
High-angle annular darkfield
Darkfield

Brightfield

Figure 2: Essential components and detectors of SEM and STEM
SEM and STEM can be carried out in an SEM equipped with the appropriate detectors. Therefore,

both techniques are identical in the structure of the electron column and differ only in electron
detection.

1.3. Interaction of incident electrons with the sample

The energy of the incident electrons, measured in kilovolts (kV), determines the interaction volume
created when electrons hit the sample. This interaction volume increases as the average atomic
number of the material decreases. Additionally, the interaction volume increases with higher
electron energies. Depending on the microscopy method used, various signals can be generated
from this interaction (Figure 3). In bulk samples, interaction volumes can extend to several
micrometers in size [14], which can negatively impact the quality of the obtained images.

The interaction between the primary electrons from the electron beam and the nucleus of a sample
atom is elastic in nature. This scattering event is known as Rutherford scattering. Primary electrons
are attracted by the positively charged nuclei and their trajectory path gets deflected. This deflection
is further augmented with increasing atomic number. The primary beam electrons can change their
trajectory path after one or numerous scattering events significantly. Such events can cause the
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electrons to leave the sample surface in the direction from which they came, retaining most of their
energy. These electrons are called back scattered electrons (BSE) [15].

Inelastic scattering events from primary electrons with electrons from the electron clouds can result
in the release of a valence electron. These electrons are low in energy and thus can only be released
by the sample from the topmost layers. Such electrons are called secondary electrons (SE). SE
generated in deeper layers cannot leave the sample and results in excited electron states. Ionized or
excited atoms quickly convert back to their initial states accompanied by the release of characteristic
X-rays or by the release of photons in case of cathodoluminescence [6,15]. The SE and BSE
typically used for imaging in an SEM.

2kV 10kV

Characteristic
X-Rays

Cathodoluminescence

Interaction volume

Figure 3: Interaction volumes at different incident electron beam energies and
generated signals . o . ‘
The higher the incident electron energies the larger the respective interaction volumes. Resulting
Jfrom the electron interaction several possible signals are generated which can be used for imaging.
The dark green dot is the region where SE are generated from, as only the topmost sample layers
release detectable SE. From deeper within the sample, resulting from several scattering events
BSE can be collected. The volume from which characteristic X-Rays or cathodoluminescence can
be collected is even larger. The larger the interaction volume the higher the negative impact on
possible resolution.

Samples that are sufficiently thinned as they are needed for transmission electron microscopy do
not show scattering events similar to imaging of bulk samples in SEM. Still electrons are deflected
at the samples atom nuclei with deflection dependent on the atomic number resulting in similar
processes of image generation. This results in increased resolution due to the high acceleration
voltages as well as smaller interaction volumes, due to the limited sample volume. The lower the
atomic number more electrons pass through the sample with minimal change in trajectory path

and the higher the atomic number the higher the scattering (Figure 4) [9,16].
4
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Figure 4: Schematic of 3 different materials with different atomic numbers.

The respective Atomic number increases from left to right from carbon (C) to copper (Cu) to gold
(Au). Cﬁange in trajectory paths of electrons (blue waves) is depending on c%)‘erent material
compositions. The higher the atomic number the higher the amount of scattered electrons as well
as increase in scattering angle.

1.4. Scanning electron microscopy

As stated earlier scanning electron microscopy is a techniques in which a surface of a sample is
scanned with an electron beam which allows to image morphological features of a sample like
surface structure or compositional features. Secondary electrons are used for surface imaging, as
they are generated directly at the sample's surface. For compositional analysis, backscattered
electrons are employed, as the amount of back scattered electrons generated from a sample region
correlates with the local average atomic number [14,15].

[ . Back-scattered electron detector

Secondary electron detector

seece do Samole

Figure 5:Schematic representation of SEM imaging and detector positions.

The beam of incident electrons hits the sample surface generating secondary and backscattered
electrons. SE are used for depicting sample morphology while BSE are used for imaging of
composition. The higher the average atomic number gy the area scanned, the more BSE are
generated. BSE detectors often come in circular form and can be inserted above the sample. Some
detectors can activate only certain ring segments, the closer the BSE to the inner rings e.g. closer
to the incident beam the higher their compositional information.

Sample size for SEM imaging is primarily limited by the microscope chamber and the holders used.
In pharmaceutics, typical sample sizes range from the nanoscale to a few centimeters. Sample
preparation involves fitting the sample conductively onto a holder. For non-conductive samples,
the surfaces are sputter-coated with a thin metal layer, commonly gold, gold/palladium, or
platinum to render them conducting. The type of coating depends on the resolution of the
microscope; for field emission scanning electron microscopy platinum is often used due to its small

grain size, which typically remains unresolved under normal imaging conditions [17].
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Electron microscopes operate in high vacuum conditions, requiring the removal of all volatile
substances from the sample. Specialized instruments like Cryo-SEM function at cryogenic
temperatures, preventing the evaporation of most volatile substances. When biological samples are
imaged by conventional techniques under ambient conditions, they must be fixed and dehydrated.
Surface morphology of biological specimens can be analyzed by SEM after critical point drying or
the hexamethyldisilazane (HMDS) drying method [18,19]. The sample processing of biological
materials for SEM or EM in general will be discussed later in detail.

1.5. Scanning transmission electron microscopy
(STEM)

Scanning transmission electron microscopy (STEM) is similar in many ways to conventional
transmission electron microscopy (TEM), particularly in its application to samples in
pharmaceutics and drug delivery. However, differences can emerge when observing thicker
samples. One additional advantage of the STEM technique is that it can also be used within
scanning electron microscopes. For STEM to function in an SEM, the microscope must be equipped
with a suitable sample holder and a STEM detector. Normally for STEM investigations within a
SEM the microscope is operated at 30 kV as it is usually the kV limit within SEMs. In dedicated
STEM microscopes higher kV of 200 or 300 are common. To differentiate classical high kV STEM
from STEM performed within a SEM the technique can be further defined as STEM in SEM.

The STEM detector (Figure 6) enables different imaging modes. Usually differentiated into bright-
field (BF) imaging, dark-field (DF) imaging and high-angle annular dark-field (HAADF) imaging.
In transmission electron microscopy, electrons that pass through the sample are used for imaging.
These are primary beam electrons. Bright-field imaging uses nearly undeflected electrons, while
dark-field imaging utilizes deflected or scattered electrons. A dark spot in a bright-field (BF) image
will appear bright in a dark-field (DF) image, as both DF and high-angle annular dark-field
(HAADF) imaging primarily collect deflected electrons. Electron penetration is dependent on
electron energy, sample composition e.g. average atomic number and sample thickness. Sample
thickness is usually below 100 nm. Typical samples within pharmaceutics and drug delivery
suitable for STEM/TEM imaging would be nanosized particulates such as nanomedicines, viruses
or ultra-thin sections from resin embedded biological materials or polymers. Nanoparticle samples
can be dispersed onto TEM mesh grids covered with an electron-lucent polymer film. Bulk samples
need to be cut by ultramicrotomy if their physical state allows it. These prepared ultrathin sections
of around 70 nm are then placed onto TEM grids. Such bulk samples include epoxy resin embedded
biological samples or sections from polymers.

Thus, the requirements of sample size are limiting especially when restricted to 30 kV, as
accelerating voltage and sample thickness are intertwined. A certain electron energy is needed to
be able to pass through a sample of a certain size. These requirements only apply to a limited
number of samples within pharmaceutics.
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High-angle annular dark-field ‘
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Figure 6: Schematic of a STEM detector and detector regions used for certain
imaging approaches.

The ﬁft—%an side shows a schematic top view of a STEM detector with the respective detector
sections used in different imaging modes. The right-hand side %‘ the figure shows a schematic
representation of the STEM detector and how an electron beam (blue) can interact with different
detector sections.

1.6. Focused 1Ion Beam- Scanning Electron
Microscopy (FIB-SEM)

The distinguishing feature of the FIB-SEM technique, compared to standard SEM, is its dual-beam
configuration. This device uses an electron beam for imaging and a focused ion beam (FIB) for
sample manipulation. Standard FIB-SEMs use a liquid metal ion source (LIMS) made from
gallium, but other sources are applicable as well [20—22]. Gallium ions are significantly heavier
than electrons, and thus their main purpose within such a microscope is for the most part not
imaging but sputtering of sample material as they are accelerated onto the sample surface. Since
the beam is finely focused this sputtering e.g. FIB-milling, could be performed with high precision
and at the exact point of interest. This enables the user to remove sample material, creating local
cross sections almost independent of sample composition. Besides this the FIB-milling could be
alternated with electron imaging as a tomography tool. Sample material can be removed as thin as
5-10 nm, with each section revealing a new “slice” image which is captured by the electron beam.
Since the slice thickness is known, the images can be aligned, segmented and reconstructed into a
3D-Model, which can be analyzed by quantitative means. To prepare cross sections or perform
FIB-SEM tomography the region of interest is placed at the eucentric point, which is the point of
the microscope were electron beam and focused ion beam image the same point. Usually this
involves the tilting of the stage to a certain degree depending on manufacturer (52° for Dualbeam®
devices by Thermo Fisher) or sample pretilt at a specific working distance. If the sample is sensitive
to ion beam damage, a protective platinum pad can be applied. This pad is created through FIB-
assisted chemical vapor deposition (CVD) of an organo-platinum compound (e.g., trimethyl-
methylcyclopentadienyl-platinum). Under the high-vacuum conditions of the microscope
chamber, this compound is volatilized by heat and introduced to the region of interest via a gas
injection system. The ion beam then decomposes the organic framework of the compound,
depositing platinum locally in the selected area [23].

In terms of sample preparation, the FIB-SEM technique requires only the standard steps for SEM
preparation, and in terms of imaging, it offers the functionality of an SEM. When biological samples
are about to be investigated by FIB-SEM, the samples need to be processed like TEM samples,
except that the resin block could be imaged without the immediate need for microtomy. In terms

7
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of contrasting and staining of biological samples, they usually need more intense staining’s
compared to transmission based electron microscopy techniques but similar to other SEM based
techniques for volume imaging like serial block face imaging [7,24—-26].

Depending on the sample dimensions or the imaging goal, certain preparatory steps may be
required.

1.6.1. Small or particulate samples

If the structure is directly exposed and visible, it can be milled directly as it is not obscured by the
embedding resin or the sample material itself, which could be the case when examining an area
within a bulky sample such as a tablet. This direct accessibility is often the case when dealing with
particulates in a suitable size range or biological samples prepared using a minimal resin
embedding process [27]. Producing a cross-section for qualitative analysis, cross sections of around
100 pm might still be acceptable. However, smaller volumes are preferred for FIB-SEM
tomography (Figure 7). For the tomography function usually lower ion doses are needed resulting
in increased milling time for each section to be cut resulting in imaging times which can easily
exceed 24 hours.

Electron
column

B‘ Focused lon Beam Image | C Electron Beam Image

det %, WD PW dwell curr HV HFW det mode

00 ns _ 30.00 kV 635um HOmm 25 nA ETD 4.1 mm 20.7 nm 150.00 ns 0.34 nA 1.50 kV 63.5 ym TLD BSE

Flgure 7 Schematic of FIB-SEM imaging of a particle.

Section A 1s showcasing the alignment of the sample stage, the sample and the corresponding
columns for the FIB and the SEM. Micrograph (B) is displaying the image formed by the ion-beam
a7d section C is the cross-section imaged by the SEM. Modified from [7/] with permission from
Elsevier.

1.6.2. Large or bulky samples

Large samples such as tablets, implants, resin-embedded cells or tissue require additional
preparation steps with the ion beam. These samples usually require a trench, e.g. milling of the

8
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surrounding material, to facilitate visualization of the internal structures of interest. The front
trench allows the electron beam to access the sample cross-section and ensures unhindered signal
acquisition. The side trenches ensure that milled material does not redeposit on the cross-section,
which is particularly important for FIB-SEM tomography. The preparation of cross-sections,
especially for FIB-SEM tomography, in a bulky sample is inherently more time consuming as the
size of the trench correlates with the size of the area of interest (Figure 8).

Electron
column

B Focused lon Beam Image C Electron Beam Image

e
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- _ » =
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.00 n: n 2 4.0 mm 4.13 nm 10.00 ps 0.34 nA 2.00 kV 12.7 ym ICD None Uni Bonn

Figure 8: Schematic of FIB-SEM imaging of a bulky sample, in this case resin
embedded cells.

Section A shows the alignment of the sample stage, the sample and the corresponding columns for
the FIB and the SEM. Displayed is a resin block (yellow) withp embedded cells (blue) and a protective
platinum pad (black). Section B shows the FIB image with all necessary steps before the geginm’ng
of a FIB-SEM tomography run in a bulky sample. The square shaped block contains the volume of
interest surrounded by front and side trenches. The underlined X is the fiducial marker used to
align itself on. SEM micrograph C showcases the reveled cross-section of the embedded cell.
Modified from [7] with permission from Elsevier.

1.6.3. FIB-SEM lift-outs

An additional option of the technique is the preparation of lamellas. Here a section is cut out of the
region of interest using the ion beam. This section is then connected to a micromanipulator, a high
precision maneuvering devise in a needle shape. This lift-out is then thinned to an electron lucent
thickness suitable for transmission electron microscopy. The resulting section can be imaged within
the FIB-SEM using STEM or can be transferred to any suitable microscope.

1.7. Energy dispersive X-ray spectroscopy

Energy dispersive X-ray spectroscopy or EDS / EDX is a technique that can be carried out in the
SEM or TEM. It uses the release of characteristic X-rays that can occur after the impact of electrons

9
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striking the sample material. For characteristic X-rays to be generated, the energy of the electron
beam must exceed the critical ionization energy. This ionization energy is linked to an element and
its electron shells. As a result, this method can be used to determine which elements are present at
the respective point of electron impact, e.g. at the beam position. Based on this, it is possible to
analyze the elemental composition either at a specific point or in the entire area under investigation
in the form of an element distribution map using the EDS technique.

1.8. Contrast enhancement in Electron microscopy

1.8.1. General Principle

In soft matter materials science and biomaterials research, most substances consist of light
elements such as hydrogen, carbon, oxygen, nitrogen or perhaps traces of sulfur or phosphorus.
This fact is transferable for materials used in pharmaceuticals, where excipients or APIs are also
composed of these atoms. Some polymers or APIs may contain halogens such as fluorine, chlorine,
bromine or iodine, but in most cases in quantities too small to be easily identified by contrast,
especially using SEM. When structures of interest cannot be distinguished from other materials, it
may be possible to enhance the contrast by reacting them with electron-dense compounds
improving their visibility in the electron microscope.

In general, there are two different strategies for contrast enhancement, similar to light microscopy,
e.g. positive and negative staining techniques. In positive staining, the structure of interest is
directly stained due to an innate affinity of the contrasting agent for a particular structure. This can
be an ionic interaction, a complex formation or a direct covalent reaction with the structure of
interest. “Staining” or contrast enhancement in electron microscopy uses various heavy metal
compounds. This is possible because heavy metals or their various salts and compounds have a
high atomic number and therefore increase the scattering of electrons.

In the SEM, stained areas will appear brighter in micrographs generated by BSE or obtained by
HAADF-STEM. A positively stained structure will appear darker in bright-field STEM. If it is not
possible to stain a structure directly, the surrounding structures can be stained negatively. Negative
staining creates a darker contrast in the surrounding space around the structure and thus makes it
visible through a greater difference in electron scattering/deflection, as the sample itself is not
stained. Negative staining is a very common technique in TEM as the resulting images are usually
a 2D image (Figure 9). When working with biological samples uranyl acetate, lead citrate,
phosphotungstic acid or osmium tetroxide are commonly used. Electron microscopy in materials
science, especially for polymers, uses mostly osmium tetroxide and ruthenium tetroxide [16,28—
32]. In general, all high atomic number compounds are suitable to generate contrast but require a
certain affinity towards the structure of interest.

10
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Staining

Positive Negative Positive Negative

Figure 9: Schematic representation of positive and negative staining.

Schematic illustration of the difference between positive and negative staining in STEM/TEM
ima ing. Starting from indistinguishable particles, positive staining makes the structure itself
visible by introducing electrodense features into it, resulting in the creation of a “shadow” in the
schematic bright field image below. Negative staining produces a bright spot in the schematic
bright field image. This is due to the presence of the electron-permeable structure of interest at the
site, which allows higher electron penetration at that location. For successful negative staining the
structure of interests needs to be unaffected by the contrasting agent. The light blue waves resemble
electrons. The images below represent the generated brightfield images.

1.8.2. Osmium Tetroxide Staining:

1.8.2.1. Biological samples
Osmium tetroxide primarily targets cell membranes and other lipid-rich structures due to its
affinity towards unsaturated carbon double bonds. Additionally, caused by its reactivity with
hydroxyl, amino and thiol groups, it also interacts to some extent with proteins [33-35].
Osmification of tissues reduces lipid extraction during dehydration [33] since many lipids are at
least partly soluble in the organic solvents used. The contrast produced by osmium can be enhanced
by several osmification steps. This is achieved when bound osmium reacts with bifunctional
compounds such as thiocarbohydrazide [35—38]. Other suitable linkers include pyrogallol and
tannic acid. Cells and tissues are usually stained by submerging the sample in the staining solution.

1.8.2.2. Material science
When osmium tetroxide is used to stain drug carriers, contact with water can alter the structure of
the carrier system. This challenge appears also in soft matter materials science, which is why many
staining protocols developed for electron microscopy of polymers use osmium tetroxide vapor [39—
42]. The vapor pressure of osmium tetroxide crystals is reported to be 7 mm Hg (0.92 kPa) at room
temperature. Using osmium tetroxide crystals for generation of vapor allows for contrast
enhancement in the absence of any solvent. Since osmium tetroxide vapor is denser than air, it
tends to remain at the bottom of containers [43]. Osmium tetroxide vapor has a remarkable
penetration depth into materials and is highly lipophilic. Therefore, it is capable of staining bulk

material samples. It is expected that osmium tetroxide reacts faster with amorphous materials than
11
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with crystalline ones, as it is the case with ruthenium tetroxide. As shown by Bahr (1954) [34], the
reactivity of osmium tetroxide is not limited to carbon double bonds, but extends to various
structural moieties, indicating a broader potential application as a contrast agent in drug delivery.

1.8.3. Ruthenium Tetroxide:

Ruthenium tetroxide is similar to osmium tetroxide in terms of its physical properties, has a high
vapor pressure and thus enables samples to be stained with this vapor. Due to its high reactivity,
there is no commercially available material as it has to be produced in situ [44]. It has only a niche
application in contrasting biological samples, but vapor staining is an established method for
polymers [28,31,39,40,45—47]. Due to its high reactivity, it can even stain aliphatic hydrocarbon
chains. This allows most polymers and polymer blends to be analyzed. Amorphous regions of semi-
crystalline polymers show a higher reactivity towards ruthenium tetroxide than crystalline regions,
making spherulites and crystallites visible. Ruthenium tetroxide can stain bulk samples, but only
reacts with surfaces, which is why it is mostly used to stain ultra-thin polymer sections prepared
by ultramicrotomy [39].

1.9. Processing of biological samples for EM

Biological samples can be prepared by several methods for EM depending on the sample processing
these samples can be suitable for different EM techniques. The first steps usually include fixation.
Fixation is used to stop biological functions in place while maintaining structural integrity. The
most common method is chemical fixation with aldehydes, routinely using glutaraldehyde,
formaldehyde or combinations of them in buffered solutions. Even though chemical fixation is very
common, the gold standard of fixation is high-pressure freezing with subsequent freeze
substitution. For the most advanced techniques, electron microscopy under cryogenic conditions is
also applicable [48—50]. In the context of this thesis only conventional chemical fixation was used.
Following the fixation, the samples are contrast enhanced by electron dense stains. These
compounds are commonly heavy metals such as osmium- tetroxide, uranium acetate, lead citrate
or phosphotungstic acid. While the contrast agents mentioned are among the most commonly
used, there are many others that are used for more specialized applications. Frequently contrasting
agents are also combined with one another. Contrast enhancement might need several staining
steps, depending on the sample, research question or species. Following contrast enhancement,
samples need to be dehydrated using organic solvents mixable with water such as ethanol, acetone
or acetonitrile [33,51,52]. Up to this point most preparation protocols are largely similar.

1.9.1. Preparation for morphological investigations by

SEM

Starting from the beforementioned point, if cells are to be analyzed morphologically by SEM, the
organic solvents need to be removed by a solvent with no or low surface tension. This can be done
by critical point drying in a dedicated preparation system. This critical point dryer uses critical
carbon dioxide to remove the residual solvent [53]. Alternatively, it is possible to use
hexamethyldisilazane (HMDS) for this purpose, which does not require a dedicated device
[18,19,54]. The sample can be simply immersed in it, incubated for a few minutes and then the

HMDS can be removed and airdried. Following this step, the sample can be prepared as normal for
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SEM investigations e.g. glueing the sample onto a sample holder and sputter coating it if necessary
(Figure 10) [19,55,56].

1.9.2. Preparation for ultrastructural imaging by STEM,
TEM, FIB-SEM

Starting with a fixed, contrast-enhanced and dehydrated sample, the next step is to replace the
organic solvent with an embedding resin. The hardness of the resins can be tailored. Typical resins
include epoxy, acrylic or various polyester resins [57,58]. Once the sample is fully penetrated by
the resin, it is cured. These resin-embedded samples have either been prepared directly within
molds or capsules suitable for further sample processing, or they need to be cut into suitable pieces.
If the area of interest is already accessible, the sample can be used for FIB-SEM. For STEM and
TEM examinations or for samples where excess material needs to be removed beforehand,
microtomy is required. A sharp razor blade is used to remove coarse material before the sample is
transferred to a microtome or ultramicrotome. Microtomes are devices used for precise cutting,
while ultramicrotomes are capable of cutting sections from a sample smaller than 100 nm.
Ultramicrotomes work with diamond knives equipped with a boat filled with water. The thin
sections cut by the knife edge float on the surface of the water due to the surface tension. With the
help of a loop and the surface tension of the water, these ultra-thin sections can be transferred and
mounted on grids. These grids can then be used from imaging by STEM or TEM (Figure 10).
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10. Workflow used in this work

Normal cell culture routine. Cells prepared for morphological observations need to be
grown on a removable substrate such as a glass coverslip. J774A.1 cells used in this work
readily attach to uncoated glass, other cell lines might need a surface coating using polylysin
or fibronectin beforehand [59]. Cells for TEM or FIB-SEM can directly be grown inside the
plate (Figure 10 I).

After applying the cell culture routine/treatment, the sample needs to be washed with buffer
such as DPBS or cacodylate (Figure 10 II, III). Phosphate based buffers can form
precipitates with many heavy metals and contrast agents [33,60].

Chemical fixation by buffered glutaraldehyde,

Buffer washing step (Figure 10 IV)

Contrast enhancement using osmium tetroxide or osmium tetroxide/ferricyanide (Figure
10 V). Osmium tetroxide will stain unsaturated lipids in the membranes or other
unsaturated lipids present in organelles.

Buffer washing step (Figure 10 V) Samples for SEM investigation using the HMDS
technique were stopped at this point for dehydration but can potentially be further
processed if additional contrast enhancement is needed.

Incubation with further contrast enhancing substances. In Case of rOTO staining
thiocarbohydrazide is added to further enhances osmium contrast by adding a bifunctional
linker. Cells turn dark immediately after incubation due to reduction of bound osmium
tetroxide.

Buffer washing step.

Adding osmium tetroxide to react with bound thiocarbohydrazide further enhancing
contrast of already osmium enriched areas (Figure 10 VII). If residual amounts of
thiocarbohydrazide are present precipitation is likely to occur.

Buffer washing step.

Start of gradual dehydration by organic solvents (absolute ethanol in this work) (Figure 10
VIID)

Further sample processing for either SEM, FIB-SEM or STEM. In the case of SEM by
HMDS drying and in the case of STEM or FIB-SEM by epoxy resin embedding (Figure 11).
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Schematic representation of the steps needed to transform biological samples from dehydrated
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2.1. Endogenous uptake routes: Endocytosis

The uptake of active ingredients, such as drug molecules, can be achieved through various
mechanisms [61]. These uptake routes are particularly significant for nanomedicines, as they can
dictate the intracellular trafficking pathways. In general, the internalization of most nanomedicines
occurs via endocytic pathways. The major types of endocytosis are clathrin coated pit mediated
endocytosis (clathrin dependent endocytosis), fast endophilin mediated endocytosis (clathrin
independent but dynamin dependent endocytosis), caveolin based endocytosis and clathrin
independent and dynamin independent endocytosis [62] (Figure 12). Further internalization
routes capable of bulk uptake are macropinocytosis and phagocytosis (Figure 13).

Of all potential endocytic pathways, the caveolin based is the most unlikely and less understood
and will thus only be mentioned. The pathways displayed (Figure 12) have in common that their
first step after internalization is trafficking to the early endosome. From there the receptors and
cargo can be recycled back to the cell surface or passed on along the endocytic pathway. A clear
distinction between these pathways is challenging and not always possible as the processes can be
intertwined. Additionally, a blockade of a presumed pathway can lead to upregulation of other
pathways or inhibitors can have many off target effects [62—64] . Nevertheless, the typical
endogenous internalization mechanisms will be briefly outlined.

2.1.1. Clathrin dependent endocytosis

This pathway occurs within all mammalian cells and is involved in the uptake of nutrients e.g. iron
via transferrin or cholesterol via lipoproteins such as low density lipoprotein. After binding,
receptor phosphorylation triggers recruitment of adapter proteins (AP2) which recruit clathrin and
form a clathrin coated pit. Following the invagination of the pit, the sphere is laced off by dynamin.
A clathrin coated vesicle is within the size range of 100 nm. The clathrin coat of such vesicles can
be displayed within an electron microscope [62,65].

2.1.2. Clathrin independent, dynamin dependent

endocytosis

The clathrin independent, dynamin dependent endocytosis pathway is also named fast endophilin-
mediated endocytosis (FEME) pathway. It is an established endocytic pathway for receptors such
as the adrenergic-, dopaminergic receptors and muscarinic receptor 4, some receptor tyrosine
kinases of growth factors as well as the interleukin-2 receptor [64]. It is a rapid process which forms
invaginated vesicular structures of 60 to 80 nm in widths and up to several 100 nm in depth.
Formation is triggered up on activation of the receptors following recruitment of endophilin.
Dynamin is involved in lacing off the structure from the membrane.

2.1.3. Clathrin-independent/dynamin-independent
endocytosis

This process was shown to exist in drosophila and fibroblast cell-lines [62,66]. It is involved in the
uptake of abundant surface receptors, such as hyaluronic acid receptors. Endocytosis is
independent from ligand binding to the receptor. Internalization is triggered by lectins e.g. galectins
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of glycosylated proteins which cause clustering of proteins before internalization. Actin is involved
in the process of internalization.
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Figure 12: Overview of different types of endocytosis.

Schematic representation of endocytosis pathways and the involved protein machinery. All the
endocytosed cargo is transported to the early endosome / sorting endosome for further processing.
Modzﬁyed from[62].

2.1.4. Phagocytosis

Phagocytosis is a specialized process only present in a limited number of cell types, for example
macrophages and monocytes. It is an internalization mechanism focused on clearing larger
material of endogenous or exogeneous origin such as cell debris after cell death or pathogens like
viruses or bacteria but also particulate matter. Large volumes can be internalized depending on size
and shape of the material to be phagocytosed [62,67]. Phagocytosis is triggered by receptor
activation of scavenger receptors sensitive to a wide range of materials or can be triggered by more
specialized receptors. Receptor activation triggers formation of a phagocytotic cup under actin
involvement following the phagocytosis of the material/structure. The vesicle formed after this
process is called phagosome and destined for further degradation by lysosomes [62] (Figure 13).
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2.1.5. Macropinocytosis

Macropinocytosis is a process driven by actin polymerization and the generation of large
membrane sheets [68]. These sheets fold back into the cell incorporating extracellular lumen
containing solutes and other particular matter, thus it is an efficient way of fluid phase uptake [69].
This process is often referred to as membrane ruffling [70]. Macropinocytosis is not triggered by
receptor binding but can be facilitated by certain substances that enhance the activity of this
process, such as growth factors or lipopolysaccharide (LPS) [71]. All cells are capable of
macropinocytosis to a certain level, as it is an evolutionary conserved form of endocytosis [72].
Depending on the cell type, macropinocytosis activity can vary largely. Macrophages show a high
activity of macropinocytosis as these cells permanently screen for potential pathogens [70]. Not
every membrane ruffle leads to the formation of a macropinosome, but when it does, a
macropinosomal cup is formed, which closes as the membrane ruffle seals with the cell membrane,
isolating it from the extracellular space and generating a macropinosome. Macropinosomes can
reach sizes up to 10 um. The size of macropinosomes is quickly reduced as they undergo recycling,
fission and remodeling events [73,74]. If internalized cargo is not recycled, the lumen of the
macropinosome will be acidified by V-type H+-ATPase and gradually acquire more late endosomal
and lysosomal features [75]. This could happen via fusion with the organelles directly or the
constituents are being delivered within vesicles (Figure 13).

( Phagocytosis ) (_Macro-pinocytosis )

(_Phagosome ]

shrinkin Macropinosome )
Figure 13: Bulk Uptake mechanisms: Phagocytosis and macropinocytosis.
Schematic representation of fhagoc tosis and macropinocytosis. Both mechanisms serve as
uptake routes for larger particles. In the case of phalqocytosw even several micrometers in size can
be ingested whereas micropinocytosis internalizes large quantities of nano particulate matter or
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solutes. Particles are displayed in yellow. Both processes require actin filaments (Red) and are thus
energy dependent.

2.2. Bypassing the cell membrane by other means

Direct cytoplasmic delivery of APIs or particles can be achieved by various techniques. Either due
to chemical properties of a compound/drug delivery vehicle or by means of physical disruption
(Figure 14). If a small molecular compound has sufficient low molecular weight while also
maintaining a favorable lipophilicity the API can pass the double lipid membrane directly by
passive diffusion [61,76]. It is also reported that certain nanoparticles can directly translocate
through the cell membrane by diffusion, electrostatic interaction or the use of cell penetrating
peptides. Cell membranes can also be physically altered by poration techniques such as
electroporation, sono-poration or photoporation. Electroporation treats cells by generating high
electromagnetic fields, leading to formation of pores through which nano particles or other actives
can enter the cell plasma. Sono-poration uses ultrasound to generate cavitation forces of
microbubbles to generate pores through which actives can enter [77]. Photoporation induces
transient pores in the cell membrane by laser pulses directly or indirectly under the aid of certain
nanomaterials. A comparable approach is micro injection. Using microinjection, the actives or
nanoparticles are directly injected by a needle into a target cell. This could be achieved by direct
injection or by needle scaffolds used as substrates for cell growth [61,78]. Further techniques
harness the possibility of membrane fusion with targeted cells for example using fusiogenic
liposomes [79,80].

Passiv Diffusion/ Membrane Micro Membrane
direct translocation poration injection fusion

Figure 14: Various options to bypass the cell membrane and endocytosis
pathways.

Different techniques to bypass the cell membrane are displayed. Such techniques include passive
diffusion/direct translocation, photo-, sono- and electroporation, microinjection or membrane
fusion. Modified from [61].

2.3. Characteristics of the endo-lysosomal system

After uptake of cargo via endocytosis, the resulting vesicle will be transported towards early
endosomes/sorting endosomes except for cargo internalized by phagocytosis, which is destined for
immediate degradation. Following the sorting events, this cargo is either directly recycled back to
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the cellular surface or passed further along the endolysosomal system reaching late endosomes and
lysosomes for final degradation steps. The endosomal vesicles change drastically with the different
maturation steps in their acidity and degradative capability (Figure 15). The detailed mechanisms
and organelle properties of the endolysosomal system are still the subject of current research.
Generally the endosomal system is termed heterogeneously within research and often lacks precise
description and understanding [81]. Endosomal maturation involves a multitude of fission and
fusion processes. Vesicles receive their modification either by direct delivery from the trans-Golgi
network, so that they mature into the corresponding organelle, or vesicles receive the required
biological properties from an already existing organelle. Some key features change during the
maturation of endosomes. In particular, changes are observed regarding Rab GTPases, the
intracellular pH value, the capacity for hydrolytic degradation and in the ultrastructural properties
[82]. Rab-GTPases regulate intracellular membrane trafficking [83,84]. The endosomal steps can
be roughly subdivided into early endosomes/sorting endosomes, late endosomes/multivesicular
bodies and lysosomes (Figure 15).

2.3.1. Early endosomes/sorting endosomes

Under normal circumstances, early endosomes are the first endosomal vesicle after uptake via
endocytosis routes. The early endosome regulates the first steps from which cargo is further
processed. They are mostly associated with Rab5 [82,85]. Currently the literature is contradictory
if the early endosome and sorting endosome are the same organelle or whether the sorting
endosome is an independent subspecies [81,86]. Endosomal domains associated with sorting or
sorting endosomes are characterized by Rab11. Degradative enzymes can already be found at the
early endosomal stage even though early endosomes are not a main degradative organelle. This is
backed up by the fact that not all degradative enzymes located in the endolysosomal pool of
hydrolases have their pH optimum at lysosomal pH levels but rather at the pH associated with early
endosomes e.g. Cathepsin S [87—-90]. Early endosomes have a slightly acidic pH within the range
of 6.0 to 6.5 [87,91]. Ultrastructural wise are early endosome characterized by sizes of up to 500
nm. The organelle is surrounded by a single lipid membrane, while often spherical elongated
structures may exist. Only seldom visible cargo exists. It is possible to depict clathrin coats after
fusion with a clathrin coated vesicle with EM [92].

2.3.2. Late endosomes/ multivesicular bodies

Late endosomes are characterized by an increased size normally ranging from 250 nm to 1000 nm
[92]. They are characterized by a GTPase switch from Rab5 towards Rab7 and gradual acidification
to a pH of around 5.5 by V-ATPase [81,93,94]. This switch is also characterized by an increase of
digestive / hydrolytic function [87,90]. The late endosomes is a multifunctional organelle which
serves multiple purposes amongst others further degradation by acquiring more degradative
functions, excreting contents back towards the cell membrane or function as an intermediate step
within autophagic processes [95-97]. In general, the organelle ultrastructure is composed of a
single surrounding lipid layer containing vesicles and spheres of varying amount [92,98]. Except
for the cargo, the organelle lumen is electron lucent. In terms of ultrastructure, multivesicular
bodies (Mvb) contain vesicular structures, among others, but are not limited to such features, as
they may contain exogenous material such as particles, viruses or nutrients, but also endogenous

material, e.g. autophagosomes from autophagy. Late endosomes containing autophagosomes are
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called amphisomes (Figure 16), as their appearance differs from normal late endosomes. The late
endosome/Mvb is a single membrane organelle but after fusion with an autophagosome, the
membrane organization can have similarities with a double lipid membrane as the membrane of
the autophagosome will be visible. Since the autophagosome inner membrane is decomposed over
time this feature is dependent on the time point of fusion. Often fragments of the membrane will be
visible [96].

2.3.3. Lysosomes

Lysosomes are heterogenic organelles with varying structure and sizes. They can be tracked or
identified by their most abundant surface proteins the LAMP1 (lysosomal-associated membrane
protein 1) and LAMP2 [99]. Endosomal structures can either directly fuse with a lysosome, acquire
lysosomal contents by a “kiss and run” process or acquire the constituents from the trans Golgi
network [100,101]. Besides the surface proteins, lysosomes contain over 50 hydrolases at an acidic
pH of around 4.5 -5.0 [102]. The hydrolases enable the organelle to degrade most biological
materials, repurposing it for cellular metabolism. When speaking of lysosomes the name is often
used as an overall term but lysosomes could further be defined, depending on structure or cargo
they obtained [96]. The inner membrane of lysosomes is negatively charged due to an abundance
of bis(monoacylglycero)phosphate (BMP) [103—105].

Unfused lysosomes, without much cargo to degrade, are relatively small and often electron dense
in stain and can contain membrane whirls. Lysosomes degrading endocytosed material can be
much larger in size up to several pm and contain heterogeneous content and thus are called
endolysosomes [106]. If lysosomes were to fuse with amphisomes or autophagosomes the resulting
organelle would be an autophagolysosome (Figure 16).

The exact origin of these organelles can be challenging to identify. Due to the multitude of variable

cargos and sizes their ultrastructure is also heterogeneous. They are limited by a single membrane,
often being electron-densely stained [92,96,98].
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Figure 15: Characteristic changes during endo-lysosomal maturation
Schematic representation of Endosomes and lysosomes and their key characteristics.
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Figure 16: Interconnection of the endolysosomal system with autophagy.
chélmatic representation of the endolysosomal and autophagosomal systems. This illustration
shows the complexity and interdependence of the two systems. The lipid layers depicted show the
actual structures. Most organeﬁes are enveloped by a single membrane, except for the
autophagosome and the phagophore itself. As shown by the deteriorating membrane in green, the
inner cell membrane is destined for degradation but may still be visible at various stages of
degradation. The cargo of endocytosis and autophagy can possibly meet at the amphisome stage
or merge after lysosomal fusion.
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2.4. Fate of drug delivery systems within the

endolysosomal system

Endocytosed DDS are usually degraded quickly within the endolysosomal system. Nevertheless,
drug delivery strategies exist to facilitate endosomal escape. Endosomal escape is important for the
delivery of cargo which would otherwise be degraded for example when delivering biomolecules
such as RNA, DNA or proteins to a cell. These substances are readily degradable by the lysosomal
hydrolases. Proposed tactics which facilitate effective delivery of biomolecules are for example lipid
nano particles with specific lipid combinations, delivery of ionizable (bio)-polymers or by
cotreatment of lysosomotrophic substances [107—112]. The exact processes are still not very well
understood and controversy discussed. Nevertheless, many studies could show successful delivery
of the corresponding APIs. Especially the mRNA loaded lipid nano particle (LNP) technology
attracted recent interest due to the commercial success of the COVID-19 vaccines and its future
potential. Some studies have been published showing incorporation of the cargo mRNA from LNPs
into exosomal vesicles which originated from exocytosis of multivesicular body content. They could
also show that treatment with the resulting exosomes could lead to successful delivery [110].
Another research showed that extracellular vesicles also played a crucial role as a resistance
mechanism in cancer cells. They found that LNPs attached themselves to extracellular vesicles, and
the released extracellular vesicles were transported into the bloodstream and internalized by
Kupffer cells leading to degradation [113].

Another often proposed way of escape is the proton sponge effect. Larger molecules, for example
lipofectamine or polyethyleneimine, are substances with large amounts of basic amine motives.
These functional groups can potentially bind many protons within the acidifying organelles of the
endolysosomal system thus buffering or elevating the pH value. It is proposed that the pH value of
the lysosomes increases and therefore leads to protection of the cargo and escape. The pH elevation
is currently discussed contradictory within research. With findings supporting the theory, while
others proving it false [111,112]. Additionally, it is proposed that lysosomes may swell when the
V-ATPase is permanently pumping protons into the lumen to reach the desired pH. The swelling
is said to be caused by an increase of osmotic pressure due to accumulation of chloride ions leading
even to a bursting of lysosomes. Additional proposed mechanisms how the payload of such carriers
is released and successful delivered involve membrane permeabilization or fusion processes of the
lysosomal membrane [112].

A third option which can be used to successfully enhance delivery is the use of lysosomotrophic
substances. Lysosomotropic substances include all substances which alter the lysosomal system.
Although the term lysosomotropism is not frequently used in drug delivery science, it can be
assumed that many active substances or excipients affect the endolysosomal system. Many of the
substances are small molecules with weak basic properties who can diffuse passively into the cell
and alter its function. Especially weak bases can accumulate within acidic organelles such as the
lysosome or multivesicular bodies. Other routes of uptake use endocytosis to reach the
endolysosomal system. Frequently used lysosomotropic substances used within research are for
example chloroquine or bafilomycin [108]. Lysosomotrophic substances for example are used to
influence for example the endolysosomal degradative function, fusion processes or acidification of
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the corresponding organelles [114—116]. A study could show that chloroquine co treatment
resulted in improved mRNA delivery [117].

2.5. Imaging of nanoparticle uptake

To study the endo-lysosomal system and drug carrier internalization routes many microscopy-
based methods can be used. Especially prominent are confocal laser scanning microscopy-based
techniques using fluorescent dyes. This is especially true within the drug delivery context. Usually,
a fluorescently labeled DDS is used to track its localization within the cell to prove uptake or
subcellular localization. To further elucidate the cellular localization organelles can be stained by
different dyes to prove colocalization. But as displayed in figure 16 colocalization should also be
viewed in ultrastructural context, as not only the colocalization matters but also the surrounding
ultrastructure. If target and drug delivery system meet within the lysosome, both are destined to be
degraded. Electron microscopy-based techniques are capable of imaging cellular ultrastructure.
Interestingly the capabilities of EM are mostly neglected within the drug delivery context leading
to large knowledge gaps in terms of sample preparation of biological samples, how cellular
ultrastructure changes or how to “stain” certain features of drug delivery systems rendering them
visible in the EM.

The most sophisticated and powerful approach suitable to tackle the questions of nanoparticle
trafficking would be the combination of both techniques in the correlative light and electron
microscopy (CLEM) method [118-120].
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3. Visualization of excipients
using ruthenium tetroxide
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3.1. Introduction

Polymers are a frequently used class of excipients with a multitude of possible functions in drug
delivery. They are used as binders, tablet disintegrants, coatings for controlled or delayed drug
release or as drug carriers themselves. These functions can be achieved by using various polymers
or blends of polymers [121,122]. The compounding of active ingredients, excipients and polymer
could be achieved by physical mixing and compaction, dissolving and drying or by melting the
compounds together [123,124]. During the design process of a DDS multiple process steps may be
needed. Often polymer and API are processed together for example to achieve controlled drug
delivery or dissolution enhancement [125,126]. If compounding of API and polymer is performed
by melting or dissolving, the mixture will solidify after removal of the solvent or after cooling down.

This solidified product can have various physical appearances. The API could be completely
recrystallized within the surrounding polymer matrix on one hand whilst on the other it is possible
that the API is molecularly dissolved in amorphous state within the polymer, such a system is called
an amorphous solid dispersion [127]. Such ASD systems are of interest as they can enhance drug
dissolution and are an ongoing longstanding research topic within pharmaceutics. Additionally,
intermediate states between these two extremes exist, as a solid dispersion could recrystallize over
a certain time period. The characterization of such systems is usually performed by X-ray
diffraction (XRD), calorimetric techniques such as dynamic scanning calorimetry (DSC), Fourier
transform infrared spectroscopy (FTIR) or polarized light microscopy (PLM) [128,129], but
crystalline structures can also be visualized by EM [130].

Electron microscopy of polymers is challenging due to their beam sensitivity, their weak contrast
differences and their often-amorphous structure and appearance. This applies both to classical
polymer science and to polymer excipients used in drug delivery. Polymers can generally be
amorphous or semi-crystalline. Amorphous polymers can still show ultrastructure, for example a
phase separation between the different building blocks of a block polymer. Similar observations can
be made when imaging polymer blends especially between immiscible polymers [28].
Semicrystalline polymers have distinct structural properties such as crystallites and spherulites
[131]. These structures show a higher degree of order and are often organized in lamellae growing
from the nucleation point in the center in cone shapes. Crystalline regions are separated by
amorphous regions. It is possible to analyze these structures with EM. These structures can be
imaged directly using certain techniques such as cryo-EM or specialized atomic force microscopy
techniques. Depending on the microscopes available, contrast enhancement is required before
imaging. A contrast agent used to visualize different polymer phases of polymer blends, block
polymers and semi-crystalline polymers is ruthenium tetroxide. Ruthenium tetroxide is a highly
reactive volatile compound. Due to its high reactivity and volatility, its vapor can be used for
contrast enhancement thus avoiding structural alterations by solvents [28,31,39,40,45—47].

Since ruthenium tetroxide is used to stain semicrystalline polymers, it is suggested that crystalline
regions caused by API crystallization may be displayed by EM techniques after ruthenium tetroxide
staining. Additionally, it should be possible to display drug rich phases within polymers if there is
a difference in reactivity of the different phases towards ruthenium tetroxide. It is expected that
most organic substances used in the field of pharmaceutics obtain a certain reactivity towards
ruthenium tetroxide as even aliphatic hydrocarbons show a strong reaction. Since ruthenium
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tetroxide only stains the surfaces of samples without deeper penetration into the sample flat

samples are easier to interpret. Consequently, artificial formulations and polymer mixtures were

prepared by dip coating glass coverslips and stained by ruthenium tetroxide vapor. These samples

were then imaged by SEM.

3.2. Material and Methods

3.2.1. Material

Table 1: Material Section for contrast enhancement using ruthenium tetroxide

Material Brand name Vendor
Celecoxib SWapRroop ,
Drugs&Pharmaceuticals
Copovidon (copolymer of 1-vinyl-2-pyrrolidone | Kollidon VA BASF
and vinyl acetate 6:4) 64
Dichloromethane (DCM) Sigma Aldrich
Ethanol absolute Sigma Aldrich
Ethyl acetate Sigma Aldrich
Ethocel
Ethylcellulose 45 standard 45 | Sigma Aldrich
Premium
Glass-coverslips (9 mm) VWR
Hydroxypropylcellulose Carl Roth
. . Eudragit ]
Methacrylic-acid-ethyl-acrylate copolymer L100 5g5 Evonik
Methanol VWR
. . Kollidon
Polivinylpyrolidone K90 KOOF BASF
Poly(ethylacrylate-co-methyl-methacrylate-co-
trimethyl-ammonioethyl methacrylate chloride) | Eudragit RS | Evonik
1:2:0.1
Poly(ethylacrylate-co-methyl-methacrylate-co-
trimethyl-ammonioethyl methacrylate chloride) | Eudragit RL | Evonik
1:2:0.2
Poly(lactic-co-glycolic acid) Resomer Evonik
502H
Polycaprolactone (PCL) 45k Sigma Aldrich
Polyethylenoxide 200k (PEO) Carl Roth
Polyvinyl caprolactam-polyvinyl acetate- Soluplus BASF
polyethylene glycol graft copolymer
Ruthenium (IV) oxide hydrate Sigma Aldrich
Sodium periodate Sigma Aldrich
Sodium thiosulfate Sigma Aldrich
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3.2.2. Dip coating:
Coverslips were dip coated by immersion of coverslip within 2 ml of the coating mixture. Coating
and stock solutions contained 10% solid content. Final polymer mixtures were prepared from stock
solutions. After dip coating, samples were airdried and cured over a hotplate to form an
homogeneous film. Film formation was confirmed by visual change from a turbid to a
homogeneous clear coating.

Table 2: Solvent and polymers used for dip coating

Substance Solvent
Celecoxib Ethyl acetate
Ethylcellulose DCM
Eudragit L100 55 50/50 Ethanol absolute, Ethyl acetate
Eudragit RS DCM
Kollidon VA 64 DCM
PLGA Ethyl acetate
Polycaprolactone DCM
Polyethylenoxide 200k (PEO) DCM
PVP K90 Methanol
Soluplus DCM

Mixtures

50/50 Celecoxib/Polycaprolactone 50/50 Ethyl acetate, DCM
10/90 Celecoxib/ Polycaprolactone 10/90 Ethyl acetate, DCM
50/50 Celecoxib/Eudragit 100 55 75/25 Ethyl acetate, Absolute ethanol
50/50 Celecoxib/PLGA Ethyl acetate
75/25 Ethylcellulose/ Eudragit RL DCM

3.2.3. In-situ preparation of ruthenium tetroxide and
contrast enhancement

Ruthenium tetroxide needs to be prepared in- situ under the fume-hood due to its high reactivity.
A small glass exicator was used as a vessel for the staining and the preparation of the ruthenium
tetroxide solution. 3.2 g of sodium periodate were dissolved within MilliQ water. Following this
step, the solution was placed in an ice bath and cooled before adding the ruthenium-(IV)-oxide.
When all ruthenium-(IV)-oxide was dissolved the glassware was removed from ice bath to enhance
ruthenium tetroxide evaporation. A glass mech with the samples e.g. coated coverslips was placed
within the exicator and closed with a lid but still aerated by a glass faucet. Samples were exposed to
the ruthenium tetroxide vapor released by the solution for 20 to 25 minutes. Incubation time within
the vapor might vary depending on the sample. Samples turn gradually darker due to reaction with
ruthenium tetroxide. Depending on the visual appearance the reactivity was estimated. Solution
was discarded after reduction of all reactive compounds using sodium thiosulfate. Occurrence of
ruthenium trumpets was used as an indicator of overstaining [39,44].
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3.2.4. Electron microscopy

Coverslips were glued onto SEM stubs using silver conductive paint and sputter coated with
platinum using the Q150T S (Quorum Technologies, Judges House, Lewes Road, Laughton, East
Sussex, United Kingdom) at 30 mA for 20 seconds. Samples were imaged at 5kV using BSE
collected with the concentric backscattered detector using a Helios G4 CX FIB-SEM microscope
(former FEI Company now Thermo Fisher Scientific Inc, Eindhoven, Netherlands).

3.2.5. Energy dispersive X-ray spectroscopy
Samples used for EDS analysis were the same samples prepared for standard SEM imaging.
Imaging was performed using a Hitachi SU-3500 SEM (Hitachi Ltd., Tokyo, Japan) at 10 kV
acceleration voltage and 80% spot intensity. Elemental analysis was performed using a EDAX
Element system (Ametek, Berwyn, Pennsylvania, United States of America). At least 30 EDS maps
were collected per region of interest.

3.3. Results

As expected, most samples showed some kind of reaction after ruthenium vapor staining. Affinity
towards ruthenium tetroxide was classified just qualitatively by the degree of blackening in three
groups. Weak affinity for barely visible changes, medium and high for intense darkening during
incubation (Table 3).

Table 3: Visual change of sample during ruthenium tetroxide staining

Amorphous polymers
Sample Degree of blackening

Ethylcellulose Strong
Eudragit L100 55 Medium
Eudragit RS Weak
Kollidon VA 64 Medium
PLGA (Resomer 502H) Weak

PVP K90 Medium
Soluplus Medium

Semi crystalline polymers

Polyethylenoxide 200k (PEO) Strong
Polycaprolactone (PCL) 45k Medium

The ruthenium treatment on polymer covered coverslips prepared by dip coating resulted in
various structural features. Only the polymers depicted showed structural features, whereas others
couldn’t be imaged due to either beam sensitivity or no observable structures.

The amorphous polymers PVP K90 (Figure. 17 A) and Soluplus (Figure 17 B) displayed a veiny
structure of alternating electron density without a directly recognizable order. Semicrystalline
polymers like polycaprolactone 45k (Figure 17 C, D) and or polyethylene 200k (Figure 17 E, F)
show spherulite structure with crystalline and amorphous regions (Figure 17 C, E). Crystalline
structures are better visible within the higher magnification sections (Figure 17 D, F). These
crystalline structures in sections C-F are visible as darker regions with amorphous regions in bright.
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Figurel7: Polymers after ruthenium tetroxide exposure.

Ruthenium rich phases are displayed in bright. BSE micrograph section (A) show PVP K90,
Soluplus (B), PCL 45k (C, D) and PEO 200K (E, F). The spherulites (C, D) and crystalline regions
(C -F) are well visible.

The polymer mixture composed 75% ethylcellulose and 25%Eudragit RL was successfully stained
and imaged using BSE (Figure 18). This 75/25 ratio was chosen for the system to ensure that a
clear identifiable outer phase exists. Three different phases are visible differentiated by contrast
(Figure 18 A-C). Micrograph section A and B showed a bright electron dense surrounding polymer
containing cracks displayed in in black. Embedded within this structure are dark, less electron
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dense circular phases (Figure 18 A-D). Additionally, a third phase is visible with intermediate
contrast (Figure 18 C).

% WD PW dwell  curr HV HFW  d
+ 4.1 mm 39.0 nm 5.00 ps 0.34 nA 5.00 kV 120 ym Ci

s WD PW d rr HV  HFW  det == = VD PW  dwell cur HV  HFW

dw W <
3 4.1 mm 16.5 nm 5.{ 34 nA 5.00 kV 50.8 pm CBS 3 4.1 mm 5.17 nm 5.00 ps 0.34 nA 5.00 kV 15.9 pi

Figure 18: Polymer blends after ruthenium tetroxide exposure.

BSE micrograph sections from stained 75% ethylcellulose and 25% Eudragit RL polymer blends.
Sections (A) and (B) show overview images displaying different phases corresponding to different
degrees of ruthenium accumulation. A very bright outer phase, a dark spherical phase and an
intermediate phase with cracks in black. Section (C) and (D) display the same sample with higher
magnification.

When coverslips were dip-coated with celecoxib-polymer solutions the resulting micrographs
display structures which were absent in controls (Figure 19 A-B). Additionally, celecoxib
containing samples displayed a higher beam stability and were visually darker than coverslips
coated with pure polymer. The two amorphous celecoxib containing polymers showed spherical

phases embedded in a less electron dense polymer matrix. The phase contrast difference between
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the Celecoxib-PLGA blend (Figure 19 A) is less pronounced compared to the Eudragit L100
55/Celecoxib sample (Figure 19 B).

W &
i
.

-
s WD  PW dwell  curr HV HFW  det mode
1X)” 3.0 mm 4.13 nm 5.00 ps 0.34 nA 5.00 kV 12.7 ym CBS A

Figure 19: PLGA/Celecoxib (A) and Eudragit L100 films

BSE micrographs obtained by SEM imaging display films obtained by dip coating of
PLGA/celecoxib (A) and Eudragit L100/celecoxib (B). Both sections display a darker surrounding
matrix with brighter electron dense inclusions. This structure is more apparent in the Eudragit
L100/celecoxib film (B) than in the PLGA/celecoxib film(A).

Similar investigations were conducted using a semicrystalline polymer API mixture composed of
50%/50% (w/w) polycaprolactone 45K and celecoxib. The overview images (Figure 20 A-C) reveal
various structures. Visible features were elongated crystalline structures displaying a dark contrast.
These features were often surrounded by a grayish phase extending over several hundred
micrometers and embedded within a bright electron-dense matrix (Figure 20 A, B) containing
black cracks. Besides these larger structures, smaller structures (Figure 20 C) with comparable
morphological features existed. Closer investigation of Section B is displayed in section D, showing
darker regions with greyish sheaf-like structures originating from the central dark crystals. The
smaller structures lack the dark contrast of the crystalline central structures. Within this greyish
phase alternating elongated feature existed showing thread like structures in lighter grey
accompanied by darker less defined features. Additionally hexagonal structures were visible (Figure
20 E, F). These features were comparable contrast wise and displayed also 3 phases comparable to
the larger features.
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Figure 20: BSE micrographs of ruthenium tetroxide stained celecoxib/PCL dip
coatings.

Overview images of 3 sample regions are displayed in section (A-C) All regions show generally 3
phases. A bright electron dense matrix, with greyish amorphous looking phases which contain dark
structures with crystalline features. These features are either large as seen in the sections (A, B, D)
or smaller in the lower micrometer range as seen in sections (C, E, F).

EDS investigations of the ruthenium tetroxide-treated celecoxib/PCL coverslips produced maps
displaying the elemental distribution of the stained sample. The darker, unstained region (Figure
21 A) contained carbon (Figure 21 B), nitrogen (Figure 21 C), fluorine (Figure 21 D), and sulfur
(Figure 21 E), with no trace of ruthenium (Figure 21 F). In contrast, the bright, electron-dense
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phase contains a high concentration of ruthenium, while the grayish areas show only trace amounts
(Figure 21 F).

il

Figure 21: BSE micrograph and EDS elemental maps of ruthenium tetroxide
stained celecoxib/PCL films.

Image section (A) displays the BSE micrograph obtained by SEM imaging. The other sections
display EDS elemental maps (B-F). Each EDS element map stands for a specific element, whereby
the elements shown are carbon (B), nitrogen (C), fluorine (D), sulfur (E) and ruthenium (F).
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3.4. Discussion

The results show that most of the excipients tested are at least reasonably stained by ruthenium
tetroxide. Using the dip coated coverslips it was demonstrated that the established application for
staining polymeric ultrastructural features is possible also on polymers typically used as excipients.
Polycaprolactone and polyethylene oxide spherulites were successfully displayed by ruthenium
tetroxide staining due to the higher reactivity of the amorphous regions. All polymers containing at
least polyvinylpyrrolidone as building blocks showed the irregular meandering structure. The
nature of the structures could not be resolved. Nevertheless, the displayed structure fits
morphologically to already imaged structures of block polymers [132,133] indicating a possibly
higher structural alignment.

The polymer blend of Eudragit RL in ethylcellulose should phase separate due to the lipophilicity
of ethylcellulose and the hydrophilicity of Eudragit RL caused by the permanent cationic charge of
Eudragit RL [134]. This phase separation should be visualized in distinct phases of Eudragit RL
enclosed by ethylcellulose. Due to the ratio of 75% of ethylcellulose, it should form the outer phase
with inclusions of Eudragit RL. This structure could be displayed even though three different
phases were visible instead of two. Eudragit RL was identified as the dark phase as its reactivity
determined by darkening was much lower than that of ethylcellulose. The structure visualized
proves this, only the intermediate contrast region cannot be fully explained. One explanation could
be that during the heat curing a very thin covering ethylcellulose layer was created. These two layers
generate an intermediate BSE signal. Nevertheless, the structure depicted is in line with
investigations of other immiscible polymer composites or blends [134—136].

The investigations conducted on dip coated celecoxib containing polymer films resulted in the case
of PLGA and Eudragit L100 55 in homogenous films with bright circular phases, which were
absent in the pure films. These structures could indicate drug rich phases of amorphous celecoxib.
This could be the case if the reactivity of ruthenium tetroxide towards the API is higher than
towards the surrounding polymer. Formation of drug rich phases has been imaged before by
various other imaging techniques such as Raman microscopy or Atomic force microscopy (AFM)-
techniques [137,138]. Raman microscopy is a light microscopy-based approach and is thus limited
in its resolution. AFM-based techniques achieve comparable results to that of electron microscopy
while simultaneously don’t require contrast enhancement [139—-141].

Since other nanoscale chemical imaging methods were not accessible, the nature of these structures
could not be further determined. Techniques suitable for characterizing these features would
include TEM based imaging coupled with higher resolution EDS mapping or AFM coupled with
infrared spectroscopy or Raman spectroscopy.

In the case of the celecoxib polycaprolactone films, large dark structures occurred with elongated
shapes typical of crystals. The nature of the crystals was proven by EDS mapping. The dark
structures contain all elements specific for celecoxib e.g. fluorine, sulfur, nitrogen while lacking
ruthenium. As stated earlier amorphous regions react faster with ruthenium tetroxide, this
indicates that the surrounding bright electron dense phase is still amorphous as no spherulitic, or
crystalline structures are visible. except for the phase with intermediate contrast. This phase still
contains celecoxib as proven by EDS. It is possible that the bright phase contains celecoxib which
could act as a plasticizer, affecting the crystallization of the PCL. The concentration of celecoxib in
the bright phase could not be suitable displayed due to the high accumulation of ruthenium

tetroxide. The large buildup of ruthenium blocked the collection of X-rays, especially the low energy
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ones emitted by light elements [142]. Nevertheless, the absence of ruthenium buildup proves that
crystalline drug is not stained by ruthenium tetroxide and thus it is possible to distinguish
amorphous from crystalline regions. In general, the ruthenium tetroxide contrast enhancement
approach is more suitable for TEM based techniques as these require less contrast enhancement.
Additionally, due to the smaller sample volumes the resolution and signal will be better.

3.5. Concluding remarks

These investigations demonstrate a certain potential of ruthenium tetroxide based contrast
enhancement of polymeric systems. The experimental setup was limited by the use of highly
artificial samples. Additionally, the study was limited by the reliance on SEM based imaging
techniques. While SEM imaging is feasible, as shown in this research and in literature, it is not
favorable.

In this work only flat films were imaged which are far from being relevant pharmaceutical films or
even formulations. Moreover, some observed features may be influenced by drying kinetics or
surface-associated artifacts. Bulky samples were too uneven and thus too noisy for image
interpretation by SEM. To mitigate these issues, ultramicrotomy would have been necessary to
flatten the surfaces before SEM imaging. If a material science-grade ultramicrotome had been
available, the investigation could have been extended to STEM imaging of ultrathin sections,
offering more precise insights.

Nevertheless, from the conducted experiments it can be concluded that polymeric excipients can be
discerned when the excipients have different reactivity towards ruthenium tetroxide. Additionally,
the staining of API containing polymeric excipients results in different contrasted structures. In the
case of the PLGA / Eudragit L. 100 55 based films further analysis by EDS was not possible due to
the limitations of the available EDS system's resolution and low beam stability of the sample. This
investigation was possible using the Celecoxib/PCL sample proving that recrystallized API is not
stained by ruthenium tetroxide. Due to the absorption of X-rays, it was not possible to quantify the
API in the electron dense surrounding areas. This is to be expected but could not be proven by EDS.
Nevertheless, PCL without celecoxib showed spherulitic semi crystalline morphology which was
absent in the sample containing celecoxib.

Further experiments should be conducted to further prove the hypothesis. Additional investigations
would best be conducted on ultrathin sections from polymeric samples obtained by (cryo)-
ultramicrotomy with an electrostatic transfer system to mount the samples on the grids.
Conventional wet mounting will dissolve most excipients and API and thus risk solvent induced
changes. Imaging would best be performed using TEM/STEM imaging with nanoscale EDS
capabilities. The approach using ruthenium tetroxide vapor as a contrast enhacer generally appears
to be promising, as it has a high reactivity and can therefore generate a contrast in many excipients.
However, ruthenium tetroxide staining is highly reliant on a flat sample morphology, as only the
uppermost layers are stained. This results in the necessity of ultramicrotomy as small topological
deviations strongly influence the interpretation of the images.
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4. Imaging of osmiophilic
excipients within drug
delivery systems
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4.1. Introduction

New drugs often exhibit poor aqueous solubility or limited membrane permeability. Consequently,
drug delivery scientists need to address these challenges by developing appropriate DDS to ensure
adequate bioavailability, stability or release kinetics [143—145]. These innovative drug delivery
systems often come at an increased complexity in structure, composition and manufacturing [146—
148]. To characterize these DDS, various properties need to be characterized using a variety of
techniques. These properties include pores or pore networks, the localization and distribution of
excipients and active ingredients and their physical state. Furthermore, it must be ensured that
both the components and the DDS have the required sizes[121]. Standard techniques to address
the physico-chemical attributes of DDS include mercury intrusion porosimetry, gas adsorption
measurements, X-ray diffractometry, dynamic scanning calorimetry or laser diffractometry
[126,149,150].

Often these methods are backed by a multitude of microscopical or other imaging techniques.
Amongst these, electron microscopy based techniques are of paramount importance as most
microstructural features are too small to be addressed by light microscopy based techniques
[7,151].

Regarding the type of electron microscopy technique used in pharmaceutics, SEM is far more
common than TEM, except for the fields of nanomedicine, where TEM is regularly applied.
Nevertheless, SEM possess often the necessary resolution to image typical nanoparticles. Due to
the high resolution of FE-SEMs nanosized features can be imaged even on bulky samples
unsuitable for TEM investigations. These already potent microscopes can be further enhanced by
adding a focused ion beam column. This new variety of SEM, the FIB-SEM is getting more
attention in the field of pharmaceutics [7,152—155]. The focused ion beam (FIB) is used to
manipulate the sample, usually to sputter material away at a desired location with nanometer
precision [7].

Since most excipients and APIs consist of light elements their visualization by BSE imaging is
challenging. EDS in an SEM can help to identify structures of interest, especially APIs if containing
halogen atoms such as fluorine, chlorine, bromine or iodine. Nevertheless, EDS will increase the
imaging times and will not always be applicable. An alternative way to identify structures of
interest, not only regarding the FIB-SEM technique but for EM in general as well, are contrast
enhancement strategies. Contrast enhancement in scanning electron microscopy introduces
electron dense compounds into a sample, increasing the yield of BSE and thus generating more
signal from a stained area. Often the staining agents are dissolved in water or organic solvents,
which is especially common in EM of biological samples [33,36,156,157]. In the case of DDS, these
solvents bear the risk of changing the structure. Consequently, additional staining methods were
developed not relying on contrast enhancement by immersion but rather using evaporating
substances, especially in polymer science. The most common stains for polymers are ruthenium
tetroxide and osmium tetroxide [28,39,40,46,158]. The benefits and disadvantages of ruthenium
tetroxide were already discussed in the previous chapter.

In the case of osmium tetroxide, vapor from an osmium tetroxide crystal will be generated by
sublimation [34]. For detailed information please refer to the introduction.

Consequently, this part of the thesis aims to investigate the suitability of osmium tetroxide as a

contrast agent for the characterization of DDS using SEM, FIB-SEM and p-CT. The p-CT was
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included because similar principles that generate contrast in EM also generate contrast in u-CT
[159-161]. Denser material becomes less permeable to X-rays (radiopaque), so that material
which previously could not be distinguished becomes visible after osmification. To examine this,
various samples were prepared. Initially, omega-3 ethyl esters (Q-3-EE) were loaded at different
concentrations into a porous silicate carrier (Florite R). The Q-3-EE were chosen as an example
excipient due to its very high affinity to osmium tetroxide caused by the numerous unsaturated
carbon double bonds. Additionally, a self-emulsifying drug delivery system (SEDDS) composed of
Q-3-EE and PS 80 was formulated and loaded into Florite R. SEDDS are of interest for drug
delivery purposes as they can excel in delivery of lipophilic API. A huge drawback of them is that
the liquid components need to be delivered either as liquids or liquid-filled capsules. A possibility
to circumvent this delivery approach is the incorporation of SEDDS into porous silica transforming
the liquid excipients/API mixtures into solid powdered SEDDS suitable for processing by other
means e.g. tablets. Tablets are not only suitable for EM but for u-CT as well. Therefore, tablets
consisting of polyethylene glycol 6000 (PEG 6K) and Florite R, loaded with SEDDS, were prepared
by standard compression and vacuum compression molding (VCM). All samples were analyzed by
SEM and FIB-SEM, with additional CT scans of the larger drug delivery systems.

4.2. Material and Methods
4.2.1. Materials

Table 4: Materials Osmium Vapor staining

Material Brand name | Vendor
Calcium Silicate Florite R Tomita Pharmaceuticals
Double sided conductive
Plano
carbon tabs
@] -3-ethylest Q-
mega-3-ethylesters (- | orpp BASF

3-EE)
Osmium tetroxide 4%

solution . '
Electron Microscopy Sciences

Osmium Tetroxide 100

mg

Polyethylene glycol 6000 Carl Roth
Polysorbate 80 Tween 80 Croda
Silver conductive paint Plano

4.2.2. Production of an osmiophilic SEDDS formulation

Surfactant and oil were mixed in snap cap vials for at least 30 minutes using a magnetic stirrer at
400 RPM. Weight ratios of Q-3-EE and polysorbate 80 were 0.6 g / 1.4g,0.8g/1.2g,09¢g/ 1.1
g,10g/10g,11g/09g,1.2¢g/08g,1.4g/0.6¢g.
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4.2.3. Particle size via Laser diffraction

4.2.3.1. Particle size Florite R
Placebo compacts were dissolved in 40 ml MilliQ water and briefly sonicated in a sonic bath.
Sonication showed no influence on primary Florite R particle size. Only fully disintegrated
compacts were analyzed by laser diffraction using a LA960 (Horiba, Kyoto, Japan). Prior each
sampling from the supernatant, the dispersed particles were vortexed, added to the liquid
measuring cell and measured in triplicate.

4.2.3.2. Particle size emulsion droplets
Particle size of the SEDDS formulation was performed using the LA960. 500 mg of each sample
was released in 100 ml beakers and water was gently added. Samples were Stirred for 30 minutes
using a magnetic stirring bar at 200 RPM. Samples containing silica were centrifuged prior to
sampling. Measurements were performed in triplicate. Modified from [162]

4.2.4. Silica Loading:

Each batch was formulated with 5 g neat Florite R (silica) and loaded. Cargo was either an SEDDS
system consisting of a 50/50 weight fraction of polysorbate 80 / Q-3-EE or plain Q-3-EE as
described in table 5. Loading was done via pipetting the liquid cargo from a container onto the silica
continuously stirred within a beaker by a propeller stirrer at 400 UPM.

Table 5: Silica loading and composition

Silica Amount [g] Plain Oil [g] Total [g] Silica loading [%]
S 2.5 7,9 50

5 5 10 100

S 7.5 12,5 150

5 10 15 200

5 125 17,5 250

5 15 20 300

5 16 21 320

5 175 22.5 350

Silica Amount [g] SEDDS [g] Total [g] Silica loading
S 7.5 12.5 150

5 125 175 250

5 175 22.5 350

4.2.5. Thermogravimetry (TGA)

TGA analysis was performed using TGA/SDTA851¢(Mettler Toledo). Samples were placed into 70
ul aluminum oxide crucibles and analyzed under oxidative conditions with Gas composition of 40
ml/min nitrogen and 40 ml/min air controlled by TSO800GC gas control system (Mettler Toledo).
Temperature program was programmed for 5 minutes at 25°C isothermal, heating with 5 °C per
minute from 25 °C to 120 °C and keeping 120 °C for 20 minutes followed by heating from 120°C
to 600°C with 5°C /min. Quantification of silica loading was done with the weight loss from the 4t
section using the tangential analysis tool from the STARe software. Modified from [163].
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4.2.6. Compact production

4.2.6.1. Powder blending
Powder blending of the loaded silica PEG mixtures was performed using a 3D shaker mixer
(Turbula T2A, Willy A. Bachofen, Muttenz Switzerland) at 50 RPM for 10 minutes with 20 g of
powder.

4.2.6.2. Tableting
Tablets were produced using compaction pressures of 50, 100, 150, 200, 250 MPa using a Style
One Classic 105 ML tablet press (Medelpharm, Beynost, France/Romaco Kilian, Cologne,
Germany). Different weight ratios of Silica/PEG mixtures were used for tablet production with the
silica being loaded with a self-emulsifying Q-EE mixture or without. Compacts were produced if
possible from following weight ratios. The tablet mass was adjusted to 140 mg per tablet, tablets
with 50% Florite R were adjusted to 70 mg per tablet.

Table 6: Relative compositions of tablets produced

Silica [%] Cargo [%] Silica + Cargo [%] | PEG [%]
10 0 10 90

E 20 0 20 80

§ 30 0 30 70
50 0 50 50
007 778 10 90

2 3 [+ 15.56 20 80

% g [666 0334 30 70
111 3890 50 50

4.2.7. Compacts analytics

4.2.7.1. Breaking force and tensile strength
Breaking force and diameter of the tablets were measured using an Erweka TBH 210 (Erweka
GmbH, Langen, Germany).Tablet height was measured by a dial gauge (Mitutoyo Europe GmbH,
Neuss, Germany).

4.2.7.2. Helium pycnometry
Pycnometric density was determined by a Belpycno L helium pycnometer (Microtrac MRB GmbH,
Haan, Germany) after weighing the raw materials into the sample chamber. Repeated measuring
cycles of 25 measurements were conducted to reach a 0.3% standard deviation. True density was
used to calculate solid fraction of the tablets depending on their respective raw material weight
fraction.
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4.2.8. Vacuum compression molding

Vacuum compression molded biplanar 8 mm tablets were produced at 62°C for 10 minutes using
the Meltprep device (MeltPrep GmbH, Graz, Osterreich) with the low pressure lid. Vacuum setting
was reduced to a minimum to press the piston into the mold and then completely removed. Mass
per tablet was kept at the same magnitude for the molded tablets as for the compressed tablets.
Molded tablets were prepared with a 10/90 composition, with 10% being SEDDS loaded silica and
90% PEG 6000 at a mass of 140 mg.

4.2.9, Contrast Enhancement

4.2.9.1. Osmium tetroxide vapor staining

Omega-3-ethylester and SEDDS loaded silica composites were glued on SEM sample holders using
carbon conductive tape. The holders were placed into a glass desiccator lacking desiccant. After all
samples were loaded into the desiccator three 100 mg osmium tetroxide crystals were added and
the desiccator was sealed. Samples were incubated for 2 weeks with osmium tetroxide vapors.
Afterwards, the samples were sputter coated with platinum using a Q150T S (Quorum
Technologies, Judges House, Lewes Road, Laughton, East Sussex, United Kingdom) at 30 mA for
20 seconds.

Compacted or vacuum compression molded tablets were glued to SEM stubs using conductive
silver paint. Reaction with osmium tetroxide vapor was performed under comparable conditions.
The sputter coating conditions were kept identical.

4.2.10. Microscopy SEM

4.2.10.1. SEM of native Florite R silica carrier
Powdered sample was glued on SEM stubs using double sided carbon tabs and sputter coated with
platinum using a Q150T S (Quorum Technologies, Judges House, Lewes Road, Laughton, East
Sussex, United Kingdom) at 30 mA for 60 seconds and imaged by SE-imaging using a Helios G4
CX FIB-SEM microscope (former FEI Company now Thermo Fisher Scientific Inc, Eindhoven,
Netherlands)

4.2.10.2. SEM of contrast enhanced loaded Florite R and Florite
R Compacts
Contrast enhanced samples were prepared as described above by vapor staining and BSE images
were taken using the CBD of a Helios G4 CX FIB-SEM microscope (former FEI Company now
Thermo Fisher Scientific Inc, Eindhoven, Netherlands).

4.2.10.3. SEM of native compacted Florite-R fragments after
disintegration

The resulting suspension of the disintegrated compacts with the 10/90 Florite R/PEG ratio used

for particle size analysis by laser diffraction was sampled from the suspension for SEM imaging.

200 pl was sampled and placed in a Nanosep omega 300 kD (Pall Corporation, New York, USA)
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centrifugal filter and centrifuged at 5000 RCF for 2 min. Sample was washed by using 500 ul MilliQ
water following an additional centrifugation step. After airdrying at room temperature the filters
were removed from the inserts. Membranes were glued to SEM stubs by using silver conductive
paint and airdried overnight. Dried samples were coated with platinum using a Q150T S (Quorum
Technologies, Judges House, Lewes Road, Laughton, East Sussex, United Kingdom) at 30 mA for
60 seconds and imaged by a Helios G4 CX FIB-SEM microscope (former FEI Company now
Thermo Fisher Scientific Inc, Eindhoven, Netherlands) using secondary electrons at a working
distance of 3 mm.

4.2.11. Microscopy FIB-SEM

The contrast enhanced samples were imaged directly after fixation on SEM stubs and sputter
coated with platinum using the sputter conditions mentioned above. For FIB-SEM investigations
the sample had to be positioned at the eucentric point at 4 mm working distance and 52° stage tilt.
Trench formation in the case of the tablets was performed using 30 kV and 21 nA for the rough
milling. Polishing steps were conducted using 9.3 nA and 2.4 nA. The ion beam milling was
operated at a dwell time of 25 ns in all cases. In the case of the pure silica particles milling was
conducted similarly except for the 21 nA current which was omitted. Electron imaging was
performed using the TLD and ICD collecting BSE. With the E-beam operating at 2 kV and 43pA
for the carriers and at 2 kV and 0.34 nA for the tablets and compacts. All FIB and electron imaging
related aspects were conducted using a Helios G4 CX FIB-SEM microscope (former FEI Company
now Thermo Fisher Scientific Inc, Eindhoven, Netherlands).

4.2.12. Micro computed tomography (n-CT)

The samples were placed on the sample holder and scanned using a Skyscan 1272 (Bruker
Corporation, Billerica, Massachusetts, USA). Due to differences in composition after contrasting,
scanning conditions needed to be adjusted for each sample type.

Table 7: Scanning conditions for CT

Sample Voltage | Current | Rotation | Exposure | Voxel size
[kV] [mA] | [°] [ms] [hm]

Tablet 10/90 150 MPa-Control 40 200 0.1 1400 4.0

Tablet 10/90 150 MPa-Osmified 70 142 0.1 5500 4.0

VCM formed tablet-Osmified 100 100 0,1 4500 3.5

4.3. Results
4.3.1. Characterization Florite R particles by EM

SEM and FIB-SEM imaging results of unprocessed Florite R revealed fine powder particles ranging
from 10 to 80 um (Figure 22 A). The porous particles showed a pellatoide structure with occasional
smaller clusters with a more spherical shape (Figure 22 B, C). High resolution surface imaging
showed that the flakes are only a few nm in thickness and interconnected. FIB-SEM cross
sectioning resulted in 2D slice images allowing a glimpse into internal particle morphology showing

a continuous porous structure with small pores in the submicron range with occasional larger voids
(Figure 22 D-F).
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Figu.re1 22: SE and BSE images from native, unprocessed Florite R carrier
particles.

The imageds obtained by SEM (A-C) and FIB-SEM show particles in a size range below 100 um.
Higher magn[jﬁcations B, C) clearly show the composition of leaf like interconnected sheets. The
sheets themselves only are a few nm n thickness (C). Cross section images show the interconnection
o]; the leaves with pores in sub micrometer range (F) but also larger interparticular voids exist (D,
E

Fluoride R loaded with variable amounts of Q-3-EE could successfully be stained by osmium
tetroxide vapor. Accumulation of bright greyish electron dense material could be observed which
increased with cargo incorporation ranging from 50% silica loading over 200% towards 300% and
350% cargo (Figure 23 A-D). Greyish cargo seemed to be mostly located within narrower pores
bevor filling larger pores. Pores within the low micrometer range are not filled at all. Osmiophilic
material within particles containing higher amounts of cargo seemed to be higher concentrated at
the edges of the cross section. Especially within the 300% and 350% sample the brighter greyish
signal is interspersed with darker less electron dense “vein” like structures (Figure 23 C, D).
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Figure 23: BSE micrograph of FIB-SEM cross sections of Q-3-EE loaded Florite
R.

Micrographs were taken by FIB-SEM imaging using BSE collected by the in-column detector of
samples loaded with 50 % (A), 200 % (B), 300 % (C) and 350 % (D) of Q-3-EE. Light greyish content
was the stained cargo wish was marbled with darker, fine straight lines, from the leaf like
structures. These structures appeared as lines within the regions of filled pores since the topology
is mostly 2 dimensional.

Similar studies were conducted on Florite R particles, which contained 350% silica loading of a
SEDDS formulation composed of polysorbate 80 and Q-3-EE as cargo. In this case, the cargo was
stained more electron-dense, improving the visibility of both the cargo and internal structures. The
localization of the SEDDS was comparable to the sample containing only Q-3-EE, being mainly
confined to the smaller pores and not penetrating the larger intraparticular voids (Figure 24 A-D).
The structural features are comparable in terms of the observation of interspersed fine lines in the

samples, although they are better visible in the SEDDS sample
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Figure 24: BSE micrograph of FIB-SEM cross sections of SEDDS loaded Florite R.
The micrographs were taken by FIB-SEM imaging using BSE collected by the in-column detector
of Florite-R particles containing the 50/50 polysorbate 80-Q-3-EE SEDDS formulation at a
350%silica loading (A-D). Sections A-C show overview images of 3 progressive cross sections from
outer regions wit% each cross section getting deeper into the articlg. A close up is depicted in
section D showing the interspersed fine lines from the leaf like Florite-R structures within the
brightly stained cargo.

4.3.2. Characterization of tablets by EM

The SEDDS-loaded particles were compressed into tablets using a tablet press. However, none of
the resulting tablets, which contained 10 %, 20 %, 30 % or 50 % (w/w) SEDDS-loaded silica and
PEG 6000, exhibited sufficient hardness, with only one batch achieving measurable tablet
hardness. Nevertheless, the samples remained structurally stable so that subsequent analysis by
electron microscopy was possible. Prior to imaging, the tablets were successfully stained with
osmium tetroxide vapor, which penetrated evenly throughout the tablet (3 mm height and 8 mm
diameter), resulting in a clear color change to a deep black. SEM imaging with BSE revealed a
heterogeneous surface with bright electron dense areas mixed with less electron dense gray areas
(Figure 25 A, B). At higher magnifications, electron dense structures were observed, releasing a
electron dense liquid-like substance that filled the interstices (Figure 25 C, D).
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Figure 25: BSE micrographs of the surface of the 10/90 tablet compressed at 150
MPa.
Overview images (A, B) show a patchy surface of alternating bright electron dense spots and

darker less dense spots. Higher magnification images show that the bright regions have some kind
of structure and electron dense bright streams ofg contrasted materia? are Igcated in the vicinity
occupying interparticular voids (C, D)

Matching observations regarding the structure of the tablet were obtained by imaging cross section
after FIB-milling a trench into the tablet (Figure 26 A-F). The rectangular feature displays the
removed material after FIB-milling (Figure 26 A). The SEM image obtained using SE displayed the
revealed cross section showing larger greyish particles coated with a bright electron dense material
(Figure 26 B). Higher magnification BSE imaging confirmed the structure, displaying the contrast
differences stronger than in the SE micrograph (Figure 26 C,E). Located within this bright electron
dense structure are regions of less electron dense thin veins closely stacked up (Figure 26 D, F).
These structures were already imaged when investigating the Florite R particles loaded with
SEDDS (Figure 24). Within the tablet these structures seemed to be closer together as in the
uncompressed sample.
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Fi lre 26: Electron micrographs obtained after FIB- milling into the osmified
tablet.

Section (A) depicts the tablet surface with the square shaped region caused bly FIB-milling. The
overview of the cross section revealed by FIB-SEM as SE micrograph shows large particles and
bright veiny structures (B). Higher magnification BSE images (C-F) show increased contrast
differences and confirm the electron dense nature of the bright material covering the particles.
Osmification of the VCM tablets resulted in blackening throughout the whole tablet, comparable to
the compressed tablets. Surface imaging using BSE electrons resulted in a homogeneous structure
with very few small electron dense accumulations (Figure 27 A). The FIB- prepared cross section
enabled visualization of the local internal structure (Figure 27 B). The Florite R particles are
embedded within the polymer containing electron dense features comparable to the ones observed
earlier (Figure 27 C). Higher magnification of the polymeric regions around the particle displays a

polymer matrix finely marbled with elongated electron dense features (Figure 27 D).

50



Imaging of osmiophilic excipients within drug delivery systems

PW dwell curr HV HFW de = %, WD PW urr HV HFW e
16.5 10.00 ps 0.34 nA 2.00 kV 50.8 pm ne » 4.0 m .76 ni 34 nA 2.00 kV 8.47 ym e Ui

Figure 27: Electron micrographs of vacuum compression molded tablets.

The surface of the VCM-tablet showed no strong contrast differences except for the dark cracks on
the surface and a slight marbling (A). The overview of the milled region displays a crack in black,
a grayish matrix and some brighter roundish features. The pillar like formations are an artifact
typically for FIB prepared trenches (B). Sections (C, D) display higher magnification images
showing the Florite R particles and the fine marbling of bright electron dense material within more
greyish content.

4.3.3. Characterization of tablets by u-CT

Additionally, the structural features of the tablets were analyzed using micro-computed
tomography (u-CT). The sub volume of an unstained tablet (Figure 28 A-C) shows less dense
particles surrounded by denser material, which appeared lighter on the image. Pores and cracks
were visible as black areas. After osmification of the tablet, the u-CT scan showed overall a
comparable structure with the unstained tablet. The main difference between the osmified and the
unstained samples was that the osmified samples displayed X-ray opaque material surrounding
the particles (Fig. 29 A-C). When scanning the entire osmified tablet, there is considerable
scattering in the central area (Figure 30 A-B). Similar artifacts can be observed when scanning the
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VCM tablet. The VCM tablet appeared as a homogeneous mass with no noteworthy recognizable
structural features, apart from a few slightly lighter areas (Fig. 24 A-C).

100 pm

Figure 28: p-CT-Scan sub volume of a 10/90 tablet loaded with SEDDS
compressed at 150 MPa.

Displayed in section A is the sub volume of the tablet and sections B and C display slice images of
that sub volume. The black elongated features are pores, with the darker material being PEG
particles. Florite-R particles are displayed in grey.
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Figure 29: p-CT-Scan sub volume of a 10/90 tablet loaded with SEDDS
compressed at 150 MPa after osmification.

Displayed in section A is the sub volume of the tablet and sections B and C display slice images of
that sub volume. The black elongated features are pores, with the darker material being PEG
particles. Florite-R particles are displayed in grey.
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Figure 30: u-CT-Scan cross section through a whole osmified tablet ' '
Displayed in section A is a cross section through the tablet and section B is a representative slice
image. Both sections display the scanning artefact in the center visible as bright structures.
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100 um

Figure 31: u-CT-Scan of a sub volume of an osmified VCM-tablet.
Displayed in section A is the sub volume of the tablet and in section B displays a slice image of that
sub volume. No significant structural features are visible.
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4.3.4. Thermogravimetric results Q-3-EE loaded Florite R

The experiments were conducted on the Q-3-EE loaded Florite R particles. In order to assess the
amount of cargo located within the particles the cargo was burnt away by TGA. The mass loss was
in line with the amount of cargo. (Figure 32 A). The higher the silica loading of the particles the
higher the respective mass loss. The onset of decomposition was around 60 minutes and at 200 °C
(Figure 32 B). Pure Florite R also showed a certain amount of mass loss over the time but with the
most significant decline below 120 °C, which was due to water loss (Quantified by Karl-Fischer-
titration, Data not shown). Polysorbate 80 begins to rapidly decompose after 100 minutes at a
temperature of around 380 °C (Figure 32 B).
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Figure 32: Thermograms of Q-3-EE loaded Florite R particles and pure
substances

The thermograms display Florite R loaded with Q2-3-EE (A) or thermograms of the pure substances
(B) The colored lines refer to the respective mass losses (left), while the dashed line corresponds to
the temg(jerasure( right) to which the sample is exposed at the respective time. Data is presented as
means (n=3

The theoretical loading of the respective carriers calculated from the mass loss is in good correlation
with the measured ones obtained by TGA (Figure 33 A, B).
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Figure 33: Correlation of expected and measured mass loss of Q-3-EE loaded
Florite R particles.

Displayed in A are the respective columns comparing theoretical and measured loading and in B
the linear regression of the calculated loading values obtained by TGA.

4.3.5. Preparation and analysis of the SEDDS

The Q-3-EE oil was transformed into a self-emulsifying drug delivery system by the addition of
polysorbate 80 as surfactant. Various surfactant ratios were tested for their resulting particle size
and distribution by laser diffraction. The desired particle size with most of the particles within 100
and 200 nm was the ratio of 50/50 (w/w) (Figure 34 A, B). This formulation was loaded onto
Florite R at 3 different amounts 150%, 250% and 350% (Figure 34 A, B). The 350% loaded Florite
R particles released the formulation with a larger particle size. (Figure 34 B)
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Figure 34: Particle size distributions from various SEDDS by composition and
comparison of SEDDS released from Florite R

Displayed in figure section (A) are the corresponding particles size distributions of different SEDDS
compositions obtained by laser diffraction. Section (B) displays the particle size distribution of
Florite R, the particle size distribution of particles releasedp [ from 350% loaded Florite R and the
neat SEDDS efore incorporation by Florite R. Particle size distribution are obtained by laser
diffraction and displayed as volume distribution.
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Loading of the SEDDS containing Florite R was calculated by the mass loss obtained by TGA
(Figure 35 A).
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Figure 35: Thermograms obtained from SEDDS loaded Florite R

The thermograms display Florite R loaded with SEDDS containing 50% PS80 and 50% -3-EE.
Florite R particles were loaded with 150%, 250% and 350%. The colored lines refer to the
respective mass losses (left), while the dashed line corresponds to the temperature(right) to which
the sample is exposed at the respective time. Data is presented as means (€z=3 )

The measured loading fitted the theoretical loading of the SEDDS loaded Florite R well (Figure 36).
Nevertheless, the measured values were underpredicting the theoretical values. The 350% loading
containing sample was the sample with the highest amount of loading still showing acceptable
flowability. Thus, these particles were incorporated into tablets.
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Figure 36: Comparison of theoretical and measured loading
Displayed are the theoretical loading with the measured ones. Data are presented as mean +SD

(n=3)

Following the blending of the mixtures, tablets were formed from unloaded and loaded Florite R
particles and PEG 6000. Tablets composed of unloaded Florite R and PEG could successfully be
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compacted into stable tablets with each composition achieving at least a tensile strength of 1.5
N/mm? or higher. Solid fraction of the tablets was lower with increased amount of Florite R content
and was reduced with increased compaction pressure. Tensile strength benefitted greatly from
higher weight fractions of Florite R (Figure 37 A). With increased Florite R content only lower solid
fractions could be achieved while maintaining sufficient tensile strength (Figure 37 B, C). None of
the prepared SEDDS containing tablets had measurable breaking forces except for the batch of
10/90 compressed at 150 MPa, thus it was not possible to analyze the tablet properties further.
Tablet shaped compacts could be prepared especially for the lower weight fractions (10 and 20%).
These compacts had at least enough strength to be handled e.g. to be picked up and prepared for
the imaging experiments. Thus, the experiments were conducted using the 10/90 150 MPa
prepared tablets as from these their average breaking force and tensile strength was known. Tablets
had an average breaking force of 5.2 N and tensile strength of 0.144 N/mm?
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Figure 37: Tablet properties of control tablets

Displayed are tablet characteristics of 10/90 control tablets without the addition of SEDDS. Section
A d}z?sp ays tabletability, section B displays compressibility and section C the compactability. Data
is presented as mean + SD (n=5)

The particle size of the Florite R compaction cycle could successfully be addressed after dissolving
the PEG fraction of the tablet. Florite R particle distribution shifted from the uncompressed
particles leftwards to smaller particles for compaction pressures of 50 MPa and 100 MPa. Particle
distribution shifted towards larger particles and changed into a broader bimodal distribution which
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was more pronounced at 150 MPa and higher (Figure 38). These observations were only possible
for the weight ratio of the control tablets 10/90 as the higher ratios did not disintegrate.
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Figure 38: Particle sizes of Florite R particles after compaction.

Particle sizes are displayed after disintegration of 10/90 placebo tablets. Distributions are
displayed as volume distributions obtained by liquid cell laser diffraction. Data is displayed as
mean + SD (n=3)

The findings regarding the particle size were additionally confirmed by SEM imaging.
Uncompressed Florite R particles contain a very small amount of fine particles with petaloid
shapes. Filtration and collection on centrifugal filters did not alter particle morphology overall.
Florite R particles used as a control maintained their structure (Figure 39 A, B). After compression
of 100 MPa the fine particle fraction visible on the centrifugal filter largely increased and some main
particles lost their original shape. Particle morphology shifted towards flattened structures from the
more spherical shapes observed before (Figure 39 C, D). This phenomenon was more pronounced
at higher compression (Figure 39 E, F). Micrographs obtained from samples compacted at 250
MPa show a shift towards a bimodal particle size distribution with larger deformed particles and a
large fine particle fraction
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Figure 39: Florite R particles uncompressed after compression

The SEM micrographs were obtained after filtration of the disintegrated placebo tablets. Tablets
contained a ratio O]P 10/90 silica to PEG and were compressed at 100 MPa (C, D) or 250 MPa (E,
F). Uncompressed particles are displayed in A and B. The fine porous mech visible (B, D) is the
filter surface.

4.4. Discussion

Q-3-EE or other liquid or semisolid samples cannot be imaged directly by conventional high
vacuum room temperature SEM or TEM. The osmification turned the Q-3-EE into solid electron
dense compounds suitable for EM. This was possible using only the osmium tetroxide vapors
released from an osmium tetroxide crystal. Using this approach, it is now possible to image
materials such as Q-3-EE or -3-EE based SEDDS inside porous carriers such as Florite R which
is interesting as the incorporation of such formulations into porous carrier particles is a common
strategy to transform liquid samples into solids [164—166].
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The Florite-R particles loaded with -3-EE exhibited a greater amount of grayish electron-dense
material with increased loading. Since imaging was performed on individual particles, significant
differences were only visible in the cross-sectional images after FIB milling between significantly
different loading levels.

Nevertheless, the images showed that when lipids were incorporated as cargo, smaller intraparticle
cavities were filled before the larger submicron cavities. Some particles contained micrometer-sized
internal pores that were never filled. At higher loading levels, most of the cargo appeared to be
localized near surface voids. Particles containing SEDDS were more intensely stained than those
loaded exclusively with Q-3-EE Florite R, probably due to insufficient staining. This inadequacy
might be due to either an underestimation of the amount of osmium tetroxide required relative to
the amount of Q-3-EE or improper positioning of the sample in the desiccator-like device. Since
the vapor of osmium tetroxide is denser than air, it tends to remain near the bottom of the beaker.
Nevertheless, the (3-3-EE is clearly visible in the silica and exhibits the desired properties, such as
electron density and solid-state formation. Although the loading of -3-EE and SEDDS was of a
similar order of magnitude as quantified by TGA, the imaged silica particles with SEDDS contained
more cargo. It is plausible that variations in particle loading at the single particle are possible, due
to the dropwise addition of the cargo with constant agitation, which may have resulted in localized
exposure to high amounts of cargo. However, the ultrastructural details of the particles are well
resolved on the images. In addition, the beam stability of the samples was significantly improved.
Silica particles, especially in the unloaded state, are notoriously difficult to image with the SEM due
to their susceptibility to charging artifacts. Additionally, loading such particles with volatile organic
components such as lipid based excipients can negatively impact image quality due to carbon
deposition in the imaged areas [165]. The Osmification of such substances largely reduced artifacts
associated with carbon contamination. The fine dark lines visible in the cross-sections correspond
to the petal-like structures visible in the unloaded controls. Accumulation of osmium tetroxide in
the cargo made the SEDDS, which originally consisted only of light elements, more electron dense
than the silica matrix. Filling of the pores and the increased contrast in the images made them easier
to interpret, as the images now largely represent 2D slice images. The unloaded Florite R particles
were more challenging to interpret as they display more grey values due to topological effects of the
pores. In the SEDDS loaded samples the larger micrometer sized voids remained unfilled.
Generally the characterization of porous silica particles by FIB-SEM has not been conducted very
frequently, but seems to be a promising approach for validating the carrier structure and cargo
distribution [7,163,167].

In the next step, it was successfully demonstrated that contrast enhancement by osmium tetroxide
is feasible when applied to larger drug delivery systems. Osmium tetroxide vapor is well-known for
its ability to penetrate deeply into a wide range of organic materials. Tablets composed of the 350%
SEDDS loaded silica particles and PEG 6K were produced to further address this topic. These
tablets, however, failed to exhibit adequate mechanical properties, particularly in terms of tensile
strength which was observed before [165]. In contrast, the control batches produced under similar
conditions without SEDDS loading exhibited satisfactory properties. Despite this, the SEDDS-
loaded tablets were stable enough to be processed for electron microscopy.
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Contrasting was performed on intact tablets with a diameter of 8 mm and a height of 3 mm. The
tablets were cut in half for imaging. The uniform black coloration of the entire sample indicates an
accumulation of osmium tetroxide in the entire tablet volume. The SEM surface image showed a
patchy surface consisting of bright, electron-dense silica particles next to grayish PEG 6K particles.
Higher magnification images showed that lipids leaked from the particles and covered both the
surface and the inter-particle gaps. The FIB-SEM images confirmed these observations and showed
grayish PEG particles surrounded by bright, electron-dense material. In addition, fine lines
corresponding to silica-petaloid structures were visible, appearing in a medium greyish color. In
general, the structure appeared more compressed, with horizontally aligned silica sheets and
indentations caused by PEG particles. This structural change during compression of the Florite R
particles is also supported by the observation that the particle size in the unloaded control showed
an increased proportion of fine particles. With increasing compaction pressure, the particle size
distribution shifted towards a bimodal distribution, with one fraction consisting of fine particles
and the other larger than the pure particles. The change in morphology was also visible in the SEM
images after disintegration caused by dissolution of the PEG. However, the disintegration was only
possible for samples with 10 % unloaded silica. Tablets with a silica content of 20 % or more did
not disintegrate. Disintegration of tablets can be a critical attribute for drug release and thus is often
required. To reach acceptable disintegration times for the placebo tablets, a disintegrant such as
cross povidone might be needed [168].

As an alternative production method for creating a monolithic, tablet-shaped drug delivery system,
vacuum compression molding was employed, resulting in molten, disc-shaped tablets. These
systems were uniformly stained by osmium tetroxide vapor. BSE micrographs taken from the
surface of the VCM tablets revealed a homogeneous structure. Under high magnification, fine,
bright, electron-dense features were visible. Cross-sectional imaging, prepared via FIB-milling,
showed finely distributed, bright electron-dense "veins" running through the PEG matrix. The
electron density of the matrix appeared higher than in tablets prepared by compaction, possibly
indicating a molecular distribution of osmiophilic material within the PEG 6K. The bright veins
correspond to osmiophilic material, which is distributed in a colloidal state throughout the sample.
This electron-dense material is also observed within the embedded Florite R particles. These
findings suggest that the SEDDS self-emulsified into the molten PEG 6K matrix during production,
forming a solid SEDDS system. The embedding of pegylated surfactants into PEG 6K was already
investigated as a drug delivery tool [169].

The introduction of electron-dense substances benefits not only electron microscopy but also p-CT
imaging. The incorporation of contrast-enhancing materials alters the X-ray opacity of the stained
material, allowing previously indistinguishable structures to become visible. Introduction of heavy
metals or other x ray opaque substances for structural identification is a standard approach in many
fields of biology but unexplored in the field of pharmaceutics [159,160,170,171].

The obtained p-CT scans show that this approach is also applicable for drug carriers such as tablets.
In the study, both the PEG-6K particles and silica particles were already distinguishable, along with
the pores. The intraparticular spaces were at the edge of the resolution limit but were often large
enough to be visible. The addition of osmium tetroxide to the tablet created radio-opaque regions
surrounding many of the PEG-6K particles, whereas these regions were radiolucent in the control
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sample. However, the osmium tetroxide also obscured most of the Florite R particles that were
visible in the control sample. While contrast enhancement improved the visibility of certain
features, it also presented challenges. The high enrichment of osmium tetroxide in the SEDDS
formulation significantly altered the sample in terms of X-ray lucidity, so both the dwell times and
the X-ray energy (kV) had to be adjusted. The increased kV was necessary to penetrate the osmified
tablet. Unfortunately, this led to scattering and streaking artifacts, especially in the center of the
tablet, due to the large density differences. Nevertheless, the CT scans showed comparable results
as the FIB-SEM imaging. In the case of the VCM-tablet no structures or phase differences could be
imaged except for some more radio-opaque spots or cracks. This is due to the small size of the
features which were below the resolution of the u-CT [170].

4.5. Concluding remarks

The experiments conducted could demonstrate the usefulness of contrast enhancement of drug
delivery vehicles for SEM and FIB-SEM imaging as well as for u-CT. Osmium tetroxide is an
especially suitable contrasting agent as it can be used in vapor form nihilating effects of possible
solvents which most likely will affect the structure of most delivery systems. The samples
investigated in this study were expected to react with osmium tetroxide but since carbon double
bonds are not the only chemical moiety known to react with osmium tetroxide this approach could
be transferred to many other excipients. This method will help formulation scientists assess the
distribution or localization of a substance of interest, even in large drug delivery systems. For this
approach to work the only prerequisite is a certain osmiophilicity of the material or structure of
interest.
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5. Cellular uptake and fate of
lipid nano carriers imaged by
electron microscopy
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5.1. Introduction

Facilitated by the success of RNA based therapies in research resulted in a renaissance of
nanoparticle research [172]. Nevertheless, it is still poorly understood how drug carriers enter the
cell, witch pathways they traffic on, how they deliver their cargo and where they are ultimately be
degraded. The characteristics that influence particle uptake and the uptake pathways are initially
dependent on the cells which are used for uptake investigation. In addition to the characteristics of
the specific cells, particle properties such as charge, particle rigidity, core material or various surface
modifications influence the uptake of nanoparticles [61,173,174]. RNAs can be delivered via
multiple delivery systems ranging from polymeric to lipid-based systems. Especially the lipid-based
systems are of great interest and include for example solid lipid nanoparticles, liposomes,
nanostructured lipid carriers or nanoemulsions. Nanomedicine itself is not a new topic with the
first marketed product being Doxil® in 1995, a liposomal formulation used to encapsulate
doxorubicin [175,176] and the discovery of liposomes in general in the 1960 [172].
Nanotherapeutics can be composed of a variety of excipients and contain a multitude of different
structures. Lipid nano carriers (LNCs) for example are solid lipid nanoparticles, liposomes,
nanoemulsions, or nanostructured lipid carriers [177]. In addition to lipid-based excipients,
nanomedicines can be composed of a variety of different polymers of natural or synthetic origin
[178]. Nano particles for drug delivery can also consist of inorganic materials such as mesoporous
silica nanoparticles, gold or iron oxide. The inorganic particles are mostly investigated in academic
research [179].

One of the simplest forms of lipid nanocarriers are nanoemulsions. Such carriers can be
manufactured from 2 excipients, a core lipid, usually oil, and a surfactant. The most sophisticated
approach to investigate nanoparticle uptake by electron microscopy would be the visualization of
the carriers directly within the cell without addition of further substances or tracers. Especially in
the case of nanoemulsions or other lipidic compounds osmium tetroxide seems promising as it is
generally used within electron microscopy as a secondary fixative and contrasting agent for lipid
membranes. Based on this assumption It should be possible to visualize LNCs composed of
osmiophilic excipients. Osmiophilic excipients are excipients with an innate reactivity towards
osmium tetroxide leading to a direct binding of osmium tetroxide to the excipients. This will fix the
material, blocking dissolution during the preparation with organic solvents while simultaneously
rendering it visible.

Before the actual uptake investigations were performed, several excipients were screened for their
ability to form reaction products with osmium tetroxide. From this screening 3 lipid excipients e.g.
mono-, di- and triglycerides of linoleic acid [Maisine CC™], omega-3 ethyl esters [Incromex E
7010™7] and omega-3 triglycerides [Incromex TG 4030™] were chosen for further investigation.
They were screened over a wide range for their ability to form LNCs using polysorbate 80 as
surfactant

These LNCs were incubated with J774A.1 cell-line which is regularly used in uptake experiments.
The J774A.1"s are a monocyte derived macrophage cell originated from Balb/c mice. Uptake of
the LNC’s was imaged by EM using the HMDS technique and by STEM imaging. Additionally, as
lysosomal degradation was expected, the lysosomal function was disrupted by cotreatment of

chloroquine or lalistat 2. Chloroquine is an established model substance for disrupting several
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lysosomal properties due to its accumulation in acidic organelles by ion trapping. Thus, chloroquine

could mimic the effects of ionizable DDSs used for example in RNA delivery. It is known for

disruption of lysosomal function by lysosomal swelling, pH elevation and inhibition of fusion

processes. Additionally, the lysosomal acid lipase was inhibited by lalistat-2. Lysosomal acid lipase

is the only known lysosomal lipase to mainly degrade acylglycerols and cholesterol esters.

5.2. Material and Methods

5.2.1. Materials

Table 8: excipients used in screening and LNC formulation

Material Brand name Vendor

Omega-3 fatty acid ethyl esters Incromex E 7010™ Croda

Corn oil Super refined corn oil | Croda
S fined

Cotton seed oil HPer FEAne , Croda
cottonseed oil

GI TTinoleat -, di- and .

.ycery H,]O eate monos, & .an Maisine CC™ Gattefossé

tri-ester mixture from corn oil

Linoleoyl Polyoxyl-6 glycerides Labrafil M2125 Gattefossé
S fined olei

Oleic acid u.per retnec orele Croda
acid

Olive oil Olive oil Ph.Eur. grade | Carl Roth
K85EE -3-acid

Omega-3 fatty acid ethyl esters omegaromact BASF
ethyl esters

Omega-3 triglycerides Incromex TG 4030™ | Croda

Sorbitan monooleate Span 80 Ph.Eur. grade | Croda

Sorbitan trioleate Span 85 Ph.Eur. grade | Croda

Squalene

Squalene

Tokyo Chemical Industry

Polysorbate 80

Tween 80

Croda

Table 9: Materials Electron microscopy

Material Brand name Vendor
Double sided conductive carbon Carl Roth
tabs
DPM-30 Accelerator ([2,4,6- Epon 812 substitute | Sigma Aldrich
Tris(dimethylaminomethyl)phenol) | epoxy-embedding kit
, , Epon 812 substitute | Sigma Aldrich
Epoxy embedding medium , ,
epoxy-embedding kit
Ferricyanide Sigma Aldrich
E 812 substitute | Carl Roth
Glutaraldehyde 25% EM grade ot Sl? st u M
epoxy- embedding kit
Hexamethyldisilazane (HMDS) Sigma Aldrich
E 812 substitute | Si Aldrich
Methylnadic anhydride (MNA) ot Sl? - u © | Piema ficHe
epoxy- embedding kit
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Osmium tetroxide 4% solution Electron Microscopy Sciences
Silver conductive paint Plano
Thiocarbohydrazide Sigma Aldrich

5.2.2. Screening of suitable osmiophilic excipients
Unsaturated lipids were dispersed at 10% (w/w) in a water phase containing 1% polyvinyl alcohol
13000. The total weight of the mixture was 10 g. Emulsions were homogenized using Ultrathurax
IKA T18 Basic (IKA®-Werke GmbH & Co. KG, Staufen, Germany) at 13000 rpm for 2 minutes.
Afterwards, this pre-emulsion was then homogenized by ultrasound homogenization using a
Bandelin Sonopuls HD 2200 homogenizer (BANDELIN electronic GmbH & Co. KG, Berlin,
Germany) equipped with an SH 213 G booster horn and a TT13 titanium tip operated at 50%
power in continuous mode for 2 minutes.

Samples were diluted 1:1000 and stained using 4% unbuffered osmium tetroxide reaching a final
concentration of osmium tetroxide of 1%. Samples were pipetted after 12 hours onto glass
coverslips and analyzed by SEM after sputter coating.

5.2.3. Preparation of nanocarriers:

The inner oil phases were premixed with the respective surfactants at 400 rpm for 30 min under
magnetic stirring in 20 ml snap cap vials. MilliQ water was added proportionally to reach 10 g of
total formulation weight and stirred again for 30 minutes. The resulting pre-emulsion was further
processed by an Ultrathurax IKA T18 Basic (IKA®-Werke GmbH & Co. KG, Staufen, Germany) at
13000 rpm for 2 minutes followed by ultrasound homogenization using a Bandelin Sonopuls HD
2200 (BANDELIN electronic GmbH & Co. KG, Berlin, Germany) homogenizer equipped with a
SH 213 G booster horn and a TT13 titanium tip operated at 50% power in continuous mode for 2
minutes.

5.2.4. Particle size analysis by laser diffraction

Particle sizes for the lipid nanocarriers were analyzed directly after production using a LA 960 laser
diffraction (Horiba, Kyoto, Japan). Particle concentration was adjusted using the red laser light
transmission for larger particles or blue laser light transmission for smaller particles to 85%
transmittances. The real refractive index was set to 1.450 and imaginary refractive index was set to
0.000 with the refractive index of the dispersing medium at 1.333 for water. Particle size
distributions were calculated as volumetric distribution.

5.2.5. Particle size analysis by dynamic light scattering
(DLS)

Dynamic light scattering measurements were conducted using a nanoPartica SZ-100 (Horiba,

Kyoto, Japan). Samples were diluted accordingly and analyzed at a 173° angle through single use

cuvettes. The real refractive index was set to 1.450 and imaginary refractive index was set to 0.000
with the refractive index of the dispersing medium at 1.333 for water. Particle size distributions
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were calculated as volumetric distribution. Only particles used for further experiments were
characterized by DLS

5.2.6. SEM imaging of nanocarriers

LNCs were further analyzed by SEM after osmification. Osmified particles were treated as
described under 5.2.2 and dispersed on glass coverslips and airdried. After drying, the coverslips
were glued on SEM stubs using silver conductive paint and sputter coated with platinum using a
Q150T S (Quorum Technologies, Judges House, Lewes Road, Laughton, East Sussex, UK) at 30
mA for 20 seconds. Samples were imaged using 10 kV accelerating voltage and 0.34 nA current at
a working distance of 4 mm using BSE for imaging via the concentric backscatter electron detector.

5.2.7.J774A.1 cell culture

5.2.7.1. Cell culture routine

J774A.1 mouse BALB/c monocyte macrophage cells (Sigma Aldrich, St. Louis, Missouri, USA)
were kept in 75ml cell culture flask (VWR, Radnor, Pennsylvania, USA) and grown adherend in
Dulbecco s modified eagles medium (DMEM, PAN-Biotech GmbH, Aidenbach, Germany),
complemented with 10% fetal bovine serum, 1% penicillin and streptomycin (Sigma Aldrich, St.
Louis, Missouri, USA). Passaging of was done by scrapping. Each new cell batch was analyzed for
mycoplasma contamination using MycoStrip® a mycoplasma detection kit (InvivoGen Europe, 5,
rue Jean Rodier F-31400 Toulouse France).

5.2.7.2. Viability by MTT assay of LNCs

40.000 cells were seeded per well in 96 well plates using cell concentration of 400.000 cell/ml and
incubated for 16 h at 37°C and 5% carbon dioxide using the beforementioned DMEM. Cells were
treated over 24h with the various nanocarriers at respective concentrations. Viability was analyzed
after 3 washing steps with Dulbecco’s phosphate buffered saline (DPBS) using a 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide as formazan forming compound [180]
incubating for 90 minutes. The formazan was dissolved in 100 pl DMSO and quantified at 560 nm
using a Perkin Elmer Enspire plate reader (Perkin Elmer, Waltham, Massachusetts, United States
of America).

The effect of lalistat 2 and chloroquine on viability was analyzed after 24 hours. Additionally, the
viability influence of the co-treatments was analyzed. Cells were pretreated 90 minutes before LNC
incubation with 10 uM lalistat 2 (Sigma Aldrich, St. Louis, Missouri, USA) and 20 uM chloroquine
diphosphate (Sigma Aldrich, St. Louis, Missouri, USA). The resulting viability was addressed as
mentioned above.

5.2.8. Confocal laser scanning microscopy (CLSM)

Cells were seeded into 4 well glass bottom imaging cell culture dishes (u-Slide 4 Well, ibidi GmbH,
Grafelfing, Germany) under the same conditions as described under 5.2.7.2. Following the 16
hours incubation, the cells were washed 3 times with DPBS and then incubated using Hoechst

33342 (20 pg/ml) for 10 minutes to stain the nuclei. Unbound dye was removed and cells were 5
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times washed with DPBS. Cells were treated afterwards with Lino-LNC (0,1 mg/ml) for 1 h. Lipid
phase was stained with 1,1'-Dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate (Dil)
at a Dil ratio of 0,013 mg per mg lipid. Imaging was performed after 1h of incubation using a Nikon
A1 confocal laser scanning microscope (Nikon, Tokyo, Japan) equipped with an Eclipse Ti-E
inverted microscope (Nikon, Japan) and an LU-NV laser unit (Nikon, Japan). Excitation
wavelength for Hochst was 405 nm and for Dil 535.5 nm. Micrographs were taken using 60x
objective with immersion oil [181]

5.2.9. Preparation of J774A.1 macrophages for SEM and
SEM imaging

Cells were seeded over 16 hours at a density of 200.000 cells per well with a concentration of
400.000 cells/ml in 24 well plates containing sterile glass coverslips. Cells were treated with 0.1
mg/ml Lino LNCs or treated with 0.01 mg/ml in case of Q-3 based LNCs. Following treatment,
cells were washed 3 times with DPBS and fixed in 3 % glutaraldehyde buffered with 0.1 molar
cacodylate pH 7.4 for 30 minutes at room temperature. Fixed cells were washed by DPBS in
triplicate and stained in 1 % osmium tetroxide for 120 min. After contrast enhancement the cells
were washed again and gradually dehydrated in a ethanol series 35 %, 50 %, 70 %, 80 %, 90 %
v/v)) with the last step being 3 times absolute ethanol. As a last step the ethanol was removed and
replaced by HMDS. HMDS was removed after 10 minutes, and the sample was airdried. Dried
samples on coverslips were glued onto SEM stubs using conductive silver and sputter coated with
platinum using a Q150T S (Quorum Technologies, Judges House, Lewes Road, Laughton, East
Sussex, UK) at 30 mA for 20 seconds. Samples were imaged using the FE-SEM function of the
Helios G4 CX FIB-SEM (former FEI Company now Thermo Fisher Scientific Inc, Eindhoven,
Netherlands) at 10 kV to ensure sufficient electron penetration into the cells to collect subsurface
signals.

5.2.10. Preparation of J774A.1 macrophages for STEM

5.2.10.1. Sample preparation

Treatment conditions were kept similar to the previously described conditions. Cells also
glutaraldehyde fixed for 30 minutes and washed. Contrast enhancement was done using the
reduced osmium tetroxide thiocarbohydrazide osmium tetroxide (rOTO) technique. Contrast
enhancement was performed for 90 minutes in reduced osmium (1.5% ferricyanide and 1%
osmium tetroxide) following 3 washing steps and an incubation of 20 minutes using 0.5%
thiocarbohydrazide (TCH). Subsequently to the TCH incubation the samples were washed again
in triplicate and stain in 1% osmium tetroxide for 90 minutes followed by a washing step. Samples
were then dehydrated in an ethanol series 35 %, 50 %, 70 %, 80 %, 90 % (v/v). As Final dehydration
step, the samples were 3 times incubated in absolute ethanol. Gradually the ethanol was replaced
by a graded series of epoxy resin/ethanol mixtures with the last steps being pure resin, which is
finally polymerized in an oven at 45 °C (modified from [37]). After 24 hours the temperature
increased to 60 °C for 48 hours. Sample were fractured into suitable sized pieces. These pieces were
glued on epoxy resin stubs and pre trimmed using Teflon coated razorblades (Graticules Optics
Ltd, Tonbridge, Kent, United Kingdom). Ultrathin sections of 70 nm were cut from the block face
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via ultramicrotomy using a Powertome (Boeckeler Instruments Inc, Tucson, Arizona, United states
of America) equipped with a diamond knife (Diatome AG, Nidau, Switzerland). Ultrathin sections
were collected on formvar coated slot grids and placed into the Electron microscope. Micrographs
were taken by brightfield STEM imaging at 30 kV using a Helios G4 CX FIB-SEM microscope
(former FEI Company now Thermo Fisher Scientific Inc, Eindhoven, Netherlands).

Control samples included untreated cells, lalistat 2 and chloroquine treated cells and cells treated
with commercially available 10 nm gold nanoparticles (AURION Immuno Gold Reagents &
Accessories, Wageningen, The Netherlands), diluted 1:10 from stock (gold content in stock
approximately 0.0125%).

5.2.10.2. Post staining
On grid staining was performed using uranyl acetate (Electron microscopy sciences, 1560 Industry
Road Hatfield, Pennsylvania, USA) 2% solution for 25 minutes following 7 minutes 3% lead citrate.

5.3. Results

5.3.1. Screening for suitable osmiophilic excipients.
All excipients screened could successfully be emulsified using PVA 13000. In most cases the
formation of electron dense black precipitates was observed except for medium chain triglycerides
(MCT) which showed no reactivity and could not further be analyzed. Within the SEM (Figure 40)
almost all samples analyzed in the screening showed electron dense spherical structures with
intense contrast (Figure 40 A-G) except for the Span 80 and oleic acid based samples (Figure 40 H,
D). Interestingly the oleic acid based samples showed electron denser precipitates on the surface.
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Figure 40: Osmification of unsaturated lipidic excipients.

Micrographs were obtained by SEM imaging using BSE. Theimage sectionsdisplay labrafil
M2125 (A), K85EE omega-3-acid ethyl esters (B) squalene (C), olive oil Ph.Eur. grade (D), super
refined corn oil (E), super refined cottonseed oil (F), Span 85 Ph.Eur. grade (G) Span 80 Ph.Eur.
grade (H) and super refined oleic acid (I). (#)

In addition, the aforementioned mono-, di- and triglycerides of linoleic acid [Maisine CC™],
omega-3 ethyl esters [Incromex E 7010™] and omega-3 triglycerides [Incromex TG 4030™]
(Figure 41 B-D) were analyzed. The excipients could successfully be emulsified using polyvinyl
alcohol 13000. The particle size distributions measured before osmification (Figure 41 A) were in
the range of the particles shown in the micrographs (Figure 41 B-D). These excipients maintained
their spherical shape as well during osmification. Resulting from screenings, the linoleic acid and
Q-3 based excipients are used for further experiments and formulation development.
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Figure 41: Particle size distribution of linoleic and Q-3 based excipients pre
osmification and SEM micrographs post osmification.

Image section A shows the droplet size distribution of the three oils before osmification, measured
by laser diffraction. The following sections show Maisine CC™ (B), Incromex TG 4030™ (C) and
Ing'ror?e)é ;E(731 0™ (D) emulsion after osmification as SEM images. Data are presented as mean
+SD (n=3) (#

5.3.2. LNC formulation development

The linoleic acid and Q-3 based excipients were chosen for further investigation and their ability to
form LNCs. Higher concentrations were investigated for potential upscaling enabling higher
particle concentrations or respective potential drug loading. The emulsions were successfully
prepared over a wide range of lipid concentrations as well as surfactant ratios (Figure 42, 43 44).
Formulations were analyzed for their respective particle size distributions by laser diffraction
aiming for distributions below 1 um.

Maisine was able to form LNCs even at 15% weight fractions (Figure 42 A-D). Emulsion
preparation was not always possible due to gelling, especially for high lipid contents paired with
high surfactant ratios (Figure 42 C, D). This resulted in particle distribution with larger particles,
as particles formed after dilution. The screening aimed to find the first formulation with true
nanometer distribution in each weight fraction. With the formulations having the first nanometer
distribution being 5%-Maisine+2% PS80, 10%-Maisine + 5% PS80 and 15% Maisine + 10% PS80.
For the 20% fraction it was not possible to reach a pure nanoparticle fraction.
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Figure 42: Particle size based formulation screening of Maisine CC based LNCs
using polysorbate 80 as surfactant.

Shown are wall plot diagrams of particle size distributions obtained by liquid cell laser diffraction
after ultrasound emulsification. Formulations with lipids consisting of mono-, di- and triesters of
linoleic acid (Maisine CC) were prepared at concentrations of 5% (A), 10% (B), 15% (C) and 20%
(D) using different polysorbate concentrations. The data is given as mean values (n=3).

Similar results were obtained with emulsions prepared using the omega-3 triglycerides. Omega 3
triglyceride based oils showed no gelling, thus leading to reduced particle size with increased PS-
80 content. In this case the formulations which reached nanometer sized distribution were similar
to the Maisine CC ones (Figure 43 A-D).
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Figure 43: Particle size based formulation screening of Incromex TG 4030 based
LNCs using polysorbate 80 as surfactant.

Shown are wall plot diagrams of particle size distributions obtained by liquid cell laser diffraction
after ultrasoun emulsi]gcation. Formulations with lipids consisting of Q-3 triglycerides (Incromex
TG 4030) were prepared at concentrations of 5% (A), 10% (B), 15% (C) and 20% (D) using
different polysorbate concentrations. The data 1s given as mean values (n=3).

Again, similar results compared to the other obtained particle size distributions could be obtained
for the compositions screened involving the omega-3 ethyl esters. Here all weight fractions of inner
phase were able to achieve a nanometer distribution depending on the amount of PS80 used. The
formulations reached the first nanometer sized distribution at 5%-Incromex-E 7010+3% PS80,
10%- Incromex-E 7010 + 5% PS80 and 15% Incromex-E 7010 + 10% PS80 and 20% Incromex-E
7010 + 15% PS80 (Figure 44 A-D).
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Figure 44: Particle size based formulation screening of Incromex E 7010 based
LNCs using polysorbate 80 as surfactant.

Shown are wall plot diagrams of particle size distributions obtained by liquid cell laser diffraction
after ultrasoun emulsazl'ﬁcation. Formulations with lipids consisting of 2-3 ethyl esters (Incromex
E 7010) were prepared at concentrations of 5% (A), 10% (B), 15% (C) and 20% (D) using different
polysorbate concentrations. The data is given as mean values (n=3).

From this screening, the emulsions with 5% lipid content were selected for further experiments.
The properties and corresponding abbreviations of the formulations are summarized below (Table
10). These abbreviations will henceforth be used throughout the text to reference the respective
compositions. Further particle size analysis was performed using DLS, as it offers better resolution
within the nanometer range. DLS measurements revealed nanoparticle distributions within

comparable size ranges (Figure 45 D). Overall, the particle obtained by DLS sizes were smaller
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compared to those determined by laser diffraction. Additionally, the lipid nano carriers were further
analyzed for their particle size after osmification by SEM (Figure 45).
Table 10: LNC composition and particle sizes

Median (Laser | Z-Average | Median (DLS)

Composition Abbreviation Diff.) [nm] [nm] [nm]
2: glsagzine cer Lino-LNC | 15441 15121 112+4
g Z;Z ;ns‘ggmex TG00 harGNe | 15240 12043 81+9
2:;2 ;ns‘ggmex B7OI0T T gsEE-LNC | 14450 12643 96+7

The SEM micrographs showed particles of Lino-LNC (Figure 45 A), Q3TG-LNC (Figure 45 B) and
Q3EE-LNC (Figure 45 C) within the size range measured by laser diffraction as well as DLS (Figure
45 D).

HFW  det mode

2.7 ym CBS A

— Lino-LNC
— Q3EE-LNC
— Q3TG-LNC

T = 1
® S 100 1000
° WD PW  dwell cur HV  HFW  det 5 — ——— Drop'et size [nm]

s 4.0 mm 4.13 nm 5.00 ps 0.34 nA 5.00 kV 12.7 pm CBS A

Figure 45 BSE-Micrographs of osmified LNC’s and respective particle size
distribution measured by DLS.

With Micrograph (A) being Lino LNC, Q3TG-LNC (B) and Q3EE-LNC being (C) and image section
D being the DLS volumetric particle size distribution. Data are presented as mean + SD (n=10) (#)
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5.3.3. Uptake studies under native conditions

The carriers characterized above (Table 10) were used to treat the murine macrophage cell-line
J774A.1. Before the imaging by EM the influence of the LNCs on the viability of the J774A.1 cells
was determined by MTT-assay. Consequently, a loss of viability was seen with increased
concentration. The IC 50 values obtained were 267.4 pg/ml (95% CI [218.5 ug/ml, 319.1 pg/ml])
for Lino-LNC, 26.7 ug/ml (95% CI [23.42 ug/ml, 29.44 pg/ml]) for Q3TG-LNC and 41.72 pg/ml
(95% CI [30.46 pg/ml, 47.32 pug/ml]) for Q3EE-LNC (Figure 46 A-C). The Lino-LNC had the
lowest negative influence on cellular.

A Lino-LNC Q3TG-LNC ( j Q3EE-LNC

¢ 100
00 100

-

1C50{0.04172

Viability [%]
Viability [%]
Viability [%]

50 50

50

0 . 0 0
0.0001 0.001 0.01 0.1 1 10 100 0.0001 0.001 0.01 0.1 1 10 0.0001 0.001  0.01 0.1 1 10
Concentration [mg/ml] Concentration [mg/ml] Concentration [mg/ml]

Figure 46: Viability of J774A.1 cells after 24 hours of LNC incubation.

Sections A-C display the concentration dependent influence of the LNCs on viability determined by
MTT-assay on J774A.1 cells after 24 hours of incubation. The presented image sections display
the viability influence of Lino LNCs (A), Q3TG-LNCs (B) ané) Q3EE-LNCs (C) using various
concentrations. Data are presented as mean + SD (n=4). (#)

Besides by EM imaging the LNC uptake was also investigated by CLSM (Figure 47 A, B). Both
micrographs show a cell with nuclei in blue and the Dil label in orange. Orange accumulations
range from sub-micron to around 5 um in size. No accumulation of Dil related signal in a relevant
amount is visible from surface attached Lino-LNC.

Figure 47: CLSM Micrographs of Lino-LNC treated J774A.1

The orange signal (A, B) shows the uptake of the Dil-labeled Lino-LNCs. The cell nuclei are shown
in blue.(]\gicrographs were obtained after 1 hour of incubation using 0.1 mg/ml of Dil labeled Lino-
LNCs. (#

Before imaging treated cells, untreated control samples were imaged (Figure 48 A-F). Macrophages
showed three naive morphologies elongated and stretched cells (Figure 48 D), roundish (Figure 48
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C) and occasionally very large and flat cells (Figure 48 E). All cells show extensive amounts of
surface structures such as microvilli and membrane ruffles with occasional macropinocytotic cups.
Elongated cells show lamellipodia with filopodia sprouting from it.

dwell cur  HV HFW  det mode 40 pm
4.0 mm 34 5 nm 5.00 ps 0.34 nA 10.00 kV 106 ym CBS A Uni Bonn

D PW dwell  curr HV HFW  det mode 10 pm : W dwell  curr HV HFW  det mode 10 pm
0 mm 8.27 nm 5.00 ps 0.34 nA 10.00 kV 25.4 ym CBS A Uni Bonn mm 8.27 nm 5.00 ps 0.34 nA 10.00 kV 25.4 um CBS A Uni Bonn

Flgure 48 Overv1ew of the cell morphology of the untreated J774A.1 cell llne.
Sections A and B show small areas of adherent cells. The micrographs C-E show the three
morpholo dgzcal types of the cell line, from round (C) to elongated (D) to large and flat (E). The

elongated cells in particular can extend over distances of 40 um. Most cells show clear signs of
membrane ruffling (F). (#)

Morphological investigations of LNC treated cells by the HMDS technique showed cells in round
or elongated shapes (Figure 49 A-F). Cellular surfaces were covered in protrusions and membrane
ruffles. The elongated features such as lamellipodia from which filopodia spread were present as
well. Cells showed membrane ruffles as well as formation of macropinocytotic cups (Figure. 49 B,
E, F) indicating signs of macropinocytosis. Overall structural characteristics were comparable with
untreated controls, except for accumulation of bright electron dense subsurface features. These

subsurface features were very well visible in the lamellipodia but not limited to such structures. All
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treatments led to the appearance of bright structures after 24 hours of incubation, regardless of the
prepared LNCs. Due to the higher dose, the Lino-LNCs (Figure 49 A, B) showed a higher
enrichment and the Q3TG-LNCs (Figure 49 C, D) showed the lowest amount. The cellular origin
of the bright accumulations could not be further addressed using the HMDS technique.

HV HFW  det mode
mm 20.7 nm 5.00 ps 0.34 nA 10.00 kV 63.5 ym CBS A

s WD PW di HV HFW  det mode
2 4.0 mm 8.27 nm 5.00 ps 0.34 nA 10.00 kV 25.4 ym CBS A

.
%, WD PW dwell  curr HV HFW det mode
3 4.0 mm 8.27 nm 5.00 ps 0.34 nA 10.00 kV 25.4 ym CBS A Uni

Figure 49: HMDS dried J774A.1 cells after 24 hours of LNC incubation

The micrographs display BSE images obtained from SEM imaging. Image sections (A, B) display
Lino-LNC treated cells, sections (C, D) display Q23TG-LNC treated cells and sections (E, F) display
Q3EE-LNC treated cells. Cells were treated with 0.1 mg/ml in case of Lino-LNC and 0.01 mg/ml
in case of the Q23-based excipients. All treated cells exhigit some degree of electron-dense material
accumulation (indicated by arrows) in the BSE micrographs. Apart from the bright structures
marked by the arrows, cell morphology remains unaffected. Both untreated and treated cells
display extensive membrane ruffling, as well as the presence of lamellipodia and filopodia.
Lamellipodia are elongated cellular structures very present in (C, D, G), from which the thread like
filopodia sprout. (#)

Uptake of Lino LNCs was also successfully investigated at earlier timepoints e.g. 15, 30, 60 and
120 minutes (Figure 50 A-D). Overall, cellular morphology was comparable to earlier
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investigations and the untreated cells (Figure 48/49). The first visible bright structures were
detected after 30 minutes which grew more pronounced at later timepoints. After 120 min bright
accumulations are well visible. Using this approach Q3TG-LNC and Q3EE-LNC’s were also
investigated with general comparable results.

15 min . 30 min

HV HFW
34 nA 10.00 kV 25.4

cu HFW. mod
s 0. A 10.00 kV 25.4 ym CBS A

Figure 50 SEM micrographs of J774A.1 cells after treatment with Lino-LNC
observed at different incubation times.

After 15 minutes of incubation, there are no discernible differences between the treated cells and
the control group (A). However, after 30 minutes (B), subtle electron dense structures under the
surface (indicated by arrows) become visible. These features become clearer after 60 minutes (C)
and are even more pronounced after 120 minutes of incubation (D). (#)
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Uni Bc

The largest differences was found when imaging the Q3TG-LNC interactions as here seldomly
adherend structures of bright electron dense nature could be visible. These features were visible
occasionally attached to the surface but also attached to lamellipodia as well as filopodia (Figure
51). These structures differed greatly in electron density compared to the spherical structures found
endogenously in the J774A.1 cell line (Figure 52), which are addressed later. The occurrence of
electron dense subsurface accumulations was also observed after 30 minutes. Observations on
Q3EE-LNC treated cells were comparable to the Lino LNC treated samples. In these samples, the
first visible electron dense accumulation were already visible after 15 minutes of incubation.
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Figure 51: SEM micrographs of J774A.1 cells after treatment with Q3TG-LNCs.
SEM micrographs of J774A.1 cells after treatment with Q3TG-LNCs obtained after HDMS drying.
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Especially when cells are imaged using secondary electrons, many spherical structures were visible
which were attached to the cellular surface or located at the vicinity of cells (Figure 52 A, B).
However, these structures were far less visible when BSE was used for imaging and were found in
both treated and untreated cells. These structural features fit within the size range of many typical
carriers used as nanotherapeutics. STEM imaging of untreated cells compared to cells treated with
Lino-LNCs show a structural difference between the two collectives. Particles found within the
untreated control were surrounded by a lipid bilayer containing material with heterogenic electron
density (Figure 52 D,E,F [Ex]) whereas particles found in treated samples had two structural
species (Figure 52 E). One of which belonged to the previously described particle species [Ex], while
the other consisted of a homogeneous, electron-dense, dark, amorphous core with surrounding
black precipitates (Figure 52 C,E). The latter mentioned particle collective matches the anticipated
structure of the Lino-LNC (Figure 52 [LNC]). Lino-LNC should be consistent with the structure of
nanoemulsion droplets, lipid surrounded by surfactant, thus particles showing this structure were
considered primary particles from the LNC formulation. Particles endogenous present in control
and treated samples match the theoretical ultrastructure of exosomes (Ex) and thus were identified
as such.
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Figure 52: Comparison of surface-adherent endogenous and treatment-related
structures.

SEM images of untreated J774A.1 cells obtained by SE imaging, showing endogenous spherical
structures adhering to the cell surface (A) and spherical particles adhering to the glass surface (B).
Ultrastructural studies by STEM of Lino-LNC treated cells pre?ared by rOTO staining show
particles adherinﬁ to the surface (C, E). The endogenous spherical particles (Ex) are found in the
untreated control (D) as well as in LNC treated samples alongside the LNCs (C, E, F). (#)

Abbreviations: Exosomes (Ex), Lipid droplet (Ld), Lipid nanocarrier (LNC)

As a control untreated J774A.1 cells were rOTO stained and imaged by STEM to address the
cellular ultrastructure without treatments (Figure 53 A-F). Cells displayed many endolysosomes
(Ly) characterized by their electron dense structure and heterogenic contents (Figure 53 A-E). The
large vacuoles were most likely formed by macropinocytosis. Vacuoles (V) contained small
amounts of greyish particulate content but else were as electron lucent as the surrounding resin
(Figure 53 C, F). The cellular nucleus (N) takes up a relatively large portion (Figure 53 A, C, D, E)
and is surrounded by a lipid double membrane with occasional nanosized pores e.g. nucleopores.
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Cell nuclei can show deep invaginations with organelles occasionally present in such an
invagination. Golgi apparatus (G) is also located within the vicinity of the nucleus (Figure 53 A).
Multivesicular bodies (MvB) contained many spherical or membranous structures (Figure 53 E).
Except for the structures, the lumen is electron lucent. Occasionally autophagosomes or
phagophores (Pp) were visible (Figure 53 F). The endoplasmic reticulum is found throughout the
cell as well as mitochondria (M).
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Figure 53: STEM images of various cells and cell regions representative of the
untreated J774A.1 ultrastructure.

Micrographs were obtained from untreated rOTO-stained J774A.1 cells by brightfield STEM. Key
structures identified include nuclei, the Golgi network, mitochondria, (endo)-lysosomes,
multivesicular bodies/late endosomes, vacuoles likely formed by macropinocytosis, and
phagophores. (#)

Abbreviations: Golgi complex (G), Lysosome (Ly), Mitochondria (M), Multivesicular bodies/Late
endosomes (Mub), Nucleus (N), Vacuole (V)
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To determine which organelles are generally involved within the uptake of nanoparticles in the
J774A.1 cell line, cells were incubated with commercially available 10 nm gold nanoparticles.
(Figure 54 A-D). The nanoparticles visible as black dots in the brightfield STEM images accumulate
especially within lysosomes (Ly) (Fig. 54 A, C, D) but were also found within multivesicular bodies
(Mvb) (Fig. 54 A, B) and sometimes within endosomal vesicles (Ev).
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Figure 54: Micrographs of gold nanoparticles in J774A.1 cells.

The uptake of gold nanoparticles after 24 hours was imaged after rOTO staining by STEM. Gold
nanoparticles, appearing as black electron-dense dots, were predominantly loca[?zed in lysosomes
(A, C, D) and multivesicular bodies (A, B). Small amounts of gold nanoparticles could also be found
within endosomal vesicles (B, C). (#)

z(élj\l}lbrl;gviations: Endosomal vesicles (Ev), Lysosome (Ly), Multivesicular bodies/Late endosomes
vo,

STEM imaging of J774A.1 macrophages treated with Lino-LNC provided results consistent with
those of the CLSM and HMDS uptake experiments (Figure 55 A-H). Micrographs acquired by
STEM imaging allowed analysis of cellular ultrastructure after rOTO staining. The electron-dense
accumulations observed after exposure to 0.1 mg/mL Lino-LNC were identified as lipid droplets
and lysosomes. Notably, these lipid droplets were not present in untreated control cells. Early lipid
droplets were occasionally observed after 15 minutes of incubation, albeit only to a small extent
(Figure 55 B, asterisk), with the frequency of occurrence increasing after 30 minutes (Figure 55 C,
D). Lipid droplets were frequently observed in the vicinity of the endoplasmic reticulum. In rare
cases, intracellular LNC particles, which appear as spherical structures with an electron-dense core,
were easily recognizable. These particles were located in endosomal vesicles or vacuoles
characterized by an electron-lucent lumen, indicating recent internalization (Figure 55 A, G, H). A
multivesicular body observed after 30 minutes of incubation (Figure 55 C) contained no structures

clearly associated with LNCs.
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When the lipid droplets reached a certain size, as observed after 30 minutes, they exhibited a
recognizable “core-shell” structure. Depending on the section plane, only the darker, shell-like area
surrounding the lipid droplets could be visible. This core-shell structure was absent in samples
prepared with a simple reduced osmium tetroxide stain (Figure 56). After 60 minutes of LNC
incubation, the lipid droplets were clearly visible and present in every cell examined. The
accumulation of lipid droplets increased with increasing incubation time, as evidenced by the more
pronounced presence at 60 minutes (Figure 55 E, F) and after 24 hours (Figure 55 G, H). After 24
hours of incubation, the overall structural characteristics of the cells remained comparable,
although most lipid droplets had reached a diameter of about 1 um.
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Figure 55: Micrographs of J774A.1 cells treated with Lino- LNC imaged by STEM
at different incubation timepoints.

J774A.1 macrophage cells were imaged by STEM after incubation with 0.1 mg/ml Lino LNC and
rOTO staining. Micrographs depict changes of the cellular ultrastructure after 15 min (A, B), 30
min (C, D), 60 min (E, F) as well as after 24 hours of incubation (G, H). LNCs (Arrows) are depicted
as dark round spherical particles located within electron lucent vesicles (A, G,H). Lipid droplets
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can be seen as early as 15 minutes (B, C, D, F G, H). The lipid droplets depicted at 15 and 30
minutes are additionally marked by asterisks. The depicted ceﬁafter 24 hours represents a typical
cell except for the presence of the rarely observed LNC particles. A selected area within the
micrograph is magnified in section H, providing a closer view of the ultrastructural features and
LNC particles. (#)

Abbreviations: Endosomal vesicles (Ev), Lipid droplet (Ld), Lipid nanocarrier (LNC), Lysosome
(Ly), Mitochondria (M), Multivesicular bodies/Late endosomes (Muvb), Nucleus (N), Vacuole (V)
The lipid droplet appearing as a core shell structure is absent in samples prepared by a single
staining of reduced osmium tetroxide (1% osmium tetroxide with 1,5% ferricyanide + uranyl
acetate and lead citrate post staining) (Figure 56 A). This core shell structure resulting after rOTO
staining is also not influenced by on-grid staining using uranyl acetate and lead citrate (Figure 56
B). Additionally, an increase in incubation time of thiocarbohydrazide did not change the lipid
droplet structure but resulted in impaired staining quality (data not shown).
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Figure 56: Lipid droplet structure after rO staining or rOTO staining

Lipid droplets in J774A.1 cells after Lino-LNC treatment stained with reduced osmium tetroxide,
followed by post-staining on the grid, show a homogeneous grayish structure (A). Lipid droplets
stained with rOTO show an apparent core-shell structure (B, C). The inclusion of staining on the
grid did not change the observed morphology (B). (#)
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After 24 h of incubation with Lino-LNC all cells contain numerous Lipid droplets throughout the
cell (Figure 57).
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Figure 57: Overview of Lino-LNC treated cells after 24 hours

Overview of J774A.1 macrophage cells after 24 hours of 0.1 mg/ml Lino-LNC incubation. Cells
were 1maged by STEM a/ger incubation with 0.1 mg/ml Lino LNC and rOTO staining.
Accumulations of lipid droplets are visible throughout all cells. (#)

5.3.4. Uptake studies under influence of lalistat 2 and

chloroquine

In addition, uptake studies were performed under modified conditions with the lysosomotropic
agents chloroquine and lalistat 2. Before these agents were used as pretreatments in imaging
experiments, their effects on J774A.1 viability, both alone and in combination, were evaluated
using an MTT assay. Chloroquine had an IC50 value of 40.45 pmol/L (Figure 58 A). Lalistat 2 had
no significant effect on viability at the usual concentrations of 10 or 20 umol/L, but a reduction in
viability was observed at 100 pmol/L (Figure 58 B). Co-treatment with Lino-LNCs in combination
with chloroquine or lalistat 2 resulted in a significant decrease in viability compared to treatment
with Lino-LNCs alone (Figure 58 C).
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Figure 58 Effect of lysosomotropic agents with and without Lino-LNC treatment
on the viability of J774A.1 cells as determined by the MTT assay.
Viability curve showing the effect of chloroquine (CQ) after 24 hours of incubation (A). Comparison
of viability between Lalistat 2 (LAL2) and the untreated control after 24 hours (B). Diagram
showing the effect Obf'O'l mg/mL Lino-LNC on cell viability afte7;]pretreatmer;t with LAL2 and COQ
?fter 24 hours. Viability was calculated relative to the untreated control, which was set to 100 %
C). Data are presented as mean + SD (n=4), with significance levels as follows: * p < 0.05, ** p <
0.01, ***p < 0.001, **** p < 0.0001, calculated with one-way ANOVA. (#)
Lalistat 2 treatment served as a control (Figure 59 A, B) and was compared to the combination of
lalistat 2 and LNC co-treatment (Figure 59 C-F). Changes in lysosomal structure were evident in
the lalistat 2 treated control, with the accumulation of electron-lucent structures ranging from less
than 100 nm to 10 nm in size. The lysosomal lumen exhibited an electron-dense amorphous
structure. Other cellular structures (Figure 59 A, B) appeared similar to the previously imaged
controls (Figure 53)
Upon treatment with lalistat 2 and incubation with Lino-LNC for 24 hours, lipid droplets (L.d) were
observed in the treated cells (Figure 59 C-F). These lipid droplets were primarily located within the
cell plasma, with larger droplets seen inside vesicular structures. Some of these vesicles contained
a single lipid membrane, while others had multiple membranes. The organelles with a single lipid
membrane contained typical lysosomal electron-dense material, identifying them as lysosomes.
Other membrane-bound structures (indicated with asterisks) were not clearly identifiable. Some of
these structures had double lipid membranes, while others were enclosed by a single membrane
but contained several membranous structures. Occasionally their lumen displayed lysosomal
characteristics. In addition, smaller spherical structures, around 100 nm in size, were visible within
these vesicles, resembling LNC particles (Figure 59 D, E). Additionally, smaller spherical
structures, approximately 100 nm in size, were observed within these vesicles, resembling LNC
particles (Figure 59 D, E). Some particles displayed the anticipated structure seen in previous
images, while others exhibited an electron-lucent core. The smaller lipidic structures in the lalistat
2-treated control appeared less electron-dense (Figure 59 A) compared to those treated with Lino-
LNC (Figure 59 E).
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Figure 59: Ultrastructure of lalistat 2 treated cells with and without co-
incubation.

Micrographs of rOTO-stained J774A.1 cells were obtained using STEM imaging after 24 hours of
incubation with either 10 uM lalistat 2 (A, B) or a combination of 10 uM lalstat 2 and 0.1 mg/ml
Lino-LNCs (C—F).The structure and content of lysosomes in cells treated with lalistat 2 alone (A,
B) reveal electron-lucent lipid accumulations even in the absence of nanocarriers. Lino-LNC
treated cells show lipid droplets distributed throughout the cytoplasm (C, F) and within membrane
enclosed vesicles. (C-F). Single membrane enc?osed vesicles are lysosomes (Ly). Double lipid
membrane enclosed vesicles suggest vesicles of autophagic origin (asterisks) formed by fusion
processes. (#)

Abbreviations: Lipid droplet (Ld), Lipid nanocarrier (LNC), Lysosome (Ly), Nucleus (N)

Treatment with chloroquine for 24 hours led to lysosomal enlargement and notable changes within
the lysosomal lumen. The lumen contained numerous spherical structures along with electron-
lucent material of lipidic origin (Figure 60 A, B). These alterations were solely attributed to
chloroquine treatment and were unaffected by co-treatment with Lino-LNCs. Additionally,
chloroquine treatment did not suppress lipid droplet formation following Lino-LNC administration
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(Figure 60 C). Lipid droplets were present in all treated cells; however, no large micrometer-sized
lipid droplet organelles were detected within multivesicular bodies or lysosomes, unlike the
observations made under lalistat 2 co-treatment.

Combined treatment with chloroquine and Lino-LNCs resulted in a significant accumulation of
LNCs within endosomal vesicles (Figure 60 E), multivesicular bodies (Figure 60 D), and lysosomes
(Figure 60 D-F). This accumulation was not observed in samples pretreated with lalistat 2 or
subjected to standard LNC treatment. In the control group, lipid accumulations within lysosomes
(Figure 60 B) appeared electron-lucent, whereas lysosomes in LNC-treated cells were either
uniformly electron-dense (Figure 60 E) or contained structures featuring an electron-dense shell
surrounding an electron-lucent core (Figure 60 D). The uniform electron-dense structures were
clearly linked to the treatment, as they exhibited similar structure, size, and contrast, and were
exclusively found in treated cells. LNC particles displaying a lucent core exhibited a contrast similar
to LNC particles, except for the lucent region. These structures were only observed in samples
treated with both chloroquine and LNCs. Moreover, these structures were morphologically and in
terms of contrast, distinct from the lipid accumulations observed in control samples treated with
chloroquine alone.
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Figure 60: STEM micrographs of chloroquine-treated J774A.1 cells incubated
with Lino-LNC.

Micrographs of rOTO-stained J774.A1 cells were obtained using STEM imaging after 24 hours of
incubation with either 20 uM chloroquine (A, B) or a combination of 20 uM chloroquine and 0.1
mg/ml Lino-LNCs (C—F). Chloroquine-treated controls (A, B) show highly enlarged lysosomes with
electron-dense amorphous contents and electron-lucent spherical lipid structures. Overview ohf a
representative microscope image of a cell (C). The black square indicates the area of the higher
magnification image seen in (D). Besides, lipid drop?ets and various structures of the
endolysosomal system are shown, containing spherical structures of lipidic origin with varying
electron density (D). These structures are distributed within lysosomal structures as we% as
multivesicular bodies. Some LNCs show a “core-shell” structure whereas some show a
homogeneous amorphous electron dense structure (E, F). Arrows indicate LNC particles. (#)

Abbreviations: Endosomal vesicles (Ev), Lipid droplet (Ld), Lipid nanocarrier (LNC), Lysosome
(Ly), Mitochondria (M), Multivesicular bodies/Late endosomes (Muvb), Nucleus (N).
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5.4. Discussion

It could be demonstrated that emulsion droplets at the nanometer and micrometer scale, composed
of osmiophilic excipients, retained their shape and size after reacting with osmium tetroxide. This
reaction transforms emulsion droplets into stable spherical particles, resistant to the electron beam
and the high vacuum within the SEM chamber. It appeared that at least one carbon double bond is
necessary for the reaction, as no black reaction product was observed when medium-chain
triglycerides (MCT) were incubated with osmium tetroxide (data not shown). This outcome was
expected, given that MCTs lack any functional group suitable for reaction with osmium tetroxide
such as carbon double bonds. Osmification of emulsion droplets for SEM imaging has previously
been reported for propofol-containing emulsions derived from soybean oil [182].

The studies conducted on the interaction between LNCs and cellular surfaces were successfully
performed using the HMDS sample preparation technique for SEM imaging, suggesting a broader
applicability of osmiophilic excipients or materials to study nanoparticle uptake. However, the
HMDS technique is limited as it cannot resolve the exact cellular origin of subsurface signals. For
example, it cannot distinguish between a single particle, agglomerated particles, a newly formed
organelle, or particles within organelles. Nonetheless, it is effective for imaging cellular surfaces and
overall morphology. SEM analysis of HMDS-dried cells consistently showed membrane ruffling
and macropinocytosis, as expected from the macrophage cell line J774A.1 [70,72,183]. This
suggests macropinocytosis is a primary pathway for the cellular uptake of LNCs in these cells, as
surface attachment and subsequent endocytosis of LNC droplets were seldom observed. Given that
macropinocytosis is an endocytic pathway independent of receptor binding, it is a plausible
mechanism in this context. This is further supported by the properties of polysorbate 80, a
PEGylated surfactant, as PEGylation is an established strategy to mitigate protein binding.
Nevertheless, PEGylation is not capable to fully negate protein attachment, thus other uptake
routes cannot be fully excluded [184].

In addition to providing detailed images of cellular morphology, SEM imaging also revealed
detectable accumulations of osmiophilic material after 15 to 30 minutes after incubation (Figure
50). These accumulations are likely due to LNC uptake, as they were absent in untreated control
cells (Figure 48). Furthermore, the presence of these accumulations in cellular protrusions suggests
that such structures may play a role in nanoparticle uptake, as lamellipodia have been previously
implicated in the uptake of bacteria [185]. Another possible explanation is that the protrusions,
being thin and widely spread, are more accessible to the electron beam, particularly at higher
acceleration voltages, leading to enhanced visibility.

Identification of the LNC-particles is challenging as the cells can release spherical particles
themselves. The J774A.1 cell line, like many other cells and cell lines, is capable of producing
extracellular vesicles, e.g. exosomes [186], ectosomes and microvesicles [187]. Exosomes, in
particular, are similar in size [188] and structure to many nanotherapeutics, making them difficult
to distinguish. However, the ultrastructure of exosomes differs from the expected structure of LNCs.
Exosomes consist of a lipid bilayer containing heterogeneous cargo, resulting in variable contrast
in electron microscopy [189,190]. In contrast, Lino-LNCs are composed of only two components:
a lipid core surrounded by surfactant. Therefore, these structures were identified as LNC particles.

Identification was based on their presence only in treated samples and their expected structure.
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Endogenous vesicles were found in both control and treated samples (Figure 52). This distinction
is further supported by the fact that LNCs were observed both outside the cell and within organelles
belonging to the endolysosomal system. Such organelles e.g. endosomal vesicles, macropinosomes,
multivesicular bodies, late endosomes, or lysosomes, were also found to be involved in the uptake
of the gold nanoparticles (Figure 54).

STEM imaging enabled the visualization of cellular ultrastructure and was performed on Lino-
LNC-treated cells. The observed cellular accumulations were identified as lipid droplets and
lysosomes. Lipid droplets are organelles that serve cellular lipid storage and lipid detoxification in
response to high nutrient concentrations [191]. Their formation/existence in a drug delivery
context was also reported amongst others by electron microscopy after treating cell lines with
liposomes, ethosomes [192,193] or after parental nutrition [194].

The presence of lipid droplets suggests that ingested LNC droplets were fully digested, esterified,
and transformed into lipid droplets for storage. Their biogenesis involves the complete esterification
of glycerol and fatty acids into triacylglycerides within the endoplasmic reticulum [195,196],
explaining the numerous contact points between lipid droplets and the endoplasmic reticulum. The
"core-shell" structure observed in the imaged lipid droplets (Figure 55) is likely an artifact caused
by the rOTO staining method, as this structure is not visible with the reduced osmium (rO) staining
technique (Figure 56). This artifact is probably due to incomplete diffusion of thiocarbohydrazide
into the lipid droplets. Extending the incubation time with thiocarbohydrazide to 90 minutes did
not result in any structural changes (data not shown). This “core-shell” structure of lipid droplets
has been observed in other applications of the technique [197,198]. Generally, the contrast of lipid
droplets after osmium tetroxide staining increases with the amount of incorporated unsaturated
lipids. A further study showed that if preexisting cholesterol enriched lipid droplets additionally
incorporate docosahexaenoic acid, they exhibit a heterogeneous structure. This structure is
characterized by electron-lucent and electron-dense areas [199,200]. This demonstrates how
differences in lipid composition can be visualized and might explain the differences in contrast seen
from some of the Lino-LNC particles which is discussed later in detail.

As LNCs enter the cell via the endolysosomal pathway, presumably through macropinocytosis,
their cargo is degraded, as indicated by the formation of lipid droplets. The lipid droplets are larger
than any particle found in the primary formulations. Without lysosomotropic agents, it was not
possible to detect significant amounts of intact LNC particles within the cells, likely due to their
rapid degradation (Figure 55). This is supported by the appearance of lipid droplets after 15 to 30
minutes of incubation with Lino-LNC, a time frame that coincides with the maturation time of
macropinosomes, which is characterized by a reduction in vesicle size and gradual acidification via
V-ATPase activity [75,201]. The final step of the degradation pathway would be either maturation
in late endosomes/multivesicular bodies as an intermediate before fusion with a lysosome or
outright lysosomal fusion [202,203]. The only lipase in the lysosomal lumen known to degrade
triacylglycerides and cholesterol esters is lysosomal acid lipase, a hydrolase with a pH optimum at
lysosomal pH [204,205] Therefore, altering lysosomal pH or inhibiting this enzyme should affect
its function. To test this, cells were pretreated with lysosomotropic agents such as lalistat 2 and
chloroquine.
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Lalistat 2, an inhibitor of the lysosomal acid lipase, was unable to block lipid droplet formation,
indicating that other cellular lipases might be involved in the degradation of Lino-LNCs within the
endolysosomal system. The commonly used concentration range of 10 to 100 umol/L for lalistat 2
should have been sufficient to inhibit lysosomal acid lipase [206,207], as its IC50 is reported to be
152 nM [208,209]. However, recent studies suggested that concentrations above 1 pmol/L may
also affect other lipases [26], which could explain the significant loss of cell viability observed when
cells were treated with 100 pmol/L of lalistat 2 and LNCs. The off-target effects may impair the
cell’s ability to detoxify lipids by other means, particularly over a 24-hour period. Treatment with
lalistat 2 led to the accumulation of lipid droplets within lysosomes, likely due to lipophagy. The
presence of large lipid droplets, up to 1000 nm in size, inside lysosomes without degradation
suggests that lysosomal acid lipase was effectively inhibited. Some of the observed structures
exhibit both lysosomal and autophagic characteristics, with contents similar to lysosomes but a
poorly defined outer membrane. It is possible that lipid droplets enter lysosomes via lipophagy and
remain there due to an inability to be degraded. Additionally, lalistat 2 treatment caused the
accumulation of various spherical lipidic structures within lysosomes, which displayed
heterogeneous features. Many lipid structures within endosomal vesicles co-incubated with Lino-
LNCs had similar contrast to LNCs but contained electron-lucent core material, making their exact
nature difficult to determine (Figure 59).

Chloroquine is known to affect lysosomal pH and to accumulate in acidic cellular organelles
through ion trapping due to its weak basic properties. This accumulation leads to several effects,
such as lysosomal swelling, inhibition of autophagolysosome formation, disruption of lysosomal
degradation, and an increase in lysosomal pH [108,114,115]. Since chloroquine affects all
acidifying organelles, these effects are not exclusive to lysosomes.

In this work, treatment of J774A.1 cells with 20 umol/L of chloroquine significantly increased
lysosome size and led to the accumulation of endogenous lipids (Figure 60). This suggests not only
a change in lysosome size but also alterations in luminal content, likely due to disrupted digestive
function. When chloroquine-pretreated J774A.1 cells were incubated with Lino-LNCs, several
ultrastructural changes were observed. Although chloroquine did not block lipid droplet formation,
no "full-size" lipid droplets were detected in autophagosomes, multivesicular bodies, or lysosomal
structures, indicating that the cell does not engage in lipophagy due to lipid imbalance, as seen with
lalistat 2 treatment.

However, many LNC-sized spheres were present in endosomal vesicles, multivesicular bodies, and
lysosomes. Notably, the presence of these spheres within endosomal vesicles was not observed at
this magnitude under lalistat 2 treatment. Among the lipidic structures, some resembled those
found outside the cells, while others displayed additional electron-lucent areas. In the later stages
of the endo-lysosomal pathway, such as in multivesicular bodies and lysosomes, the structures
exhibited increased heterogeneity. This could be attributed to enzymatic degradation of the LNCs
or the mixing of LNC lipids with endogenous lipids accumulating in the organelles, as electron-
lucent lipids also accumulated in the lysosomes of control cells treated with chloroquine or lalistat
2. Since most lysosomal enzymes function optimally at acidic pH, a potential rise in lysosomal pH
caused by chloroquine could lead to reduced enzyme activity, as demonstrated for phagosomal
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enzymes treated with chloroquine [90]. Degradation may also occur in the multivesicular bodies,
where lipidic vesicles or LNCs with inhomogeneous morphology are present. This is supported by
the fact that lipid droplets still formed when lipase activity was inhibited by lalistat 2. It is also
known that protein degradation by cathepsins can occur at the late endosomal/multivesicular body
stage, or even at the early endosomal stage [87,90]. A similar observation was described by Andrian
et al. [119]. They found an increased number PEG-PLGA nanoparticles together with an increased
relative fluorescence using correlative light and electron microscopy.

Based on the localization of the lipid structures, we conclude that the homogeneous LNC droplets
were recently taken up or only exposed to degradative enzymes with limited activity. In contrast,
the inhomogeneous spherical lipid structures were either exposed to degradative enzymes or mixed
with endogenous, less osmiophilic lipids. These lipids lead to reduced contrast due to weaker
reactions with osmium tetroxide. Similar to the earlier mentioned finding regarding lipid
distributions within Lipid droplets. This reduction in degradation leads to accumulation of particles
within endosomal vesicles and lysosomes.

The proposed mechanism of uptake and internalization for the LNC particles is displayed below
(Figure 61) and the trafficking is briefly summarized. Particles are internalized via endocytosis
pathways and routed through early endosomes toward late endosomes/multivesicular bodies.
These organelles contain endogenously occurring particles, such as exosomes, as well as
endocytosed material. They also serve as a connection point between the autophagy machinery and
the endolysosomal system. Late endosomes/multivesicular bodies can either exocytosis their cargo
or pass it further along the endolysosomal system.

The next step involves acquiring lysosomal characteristics, either through fusion with lysosomes or
"kiss-and-run" processes, forming endolysosomes. This is where chloroquine exerts its effects.
Chloroquine accumulates in acidifying organelles, interferes with fusion processes, and reduces
lysosomal flux. It has been reported that chloroquine can inhibit enzyme activities and alter pH, but
these mechanisms are still under investigation. Lalistat 2 is relatively specific to lysosomal acid
lipase and inhibits this enzyme in a concentration-dependent manner. However, none of the
inhibitors completely block degradation, as lipid droplets still form.

For lipid droplets to occur the LNCs need to be digested and hydrolyzed. How fatty acids released
by hydrolysis in the lysosome reach the endoplasmic reticulum is currently unknown [102] as well
as the exact process of lipid droplet formation within the endoplasmic reticulum [196].

In the case of the lalistat 2 treated cells, large lipid droplets within lysosomal structures may occur
due to lipophagy. Lipophagy is a form of macroautophagic where lipo-phagosomes are formed by
enclosing a lipid droplet in an autophagosome which explains the membrane structures and the
large lipid droplets. Autophagosomes or lipophagosomes can either fuse with late endosomes bevor
fusion with lysosomes or fuse directly with lysosomes. Both processes end in the formation of
autophagolysosomes.
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Figure 61: Presumed trafficking routes and digestion mechanisms
Schematic representation of LNC uptake routes and trafficking routes after internalization.

Abbreviations: Autophagolysosome (AP-LY), Chloroquine (CQ), Early endosomes (EE),
Endolysosomes (Endo-Ly), Exosomes (Ex), Lalistat 2 (LAL2), Lipid droplets (LD), Late
endosomes/Multivesicular bodies (LE/MVB), Lipid Nano carrier (LNC), Lipophagosome (LP),
Lysosome (Ly)

5.5. Concluding remarks

This work demonstrated the cells' ability to rapidly degrade LNCs based on mono-, di-, and
triacylglycerols. Their biodegradability enabled a more detailed examination of the effects of
lysosomotropic substances on degradation processes within the endolysosomal system. These
findings suggest that lysosomal acid lipase is likely not the only enzyme involved in degrading lipid
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excipients in this pathway. Furthermore, the experiments indicated that significant structural
degradation of simple LNCs may occur within the endolysosomal system before they reach the
lysosome. Increased use of EM imaging of treated biological samples is recommended to enhance
our understanding of the ultrastructural changes and fate of internalized nanomedicines,
addressing the existing gap in drug delivery research. This approach should be adopted regardless
of the potential visibility of nanoparticles within the electron microscope, as structural changes in
organelles can still be observed.
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Conclusion

This work successfully displayed the use of contrasting agents for identification of excipients or
materials of interest via electron microscopy. Especially suitable for various approaches seems the
use of osmium tetroxide. Nevertheless, ruthenium tetroxide vapor could demonstrate its suitability
as well.

The preliminary experiments using ruthenium tetroxide vapor led to interesting observations, but
the exact nature of the depicted structures could not always be elucidated. Especially promising in
the field of pharmaceutics seems the use case for characterizing blends of polymers. This is not
surprising as this is also a standard technique within polymer science [28,31,32,131,210].
Nevertheless, this technique has not been applied to pharmaceutical coatings and thus could lead
to interesting observations especially regarding controlled release coatings composed of immiscible
polymer blends. The results of the investigation of the drug distribution in the polymers appear to
be very promising, but as orthogonal imaging techniques with sufficient resolution were not
available. Thus, many of the structures imaged could not be characterized further. Since the
samples were imaged in bulk by SEM relatively high electron densities and energies were needed
to generate adequate contrast in the BSE micrographs resulting in many cases in beam damage of
the polymer films.

Resulting from this, the biggest drawback of the technique is the high surface sensitivity [211].
Investigations are best performed on completely flat samples or ultra-thin sections obtained by
ultramicrotomy. Thus, ruthenium tetroxide staining is best used on flat samples, particularly
ultrathin sections, suitable for (S)-TEM. This is also the established method used by polymer
scientist in the past [30-32,46,212]. Such flat samples can be prepared by ultramicrotomy,
especially for imaging of ultra-thin sections [213]. If SEM imaging is to be applied in conjunction
with ruthenium tetroxide vapor staining on samples, such as extruded ASD s, only diamond knife
polished sample regions should be imaged due to the beforementioned problems regarding
topology. An alternative approach to producing perfectly flat cross-sections, which may be suitable
for such imaging approaches, is broad ion beam (BIB) milling. While this technique is rarely
employed in soft matter material science or pharmaceutics, earlier experiments suggest its potential
applicability [214—217].

Such samples, including ultrathin sections or polished cross-sections of bulk materials, are also
suitable for other imaging techniques capable of achieving comparable results. Since ruthenium
tetroxide vapor stains chemically distinct phases, alternative imaging techniques can differentiate
these phases without the need for contrast enhancement. Modern high end TEM techniques such
as 4D-STEM, Cryo-EM or EDS can image nanosized compositional differences [218]. Other
nanoscale imaging techniques for chemical analysis are atomic force microscopy (AFM) based
techniques such as AFM-Raman or AFM IR [219,220]. These techniques can also only be used on
flat samples achieving comparable results. Nevertheless, contrast enhancement with ruthenium
tetroxide can be beneficial, even though other techniques are available. These alternative methods
often necessitate expensive high-end instruments and highly trained personnel, which may limit
their accessibility whereas the ruthenium tetroxide staining requires “only” an applicable electron
microscope and a ultramicrotome suitable for polymer ultramicrotomy [213].

Ruthenium tetroxides high reactivity makes it an interesting contrasting agent for the uses
mentioned above but ruthenium tetroxide vapor staining is not beneficial for FIB-SEM. Since
ruthenium tetroxide is not penetrating deep into the sample, contrast enhancement by ruthenium
is not suitable for FIB-SEM imaging approaches. Osmium tetroxide on the other hand lacks some
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of the reactivity but can penetrate deep into a sample and is thus a suitable contrasting agent for
various electron microscopy approaches.

Osmium tetroxide vapor staining proved to be successful for the applications assessed within this
thesis. The vapor effectively stained large sample volumes ranging from micrometer sized silica
carriers to full sized tablets of several millimeters in size. As mentioned earlier, substances of
amorphous nature are prone to react with substances such as ruthenium tetroxide or osmium
tetroxide [39]. The contrast enhancement of the oils incorporated into porous silica carriers was
expected, as lipids are the standard material contrasted by osmium tetroxide due to the containing
carbon double bonds.

For further development of osmium tetroxide vapor staining as a tool in pharmaceutics a more
profound understanding of the osmiophilicity of excipients is necessary. This is particularly
important as pharmaceutical formulations or drug delivery systems seldomly contain just two or
three substances but are rather multi component systems. Nevertheless, it could be shown that all
lipidic excipients containing at least one carbon double bond readily react with osmium tetroxide
and that this reaction product can be imaged by SEM, FIB-SEM and micro-CT. The potential of
possible materials which can be stained is expected to be fairly large as carbon double bonds are a
common structural feature of many API. Furthermore, since carbon—carbon double bonds are not
the only functional groups known to react with osmium tetroxide, many substances could exhibit
a certain osmiophilicity [34].

Osmium tetroxide staining is also easier to interpret for samples without complex topographical
features, so the requirements for optimal sample morphology discussed in the section on ruthenium
tetroxide also apply to osmium tetroxide vapor staining. Since the vapor stains a sample throughout
the entire structure, the vapor staining is suitable for FIB-SEM investigations. In recent years, FIB-
SEM has gained attention for providing unprecedented structural information in various drug
delivery systems. Successful applications of FIB-SEM include controlled-release microspheres,
spray-dried particles, implants, tablet coatings, and the tablets themselves [7,155,221-223].
Contrast enhancement by osmium tetroxide applied together with FIB-SEM could lead to easy
identification of materials of interest if they possess osmiophilic properties.

In addition to its use as a contrast agent in electron microscopy, this work has also shown that
osmium tetroxide can improve contrast for micro-CT imaging. Since micro-CT imaging is a
nondestructive and noninvasive technique it is also possible to image the same sample before and
after osmification. Osmium tetroxide vapor staining has shown potential as a tool to enhance
conventional or advanced electron microscopical investigations as well as CT imaging techniques.

Identification of osmiophilic excipients is not only possible within DDS but within cells and tissues
as well. This thesis could show that osmiophilic excipients can be used to identify the particles
applied to biological system. In the case investigated, the formulated LNCs were readily
biodegradable by the J774A.1 cell line. This, and the ability of the cell to release extracellular
vesicles introduced challenges in the investigation. Nevertheless, it was possible to identify LNC
particles within the cell, as their ultrastructure differed from the structure of the exosomes.
However, the endolysosomal system had to be disrupted by lalistat 2 or chloroquine to observe
significant amounts of particles. In particular, the observations made under chloroquine co-
treatment are consistent with a recent study [119].
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The contrast intensity of the LNCs was anticipated to be better distinguishable from surrounding
cellular structures. It appears that for improved distinguishability, the presence of more than two
unsaturated carbon—carbon double bonds is favorable. The Lino-LNCs were chosen due to their
lower influence of cell viability as the ones composed of Q-3-fatty-acids. It could have been
beneficial to further investigate the cells treated with Q-3 fatty acid based LNCs at earlier time
points as the influence on cell viability would have been lower. It is likely that the contrast
enhancement of drug delivery vehicles within biological systems will not be as pronounced as that
of commonly used inorganic particles, such as gold nanoparticles. Therefore, it will often be difficult
to distinguish whether the imaged structure is associated with the primary particle of the drug
carrier or an endogenous structure.

A possible solution to this issue is the use of correlative light and electron microscopy (CLEM)
[119,120,224]. This technique overlays fluorescence images of labeled drug delivery systems and
cellular constituents with electron microscopy images from the same regions. CLEM adds an
additional layer of information and allows for structural identification not only by ultrastructure
but also by fluorescence. Although this is a highly advanced method, it allows for more precise
localization and identification of particles. However, for the effective use and establishment of such
techniques, optimized contrasting and sample preparation protocols must be developed to facilitate
the visualization of drug delivery systems.

Electron microscopical techniques should be more frequently applied within the context of cellular
drug delivery to fill the knowledge gap. The techniques should be applied regardless of particle
visibility as ultrastructural changes induced by the treatments might still be visible.

The research conducted in this thesis will help future investigations by providing a sound

foundation for using osmium tetroxide as a staining agent in the investigation of lipid-based
nanoparticles using electron microscopy.
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Motive entstanden und sind nicht von mir einzeln entworfen worden.
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