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ABSTRACT

Abstract

Nanoparticles (NPs) have been a part of our daily life and have emerged to be ideal drug carriers
mainly due to their small size and controllable functionalisation for potential cell targeting. Since
the 1990s, NPs have been used for clinical purposes, and they have been continuously showing their
immense capacity in drug delivery such as the recent RNA vaccine. On one hand, engineered NPs
provide a relatively stable carrier system for fragile but active agents like proteins and RNAs. On
the other hand, NPs inevitably interact with components in biological milieu and the interaction is
define and affect the efficacy of these NPs. Therefore, it is very crucial to understand and to
visualise the interactions between the engineered NPs and cells in order to facilitate the smarter
design of more effective nanomedecine. The aim of this thesis is to extract useful information from

the intracellular journey of NPs by the leverage of various microscopic techniques.

With the elemental mapping by energy-dispersive X-ray (EDX) spectroscopy in transmission
electron microscopy (TEM), inorganic silica nanocapsules (SiNCs) were clearly identified from the
organic cellular environment. It was demonstrated that different stages of SiNCs in HeLa cells
including the initiate uptake and the distribution in late endosomes were pinpointed. The possible
degradation of SiNCs was further confirmed by EDX elements mapping. It was proven that SiNCs
were degradable in HeLa cells and could be a potential candidate for drug carrier despite their

inorganic composition.

In order to achieve an equally efficient identification of organic NPs in cells, light microscopy (LM)
and electron microscopy (EM) were combined to image carbon-based fluorescent nanodiamonds
(fNDs) with inherent fluorescence. The exploitation of in-dish and on-section correlative light and
electron microcopy (CLEM) proposed general strategies to balance the preservation of fluorescence
and cellular structures after EM preparations. Further applications of several imaging techniques in
TEM revealed even single fND upon uptake and in a mitochondrion. By employing these precise
imaging techniques to visualise fNDs in cells, single particle events like subcellular targeting in

mitochondria or endosomal escape are able to be captured.

The application of core-shell NCs for medical purposes have gained so much attention especially
the NCs made from biocompatible materials such as proteins. In order to achieve the precise

localisation of such NCs, on-section CLEM was performed to identify bovine serum albumin
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(BSA) NCs, marked with nanoplatelets (NPLs) in cells. With the help of the fluorescence from
NPLs, the distribution of intracellular NCs were tracked at different time points. It was shown that
the internalised BSA NCs followed the endolysosomal pathway and ended up in endolysosomes and
late endosomes for degradation. This work shows how to trace the intracellular fate of protein NCs

with the help of particles exhibiting inherent fluorescence.

The ultimate goal to visualise intracellular polymeric NPs by on-section CLEM is to resolve the
fluorescence from organic dyes which are used for the labelling. In order to achieve this goal, an
optimised on-section CLEM workflow was developed for organic dye-labelled NPs and NCs. It was
demonstrated that organic dyes BODIPY and Cy5 were preserved within polystyrene NPs (PS NPs)
and hydroxyethyl starch (HES) NCs after EM preparation with osmium tetroxide (OsO4) and EPON
resin embedding. This work presented for the first time how CLEM could be applied to localise

intracellular polymeric NPs which are labelled with organic dyes.

The most troublesome problem when developing polymeric NPs for medical applications is the
formation of the protein corona. It represents the protein coat which absorbs onto the NPs once they
are introduced into biological fluid and will eventually alter the biological behaviour of NPs. We
took advantages of the optimised on-section CLEM to further explore the intracellular fate of
protein corona. By performing volume CLEM with array tomography (AT) using a CyS5 labelled
protein corona and BODIPY labelled PS NPs, the unique endosomal distribution of protein corona
and NPs was illustrated within a 3-dimensional model. It was shown that the protein corona was
gradually separated from the NPs. This happens during the maturation from early endosomes to late

endosomes and multivesicular bodies (MVBs).
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Zusammenfassung

Nanopartikel (NPs) sind ein Teil unseres tiglichen Lebens und haben sich als ideale Wirkstofftriger
erwiesen, vor allem aufgrund ihrer geringen Grof3e und der kontrollierbaren Funktionalisierung fiir
ein mogliches Zell-Targeting. Seit den 1990er Jahren werden NPs fiir klinische Zwecke eingesetzt,
und sie haben kontinuierlich ihre immensen Fihigkeiten bei der Entwicklung von Medikamenten
gezeigt, wie z. B. der jiingste RNA-Impfstoff. Auf der einen Seite bieten NPs ein relativ stabiles
Tragersystem fiir fragile, aber aktive Wirkstoffe wie Proteine und RNAs. Auf der anderen Seite
interagieren NPs unweigerlich mit Komponenten im biologischen Milieu, und diese Interaktion ist
definiert und beeinflusst die Wirksamkeit dieser NPs. Daher ist es von entscheidender Bedeutung,
die Wechselwirkungen zwischen den kiinstlich hergestellten NPs und Zellen zu verstehen und zu
visualisieren, um ein intelligentes Design von Nanotherapeutika zu ermdglichen. Das Ziel der
vorliegenden Arbeit ist es, niitzliche Informationen aus der intrazelluldren Reise der NPs durch den

Einsatz verschiedener mikroskopischer Techniken zu extrahieren.

Mit dem chemischen Mapping mittels energiedispersiver Rontgenspektroskopie (EDX) in der
Transmissionselektronenmikroskopie (TEM) wurden anorganische Siliziumdioxid-Nanokapseln
(SiNCs) in zellulirer Umgebung eindeutig identifiziert. Es konnte gezeigt werden, dass
verschiedene Stadien der SiNCs in HeLa-Zellen einschlieBlich der initiierten Aufnahme und der
Verteilung in spiten Endosomen lokalisiert werden konnten. Der Abbau von SiNCs wurde durch
EDX- Mapping weiter bestitigt. Es wurde nachgewiesen, dass SiNCs in HeLa-Zellen abbaubar sind
und trotz ihrer anorganischen Zusammensetzung ein potenzieller Kandidat fiir einen

Medikamententrager sein konnten.

Um eine ebenso effiziente Identifizierung von organischen NPs in Zellen zu erreichen, wurden
Lichtmikroskopie (LM) und Elektronenmikroskopie (EM) kombiniert, um Kohlenstoff-basierte
fluoreszierende Nanodiamanten (fNDs) mit inhdrenter Fluoreszenz abzubilden. Mit der In-Dish-
und On-Section-CLEM Methode haben wir eine allgemeine Strategien entwickelt, um die
Fluoreszenz in zelluldren Strukturen nach EM-Priparationen zu konservieren. Weitere
Anwendungen verschiedener Bildgebungstechniken im TEM zeigten sogar den Aufnahmeprozess

eines einzelnen fND und ebenso fNDs in einem Mitochondrium. Durch den Einsatz dieser prizisen
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Bildgebungstechniken zur Visualisierung von fNDs in Zellen kénnen einzelne Partikelereignisse

wie subzelluldres Targeting in Mitochondrien oder endosomales Entweichen erfasst werden.

Die Anwendung von Core-Shell-NCs fiir medizinische Zwecke hat ein groB3es Potential, und hier
insbesondere die NCs aus biokompatiblen Materialien wie Proteinen. Um eine prézise
Lokalisierung solcher NCs zu erreichen, wurde die On-Section-CLEM Methode durchgefiihrt, um
die mit Nanopléttchen (NPLs) markierten NCs aus Rinderserumalbumin (BSA) intrazellulir zu
identifizieren. Mit Hilfe der Fluoreszenz von NPLs wurde die Verteilung der intrazelluldren NCs zu
verschiedenen Zeitpunkten verfolgt. Es zeigte sich, dass die internalisierten BSA-NCs dem
endolysosomalen Weg folgten und zum Abbau in Endolysosomen und spédten Endosomen landeten.
Diese Arbeit zeigt, wie das intrazelluldre Schicksal von Protein-NCs mit Hilfe von fluoreszenten

Partikeln verfolgt werden kann.

Das ultimative Ziel, um intrazelluldre polymere NPs mittels On-Section-CLEM sichtbar zu machen,
ist die Konservierung der Fluoreszenz von organischen Farbstoffen, die fiir die Markierung der NPs
verwendet werden. Um dieses Ziel zu erreichen, wurde ein optimierter on-section CLEM-Workflow
fiir NPs und NCs entwickelt, welche mit eine organischen Farbstoff markiert sind. Wir konnten
erreichen, dass die organischen Farbstoffe BODIPY und Cy5 innerhalb von Polystyrol-NPs (PS
NPs) und Hydroxyethylstirke (HES) NCs nach der EM-Préiparation mit Osmiumtetroxid (OsOx)
und EPON-Harzeinbettung erhalten bleiben. In dieser Arbeit wurde zum ersten Mal gezeigt, wie
CLEM zur Lokalisierung intrazelluldrer polymerer NPs, die mit organischen Farbstoffen markiert

sind, eingesetzt werden kann.

Das schwierigste Problem bei der Entwicklung polymerer NPs als Wirkstofftragersystem in der
nanomedizinischen Anwendung ist die Bildung einer Proteinkorona. Diese ist eine Proteinhiille, die
sich an die NPs anlagert, sobald diese in einem biologische Fliissigkeit eingebracht werden. Die
Proteinkorona kann das biologische Verhalten der NPs verdndern. Wir nutzten die Vorteile der
optimierten On-Section-CLEM Methode, um das intrazelluldre Schicksal der Proteinkorona weiter
zu untersuchen. Mittels Volumen-CLEM mit Array-Tomographie (AT) an einer mit Cy5-markierten
Proteinkorona und BODIPY-markierten PS NPs konnte die endosomale Verteilung der
Proteinkorona und der NPs 3-dimensional dargestellt werden. Es konnte gezeigt werden, dass die
Proteinkorona allméhlich von den NPs getrennt wird. Dies geschieht bei der Reifung der frithen

Endosomen zu spiten Endosomen und multivesikuldren Kérpern (MVBs).

v
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STATE OF THE ART

1. State of the art
1.1 Applications of NPs for nanomedicine

In modern medicine, much consideration is given to the availability and selectivity of a drug to the
destination, and the bio-compatibility of the carrier material used. NPs gain attention for being
suitable drug delivery carriers due to their small size in dimension and relatively easy surface
functionalisation.[!] This facilitates easier cellular/tissue penetration which, with the help of surface
functionalisation, makes directed targeting possible.[!] There are different types of NPs that are used
in biomedical research and applications, which are practical in use because of their individual
convenience.ll. 2] Inorganic NPs like gold particles and quantum dots are easy to be modified via
straightforward chemical reactions and are easy to produce at large scales.[2 3] Polymeric NPs and
lipid-based NPs are much more biocompatible while also being biodegradable, and water-soluble
compared to inorganic NPs.[l: 4] The versatile formulation procedures provide them with core-shell
structures to encapsulate vulnerable active agents like mRNA and small peptides or imaging agents.
[5-81 The core-shell structure not only protects the therapeutic/imaging payload from the enzymatic
environment but also provides the surface for possible modifications such as cross-linking
antibodies for targeting [° 101 and PEGylation to increase stability and decrease immunogenicity

(Figure 1.1.1).011.12]

As the most commonly FDA-approved nanomedicine in the category,[!3. 14] lipid-based NPs (LNPs)
offer relatively simple formulation and controllable (physicochemical) properties for the dynamic
biological environment.l!5: 161 The most recent mRNA vaccine against SARS-CoV-2 corona virus
uses LNPs as the delivery system.[!7. 18] The structure of a LNP represents a typical core-shell
assembly, which consists of a neutral phospholipid, cholesterol, a polyethylene-glycol (PEG)-lipid,
and an ionisable cationic lipid.['7] The anionic mRNA interacts directly with a cationic lipid during
particle formation, and the PEGylated lipid is responsible for the stabilisation and reduction of
aggregation during transportation. Although the uptake mechanism of LNPs is still not entirely
understood, it is suggested that the cationic lipid within the compositions of LNPs enhances the

membrane fusion.[19.20]
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therapeutic/imaging purposes. Reproduced with permission from ref [12], Copyrights © 2005
Nature Publishing Group.

Polymeric NPs are also promising drug carriers with the capacity to deliver various kinds of
payloads such as proteins or macromolecules with different molecular weights,[21-23] and genetic
materials like siRNA.[241 With the modulation of their compositional and responsive properties,
precise controlled release of certain active components can be achieved.25] Although there are still
limited numbers of polymer-based NPs which have been approved by the FDA for clinical
purposes, many ongoing clinical trials focus on polymer NPs.l141 As one of the largest groups of
polymer NPs, nanocapsules (NCs) show tremendous potential for being multifunctional drug
delivery systems. Baier et al. used hydroxyethyl starch (HES), which is a proven drug to treat
several blood circulation diseases, to synthesise nanocapsules (NCs) for drug delivery.[26] In the
study, HES capsules were conjugated with folic acid as a model targeting agent due to its high
affinity with folate receptor (FRa) overexpressing cell lines. Non-functionalised and folic acid

conjugated HES NCs were co-incubated with FRa expressing HeLa cells and FRa non-expressing
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AS549 cells. A very low cellular uptake was observed with non-functionalised NCs in HeLa cells by
flow cytometry, while both NCs showed inhibited cellular uptake in A549 cells. The results of this
study gave a good example of the versatility of synthesis material of NCs and demonstrated that
modulating the surface functionalisation of NCs greatly assisted the desired targeting to specific cell

lines.

Besides the precise targeting effect, the other important criteria for biocompatible polymer-based
nanomedicine is the possibility of intracellular degradation. The searching of biodegradable
materials ranges widely from inorganic [27. 28] to organic [2% 301 substances. A proper shell material
for NCs is able to sequestrate the core active agents from the extracellular environment and at the
same time permits the convection of the agents intracellularly. The realisation of intracellular
payload release relies strongly on the biodegradability of the polymer materials. Silica-based NCs
emerged as a nice carrier system by showing biodegradability within hours.[28.31] Chen et al. found
out that the mesoporous silica NPs exhibited a multistage rapid degradation in simulated body fluid,
and the strongest degradation happened at the first stage after incubation at 2 h.31] Jiang et al. used
sol-gel derived PEGylated silica NCs to suppress inflammatory responses in murine liver cells.[28]
In the study, the degradation of silica NCs in endolysosome was observed in HeLa cells at 2 h by
TEM and further confirmed by energy-dispersive X-ray (EDX) spectroscopy. Other than the
possible biodegradability of silica NCs, Hirsch et al. demonstrated a tunable gold-coated silica NCs
system to locally eradicate tumours in mice by selective near-infrared light radiation.[32] This study
additionally indicates that silica-based NCs are suitable for location-specific therapy by external

activation.

Recently, protein-based NCs have drawn massive attention for being even more suitable
nanocarriers to execute efficient intracellular payload release. Because proteins can be lysed by the
corresponding protease within a cellular environment, the release of payload from NCs can be then
achieved. Piradashvili et al. synthesised protein NCs with bovine serum albumin (BSA) and
ovalbumin (OVA) individually and were subjected to human monocyte-derived dendritic cells
(moDCs).331 The protein NCs showed no cytotoxicity to cells in confocal laser scanning
microscope (cLSM) with a concentration up to 100 pg/mL for 24 h. Degradability of the NCs was
confirmed in vitro with proteolytic reactions and further in moDCs by observing the release of the

fluorescently labelled protein in cLSM. This study introduces the concept that protein NCs are
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promising for further therapeutic applications such as a vaccine or antigen delivery, and they are

degradable by innate proteolytic lysing in cells.

Frey et al. further exploited the concept of protein NCs by introducing bio-orthogonal reactions
with triazolinediones (TADs) and 2,4-toluene diisocyanate (TDI) as crosslinkers into a more
controllable and efficient synthesis procedure.34] In the study, BSA, human serum albumin (HSA)
and OVA were used to make NCs respectively. Differences in cellular uptake in HeLa Cells were
observed with NCs synthesised with different crosslinkers in serum free environment. TAD
crosslinked NCs showed more interactions with cells than TDI crosslinked NCs in general. This
phenomenon was explained by the hydrophobicity/hydrophilicity of the crosslinkers which could
sequentially affect the surface properties of protein NCs. The protein corona compositions of NCs
with different crosslinkers showed significant differences which might eventually lead to the
divided cellular behaviours of the NCs. This study discusses the possibility of optimising the

synthesis of protein NCs to achieve wider applications beyond their existing merits.

Despite the mentioned accomplishments in producing a perfect drug delivery system with NPs,
there are still many challenges such as in vivo stability and circulation time. These challenges
inevitably influence the effective biodistribution of the NPs and eventually hamper the desired
purposes. Numerous measures have been made to enhance the stability of NPs such as introducing
cholesterol and PEGylated lipids in lipid-based NPs [17.35] or involving surface PEG chains [3¢] or
different crosslinking methods.371 However, exposure to PEG inevitably induces anti-PEG
antibodies which will facilitate the clearance of PEGylated NPs by the immune system.[38, 39]
Therefore, a balance between physiological stability and circulation time of NPs is essential for
successful and precise drug delivery. Furthermore, because of the heterogeneity among diseases and
patients, the microenvironment of different diseases in individual patients react differently to the

same NPs.[40] Hence, designing personalised NPs therapy could be the ultimate solution.
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1.2 Visualisation of NPs in cells

The most reliable way to understand the efficacy and cytotoxicity of nanomedicine is by studying
the cellular internalisations and interactions. In order to clearly elucidate how NPs interact with
mammalian cells, characterisation of these particular events are often necessary. Generally,
characterisation methods such as flow cytometry, SDS-PAGE, and LC-MS are essential for the
indirect characterisation of such events. However, the most direct details of these interactions are
only provided by advanced imaging techniques.[!] Generally, light microscopes (LM) are used to
determine the internalisation of fluorescently labelled NPs in cells. But due to the diffraction limit
of light for illumination, the lateral resolution of traditional LM is limited to around 200 nm.[42]
Although with the most upscale super-resolution techniques, resolution can be greatly improved to
achieve single-particle imaging, the localisation of individual particles within the subcellular milieu
is still a demanding and challenging process.[*3] EM compensates for the weakness of LM by
providing unmatched resolution and fine ultrastructures of subcellular environment. Accelerated by
the well-developed sample preparation, EM continues to grow importance in the field of biological
study.[#4] The resolution of EM enables the visualisation of single NPs in cells and the investigation
of particle-cell interactions. Therefore, EM has become an irreplaceable imaging method to
visualise intracellular inorganic/polymeric NPs.[45. 461 Despite the small amounts of literature
focusing on harnessing EM to visualise intracellular polymer NPs, this section will discuss the

leverage of EM as a powerful imaging method for this purpose.

1.2.1 Visualisation of polymer-based NPs in cells

Visualisations of intracellular polymeric NPs in EM poses more challenges than inorganic NPs
because the latter usually possess electron-dense core which can be conveniently identified within
EM. Whereas, intracellular polymeric NPs provide low contrast in EM since their elemental
constitutions are mostly the same as the cellular environment. The heavy metal staining during the
EM preparation equally labels both NPs and the cell which sometimes creates difficulty to
differentiate both components. However, due to the exposure to OsOs and uranyl acetate (UA)
during the staining process, the functional groups on the surface of polymeric NPs are sometimes

stained more pronouncedly than the cellular structures because the existing density of these
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functional groups are sometimes higher on the surface of NPs than on the cellular components like

proteins and nucleic acids.[45]

As one of the most widely employed polymers, polystyrene (PS) appears in most packaging of
commercial products like food, cosmetics and pharmaceuticals.[#71 Recently, increasing concerns
about PS have raised because of the pollution with nano-plastics,[48. 491 more extensive
investigations are needed to understand the cellular impact of the polymer. Besides the potential
pollution, polystyrene NPs are frequently used as a model system to study the cellular interactions

and physiochemical properties of polymer NPs for potential therapeutical purposes.[50. 511

Firdessa et al. conducted cellular uptake experiments of commercial unmodified PS NPs with
primary bone marrow-derived macrophages (BMDM).[52] Macrophages were incubated with the
same concentration of PS NPs with a diameter of 100 nm at different time intervals of 30 min, 6 h
and 12 h. The authors determined from the fluorescence intensity of the internalised PS NPs that the
cellular internalisation followed a time-dependent manner. Most of PS NPs appeared in the cells
after 12 h. The internalisation of PS NPs was confirmed by transmission electron microscopy
(TEM). Interesting, the authors also observed different endocytosis pathways and early endosomes
containing PS NPs in TEM after 30 min (Figure 1.2.1.1). The EM preparation of the samples was
performed via chemical fixation with glutaraldhyde at 4 °C and further heavily stained with 50 %
OsO4 and 0.5 % UA followed by gradient dehydration in ethanol. Although the identification of
endocytotic vesicles and PS NPs were only dependent on the morphology, the observations still
provided initial impressions of how PS NPs were internalised and distributed in the cellular

environment by EM.
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Figure 1.2.1.1 Multiple endocytic pathways used simultaneously by BMDM to take up 100 nm
polystyrene NPs after 30min of exposure. Clathrin-mediated endocytosis (A), phagocytosis (B),
clathrin- and caveolae-independent endocytotic pathways (C), caveolae-mediated endocytosis. (D),
and macropinocytosis (E) are indicated. Intracellular vesicles containing the endocytosed NPs (EN),
localization of the NPs in early endosomes (EE) and the nucleus (N) are also shown. Labelled
structures (A-E) are the zoomed out portions of the depicted cell for clarity. Reproduced with
permission from ref [52], Copyrights © 2014 Elsevier GmbH.

Musyanovych et al. performed cellular experiments with PS NPs and poly(r-lactic acid) (PLLA)
nanoparticles with different surface charges in HeLa cells.[53] The authors showed that cationic PS
NPs and PLLA NPs were taken up by cells more efficiently than anionic particles. Whereas the
presence of a cationic surfactant on both NPs altered the cellular structures, the anionic PS NPs
were more densely filled within endosomes than PLLA NPs. It is worth mentioning that the authors
used ruthenium tetroxide (RuOs4) instead of OsO4 as a staining agent and fixative after the
cryofixation for better contrast in cells in EM. Because the aromatic groups within the NPs reacted

more intensively with RuOs to create better contrast by introducing a higher electron density.
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Lerch et al. produced a nanoparticle pH sensor system by coupling a pH sensitive dual wavelength
dye carboxy seminaphthorhodafluor-1 (SNARF-1) to amino functionalised PS NPs to monitor the
changing pH environment in different endosomes along the endolysosomal pathway.[541 The authors
investigated the distribution and localisation of the NPs by their evolving fluorescence within
endosomes with different acidified conditions. They found out that PS NPs followed the endo/
lysosome pathway after being internalised and ended up in late endosomes after 3 h. The EM results
further confirmed the internalisation events and the distribution of NPs in early endosomes after 1 h
and in late endosomes/lysosomes/multivesicular bodies (MVBs) after 3 h (Figure 1.2.1.2). The
number of NPs also increased in the endosomes in the later stages compared to the early
endosomes. This study presents hints and strategies for monitoring NPs in cells by integrating
synthetic and imaging techniques.

C cytosolic located endosomes (1h) ~ 5-10 NPs
o)) RIS S FNGE

Figure 1.2.1.2 Transmission electron microscopy (TEM) images of SNARF-1-NP uptake in
HeLa cells. HeLa cells were loaded with SNARF-1-NPs (0.3 g/L) and prepared for TEM imaging
after 1 h and 3 h incubation time. MVBs: multivesicular bodies. Scale bars: 300 nm. Reproduced

with permission from ref [54], Copyrights © 2015 Elsevier Inc.
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There are even fewer studies focusing on utilising EM techniques to visualise core-shell polymeric
NCs in cells since the thinness of the polymer shell fortifies the difficulties for both sample
preparation and imaging. Yan et al. introduced a class of polymeric NCs with a protein core and co-
incubated them to HeLa cells.[551 The NCs were synthesised by polymerising the monomers which
were covalently bound onto the proteins of choice with degradable and non-degradable crosslinkers.
In this study, the authors applied a chemical fixation and TEM approach to visualise the
intracellular polymeric horseradish peroxidase (HRP) NCs (Figure 1.2.1.3). In order to better
identify the NCs in cells, gold quantum dots were encapsulated into the NCs to give higher contrast
in EM. Although the magnification and resolution of EM figure did not present adequate
information on either the integrity of the NCs or the cellular structures, this study provides valuable

opinions on efficiently localising core-shell polymeric NCs in cells.

M 1.5 um
{s |
.

Figure 1.2.1.3 TEM image of a HeLa cell after incubation with gold quantum-dot-labelled
HRP nanocapsules. Red arrows show dispersion of single nanocapsules in the cell cytosol; green

arrows show clusters of nanocapsules. Reproduced with permission from ref [55], Copyrights ©

2009 Nature Publishing Group.
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1.2.2 Application of NPs in correlative light and electron microscopy (CLEM)

Correlative light and electron microscopy (CLEM) is a powerful imaging technique that combines
the strength from both LM and EM. The most significant merit of this technique is embodied in the
capacity of localising molecules/particles in high resolution EM micrographs with fluorescence.[56]
However, the application of CLEM with intracellular polymeric NPs has not yet been established.
This paragraph will discuss the use of gold particles and quantum dots (QDs) as fluorescent markers

for CLEM study.

Gold nanoparticles (AuNPs) are one of the most commonly used synthesised NPs in biological
imaging. Due to its tunable size, relatively high electron density and easy surface modification,[57]
antibody-conjugated AuNPs can be used to localise macromolecules in cells as immunolabelling
markers in EM.[57-601 At the same time, fluorophores can be easily introduced onto AuNPs to
produce fluorescence in LM,[6!. 621 enabling CLEM investigation for possible cellular events. Bose
et al. described a CLEM study of polymer-coated AuNPs (around 8 nm) with fluorescence label
Atto 647N in A549 cells. In the study, a concentration of 0.02 pg/mL of coated-AuNPs was
introduced to the cell and then the whole cell was sequentially examined in cLSM and TEM after
dehydration by a critical point dryer.[63] Although the correlation accuracy of single particles signal
between two microscopes is above average, the detachment of fluorophores from AuNPs occurs and
the correlation efficiency is highly restricted by the thickness of the sample. In order to overcome
the disadvantages, thinner sections of the samples need to be prepared and a more stable

conjugation between fluorophores and the particles is needed.

Robinson et al. compared traditional colloid gold particles (CG) and fluoronanogold (FNG) as
immunolabels.l611 FNGs represents uniform gold clusters with a diameter of 1.4 nm, and they are
routinely conjugated with antibody fragments and fluorophores, making them much more stable
than the antibody labelled CG particles. The authors also revealed that FNGs perform higher
penetration efficiency on ultrathin cryosection and pre-embedding cell samples mainly due to the
smaller size. A CLEM study on the microtubules in lymphocytes and the granules of human
neutrophils using fluorophores conjugated FNGs as the reporting system. Both experiments yield
precise correlations between fluorescence signals and EM morphology on ultrathin cryosections.

Suggesting that the potential of using antibody-conjugated gold clusters as CLEM probes.
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Quantum dots (QDs) are semiconductive nanocrystals and possess intrinsic fluorescence of
different wavelength depending on their sizes and shapes,[64-66] making them suitable for many
biological studies in LM. Moreover, the relatively high atomic number enables them to be identified
in EM.I¢7] Dukes et al. reported using epidermal growth factor (EGF) to conjugate QDs and
sequentially co-incubated with COS7 fibroblast cells for 5 min in order to target EGF receptor on
the cell membrane. In the study, CLEM was done with fluorescence microscopy and scanning
transmission electron microscopy (STEM) in a microfluidic system. The authors described a spatial
resolution of 3 nm and suggested that it is adequate to identify QDs for further CLEM study.[¢8]
However, the possibility of exploiting multicolour labelling with QDs and most importantly the
localisation of intracellular protein was not discussed in the article. Giepmans et al. took the
advantage of the QDs for multicolour labelling of intracellular proteins. A total of six different
streptavidin-conjugated QDs with different emission wavelength were used to label a-tubulin in
RFL6 fibroblasts and the QDs were internalised by the cells before fixation and staining. All of the
six QDs emit bright fluorescence signal in LM after EM cryofixation and staining process without
OsOs4. Although the difference in sizes among QDs is not significant in EM, the characteristic
fluorescence of each kind of QD compensates for this shortcoming. The authors also further
described the feasibility to apply two QDs (QD565 QD655) to mouse cerebellum in order to

accomplish multi-colour labelling in tissue for CLEM study.[¢9]

As discussed above, AuNPs and QDs are versatile probes for CLEM study. Yet, the cytotoxicity of
these two nanomaterials has to be taken into account when applied to cells. Since the relatively
small size of these NPs offers satisfactory penetration ability in both cells and tissues, the higher
dosage of materials is likely to facilitate the accuracy of labelling.[63] Both AuNPs [701 and QDs [71.
721 exhibit crytotoxity and induce cellular stress due to size, surface charging, and material
properties,[571 so balancing the dosage and labelling efficiency would still be a challenge when

applying these NPs with cells.
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1.3 Application of CLEM in biology

As briefly discussed above, CLEM is a versatile and powerful imaging technique used to precisely
localise small molecules in cells. This technique offers simultaneous read-outs of the same sample
from two or multiple imaging modalities which ultimately provides more reliable and unbiased
results. The application of CLEM is designated for use in biology to uncover the localisation of
molecules like proteins or specific cellular structures like microtubules. These molecules and
structures are extremely difficult or sometimes impossible to identify with traditional EM. However,
by labelling the objects of interest with fluorescence it is possible to track those structures with LM.
Hence, combining LM and EM conveniently brings together high resolution and precise
localisation. The concept of CLEM was firstly introduced in the 70s,[73] and the technique is further
accelerated by the developments of various sample preparations such as using low cross linked resin

for embedding and applications such as cryo-CLEM and volume CLEM.[74]

Zila and Margiotta et al. took advantages of CLEM and electron tomography to capture how human
immunodeficiency viruses subtype-1 (HIV-1) infect human T-lymphoblast cells (SupT1-R5).[75] In
order to capture the viral structure during the nuclear import, the authors infected the cleavage and
polyadenylation specificity factor 6 (CPSF6) knockout T-cells with viral capsid (CA) mutated virus
because CPSF6 is known for binding with CA for the release of viral transcription complexes into
the nucleus. Preventing the binding of CPSF6 and CA results in accumulating more viral particles at
the site of nuclear pores. They performed in-resin CLEM with cryofixation and embedding in low-
crosslinked Lowicryl HM20 resin. The core of HIV-1 virus was labelled with IN.mScarlet (red) and
cellular membrane and endosomes were labelled with mCLING (pink). Hence the IN.mScarlet
positive viruses which were independent to the mCLING signal were the viral cores after cellular
fusion. With the help of CLEM and tomography, the viral capsid was precisely located at nuclear
pores and was found penetrating into the central channel of the nuclear pore (Figure 1.3.1).
Additionally, the authors also discovered that the capsid was disrupted during the entry into the
nuclear pores and their structures were altered in the nucleoplasm compared to the ones in the

cytoplasm.
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Figure 1.3.1 Intact HIV-1 viral capsids penetrate into the central channel of the nuclear pore.

A. Overlay of a fluorescence image with the correlated electron micrograph. The enlarged region
displays the position of the IN.mScarlet signal (red) at the nuclear envelope (white arrow). A’. Slice
through a tomographic reconstruction at the correlated position. A”. Enlarged region in A’
highlighting an apparently intact capsid (black arrowhead) deep inside the central channel of the
NPC (green arrowheads), exposing its narrow end toward the nucleoplasm. Cy: cytosol; Nu,:
nucleus; NE: nuclear envelope. Reproduced with permission from ref [75], Copyrights © 2021

Elsevier Inc.

Fermie et al. conducted volume-CLEM with focused ion beam scanning electron microscopy (FIB-
SEM) on HeLa cells to actively track early and late endosomes in the endosomal pathways.[74. 76]
The HeLa cells were genetically modified to express LAMP-1-GFP which are majorly presented in
late endosomes and lysosomes. The authors also included Dextran-Alexa568 as a fluorescent
marker to label early, late endosomes and lysosomes. In the study, the endosome identification of
early and later stage was not only dependent on the fluorescence but also the morphology in FIB-
SEM. The CLEM workflow started with live-cell fluorescence imaging, and the samples underwent
chemical fixation and resin embedding for subsequent FIB-SEM imaging. With the help of
fluorescence markers, endosomes were efficiently located within the cellular environment and the
subcellular structures of other organelles such as endoplasmic reticulum (ER) and mitochondria
(MT) were also clearly revealed. Despite the impaired resolution in SEM, this study suggests a
straightforward routine for studying general biological questions such as membrane tracking and

organelles positioning.
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Figure 1.3.2 Volume-CLEM providing a direct link between live cell dynamics and 3D
ultrastructure on the single organelle level. A. Schematic representation of the complete live-cell
fluorescence to volume-EM workflow. B. As an example, a fluorescence image of a LAMP-1-GFP
transfected cell, incubated with Dextran-Alexa568 as an endocytic marker. C. The cell was imaged
live for several minutes, followed by in situ fixation. Stills show the LAMP-1-GFP spots (spot 1, 2)
during 142 s of imaging. After fixation the cell is stained, embedded in resin, and imaged in FIB-
SEM. D. Shows the slices on all three viewing axes (XZ/XY/YZ) of the reconstructed FIB-SEM
dataset containing the live-cell region of interest (ROI) (B, C red square). Both spots 1 and 2 are
classified as late endosomes based on their high number of intraluminal vesicles. E. FIB-SEM
segmentation and 3D reconstructions of spots 1 and 2; the organelles imaged in live-cell
fluorescence microscopy (1,2) were segmented and correlated with reference LM data. Reproduced

with permission from ref [74]. Copyrights © 2018 IOP Publishing Ltd.
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Besides the traditional CLEM with light and electron microscopy, Scotuzzi, Kuipers and Wensveen
et al. performed a proof-of-principle ‘colourEM’ method with the help of EDX analysis to colour
the greyscale EM images by different element constitutions.[’7] The authors suggested with
immunolabelling of Au nanoparticles and QDs onto the molecule/site of interest, EDX were able to
precisely map the elements of Au and Cadmium (Cd) from the cellular contents. They successfully
performed this imaging method in labelling DNA, insulin and zymogen granules with 10 nm
immunogold and QD655 in pancreatic rat islet. The tissue samples were chemically fixed followed
by serial dehydration steps and finally embedded in EPON resin. The immunolabelling was
conducted after the resin embedding on 100 nm sections. This straightforward imaging approach
opens up possibilities to quantitive analysis endogenous and exogenous elements in cells which will

potentially benefit the field of nanomedicine.

Figure 1.3.3 'ColourEM' using elemental analysis by EDX. ColourEM: label-free (P), stain

(Os) and labelling DNA (Au) and insulin (Cd) is compatible. a. Part of an islet immuno-labelled
for structures in DNA (10 nm gold) and insulin (QD). b. Overlay image of Au (red), Cd (green), Os
(yellow) and P (blue) allows identification of guanine quadruplexes (G4) structures (gold labels)
and insulin (Cd). Reproduced with permission from ref [74]. Copyrights © 2018 IOP Publishing
Ltd.
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2. Results and discussions—application of correlative
microscopy methods to study cellular uptake, distribution and

degradation of nanoparticles

NPs have opened up a new dimension for pharmaceutical applications, bioimaging, and sensing.
Owing to their ultra-small size and controllable synthesis, many delicate applications such as
cellular targeting and controlled release can be realised.l!l On the other hand, these powerful feature
also hampers the possibilities to visually characterise these NPs, especially in a cellular
environment and thus to determine their biological impact. However, the intracellular behaviour of
NPs determines their biocompatibility, efficacy and finally their potential to become a promising
candidate for a drug delivery system. Hence, in order to directly characterise any NPs-cell
interactions on a nanometer scale, microscopy techniques are inevitable. But since the NPs have to
be visualised and unequivocally identified in a biological environment as e.g. a cell, adequate new
strategies had to be developed. Due to the structural overload in a cell, any NP inside might be
camouflaged by the surrounding cell components and the identification based on the NP
morphology alone can become impossible. Accordingly, here I will present methods I developed to

overcome this problem of unequivocal identification of NPs, especially of polymeric NPs.

Depending on the NP system that is going to be visualised, different strategies can be applied to
adapt for different materials and different circumstances. There are two main fundamentally
different approaches for the visualisation of intracellular NPs: using two different microscopy
methods and correlate the obtained data or exhaust all possible analytical methods of just one
microscope. For the latter, mainly TEM with its capability of energy-dispersive X-ray spectroscopy
(EDX) and energy filtered TEM (EFTEM) and electron energy loss spectroscopy (EELS) is used.
Combining two basically different microscopy techniques with subsequent correlation of both data
is the domain of correlative light and electron microscopy (CLEM). Here, the very different
potentials of both techniques are combined and yield a synergetic gain. However, any of the
mentioned techniques and even more can be combined to extract the desired data, as will be

demonstrated in this Chapter.
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Section 2 focuses on the microscopic applications that are aimed to study interactions between NPs
and a cell. At the same time, different visualisation techniques such as EDX, CLEM and EFTEM
were applied onto biological samples so that inorganic and organic NPs can be unequivocally
identified. As will become clear from the following paragraphs, the different analytical methods

have to be combined to adapt for the specific NP system that is going to be visualised.

Section 2.1 describes the application of EDX to identify intracellular silica nanocapsules (SiO2
NCs). EDX is a powerful method to identify different elements in the specimen depending on the
unique characteristic x-ray emission spectrum of each element. In combination with the very
precise, focused electron beam in an electron microscope, EDX yields local information on the
chemical composition down to a sub-nanometer resolution. And by using this technique, silicon can
be easily distinguished from the carbon-based cellular environment. Moreover, in this NP system
the Si0O2 NCs were also containing iron oxide nanoparticles (Fe3O4 NPs) for an even easier initial
localisation of the NPs in the cells and to follow any release processes. In all, this chapter suggests
a useful way by applying EDX to identify intracellular NCs which were not synthesised by
abundant element in cells. By correlating EDX and TEM, high resolution subcellular environment

can be retained and intracellular distribution of SiO2 NCs can be efficiently identified.

The situation is different, when the NPs to be identified do not have heteroatoms, as in the case of
polymeric NPs or even nanodiamonds. To realise a precise localisation of carbon-based NPs, I
developed two different CLEM routines as demonstrated in Chapter 2.2 with fluorescent
nanodiamonds (fNDs). The fNDs we used are fully carbon-based NPs with diameters around 35
nm. They are inherently fluorescent and possess nice crystalline structures under high resolution
TEM. In-dish and on-section CLEM were performed with fNDs in HeLa cells and the fluorescence
of fNDs was successfully retained after different EM preparations. These two methods are
fundamentally different, and the development challenge was to create the most versatile platform
possible for CLEM. The main problem for the application of fluorescent dyes is the straining
process during the preparation for EM. Many fluorescent dyes do not survive this process due to the
use of highly oxidative staining agents like OsOas. The protocol for the in-dish CLEM preparation
circumvents this problem by separating the fluorescence imaging from the EM preparation step and
thus being the most versatile CLEM protocol without any restrictions to the used fluorophores.

However, this versatility comes for the price of spacial resolution and structure preservation in the
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EM specimen. On the other side, the on-section method developed for this project receives its
advantages from an optimal EM preparation, e.g. by high pressure freezing and freeze substitution.
Here, the fluorescent dye has to survive all the harsh preparation steps in order to yield data with the
best EM structure preservation in combination with the fluorescence based localisation of the
regions of interest. Here, the two CLEM imaging methods were performed on the very same
specimen (ultramicrotome thin section used for cLSM and EM) and hence will yield the best

structural data.

To explore the capabilities of the in-dish and on-section protocols, the fNDs served as an ideal
candidate. It turned out, that the intrinsic fluorescence of the NDs, which is based on a colour centre
caused by an atomic displacement [78] is not affected by the preparation for the EM imaging. Hence,
I could use both, the in-dish and especially the on-section method. In the ultramicrotome thin
sections used for TEM, the fNDs were still fluorescent and hence the very same specimen was used
for cLSM and for TEM imaging. With the help of the fluorescence data, regions of interests (ROIs)
were identified and subsequently investigated in the TEM. Moreover, electron tomography (ET)
gave a 3-dimensional insight of the surrounding of the fNDs within the cell. And finally individual
fNDs were identified by EFTEM, because these isolated fNDs have a too low signal in the cLSM.

Section 2.3 shows the further development of the on-section method presented in the previous
section. The system under investigation here are bovine serum albumin nanocapsules (BSA NCs)
which are labelled with CdSe based nanoplatelets (NPLs). These NPs are taken up by RAW264.7
macrophages and their fate was examined by CLEM methods. BSA NCs possess good
biocompatibility and are a very promising candidate for a protein-based drug delivery system.
However, these NPs show poor contrast in cells in EM imaging and hence their identification in the
EM is difficult. In order to precisely localise the NCs, polymer-coated NPLs were used to label the
NCs by their inherent fluorescence. The fluorescence of NPLs is retained even after the harsh EM
preparation and was used to subsequently track the intracellular BSA NCs at different time points.
BSA NCs were found in different endosomes as ripening time developed. CLEM images confirmed
that intracellular BSA NCs followed endolysosomal pathway and eventually ending up in
endolysosomes for degradation. This section further exploits NPs with inherent fluorescence and

used them to localise carbon-based NCs.
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Section 2.4 optimised the on-section CLEM method to apply on organic dye labelled polymer NPs
and NCs. Despite the assumption about organic dyes losing fluorescence after EM preparation with
OsO4 and EPON resin embedding, we performed on-section CLEM with both OsOg staining (0.1
%) and EPON embedding in order to preserve the best cellular structures. By acquiring the
fluorescence images of 100 nm EPON sections on ITO-coated coverslips and sequentially imaging
the same sections in SEM, BODIPY-labelled polystyrene NPs (PS NPs) and Cy5-labelled
hydroxyethyl starch NCs (HES NCs) were successfully localised in high resolution EM images with
fluorescence. The optimised CLEM routine in this section extends the application on localising
intracellular NPs/NCs with organic dyes, and faithfully identified NPs/NCs in cells for the first

time.

Finally, Section 2.5 demonstrates how far the CLEM method can be pushed and what basic findings
can be made. Here, CLEM is used to study the intracellular fate of the protein corona. Carboxyl-
functionalised PS NPs were used as a model particle to study the intracellular fate of the protein
corona. The protein corona is the result of the adsorption of proteins to any surface, that comes into
contact with a biological fluid like e.g. blood.[7] Accordingly, any colloid particle that comes into
contact with a protein containing fluid will adsorb proteins; the so-called protein corona is formed.
Here, murine serum was covalently bounded with Cy5 dye which is a far-red fluorescent label for
proteins and the labelled serum was used to generate a protein corona on BODIPY-labelled PS NPs.
After making sure that the compositions of Cy5-labelled and unlabelled protein corona were not
significantly different, cellular uptake of protein corona labelled PS NPs were performed with
RAW264.7 macrophages. On-section CLEM was carried out after 24 h of internalisation in order to
study the intracellular distribution of protein corona and PS NPs. In order to further understand the
intracellular fate of protein corona in the volume of cells, array tomography was performed with 15
physical sections to demonstrate the 3-dimensional distribution of protein corona and NPs.
According to our CLEM results and reconstruction model, protein coronae were found gradually
separated from NPs along with the endosomal maturation and eventually ending up in
morphologically different endosomes. This section fully exploits CLEM techniques and array
tomography to initially shine light on the ultimate question about intracellular fate of protein

corona.
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To summarise, Chapter 2 explores and correlates different imaging techniques to visualise
intracellular NPs, from using EDX in TEM to identify inorganic NCs in cells in Section 2.1, to
exploiting CLEM to visualise carbon-based fNDs with inherent fluorescent or identify organic BSA
NCs with fluorescent NPLs in Section 2.2 and Section 2.3, and eventually further optimised CLEM
to visualise organic dye labelled polymer NPs and study the intracellular fate of protein corona in

Section 2.4 and Section 2.5.

—21—



RESULTS AND DISCUSSIONS

—20_



RESULTS AND DISCUSSIONS

2.1 Correlating TEM and energy-dispersive X-ray spectroscopy (EDX) to

localise intracellular silica nanocapsules

This section is based on publication Part. Part. Syst. Charact. 2020, 37, 1900484 and Nanoscale,
2020, 12, 2626-2637. Reproduced with permission from Ref [80] and [28], Copyrights © John
Wiley & Sons, Inc. 2020 and © The Royal Society of Chemistry 2020.

This section explores the application of SiNCs as drug carrier and correlates EDX with TEM to
specifically localise Fe3Os NPs encapsulated SiNCs intracellularly. By precise element mapping in
carbon-based cellular environment, elements like Si and Fe can be pinpointed easily within the
cells. This section serves as an initiate attempt for correlative microscopy imaging to visualise

intracellular NPs.

Contributions:

I performed most of the cellular experiments with nanoparticles uptake for EM preparation,

including cellular culture, ultramicrotomy sectioning, TEM imaging, and image analysis and

interpretation. _synthesised the particles. _ erformed the colloidal
stability study. _ erformed some cell experiments. _ erformed the
protein corona study. _ erformed the biological study
of the dexamethasone effect. _ _ _ -
EEES LN NOO0N. - BN supcrvised and corrected the

manuscript.
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Abstract

Core-shell nanocapsules are receiving increasing interest for drug delivery applications. Silica
nanocapsules have been the focus of intensive studies due to their biocompatibility, versatile silica
chemistry, and tunable porosity. However, a versatile one-step preparation of silica nanocapsules
with well-defined core-shell structure, tunable size, flexible interior loading, and tailored shell
composition, permeability, and surface functionalisation for site-specific drug release and
therapeutic tracking remains a challenge. Herein, we develop an interfacially confined sol-gel
process in miniemulsion for the one-step versatile preparation of functional silica nanocapsules.
Uniform nanocapsules with diameters from 60 to 400 nm are obtained and a large variety of
hydrophobic liquids are encapsulated in the core. When solvents with low boiling point are loaded,
subsequent solvent evaporation converts the initially hydrophobic cavity into an aqueous
environment. Stimuli-responsive permeability of nanocapsules is programmed by introducing
disulfide or tetrasulfide bonds in the shell. Fluorescence labelling of the silica shell and magnetic
loading in the internal cavity enable therapeutic tracking of nanocapsules by fluorescence and
electron microscopies. Thus, silica nanocapsules represent a promising theranostic nanoplatform for

targeted drug delivery applications.
Introduction

Multifunctional nanocarriers integrating the properties of bioimaging, targeting, and stimuli-
responsive release of guest molecules allow a spatiotemporal controlled delivery and tracking of
therapeutics, which is the prime prerequisite for in vivo nanocarrier-mediated drug delivery.[81-84]
Driven by the rapid progress in their synthetic control, mesoporous silica nanomaterials have
attracted increasing attention due to their large specific surface area, tunable pore volume and
structure, and facile surface modification, thus showing a wide application prospect for drug
delivery and biomedicine.[35-93] Compared with mesoporous silica nanoparticles with a solid core,
core-shell silica nanocapsules (SiO2 NCs) have the advantages that their interior cavity offers a
large loading capacity for guest molecules and the shell can be designed to display a tunable
permeability for specific cargo release.[%4] In spite of recent progress in nanocapsules design, a
versatile approach for the preparation of functional SiO2 NCs for biomedical applications with
control at morphological and molecular levels, e.g. the core-shell structure, tunable size, interior

contents, and the shell composition, permeability, and surface functionalisation, is still needed.
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Hard-templating approaches are often used for preparing SiO> NCs as they typically result in well-
defined size and shape.l%5] For example, redox-triggered biodegradable NCs with disulfide-bridged
silsesquioxane frameworks were synthesised by using poly(acrylic acid) nanoaggregates®¢l and
silica nanoparticles[®7] as templates, which were subsequently removed. The payloads were post-
loaded in the hollow capsules by adsorption. This strategy often results in low loading efficiency
and initial burst release especially for water-soluble molecules.[94 93. 991 Alternatively the payloads
can be pre-dissolved or adsorbed in the template material. Nonetheless, this approach takes several
steps and the loading efficiency of guest molecules relies highly on their adsorption to the template

nanoparticles.[%4]

Emulsion-based approaches have been widely studied for the encapsulation of payloads in
nanocapsules. Guest molecules or particles are first dissolved or dispersed in template liquid
droplets, followed by the formation of a surrounding silica shell. A range of materials with different
sizes and polarities such as enzymes,[100. 101] corrosion inhibitors,[102, 103] self-healing agents,[104]
agrochemicals,[105. 106] therapeutic agents,[107. 108] imaging probes,[109 110] and organic dyes(107. 111]
were encapsulated in SiO> NCs by using water-in-oil or oil-in-water emulsions.[®¥ Cationic
surfactants such as cetyltrimethylammonium bromide and chloride were often used as templating
agents for confining silica formation at droplets interface.[102-104] Wibowo et al. developed a
biomimetic templating technique by designing a dual functional peptide by modularising a surface-
active sequence capable of stabilising oil droplets in water with another sequence for catalysing
biosilicification at oil-water interfaces.[196] This biomineralising peptide enabled the formation of
SiO2 NCs at near-neutral pH value and ambient temperature. However, the large scale production of
complex peptides is a limiting factor.[l12. 1131 Jakhmola et al. synthesised SiO> NCs via a
biosilicification process induced by poly(l-lysine) immobilised on the surface of emulsion droplets.
(114] This synthetic process requires several steps. Firstly, a central oil core was stabilised by a
lecithin surfactant, followed by the adsorption of positively charged poly(l-lysine) on the droplets.
Afterwards, negatively charged silica species were attached onto nanodroplets and formed a silica
shell. Erni et al. synthesised microcapsules with dense walls composed entirely of a biopolymer
scaffold interpenetrated with amorphous silica.l'15] A weakly acidic hydrogel shell was first formed
around oil droplets, which then served as a scaffold to induce protein-directed mineralization of
silica. The precipitation process, occurring in the hydrogel scaffold, consumed water to form silica,

yielding dense shells with a very low permeability for volatile organic compounds. However, the

—25—



RESULTS AND DISCUSSIONS

diameter of capsules was hundreds of micrometers, which is out of the applicability range for in
vivo drug delivery via intravenous administration (>>5 um).[l16] Although these synthetic
approaches were successful, effective and versatile synthetic approaches that are independent of
customised templating agents and avoid multiple steps are still needed to prepare well-defined SiO»

NCs for biomedical applications.

In this study, we developed a one-step approach for versatile preparation of functional SiO> NCs for
biomedical applications. The SiO> NCs were synthesised via a confined sol-gel process at the
nanodroplet-water interface of oil-in-water miniemulsions. By this approach, a versatile synthesis of
Si02 NCs with morphological and molecular control was achieved, including a defined core-shell
structure, tunable size, flexible interior loading, and tailored shell composition, permeability, and
surface functionalisation. These features allow site-specific drug release and enable therapeutic

tracking of labelled SiO2> NCs by fluorescence and electron microscopic techniques.
Results and discussions

Visualisation of intracellular SiO2 NCs relies strongly on the fluorescence microscopy.[117. 18] In
order to reveal a detailed cellular distribution of NCs, a higher resolution imaging technique should
be applied. Transmission electron microscopy (TEM) provides higher resolution imaging for
investigating cellular uptake and intracellular trafficking of nanocarriers. However, core-shell
nanocapsules have a size and morphology that are similar to cellular organelles. Therefore, both
types of compartments are difficult to distinguish. To overcome this issue, we loaded SiO2> NCs with
iron oxide nanoparticles (FesOs4 NPs), which provided a higher contrast and also allowed the
localisation of NCs by monitoring elemental distribution of silicon and iron. As shown in the TEM
micrographs in Figure 2.1.1, various amounts of iron oxide can be encapsulated in NCs. By
encapsulating FesO4 NPs as contrast agent, SiO2 NCs can be initially located extracellularly (Figure
2.1.2 a) and intracellularly (Figure 2.1.2 b-d). Combined with elemental mapping of silicon and iron
obtained by electron energy loss spectroscopy (EELS, Figure 2.1.3 ¢) and energy dispersive X-ray
spectroscopy (EDS, Figure 2.1.3 d), cellular uptake of nanocapsules and their localisation in
intracellular environment were successfully confirmed (Figure 2.1.3 ¢). Since application of EDX to
identify elements is broadly used in material science, localisation of non-abundant elements in cells
by using EDX is beneficial in EM-prepared plastic embedded samples. Superparamagnetism of

Fe;O4 NPs was preserved after the encapsulation, with a saturated magnetisation of 10.0 emu/g

—26—



RESULTS AND DISCUSSIONS

nanocapsules (Figure 2.1.1 d). Therefore, the magnetic NCs are also potentially useful for magnetic

resonance imaging and magnetic-guided targeted delivery.
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Figure 2.1.1 Characterisation of SiO: NCs loaded with various amounts of iron oxide
nanoparticles. TEM micrographs of NCs with miron oxide:msilica = a. 1:6.2 (sample SJP29-2), b.
1:2.8 (sample SJP29-3), and ¢. 1:1.7 (sample SJP29-4). d. VSM magnetisation curve of NCs with
miron oxide:silica = 1:2.8. magnetisation measurement was performed by -
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>

ar and intracellular SiO; NCs. a.

Figure 2.1.2 TEM micrographs showing extracellul
extracellular SiO2 NCs. b. SiO2 NCs under uptake process. ¢ and d SiO2 NCs after uptake in the

cells.
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EELS Si-map

»

Figure 2.1.3 Intracellular localisation of SiO2 NCs labelled with Fe;O4 NPs in Hela cells by
TEM and elemental mapping. TEM micrographs of a. SiO2 NCs containing Fe3O4 NPs, b. NCs

in cells, c. elemental mapping of silicon obtained by EELS, d. elemental mapping of silicon and
iron obtained by EDX, (e) colocalisation of NCs based on TEM, EELS, and EDX data.
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Understanding cellular uptake, intra-, and intercellular trafficking mechanisms of nanocarriers is
critical for designing efficient and safe nanomedicines.[!191 We studied the cellular uptake behaviour
and intracellular trafficking of the SiO> NCs by TEM in different time points. As mentioned before,
morphological identification of pure SiO2 NCs is difficult in cells. Hence, encapsulation of Fe;O4
NPs was done to give better contrast and localisation of the NCs. As shown in Figure 2.1.1, the
Fe;O4 NPs with diameter of ~8 nm were encapsulated in the inner core of NCs. To prove the
efficient loading of Fe3O4 NPs in NCs, the gradient centrifugation technique was applied. No free
Fe3O4 NPs were separated from the SiO2 NCs present in the upper phase, indicating a high
encapsulation efficiency of the NPs. By encapsulating Fe;O4 NPs as contrast agent, SiO2 NCs were
clearly distinguished from cellular organelles (Figure 2.1.4 b-e). Combined with elemental mapping
of silicon and iron obtained by electron energy loss spectroscopy (EELS) and energy dispersive X-
ray spectroscopy (EDX), cellular uptake of the SiO, NCs and their localisation in intracellular
environment were successfully identified (Figure 2.1.4 g). Intracellular trafficking of the NCs was
studied at different incubation times (Figure 2.1.4 c-f). Iron oxide labelled NCs were found in
multivesicular bodies after 2 h incubation (Figure 2.1.4 d). After incubating the cells with magnetic
NCs for 10 h and 24 h, some free Fe;O4 NPs, without surrounding silica shell, were observed
(Figure 2.1.4 e-f). This observation indicates a plausible intracellular degradation of the ultrathin
silica shell (~5 nm), which is consistent with previous findings from other groups. Chen et al. found
that the degradation of surfactant-extracted MCM-41-type mesoporous silica nanoparticles
exhibited a very fast initial degradation within 2 h in simulated body fluid.[3!] The incomplete -Si-
O- tetrahedral network in the nanoparticles, containing plenty of Si-R and Si-OH groups, facilitated
their easy degradation. Bein et al. found that small particle size (50-70 nm) with a low condensation
degree and a highly mesoporous texture (pore size~3-4 nm), and high surface area accelerated the
degradation reactions.[120] In our case, the SiO2 NCs showed also a low condensation degree, as
shown by the Q2 signal of 1 %, Q3 signal of 43 %, and Q4 signal of 56 % determined by 29Si MAS
NMR spectroscopy. The combination of the presence of free Si-R and Si-OH groups with the thin
shell and a pore size of ~3-6 nm is therefore likely to facilitate the intracellular degradation of the

Si02 NCs.
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Fiure 2.1.4 Cellular uptake and localisation of iron oxide labelled SiO: NCs in HeLa cells

based on TEM and elemental mapping techniques. TEM micrographs of a. Fe3O4 NPs labelled
SiO2 NCs. b. NCs that are entering cell membrane shown by yellow arrows. ¢. NCs internalised in
cell. d-f. Localisation of NCs in intracellular environments after incubation for 2, 10, and 24 h. g.

Blue colour represents signal of iron and red colour represents signal of silicon.
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Conclusions

We demonstrated here a versatile one-step synthesis of SiO2 NCs for biomedical applications. This
approach is based on a sol-gel process confined at the interface of oil-in-water miniemulsion
droplets. Fluorescent and magnetic labelling enables monitoring of cellular uptake and intracellular
trafficking of the NCs by fluorescence microscopy and TEM combined with elemental mapping.
With the help of correlating EDX and TEM, intracellular SiO2 NCs can be successfully located and
tracked in different time points. At the same time, element mapping is also proven to be very
beneficial to precisely identify NPs/NCs which are not carbon-based. This efficient visualisation
method enables us to further facilitate the study of functional SiO2 NCs for drug delivery

applications.
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2.2 High-contrast imaging of nanodiamonds in cells by energy filtered and
correlative light-electron microscopy: toward a quantitative nanoparticle-

cell analysis

This section is based on publication Nano Lett. 2019, 19, 3, 2178-2185. Reproduced with

permission from Ref [121]. Copyright © 2019 American Chemical Society.

This section is moving from EDX to leveraging light and electron microscopy for correlative
microscopy imaging. We used a special NPs with inherent fluorescence called fNDs to initially try

the correlative light and electron microscopy method in resin embedded cells.

Contributions:

I performed the cell experiments with the nanoparticles and the correlative light and electron
microscopy experiments and further images processing, interpretations and evaluations. -
- prepared the coated fluorescent nanodiamonds and performed DLS, zeta-potential

characterisation, and fluorescence spectroscopy. Both, _ and me, wrote the manuscript.

_ and _ designed and supervised of the CLEM experiments. -
- supervised to perform transmission electron microscopy tomography. _

performed energy filtered electron microscopy and HAADF STEM. _ corrected the

manuseript and gave scientific suggestions. ENEGINONIN ROIOIOIOIOION RO

supervised and corrected the manuscript.
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Abstract

Fluorescent nanodiamonds (fNDs) represent an emerging class of nanomaterials offering great
opportunities for ultra-high resolution imaging, sensing and drug delivery applications. Their
biocompatibility, exceptional chemical and consistent photostability renders them particularly
attractive for correlative light-electron microscopy (CLEM) studies providing unique insights into
nanoparticle-cell interactions. Herein, we demonstrate a stringent procedure to image and quantify
fNDs with a high contrast down to the single particle level in cells. Individual fNDs were directly
visualised by energy-filtered transmission electron microscopy i.e. inside newly forming, early
endosomal vesicles during their cellular uptake processes as well as inside cellular organelles such
as a mitochondrion. Furthermore, we demonstrate the unequivocal identification, localisation and
quantification of individual fNDs in larger fND clusters inside intracellular vesicles. Our studies are
of great relevance to obtain quantitative information on nanoparticle trafficking and their various
interactions with cells, membranes and organelles, which will be crucial to design improved

sensors, imaging probes and nanotherapeutics based on quantitative data.
Introduction

During the past decades, nanoparticles have transformed biomedicine as traceable drug carriers and
sensitive probes for therapy and diagnostics.[122] They have provided important insights into
diseases and serve as valuable platform for imaging and therapy of e.g. cancer cells and tissue in
(pre)clinical studies.['23] To further advance nanomedicine approaches and to avoid risks of
nanoparticle-induced toxicity, deeper understanding of nanoparticle-cell interactions,[26: 1241 during
their cellular uptake processes,[125. 126] intracellular release and traffickingl(!27] is crucial. Light
microscopy (LM) and transmission electron microscopy (TEM) have been applied to visualise
nanoparticle-cell interactions. However, classical LM is limited by the wavelength of light and does
not provide resolution beyond the diffraction limit (~200 nm).[42] Super-resolution techniques such
as stimulated emission depletion (STED), stochastic optical reconstruction microscopy (STORM),
photo-activated localisation microscopy (PALM), or super-resolution optical fluctuation imaging
(SOF]I) enabled resolutions down to the nanometer scalel!23. 1291 but these optical imaging techniques
require very photostable fluorescent markers. Super-resolution microscopy techniques like STED
provide spatial resolution of 40 nm in HeLa cells, which is still about 100 times lower compared to

the resolution of TEM (below 1 nm) and surrounding structures could not be imaged.[¢ 130] In
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contrast, electron microscopy provides morphological visualisation at unmatched resolution without
the need to apply specific marker molecules. Recently, correlative light-electron microscopy
(CLEM) has emerged as the method of choice to gain unique insights into exo- and endogenous
cellular structures and to precisely localise endogenous proteinsl¢9: 131, 132] or nanoparticles with high
resolution providing important information on e.g. transporter trafficking(!33] and membrane uptake.
[134,135] Quantum dots (QDs) and gold nanoparticles have been applied as imaging probes for CLEM
but they are limited by their weak fluorescence,!® blinking problems of QDsl[13¢] and their inherent

cytotoxicity, raising various concerns for long-term in vitro and in vivo studies.[137. 138]

Fluorescent nanodiamonds (fNDs) have emerged as promising and biocompatiblel!39] imaging
probes in LM, and they have been used for traceable drug delivery as well as nanoscale-sensing
applications.[1391 These carbon-based nanoparticles with nitrogen vacancy (NV-) defect colour
centresl140-143] provide stable fluorescence without blinking, which represents an ideal prerequisite
for single-particle tracking(!40. 144] and super-resolution studies(’8] in cells. In addition, the unique
magneto-optical properties of NV- centres in diamond allow sensing of local magnetic fields,[145]

temperature,[146-148] electric potentials,[1491 and pH valuel!46] with high sensitivity in living cells.

We have established a straightforward imaging approach using high-precision CLEM and dark-field
energy filtered transmission electron microscopy (EFTEM) to localise fNDs in cells down to the
single particle level. Until now, single fND tracking remained challengingl!50-1521 and only
information of their approximate location and tracking paths was resolved. In previous work, image
quality of NDs in CLEM studies was limited due to the weak contrast of the all-carbon composition
of the diamond lattice, which has a similar chemical composition as the resin matrix used in EM
preventing imaging of individual fNDs[153. 1541 due to their low contrast within cells.[154-156] Attempts
to increase contrast and detectability in EM and/or LM focused on labelling of the fNDs by gold

nanoparticlesl!53] or by coating with a silica shell.[154]
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Herein, dark field contrast enhancement provided high image quality with greatly enhanced contrast
suitable for resolving unlabelled single fNDs during their cellular uptake process and within cellular
organelles for the first time. In a first demonstration experiment, the number of fNDs inside an
endosomal vesicle was quantified. We envision that the technique developed herein will provide
quantitative understanding of the various interactions of nanoparticles with cells and ultimately
pave the way to a rational design of nanoscale markers, sensors and reliable and reproducible

nanotherapeutics.

Results and discussions

After synthesis, fNDs strongly aggregate in aqueous buffer due to their high number of negatively
charged surface groups. Therefore, uncoated fNDs could not be used as single particle probes for
cellular studies, and fND surface coating is essential to stabilise them in cellular environments.
Herein, fNDs with 35 nm mean-diameter have been used whose surface was oxidised under harsh
conditions in oxidising acids (Figure 2.2.1 d) and their dispersibility was enhanced in MilliQ water
at low concentrations (0.1 mg/mL) by ultrasonification. We have developed previously a copolymer
derived from the blood plasma protein human serum albumin (dcHSA-PEG(2000)18), termed
dcHSA-PEG, containing multiple positively charged primary amino groups and grafted
poly(ethylene oxide) side chains (Figure 2.2.1 c; the synthesis of this polymer was reported
beforell57. 158]) that readily adsorbed to the surface of fNDs. Coated fND were purified by
centrifugation (18,000 g) and separated from the unbound biopolymer. After coating with dcHSA-
PEG, the surface charges changed from a negative to a positive value (Figure 2.2.1 d) and their
hydrodynamic radius Rh increased from 44.5 nm to 61.7 nm (dynamic light scattering, DLS, Figure
2.2.2-2.2.3). This relatively large increase of about 17 nm was also due to the loss of small fNDs
during purification by ultracentrifugation. For the in vitro studies, narrowly dispersed fNDs of high
colloidal stability in Dulbecco's Phosphate-Buffered Saline (DPBS) were required. A monomodal
distribution of coated fNDs was detected in the dynamic light scattering (DLS) recorded at different
angles indicating no fND aggregate formation (Figure 2.2.2-2.2.3). Subsequently, the fNDs
dissolved in DPBS were visualised by TEM revealing well-dispersed single nanoparticles
distributed over the TEM grid (Figure 2.2.1 b), whereas uncoated fNDs appeared mostly aggregated
in DPBS on the TEM grid (Figure 2.2.1 a). The negatively charged nitrogen vacancy (NV-) centres

in fNDs emit light at a wavelength of 680 nm after excitation with a 561 nm laser. Their emission
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intensity depends on the number, size and shape of the fNDs. Herein, about 15 NV- on average were
present statistically distributed within the fNDs and their optical properties were not affected by the
biopolymer coating (Figure 2.2.1 e). These coated fNDs were then used to study their cellular

uptake and trafficking by confocal laser scanning microscopy (CLSM) and TEM in HeLa cells.
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Figure 2.2.1 Characterisation of fND. a. Transmission electron microscopy (TEM) images of
uncoated fND aggregates diluted in PBS. b. Coated single fNDs diluted in PBS; fresnel diffraction
pattern of ND. ¢. Scheme of protein coated fNDs. d. Zeta-potential values. e. Fluorescence intensity
of uncoated fNDs, coated fNDs (both 0.5 mg/mL), dcHSA-PEG (2 mg/mL) and MilliQ water. DLS,
zeta-potential and fluorescence intensity of fNDs were performed by _ Scale bars:
200 nm.
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First, the coated fNDs were vitrified and embedded prior to LM and EM acquisition providing
images from the same cellular location (“in-resin CLEM”). Then, fNDs were examined by LM
followed by EM acquisition (“in-dish CLEM”). The correlative imaging method provided
localisation of fNDs in fluorescence microscopy and high-resolution EM micrographs from the
same cellular ROI. Due to their stable emission intensity, fNDs could be identified in CLSM as well
as in EM despite their all-carbon composition. Figure 2.2.4 a-b reveals LM and EM images from
the in-resin CLEM imaging of the same section, where fND fluorescence was retained after the
harsh resin and polymerisation treatment. The cellular structures appeared well preserved even after
staining with low amounts (0.1 %) of UA. Noteworthy, our imaging procedure did not rely on OsOg4
as contrast enhancer. Compared to previously reported epoxy resins for embedding,[!54 the
Lowicryl matrix applied herein allowed efficient nucleus staining with Hoechst dye (blue) on the
section facilitating the selection of the cells of interest in LM. Figure 2.2.4 ¢ shows fNDs clusters of

different sizes, whose emission was precisely colocalised with CLEM with high contrast.

The structural information (in-resin CLEM) was obtained within one thin cell slice. In addition, we
performed in-dish CLEM aiming for 3D tomography. Since z-stack images of the sample were
recorded with CLSM first (Figure 2.2.4 d), spatial information of the sample as well as the
fluorescence signals of the fNDs were obtained before the EM preparation. Cellular structures such
as mitochondria remained well preserved, and they could be imaged with high resolution and
contrast. Pronounced vesicle membranes around the fNDs clusters were detected (Figure 2.2.5).
Background fluorescence was largely suppressed for an improved colocalisation and the CLSM and
EM images appeared only slightly shifted (white arrows, Figure 2.2.4 f), which was mainly due to

small changes in the position or shape changes of the living cells before fixation.
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CLEM

in-resin CLEM

in-dish CLEM

Figure 2.2.4 Correlative light-electron microscopy (CLEM) of fNDs in HeLa cells showing the
results of the in-resin (top) and in-dish (bottom) preparation. a. Confocal laser scanning microscopy
(CLSM) of fNDs (red) and nucleus (blue, Hoechst) on ultrathin section (120 nm nominal
thickness). b. Transmission electron microscopy (TEM) of the same section as in a. ¢. Overlay of a
and b. d. A selected image (of LM stack) with fNDs (red) and nucleus (blue, Hoechst) of a
paraformaldehyde (PFA) fixed HeLa cell. e. Corresponding epoxy resin section of the same cell as
shown in d and the resulting CLEM overlay f. Scale bars: a-¢ 2 um, d-f 5 pm. The white boxes

denoted in ¢ refer to the areas displayed in Figure 2.2.10, and the box denoted in f refers to the area
shown in Figure 2.2.7.
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Table 1. Comparison of different methods to image single intracellular fNDs including a qualitative

assessment on their performance.

Technique | Specificity for fND | Specificity for Resolution | Fluorescence (FL)
clusters single NDs
CLEM High specificity Low specificity High FL information from
depending on the resolution both fNDs and
fND emission (EM grade) | labelled organelles
EFTEM High specificity High specificity High No FL information
depending on the depending on the | resolution
fND unique energy | unique energy (EM grade)
absorption adsorption of fNDs
HAADF Medium specificity | Medium specificity | High No FL information
STEM depending on the depending on the | resolution
fND orientation fND orientation (EM grade)
TEM Medium specificity | Medium specificity | High No FL information
(overfocus) | depending on the depending on the | resolution
fND Fresnel contrast | fND Fresnel (EM grade)
fringes contrast fringes

Figure 2.2.5 TEM bright field (BF) micrographs showing the preservation quality of the in-dish

preparation method.

—42—



RESULTS AND DISCUSSIONS

Figure 2.2.6 TEM BF micrographs showing the preservation quality of the in-resin preparation.

Compared to the in-dish method, the contrast of the cellular structures is lower, presumably due to
the missing OsOs staining and lower UA concentration. However, post staining of the sections

should be possible.

The coated fNDs showed pronounced cellular uptake due to attractive electrostatic interactions with
the negatively charged cellular membrane as reported previously.[157] They were mainly localised in
spherical clusters inside intracellular vesicles such as endosomes, lysosomes or autophagosomes
(Figure 2.2.4). EM provided the required nanoscale resolution required to precisely quantify fNDs
inside these intracellular vesicles and to image their endosomal escape. Figure 2.2.7 is an
enlargement of the area indicated in Figure 2.2.4 f and clearly reveals a vesicle in close proximity to
the cell nucleus (blue staining) and a mitochondrion located below. In total, three clusters of fNDs
were found inside the vesicle: Two at the top and a third smaller cluster at the bottom right close to
the membrane of the vesicle. Tomography of this vesicle was performed to study the vesicle
integrity. Figure 2.2.7 b shows a cross section matching the LM overlay of Figure 2.2.7 a. Despite
the high resolution, some parts (black arrows) of the membrane appeared disrupted, especially at
positions where the upper left and lower right fNDs clusters were localised. This effect appeared
even more pronounced when analysing the entire tomogram. Obviously, fNDs induced disruption of
the vesicular membrane, which likely allowed their escape from vesicles as suggested also by

previous studies with labelled nanoparticles.[153. 1591 Segmentation of the vesicle together with fNDs
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is shown in Figure 2.2.7 ¢ and as a result of the high resolution TEM tomography; even single fNDs
in the cluster were identified. In Figure 2.2.7 c, a total number of 101 fNDs (in red) and the outer
membrane of the endosome were segmented (in green) now allowing a quantification of the fNDs
per cluster. The fND clusters in the endosomal vesicles were divided into three subvolumes: 1) The
cluster located close to the vesicle membrane at the upper left part contained 27 fNDs in total
(reconstructed in red); 2) the cluster located in the mid of the endosome was formed by 61 fNDs,
whereas 3) the clusters located at the bottom right consisted of 13 fNDs. In addition, five small

vesicles were identified and segmented (in light green) within the endosome.

TEM micrographs did not provide sufficient contrast for the detection of single fNDs within the
embedding resin as both materials mainly consist of carbon-based structures. In addition, their
detection by LM was limited by low fND concentrations within the thin sections (in-resin CLEM)
as well as the varying fluorescence quantum yields among individual NDs, which resulted in fNDs
occasionally not emitting and therefore remaining invisible. Although previous CLEM studies
demonstrated an improvement for the visualisation of intracellular NDs with STED,[154] the
discrimination of individual ND in larger clusters still remains challenging, if not impossible. In
order to compare and optimise fND imaging at the nanoscale, we evaluated additional EM imaging
methods summarised in Table 1 highlighting the specificity and resolution of the different

techniques for detecting fNDs in clusters as well as single fNDs.
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Figure 2.2.7 a. CLEM micrograph constructed from the overlay of LM and TEM micrograph
showing the area denoted by the box in Figure 2.2.4 f. The localisation of the fNDs by LM is shown
in red, whereas the nucleus appears in blue. b. Tomogram section of the same region; black arrows
indicate the disappearance of the vesicle membrane. ¢. 3D model of fNDs clusters inside the
endosomal vesicle; fNDs appear in red and the cellular membrane is shown in green; five vesicles

are given in light green. Scale bars: a and b: 500 nm, ¢: 250 nm.
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HAADF STEM Darkfield imaging (DF) using a high angular annular dark field detector with
scanning TEM (HAADF STEM, Figures 2.2.8, 2.2.9) could in principle visualise single fNDs.
However, diffraction-based identification techniques like HAADF STEM and conventional DF

imaging rely on the correct orientation of the crystal with regard to the incident electron beam and

therefore, only few individual nanodiamond crystals were detected, as demonstrated in Figure 2.2.9.

Figure 2.2.8 TEM and STEM micrographs showing the same area. In the bright field
micrograph a the NDs are clearly visible by their dark contrast and in the STEM micrograph b the
NDs appear bright because their diffraction contributes to the HAADF signal. All the NDs in the
bright field micrograph are also visible in the STEM micrograph. When using the conventional

TEM dark field ¢ mode, some of the NDs are not visible, as exemplarily marked by the arrow.

AE =100 eV

Figure 2.2.9 a. TEM-BF b. STEM-HAADF c¢. EFTEM micrographs of the same area. The ND
marked with an arrow is visible in the BF and the EFTEM micrograph, but it does not appear in the
HAADF-STEM mode.
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EFTEM allows the identification and localisation of individual fNDs in the in-resin and in-dish
preparations as this technique depends on the electron density but not on the orientations of the
fNDs. EFTEM has been applied previously to image gold particles and QDs in HEp-2 cells for
correlative microscopy studies,[160] but it has not yet been used to identify intracellular fNDs. Figure
2.2.10 shows the corresponding CLEM micrographs, TEM bright field micrographs and EFTEM
micrographs of fNDs in HeLa cells. Two fNDs clusters (Figures 2.2.10 a-b) were detected in the
TEM micrograph, which was confirmed by the fluorescence signal in the LM image. The EFTEM
micrograph in Figure 2.2.10 c reveals the presence of two single fNDs (arrows), which were barely
visible in the bright field micrographs and could not be detected by fluorescence imaging. After
inverting Figure 2.2.10 b, we calculated the line value (red dotted line) crossing two single fNDs
(Figure 2.2.10 b-c). A Gaussian fit was used to calculate the signal to noise ratio in the EFTEM
image (Figure 2.2.10 c), which was significantly improved (4.0 and 3.3) compared to the signal to
noise ratio (2.3 and 1.5) of the TEM bright field image. In addition, we estimated the resolution
using the line profile crossing two fNDs (Figure 2.2.10 h). The distance between the two peaks was
30 nm as calculated by a Gaussian function and the Gaussian fitting result highly matched the line
value (R? = 0.974). The detection limit of fluorescence imaging becomes apparent in Figure 2.2.10
d-e. The cluster in the left corner of Figure 2.2.10 d consists of three fNDs, whose fluorescence
signal could still be resolved (the slight mismatch was due to the time gap of the in-dish
preparation), whereas EFTEM (Figure 2.2.10 f) clearly shows the presence of three individual
fNDs. The remarkable contrast of fNDs in EFTEM imaging was attributed to the higher density of
NDs compared to the surrounding resin. The mean free path A (the average distance an electron
propagates through the specimen before being scattered) was lower in diamond compared to the
surrounding material and hence, the inelastic scattering intensity was increased, which was
experimentally confirmed by the electron energy loss (EEL) spectra in Figure 2.2.10 g. Accordingly,
fNDs appeared with bright contrast when imaged with an energy loss AE ranging from 50 eV up to
190 eV (Figure 2.2.11). This assumption was further corroborated by the observation, that fNDs

could be detected easily in bright field imaging at large overfocus (Figure 2.2.12).
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Figure 2.2.10 Single fND and fND clusters imaged by energy filtered transmission electron
microscopy (EFTEM). a and d: CLEM overlay, b and e the corresponding TEM bright-field
micrograph. ¢ and f: EFTEM micrograph acquired at an energy loss of 100 eV with 10 eV slit
width. The white arrows indicate the detection of individual fNDs. The insets in b and ¢ represent
line profile values of respective selected line (red dots line). g. EEL spectra of embedded fNDs
(black), the embedded cell (red) and a resin-only area (green), corresponding to the positions
indicated in e (the inset of g shows a zoom into the energy loss range from 10 to 120 eV). The
spectra were acquired by focusing the electron beam on the respective area. h. The line profile value
of the inset (EFTEM micrograph of two closely located fNDs, Gaussian function fit of the data. a to
¢ show the magnification of the region marked by the dashed box in Figure 2.2.4 ¢); d to f display a

magnification of the area marked by the solid box in Figure 2.2.4 ¢). Scale bar: 1 pm
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AE = 150 eV
e,

W

& g

,AE =190 eV

Figure 2.2.11 Energy filtered TEM micrographs: The sample area is imaged with increasing
energy loss from bright field (0 eV, upper left) to 190 eV (lower right). The slit width of the
spectrometer was adjusted to 10 eV. In the bright field micrograph the ND are clearly visible by

their dark contrast.

AE =100 eV

};‘ i . ey D .

Figure 2.2.12 TEM and EFTEM micrographs of the same sample area demonstrating the ease
and power of overfocus identification of phase objects like NDs in a resin matrix. a. The TEM
BF micrograph does not reveal the presence of a ND at the position marked with an arrow. Over
focused TEM micrograph b clearly shows the ND which can be seen in the EFTEM micrograph ¢

as well.
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TEM (overfocus) The bright Fresnel contrast fringes, which were formed around the individual
fNDs in TEM bright field imaging, indicated that the fNDs were phase objects attributed to their
higher electron density, which also offers potential for detecting individual fNDs without the need
for EFTEM or CLEM. The Fresnel fringes in the TEM micrograph appeared due to the
discontinuous potential change at the edge of the fND. In overfocus conditions, this yielded a bright
fringe around the object in the TEM micrograph.[1¢1l However, also other phase objects presented in

the specimen could be misinterpreted as fND by this method.

Our results clearly indicate that the EFTEM approach represents the method of choice for detecting
single fNDs with high contrast and great spatial resolution within cells. EFTEM even allowed an
autonomous TEM screening of the entire sample and subsequent qualitative data analysis was
accomplished conveniently, which offers the great potential to accelerate the precise identification

and quantification of intracellular fNDs.

Figure 2.2.13 a reveals a TEM image of fNDs close to the extracellular matrix of the cellular
membrane. The presence of the single fND was clearly confirmed by EFTEM (Figure 2.2.13 b),
which was not detectable by CLEM and standard TEM. It seemed that several fNDs formed clusters
close to the extracellular matrix, and a single fND was located already inside the cell, presumably
inside an early endosomal vesicle. Electron tomography was performed on this site, and Figure
2.2.13 ¢ shows a virtual slice of the tomogram. Obviously, the formation of the early endosome was
still in process, and the membrane of the endosome appeared still connected to the membrane of the
cell. In order to gain deeper insights into this process, the tomogram of this site was segmented
yielding a 3D model (Figure 2.2.13 d), in which four fNDs were localised close to the cellular
membrane (in green), and a single fND appeared inside the newly formed endosomal vesicle,
highlighted in red. This 3D tomography captured for the first time the process of cellular uptake of a
single fND as well as the presence of a membrane tunnel connecting the endosome with the cellular

membrane.

Inside the cell, we screened for single fNDs that were taken up into organelles, which is of great
interest for sensing,[1391 drug delivery(162] as well as understanding nanoparticle-related toxicity.[13]
Single fNDs localised in cellular organelles are particularly challenging to detect. Figure 2.2.13 e
shows the TEM image of a cluster of {NDs in direct proximity to a mitochondrion. The fND cluster

with dimensions of around 200 nm in diameter was detected in the upper right corner in close
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vicinity to the mitochondrion, which was probably too bulky to enter the cell organelle. EFTEM
clearly showed the presence of individual fNDs inside this mitochondrion (Figure 2.2.13 f). The
virtual section from the tomogram (Figure 2.2.13 g) reveals two fNDs inside the mitochondrion and
the segmentation (Figure 2.2.13 h) of the tomogram clearly supported that the fNDs were located
close to the inner membrane. Interestingly, there was no membrane formed around the fNDs
suggesting that during their uptake process into the mitochondrion, the endosomal membrane
surrounding the two fNDs most likely coalesced with the mitochondrial membrane. One could
speculate that the two fNDs might originate from the larger fND cluster located close to the

mitochondrion. However, additional studies are necessary to unravel the intracellular transport

processes of nanoparticles into mitochondria.

Figure 2.2.13 Interactions of single fNDs with cellular substructures. a and b show bright-field
TEM and dark-field EFTEM of single fND uptake; e and f depict bright-field TEM and dark-field
EFTEM of fNDs inside a mitochondrion. ¢ and g reveal the virtual slices from the tomogram,
whereas d and h give the segmentation of the tomograms of single fND uptake and localisation

inside a mitochondrion, respectively. Scale bars: 200 nm.
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Imaging of NDs in the TEM in general. Imaging of NDs and especially individual NDs in TEM
can be facilitated by using different imaging methods, depending on the configuration of the
respective instrument. The main problem when imaging NDs in a resin matrix, as commonly
prepared for TEM ultrastructural examination of biological samples, is their low contrast with
regard to the surrounding resin. However, there are some physical features of NDs that promote
their discrimination from the resin matrix. The density of a diamond is with 3.5 g/cm3 much higher
than that of the surrounding resin and, as every diamond, NDs are crystalline. Imaging crystalline
areas is one of the strengths of the TEM. By simply selecting the position of the objective aperture,
it is possible to select electrons, that have left the sample under a certain angle, e.g. due to
diffraction. This method is called dark field mode and can be easily achieved in any TEM. The
strongest diffraction spot of diamond is the (111) with a d-spacing of 2.058 A. This corresponds to a
diffraction angle of 20 = 12.2 mrad for 200 keV electrons. When the objective aperture of the TEM
is adjusted in a way that electrons leaving the sample under this angle can pass (but the transmitted
beam is blocked), the crystalline areas appear with bright contrast. But because the aperture allows
only a small azimuth area of the diffraction ring to pass, only those crystals with the correct

orientation become visible (arrow in Figure 2.2.8 c).

In order to overcome this azimuthal restriction, annular detection methods like conical dark field or
HAADF-STEM can be used. Due to the annular geometry of the HAADF detector all directions of
the diffraction ring are detected and the crystal areas appear with bright contrast (Figure 2.2.8 b).
But even using the whole (111) diffraction ring does not guarantee that every ND crystal becomes
visible, because this depends on the crystalline orientation; if the Bragg-condition is not fulfilled
due to an odd orientation of the crystal there is no signal in the dark field micrograph. This is
exemplarily demonstrated in Figure 2.2.9, where the ND marked by the arrow is clearly seen in the
TEM BF Figure 2.2.9 a and in the EFTEM micrograph Figure 2.2.9 c, but not in the HAADF-
STEM Figure 2.2.9 b.

Another alternative to image NDs in a resin matrix is to use EFTEM imaging. Here, the
identification does not rely on the correct orientation of the crystal but rather on the difference in
electron density between the ND and the surrounding matrix. NDs are a pure carbon material and
the surrounding matrix of polymerised resin is a carbon rich material as well. Accordingly, element

specific discrimination by EFTEM is eliminated. But the mean free electron path A depends on the
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local electron density and then finally on the density of the respective material. In a simplified
explanation the probability for inelastic scattering depends on the local electron density and with
that on the material density. This is shown in the electron energy loss (EEL) spectra Figure 2.2.10 g.
The intensity in the areas of the nanodiamonds is greater in the entire spectral range measured from
50 to 200 eV than where resin or cellular material is present in the sample. Therefore, the
nanodiamonds appear brighter in the EFTEM micrographs. Figure 2.2.11 shows an EFTEM series
acquired at different energy losses using an energy selecting slit width of 10 eV. The NDs are
clearly visible up to 190 eV energy loss. We did not checked higher loss values because this would
unnecessarily increase the exposure time without yielding more information. Accordingly, EFTM
imaging is the appropriate way to identify and image NDs in an embedded cell samples. Even

single fNDs can be detected this way, which is not possible by fluorescence imaging at all.

However, if you have neither an energy filter nor a scanning unit at the TEM, there is another, very
easy way to locate the embedded NDs. Hereby one can simplify the tedious search for the NDs
considerably. Like other objects, NDs are phase objects that change the phase of the electron waves

as they exit the sample.

If the TEM is now heavily overfocused, this will cause the resulting Fresnel fringes of the NDs to
show bright contrast on the resulting image, as shown in Figure 2.2.12 b. Although these images are
useless for further processing, they clearly show the position of the NDs. For comparison, Figure
2.2.12 ¢ shows the corresponding EFTEM image, on which individual NDs can be recognised as

well (marked by the arrow).

Images alignment and analysis. The alignment of the in-resin acquired data was straightforward,
because both, electron and light microscopical imaging originate from the very same specimen.
However, for the in-dish preparation, there is a certain time span between the LM imaging and the
final fixation for EM preparation and subsequent imaging. This time span already leads to
systematic mismatch in the alignment. In addition, the preparation of the ultrathin sections might
lead to problems with the CLEM alignment. The sections suffer a certain compression during
sectioning, which can be easily compensated by a simple affine transformation (stretching of the
EM micrographs parallel to the cutting direction). However, we did not observe noticeable
compression of the sections and within the accuracy of the LM images we did not need to

compensate for this. On the other hand, the normal of the sections and the optical axis of the LM
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might not coincide. With other words, there is a certain angle between the cutting direction and the
imaging direction of the LM. For this case, there is a certain tolerance of the preparation method
due to the rather large confocal optical section thickness compared to ultramicrotomy sections. A
confocal microscope can reach thicknesses down to 500 nm. The effect of a misaligned cutting
angle would result in the disappearance of (correlative) objects, especially at the image periphery.
Accordingly, we put much effort in aligning the block phase of the resin block as parallel as
possible to the diamond knife and we did not encounter any problems with a misalignment of the

cutting angle with regard to the imaging plane of the LM.

Conclusions

In summary, we have demonstrated a stringent procedure to image and quantify coated fNDs as
clusters as well as down to the single particle level inside cells. A bioinspired protein coating was
used to stabilise the fNDs inside cells, which has similarities to the natural protein corona, formed
when nanoparticles are subjected to blood serum providing high colloidal stability and
biocompatibility. fNDs were detected at different stages during their cellular uptake and
intracellular trafficking highlighting that many cellular barriers have to be crossed inside cells. {ND
clusters appeared outside the cellular membrane as well as in endosomal vesicles as detected by
CLEM with a high contrast by colocalisation of LM and EM signals. EM images of {ND clusters
were obtained with the highest resolution reported yet, which even allowed quantification of
individual fNDs in the larger fND clusters inside intracellular vesicles. Moreover, individual fNDs
were detected for the first time by EFTEM. In this way, the cellular uptake process of a single fND
inside a newly forming, early endosomal vesicle was imaged, and the presence of single fNDs
inside a mitochondrion was demonstrated. The localisation and quantification of fNDs inside
mitochondria is of particular interest since drug delivery into these organelles represents an
emerging strategy in cancer cell treatment.[162] Conventional LM studies could not unambiguously
differentiate whether nanoparticles were taken up into mitochondria or if they only colocalised with
their outer membranes. Applying dark-field EFTEM, we were able to resolve the presence of
individual fNDs inside the mitochondrion, whereas a larger fND cluster remained outside this

organelle in close vicinity to its outer membrane.
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We believe that our approach offers the great potential to resolve fNDs within clusters as well as
single fNDs and to allow the quantification of their exact number and image their locations within
the various cellular compartments. In this way, one could gain fundamental insights into
intracellular transport processes of fNDs and how these pathways are interconnected, which
provides great opportunities to ultimately correlate bioactivities and potential toxic effects of
nanomaterials based on quantitative data. We believe that such studies will be of great relevance to
obtain reliable and reproducible information of nanotherapeutics that ultimately facilitate rational

design of efficient and safe drug transporter and imaging probes.



RESULTS AND DISCUSSIONS

—56—



RESULTS AND DISCUSSIONS

2.3. Visualising the destiny of protein nanocarriers along the endolysosomal
pathway — different compartments are involved in processing protein

nanocarriers

This section is based on a submitted manuscript.

This section took advantage of the on-section CLEM from the last section to precisely visualise
NPLs encapsulated BSA NCs in the cells. This section serves as an application of on-section CLEM

to visualise protein NCs in cells.

Contributions:

I performed CLEM and electron microscopy imaging as well as image interpretations and
manuscript writing regarding the imaging and discussion parts. _ synthesised the
bovine serum albumin nanocapsules (BSA NCs) and performed the encapsulation of nanoplatelets

(NPLs) as well as characterisation and fluorescence intensity measurements and manuscript writing.

_ synthesised the NPLs. _ performed the cLSM measurement. -
- _ and _ supervised and wrote the manuscript.
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Abstract

We analyse the intracellular fate of protein based nanocarriers (NCs) along their endolysosomal
pathway by means of correlative light and electron microscopy (CLEM) methods. To
unambiguously identify the NCs and their degradation remnants in the cellular environment, they
are labelled with fluorescent, inorganic nanoplatelets (NPLs). This allows tracking the NCs on their
intracellular pathway by means of electron microscopy imaging. From the present data, we can
identify different cell compartments in which the NCs are processed. Finally, three different
terminal routes for the intracellular destiny of the NCs are presented. Our findings are important to
reveal the degradation process of protein nanocapsules and contribute to the understanding of the

therapeutic success of an encapsulated drug.
Introduction

The use of nanocarriers for drug delivery is becoming increasingly popular in medical research.[12.
163] Besides liposomes and nanoparticles, which already find applications in clinics, also core-shell
structures like nanocapsules (NCs) are appropriate candidates for the use as drug delivery platform.
[14, 164-166] Especially NCs made from proteins have many advantages, such as their biodegradability,
high loading capacity with a combination of hydrophilic drugs and low toxicity.[33. 341 Due to their
size, nanocarriers can permeate cells easily and therefore it is of great importance to elucidate how

the uptake and the further fate of the nanocarrier in the cell occur.[167]

Nanocarriers are usually processed along the endolysosomal pathway.l168] However, polymeric
nanocarriers, such as protein NCs, are hard to track within this pathway since they cannot be clearly
identified: they require either fluorescent markers to be observed by light microscopy (LM) or
electron-dense markers to be observed by electron microscopy (EM). Correlative light and electron
microscopy (CLEM) combine the strengths of both techniques and contribute to a precise
localisation of the nanocarriers in the cell. Ideally, the CLEM preparation features a fluorophore
with a stable inherent fluorescence suitable for cLSM which, in combination, has a contrasting
component suitable for TEM. For instance, this can be achieved with inorganic, fluorescent
nanoparticles. Current markers to track nanocarriers like quantum dots cannot be visualised readily

because they are difficult to be distinguished from cellular components, due to their small size
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(~5 nm) and spherical shape.[16% 1701 This means additional elemental analysis (e.g. EDX or ESI)

confirms the identity of the quantum dots to ultimately locate the nanocarrier.[171-173]

Here we developed a fluorescent system by using large (20-50 nm), rectangular nanoplatelets
(NPLs) as markers for polymeric NCs in LM and EM. We encapsulated these NPLs into
biocompatible NCs, a type of drug delivery vehicle, by a polyaddition at the droplet interface in
inverse miniemulsion. The key to success of the NPL markers hinged on the protective coating on
the NPLs.[174] This coating makes NPLs both easy to disperse in aqueous medium and protects the
NPLs’ surface from major damage during the encapsulation process, thus leading to high
fluorescence after encapsulation. We used NCs made of bovine serum albumin (BSA), crosslinked
at the interface with toluene diisocyanate (TDI), forming a dense polymeric shell.[33. 166] The NPLs
were added to the aqueous dispersed phase during the miniemulsion process, leading to the

encapsulation of the NPLs into the NCs.

To follow the intracellular pathway, RAW264.7 macrophages were incubated with these NCs
followed by different techniques like flow cytometry, cLSM, and electron microscopy. By
employing a combination of incubation and ripening time, the NCs were localised inside cells
revealing different terminal destinations along the endolysosomal pathway involving early and late

endosomes and endolysosomes.
Results and discussions

We used the miniemulsion method to synthesise protein NCs made of BSA,[33] loaded with NPLs.
We accomplished the loading of the NPLs into biocompatible NCs by adding water-dispersible
NPLs to the aqueous phase of a miniemulsion. The number of NPLs per nanodroplet of the
miniemulsion with the precursor for the subsequent NC is assumed to follow a Poisson distribution.
Hence, we employed an excess of NPLs per expected NC to achieve a labelling of all capsules with
at least one NPL. In addition, we synthesised a 1:1 ratio (NPLs : NCs) and NCs without NPLs to

uncover any changes of the capsule properties due to excess NPLs.

After the NPLs have been evenly dispersed in the aqueous phase, BSA was added followed by
emulsification in cyclohexane in presence of the surfactant poly-((ethylene-co-butylene)-b-

(ethylene oxide) (P(E/B)-b-EQ)).[175]1 The final step to obtain the BSA NCs is the addition of a
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crosslinker toluene diisocyanate (TDI), which reacts in a polyaddition reaction at the droplet

interface and leads to a shell made of crosslinked BSA on the water-cyclohexane interphase.

However, in order to use these NCs for biomedical applications, they need to be transferred to an
aqueous phase (Figure 2.3.1 a) by replacing the cyclohexane with water. This is achieved by

redispersing the NCs in aqueous SDS solution followed by evaporation of the cyclohexane.

We then analysed the size distribution and hydrodynamic radii. Three different NPL:NC ratios and
one NC sample without NPLs were synthesised and the size distribution was measured in
cyclohexane as well as in aqueous phase after the transfer of the NCs from the organic to the water
phase. Furthermore, we analysed the morphologies of the obtained BSA NCs in cyclohexane
(Figure 2.3.1 ¢) and in water (Figure 2.3.1 d) by cryo-TEM. To check the suitability for cLEM
measurements, we studied the photoluminescence of the BSA NCs with different NPLs loadings in

cyclohexane (Figure 2.3.1 e) and after redispersion to water (Figure 2.3.1 f).

(a) 7 (b)
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Figure 2.3.1 Characterization of BSA nanocapsules (NCs) loaded with different amounts of

water-dispersible nanoplatelets (NPLs). a. Synthesis scheme for the inverse miniemulsion. b.
Table with physicochemical properties of BSA NCs containing different NPLs ratios. ¢. Cryo-TEM
image of a BSA NCs loaded with NPLs (5:1 ratio) in cyclohexane and d in water. e. Fluorescence
intensity measurements of BSA NCs encapsulating different NPLs ratios in cyclohexane and f after

redispersion in water. Synthesis and fluorescence intensity measurement were performed by -
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The average hydrodynamic radius (Rn) of the capsules with the different NPL loadings in
cyclohexane is 153 = 9 nm (Figure 2.3.1 b), where the NCs without NPLs have the smallest Ry
(141 £ 83 nm), while NCs with the 1:10 ratio of NPLs revealed the largest capsule Ry (163 =+
88 nm). These results point out, that BSA NC formation is not significantly influenced by the
presence of NPLs. After transfer to the water phase we observed a moderate increase of the capsule
radii ranging from 172 nm (without NPLs) to 218 nm (at a NC:NPL ratio of 1:1). The light
scattering results clearly show the similarity of the NCs at the different NPL loadings with regard to

size distribution. Zeta potentials were negative for all NCs (Figure 2.3.1 b).

Cryo-TEM images confirmed the spherical core-shell morphology of the capsules in both phases
(Figure 2.3.1 c-d), revealing contrast-rich NPLs encapsulated inside the NCs. Imaging in water
phase showed contrast-poor objects indicating the gel-like appearance of the BSA NCs in water
(Figure 2.3.1 d). Cryo-TEM confirmed that by encapsulating a 5:1 ratio of NPLs into NCs, every

NC contains at least one NPL.

We analysed the fluorescence intensity of the BSA NCs in cyclohexane (Figure 2.3.1 e) and in
water (Figure 2.3.1 f), revealing the fluorescence emission maximum at 646 nm in both cases. As
expected, the measured fluorescence intensity increases with increasing NPL concentration. After
transfer to water, the capsules were again subjected to fluorescence intensity measurements,
demonstrating similar fluorescence intensities for the 10:1 and the 5:1 ratio and a low fluorescence
intensity for the 1:1 ratio. These observations corroborate, that excess NPLs, which were not
encapsulated, were removed during the water transfer process. In addition, we confirmed successful
loading of the NPLs to the NCs by fluorescence quenching of fluorescein isothiocyanate (FITC)
attached to the capsule surface.l176] The fluorescence quenching of the FITC increases with the
number of encapsulated NPLs, which suggests Forster resonance energy transfer (FRET) to the
NPLs. Previous studies of FRET with NPLs[!77. 178] determined Forster radii of just a few nm,
indicating close proximity of the NPLs to the FITC attached to the thin capsule shell. This indicates,
that the NPLs stay close to the capsule walls, rather than freely disperse outside or inside the
capsule, where fluorescence quenching via FRET from the FITC to the NPLs would be less likely.
In addition, we did not observe NPLs in the supernatant of aqueous capsule dispersions, but the
NPLs were always associated within the BSA NCs. Based on these findings, we continued with cell

experiments using BSA NCs prepared at a 5:1 ratio.
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In order to study the uptake behaviour of the BSA NCs, RAW264.7 macrophages were exposed to
BSA NCs for 1 h (Figure 2.3.2). We analysed time-dependent cell uptake by confocal laser scanning
microscopy (cLSM). Cells were treated with BSA NCs (75 pg/mL, + FBS) and identified by means
of their fluorescence emission. We visualised lysosomal cell compartments using LysoTracker™
Green (Figure 2.3.2 a) and correlated the measured fluorescence intensities to the BSA NCs signal
(Figure 2.3.2 b-c). The LysoTracker™ Green DND-26 marker stains acidic compartments, thus

marking endolysosomal membranes.
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Figure 2.3.2 Cell uptake experiments of NPL loaded NCs (5:1) into RAW264.7 macrophages.
a. Live cell imaging by confocal laser scanning microscopy (cLSM) of macrophages stained with
LysoTracker™ Green after the uptake of NCs (NPL displayed in red) at a concentration of 75 pg/
mL. b. Time-dependent increase of detected fluorescence intensity of NPLs encapsulated in BSA
NCs in RAW264.7 macrophages. ¢. Time-dependent correlation of overlapping fluorescence signals
obtained from the cLSM data a of the cell uptake of BSA NCs into macrophages determined by
Manders (M2) coefficient. The M2 coefficient shows the fraction of NPLs that colocalised with

endosomes/lysosomes. It ranges between 0 and 1.
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We observed a low amount of intracellular NPLs after 4 min of incubation time, with almost a
linear increase in uptake during the next 62 min for high (300 pg/mL) and low (75 pg/mL) NC
loadings (Figure 2.3.2 a-b). The NCs were transported during that time from the membrane into the

cell where they gradually colocalise with endosomes/lysosomes marked by LysoTracker™ Green.

Shortly after the uptake, there is almost no colocalisation of the NPLs with LysoTracker since they
were not yet transferred to the acidic compartments like late endosomes/lysosomes. Within the first
30 min, the fraction of NPLs that are found in late endosomes/lysosomes linearly increases. Despite
linear uptake of NPLs with time over 60 min, we stopped live cell imaging to avoid phototoxicity
having an impact on the uptake process. The M2 colocalisation coefficient levels off after about 50
min (Figure 2.3.1 c). Considering a continuous uptake of NCs, this levelling off can be interpreted
as a reduction of endosome maturation to lysosomes or may indicate endosomal escape as NCs
were continuously taken up (Figure 2.3.1 b). Moreover, TEM images are used to corroborate this

hypothesis.

To analyse NCs trafficking inside the cell, we incubated RAW264.7 macrophages with BSA NCs
loaded with water-dispersible NPLs (5:1) at a concentration of 300 pg/mL. We exposed the
macrophages to the NCs for 2 h, to ensure sufficient and continuous uptake, washed them to stop
the uptake. Subsequently, they were allowed to ripe for another 24 h to allow processing of the NCs

inside the cells (ripening time).
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We performed CLEM on 100 nm sections to precisely localise intracellular BSA NCs in high
resolution after incubation of BSA NCs with RAW264.7 macrophages. The precise high resolution
identification of the BSA NCs via the TEM localisation of the NPLs (Figure 2.3.3) showed that cell
integrity was well maintained and the fluorescence from NPLs was clearly detected in cLSM even
after the harsh electron microscopy preparation with OsOs4, UA and embedding in an

epichlorohydrin derived epoxy resin (EPON) (Figure 2.3.4).

Figure 2.3.3 Finding the NPLs using TM darkfield methods. The aziuth angle of the beam tilt is
changed in steps of 30° resulting in different NPLs lighting up, some of them marked by white
arrows (Figures b-f, with azimuth beam tilt angles of 0°, 30°, 60°, 90° and 120°, respectively. The
150° dark field micrograph is not displayed. The addition of all the individual dark field

micrographs yields the localisation of most of the NPLs in the field of view a.

—65—



RESULTS AND DISCUSSIONS

. 4

Figure 2.3.4 CLEM micrograph of BSA NCs containing NPLs (5:1) in RAW2264.7

macrophages after 2 h uptake + 24 h ripening (300 pg/mL). a. Electron microscopy micrograph

of one macrophage with internalised BSA NCs; b. Fluorescence microscopy micrograph of the
same macrophage in a. ¢. CLEM overlay of a and b. d. and e. Zoomed in area of ¢ showing BSA

NCs in an enlarged vesicle and a late endosome. Scale bars: 2 um.
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Figur 2.3.5 nrellul fate of BSA NCs by TM micographs. . Uptake event (i) of BSA
NCs in a cell captured after 2 h incubation. b. Uptake event (i) and early endosome (ii/EE) of BSA
NCs captured after 2 h incubation. ¢. Early endocytosis of BSA NCs (ii) and a late endosome (111/
LE) with BSA NCs after 2 h incubation + 24 h ripening. d. Late endosomes (LE) with BSA NCs
visible after 2 h incubation + 24 h ripening. e. Degradation of BSA NCs in an endolysosome (iv/EL)
after 2 h incubation + 24 h ripening. f. Escaped NPLs (v) captured after 24 h ripening. Ly: lysosome
g. Enlarged endosome with BSA NCs at high concentration (300 pg/mL) after 2 h incubation + 24 h
ripening d’, e’ and g’ correspond to the same respective EM images without fluorescence

correlation. Scale bars: 500 nm.
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We analysed the uptake of the nanocapsules into a macrophage in detail by TEM (Figure 2.3.4 a)
and fluorescence microscopy (Figure 2.3.4 b). Superimposing the EM (a) with the fluorescence
microscopy micrograph (b) yields the CLEM micrograph (Figure 2.3.4 c). The bright fluorescence
from the NPLs helps to unambiguously facilitate the localisation of BSA NCs in the cell. The NCs
are distributed over the whole cell except for the nucleus. We clearly localised different parts of the
macrophage exhibiting accumulations of BSA NCs (d and e) showing a high fluorescence intensity.
Here, the electron micrographs reveal irregular shaped vesicles which are packed with BSA NCs
(Figure 2.3.4 d) as well as late endosomes, in which the structural identity of the NCs is no longer
clearly recognisable (Figure 2.3.4 e). These findings indicate, that the NCs are processed by the cell
in different manners: On the one hand there was a high accumulation of NCs in irregularly shaped,
large vesicles (d) and on the other hand a degradation of the NCs (e). We captured the different
processing mechanisms by varying the ripening time of the BSA NCs inside the macrophages at 2 h
uptake + 0 h ripening time and 2 h uptake + 24 h ripening time. Based on our findings, we can
reconstruct the processing pathway and therefore follow the track of the BSA NCs inside the cells
(Figure 2.3.5).
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Within the first 2 h of incubation, we observe the uptake of BSA NCs into RAW264.7 (Figure 2.3.5
a (i) and Figure 2.3.6). During this incubation phase, all events which take place during the first
120 min interval of uptake can be observed. During the incubation time we can also observe early
endosomes (EE) with NCs (Figure 2.3.5 b (ii) and Figure 2.3.7). These findings are consistent with
the cLSM images revealing that within one hour a colocalisation of NPLs with endolysosomal
compartments occurred (Figure 2.3.2 e). To enable further processing of the NCs in the cells, we
performed a ripening phase to complete the observation of the NCs’ processing. During the 24 h
ripening phase, we found BSA NCs in EE and also in densely packed late endosomes (LE) (Figure
2.3.5 c (ii), (iii) and Figure 2.3.8). The integrity of the BSA NCs was maintained at the early stage
of endocytosis, while they started to lose their integrity since the acidic environment in
endolysosomal compartments enables the conditional degradation of the NCs (Figure 2.3.5 d (iii)
Figure 2.3.9 a°).[1"9 Some LE were found fusing with lysosomes forming endolysosomes (EL)
(Figure 2.3.5 e (iv) and Figure 2.3.10) where the shape integrity of the NCs was not observed
anymore. The missing integrity is particularly visible in images Figure 2.3.5 d’, 2.3.4 ¢’. The
respective fluorescence overlays (Figure 2.3.5 d-e) confirm that the endosomes contained capsules
with NPLs as the endosomes appear highly fluorescent. These results indicate that the shell of the
BSA NCs was impaired within 24 h by enzymatic and acidic conditions in endolysosomal
compartments, which are normally revealing a dark contrast, like lysosomes, in TEM micrographs.
(1801 These findings are supported by previously reported observations of fully degradable protein-
NCs enabling cargo release upon enzymatic cleavage leading to CD86 upregulation of bone-
marrow derived dendritic cells.l!811 Only at high concentrations (300 pg/mL) we found enlarged
endosomes filled with NCs (Figure 2.3.5 g/g’(vi) and Figure 2.3.11) revealing the capsule integrity
(Figure 2.3.9 b’). We conclude from these findings, that at high capsule loadings, endosomal
compartments fuse to enlarged endosomes with a big storage capacity of the NCs. The maintained
capsule integrity may be explained with the pH value in the large endosomal vesicles. There, the pH
is not sufficient to degrade the capsules and NCs are hindered from moving further along the pH
gradient with increasing acidity. This observation indicates a kind of blockade of the degradation

pathway:.
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Figure 2.3.6 TEM micrographs illustrating the uptake process (event i in Figure 2.3.5). a and b

show the cell after 10 min incubation with 75 pg/mL NC concentration. ¢ and d are snapshots after
2 h incubation at 300 ug/mL BSA NC concentration. The arrows indicate some of the NPs in the
micrograph, showing the location of the BSA NCs.
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Figure 2.3.7 TEM micrographs showing examples of early endosomes (EE, event ii in Figure
2.3.5). a and b show the cell after 2 h incubation at 300 pg/mL NC concentration. ¢ and d are
snapshots after 2 h incubation at 75 pg/mL BSA NC concentration. The arrows indicate some of the

NPs in the micrographs, showing the location of the BSA NCs.
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Figure 2.3.8 TEM micrographs showing examples of LE endosomes (LE, event iii in Figure
2.3.5). a and d show the cell after 2 h incubation at 75 pg/mL NC concentration. b and ¢ are
snapshots after 2 h incubation at 75 pg/mL BSA NC concentration followed by 24 h ripening. The

arrows indicate some of the NPs in the micrographs, showing the location of the BSA NCs.
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Figure 2.3.9 Zoom-in image to show the integrity of the BSA NCs. a. Corresponding image of
Figure d’. b. Corresponding image of Figure 2.3.5 g’. Scale bars: 500 nm.
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Figure 2.3.10 TEM micrographs showing examples of endolysosome (EL, event iv in Figure
2.3.5). a. shows the cell after 2 h incubation at 300 pg/mL NC concentration. b. same as A but with
additional 22 h ripening time. ¢. was prepared at a concentration of 75 pg/mL with 2 h incubation
and 24 h additional ripening. d. same as C but at 300 pg/mL NC concentration. The white arrows
indicate some of the NPs in the micrographs, showing the location of the BSA NCs. Black arrows

indicate membrane structures within the EL.
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Figure 2.3.11 TEM micrographs illustrating the enlarged endosome (event vi in Figure 4). a
and b show the cell after 2 h incubation with 300 pg/mL NC concentration, followed by 22 h
ripening. ¢ and d are snapshots after 2 h incubation at 300 pg/mL BSA NC concentration and 24 h
ripening time. The arrows indicate some of the NPs in the micrograph, showing the location of the
BSA NCs.

In some cases, we observed NPLs in the cytosol (Figure 2.3.5 f (v)). Since no freely diffusing NPLs
were found neither in TEM images nor in the performed FRET experiments, this finding is
concluded to be an endosomal escape. This result is supported by the observation that the shell of

the NCs degraded during endolysosomal processing and therefore releasing NPLs upon ripening.
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Conclusions

We demonstrated that NPL containing NCs were detected and unambiguously localised in different
endolysosomal compartments by CLEM. The encapsulation of the NPLs into biocompatible NCs
was accomplished without disturbing the NC formation and damaging the NPLs’ properties,
obtaining a stable dispersion with high fluorescence intensity. We were able to adjust different NPL
concentrations inside the NCs and obtained reproducible size distributions. The bright fluorescent
signal in the cLSM examinations indicated that the NCs were taken up and incorporated into the
macrophages used for the uptake experiments. From the CLEM data we could identify the different
cell compartments containing the NCs. In this way, we could not only determine the timing of
endolysosomal colocalisation, but also trace the NCs in each compartment. We show that the NCs
are processed at three different locations upon the endolysosomal pathway: The NC shell was
impaired in late endosomes, indicating degradation, the NCs were stored in large endosomes at high
capsule concentrations revealing an intact shell, and we observed an endolysosomal escape which is
crucial for the successful delivery of a potential drug encapsulated inside the BSA NCs. The
findings are very important for future research on cell uptake mechanisms and may reveal the

metabolic pathway of an encapsulated drug.
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2.4. Correlative microscopy to visualise polymeric nanoparticles in cells

Localising intracellular polymeric nanoparticles (NPs) is of great importance to understand the fate
of nanomedicine and the most powerful way to visualise intracellular NPs is by using electron
microscopy (EM). However, it is commonly agreed that the organic dyes which are used to label
NPs loose their fluorescence after harsh EM preparation, impeding powerful applications such as
correlative light and electron microscopy (CLEM). Here I demonstrate a straightforward CLEM
approach to image the fluorescence from the organic dyes and meanwhile maintaining excellent

subcellular structures without omitting OsO4 and UA.

Visualisation plays a predominant role in monitoring intracellular activities. In particular, in the
field of drug delivery, characterisation of nanoparticles relies massively on microscopic imaging.
However, unlike inorganic NPs (e.g. gold particles, quantum dots), polymeric NPs are usually
round-shaped, non-fluorescent and low electron dense material with sizes up to 150~200 nm,[!]

meaning that visualising them in cellular environment can be very challenging.

Generally, conventional fluorescence light microscopy (FLM) is used to gain the insight of NPs in
cellular processes. In order to facilitate the imaging process, NPs as well as necessary cellular
compartments need to be labelled with organic dyes to give off fluorescence. Accordingly,
localisation of different fluorescence signals instantly provides relevant information making FLM a
relatively straightforward imaging method. However, despite the direct and easy imaging process
offered by conventional FLM, resolution is nevertheless restricted to ~200 nm.[*2] Another
drawback is that the unlabelled cellular environment always remains unseen, which hinders further
investigation of other valuable NPs-cell interactions. Last but not least, depending on the labelling
efficiency, small amounts of free dye could remain after the synthesis of NPs and the fluorescence
signal from the free dye can be easily misinterpreted as labelled NPs because the resolution in
conventional FLM is not enough to distinguish free dyes from labelled NPs. Although thanks to the
recently developed super-resolution (SR) techniques, resolution in FLM is greatly improved and
even realising single-particle tracking,[128. 1291 application of SR to more general samples still
remains a challenging task. To overcome the resolution inadequacy of FLM, electron microscopy
(EM) with a much higher resolution is the method of choice. On one hand, due to the equal staining

of all subcellular surroundings and the use of electrons as illumination source, EM provides
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unmatched details and resolution compared to FLM. On the other hand, EM only provides static
and monochromatic images, which inhibits the chances to study real-time interactions and to use
fluorescence as markers. Without the help of fluorescent labels, it is even harder to distinguish other
round structures (e.g. caveolaes, exosomes) from NPs in cells. However, despite obvious

limitations, visualisation of polymeric NPs in cells is still mainly relying on EM up to date.[45. 46]

The ideal way to precisely image NPs in cells is to combine two microscopic techniques.
Correlative light and electron microscopy (CLEM) incorporates the strength of FLM and EM,
which subsequently provides precise localisation of fluorescent NPs on a highly resolved EM
image, which is not executable in only one microscopic technique. Ideally, the most precise way to
perform CLEM is by acquiring fluorescence and EM image on the same section.[56. 1211 However,
the challenge to perform a same-section CLEM approach on fluorescent NPs is to retain the
fluorescence after the harsh EM sample preparation while preserving the fine ultrastructure of the
cell. In the field of CLEM, there is a general assumption that fluorescence does not survive with the
presence of OsOs4 and EPON embedding. Because OsOs is a strong oxidiser which holds
responsibility for fluorescence quenching in fluorophores and fluorescence proteins (FPs) [182] while
EPON is a highly cross-linked resin that requires polymerisation at high temperature which tends to
destroy fluorophores [182] in spite of the better cellular preservation.[183] Most studies focus on FPs
for CLEM, but synthetic fluorophores offer wider spectrum in favour of FLM and versatility in

labelling especially for NPs in cellular environment.

In this current study, we introduce straightforward on-section CLEM approaches to image
intracellular polymeric NPs. It is the first time to report visualisation of polymeric NPs in cells by
high precision CLEM. Fluorescence from NPs is successfully retained after EM sample preparation
and cellular structures are perfectly preserved with reasonable amount of OsO4 and UA staining and

finally embedded in EPON resin.
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Results and discussions

In order to have an initial understanding of how much EM preparation procedure affect the
fluorescence signal of organic dyes, we performed a simple cLSM imaging for several cellular
staining dyes after being treated with 1 % OsO4 and 4 % UA and EPON resin because these are the
concentrations we use for staining after room temperature fixation (method for in-dish CLEM
preparation, chapter 2.2). We concentrate on the observation of how OsO4 and EPON influence the
fluorescence quantum yield, since they are supposed to be the key factors for fluorescence fading.
As shown in Figure 2.4.1, after treatment of OsOas, most of the signal is still linked to the target
compartment, but the dye also starts to diffuse throughout the cell and into nucleus. After
embedment in EPON, Phalloidin (actin staining), Mitotraker Red (MTR, mitochondria), and
CellMask DeepRed (CMDR, cell membrane) lose their affinity with specific cellular compartments,
Sytox Green (nucleus) still is found inside the cell nucleus. We also found that UA contributes
around 2 to 16 fold less to fluorescence fading than OsO4 (Table 2), except for Sytox Green. In
contrast to the other dyes tested, Sytox Green is more sensitive to the presence of UA. It can only be
speculated, that the localisation in the cell nucleus protects the Sytox Green from the agitation of

the OsOa4.

Despite the results from live imaging, the measurements were carried out only 15 min after
incubation of OsO4 which is a significantly less amount of time compared to freeze substitution (up
to several days). Therefore, a longer incubation time with OsO4 might lead to a higher level of
fluorescence quenching. Needless to say that polymerised EPON resin would most probably quench
the fluorescence even more because of its highly crosslinked nature. However, this simple cLSM
imaging measurement provides an initial overview of how OsO4 and EPON can influence the

fluorescence during the preparation process.
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Figure 2.4.1 Different dyes under 1 % OsO4 treatment and embedment in EPON. a,e,i.
Phalloidin stained actin filaments in RAW264.7 macrophages in control group, then after 1 % OsO4
for 15 min, and finally embedded in EPON. b.f,j. Mitotracker Red stained mitochondria in
RAW264.7 macrophages undergoing the same treatments as previous. ¢,g,k. Cellmask DeepRed
stained plasma membrane in RAW264.7 macrophages. d,h,l. Sytox Green stained cellular nucleus

in RAW264.7 macrophages. Scale bars: 10 pm.
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Table 2. Loss of fluorescence intensity from different dyes under OsO4 and UA treatment.

Phalloidin ~ MTR ‘ CMDR  Sytox Green
Intensity decrease after 1% OsO4 by factor 33 43 14 ~4
Intensity decrease after 4% UA by factor 2 3 55 ~10
Intensity decrease in total by factor 66 129 77 ~40

To initially test NPs for CLEM visualisation, we co-incubated PS NPs with HeLa cells. After co-
incubation, NPs were washed and replaced with new cell medium. Cells were then chemically fixed
and stained with 1 % OsOs and 4 % UA. After gradient dehydration in ethanol, cells were
embedded in EPON and cured in the oven as previously described in the “in-dish” CLEM method.
[121] After being sectioned and imaged, fluorescence from PSNP (labelled with BODIPY dye) was
successfully retained on the section after OsO4 and UA staining and after EPON embedding (Figure
2.4.2 a). However, the drawback of this method is that cellular structures are sometimes not
perfectly preserved by chemical fixation. As shown in Figure 2.4.2 c-d, the cell nucleus was
preserved after the fixation, but other membrane-based organelles were not. Moreover, PS NPs

could not be easily distinguished without the help of the fluorescence.
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Figure 2.4.2 In-dish CLEM of PS NPs in HeLa cells. a. CLEM overview of two HeLa cells with
PS NPs prepared by chemical fixation using EPON embedding and OsOs staining. Red:
fluorescence signal of the PS NPs due to the labeling with BODIPY. b. Zoom-in image of the area
marked by the black square in a showing the PS NPs. c. and d. Bad preservation of the cellular

structures. PS NPs are indicated with arrows.

To optimise and achieve a better cellular structure preservation in EM, we replaced the initial
fixation by high pressure freezing (HPF). Firstly, macrophages were cultivated and co-incubated
with NPs on sapphire discs for high pressure freezing and transferred in liquid nitrogen (Figure
2.4.3). Since fluorescence from BODIPY were already successfully retained after 1 % OsO4 and
EPON embedding, standard freeze substitution (FS) cocktail containing 0.2 % OsO4 and 5 % water
[184] was used for a better cellular structure preservation using a longer incubation time. After being

embedded in EPON and cured at 60 °C, the cells in the resin block were initially checked by cLSM
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to ensure that the fluorescence is retained. Resin blocks were then trimmed and later sectioned into

ultrathin sections (around 100 nm) for further cLSM and EM imaging (Figure 2.4.3).

In order to achieve the best imaging condition for both microscopes, we examined two substrates
for section transfer suitable for different EM approaches (Figure 2.4.3). For the TEM approach,
sections were transferred onto carbon-coated copper finder grids and inspected by LM and EM
subsequently. BODIPY-labelled PS NPs and Cy5-labelled hydroxyethyl starch nanocapsules (HES
NCs) were successfully localised by CLEM with the TEM approach (Figure 2.4.4). For the SEM
approach, sections are transferred onto ITO coated glass coverslips. Sections on the coverslip were
first imaged by cLSM with recording some landmark positions and were then transferred to the
SEM for imaging the same regions of interest (ROI). Since SEM enables a larger field of view,
multiple sections can be transferred onto one coverslip. Both, PS NPs and HES NCs were precisely

visualised by CLEM with SEM approach using this method (Figure 2.4.5).

Both approaches, using SEM as well as TEM, can be used to precisely localise fluorescently
labelled NPs/NCs using CLEM. The advantage of the TEM approach is its intrinsically higher
resolution. However, the SEM approach provides adequate resolution for most membrane-bound
organelles like mitochondria, Golgi apparatus (GA) and endoplasmic reticulum (ER) (Figure 2.4.5
e). Anyway, sub-nanometer resolution is usually not necessary for cellular EM imaging. Therefore,
the resolution of TEM does not pose more advantages than SEM in this case. Moreover, the
possible specimen size and the field of view in the SEM are much larger than for TEM, making the

searching of the targeted cells from cLSM much easier and applicable.
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Figure 2.4.3 CLEM workflow using HPF preparation with OsO4 and UA staining followed by
embedding in EPON. Starting with the cells grown on a sapphire disc followed by HPF and FS,
the cells are embedded in an epoxy resin, that is going to be sectioned using an ultramicrotome.
After ultramicrotomy, the ultrathin sections were transferred to ITO coverslips for SEM inspection
or to TEM grids for TEM inspection. Images from LM and EM were later overlaid manually to
create the final CLEM image.
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T

Figure 2.4.4 CLEM micrographs using the TEM approach visualizing different polymeric

nanoparticles in RAW264.7 macrophages. a,c. CLEM overviews of macrophages containing PS
NPs (yellow, a) and HES NCs (red, c¢). b. Zoom-in image of the marked area in (a) showing the PS
NPs in endosomes. d. Zoom-in image of the marked area in (c) showing HES NCs in endosomes.

NPs/NCs are indicated with arrows.
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b

Figure 2.4.5 CLEM micrographs demonstrating the SEM approach to visualise different
polymeric nanoparticles in RAW264.7 macrophages. a,c. CLEM overviews of macrophages
containing PS NPs (green, a) and HES NCs (red, c¢). b. Zoom-in micrographs of the marked area in
a showing the PS NPs in endosomes. d. Zoom-in micrograph of the marked area in (c) showing
HES NCs in endosomes. e. SEM micrograph of cellular structures, Golgi apparatus (GA),
mitochondria (M), lysosomes (Ly), endoplasmic reticulum (ER).Scale bars: a,c: 2 um. b,d,e: 500

nm.
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Visualisation using the TEM approach was performed on copper finder grids. EPON sections were
first placed onto the finder grids and then imaged by cLSM accordingly. Finder grids were
previously coated with a formvar film and a thin carbon layer for later EM investigation.
Interestingly, carbon coated grids were sensitive against the excitation laser even at low power
(around 7 %). In order to test the influence of carbon layer on fluorescent detection, on-section
Sytox Green was used because it survives the EM preparation (Figure 2.4.6) and the relatively large
area of nucleus staining enables a more pronounced observation. As shown in Figure 2.4.7 a-c,
fluorescence in the EPON section can easily be bleached while being imaged (Figure 2.4.7 c). The
fluorescence intensity of Sytox Green from the same sample was around three times higher on ITO-
coated coverslip than on carbon-coated finder grids by using the same excitation intensity of 20 %
(Figure 2.4.8). Therefore, imaging the fluorescence signal via the SEM approach is more efficient

than with the TEM approach and hence less precaution is needed for the fluorescence fading.

Besides the differences for fluorescence imaging, sections on ITO-coated coverslips also provided
clearer cell outline including the nucleus than the sections on the EM grids in the reflection channel
of the cLSM (Figure 2.4.7 d, Figure 2.5.7 e). The clear nucleus structures help to facilitate the
positioning and registration of the landmarks in SEM and ensures a precise overlay of LM and EM

data.

We suspected that the fast bleaching on carbon-coated EM grids might be due to the light
adsorption induced temperature raise of the carbon layer. The carbon layer efficiently adsorbs the
laser photons and transfers their energy into heat. Because the EPON sections were placed directly
on the carbon layer, the heat transferred from the energy of the laser beam was directly transported
from the carbon layer to the sections, and eventually induces the bleaching of the fluorescence. On
the other hand, the ITO thin layer is transparent and hence very resistant against light induced
temperature rise,[185] the laser-induced heat is less and it can easily be transported within the ITO
layer and eventually prevents the rapid bleaching of fluorescence. Moreover, the heat stability of
ITO-coated coverslips also enabled the use of higher laser power which provided stronger emission
fluorescence intensity. The clearer nucleus structures obtained by sections on ITO-coated coverslip
might due to close adherence of the sections to the glass substrates, the flatness of the sections

ensured the stable focal length and eventually guaranteed sharper images.
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Figure 2.4.6 Sytox Green in EPON section. (a). Fluorescence image of on-section Sytox Green. b.

EM image of same area in a. ¢. Overlaid CLEM image of a and b. Scale bars: 20 pm.

L P_—

B

Figure 2.4.7 Fluorescence imaging conditions on carbon coated TEM grids and ITO coated
coverslips. a. Demonstration of carbon coated EPON section on a TEM copper finder grid in
confocal LM, carbon coated areas are highlighted by red boxes. b. zoomed-in image to the carbon
coated area. (c) fluorescence channel of Sytox Green on the same area as in b, carbon coated area is
highlighted by a red box. Due to the carbon coating, the fluorescence signal is gone whereas in the
uncovered areas, outside the red box, there still is a clear fluorescence signal of the Sytox Green. d.
Reflection channel in confocal LM of an EPON section on ITO coated coverslip. Cellular outline

and nucleus can be clearly identified. e. Reflection channel in confocal LM of an EPON section on
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a carbon coated TEM grid. Here, do to the mechanical unstable support, the focus length is hardly

to be kept constant and hence the image is blurred. Scale bars: 20 pm.

[ sytoxGreen on ITO coverslip
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Figure 2.4.8 Comparison of normalised fluorescence intensity of Sytox Green on ITO

coverslips and on carbon coated TEM grids.

To achieve a successful imaging by CLEM, the fluorescence images are of great importance. For
the fluorescence imaging in our CLEM routine, an avalanche photodiode (APD) was used instead
of photomultiplier tubes (PMTs) in the Leica SPS cLSM. APDs are photodetectors which provides
very low noise ratio [18¢] and are sensitive down to single-photon level by amplifying the received
photon into many electrical charges.[187] Moreover, during fluorescence detection by APD, an
addition dichroic beam splitter (DBS) is applied in front of the detector to surpass most scattered
light in order to emphasise the desired fluorescence signal. Scattered light generated at the air
interface of the EPON section can create a strong image background. Applying the APD with DBS
can efficiently filter out the reflected and scattered light compared to the prism-based PMT
detection because the prisms are still able to create scattered light at the interface of the glass and air

and eventually projected onto the detector.
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For SEM imaging, the backscattered electron (BSE) detector was mainly used to visualise the
cellular structures on the sections. The information of the cells is contained in the staining only and
hence a signal providing a high electron density contrast is best to image the ultrathin sections. The
intensity of the BSE electrons is proportional to the square of the atomic number of the specimen
and hence provide an excellent contrast for heavy metal stained soft material. The backscattered
electrons (BSE) provide a deeper penetration depth and their intensity scales only with the atomic
number of the specimen.[188. 1891 Therefore, information within the EPON section can be revealed

clearer with BSE detector than with a secondary electron (SE) detector.[190]

Conclusions

In this study, we demonstrated precise on-section CLEM methods to visualise intracellular
polymeric NPs for the first time. With two different EM approaches, NPs were precisely localised
in cells. The SEM approach provided more convenience and flexibilities in sample positioning and
fluorescence imaging. Despite the minor drawbacks during fluorescence imaging, TEM approach
still remains to be a faithful routine for high resolution CLEM. The establishment of precise CLEM
for intracellular polymeric NPs not only enables the study within nanometer resolution but also
increases the precision to investigate subcellular interactions. Meanwhile, although our study only
focused on room temperature CLEM, with the rapidly developed cryo-EM technique, much faithful
information can be unraveled in hydrated state. Within cryo-condition, even NPs with extremely
soft shells can be revealed. We strongly believe that with the application of CLEM technique more
valuable intracellular fate of different NPs can be revealed and the study of nanomedicine can be

greatly facilitated.

—91—



RESULTS AND DISCUSSIONS

—92—



RESULTS AND DISCUSSIONS

2.5 In-cell separation of the protein corona from nanoparticles and
snapshots of how it evolves intracellularly

This section is based on a manuscript under preparation.

This section used the optimised CLEM workflow described in the previous section to visualise
organic dye labelled protein corona and polymeric NPs in cells. It also explores the use of CLEM to
understand the intracellular fate of the protein corona and how they evolve after being internalised

in cells.

Potential title: In-cell separation of the protein corona from nanoparticles and snapshots of how it

evolves intracellularly

Author list: Shen Han, EESGIIOIOIOIOI0S EECOEN EECOOE K0S
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I performed the CLEM experiments, volume CLEM experiments, image processing including
alignment and reconstruction and manuscript writing. _ performed the labelling of the
protein corona with CyS5, cellular uptake experiments, flow cytometry, SDS PAGE and LC-MS
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cytometry, SDS PAGE and LC-MS experiments and manuscript writing. _ analysed
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For any medical application of nanoparticles (NPs), we have to consider that they are subjects of
complex and diverse interactions with cells. Among these interactions, many NPs are taken up and
internalised by cells.[45] However, before they are able to interact with cells in a biological
environment, many NPs interact with proteins and other biomolecules once they are introduced into
a biological environment.l!25] A coat of biomolecules adsorbs instantaneously on most NPs due to
their high surface free energy, termed biomolecular corona or protein corona.[!°l] Indeed, the protein
corona alters the chemical identity of NPs and changes it to a biological identity that can impact
blood circulation,[192] cellular uptake,[193. 194] and cytotoxicity.[195] Recently, the work on NPs has
expanded from its interaction with biological fluids to its impact on cellular uptake and finally to

their intracellular effectl196. 1971 traffickingl198], and fate.[19%]

However, it remains unclear how cellular processes alter the protein corona and how long it persists
on the surface of the NPs within the cell. Previous studies have highlighted the dynamic nature of
the protein corona and the continuous exchange of the adsorbed proteins after the transition of the
NPs to different protein-containing media. These studies demonstrate the exchange of proteins in
both, single protein solutions290] and complex protein mixtures.[201] The protein exchange of the
protein corona occurs also within the confined subcellular environment after internalisation of the
NPs with a distinct protein corona composition.[1971 A previous study has approached the
intracellular destiny of the protein corona by confocal laser scanning microscopy (cLSM) showing
the internalisation of the NP together with the PC in A549 cells, followed by subsequent lysosomal
degradation.[1%9] These studies rely on staining distinct subcellular compartments in separate
staining procedures. By combining fluorescence staining techniques with the highest achievable
resolution in electron microscopy, termed correlative light and electron microscopy (CLEM), we

provide unbiased information about the subcellular fate of NPs and the protein corona.

Here, we demonstrate the co-internalisation and the subsequent in-cell separation of the protein
corona from the NP in murine macrophages by combining cLSM with electron microscopy (EM).
To realise a trackable protein corona, we fluorescently labelled murine plasma proteins and formed
a fluorescent protein corona on NPs. For the first time, we performed single-cell volume CLEM to
visualise the protein corona and the NPs within the cell with high resolution and faithfully reveal

their subcellular location and fate by fluorescence.
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After co-internalisation of the fluorescently labelled NPs and the protein corona, we observe a
distinct decrease of both fluorescence signals over time and a local separation of the NP from the
PC signal in cLSM. We further visualise the separation of NPs and protein corona after 24 h in
CLEM snapshots and by volume CLEM analysis we witness a clear distribution of separated
protein corona and NPs. Ultimately, the NPs and protein corona are enriched in morphologically
different compartments, namely recycling endosomes (REs) and multivesicular bodies (MVBs),

followed by possible exocytosis of the separated NPs and protein corona.
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Results and discussions

In order to form the protein corona and study its fate after cellular internalisation, we synthesised
carboxyl-functionalised polystyrene nanoparticles (PS NPs). The synthesised PS NPs were
stabilised with Lutensol AT50. Their average diameter is at 116 nm with a zeta potential of
-7.21 mV. We labelled the murine plasma proteins with Cy5 by NHS-chemistry and formed the

protein corona on the NPs with both, unlabelled and labelled proteins (Figure. 2.5.1).
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Figure 2.5.1 Scheme of murine serum CyS labelling and protein corona formation on
PSCOOH nanoparticles.

Subsequently, we characterised the composition of the unlabelled and labelled plasma and protein
corona to show possible differences after fluorescent labelling. Unlabelled and labelled samples,
respectively, showed minor differences in band pattern on the SDS-PAGE (Figure 2.5.2 a). To
further detail the protein composition, we employed quantitative LC-MS measurements. Overall,
the protein composition remained similar after the Cy5-labelling. Noticeable changes in the protein
composition of the murine plasma were an ~1.2 fold increase of serum albumin, a ~6 fold decrease
of immunoglobulin kappa, and a ~1.5 fold decrease of serotransferrin after labelling. In the case of
the protein corona samples, we measured a ~1.8 fold enrichment of apolipoprotein Al and a
~1.8 fold enrichment of beta-2 glycoprotein 1 was observed but generally complement C1q subunits
were decreased 2.7 fold to 3.6 fold, respectively (Figure 2.5.2 b). Nevertheless, the differences in
protein composition before and after labelling for the plasma and protein corona were considered
minor. We, therefore, assumed that the labelling would not alter the outcome of a fluorescently

labelled protein corona compared to an untreated protein corona.
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Figure 2.5.2 SDS-PAGE and LC-MS analysis of unlabelled and CyS-labelled plasma serum
and protein corona. a. Unlabelled murine plasma (MP) and CyS5-labelled murine plasma (MP*)
and respective protein corona samples were analysed by SDS-PAGE and silver staining. Corona
proteins were obtained after incubation of carboxyl-functionalised PS NPs in plasma, washing, and
desorption with 2 % of SDS. b. Quantitative LC-MS proteomic analysis. The pie charts displays the
proteins with at least 4 % presence in the proteome. Values are represented as the percentage based
on all identified proteins. SDS-PAGE and LC-MS were performed by _
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Next, we employed flow cytometry to understand the uptake of both, PS NPs and the protein
corona. Murine macrophages RAW264.7 were incubated with untreated PS NPs, PS NPs with an
unlabelled protein corona, and PS NPs with a CyS5-labelled protein corona (Fig. 2.5.3). After an
incubation of 2 h with the nanoparticles, almost 100 % of the cells were BODIPY positive,
indicating the uptake of the PS NPs by most cells. Untreated PS NPs and PS NPs with an unlabelled
corona did not evoke positive signals for Cy5. However, almost all measured cells were CyS5
positive, if the cells were incubated with PS NPs with a Cy5-labelled protein corona. Therefore, our

findings prove a co-internalisation of the PS NPs and the associated protein corona.
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Figure 2.5.3 Flow cytometry of the cellular uptake of protein corona coated PS NPs. Flow
cytometry was performed to measure BODIPY (PS NPs) fluorescence and Cy5 (labelled corona

proteins) fluorescence. Values are shown as the percentage of measured events in regard to the

fluorescence. Flow cytometry was performed by _
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In order to study the intracellular behaviour of the protein corona, volume CLEM in RAW264.7
macrophage was performed with a Cy5-labelled protein corona on BODIPY-labelled PS NPs. After
24 h of co-incubation of protein corona coated PS NPs with macrophages, samples were
immediately vitrified by high pressure freezing (HPF) to preserve the native structures. After
undergoing the preparation steps of freeze substitution and EPON embedding, samples were finally
sectioned and investigated in cLSM (Figure 2.5.4) and SEM sequentially to get. In total 15 EPON
sections (100 nm each) were imaged in both microscopic modalities and the images from both
microscopes were superimposed as previously described (Figure. 2.5.5).[1211 CLEM images of each
section were aligned in the correct order and eventually segmented for the reconstruction model
with a volume of 1.5 um (Figure. 2.5.6 ). Each object of interest was segmented in a different
colour for better distinction. Totally, 1446 BODIPY-labelled PS NPs were segmented in green
(Figure. 2.5.6 a) and they were found within 172 endocytotic vesicles (Figure. 2.5.6 c).
Furthermore, 20 endocytotic vesicles containing separated Cy5-labelled protein corona
(Figure. 2.5.6 b) were segmented within the PS-vesicles complex (Figure 2.5.7 a), and 271 objects
of protein corona (Figure. 2.5.6 d) were segmented according to CLEM images. In addition, 12
mitochondria (Figure. 2.5.6 e) were found within the vesicle complex. Vesicles containing the
separated protein corona and vesicles containing PS NPs were closely located together with

mitochondria (Figure 2.5.7 b).

Volume CLEM extends two dimension CLEM images to a more comprehensive three dimensional
volume, it is mostly used to capture rare pathology events in thick tissues.[202]1 Since 2D images are
sometimes not representative enough to closure the exact morphology of some cellular structures,
3D volume helps to describe a thorough readout of the same region of interest. For example, in our
case, a 2D EM image cannot guarantee an intracellular vesicle to be a MVB or a RE because it is
just a readout of an ultrathin 100 nm section. Therefore, a superposition of continuous sections from
different z-axis creates a more faithful model in 3D, and eventually enables the study of the

distribution of protein corona and NPs in different endosomes.
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Figure 2.5.4 Fluorescence micrographs of the same cell in EPON sections. Fifteen 100 nm
EPON sections were imaged in cLSM sequentially. Red represents Cy5-labelled protein corona,
green represents BODIPY-labelled PS NP, colocalisation of both is presented in yellow. Z

represents the relative depth of each section in um.
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Figure 2.5.5 CLEM micrographs of the same cell in EPON sections. Fifteen CLEM images of

100 nm EPON sections of the same cell were overlaid from cLSM and SEM images respectively.

Red represents Cy5-labelled protein corona, green represents BODIPY-labelled PS NP,

colocalisation of both is presented in yellow. Z represents the relative depth of each section in pm.
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PSNP #1446 |(b)

Figure 2.5.6 Segmented model of the one cell from volume CLEM. Segmented model of
individual or combined objects with the number of segmented objects (upper right). a. Polystyrene
nanoparticles. b. Vesicles contain protein corona. ¢. Vesicles contain polystyrene nanoparticles. d.

Protein corona. e. Mitochondria. f. Segmented model of the whole cell with cell membrane (light

pink) and nuclei (yellow). Scale bars: 2 pm
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Figure 2.5.7 Segmented model of the one cell from volume CLEM. a. Combined segmented
objects of protein corona, polystyrene nanoparticles, vesicles contain polystyrene nanoparticles,

vesicles contain protein corona. b. Segmented objects in a with mitochondria. Scale bars: 2 um

We conducted additional flow cytometry analysis at different time points to investigate the fate of
the internalised PS NPs and protein corona. For this, we retrieved the NPs-containing supernatant
on RAW264.7 macrophages after an incubation time of 2 h and evaluated the BODIPY and CyS5
signal by flow cytometry after different additional incubation times. This procedure was performed
for untreated PS NPs, PS NPs with an unlabelled protein corona, and PS NPs with a Cy5-labelled
protein corona. Similar to the uptake analysis after 2 h, almost all measured cells were positive for
BODIPY at every time point. If the cells were incubated with PS NPs with a Cy5-labelled protein
corona we also that almost all measured cells were positive for Cy5 at every time point.
Additionally, we evaluated the median fluorescence intensity (MFI) to understand the intensity of
the signal after different incubation times and link this intensity to the fate of the NPs and the
protein corona. Overall, the MFI for BODIPY decreased over time, indicating a lowering amount of
PS NPs in the cells with time. This decrease of PS NPs with time was observed for all three
conditions of PS NPs (Figure 2.5.8 a). The MFI for Cy5 showed a similar decrease over time for

cells that were incubated with PS NPs with a CyS5-labelled protein corona (Figure 2.5.8 a). To
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compare the decrease of the BODIPY and CyS5 signal in the case of the uptake of PS NPs with a
Cy5-labelled protein corona, we calculated a percentual MFI. This percentual MFTI is based on the
normalisation of the MFI value compared to the highest MFI value (the MFI value of 2 h).
Interestingly, we observed that the MFI of Cy5 decreased faster than the MFI of BODIPY (Figure
2.5.8 a). Accordingly, we assume that the protein corona remains less persistently in the cell than

PS NPs due to destined degradation or possible exocytosis which will be discussed later.

To support the flow cytometry findings, cLSM was employed to study the colocalisation of the
BODIPY and Cy5 signal on embedded sections. An image] macro was used to evaluate the
colocalised signals. The intensities of the colocalised signals were subsequently compared with the
total signal intensities and a percentual fraction of colocalised signal intensity was calculated. We
observed a decrease in colocalisation over the same time frame as in the flow cytometric
experiment (Figure 2.5.8 b). Therefore, we draw the conclusion that the fluorescently labelled
protein corona must be separated from the PS NP after the uptake. This separation is a process that

takes several hours.
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Figure 2.5.8 Flow cytometry and cLSM colocalisation analysis reveal a slow separation of NP
and protein corona after cell uptake. The percentual MFI was plotted for the BODIPY and
the Cy5 fluorescence in the case of the uptake of NPs with a CyS-labelled corona. a. The
percentual MFI value was calculated for each time point, comparing it to the highest MFI value
measured (here: 2 h; data is shown as mean = SD, n = 3). d. The colocalisation in cLSM pictures of
BODIPY and Cy5 was analysed for the uptake of NPs with a Cy5-labelled corona. b. The
colocalisation analysis was conducted by using an in-house ImagelJ plugin, calculating the fraction
of connected or colocalised signal intensities compared to the total intensities As a guide to the eye,

a dotted line was inserted into the graph, visualising the decreasing trend of the colocalisation

(n=1).
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The intracellular fate of the protein corona and PS NPs was further revealed by serial CLEM
images. The protein corona (CyS5, red) and PS NPs (BODIPY, green) was mostly localised in round
endosomes (Figure 2.5.10 b, b’), whereas the separated protein corona signal was exclusively found
in multivesicular bodies (MVBs) (Figure 2.5.8, Figure 2.5.9 a-b). At the same time, we also
localised elongated tubular vesicles around MVBs containing only PS NPs. These tubular vesicles
can be morphologically identified as recycling endosomes (REs) (Figure 2.5.10 e, e’). Upon the
observation that the protein corona and PS NPs were distributed separately in morphologically
different endosomes, we further identified the separation event (Figure 2.5.10 c, ¢’) by investigating
the CLEM images where two signals were closely connected but not overlapped. Depending on the
EM micrograph (Figure 2.5.10 ¢’), the endosome containing protein corona exhibited a ruffling
toward the endosome containing PS NPs (Figure 2.5.10 ¢’, white arrow), indicating a possible
dynamic exchange of two endosomes. Meanwhile, the endosome that contained only the protein
corona (Figure 2.5.10 c) was found developed into an MVB in later sections (Figure 2.5.9 a), this
finding confirms the earlier observation of separated protein corona. Additionally, we observed
exocytosis of separated PS NPs (Figure 2.5.10 f, f”), implying that PS NPs could be exocytosed by
REs after being separated from the protein corona. To further demonstrate the separation event and
the distribution of separated protein corona in MVBs, serial CLEM images of areas in Figure 2.5.10
¢ and Figure 2.5.10 d were shown in detail accordingly (Figure 2.5.9 a, Figure 2.5.9 b). The

299

segmented models (Figure 2.5.9 a’, a”, a’”) of Figure 2.5.9 a showed the close spacial relationship
between an endosome containing separated PS NPs (green) and an MVB containing the separated
protein corona (red). An endosome with protein corona coated PS NPs and tubular REs with
separated PS NPs were located next to the MVB indicating the separation might be an ongoing
process. The segmented model (Figure 2.5.9 b’, b”, b”) of Figure 2.5.9 b revealed dimensionally
that several REs containing separated were located close to the MVB containing separated protein

corona. The spacial information from both models further hinted that the separation and distribution

of protein corona and PS NPs were closely related to the functions of different endosomes.
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Figure 2.5.8 Endocytotic vesicles containing Cy5-protein corona signal. relative depth of each

section in um. Red represents Cy5-labelled protein corona, green represents BODIPY-labelled

PSNP, yellow represents the overlay of protein corona and PSNP. Scale bars: 500 nm
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Figure 2.5.9 Segmented model of two MVBs contains separated protein corona. a.Volume
CLEM of the separation of protein corona and PS NPs in endosomes, separation of protein corona
and NPs is indicated by an arrow. Ly: lysosome; MT: mitochondria. a’. Front view of the segmented
model in g. a”. Side view of the segmented model in g. a”. Top view of the segmented model in g.
b. Volume CLEM of an MVB with separated protein corona and PS NPs. b’. Front view of
segmented model in h. b”. Side view of segmented model in h. b>’. Top view of segmented model

in h. Scale bars: 500 nm.
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According to our CLEM results, the protein corona-coated NPs were mainly located in crowded
round-shaped endosomes, whereas the separated protein corona was exclusively located in MVBs,
and the separated NPs were found in tubular REs. Because our flow cytometry results showed the
successful co-internalisation of the protein corona and NPs, we assume that the endosomes with the
protein corona-coated NPs were primary or early endosomes (EEs). At the same time, it is known
that EEs are crucial for sorting functions [203-205] and are able to generate tubular REs for further
transportation or recycling.[204. 206] Therefore we consider that the sorting of the protein corona and
NPs happens at the site of early endosomes when REs containing NPs begin to form while the
protein corona begins to separate from NPs. Furthermore, we observed the separated protein corona
only in large MVBs containing intraluminal vesicles.[207.208] These MVBs mature from EEs [207] and
more specifically from the main bodies of the EEs after the formation of REs.[203. 205] We
hypothesise that during the maturation of the EEs after internalisation, NPs start to separate from
the protein corona and are gradually transported into REs. As the maturation of the EEs into MVBs
completes, most NPs are then transported into REs leaving behind the protein corona within the
matured MVBs (Figure 2.5.8). This hypothesis correlates with the endosome maturation during the
endocytic pathway and is supported by our CLEM results. Exocytosed NPs within a vesicle were
also observed at the same condition, and this phenomenon has been reported in different cell lines.
(209, 2101 We speculate that the exocytosis might happen via the recycling of REs to the plasma
membrane after protein corona separation. On the other hand, depending on the MVB maturation,
the separated protein corona in the MVBs might eventually accumulate in lysosomes [208] or
exocytose via exosomes [211]. Degradation of the protein corona in lysosomes is predictable and was
previously observed.[19] Nevertheless, we have captured the Cy5 signals around the plasma
membrane, either colocalising with some membranous vesicles or on the membrane ruffling (Figure
2.5.11). These Cy5 signals outside of the cell might be the evidence of the exocytosed protein

corona from MVBs and suggest an alternative destiny of the separated protein corona.
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Figure 2.5.10 Intracellular fate of protein corona and NPs illustrated by CLEM and EM
micrographs. a. Scheme of intracellular separation of protein corona and NPs and exocytosis of
NPs. b,b’. Protein corona coated PS NPs in an endosome after internalization. Intracellular space is
indicated with a star symbol. ¢,¢’. Separation of protein corona and PS NPs. Separation event is
highlighted with a dotted square and an arrow. d,d’. Distribution of separated protein corona in an
MVB. e,e’. Distribution of separated PS NPs in tubular recycling endosomes. f,f’. Exocytosis of
separated PS NPs. Exocytosis of naked PS NPs is indicated by an arrow and intracellular space is

indicated with a star symbol.
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The reason behind the separation of the protein corona and NPs might be related to the changing
acidification within different endosomes. The pH value in different endosomes decreases along the
endocytic pathway during the endosomal maturation.[203. 212] It is well understood that the
composition and stability of the protein corona is strongly affected by the environmental pH in
vitro.[213, 214] We suggest, that due to the decreased pH from EEs to MVBs, the proteins on the
protein corona might lose their affinity to the surface of the NPs because the evolution of protein
corona is dynamic under a fickle environment.[7- 2151 Additionally, the acidification might cause
conformation changes of the adsorbed proteins [213. 216] which can consequently influence and alter

protein-protein and most protein-NP interactions of the protein corona.

Figure 2.5.11 CLEM micrographs of extracellular Cy5-labelled protein corona close to plasma
membrane. a-h. Cy5 signal located within extracellular vesicles. i-1. Cy5 signal located close to

membrane ruffling. Scale bars: 200 nm.
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Furthermore, the protein corona-coated NPs transit through dynamic biological environments,
leading to encounters with new, intracellular proteins which were not present in the plasma.
Previous research has highlighted the dynamic behaviour of the protein corona after transitioning
through different biological fluids.[197. 200, 2011 Some of the intracellular proteins might exhibit a
higher affinity towards the NPs surface and, therefore, adsorb on the NPs surface intracellularly and
replace the previous proteins, leading to a newly formed protein corona. This enrichment of
intracellular proteins might contribute to the separation of the fluorescently labelled plasma proteins

from the corona.
Conclusions

We have reconstructed the uptake, intracellular tracking, and the possible fates of an extracellularly
formed protein corona on NPs. By utilising fluorescent proteins to generate a protein corona, we
demonstrated a co-internalisation of the NPs and the protein corona. Furthermore, we took
advantages of volume CLEM to faithfully identified intracellular protein corona and PS NPs and to
reveal their distinct distributions in three dimension. For the first time, by referring to correlative
imaging snapshots with quantifying measurements of the separating protein corona and PS NPs, we
could draw sufficient conclusions to explain a possible intracellular evolution of the protein corona
once it is internalised. With our findings, we want to contribute to a deeper understanding of
adsorbed proteins on nanoscale surfaces in intracellular environments. Here, we see the necessity to
further expand our understanding of the internalisation of the protein corona and its intracellular
fate. We believe that this knowledge will improve, not only the future design of nanoscale drug
delivery systems but elucidate the possible pitfalls or chances of the internalised protein corona to

induce targeted effects upon cellular uptake.

—111—



—112—



EXPERIMENTAL METHODS

3. Experimental methods

In this chapter, the general protocols and examination methods, which are applied in this thesis, are
described. Details regarding further methods, that were performed by my collaboration partners in

the context of joint publications, can be found in the respective publications..

3.1 General protocols for the preparation of cells for EM and CLEM
3.1.1 Cell culture for adherent cells

Usually, HeLa cells or RAW264.7 macrophages were cultured in Dulbecco’s modified eagle
medium (DMEM; Invitrogen, Germany) supplement with 10 % fetal bovine serum (FBS; Sigma
Aldrich, Germany), 1 % glutamine (Gibco, USA) , and 1 % penicillin/streptomycin (Gibco, USA)
in a 95 % humidified incubator at 37 °C and 5 % COz (C200, Labotect, Germany).

Disassociation of adherent cells were performed by co-incubation with 0.25 % trypsin (Gibco,
USA) for 3 min. Treated cell media were collected in a 15 mL Falcon tube and centrifuged at 300 g
for 5 min. The cell pellet was then resuspended in DMEM complete medium and diluted to the
desired concentration for further applications. Cell viability was determined by trypan blue

exclusion method performed with TC10TM automated cell counter (Bio-Rad, USA).

3.1.2 Cellular uptake experiments and high pressure freezing (HPF)

In order to perform HPF of cellular samples, adherent cells have to be seeded onto specially made
substrates, called sapphire disks. Sapphire disks (3 mm; M. Wohlwend GmbH) were pre-coated
with a 10-nm-thick carbon layer using an EM MEDO020 instrument (Figure 3.1) (Leica, Germany).
The coated sapphire disks were dried and sterilised in an oven at 120 °C overnight before use.
Adherent cells were seeded onto sapphire disks in a 24-well plates at a concentration of 50,000
cells/mL overnight for cell attachment. Chosen NPs were co-incubated with seeded cells with
desired duration in a humidified incubator at 37 °C and 5% COa.. After the incubation, each sapphire
disk was collected from the 24-well plates and slightly immersed into 1-hexadecene before placing

them between two aluminium plates (3 mm, Plano). This “sandwich’ structure was placed into a
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specimen holder for high pressure freezing in a Wohlwend HPF Compact 01 high pressure freezer
operating at a pressure of 2,100 bar. The specimen holder was withdrawn from the freezer and
immersed into liquid nitrogen to release the sample. The frozen sample was then labelled and stored

in a container filled with liquid nitrogen.

3.1.3 Freeze substitution and embedding in resin

Subsequently, freeze substitution of the sample was carried out in a 0.5 mL Eppendorf tube using an
AFS2 automated freeze substitution device (Leica, Germany). Each tube contained 1 mL of freeze
substitution solution, consisting of 0.2 wt/vol % OsOs4, 0.1 wt/vol% UA, and 5 % distilled water in
acetone. The tubes were initially kept at -90 °C and slowly warmed up to 0 °C in 24 h. After
keeping at room temperature for 1 h, the substitution solution was removed and the samples were
washed 3 times with acetone. Each sample was infiltrated in an ascending epoxy resin series (30 %,
50 %, and 75 % in acetone) for 1 h before finally infiltration in 100 % epoxy resin overnight.
Finally, each sample was transferred into a new Eppendorf tube containing freshly prepared pure

epoxy resin following the final polymerisation at 60 °C for 24 h.

3.1.4 Ultramicrotomy and imaging

After polymerisation, sample blocks were kept at room temperature until they were sectioned. The
sample blocks were trimmed and sectioned to 100 nm sections using a 35° diamond knife (Diatome)
or an ultra 45° Jumbo diamond knife (Diatome) in an EM UC6 ultramicrotome (Leica, Germany).
The sections were then carefully placed onto 300-mesh copper grid for standard bright-field TEM
imaging, finder grids for correlative light and electron microscopy (CLEM) or transmission electron
microscopy (TEM) imaging, or Indium-Tin-Oxide (ITO)-coated coverslip (SPI supplies, USA) for
CLEM and scanning electron microscopy (SEM) imaging. Electron energy loss spectroscopy
(EELS), and energy dispersive X-ray spectroscopy (EDX) analysis were performed in a Tecnai F20
200 kV TEM (FEI, USA). Bright-field TEM micrographs were obtained with a Gatan US1000 2k
CCD camera. EDX images were collected with an EDAX detector.
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3.1.5 Confocal laser scanning microscopy (cLSM)

Conventional fluorescence microscopes such as wide-field fluorescence microscope are using a
beam of laser or light to illuminate the full volume of a sample, which inevitably causes blurriness
and misalignment of the images and the molecule of interest.[217] In contrast, a cLSM only images
and focuses on a single focal plane of the sample and the focused laser beam is scanning point by
point on the focal plane to generate an image. Therefore, images generated by cLSM are more site-
specific than conventional fluorescence microscopes. A 3D imaging can be achieved by moving the
focal plane through the sample to generate a stack of images. Another advantage of a cLSM is the
pinhole setup before the detector. Any fluorescence which is not coming from the focal plane is
blocked by the pinhole in order to create sharper images.[218] Finally, the emission light will be

detected by a photon-multiplier (PMT) which converts the photons into multiplied photoelectrons.

[218]

3.1.6 Transmission electron microscopy (TEM) and Scanning electron microscopy
(SEM)

TEM is powerful method to visualise an object of interest with nanometer and it was first invented
by Max Knoll and Ernst Ruska in 1931. It is widely applied for characterisation and visualisation in
biological sciencel2!°] by emitting a beam of electron through a thin layer of sample and forming the
images by detecting the projection of transmitted electrons. The unique imaging feature by using
electrons as the illumination source enables TEM to provide unmatched resolution compared to
light microscopy. However, the architecture of a TEM is somehow adopted from an optical
microscope, a condenser lens to focus and parallel the electron beam, an objective lens for imaging,
and a projector lens for the enlargement of the image. An intermediate lens is extra for the change
of magnification and imaging mode in a TEM.[220] And the operation in TEM is completely under

high vacuum in order to prevent electrical discharge and contamination from electron scattering.

SEM is another type of electron microscope which characterises the sample by scanning a beam of
focused electrons onto the surface. Unlike TEM, SEM generates the surface information of the
sample by detecting the elastic or inelastic scattered electrons. It is useful for determine the surface
topography or chemical constitution of a sample.[221] There are generally two types detectors for

SEM, one is a secondary electron (SE) detector, the other one is a backscattered electron (BSE)
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detector. A SE detector detects the electrons generated from the surface of the sample and used to
characterise the surface topography of the sample. Whereas, a BSE detector detects the inelastic
scattered electrons which are reflected from the deeper area of the samples. Operation in SEM is

also performed under high vacuum environment.

In this thesis, TEM and SEM were used to image biological samples which were fixed and
embedded in resin. Ultrathin sections (100 nm) were prepared by ultramicrotome and place onto

TEM grids or ITO-coated coverslips for TEM or SEM inspections.
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Figure 3.1 Comparison of a transmission electron microscope (TEM) and an optical microscope.

Reprinted with permission from ref [219]. Copyrights © Springer Japan KK 2017

3.1.7 Electron energy loss spectroscopy (EELS)

EELS is a spectroscopy technique which is used to determine the elemental composition of a
sample. It measures the losses of energy from the inelastic scattered electrons which are coming out
of the sample. The energy intensity from the inelastically scattered electron is represented by a
function of electron kinetic energy detected by an element spectrometer.[222] The EELS spectrum of
the examined region is demonstrated by low-loss region and high-loss region, which represent

respectively the atomic composition of the outmost and the inner atom shell of the element. Since
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EELS is rather sensitive to the loss of energy by the incident beam, therefore it can also be used to

identify the oxidative stages of some metallic elements.[223]

3.2 Correlating TEM and EDX to localise intracellular SiO2 NCs

This part of protocol corresponds to chapter 2.1

Protocols of other measurements in the papers can be found in the original publication: Part. Part.

Syst. Charact. 2020, 37, 1900484 and Nanoscale, 2020, 12, 2626-2637.

3.2.1 Energy-dispersive X-ray spectroscopy (EDX)

EDX was performed on FEI Tecnai F20 TEM with an EDX spectrometer. A beam of electron was
focused onto the sample in order to excite the electrons within the inner shell. A replacement of
electrons from the outer shell to inner shell of the sample may happen during this process and
generate an energy difference via the form of x-ray radiation. Since every element has its unique
atomic arrangement, the energy difference represents the unique characteristic of each element, and
the energy-dispersive spectrometer within TEM is then able to measure the radiated energy

differences in order to identify different elements.

3.3 CLEM for intracellular NDs

This part of protocol corresponds to chapter 2.2

Characterisation of coated fNDs, fluorescence measurement, dynamic light scattering (DLS) and
zeta-potential were performed by collaborator _ corresponding protocols of these
measurements can be found in the original publication: Nano Lett. 2019, 19, 3, 2178-2185.

3.3.1 Material

Fluorescent nanodiamonds (fND) were bought from FND Biotech (Taiwan).
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3.3.2 Preparation of in-dish CLEM specimens for cLSM and TEM

In-dish CLEM was defined as the detection of fluorescence signals prior to EM preparation. HeLa
cells were incubated with fNDs (75 pg/mL) at 37 °C (5 % COz) for 4 h and then fixed in 4 %
formaldehyde (Carl Roth, Germany) for 10 min in MatTek gridded glass bottom dishes (Ashland,
USA). Nucleus counterstaining with Hoechst 33342 dye in DMEM (1:1000) was performed after
the paraformaldehyde (PFA) fixation for 5 min. Three times of washing in PBS were performed
after nucleus staining. Prepared samples were investigated on Leica SP§ AOBS system attached to a
Leica DM 16000 inverted microscope with a 63X 1.4 NA oil immersion objective. The Hoechst
33342 dye and fNDs were excited with 50 mW diode laser at 405 nm and 20 mW solid state yellow
laser at 561 nm. Fluorescence signals were collected at 461 nm for Hoechst and 660-700 nm for

fNDs. Stack images of ROIs with the step of ~0.2 pm were recorded. The position of the cell of

interest was simultaneously recorded.

After fluorescent imaging, samples were subjected to a postfixation in 4 % glutaraldhyde in
phosphate buffer (pH = 7). Staining with OsO4 and UA were performed sequentially, each step
followed by three times washing in phosphate buffer. Samples were then subjected to dehydration
through ethanol in ddH,O with the gradient of 70 %, 80 %, 90 %, 100 % for 10 min each and
subsequently embedded in EPON. Polymerised blocks were trimmed to the ROIs recorded by
cLSM, and cut into 300 nm thick sections using a 45° diamond knife (Diatome, Switzerland) in EM
UC6 ultramicrotome (Leica, Germany). Sections were then collected onto formvar coated slot
copper grid (Plano, Germany) and air dried overnight for TEM imaging and tomography. Region of
interests (ROIs) were retraced in TEM and tomography was performed with a single-axis tilt series
from -65.5° to +67° using tilt increments of 1.5° above +/- 45° and 2.5° between -45° and +45°.
Totally 65 images were collected using a CCD Camera. TEM imaging and tomography were
performed with a Tecnai G20 - FEI 200 kV Twin Lens with Lab6 filament and FEI Eagle 4k x 4k
CCD camera and with a Tecnai F20 — FEI 200 kV with FEG and Gatan US1000 CCD camera.

3.3.3 Preparation of in-resin CLEM specimens for cLSM and TEM

In-resin CLEM requires samples to be vitrified and embedded into resin prior LM and EM
acquisition. HeLa cells were incubated with fNDs (75 pg/mL) for 4 h at 37 °C (5 % COx). After the
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cell uptake experiment, cells in the petri dish were harvested and transferred into 2 mL Eppendorf
tubes. After centrifugation at 1,000 g for 5 min, 1 pL of thick cell suspension were collected and
loaded into a 100 pm deep membrane carrier (Leica, Germany) and vitrified in Leica EM PACT2
(Leica, Germany). Frozen membrane carriers were then transferred into flow through containers
with freeze substitution cocktail (0.1 % UA, 0.01 % tannic acid, 5 % water in acetone). Freeze
substitution was done in an AFS2 automated freeze substitution device (Leica, Germany) equipped
with an attachment for automated exchange of reagent (Freeze substitution processor, FSP, Leica,
Germany). Samples were kept at -90 °C for 5 h and gradually warmed up to -45 °C at the rate of 5
°C/h. After being held at -45 °C for 2 h, samples were washed twice in acetone for 30 min each.
Samples were then infiltrated in 25 %, 50 %, 75 % of Lowicryl HM20 resin in acetone for 2.5 h
each and finally infiltrated in 100 % resin overnight. Resin was exchanged for twice with the
duration of 3 h each after the overnight infiltration. Polymerisation of resin was carried out under
UV light for 43 h, with the first 19 h being held at 45 °C, followed by warming up to 0 °C within 12
h, and finally being kept at 0 °C for another 12 h.

After polymerisation, resin blocks were removed from the containers. The carriers were detached
from the resin blocks by using liquid nitrogen and the warmed up specimen carrier detaching tool
(Leica, Germany). The blocks were then trimmed to desired sizes and sectioned to 120 nm thick
sections using a 45° diamond knife (Diatome, Switzerland) in EM UC6 ultramicrotome (Leica,
Germany). Sections were collected onto carbon coated formvar films on F1 copper finder grids
(Agar Scientific). After being air dried, grids were stained with Hoechst 33342 dye in ddH20
(1:1000) for 5 min, and washed three times in ddH>O for 1 min each. Each stained grid was then
mounted between a coverslip and a glass slide in 15 pL of 50 % glycerol in ddH>0. Mounted grids
were then imaged by Leica DMI4000 B inverted epifluorescence microscope with 20X 0.75 NA dry
lens for fluorescence detection. After imaging, the grids were carefully retrieved using a sharp razor
blade and washed in H>O. The grids were then post-stained with UA and lead citrate before TEM

imaging.
3.3.4 Image alignment and analysis
For tomogram alignment and reconstruction, IMOD software (version 4.9.7) was used. Acquired

images from the tilt series were initially aligned and stacked in the software. The stacked file was

then computationally reconstructed using a weighted back-projection algorithm. For CLEM image
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registration, images from light and electron microscopy were manually tracked and aligned using

eC-CLEM plugin in Icy.[224]

3.3.6 Image registration for CLEM in icy eC-CLEM

In order to successfully align images from EM and cLSM, images from both microscopies should
be in the same bit type (e.g. 8-bit and 8-bit RGB). Adjusting bit type can be done by imageJ.
Afterwards, open icy and apply plugin eC-CLEM. Drag the EM and cLSM images into the
operation dock and specify the type of images by using the option button in the operation dock and
selection “2D but let me update myself”. Following the instructions on the screen, select at least 3
corresponding points of the same area in both images to increase the accuracy of alignment. Once
the point selection is done, press “update information” and the stop button to create an aligned
CLEM image. Redo or delete any points that are not perfectly colocalised to create the best

outcome.

3.3.5 Transmission electron microscopy (TEM)

TEM examination was performed on a Tecnai F20 transmission electron microscope operated at an
acceleration voltage of 200 kV. The instrument was equipped with a scanning unit for scanning
TEM (STEM) and a Tridiem 863 (Gatan) post column electron energy loss spectrometer capable of
both, electron energy loss spectroscopy (EELS) and image filtering (EFTEM). Conventional image
acquisition was done with a Gatan US 1000 CCD Camera at on-axis position. In post-filter position
another Gatan US1000 CCD camera was used for EFTEM and EELS. For bright field imaging and
for the acquisition of tomogram tilt series an objective aperture with diameter of 20 um was used.
The same aperture was used for dark field imaging; the beam tilt was adjusted to a value around 2 x
6.1 mrad, which is the angle of the diamond (111) diffraction for 200 kV electrons. Under these
conditions, only electrons that have been diffracted (or inelastically scattered) exactly to the hole of
the objective aperture contribute to the image formation. With this imaging mode it is possible, to

identify and highlight crystalline areas in the specimen.

STEM was done using a fishione high-angle annual dark-field (HAADF) detector and if not

otherwise stated, the camera length was adjusted to 520 mm. At this camera length the diamond
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(111) diffraction angle falls into the acceptance angle of the HAADF detector and hence the

crystalline areas yield bright contrast.

EFTEM was done using an energy selecting slit width of 10 eV, if not otherwise stated.

3.4 CLEM for intracellular polymeric NPs

This part of protocol corresponds to chapter 2.4.

3.4.1 Cell culture and co-incubation with NPs

RAW264.7 macrophages were seeded in a 24-well plate pre-placed with carbon coated sapphire
discs (d:3mm) with a density of 50,000 cells/mL. Macrophages were then cultured in Dulbecco’s
modified eagle medium (DMEM; Invitrogen, Germany) supplement with 10 % fetal bovine serum
(FBS; Sigma Aldrich, Germany), 1 % glutamine, and 1 % penicillin/streptomycin (Invitrogen,
Germany) in a humidified incubator at 37 °C and 5 % COaz. After cell seeding, 24-well plate was
placed into the incubator for overnight. Nanoparticles/nanocapsules solution in medium with
desired concentration (PS NP-Qdots: 75 pug/mL, nanocapsules: 150 ug/mL, PSNP-PC: 150 pg/mL)

were co-incubated with cells for 2 h and then washed away with culture medium.

3.4.2 Sample preparation for correlative light and electron microscopy (CLEM)

After co-incubation, sapphire discs were placed between two aluminium plates to create a
‘sandwich’ and afterwards were mounted into a holder (Engineering Office, M. Wohlwend) and
immediately fixated in a Wohlwend HPF Compact 01 high-pressure freezer (Engineering Office, M.

Wohlwend) with a pressure of 2,100 bar. The frozen samples were then stored in liquid nitrogen.

Frozen sapphire discs were carefully removed from the aluminium ‘sandwich’ and transferred into
1 mL pre-cooled freeze substitution medium (0.2 % (w/v) OsOs, 0.1 % (w/v) UA, 5 % (v/v)
distilled water in acetone) and kept in a freeze substitution unit (AFS2, Leica, Germany). Samples
were then slowly warmed up to 0 °C over a period of 20 h in the unit. After being warmed up, the
freeze-substituted samples were brought to room temperature, then the substitution medium was

removed and the discs were washed 3 times with acetone at half an hour intervals. Then the discs
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were infiltrated sequentially in gradient epoxy resin-acetone mixture (1;1, 1:2 and 2:1) for 1 h.
Samples were then infiltrated in 100 % epoxy resin overnight. Finally, each sample was transferred

into a new Eppendorf tube containing fresh epoxy resin for polymerisation at 60 °C for 24 h.

Following polymerisation, sapphire discs were detached using liquid nitrogen. Resin blocks with
the cells imprinted on were trimmed and sectioned into 100 nm sections by a 45° diamond knife

(Diatome) in EM UC6 ultramicrotome (Leica, Germany).

3.4.3 For CLEM by TEM inspection

sections were carefully collected on H6 copper finder grids and coated with carbon. Grids were
placed onto a coverslip and mounted onto a coverslip holder to be imaged by Leica SP5 cLSM
fitted with a 20X dry lens (NA 0.40) or a 64X oil-immersion lens (NA 1.4) and an avalanche
photodiode detector (APD). After imaging in cLSM, grids were transferred in a FEI Tecnai F20
transmission electron microscope operated at an acceleration voltage of 200 kV. Micrographs were
taken on a Gatan US1000 2k slow scan CCD camera. Image registration and alignment of light and

electron microscopy images were accomplished in Icy with eC-CLEM plugin.

3.4.4 For CLEM by SEM inspection

Sections were collected onto ITO-coated coverslip (SPI supplies, USA). Coverslips were then
imaged in cLSM with a 20X dry lens (NA 0.40) a 64X oil-immersion lens (NA 1.4) with an
avalanche photodiode detector (APD) and later on mounted onto a clap holder to be imaged in
HITACHI SU8000 with 2.5 V accelerating voltage and images were acquired with a HA-BSE

detector. Image registration and alignment of light and electron microscopy images were done in

Icy as previously described.

3.5 CLEM for intracellular protein corona

This part of protocol corresponds to chapter 2.5
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3.5.1 Synthesis of carboxy-functionalised PS NPs

Nanoparticles were synthesised by - A macroemulsion was prepared with a continuous
phase containing 600 mg Lutensol AT50 (BASF, Germany) solution in 24 mL Milli-Pore water as
surfactant and a dispersed phase containing 5.88 g distilled styrene, 251 mg hexadecane (Acros
Thermo Fisher, Germany) as hydrophobe, 153 mg distilled acrylic acid for the introduction of
carboxy-functionalities, 6.1 mg BODIPY methacrylate as fluorescent dye and 100 mg

2,2'azobis(2methylbutyronitrile) V59 (Wako, Germany) as oilsoluble azo initiator.

The dispersed phase was mechanically stirred. The continuous phase was slowly added to the
dispersed phase to achieve homogenization. The macroemulsion was stirred for 1 h at the highest
speed. The macroemulsion was then ultrasonicated with a Branson Sonifier (1/2" tip) for 2 min at
450 W 90 % amplitude under icecooling to obtain a miniemulsion. The miniemulsion was
transferred into a 50 mL flask and heated to 72 °C in an oil bath under stirring. The polymerisation
was performed for 11 h. Subsequently, the dispersion was centrifuged for 1.5 h at 13,000 rpm, 5
times for purification. The supernatant was removed after each centrifugation and the pellet

redispersed in Milli-pore water.

3.5.2 RAW264.7 cell culture

The murine macrophage cell line RAW264.7 was cultivated with Dulbecco’s Modified Eagle
Medium, supplemented with 10 % FBS, 100 U/mL penicillin, and 100 mg/mL streptomycin (all
Gibco/Thermo Fisher, Germany). The cells were cultured in an incubator (CO> Incubator C200,
Labotect, Germany) at 37 °C, 5 % CO2, and 95 % relative humidity. For subculturing and
harvesting, RAW264.7 cells were briefly washed with PBS prior to adding 0.25 % Trypsin-EDTA
(Gibco/Thermo Fisher, Germany) for detachment. Cells were collected after incubation for 5 min at
37 °C, 5 % COa, and 95 % relative humidity. The same volume of cell culture medium was added
and the cells were sedimented by a centrifugation step of 300 g for 5 min. The supernatant was
removed. The cell viability and count were measured by an automated cell counter (TC10, Bio-Rad,

Germany). The cells were diluted in cell culture medium for the next passage or experiment.
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3.5.3 Sample preparation for CLEM

RAW264.7 macrophages were seeded onto 3 mm sapphire disks (M. Wohlwend GmbH). Sapphire
disks were pre-coated with a 10-nm-thick carbon layer using an EM MEDO020 instrument (Leica).
The coated sapphire disks were dried and sterilised in an oven at 120 °C overnight before use.
Macrophages were seeded onto sapphire disks in 12-well plates overnight for cell attachment.
PSCOOH nanoparticles were co-incubated with macrophages in a humidified incubator at 37 °C
and 5 % COa.. After the incubation, each sapphire disk was collected from the 12-well plates and
slightly immersed into 1-hexadecene before placing them between two aluminium plates (3 mm,
Plano). The aluminium ‘sandwich’ structure was placed into a specimen holder for high pressure
freezing in a Wohlwend HPF Compact 01 high pressure freezer with a pressure of 2,100 bar for 2-3
s. The specimen holder was withdrawn from the freezer and immersed into liquid nitrogen to
release the sample. The frozen sample was then labelled and stored in a container filled with liquid

nitrogen.

Frozen sapphire discs were carefully removed from the aluminium ‘sandwich’ and transferred into 1
mL pre-cooled freeze substitution medium (0.2 % (w/v) OsOs4, 0.1 % (w/v) UA, 5 % (v/v) distilled
water in acetone) and kept in a freeze substitution unit (AFS2, Leica). Samples were then slowly
warmed up to 0 °C over a period of 20 h in the unit. After being warmed up, the freeze-substituted
samples were brought to room temperature, then the substitution medium was removed and the
discs were washed 3 times with acetone at half an hour intervals. Then the discs were infiltrated
sequentially in gradient epoxy resin-acetone mixture (1;1, 1:2 and 2:1) for 1 h. Samples were then
infiltrated in 100 % epoxy resin overnight. Finally, each sample was transferred into a new

Eppendorf tube containing fresh epoxy resin for polymerisation at 60 °C for 24 h.

3.5.4 Serial sectioning and CLEM imaging

After polymerisation, sapphire discs were detached using liquid nitrogen. Afterwards, resin blocks
were trimmed for later serial sectioning. Trimmed resin blocks were sectioned by an ultra 45°
Jumbo diamond knife (Diatome) with a home-made water draining setup. An ITO coated coverslip
(SPI) was placed and fixed at the other end of the diamond knife. Diluted glue was placed on either
top or bottom side of the trimmed resin block to make sure the sections stay attached in the correct

order while sectioning. Section band was carefully moved to coverslip with an eyelash brush until
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one end of the band touched the coverslip. Afterwards, water level was carefully lowered with the
draining setup until the whole section band slowly attached to the coverslip. Coverslip was then
placed on a preheated hotplate to dry completely. Dried coverslip was then imaged in cLSM (SP5,
Leica) with a 20X 0.75 NA dry objective for overviews or 63X 1.4 NA oil immersion objective to
capture images of selected areas. The same coverslip was later mounted onto a clap holder to be
imaged in HITACHI SU8000 with 2.5 V landing voltage 15 mA and a HA-BSE detector. Image
registration and alignment of light and electron microscopy images were accomplished in TrackEM

in imageJ and icy with eC-CLEM plugin.

3.5.5 Fluorescence colocalisation measurement

To identify protein that has been released from the compartment enclosing the nanoparticles, we
developed a macro that measures colocalisation of red and green channels in ImageJ. The ism file
of the used Image] macro can be found in the SI. After thresholding, a rectangular box is defined
around the nanoparticle objects and the protein objects using the ParticleAnalyzer plugin. A protein
object is counted as “connected” to a nanoparticle, if its box overlaps or touches a box in the

nanoparticle channel.
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4. Summary and outlook

Advances in microscopy introduce a new perspective to understand the process of life. The
developments in microscopic imaging also connect different fields in science such as structural
biology and molecular biology to work more sufficiently together towards solving tough questions.
The gap between rapid development of engineered polymeric NPs and relatively small amount of
proven applications pinpoints the restrained understanding about the intracellular behaviour of the
NPs. This knowledge is urgently needed to optimise the blueprint of smarter nanomedicine for

efficient drug delivery.

Chapter 2 addressed the utilisation of correlative imaging techniques to study intracellular NPs and
the exploration of new CLEM routine to answer the ultimate question for NPs uptake which is the
intracellular fate of protein corona. Accelerated by the extensive sample preparations and
informative multi-module analysis of correlative microscopy, the comprehensive study of polymeric
NPs transits from in vitro to dynamic cellular milieu. The exploitation of correlative microscopy is
instrumental to understand not only the distribution but also the dynamic evolvement of the
internalised NPs. The aim of this chapter is to apply and develop suitable imaging methods to
comprehend the change of polymeric NPs during cellular processes such as internalisation, cytosol
trafficking and lysosomal degradation. Since the content of each section in Chapter 2 has been
summarised in the abstract at the beginning of this chapter, this summary and outlook focus on
concluding and extracting the biological information from the imaging findings in each section.
Section 2.4 mainly described the development of an optimised on-section CLEM workflow. This
optimised workflow includes OsOj4 staining and EPON embedding for better cellular structure
preservation. Fluorescence from the organic dyes Cy5 and BODIPY survived the EM preparation
and NPs/NCs were precisely localised in the cells. This workflow was further employed to study

intracellular protein corona in Section 2.5.
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The first step of the intracellular journey for NPs is initiated by internalisation. Section 2.1-2.3
captured the internalisation events of NPs with the help of different microscopic techniques.
Section 2.1 applied EDX and TEM to localise Fe;O4 NPs encapsulated SiO> NCs at the site of
uptake cellular membrane in HeLa cells (Figure 4.1 a). Section 2.2 took advantages of ETTEM to
precisely capture a single fND during the uptake procedure in HeLa cells (Figure 4.1 b). Section 2.3
performed CLEM to identify NPLs encapsulated BSA NCs during the engulfment in RAW264.7
macrophages (Figure 4.1 c). The sizes of the NPs/NCs in Section 2.1 and Section 2.3 were around
100 nm, and the diameter of fNDs in Section 2.2 was around 35 nm. The uptake mechanism of NPs
is influenced by various factors such as sizes, shapes and surface charges.[!: 1671 Depending on our
results, the uptake of SiNCs and BSA NCs were driven by invagination formed by cellular
membrane, which is likely to be pinocytosis.[2251 The single particle uptake of fND showed a flask-
shaped membrane structure which mostly resembled the caveolae-mediated endocytosis.[167] All of
these NPs/NCs were actively internalised by endocytosis, the exact mediated mechanisms of each

NPs/NCs still need to be confirmed with further experiments.

Z

Figure 4.1 Uptake events of different NPs/NCs. a. Pinocytosis of Fe304 NPs encapsulated SiNCs.

b. Caveolae-mediated endocytosis of single fNDs. ¢. Pinocytosis of NPLs encapsulated BSA NCs.

NPs and NCs are indicated with yellow arrows.
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The cellular distribution of NPs after internalisation explains a lot about the biocompatibility and
degradability of the NPs. Section 2.1-2.3 and Section 2.5 demonstrated the distribution of different
NPs/NCs in cells by means of various imaging techniques. With the help of element mapping,
Section 2.1 showed SiNCs and encapsulated Fe3O4 NPs in an endolysosome already after 2 h and
the electron dense Fe3Os NPs facilitated the locating of SiNCs (Figure 4.2 a). Section 2.2 and
Section 2.3 demonstrated the applications of in-dish and on-section CLEM to localise fNDs (after 4
h) and BSA NCs (after 2 h) in MVBs and late endosomes (Figure 4.2 b, Figure 4.2 c). Section 2.5
described an unexpected distribution of protein corona and PS NPs at the time point of 24 h. After
the intracellular separation of the protein corona and PS NPs, the separated protein corona were
found exclusively in MVBs and the separated PS NPs were mostly found in tubular-like REs
(Figure 4.2 d-e). Despite different uptake machineries, the NPs/NCs used the endocytic pathway in

cells and ended up in late endosomes or MVBs.

Figure 4.2 Intracellular distribution of different NPs/NCs. a. Distribution of Fe3Os4 NPs
encapsulated SiNCs in an endolysosome. b. fNDs located in a MVB by CLEM. c¢. NPLs
encapsulated BSA NCs located in late endosomes by CLEM. d. Distribution of Cy5-labelled protein
corona in a MVB. e. Distribution of BODIPY-labelled PS NPs in REs.
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Degradation is the important final step for NPs in cells. Section 2.1 and Section 2.3 showed the
degradation of NCs and Section 2.5 discussed the possible intracellular degradation or exocytosis of
protein corona and NPs. The SiNCs in Section 2.1 and BSA NCs in Section 2.3 were both designed
as potential drug carriers. Degradation of SiNCs were confirmed by EDX of locally separated Si
and Fe signal in late endosomes (Figure 4.3 a). The degradation of BSA NCs was confirmed by the
lost of capsule’s integrity at the site where the fluorescence of NPLs was located in late endosomes
and endolysosomes (Figure 4.3 b-c). In Section 2.5, PS NPs were used as a model system to study
the intracellular pathway of protein corona. Since PS NPs were not degradable for cells,45] they
were transported into REs after separating from protein corona. Protein corona remained into the

matured MVBs and would be degraded by lysosome or secreted via exosomes.
: :‘al-. "'

Figure 4.3 Intracellular degradation of NCs. a. Degradation of SiNCs in an endolysosome
confirmed by EDX, red represents Si signal, blue represents Fe signal. SINCs and Fe3O4 NPs in the
endolysosome are highlighted with a yellow dotted square. b. BSA PCs located in an end-lysosome
and a late endosome by CLEM. ¢. EM micrograph of the CLEM image in b.

The cellular procedures for engineered NPs are influenced by many factors such as particle size,
shape, and cell types.ll. 45, 119, 167] The most underlying barrier for the use of engineered NPs is the
encounter of the dynamic environment. When studying NPs in vitro, there are always limited factors
which can be controlled, for example the particles can only be studied with one cell type at a time
but not within a multi-cellular environment. That is why an in vivo study is always necessary for an
in-depth opinion. Once the NPs come in contact with an individual cell, their functional groups will
eventually interact with the plasma membrane. However, the distribution of a certain receptor on
the membrane highly differs among the cell population and the receptor distribution within one cell
is also highly dynamic.[226] It means that the effective interactions between NPs and cells also

depend on the incubation time and the location where the interactions happen. Section 2.1 and
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Section 2.3 didn’t describe a specific modification of SINCs and BSA NCs for targeting functions,
this is the reason why we observed the internalisation primarily by pinocytosis. The comparably
small fNDs in Section 2.2 were coated with PEGylated cationic HSA to enhance the interaction
with plasma membrane, and that could be the reason why we could identify a single particle uptake.
The NPs/NCs all followed the endocytic pathway in the cells and were found in late endosomes or
MVBs with an observed degradation for SiNCs and BSA NCs. It is worth mentioning that it is the
first time to observe the degradation of NPs in cells by high resolution TEM and CLEM. Section
2.5 was a further application of the workflow described in Section 2.4 to finally visualise
intracellular fate of protein corona. The separation of protein corona and NPs was purposed for the
first time and the exclusive distribution of separated protein corona in MVBs gave a hint on its final

fate.

The leverage of different imaging techniques discussed in this thesis have shown immense capacity
to study different kinds of engineered NPs in cells. The results of this thesis not only aimed to
explore the possibility to develop novel imaging workflow like CLEM, but also unravel the
intracellular behaviour of different NPs. By adding an extra layer of information produced by
fluorescence or element mapping, more details of hidden interactions between NPs and cells are lit
up. The future applications of such advanced microscopic techniques are expected to resolve much
softer nanocarriers in cells since the ideal material to form NPs has to be more and more
biodegradable and biocompatible, and this kind of material is usually difficult to be seen by

conventional imaging.
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