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Abstract

Polymeric nanoparticles (NPs) are promising tools for biomedical applications as their
selective internalization into cells gives rise to sophisticated drug-delivery applications.
However the particle-cell interaction is influenced by a multitude of factors which include the
particles’ size, surface charge, softness, hydrophobicity or the resulting specific protein
coating. Thorough studies of the particle-cell interaction are required in order to provide the
detailed knowledge that is required for the design of tailored nanocarriers as drug-delivery
systems.

The presented work focused on the effect of polymer properties on the interaction of
polymeric NPs with an epithelial cell model system (HelLa cells). Hereby the cellular uptake
of poly(methyl methacrylate) (PMMA), polystyrene (PS) and poly(L-lactide) (PLLA)
nanoparticles with similar physico-chemical properties was investigated. The particles were
synthesized in miniemulsion (ME) applying a radical polymerization (PS and PMMA) or a
solvent-evaporation (PLLA) technique. In order to vary just one parameter, i.e. in this case the
type of polymer, the ME synthesis was done such that size and surface charge were kept
similar between all samples. The particles were characterized for their size, zeta potential, dye
content, morphology and the glass transition temperature Tg. Their uptake into HelLa cells
was studied in a semi-quantitative (flow cytometry) and in a qualitative (electron and confocal
laser scanning microscopy) manner. It was observed that PLLA particles were taken up by the
cells with high efficiency, exceeding that of PMMA and PS particles. Upon co-incubation of
PS and PLLA particles with cells in a unique competitive setup, the two particle species had a
mutual influence on their uptake behavior. Upon simultaneous incubation, a reduced
internalization of PLLA and an increased uptake of PS particles was observed. Neither the co-
incubation of PMMA and PLLA nor of PMMA and PS vyielded a similar effect. It was
concluded that the phenomenon could be based on the softer quality of the amorphous PLLA
particles or on the presence of carboxyl groups on the surface. Likely a specific protein
coating of PLLA or PS was involved, as well. Isotitration calorimetry studies revealed a
strong interaction of the polylactide particles with serum proteins. Electron microscopy
studies of the PS-PLLA co-incubation indicated a one-by-one internalization mechanism — the
particles were predominantly located separately inside organelles. Only after long incubation
times co-localization appeared, presumably due to merging of the endocytotic vesicles. It was
concluded that PS and PLLA particles competed for resources during the process of
internalization, and that likely a specific protein coating was involved.

Semi-quantitative studies of the cellular uptake by flow cytometry as presented above require
a standardization factor f based on the fluorescence intensity of the different NP species. The
factor f for semi-quantitative measurements is commonly derived from bulk measurements of



the dye content or the fluorescence intensity; these methods are not without flaws — and in any
case the ultimate goal is absolute quantitation.

Therefore this work also addressed the flow cytometric measurement of single submicron
NPs. Single particle measurement (SPM) offered a way to retrieve precise standardization
factors f for the NP fluorescence normalization. Moreover, a method for the absolute
quantitation of particles inside cells was devised based on the SPM data.

The precise fluorescence intensity of single NPs as small as 150 nm was determined with a
commercially available benchtop cytometer, breaching the detection limit of the cytometer.
The effects of sample properties (e.g. concentration or fluorescence intensity) and of
instrument settings (e.g. threshold or laser power) on the flow cytometric measurement were
evaluated. A series of fluorescent particles with high loadings of various dyes was synthesized
by radical polymerization in the ME. A flow cytometric screening identified those particle
samples that should be suitable for SPM i.e. that had sufficient signal strength. With three
model particles the SPM was successful and their fluorescence was measured precisely.
Furthermore the absolute NP concentration per volume was determined.

With the results from SPM a routine for rapid absolute quantitative counting of the
endocytosed particles was developed and confirmed by confocal laser scanning microscopy
(cLSMy). In the supplementary cLSMy experiments the particles were deliberately counted
manually in cells without the application of specific quantifying software. Quantitative flow
cytometry revealed that the uptake efficiency of negatively charged PMMA particles in HeLa
cells is very low i.e. in the range of 10™ % of added particles. The cLSMy data did not fully
correspond to the flow cytometry results and spectroscopic analysis pointed towards residues
of the serum-supplied incubation medium as the reason, due to absorption in the wavelength
range of the particles’ emission.

Disregarding the standard deviation, the new flow cytometry routine demonstrated the
dimensions of the intracellular NP count and turned relative values into absolute values of the
count of particles.



Zusammenfassung

Polymere Nanopartikel (NP) bieten besonders im medizinischen Sektor vielversprechende
Ansatze fur innovative Therapien. Das wird am Beispiel der Chemotherapie deutlich, wo die
sog. Nanocarrier die hochgiftigen Chemotherapeutika vor dem Organismus verbergen und sie
selektiv im Tumorgewebe anreichern kdnnten. Die Wechselwirkungen von Nanopartikeln mit
biologischen Systemen sind jedoch komplex und Partikeleigenschaften wie Material, GroRe,
Ladung oder die Beschichtung mit adsorbierten Proteinen spielen dabei eine wichtige Rolle.
Deshalb sind zur gezielten Synthese von Nanopartikeln detaillierte Kenntnisse Uber die NP-
Zell-Interaktion notwendig.

Diese Arbeit beschéftigte sich vorrangig mit den Materialeigenschaften von polymeren
Nanopartikeln und deren Einfluss auf die Interaktion mit humanen Epithelzellen (HeLa).
Dazu wurde die zellulare Aufnahme von NP aus Polymethylmethacrylat (PMMA), Polystyrol
(PS) und Poly(L-lactid) (PLLA) verglichen. Die Synthese erfolgte Uber radikalische
Polymerisation (PS und PMMA) bzw. Uber eine Lésungsmittel-Verdampfung (PLLA) in der
Miniemulsion (ME). Um den direkten Einfluss des Polymers zu erforschen wurden die NP
mit moglichst identischen physico-chemischen Eigenschaften hergestellt und hinsichtlich
GroRe, Zeta-Potential, Farbstoffgehalt, Morphologie und Glaslibergangstemperatur Tg
charakterisiert. Zunachst wurde die Partikelaufnahme in die HeLa-Zelllinie semi-quantitativ
mittels Durchflusszytometrie (engl. flow cytometry, FCy) und qualitativ mittels
Transmissionselektronen- (TEM) sowie konfokaler Laser-Raster-Mikroskopie (engl. confocal
laser scanning microscopy, cLSMy) untersucht.

Dabei zeigten PLLA-Partikel eine deutlich hohere Aufnahmerate als PMMA.- und PS-Partikel.
Mdogliche Grinde dafiir konnten in der amorphen Beschaffenheit des PLLA (kein Tg
messbar), der Oberflachenfunktionalisierung mittels Carboxygruppen und der daraus
resultierenden spezifischen Beschichtung mit Serumproteinen liegen. Diese Hypothese wurde
durch isotitrationskalorimetrische Messungen bestarkt, da PLLA-Nanopartikel im Vergleich
zu PS und PMMA Partikeln eine héhere NP-Protein-Wechselwirkung zeigten.

Weiterhin wurden in einem kompetitiven Ansatz zwei Partikelsorten gleichzeitig mit Zellen
inkubiert. Bei der Co-Inkubation von PLLA- und PS-Partikeln beeinflussten diese sich
gegenseitig in ihrer Aufnahmerate, so dass im Vergleich zu Einzelpartikel-Experimenten
PLLA-Partikel schlechter und PS-Partikel besser aufgenommen wurden. Dieser Effekt trat bei
der Kombination von PMMA- mit PS- bzw. von PMMA- mit PLLA-Partikeln nicht auf.
Elektronenmikroskopische Studien der Co-Inkubation von Zellen mit PS- und PLLA-
Partikeln zeigten stets einzeln in Organellen lokalisierte Partikel, was auf einen
Einzelpartikel-Aufnahmemechanismus hindeutete. Die Co-Lokalisation mehrerer Partikel war
nur nach langer Inkubationszeit zu beobachten und war in diesen Féllen eher durch
nachtragliche Fusion der Endozytose-Vesikel zu begriinden. Es wurde ein Modell entwickelt



gemélR dem PS- und PLLA-Partikel um bestimmte Ressourcen konkurrieren die im
Zusammenhang mit der zellularen Aufnahme stehen, wobei die Beschichtung durch
spezifische Serumproteine ebenfalls eine wichtige Rolle spielt.

Solche semi-quantitativen Studien der zellularen Partikelaufnahme mittels FCy sind nur
maoglich, wenn gleichzeitig ein Standardisierungsfaktor f fur die verschiedenen Fluoreszenz-
intensitdten der getesteten Partikel gegeben ist. Dieser Faktor f fur semi-quantitative
Messungen wird in der Regel tber bulk-Messungen des Farbstoffgehaltes bzw. der
Fluoreszenzintensitat der Partikel erhalten. Diese Messungen sind jedoch aufgrund
unterschiedlicher Parameter und zusatzlicher Arbeitsschritte anfallig fur Fehler. In diesem
Zusammenhang wurde im zweiten Teil dieser Arbeit eine Methode zur Einzelmessung von NP
im Durchflusszytometer entwickelt, die eine absolute Quantifizierung der Fluoreszenz-
intensitat und daraus folgend der Partikelzahl pro Zelle erlaubt. Diese Einzelpartikelmessung
(engl. single particle measurement, SPM) ergab prézise Standardisierungsfaktoren f. Dazu
wurden die Messparameter so optimiert, dass es moglich war, die Fluoreszenz einzelner
Partikel bis zu einem minimalen Durchmesser von 150 nm zu messen.

Basierend auf der Einzelpartikelmessung wurde die absolute Quantifizierung der NP in Zellen
durchgefuhrt und mittels konfokaler cLSMy bestéatigt. Dazu wurden die Bilddaten manuell
ausgewertet und mit der Quantifizierung tber FCy verglichen wobei sich ein Faktor von etwa
2 ergab. Zusammengefasst zeigte die neu entwickelte Methode zur quantitativen FCy, dass
die zellulare Aufnahme der Nanopartikel im Bereich von 107 % der eingesetzten Menge liegt.
Solche Nachweise sind bisher, vor allem mit polymeren Partikeln die nicht tber alternative
Methoden nachweisbar sind, schwer zu fiihren.
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1 Introduction

“Friend or Foe?” This is the central question in the heated discussion about the field of
nanotechnology (NT). The defenders of NT stress the progress and list the possibilities of this
technology that include new durable materials and revolutionary medical treatment. But the
critics will talk about ‘incalculable risks’ and ‘not foreseeable (long term) consequences’,
which is reasonable. In order to join in on the debate it is necessary to know what is actually
behind nanotechnology. The term nano, which is derived from the Greek nanos and translates
into ‘dwarf’, indicates a small size. And a nanometer (nm) is the defined SI unit that
corresponds to 10° m. A talk by R. Feynman in 1959 marked the beginning of what is today
termed nanotechnology (NT) . In his famous speech Feynman established the basis and
elaborated the possibilities of material modification at the scale of atoms. The term NT itself
was only introduced in 1974 by Taniguchi 2.

Today’s NT is a diverse field that spreads across different disciplines including chemistry,
physics and biology. It is vaguely defined by one common feature: The fabrication or
(surface) modification of objects on a submicron scale. In this context the expression
‘nanoparticles’ (NPs) was introduced in recent years to define objects that span less than 100
nm in at least one dimension. Due to their small size they possess a high surface-to-volume
ratio. Furthermore, NPs have unique physico-chemical properties that partly result from
quantum effects. The applications of NPs are numerous e.g. for automobile construction, in
inks, as catalyst or as semi-conductor materials *°. Apart from these technical applications
NPs are also used in cosmetics, food and medicine .

Probably the most discussed function of NPs in the medical sector is their application as a
drug-delivery system (DDS). In a DDS the particles serve as a carrier system which not only
provides protection for a sensitive therapeutic agent, but also allows aimed and efficient
transport of the latter into a destined tissue or specific cell type. Most therapeutic agents and
medications are sensitive compounds and need to be protected from chemical reactions (e.g.
oxidation or hydrolysis) and from the body’s immune system (i.e. from macrophages) — to
which they are exposed if administered orally or into the blood stream. By using natural
materials or functionalizing the particle surface, the cells’ transport mechanisms could be
triggered so that they efficiently and selectively internalize the nanocarrier. This would
notably increase the bioavailability of the active agent. The initial dose could be lowered in
comparison to the standard oral administration that is still used for most medicines.
Subsequently, treatment costs and the strain for the patient, e.g. during chemotherapeutic
therapy, could be lowered. This was the motivation behind the development of drug-delivery
systems. Today numerous principles of DDS are being evaluated ® such as drug-polymer
conjugates °, liposomes, capsules or solid NPs *°, to name a few. A number of these so-termed

‘nanopharmaceuticals’ have passed the clinical trials and are now authorized for human
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use **. However, until today no reliable and less-straining therapy to kill all metastasis of a
cancer is available. Common chemotherapy methods may reach all metastases, but these also
expose the whole organism to the therapeutics which puts great strain on the patients. Drugs
targeted for the brain are another problematic issue, because the blood-brain-barrier (BBB)
efficiently prevents the transport of most drugs into the central nervous system. Few
nanoparticulate systems were reported to pass the BBB %2,

This work contributes to the research about NPs and their interaction with cellular model
systems, which is a prerequisite for the development of new nanoparticulate DDS. Three
different subjects will be covered in the thesis:

1. The effect of polymer nature on the cellular uptake

The general tenor of all DDS is that the only way to load a specific tissue or cell type with the
drug in a selective and efficient fashion is to exploit the body’s own signaling and cell
internalization mechanisms. However, such control requires a deep knowledge of the
particle’s route inside the body and about the final cellular uptake mechanism, termed
endocytosis. This process is directed by complex interactions of NPs with plasma proteins and
the extracellular matrix — and is strongly influenced by the cell type, by its physiological state
and finally by the physico-chemical properties of the nanocarrier. Studies with carefully
synthesized nanoparticles of defined properties could provide this knowledge. Then the
nanoparticulate DDS could be customized with the required properties.

In this regard polymeric NPs have become a popular model system for DDS studies as they
can be synthesized in a customized way and applied for systematic studies of the cellular
uptake mechanisms. All required particle properties (charge, size, surface functionalization,
softness, etc.) can be tuned as required during synthesis. From the literature, mainly three
types of polymers such as polystyrene (PS), poly(methyl methacrylate) (PMMA) and
polylactide (PLLA) have been studied in the cell experiments.

Up to now a direct comparison of these polymers regarding their endocytotic properties has
not been reported. The variability in NPs and biological model systems further hinders a
comparison of the published data. In this thesis different polymeric particles of PS, PMMA
and PLLA with similar physico-chemical properties were synthesized and subjected to cell
experiments. The HeLa cell line, derived from ovarian cancer tissue, was chosen as a model
of epithelial cancer cells. Around 22000 new cases of this cancer subtype alone are expected
in 2012 in the US and the mortality rate of this cancer subtype in 2012 is estimated to be
70% . The effect of the polymer properties on the particle transport into HeLa cells should
be studied by applying similar experimental conditions.

2|Page



2. Flow cytometry for single nanoparticle detection

A common way to analyze the cellular uptake of NPs is to incorporate a fluorescent marker.
Then a combination of flow cytometry (FCy) and confocal laser scanning microscopy
(cLSMy) is applied to estimate the amount of internalized particles. The method of cLSMy is
a qualitative approach that visualizes the particles and shows their location. A quantitative
application of cLSMy as offered by some specific software is time consuming and prone to
errors. Therefore, qualitative cLSMy is combined with FCy, a semi-quantitative method that
allows the analysis of thousands of cells per s, albeit no information of the precise location of
the detected NPs (adhered or internalized) is given.

But a direct correlation between intracellular NP concentration and cell fluorescence
measured in a flow cytometer (FC) must not be assumed automatically when NPs of different
polymeric material are compared. Emission properties of the same dye may change with the
particle material, due to varied chemical labeling efficiency, quenching or spectra shift.
Common bulk spectroscopic methods do not provide sufficient characterization of the
‘effective’ particle emission. A normalization of the particle fluorescence signal is essential in
order to study the relative uptake efficiency in FCy. There are several approaches, mostly
based on the particles’ mean dye content ** or fluorescence intensity *°. But these techniques
are not flawless and errors, e.g. due to dye stacking ', may be introduced, as discussed above.
A normalization that neither depends on the incorporated dye (type, amount or stacking) nor
on the particle material would be favorable — the more because new dyes and particle
materials are being introduced daily. This could be provided by the measurement of single
nanoparticles in an FC.

In this thesis the measurement of submicron particles should be established in the same
cytometer that would also be used for the cell studies. NP detection in a flow cytometer that
was built for detection of micron-sized cells is a tedious task and rarely approached 8. But the
reward would be the best possible normalization factor in comparative particle uptake studies.
Single particle measurement (SPM) in the flow cytometer would enable to separately measure
the mean fluorescence intensity (MFI) of hundreds of single NPs per s.

3. Absolute quantification of nanoparticles in cells

Establishing the measurement of submicron particles in FCy would offer yet more
possibilities. Such a method would enable an absolute quantification i.e. a count of the
internalized particles per cell. Polymeric NPs are commonly tagged with a fluorescent marker
and the tunable sensitivity of FCy enables the detection of small up to very large particle
doses *° — but polymer NPs cannot really be quantified, unlike e.g. metal spheres ?°. In the
presented new quantification approach by FCy, the difference in MFI i.e. the fluorescence
signal of particle-loaded and particle-free cells could easily be measured. A calculation of this
value with the average MFI of a single NP would then vyield the precise number of
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internalized particles. In parallel, reference data would be provided in the form of a
quantitative particle counting in cLSMy. The analysis should deliberately be done ‘by hand’
i.e. by simple counting without the application of automated quantifying software — to have a
direct look into the system contrary to the more abstract FCy data.

Once established this new method in flow cytometry can be used for studying relevant
questions in nanotechnology, because the semi-quantitative and the absolute quantitative
measurement of the nanoparticle internalization into cells is often difficult.

4|Page



Nanoparticle Syntiresis in Miniemulsion | Theoretical Background || IR

2 Theoretical Background

2.1 Nanoparticle Synthesis in Miniemulsion

2.1.1  The Miniemulsion Technique

This method has become a popular route of nanoparticle synthesis for several reasons. The
miniemulsion (ME) provides a system of autonomic reaction spaces inside the droplets, often
termed nanoreactors, that can be exploited for sensible chemical reactions . The high
surface-to-volume ratio gives rise to effective chemical processing along the interface of
droplet and dispersed phase %, moreover the synthesis can be done up to a high solid weight
content 2. Furthermore the ME is a platform to obtain many different polymeric nanoparticles
and -capsules, because a variety of reaction types can be performed (e.g. polyaddition,
polycondensation, enzymatic or the widely used radical polymerization) %%’ Finally the ME
allows precise tuning of the particle properties. These include size, charge, size distribution,
markers, hydrophobicity, and surface functionalization. Detailed reviews on the possibilities
and applications of the miniemulsion technique are available ?*°. The small size and the high
surface-to-volume ratio provide the final nanoparticles with unique properties. Hence, the
technical and (bio) medical applications are numerous * ..

A system of at least two immiscible liquids is termed emulsion when the phases are dispersed
to the point that a phase separation cannot be observed by eye. Hereby an amphiphilic
molecule, the emulsifier, reduces the interfacial tension. The phase which forms the larger
volume fraction is termed ‘continuous’ and the other, finely distributed phase is termed
‘disperse’. If the continuous phase is aqueous with an organic phase distributed in it, the
emulsion can further be specified as oil-in-water (o/w) or as direct. Accordingly, the emulsion
is termed water-in-oil (w/o) or inverse if the continuous phase is organic. Another way to
classify different types of emulsions is by characteristic properties and droplet size. In
particular, a miniemulsion is defined by a droplet size of 50-500 nm and by a Kinetic
stabilization. A fine dispersion of the discontinuous phase is required to obtain the small
droplet size of a ME, resulting in a sharp increase in surface area — which in turn requires a
high energy input. This is circumvented by lowering the system’s free energy (Gibbs energy)
through a decrease of the interfacial tension between the two phases. For this purpose a
surfactant (surface active agent) is added. The amount should not exceed the detergent’s
critical micelle concentration (CMC). But apart from the properties of the surfactant there are
additional key points, such as temperature, polarity, and viscosity of the two phases. Being a
kinetically stabilized system, the ME will not come into existence spontaneously, but only
when an appropriate amount of energy is provided. Mixing the two phases on the plate stirrer
creates a temporarily stable macroemulsion which must be subjected to sonication to create a
stable miniemulsion with homogeneous droplet size. During sonication high shear forces and
local variations in pressure, due to the rise and implosion of cavitations, create the
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miniemulsion. The process of NP formation in the o/w-miniemulsion is demonstrated in
Figure 1. Hereby, the starting material for the particles, which can be a monomer or a pre-
formed dissolved polymer, is contained in the droplets of the dispersed phase. These droplets
are turned into NPs by polymerization or by solvent evaporation *.

oL
3 o g‘ a
2 Phases Stirring Miniemulsion Polymerization
& sonification or solvent evaporation
A Organic Phase (Duperse Phase) b Water Phase (Continmons Phase)
@ Monomer or dissolved polymer @ Demineralized water
Yo Initiator 7 Surfactant (steric, ionic)
<+ Ultrahydrophobe or: hyvdrophilic co-monomer;
® Fluorophore water soluble initiator, etc.

or: metal particles, active agent efc.

Figure 1. Synthesis of nanoparticles in the o/w-miniemulsion process.

The solvent evaporation technique is an approach where pre-formed polymer is dissolved in
the dispersed phase 3. The solvent in the droplets is evaporated and the polymer
precipitates inside the tenside-stabilized droplets, eventually forming solid nanoparticles.

After creating the ME during sonication, other factors are needed to keep the emulsion stable
and preserve the droplet size. Destabilizing mechanisms such as Ostwald ripening (as the size
distribution is never perfectly homogeneous) and coalescence need to be suppressed, see
Figure 2. By adding an ultrahydrophobe like hexadecane to the dispersed phase, the Ostwald
ripening (bigger droplets enlarge at the expense of smaller ones) is prevented. In smaller
droplets, the Laplace pressure is comparably higher than in larger droplets, as expressed in the
proportionality of the Laplace pressure p. to the interfacial tension y and the reciprocal of the
droplet radius r. Considering a certain solubility of the monomer in the continuous phase,
p. enforces monomer diffusion from smaller into larger droplets.

pL = z Laplace pressure (1)

r

As a consequence of possible monomer diffusion, the non-diffusible ultrahydrophobe would
be concentrated in the smaller droplet building up an osmotic pressure I contrary to p,:
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cRT
M

M= = Cpot " R-T Osmotic pressure (I1)

c and M correspond to concentration [g-1?] and molar mass [g'mol™] of the osmotic active
substance. The ratio % displays the molar concentration c,,,,, [mol-1*], R the gas constant
[J- mol™K™] and T the temperature [K].

lonic or sterically demanding surfactants create a charge repulsion or steric hindrance of the

droplets. With the droplet collusion prevented, thermodynamically favored coalescence i.e.
droplet fusion will not occur. In a similar manner the particle dispersion is stabilized.

A Prevention of Coalescence B Prevention of Ostwald Ripening
Diffusion of monomer
-9+ 009 @5 .@
" Sufactant Ultrahydrophobe

Figure 2. Stabilization of the miniemulsion by prevention of coalescence and
Ostwald ripening.

2.1.2  Polymeric Materials for Nanoparticles

The three polymeric materials that were the main focus in the cellular uptake studies of this
thesis (see Figure 3) are presented in this chapter.

CH
CHs + 3
n n ©
(@]

n
0-CHj o
Polystyrene Poly(methyl methacrylate) Polylactide

Figure 3. Structural formula of polystyrene, poly(methyl methacrylate) and
polylactide.

2.1.2.1  Polystyrene

Radical polymerization of the C=C double bond in vinyl benzene, also termed styrene, yields
polystyrene (PS). The Ty is in the range of 100 - 110 °C % With aromatic rings protruding
from the backbone, this polymer is highly hydrophobic and susceptible only to apolar
solvents. PS is a hard and brittle plastic and it is one of the most important industrial
polymers. Massive plastic objects are produced as well as foamed materials such as e.g.
Styropor® (BASF). PS furthermore has become the material of choice for commercially
available calibration beads and model nanoparticles (NPs). This is one reason why the
material is also of high interest for scientists studying the particle-cell interaction. In this field,
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microspheres or nanoparticles of PS have emerged as a popular reference model *’. The fact
that spheres of PS are biologically inert, long-lasting and good to handle adds to the
popularity of the system for cell experiments .

2.1.2.2  Poly(methyl methacrylate)

The polymer poly(methyl methacrylate), abbreviated as PMMA, is mainly synthesized by
radical polymerization. It is a hydrophobic material (yet less hydrophobic than polystyrene)
with a T4 of about 110 °C. Methyl methacrylate is mostly polymerized in emulsion to obtain
components of enamels, glues, or molding compounds for a variety of plastic articles (e.g.
Plexiglas®, eyeglasses, car components etc.). But of particular relevance in this context is the
polymer’s biocompatibility, another reason for its application in cosmetic and reconstruction
surgery *! or e.g. contact lenses. Reports about cell toxicity % **** are often traced down to
other effects (such as residues of methacrylic monomer due to insufficient washing) and not
deemed a property of the polymer itself **. On the whole PMMA is an inert and non-toxic
polymer. It does not have the status of a reference system like does PS, but it offers similar
advantages. PMMA (coated) particles of up to 500 nm diameter are widely applied in studies
of the particle-cell interaction and in drug-delivery development .

2.1.2.3  Polylactide

The polyester of lactic (or: milk) acid is termed polylactide PLA and is usually retrieved by
anionic ring opening polymerization of the dimer lactide. The polymer has a rather low Ty of
50 °C and a melting point Tpe: 0f 150 °C. Since the mid nineties PLA has been utilized in the
medical sector for tissue implantations and side effects, e.g. long-term tissue response, may
occur but do not outweigh the benefits °>*%. In this study PLLA, the L enantiomer form of the
polymer, was used. PLA ester bonds are susceptible to hydrolysis especially in acid media.
This is why polylactide NPs can be degraded when internalized in cells and transported into
low-pH organelles such as the multivesicular bodies or the lysosome. As a general rule PLA is
fully biodegradable under physiological conditions. But the degradation time depends on the
objects’ size and on factors like molecular weight, crystallinity, pH, temperature etc., which is
why degradation can last several weeks (microspheres) up to several years (e.g. large
implants) °***. PLA in biomedical applications has the great advantage of a non-toxic
degradation product, lactic acid, which is easily disposed of by the body. The latter is part of
the energy metabolism of erythrocytes and of low-oxygen muscle tissue (anaerobic
glycolysis). Its oxidation product pyruvate can undergo gluconeogenesis or enter the citrate
cycle and be disposed. The biodegradability makes PLA an excellent choice for sophisticated
implantations and drug-delivery systems as there is no long-term accumulation in the
organism. The degradation also provides a mean for over-time release of incorporated active
agents. Consequently, a lot of research is being done about the interaction of PLA and PLGA
(copolymer with glycolic acid) particles with biological systems % *>°%,
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2.2 Cell Biology

2.2.1 The Cytoplasma Membrane

Most of the basic knowledge in this and the following subchapters is the shared content of
several educational books in the field. Therefore all presented facts, if not cited otherwise, can
be looked up elsewhere °2® Cells are the complex microscopic modules of nature for
building macroscopic organisms like e.g. a human. Each cell has its defined properties and a
function which it executes rather independently. But at the same time all cells need to be
coordinated and in constant contact with the rest of the organism. This is ensured by a
phospholipid double-layer termed cytoplasma membrane (CM) which defines the border of
each cell. Amphiphilic phospholipids form an approx. 6 nm thick double layer with a broad
lipophilic core, shielded by a hydrophilic surface. Considering that along this short distance of
~6 nm a membrane potential of -60 to -90 mV is applied, the CM must be recognized as
location of high electrical field strength. But as much as the cytoplasma membrane is a
passive barrier, it is also an active platform of transportation and of communication. To meet
these requirements, the CM contains also cholesterol (regulates membrane fluidity), lipids
(e.g. for pathway signaling and cell-cell recognition) and a variety of proteins (ion channels,
transporters, receptors, signal transducers etc.) often coupled with sugars. Proteins embedded
in the bilayer are termed transmembrane (integral), in contrary to those merely associated
with it (peripheral). Membrane domains of specific composition like lipid rafts (LRs) diffuse
freely and form dynamic clusters ®. Attached to the CM is the extracellular matrix (ECM), a
3D network containing hyaluronic acid, proteoglycans and collagen fibers. On the
cytoplasmic side, the CM is covalently bound to the cytoskeleton (CT). A typical lipid bilayer
membrane is displayed below (see Figure 4).

Extracellular Fluid

Protein channel
(transport protein) Hydrophilic heads

Globular protein Glycoprotein

\ﬂﬁﬂ\?ﬂ T2 i
! n al ,‘“. Phospholipid bilayer
o A e B

4
'Phospholipid
" molecule

Integral protein
{Globular protein} Surface protein

Cholesterol

Glycolipid

Filaments of / Alpha-Helix protein Hydrophobic tails

Peripherial protein
cytoskeleton (Integral protein)

Cytoplasm

Figure 4. Structure of the eukaryote cytoplasma membrane.
by LadyofHats [Public Domain], via Wikimedia Commons, accessed: feb2012
http://commons.wikimedia.org/wiki/File:Cell_membrane_detailed_diagram_en.svg
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The cytoskeleton filaments are the supporting structures of the cell but they are also highly
dynamic systems, in a state of constant assembly and disassembly. They are the driving force
in cell motility and dynamic membrane expansions like microvilli or pinocytotic fingers.
Actin fibers provide mechanical support but were also found to be involved in intracellular
vesicle transport ®®. Tubulin, next to its mechanical stabilization function, plays a prominent
role in intracellular trafficking as it provides a transportation axis. Motor proteins link to
cargo-filled vesicles and transport them by moving along on the cytoskeleton strands ®"%®,

The CM is highly selectively permeable to maintain vital properties of the cell. Due to the
lipophilic nature of the membrane’s core, only nonpolar compounds (e.g. steroid hormones) or
very small molecules (e.g. carbon dioxide) can passively diffuse through it. Anything else
(including ions, proteins, fatty acids, sugars or amino acids) can only enter or exit a cell
through specialized transporters or tunnel proteins. But as the size of nanoparticles greatly
exceeds that of a single molecule, NPs require yet alternative transport mechanisms —
processes suitable for larger cargo. This form of cellular uptake, termed endocytosis, requires
the internalization of membrane surface and is described in detail in the following chapter.
Furthermore it is important to note that the CM is a highly flexible and dynamic system,
because the lipid bilayer is held together by non-covalent interactions. These bilayered
membranes spontaneously form or merge (self-assembly) and are therefore considered a self-
healing system. The membranes’ capability to fuse is the base of any cellular transport
involving lipid vesicles as transport containers. Transmembrane proteins and domains
(assemblies of specific lipids or receptor proteins) float freely in x-y direction. The CM is
seen as a viscous liquid in which the phospholipids laterally diffuse with up to 2 pm-s™
velocity. These features are described in the fluid mosaic model presented by Singer and
Nicolson in 1972 . In contrary, transversal diffusion, i.e. an exchange of molecules between
the two layers, does not take place spontaneously. It is a rare process and mostly under control
of specific enzymes. This ensures another vital property of biological membranes — their
asymmetry.

Summed up, the cytoplasma membrane is a highly dynamic environment, with protruding
proteins and carbohydrate chains diffusing freely in what appears as a viscous sea of
phosphate head groups. Above, the hydrophilic 3D network of the extracellular matrix is
situated. A multitude of independent processes (transport, enzyme activity, signaling etc.)
takes place simultaneously. Finally the cell’s CM is not a plain surface wrapped around the
cell. The CM undergoes constant ruffling and protrusions are stretched out and retracted.
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2.2.2 Cellular Transport Processes

As stated above, membrane-bound molecules (e.g. receptors) and larger cargo are not
transported inside by carrier or tunnel proteins. Therefore additional ways of internalization
are available to the cell and these mechanisms are summed up as endocytosis. Accordingly,
similar processes in outward direction are termed exocytosis. Endocytosis by definition
includes the internalization of a fraction of membrane and is an energy-dependent process .
Any of these mechanisms require excessive bending of the involved membranes, which
stresses the importance of membrane flexibility. Some endocytotic pathways start by a CM
invagination (pit) followed by the budding of an intracellular transport vesicle which contains
the cargo. In reference to the involved structures a distinction is drawn between clathrin-
(CLA) and lipid-raft-dependent (LR) uptake ™. Several LR-driven mechanisms, e.g. the
caveolae-dependent (CAV) route, are known. Other pathways independent of clathrin and of
lipid rafts supposedly exist, but little is known yet. Macrophagocytosis and macropinocytosis
operate on a different principle. Extensions of the CM are formed and enclose a femtoliter-
sized volume (which can be liquid or a solid object). The different pathways are displayed
schematically in Figure 5 and detailed information about the various mechanisms is provided
below. Once internalized the particles enter a very complex yet organized liquid filled space
termed cytoplasma (CP). But unlike depicted in this scheme, a cell’s inner is tightly packed
with organelles and various structures.

clathrin lipid-raf't depend ent macropinocytosis macrophagocytosis
(CLA)

caveolae CLA-CAV -independant

(CAV)
dynamin-dep. dynamin-indep.

macropinosome
- 14 macrophagosome

golgi :
apparatus early endosome \ / /
@

lysosome
lysosome

multivesicular body (Mbo)

O nanoparticle = dynamin @)clathrin lattice 3 caveolin

Figure 5. The major endocytotic and intracellular transport paths.
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The clathrin-dependent uptake certainly is the best studied of all the endocytosis pathways
and detailed information is available . The budding vesicle on the cytoplasma side is
stabilized by a curved lattice made of clathrin trimers (triskelions). The lattice forms around
the budding vesicle and envelopes it with a spherical shell, the ‘clathrin basket’. An
clongating helix is formed around the vesicle’s neck by the GTPase dynamin which finally
pinches the vesicle off the CM. The newly formed clathrin coated vesicle (CCV) sheds off the
clathrin cask and undergoes cell trafficking. CLA uptake is the major mechanism of receptor
mediated endocytosis and is responsible for the internalization of e.g. transferrin " and
epidermal growth factors *. The dynamics of receptor mediated endocytosis are also
influenced by features of the triggering receptors and of the cargo . As the clathrin baskets
cannot exceed a diameter of approx. 130 nm, this pathway is restricted to cargo sized <130
nm. Dynamic domains on the cytoplasma membrane with high density of cholesterol and
sphingolipids are termed lipid rafts (LR) %. These dynamic assemblies also maintain a high
receptor protein density and today are known as major spots of cell trafficking and signal
transduction .

LRs diffuse freely in the CM and form dynamic assemblies of several hundred nm diameter,
making precise size measurements a hard task. Sizes ranging from tens of nm up to a
micrometer scale have been reported for lipid rafts ”’. In late studies the core region is
assumed to be as small as 10 nm but these units can form dynamic clusters of larger size .
Caveolae are membrane indentions, derived from lipid raft clusters which have recruited an
additional protein (caveolin). But no clathrin coat forms around the budding vesicle. In
contrary to the clathrin-dependent uptake, no coating structures are involved in the caveolae-
dependent pathway. Similar to the clathrin-coated pits the vesicle budding is promoted by
dynamin. Caveolae buds are restricted to a diameter of 50-80 nm . Endocytosis by
macropinocytosis and macrophagocytosis follows yet another principle. Extensions of the
CM are formed and put over, enclosing either a volume of surrounding liquid (pinocytosis,
also termed ‘cell drinking”) or an object (phagocytosis) "> ”. This mechanism allows the
internalization of um-sized objects. Apart from phagocytosis all the presented internalization
pathways are omnipresent i.e. available to every type of cells. Of course, some mechanisms
are more present in one or another cell line and the status of the used model system is
described in detail in the following chapter.
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2.3 Effect of Particle Properties on the NP-Cell Interaction

Considering the complexity of the cell membrane and of the endocytotic processes, it is
unlikely that the internalization of nanoparticles is completely random. But if there is a
scheme, i.e. if NPs specifically trigger their internalization by one or another pathway, this
can only be explained with characteristic properties of the particles. Indeed, today numerous
facts are known to influence the cellular uptake.

A list of particle properties that affect the cellular uptake is given below:

E Size (approx. below 50 nm, 200 nm or 1 pm) \
E Shape (spherical or elongated)

® Surface properties Resulting 2° property:
- Hydrophilic or hydrophobic >

- Neutral or charged (positively or negatively)

- Blank or functionalized (e.g. -NH; or -COOH)

- Smooth or uneven (hairy layer)

B Mechanical property (soft or hard)

F Etc. j

E Protein coat

SIZE With regard to the different dimensions of endocytotic structures it becomes obvious
that the particle’s diameter must be a major factor in particle-cell interaction.
Macropinocytosis may be compatible with small and large particles alike. But the mere size of
an e.g. >200 nm particle will rule out the clathrin- as well as the caveolae-dependent uptake.
As a general rule, the particle’s size is in reverse proportion to its uptake efficiency. Most cells
prefer 0.1 um to 1-10 um sized particles ¥, which comes as no surprise. But also within the
submicron range there is still a preference — of small (20 nm) NPs towards slightly larger (200
nm) ones “°. Even if the particles target the same uptake mechanism, e.g. if a transferrin-
functionalization triggers clathrin-dependent uptake, the particle size still takes effect on
endocytosis and exocytosis 3. Also the surface curvature of a spherical particle, defined by
its diameter, affects the protein adsorption in a quantitative and qualitative way 838,

The size of the NPs in this study was kept in the range of 120 nm, which should be
compatible with most of the internalization pathways.

SHAPE Recent studies have shown that the uptake behavior of nanorods, i.e. elongated
non-spherical particles, is influenced by their aspect ratio . Discussions about how particle
shape affects the uptake have only emerged recently, because most of the studied NPs are
spherical by the nature of the synthesis. But the interest in other shapes like nanorods ¢ or
long filigree nanotubes ®" is increasing. Therefore this study is entirely based on spherical
particles in order to focus on the particle characteristics defined by polymeric properties.
SURFACE PROPERTIES The particle surface is what the cell can ‘see’ and it therefore
plays an important role. For one thing, the NP surface is defined by the material. In the case of
e.g. polystyrene the surface is hydrophobic with aromatic rings protruding. The difference to
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other polymers like PMMA may be negligible concerning the hydrophobicity. But the
functional groups of PMMA might change the particle’s interaction with biological systems.
Polylactides are also hydrophobic but the end-carboxylic groups introduce hydrophilicity to
the particles — as well as a ‘biological’ character, by possibly mimicking the functional groups
of some biomolecules. Independent of the particle material, the surface hydrophobicity can be
adjusted as required by functionalization %%, Hydrophobicity correlates with an increase in
protein coating ** % But it also influences the type of proteins that adsorb on the particle
surface and form the protein corona ®. Additionally functionalization allows tuning the
particle’s surface charge. The latter can be introduced by ionic surfactants or charged
comonomers ** %% The uptake of charged NPs is more effective than that of non-charged
particles, and the endocytotic efficiency increases with the net surface charge . It is also
known that positively charged NPs demonstrate a higher endocytosis rate compared to
negatively charged ones ™ . Functional groups on the NP surface (inherent or introduced
by functionalization) also effect the internalization. A comparison between positively charged
NPs showed that amino-functionalized particles were internalized by different endocytotic
routes (and with higher efficiency) than their non-functionalized counterparts °. Other
particle characteristics like smoothness of the surface are also tunable e.g. by a hairy layer.
Compounds like poly ethylene glycol (PEG) form a flexible ‘stealth’ coat of protruding
hydrophilic chains around the NP *. The brush-like coat reduces protein adsorption, the
interaction with biological surfaces as well as the cellular uptake efficiency and it prolongs the
intravenous lifetime of drug-delivery particles by delaying macrophagocytosis % %1%,
MECHANICAL PROPERTIES If a sphere is hard and unyielding or soft and elastic is
another criterion for the cellular uptake. It was demonstrated recently that soft particles, e.g.
those with a Ty below 37 °C i.e. below the applied cell experiment condition, are preferred to
hard spheres *°. Other studies revealed that the nature of the NP material (e.g. the polymer of
lactic acid, lactic-co-glycolic acid or caprolactone) influences the protein adsorption pattern —
even if the polymer is ‘hidden’ behind a thick PEG layer .

PROTEIN COATING (2° PROPERTY) A unique protein coat will form around the NP
when added to serum supplied incubation medium, as the result of all physico-chemical
properties %%, As more hydrophobic NPs displayed both a higher protein adsorption and an
increased cellular uptake, a thick protein coating might be favoring the cellular uptake in
some cases ** #. On the other hand, a decrease of the particle uptake was observed when the
available amount of proteins was increased by adding more serum to the incubation medium
(unpublished data). The protein corona is an important factor for biological applications
because, finally, this is ‘what the cell sees’ 102-103, Biocompatibility, biodistribution and the
endocytotic mechanisms are influenced by the particles’ protein coat: The adsorption of
proteins termed opsonins enhance the recognition and clearance of NPs from the organism by
macrophages of the reticuloendothelial system '®. Conjugating a particulate DDS with
targeting peptides % or with proteins like albumin changes its pharmacokinetics which can

improve its biodistribution, biocompatibility or the cellular uptake *.
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2.4 Instruments and Methods

2.4.1  Dynamic Light Scattering

The size distribution of submicron colloids is commonly measured by dynamic light
scattering (DLS), also termed photon correlation spectroscopy. Monochromatic coherent light
(laser) is directed through the sample and the intensity of scattered light detected over time.
The scattering process is termed elastic, or coherent, if neither phase nor frequency is
changed. In contrary, both phase and frequency will be changed in dynamic (inelastic)
scattering. Particles in dispersion are in constant movement due to the Brownian motion and
their velocity is dependent on their size (and on other properties of the system like
temperature or viscosity of the liquid phase). The frequency of the scattered light varies with
the particles’ velocity, as described by the Doppler effect, and the intensity of scattered light
changes over time. This fluctuating scattering signal is detected over time and an
autocorrelation function f(t) is established. With some assumptions (spherical particle shape,
no interactions, neglect of intramolecular vibrations etc.), this function can be displayed
simplified as follows (Formula I11). The signal intensity f(t) is defined by the scattering
vector g, the translational diffusion coefficient D, the time t and a pre-exponential factor p:

f(t) = p - exp(—q?Dt) Autocorrelation (111)

Once D is known the size or more to the point the hydrodynamic radius ry of the
nanoparticles will be derived. This is based on the Stokes-Einstein-Relation which is as
follows (again assuming a spherical particle shape).

kp'T

=5 Stokes-Einstein (1V)
6-n-Il-ry

Another important number about particle size is the polydispersity index (PDI), which defines
the percentage standard deviation of the objects’ sizes in a colloidal sample. A high PDI value
corresponds to a large size distribution and these samples (PDI >0.3) are termed polydisperse.
In nanoparticle synthesis the size distribution of the latex should be narrow, monodisperse
(PDI <0.2) if possible.

2.4.2 Zeta Potential

Assisted by dynamic light scattering (DLS), the particle’s zeta potential (ZP) can be
determined as a measure of the surface charge. In the following a short overview on the
principles on ZP is given ®*® Charge is an essential factor concerning particle stability in
different solvents e.g. in the presence of strong bivalent ions like Mg?* or Ca®*. Furthermore it
affects the interaction with cell structures and serum components. But the real Coulomb
potential of a charged particle cannot be measured as it is covered by (counter) ions when in
solution. Adsorbed on the particle surface is a monolayer of counter ions, termed Stern layer.
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This is surrounded by a layer of oppositely charged ions which are not adsorbed but still
attracted to the core. This is termed the fixed layer. The outermost sheet forms the so called
diffusive layer; fixed and diffuse layer are summarized as electrical double layer. Distant from
the attracting core, this outer layer is only weakly adhered to the inner fixed layer. The plane
dividing the two layers is termed slipping or shearing plane — because, in an ongoing process,
parts of the diffuse layer are being sheared off and adhered again. Temporary holes in the
neutralizing layer are formed where the charged interior is revealed. This is why an average
charge is present despite the — in theory — neutralizing coat. The resulting potential at the
shear plane is termed zeta potential { and can be measured by electrophoresis. Charged
objects in an electrical field will move with a velocity proportionate to their charge. The
correlation between velocity and ZP is given by the Smoluchowski relation:

v

4 Smoluchowski (V)

- En-e

With v = particle velocity, E = electrical field strength, n = solvent viscosity and & =
dielectrical constant.

2.4.3 Transmission Electron Microscopy

A focused electron beam is used to achieve high resolution imaging, but the optical setup
follows the basic principles of an optical microscope. Running in vacuum to reduce scattering
on gas molecules, the beam is accelerated by a voltage of up to 400 kV and is focused by
electromagnetic lenses. In the case of the transmission electron microscope (TEM), a sample
of roughly 100 nm thickness is hit by the electron beam in the measurement chamber. The
transmitted part of the beam is detected for imaging, which is why the sample thickness
should not exceed 100 nm. Multiple scattering disturbs the imaging, too much energy is
absorbed and the transmission decreases. The resolution & [nm] of an imaging system, as
characterized by Abbe (see Formula VI), is linked to the wavelength A [nm] and thus to the
energy of the applied emission source. In detail, 4 depends on the wavelength and on the
numeric aperture n - sina, with a being the aperture angle and 7 the liquid’s refractive index.

d=—2 Abbe limit (V1)

- 2n-sina

In theory the energy-rich electron beam with a small wavelength could achieve a high
resolution of <1 nm. But factors like lens errors have to be taken into account. In addition the
acceleration voltage is mostly kept below 150 kV, to reduce the damage for sensitive samples.
The real resolution therefore is usually worse and is, in the case of e.g. biological samples, in
the range of several nanometers. Whereas the resolution is mostly controlled by the energy
density of the beam, the contrast in TEM images is based on different electron densities of the
sample. The higher the electron density of a structure in the sample is, the stronger the
electron beam is scattered at this spot. As a consequence, the fraction of transmitted beam
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electrons that reach the detector is reduced and the electron dense structure appears dark in the
image. Therefore, biological samples are often stained with osmium tetroxide OsO,4. The
strong oxidant reacts with the double bonds in unsaturated membrane lipids — forming a
permanent bond and staining the membrane. But localizing the particles in a cell sample can
still be tedious as each ultra thin slice contains only few NPs. Also some polymers lack the
contrast so that differentiating them from similarly sized cell structures can be difficult.

2.4.4 Confocal Laser Scanning Microscopy

Offering a resolution of few hundred nm in combination with fluorescence-based imaging, the
confocal laser scanning microscope (cLSM) closes the gap between transmitted light and
electron microscopy. The cLSM is particularly useful for studying nanoparticles inside cells,
because here the fluorescence-marked nanoparticles are easily localized. Furthermore the
cLSM allows studying live cells, throughout several days even, if an incubation chamber is
installed. This gives rise to over-time or even live video recording dynamic processes in the
cell, e.g. cytoskeleton dynamics ** or nanoparticle trafficking *°. Depending on the setup of
the machine, several lasers are directed onto the sample. The special property of a cLSM is a
perforated blend placed in front of the detector. Due to this blend, only light that is emitted
from a designated z-layer of the sample is admitted into the detector (see Figure 6). The effect
is a non-invasive optical cut of the sample into slices with a z-resolution of approx. 500 nm
and a lateral resolution of down to 250 nm. The development of 4I1-imaging and two-photon
excitation has further improved the axial resolution *****2, In 1999 Stefan Hell presented the
STED (stimulated emission depletion) technique thus breaking the lateral resolution down to

6 nm . This technique is especially valuable as it can be applied to living cells *,
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Figure 6. Schematic build of a confocal laser scanning microscope.

2.4.5 Flow Cytometry

Since the first application of flow cytometry (FCy) in the 1970s ™, the machines have

become widely popular in research and clinical diagnostics. In principle, FCy can be
combined with nearly any staining procedure, assay or biotechnological process. Whenever
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fluorescence is introduced into a microorganism or a cell it can be exploited in flow cytometry
for assessing information about the specimen. To a low extent the technology is applied for
other objects than microorganisms and cells *°. But with the combination of fluidics and laser
triggered fluorescence detection it is the ideal tool to detect NPs in cells. Subtle changes in
scattering and emission of a cell can be observed — which are directly linked to the cellular
uptake of fluorescing particles.

2.4.5.1 Working Principle

In flow cytometry, a fluidics system is coupled with the detection of fluorescence and of light
scattering in small and wide angle position.

For this application the objects of interest must be prepared as a diluted dispersion commonly
not exceeding a concentration of several thousand objects per ul. In the machine, a sample
stream is injected into the core of a flowing stream of so called sheath liquid (water or
physiological buffer) and a laminar flow is established. The two streams do not mix and the
sample flow is surrounded by a layer of sheath liquid flow in a concentric setup (Figure 7).
This is termed hydrodynamic focusing. This stream of two concentric layers is directed
through the measurement chamber, a narrow glass capillary.
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Figure 7. Scheme of the joining of sheath and sample stream in a flow cytometer (A).
By hydrodynamic focusing (B) a thin stream of sample is formed and
positioned in the center of the cuvette.

In the measurement chamber, the sample stream is hit orthogonally by a laser beam (see
Figure 8). It is important to note that the objects, e.g. cells, pass this laser beam single-filed.
Placed behind an array of filters and mirrors, several detectors successively detect the
properties of each cell passing the laser beam. This includes fluorescence signals but also of
wide angle (sideward scatter, SSC) and small angle (forward scatter, FSC) scattering.
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Figure 8. Excitation and detection of fluorescence and scattering in a multi-channel
flow cytometer equipped with one to several lasers.

Flow cytometers thus allow for the rapid measuring of individual objects in dispersion.
Another obvious advantage is the short exposure of each object to the laser (us scale), unlike
e.g. in microscopy where exposure lasts seconds to minutes. Extremely light sensitive objects
can be analyzed by flow cytometry. Within one second, several thousand objects can be
measured separately and their number per volume can be counted. But only when one object
passes through the beam of the reference laser, data acquisition is triggered. In this instant, a
digital event is created and the acquired data from every active channel is assigned to this
event i.e. assigned to this particular object. Each event now represents a comprehensive data
set, including fluorescence intensities in various channels and scattering intensities at two
fixed positions (small and large angle i.e. FSC and SSC). This collected raw data consists of
up to hundred thousands of events which represent background (e.g. pieces of cell debris) and
wanted objects (cells) alike. Before final data interpretation the signals must be sorted from
the background events. Fluorescence, granularity (SSC) or the presumable size (FSC or SSC)
are features which can be applied to identify the wanted objects. Commonly a threshold
condition is set on one of the detection channels so that unwanted signals are excluded from
detection. In nearly every system a 488 nm laser is present as standard reference, but often
additional lasers (e.g. 640 nm, 561 nm, 375 nm) are available.
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Summed up, the function of a flow cytometer is based on the interplay of fluidics, optics and
electronics (see Figure 9).
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Figure 9. Components of a flow cytometer system: Fluidics The fluidics system
focuses the sample in a thin stream that is guided through the cuvette.
Optics A laser beam is directed through the cuvette, and resulting
scattering and fluorescence pass through an array of blends, full or
dichroic mirrors (M) and band or long pass filters (F). Electronics These
photons are detected and amplified by photomultiplier tubes (PMT) that
yield analog data in the form of a pulse with the parameters of height
and duration. The pulse signal is converted into an intensity value and
the obtained data sets can be displayed by the software in the form of
dotplots, histograms etc.

Some cytometers allow the simultaneous detection of up to 17 colors **’. As reference the 488
nm laser will be the base for all scattering measurements. As described above the signal
intensity of the scattered 488 nm light is detected FSC and SSC. With more lasers built-in,
proper calibration of the machine for multi-channel detection is more difficult. Detection in
the different photomultipliers must be precisely timed on a ps scale, to ensure that the
detected fraction of photons is not the combined emission caused by several lasers.
Additionally, as for all fluorescence-based measurements, a suitable set of fluorophores must
be chosen to avoid spectral overlap. But in some cases spectral overlap cannot be avoided and
then the error must be reduced to a minimum by correct compensation of the involved
detection channels.

2.4.5.2 History and State-of-the-Art

The development of cytometric analysis was originally enforced by the American military,
with the intention to measure pathogens of biological warfare i.e. anthrax spores in aerosols.
This was at the time of World War Il and due to military secrecy the results were not
published until 1947 . The technique was transferred to liquid samples and in the 1970s the
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first flow cytometers were on the market, provided by e.g. Partec or Becton Dickinson, and
first publications appeared °. In these days studies focused on objects that could be
visualized easily by their large size or autofluorescence. Common biological samples were
marine microorganisms that contain autofluorescent pigments as part of the photosynthesis
system. One milestone in early flow cytometry was the discovery of an abundant submicron
phytoplankton sized roughly 700 nm, which had not been detected by traditional microscopy
due to its high light sensitivity **°. But early on staining of biological samples was introduced
to better detect the target organisms and to gain additional information. Immunofluorescence
markers*? or indicator dyes for metabolic activity ***?* were used. Flow cytometry was also
discovered for determination of the cell karyotype, which describes the number and features
of chromosomes. A variety of applications in the clinical sector has been developed, amongst
them the detection of genetic aberrations like aneuploidy *. Some flow cytometers, later on
termed fluorescence activated cell sorters (FACS, ©Becton Dickinson) were constructed for
physical sorting of the samples. With this feature, target cells now could automatically be
separated from the rest of the sample under physiological and sterile conditions. It might be
mentioned here that the expression FACS nowadays is falsely applied as a general term for
flow cytometers, disregarding if the sort feature is provided or not. In conformance with the
advances in molecular biology and instrument technique, the range of applications in flow
cytometry has further increased ***. As long as a specimen can be fluorescence-labeled, it can
be detected in flow cytometry and analyzed at a rate of thousands per second. In the case of
bacteria this means that the organism itself, its genetic material, a specific surface antigen or a
metabolic product can be targeted separated from the rest of the sample. The reader is referred
to a review by Veal *° or a thorough overview of the available staining methods for cell and
microorganism studies in flow cytometry. Cytometric screening for contaminations with
pathogenic microorganisms in different media such as food *%°, blood samples **” or drinking
water 1?8 has great potential and has begun to replace the previous labor-intensive and time-
consuming culture-based techniques. Amongst the various approaches of specific labeling,
immunofluorescence has proven particularly useful since multi-color labeling and multi-
channel detection are now widely available. Targeting a surface epitope with a fluorescence-
coupled antibody is one easy way to identify and sort biological specimens. Identification of
cells is achieved by tracking the specific cell surface molecules termed clusters of
differentiation (CD) *2°**%. More than 250 of these structures are identified yet and a cell type
can be identified by its unique CD pattern. Another application is the screening for blood
(cancer) diseases or the status monitoring of diseased patients, by counting the blood cells of
interest **”. If the cells are permeabilized also intracellular proteins can be detected. A more
recent tool for cell identification which could successfully be transferred to flow cytometry is
based on the in-situ recognition of specific nucleotide sequences. This technique termed
fluorescence in situ hybridization (FISH) or phylogenetic labeling was first introduced by
DeLong ™. Hereby, fluorescence-marked oligonucleotides are added to permeabilized target
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cells. These oligonucleotides recognize a complementary mRNA strand and will only adsorb
to exactly this sequence of nucleic acids, which results in highly specific staining.

It is a logical consequence that with the rise of nanoscience and nanoparticles in particular,
flow cytometry was also assigned to detect fluorescence-marked NPs in cells.

2.4.5.3 Studying the Particle-Cell Interaction

With the ever growing importance of nanoscience and, in particular, of nanoparticles (NPs),
another application was added. The uptake of nanoparticles into cells is studied by detecting
the fluorescence-marked NPs in the cells °" *¥133 Even though the tracking of particles by
fluorescence is most common, the uptake of especially strongly scattering NPs can also be
measured by the cell’s increasing SSC ***. This can be combined with cell immunomarking
and viability staining assays, to correlate the uptake rate of nanoparticles with other properties
of the cells or to sort the cells by type. Nanoparticle-induced toxicity in flow cytometry is
commonly studied by exclusive DNA staining, using e.g. 7AAD (7-aminoactinomycin D) or
propidium iodide **°
fluorescence signal that can be detected and quantified by flow cytometry. Healthy live cells,
with an intact cytoplasma membrane and functional membrane-bound transporters, will not be
dyed by 7AAD. But apoptotic cells will be slightly stained and dead cells will be stained
strongly. The three cell populations can be identified by their distinct fluorescence intensity
and the percentage of live, apoptotic and dead cells can be calculated.

. These dye molecules intercalate within the cell’s DNA strand and emit a

2.4.5.4 Application for Submicron Analysis

Despite the many advances in fluorescence-triggered flow cytometry, most machines are
designed for analysis of cells. As these cytometers are customized for objects in the um size
range, any submicron detection (triggered on scattering and not on fluorescence) is a difficult
task. At low signal intensities the coefficient of variation (CV) is increased due to bad signal
resolution **® as expressed in Formula V11 below:

1 . .
CV~ Tronaltrtensity FL signal CV in flow cytometry (V1I)

Few machines offer an angle-dependent detection of the scattered light; these can be applied
for scattering-based detection of smaller objects like nanoparticles **" or viruses %, In
scanning flow cytometry (SFC) the scattering is measured angle-dependent from approx. 5° to
120°. Indicatrix data (angle-dependency of the scattering intensity) is correlated with
properties of the NPs, to obtain a parametric solution of the inverse scattering problem. A
restricted range of object diameter and refractive index needs to be defined. Within these
parameters a solution or good assumption of the Mie equation is developed. The reward is a
precise measurement not only of submicron particle size but also of the refractive index, light
depolarization, shape and some more %2, But angle-dependent detection is not necessarily
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required for SFC-like results, as demonstrated by Maltsev **. With a coaxial orientation of

sample stream and laser beam, the scattering was detected over time with a spherical mirror in
0° position — imitating the angle-dependent like of the SFC setup.

What limits non-scanning cytometers to near pm sized objects is for example a large
illumination and observation volume (causing high background). Another issue is the broad
temporal window for signal detection. When detection is optimized for large objects and not
adjusted to nanoparticles, the time span of signal detection is unnecessarily long — which
again increases the risk that, simultaneously, noise signals are also detected.

As discussed, a submicron particle of approximately 100 nm diameter has an excessively
small volume compared to the dimensions of the sample stream (few um), of the sheath fluid
stream (several hundred pm), of the illuminated volume (laser beam width 20-100 pm
diameter) and finally of the observed volume. This is demonstrated in Figure 10 and Figure
11 at the base of the CyFlow ML (Partec) which was used in this thesis.
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Figure 10. A nearly true scale display of the dimensions in a flow cytometer puts the
size of cells and nanoparticles in relation to the diameter of sample
stream, sheath stream and the illuminated volume.

The temporal resolution i.e. the time span 4¢ can also be seen as fraction of sample volume 4V
that passes the detection in this short time span. If the sample concentration exceeds the
maximal possible resolution, more than one object passes the detection spot within the time
span At and errors (coincidences) occur.
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Figure 11. Interpretation of the temporal resolution 4¢ as a spatial resolution 4V.

The real potential of non-scanning FCy was demonstrated as early as 1979 in a formidable
publication of Shapiro **°. He is known for his pioneering work in the field and for his book
which has become the ‘bible’ of flow cytometry ***. A customized flow cytometer was built
and optimized to submicron detection (concerning the width of observation window,
observation volume, detection electronics, etc.). Particles as small as 91 nm could not only be
detected perfectly by their scattering, but also be resolved in a mixture with nearly similarly
sized particles.
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3 Experimental Part

3.1 Materials

For the majority of cell experiments, the approved fluorescent dye N-(2,6-diisopropylphenyl)-
perylene-3,4-dicarbonacidimide PMI (BASF) was incorporated in the particles. But for
specific applications, namely for the single NP detection in flow cytometry, other fluorescent
markers had to be utilized. Preliminary testing had indicated that PMI might not meet the
specific criteria for this application. Single NP detection in flow cytometry requires high
particle fluorescence signals — which is facilitated by a high quantum yield of the dye and
good solubility in monomer and polymer. Furthermore, the fluorophore’s excitation and
emission maximum should correspond precisely to the flow cytometer’s laser wavelength and
to the fluorescence detection range. The intention was also to find dyes suitable not only for
the FL1 but also for other fluorescence detection channels of the cytometer — which would
enable the simultaneous detection of several NP species.

The standard fluorescent dye in particles was the perylene dye PMI (see Figure 12 & Table 1).
This fluorophore is photostable, oil-soluble and yields intensive fluorescence after excitation
at 488 nm (the standard laser). Additional fluorophores, YA795 and the series MS1A to
MSL1C, including several perylene imide modifications, were synthesized by members of the
Max Planck Institute for Polymer Research (MPIP). For the dye samples MS1A to MS1C the
aromatic system was expanded to increase the solubility in hydrophobic media and the
quantum vyield (see Figure 12).

PMI MSI4 MSIB

Figure 12. Structure formulas of commercially available PMI and other supplied
perylene imide dyes.

To some dyes a spectral red-shift was introduced, promising a possible dye for 562 nm or 640
nm laser excitation. Additional properties of the dyes are listed in Table 1.
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Table 1. Properties of the utilized perylene imide dyes

Dye Abso'rption Qua_mtum Potgntial FC
maximum yield detection channels
PMI 490 nm ~0.7 FL1, FL2, FL3
MS1A* 515 nm >0.8 !
MS1B 511 nm ~1 !
MS1C 588 nm ~0.96 FL5, FL6
YAT795 499 nm 0.75 FL1, FL2, FL3

Methacrylate-modified 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene BODIPY dyes (see Figure
13) for excitation at 488 nm and 640 nm were provided by Dr. Andrej Turshatov.

Figure 13. Structure formulas of the BODIPY fluorophores BP1 (A) and BP2 (B).

The polymerizable BP dyes (see Table 2) were chosen because these had been synthesized for
STED applications and offered a high photostability. In addition, introducing the dye in form
of a comonomer prevented leakage. The BP2 fluorophore, for excitation at 640 nm
wavelength, was incorporated into PMMA particles by Dr. Turshatov (see Table 9).

Table 2. Properties of the polymerizable BODIPY fluorophores.

BODIPY dye  Absorption max. Emission max.  FC detection channel

BP1 520 nm 540 nm FL1, FL2
BP2 640 nm 650 nm FL5

Furthermore some commercially available perylene dyes from the Lumogen® F plastic
colorant series (Kremer, BASF) were incorporated in particles. The ‘yellow’ dye (LFY) for
the 488 nm laser and the ‘red’ dye (LFR) for excitation at 562 nm were chosen (see Table 3).

Table 3. Properties of commercially available Lumogen dyes.

Lumogen® F Absorption max. Emission max. Quantum yieldn ~ FC detection channel
Yellow 473 nm 1°500 nm, 2" 570 nm 0.85-0.9 FL1, FL2
Red 578 nm 600 nm >0.9 FL5
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3.2 Methods

3.2.1 Synthesis of Nanoparticles in Miniemulsion

All particles were synthesized in miniemulsion (ME) and the latter was obtained by sonication
under ice cooling with a W450 sonifier (Branson). To form the particles, the ME was then
transferred into a flask and stirred over night at either 40 °C (open lid for solvent evaporation)
or 72 °C (radical polymerization with the lid corked).

Nanoparticles made of PS and PMMA were synthesized by radical polymerization in the oil-
in-water ME. 6 g of distilled monomer (styrene or methyl methacrylate, both Merck), 250 mg
hexadecane (HD, Aldrich) and 100 mg 2,2-azobis(2-methylbutyronitrile) (V-59, WAKO
Chemicals) were mixed together. For fluorescent particles 4 mg of the dye PMI was added
also. After addition of the continuous phase, 24 g water and 72 mg sodium dodecylsulfate
(SDS, Merck), the mixture was pre-emulsified for 1 h at 1200 rpm and subjected to sonication
under ice cooling at 90% amplitude for 3 min (%" tip, W450 sonifier, Branson). After
reaction large aggregates (if any) were removed by centrifugation. Particles, if needed, were
washed by dialysis with a 100 kDa pore size membrane against 5 | of demineralized water.
The water was changed daily until a conductivity of 3 pS-cm™ was reached. The spheres used
for single particle detection in the flow cytometer were created with the same synthesis
protocol. Instead of PMI a variety of other fluorophores (see chapter 3.1) were incorporated.
Poly(L-lactide) nanoparticles were prepared by the solvent evaporation technique as described
elsewhere *. The polymer, 150 mg of PLLA (Fluka, M,, 101700 g-mol™), and 0.1 mg PMI
(for the fluorescent particles) were dissolved in 5 g chloroform and mixed with the aqueous
phase, consisting of 72 mg SDS and 24 g water. After stirring for 1 h the macroemulsion was
sonified under ice cooling for 3 min (pulsed 30 s/ 10 s sonication/ pause, %" tip, running at
70% power, W450, Branson). The nanoparticles were purified by dialysis as described above.
Amino-functionalized PS particles were obtained in radical polymerization with the
comonomer aminoethylmethyl methacrylate (AEMH, Merck), as presented earlier ***. Hereby
120 mg of AEMH were dissolved in a 0.833% solution of Lutensol AT50 (Lut-50, BASF) at
room temperature. Lut-50 is a non-ionic surfactant consisting of a linear C16/C;g chain and a
block of 50 ethylene glycol units. For the discontinuous phase 100 mg V-59, 250 mg HD,
5.88 g styrene and a fluorescent dye (if required) were mixed. Under constant stirring the two
phases were combined and stirred at 1400 rpm for 1 h. The samples were subjected to
sonication with the %" tip under ice cooling. Details of the sonication were varied (tip dipping
height or duration). Filtration through tissue wipers removed large aggregates if required.

3.2.2 Characterization of Nanoparticles

The particle size was determined by photon cross correlation spectroscopy with a Nanophox
machine (Sympatec). A submicron particle sizer NICOMP™ 380 (PSS-NICOMP) was
utilized to measure the {-potential of the particles in 1 mM solution of potassium chloride.
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Moreover, the particles were incubated in PBS or in serum-supplied medium prior to the zeta
and DLS analysis to test the dispersion’s stability in biological media. The morphology was
studied by transmission electron microscope with an EM-912 or EM-902 (both Zeiss).
Thereto drops of diluted latex were set on a carbon-coated copper grid and left to dry. PLLA
and PMMA samples were carbon-coated for a better protection of the samples in the electron
beam. The molecular weights of the polymers were determined by gel permeation
chromatography (GPC). 5 mg of freeze-dried particles were dissolved in 1 ml of chloroform
(PLLA) or tetrahydrofuran (PMMA and PS) and subjected to GPC at a flow rate of 1 ml-s™.
The glass transition temperature Ty and the crystallinity of the polymeric NPs were analyzed
by differential scanning calorimetry (DSC). Applying a heating rate of 10 K-min™ the
temperature was raised from between -140 °C to 360 °C. For the particle fluorescence
normalization factor, the emission of NPs was analyzed in a TIDAS FL3095 SL 3D
fluorescence spectrometer (J&M). Hereby aqueous dispersions with solid contents ranging
from 0.4 to 4 mg-g™ were measured, as described by Lorenz et al. '®. At an excitation
wavelength of 420 nm, emission intensity at 530 nm was recorded and plotted in a chart with
the solid content. After background subtraction a linear fit crossing the zero-point was
applied. The resulting slopes Spo Were divided by the slope of polystyrene (Sps) to retrieve the
normalization factor fypo):

f  —Se

o~ g Normalization factor 1 for NP fluorescence (V1)

An additional normalization factor fyen, based on the dye content mgye(pol (mgdye-gpmymer'l),
was obtained. The dye loading mayepory Was measured in UV-Vis absorption spectroscopy

performed on dissolved NPs in organic solvent *. For the final calculation fyp)y Was used.

f o=~ Normalization factor 2 for NP fluorescence (V1)

Fl2,,= :f' Po Normalized fluorescence (1X)

2(Pol)

3.2.3 Electron Microscopy

Morphology and intracellular localization of particles were analyzed in a transmission
electron microscope EM-912 or EM-902 (both Zeiss). Cells were incubated for 4 h or 24 h at
a total particle concentration of 300 pg-ml™. For further preparation the samples were handed
to members of the electronic microscopy team in the group. The cells high pressure frozen
(HPF Compact 1, Wohlwend Engineering GmbH) using hexadecane as transfer medium.
Remaining water in frozen cells was freeze substituted by acetone and heavy metals were
added for contrasting (osmium tetroxide 0.2% and uranyl acetate 0.1%). The water content in
the substitution media was kept at 5% *°. After substitution and embedding in EPON the
samples were ultrathin sectioned.
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3.2.4 Isothermal Titration Calorimetry

Particle protein-interaction was studied in an isothermal titration calorimetry (ITC) setup with
fetal calf serum at 22 °C and physiological pH 7.2. Analysis was done with a CSC-4200
machine utilizing the software ITC RUN™ and Bindworks™ 3.1 (all Calorimetry Sciences
Corporation). The 75 pg-ml™ particle dispersion was provided in the measurement chamber
and 10%-vol. fetal calf serum FCS (Invitrogen) was titrated into the chamber. The experiment
routine was set to 50 titration steps of 5 pl each, with 300 s of pause between the steps. The
titration of a 10% protein solution into water under similar experimental conditions was used
as blank reference and subtracted from the data in order to calculate the share of enthalpy
caused by protein-particle interaction. The total heat, i.e. the summarized energy set free
during 50 injection steps, was taken as a measure for the intensity of the particle-protein
interaction.

3.2.5 Cell Culture

All experiments were performed with the HelLa cell line as purchased from the Leibniz
Institute, German Collection of Microorganisms and Cell Cultures (DSMZ). The cells were
kept in Dulbecco’s modified Eagle medium (DMEM) supplemented with 100 U penicillin,
100 pg-ml™ streptomycin and 10%-vol. fetal calf serum (FCS) in a humified incubator at
37 °C and 5% CO, (all Invitrogen). In a three month cycle the cells were replaced with a
freshly thawed batch. Unless specified this medium termed ‘DMEM 10%’ was used in all
incubation experiments. Cells in culture were splitted at confluence utilizing 0.5% trypsin
(Invitrogen). For all cytometric experiments, excluding the absolute quantitative studies, cells
were seeded in six-well plates at a density of 0.2:10° cells per well in 3 ml cell medium and
allowed to attach over night. Prior to the particle incubation step the volume was reduced to 2
ml. For qualitative cLSM studies either 0.04-10° cells were seeded in Ibidi chambers (lbidi) or
0.08:10° HeLa cells were seeded on untreated glass cover slides placed in 6 well plates. Said
Ibidi chambers are cell culture treated p-dishes providing 3.5 cm? of growth area. For the
electron microscopy studies, 0.01-10° cells were seeded in 24-well plates containing the
sapphire discs for cryopreparation.

Page |29



I =oorimental Part | Methools

3.2.6 Confocal Laser Scanning Microscopy

3.2.6.1  Qualitative Cellular Uptake Studies

Studies with the cLSM were done to show in particular the intracellular localization of
particles, but also to exclude extracellular adsorption to the cell membrane. The cells, grown
on glass slides, were incubated for 1 h or 4 h with 75 pg-ml” of particles in DMEM10%. The
samples were washed, transferred into custom-made sample holders and topped with 1 ml
PBS. Prior to the measurement, 0.5 pl solution of CellMask™ Orange CMO (Molecular
Probes) were added for specific plasma membrane staining. The studies were done on an
Olympus IX71 with a 60x oil objective equipped with a 488 nm and a 543 nm laser. Particle
fluorescence in Chl at 510-540 nm and CMO emission in Ch2 at 570-590 nm were detected
in serial scan mode. Additional cLSM studies were performed using a Leica TCS SP5
equipped with a 63x oil objective. The cells, grown in Ibidi chambers, were incubated for 4 h
with 800 pl of 75 pug-ml™ particles in DMEM 10%. Washing and staining with CMO prior to
the measurement was executed as described above. The fluorescence signals of the particles
(497-541 nm) and the membrane staining (604-655 nm) were detected in serial scan mode
after excitation at 488 nm or 561 nm.

3.2.6.2  Quantitative Cellular Uptake Studies

The Leica instrument was also utilized for all quantitative cLSM studies, with the 488 nm and
the 640 nm laser for excitation. After some preliminary tests, each cLSM experiment was
coupled to a flow cytometry measurement, so that all samples could be seeded from the same
batch of cells. In the general experimental setup, all samples were seeded 1x for the cLSM
and in triplicate for the FC measurement. For cLSM and FC studies 0.04-10° HeLa cells were
seeded in 6-well plates and Ibidi slides, respectively. The used HeLa cells have a doubling
rate of 48 h **’. Therefore the cell number on the next day, when the particles were added, was
assumed to be approximately 0.06-10° to calculate the number of added NPs per single cell.

In a first set of experiments the cells were grown in Ibidi chambers and incubated for 1 h and
2 h with NPs. The cells were topped with 600 pl DMEM 10% containing 500 pg-ml™ of
polymer. Great care was taken to avoid any spilling — of the cell suspension or of the particle-
supplied medium — beyond the Ibidis’ central growth area. The intention hereby was to ensure
constancy in the experimental conditions (cell density in the central growth area, particle
concentration and liquid column above the cells) and thus increase the precision of the
quantitative data. The cell membrane was stained with 0.3 pg-ml" Alexa680-coupled wheat
germ agglutinin WGAggy (Invitrogen). Cells were fixed in 3.75% formaldehyde (FA) and
topped with 1% FA for storage at 4 °C. Particle emission was detected at 512-565 nm and
WGAGg Was detected at 667-776 nm. For other experiments the particle concentration was
reduced and a different membrane staining was applied. Incubation was performed for 2 h
with 500 pl of 300 pgrml™ NPs in DMEM 10%. In one step cells were fixed and stained with
1.5 nM DiD (Invitrogen) in 3.75% FA. For a perfect direct comparison between cLSM and
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FC, the left-over cells in the FC tubes were imaged in the cLSM. Hereby the cells were
transferred into un-coated Ibidi p-slides, where they re-attached to the ground firmly enough
for high resolution cLSM imaging. Particle emission was detected at 512-565 nm and DiD
was detected at 650-776 nm.

In order to count the internalized particles, z-stacks of whole cells with a narrow step size of
250 nm were run on randomly chosen cells. Only transmission and the membrane staining
were used to localize the cells, with the particle detection switched off. Further imaging and
particle counting was done with Photoshop CS3 (Adobe) as demonstrated in Figure 14 below.
The outlines of the cells were highlighted and 10-20 subsequent layers of one z-stack were
projected into one plane named smart object (SO) see Figure 14A. In every SO, all shapes
corresponding to internalized particles were tagged with colored dots, using a different color
in each SO (Figure 14B -E).

Particles
marked with
@ red dots

in the 1st
Smart Object

Particles
marked

in the other
Smart Objects

Figure 14. The cell outline is traced and the first SO, i.e. a summarized projection of
5-20 subsequent layers of the z-stack, is created (A). This SO displays all
the particles (green) located in the defined cell volume. Based on this
image, the location of every single particle is tagged with a colored dot.
A mask image of the particle distribution and number is obtained (B).
The process described in A & B is performed for the whole cell scan,
resulting in a total of 4 cell-particle mask images (B-E). In every SO the
particles are marked in a different color (shifting red-pink-purple-blue).

Finally the number of dots i.e. the total number of internalized nanoparticles was counted.
This method also yielded two maximum projections of the internalized particles, one of all the
smart objects and one the original z-stack images. Particles co-localizing in x-y location (and
situated above each other in axial direction) were marked as ‘dots directly next to each other’.
This was in concession to the automated count feature in Photoshop, which cannot resolve
two dots if they overlap by more than Y.
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3.2.7 Flow Cytometry for Single Nanoparticle Detection

The ultimate goal of the single particle studies in flow cytometry was to implement a method
for the fluorescence measurement of NPs and for their absolute intracellular quantification. In
the first part of the project numerous experiments were performed to lay the base and gather
crucial information that can crudely be described as ‘how the sample behaves in the present
system’. After that, the implementation and routine application of innovative protocols for the
measurement and quantification of nanoparticles via flow cytometry could be addressed.

3.2.7.1 The Impact of Experimental Conditions and Particle Features

During these prerequisite measurements, a variety of different experimental conditions and
particle properties were tested. In addition instrument settings had to be changed over time to
adjust to latest findings, further increasing the variety of conditions.

Major key points for the measurement of nanoparticles in flow cytometry are given below:

PMT signal amplification
Laser power
Threshold
Sample concentration
Measurement speed
Properties of the particles
- Size
Refractive index of the material
Excitation & emission range of the incorporated dye
Overall fluorescence intensity

The deliberate variation of experimental conditions (e.g. sample concentration, laser power or
particle fluorescence) was used to gather basic information. This consequently led to a high
variability of applied experimental conditions of the individual measurements. Therefore all
relevant information about the experimental setup is given on-site in the presentation and
discussion of the results. These measurements were done to clarify three issues:

- How do individual settings and sample properties affect the detected data?
- Which of the detected signals originate from particles — and which from background?
- If so, do they truly represent single particles — and not coagulates or coincidences?

3.2.7.2 Nanoparticle Measurement in Flow Cytometry

Once the preliminary research was done, the appropriate experimental conditions were known
and could be applied in all following experiments. All measurements were done with a
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CyFlow ML (Partec) equipped with a 40-200 mW tunable 488 nm and a 640 nm laser. A
562 nm and later on a 375 nm laser were also added. The blue laser was run at 200 mW for
maximal dye excitation. Scattered light was detected in logarithmic amplification in sideward
(SSC) and forward (FSC) direction using a 490 band pass filter. If not described else, the
threshold was set on the SSC and kept constant in all experiments. Fluorescence was detected
in channel FL1 with a 527BP+10 band pass filter. Additional series with a more suitable
detection range were executed when a 537BP+20 nm filter was available. Particle populations
were identified in a SSC-FL1 dot plot (Figure 15 top). The raw fluorescence intensity of a
single particle (MFlyp.raw) Was read out as the median value (see Figure 15 bottom).
Nanoparticles can only be identified by their fluorescence in channel FL1, as their SSC signal
most of the time disappears in the background.
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Figure 15. Exemplary flow cytometry data of nanoparticles under ideal conditions:
The NPs are gated from the SSC-FL1 density dot plot (top) into
histograms of FL1 fluorescence (bottom I.) and SSC scattering (bottom
r.). The histograms include the complete data set ‘un-gated’ (black) and
the data marked by gate ‘particles’ (blue) and the gate ‘noise’ (grey).
The resulting values of mean fluorescence intensity (FL1 median) are
listed in the central table.

All events outside the defined particle gate in the SSC-FL1 plot (mostly but not exclusively
with weaker FL1 signals than the particles) were defined as noise MFl,gise.

Subtraction of the background MFl,is Yielded the effective particle fluorescence MFIyp:

MFIyp = MFIyp_yqw — MFI,,;s. Effective particle fluorescence (X)
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3.2.7.3  Protocol for Particle Fluorescence Measurement

For the measurement of single NPs under very clean conditions an ultra-fine in-line filter of
15 nm pore size “filter;s,m’ (Planova) was installed in the sheath circle flow. A model with 0.3
m? surface was later on switched for one with 1 m? surface with a better flow rate. The
supplied sheath liquid was switched for 0.2 um filtered water and an additional filter unit of
0.2 pm pore size ‘filtergo,m” (Millipore) was installed in front of the Planova filter. The highly
pure sheath should provide low background conditions and also served as dilution medium of
the particle dispersions. Experiments were done with low velocity of ve,= 0.5 - 1 [ul sample
per s] to ensure maximal thinning and precision of the sample stream. In dependence on the
calculated concentration (number of NPs per pl of latex, Nowe)), the dilution factor was set to
40-10° till 50-10°. This ensured an average concentration of 1000 NPs per 0.5 pl in the diluted
sample. These experimental conditions, used for high precision analysis of particles, are
referred to as ‘settings #1°.

3.2.7.4  Protocol for Volumetric Particle Counting

For absolute particle counting in the medium before and after incubation with cells, the true
volumetric count mode of the CyFlow ML was utilized. Being the supernatant of a cell
experiment (with cell fragments, proteins and particles), these samples were less clean.
Therefore they displayed a higher noise level than particle dispersions in clean water. The
filter;snm Was replaced by a filtero o,m that is less susceptible to flow interruption which would
hamper the counting. Similar conditions as in the cell experiments (concerning instrument
settings and sheath liquid) were applied. The cell medium with the NPs was diluted in 0.2 um
filtered phosphate buffered saline without Ca?*/ Mg®* (PBS, Invitrogen).

A calculation factor F was introduced because the particle population partly overlaps with the
noise. By gating only the part of the particle population that assuredly does not overlap with
the noise events, referred to as gate ‘NP’, precision was improved (see Figure 16 green gate
NP). In order to obtain the total particle count, the number of events in gate ‘NP’ was
multiplied with a specific factor. This factor F expresses the ratio of events contained in the
gates ‘NP’ and ‘all NP’. Gate ‘all NP’ includes the (nearly) complete NP population and can
only be derived from a measurement using ‘settings #1’ i.e. under very clean conditions. If
too much background is present, too many noise events will wrongly be included by the gate
‘all NP’. Factor F is a unique property of the particle dispersion, as it is dependent on the
distribution of the NPs’ fluorescence intensity and size. But once measured, it can be applied
in every calculation so long as the experiments draw on the same particle dispersion.
Problems in samples with a bad signal-noise ratio can be circumvented.
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Figure 16. Flow cytometer high precision measurement of BODIPY-marked PMMA
particles utilizing ‘settings #1°, depicted in SSC-FL1 plots as density dot
plot (left) and as contour plot at higher magnification (right). Gate
‘noise” (black) marks the background signal and gate ‘all NP’ (blue)
marks the vast majority of detected nanoparticles. The fraction of
nanoparticles which are fully separated from the background signals (i.e.
discernible by strong FL1 signals) are indicated by gate ‘NP’ (green).
Gate ‘NP ’is used when particles are measured utilizing ‘settings #2 .

These experimental conditions are referred to as ‘settings #2°. The level of background is
slightly increased, but in turn the absolute quantification of the particles in water and in
protein-supplied cell medium is not hampered by flow instability.

3.2.8 Flow Cytometry for Cell Analysis

After incubation, HeLa cells were detached with 0.5% trypsin, washed and transferred into
PBS for the measurement. Mean fluorescence intensity of the cells was detected in a CyFlow
ML running the FloMax software (both Partec) and evaluation was done with FCS Express
3.0 (De Novo). For excitation and scattering a 488 nm laser was used and emission was
detected in channel FL1. The normalization factor fipo (See chapter 3.2.2) enabled
measuring the relative uptake efficiency of the different polymeric nanoparticles. Factor fipo
was applied in the competitive and the kinetic uptake studies, to compare the uptake
efficiencies of the particle species. The fluorescence intensity of particle-loaded cells was
determined by flow cytometry as mean fluorescence intensity (Flpo). Hereby Flpo represents
the data after subtraction of the control value (signal of the particle-free cell samples). Flpo,
was divided by fi o)) to calculate the normalized fluorescence intensity Fllp :

_Fle
1Pol f

1(Pol)

FI Normalized cell fluorescence using fipoy (XI)
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Kinetic Cellular Uptake Studies

Temporal uptake kinetics were studied by incubating the cells with the standard particle
concentration of 75 pg-ml™ in a volume of 2 ml. The cells were incubated with particles for
up to 24 h, then washed, detached and prepared for FC analysis.

Competitive Cellular Uptake Studies

A mix of 2 particle species (one with and one without fluorophore) was incubated with the
cells for 4 h to determine how the co-incubation of different polymeric particles mutually
affects the particles’ cellular uptake (competitive setup). It was hypothesized that upon
simultaneous incubation of two particle types, mutual influence on their cellular uptake can
occur because the two materials now are in competition. The NPs were mixed in varying
ratios prior to the cell experiment (see Table 4) and the experiments were performed as
described in Figure 17. The total content of particles was 75 pug-ml™ in an incubation volume
of 2 ml. All data shown is the mean value of two independent experiments in which each data
point was done in triplicate.

Table 4. Mixtures of fluorescent (NP1+, polymer 1) and non-fluorescent (NP2-,
polymer 2) particles for flow cytometry analysis in a competitive setup.

Mixture solid content per ml (NP1+) : (NP2-)
10:0 8:2 6:4 4:6 2:8 0:10
NP1+ 75 ug 60 ug 45 ug 30 ug 15 pg 0 Hg
NP2- 0 g 15 ug 30 ug 45 ug 60 pg 75 ug

1 Particle mixtures
WAl NFP2- ® isuc*

I
* Polvmer 4 . 60+ "
« With fluorophore  + No fliiorophore HE

*per 1 ml medium

il

|::>.-"\'1’7;\‘mre of NP 1* and NP2- in defined ratios:
0:10, 2:8, 4:6, 6:4, 8:2, 10:0 Mixture 2:8'
|:>Constcmt total NP concentration: 73 ug-mi™

2 Cell experiment: Incubation and FCy measurement

A" 4
* Adding the NPs to
the cells |:>
¢ Volhime 2 ml,
Incubationfor 4 h .

3 Repeat experiment vice versa: With a reverse set of NPs

NPz- . * Polymer 4 Np2* *
* No fluorophore « With fluorophore

Figure 17. Setup and execution of the competitive cellular uptake experiments.
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Quantitative Cellular Uptake Studies

For flow cytometry experiments the cells were seeded in Ibidi plates (triplicate setup) and
allowed to attach over night. In the later series each FC experiment was coupled to a
corresponding cLSM experiment, as explained in chapter 3.2.6.2. The cells were incubated
with the particles and prepared for the FC analysis. In a first set of experiments a particle
concentration of 500 pg'ml™ in the volume 600 ul was applied. In the following series the
particle dose was set to 300 pg'ml™, volume 500 pl, to reduce the number of internalized NPs.
FC measurements were done with the CyFlow ML (Partec) running a 488 nm laser at 200
mW. The ‘settings #2” were applied as described above, with minor adjustments to FCS and
SSC settings due to the large size of cells. By using similar instrument settings (laser power
and photomultiplier PMT fluorescence signal amplification) as for the single nanoparticle
detection, comparability with the data from single particle measurements was ensured. Each
measurement was done in triplicate, repeated at least two times and >3000 cells were detected

for data acquisition. The mean fluorescence intensity of particle-free control cells (MFI.np)

was subtracted from the MFI value of the cells exposed to particles (MFl..nps). The resulting
value AMFI was divided by the mean fluorescence intensity of a single particle MFIyp. This
way the number of internalized particles per cell could be obtained.
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4 Results and Discussion

4.1 Nanoparticles

For the competitive cell uptake studies a set of three different polymeric particles (PMMA, PS
and PLLA) was synthesized. Based on these particles with similar physico-chemical
properties, the effect of the polymer nature on the endocytosis into HelLa cells was singled
out. Furthermore, NPs with high fluorescence intensity were required for the introduction of
the single particle measurement in flow cytometry. The synthesis of PS particles with the
maximal possible dye loading was part of this project. The utilized dyes were provided by
scientists within the Landfester and the Miullen groups at the Institute. Furthermore
functionalized PS particles with amino groups on the surface were synthesized. The larger
NPs were well suited for introduction of the SPM method at the flow cytometer, as their large
size would make their detection in the FC easier. With SPM established, the amino-
functionalized particles would provide a proven system to be used in the absolute
quantification of NPs in cells. Unlike the other synthesized SDS-stabilized particles, these
amino-functionalized NPs offered a high cellular uptake efficiency — which could further
improve the precision of the absolute NP quantification method.

4.1.1  Synthesis of Polymeric Particles

The influence of polymer properties on the cellular uptake of a nanoparticle species was
studied with PS, PMMA and PLLA particles with similar physico-chemical properties. In
addition it was studied how these affect the uptake of each other by co-incubation of two
different particle species (competitive setup). For this purpose the miniemulsion technique
was applied to create two sets (fluorescent and blank) of PMMA, PLLA and PS particles with
the surfactant SDS. No coagulum was formed in the flasks of PS or PMMA samples after
polymerization. The size distribution was narrow and the solid weight content indicated
almost 100% conversion i.e. 18-20%-wt. of expected 20%-wt. No coagulates were observed
in the PLLA samples after synthesis and the size distribution was narrow. Several batches
with similar properties were created following the identical synthesis protocol. These were
summarized and termed as described in Table 5. The particles for the cell experiments were
washed and characterized. Zeta potential, polymer molecular weight, glass transition
temperature, dye content and stability of the washed NPs after incubation with serum proteins
were determined (see Table 5).
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Table 5. Physicochemical characteristics of the particle species for the competitive
experiments, before and after incubation in the cell medium for 24 h.

¢ Dye Content  Diameter

Sample Polymer type My [gmol']  T4[°C]

[MV]  [mgges’] [nm]
PS1 -42 £3 0 107 £18
PS2 Polystyrene  -41 +3 0.28 112 +18  313:10° 98
PS2_a.i. -32+7 0.28 148 +26
PLLA1 -38 16 0 115 +21
PLLA2  Poly(L-lactide) -37+6  0.38 11622  77-10°  not found
PLLAZ2 a.i. -30+48 0.38 159 +31
PMMAI1 -40 +4 0 127 £24
pMmaz  omethyl - ag 5 909 112400 509-10° 122
methacrylate)
PMMA2_a.i. -29+7 0.29 143 +28

‘a.i.’stands for ‘after incubation ’in cell medium containing 10% of fetal calf serum.

DLS analysis as well as electron microscopy studies had revealed an average size of
115+15 nm, as shown in Figure 18 and in Table 5. The zeta potential values were also in a
comparable range, so that the variations should not significantly affect the cellular uptake.
The particles were well suited for the competitive experiments, as significant changes of the
uptake mechanisms only appear to very small (<40 nm) or very large (>300 nm) particles **®.

Figure 18. TEM images of dialyzed particles of PMMA (A), PLLA (B) and PS (C).
PMMA and PLLA samples were carbon-coated for better stability in the
electron beam.

To compare the fluorescence based data of the cell uptake experiments, the fluorescence
intensity of the different particle species was normalized using specific normalization factors.
These factors fipory (based on the particle fluorescence) and fapony (based on the particle dye
content) were derived as described in chapter 3.2.2. For fypo), the emission of agqueous
particle dispersions (with varied solid content) was measured and plotted in a chart with the
solid content. Linear fits on these graphs revealed slope values of 55 (PS2), 57 (PMMAZ2) and
100 (PLLAZ2). A division by the slope factor of the PS particles resulted in the factors fi(por) Of
1.00 (PS), 1.04 (PMMA) and 1.81 (PLLA). Likewise factor fpoy was calculated. The
particles’ dye content was determined by absorption spectroscopy and all dye loadings
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(Mayerory) Were divided by that of the PS sample. The normalization factors obtained via
emission spectroscopy correlated with those from the UV analysis (Table 6).

Table 6. Comparison of the fluorescence normalization factors fypoy and fopo.

Sample from dizgzorl)sed NPs  from difszé(g(ii)/ed NPs
PS2 1.00 1.00

PMMA2 1.04 1.04

PLLA2 1.81 1.38

From visual observations the particle dispersions displayed different colors, ranging from
yellow-orange (PLLA) to orange (PMMA) and pink (PS) which is due to an influence of the
aggregation effect in polymeric material on the optical properties of the incorporated perylene
dye PMI. The increasing red shift correlates with a decrease of the fipo)) Values. Such behavior
was already observed in systems of higher similarity than the 3 polymers used in this paper,
i.e. in copolymeric particles that only differ in the chain length of the methacrylate
comonomer . For perylene (bis)imide dyes it is known that a decrease in polarity of the
surrounding solvent or polymer increases the aggregation of dye molecules. This stacking of
the dye is accompanied by a spectra shift *, so that increased aggregation of the applied dye
PMI most likely results in a red shift of absorption and emission. As the fluorescence intensity
of the uptake into cells was done with un-dissolved nanoparticles inside of cells all cell
experiment data was calculated with the normalization factor fypey derived from dispersion
measurement.

SUMMARY Applying the miniemulsion technique, PS and PMMA NPs were synthesized by
radical polymerization, whereas PLLA particles were created by a combination of
miniemulsion and solvent evaporation process . The anionic surfactant sodium
dodecylsulfate SDS provided both a negative zeta potential and a small size distribution of the
particles. To compare the uptake of the different species a normalization factor for the
different particles’ fluorescence intensities had to be introduced. It was demonstrated that the
fluorescence intensity of PLLA NPs was highest, followed by PMMA and PS particles, even
though all particles had been synthesized with the same dye-polymer ratio. The calculated
factors based on the measurement of dissolved NPs did not perfectly concur with those based
on the analysis of intact dispersed NPs. It therefore was concluded that the particle material
influenced both the dye loading efficiency and later on the fluorescent properties of the
incorporated dye. An influence of the polymer properties, such as e.g. hydrophobicity, on
incorporated perylene was reported earlier ** **°. The particles were perfectly suited for the
competitive experiments, as significant changes of the uptake mechanism only appear for very
small or very large nanoparticles **®. Moreover the washed particles were stable in the
presence of serum proteins.
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4.1.2  Synthesis of Amino-Functionalized Polystyrene Particles

Amino-functionalized particles were obtained by addition of 2%-wt. amino ethyl methacrylate
(AEMH) as a comonomer in the miniemulsion. The dyes Lumogen F Yellow (LFY) and F
Red (LFR), as well as the standard perylene monoimide (PMI), were used for fluorescence
marking. Residues in the flasks after synthesis indicated that the polymerization in
miniemulsion had been affected by the addition of AEMH. Particle size distribution was
measured by DLS (see Table 8) and demonstrated that the latices were not monodisperse.
Varying the height of the sonication rod during ultrasound treatment (see Table 7) did not
have an effect neither did more intense stirring prior to the sonication (by using a different
agitator) or a longer ultrasound treatment (to counter the increased viscosity of the water
phase).

Table 7. DLS data of the amino-functionalized polystyrene particles.

Specification of the sonication Supplementary
Sample Distance between rod tip and glass bottom [mm] information
and duration [min] in this rod position
PS-AM-1 2 min at 2 mm
PS-AM-2 "
PS-AM-3 / no ultrasound applied

PS-AM-4 1) 0:10 min at 15 mm, 2) 0:30 min at 15 mm
3)0:30 minat 2 mm

PS-AM-5 10 hat63 °C, then5hat 72 °C
PS-AM-6 1) 0:10 min at 15 mm, 2) 1:50 min at 2 mm No ice, sonified in 5-10 °C water
PS-AM-7 "

PS-AM-8 "

PS-AM-9 " larger agitator used

Table 8. DLS data of the amino-functionalized polystyrene particles.

Particle size [nm]

Sample Name Dye [mg] X, Xy0 Xag
PS-AM-1 AM-1 / 197 162 237
PS-AM-2 AM-2 2mg LFY 211 178 250
PS-AM-3 AM-3 6 mg LFR 135 111 163
PS-AM-4 AM-4 5mg LFR 199 165 238
PS-AM-5 AM-5 5 mg PMI 255 216 299
PS-AM-6 AM-6 6 mg PMI 208 173 249
PS-AM-7 AM-7 4 mg PMI 221 184 265
PS-AM-8 AM-8 6 mg LFR 227 196 265
PS-AM-9 AM-9 6 mg LFY 215 184 249

It was observed that all samples had a large size distribution when the DLS data was fitted
with a Gauss function. Electron microscopy studies of the first samples (Figure 19) confirmed
this.
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Figure 19. Scanning electron microscopy analysis (SEM) of PS-AM-1 (A) and -2 (B).

A sedimentation step of 1:5 diluted PS-AM-1 demonstrated that the mean particle size in the
supernatant could be reduced to 190 nm and the size distribution narrowed (data not shown).
In the PS-AM series the average particle sizes were around 190-220 nm, only two samples
stood out with a mean diameter that was particularly small (PS-AM-3, 135 nm) or large (PS-
AM-5, 255 nm). For sample PS-AM-3, which was obtained without ultrasound, the DLS
analysis had indicated a more homogenous size distribution and a small particle size. The
SEM image showed that the majority of particles in PS-AM-3 were in the range of 100 nm,
with a few NPs in between that seemed significantly larger (Figure 20).

Figure 20. SEM analysis of sample PS-AM-3.

The sample was analyzed in a Nicomp DLS machine which offers an algorithm for size
calculation that is more suitable for multi-modal distributions. It was found that in this
sample, a bimodal distribution with average particle sizes of 100 and 300 nm was present
(Figure 21A). The majority of particles were sized around 100 nm, which is slightly smaller
than the previous analysis where the bimodal distribution was not taken into account. When
weighting the particle numbers, it became obvious that the 2" population contained only few
particles compared to the 100 nm population (Figure 21B).
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Figure 21. DLS measurement of sample PS-AM-3 in a Nicomp machine. Shown are
the intensity weighted size distribution graph and data table (A) as well
as the number weighted graph (B).

Sample PS-AM-5 with particularly large particles was also imaged in SEM, see Figure 22.
Most spheres were sized around 200-300 nm, whereas a few seemed to measure approx. the
double diameter (>500 nm). With their larger size these spheres should yield strong signals
and were therefore well suited for a test of single particle measurement in the FC.

Figure 22. SEM images of sample PS-AM-5, scale bar 200 nm.

SEM indicated that in sample PS-AM-5 the size distribution was indeed bimodal and this was
confirmed by DLS (see Figure 23). However in the EM images the particles were slightly
smaller than the Nicomp DLS analysis showed, due to the differences in hard core diameter
(TEM) and hydrodynamic diameter (DLS).
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Figure 23. DLS measurement of sample PS-AM-5 in a Nicomp machine. Shown are
the intensity weighted size distribution graph and data table (A) as well
as the number weighted graph (B).
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In FC studies the bimodal nature of this sample could be confirmed because two populations
of particle events were distinguished by scatter and fluorescence. A similar analysis of PS-
AM-2 particles via flow cytometry demonstrated that there was indeed only one population
(with a broad but monomodal size distribution as confirmed by the Nicomp DLS analysis).
Furthermore it was observed that PS-AM-5 created a stronger scattering signal and therefore
had to be larger than PS-AM-2, even though probably slightly smaller than appeared in the
DLS. The observations in FC matched the Nicomp DLS data in that both methods
demonstrated the bimodal size distribution of PS-AM-5 (Figure 23).

SUMMARY It is common practice to add functional groups to the nanoparticles’ surface but
in the competitive studies of this thesis the nature of the pure polymer was the center of
interest. Therefore a series of particles was synthesized without functionalization. Specific
properties such as amino or carboxyl groups affect the particle-protein interaction **° and
increase the cellular uptake efficiency ®. Functional groups further provide the base coupling
methods such as e.g. the EDC reaction (N-ethyl-N'-(3-dimethylaminopropyl) carbodiimide
hydrochloride) to conjugate compounds ***°% or proteins *>31°°
thesis the synthesis of functionalized PS spheres were created using 2%-wt. (referred to the

to the spheres’ surface. In this

monomer) of the amino comonomer 2-aminoethyl methacrylate hydrochloride (AEMH). The
chosen steric surfactant Lutensol AT50, a PEG compound, provided sufficient stabilization for
the miniemulsion. A broad monomodal particle distribution, in some cases a bimodal one, was
observed which was not influenced by variations of the sonication process. The two fractions
could be separated by e.g. sedimentation, field flow fractionation or chromatography.

4.1.3  Incorporation of Fluorescent Markers with High Loading

One of the aims in this thesis was to establish the measurement of single submicron particles
in flow cytometry. This would give access to a normalization factor for precise comparisons
of different particle species regarding their efficiency in cellular uptake. However, if applied
properly it would also give rise to particle characterization and to an absolute quantification of
NPs in cells. The crucial part in FC single particle measurement (SPM) has always been the
signal-to-noise ratio and this aspect could be improved by using spheres of maximum
fluorescence intensity. For this purpose polymeric NPs were synthesized with high loadings of
different dyes to validate the (maximal) solubility of the fluorophores’ in the monomer.
Furthermore the fluorophores’ suitability for flow cytometry SPM should be tested. Synthesis
was done following the standard recipe with 1.2%-wt. of SDS. Larger particles (PS-Lut-1)
were obtained with 3.33%-wt. of Lutensol AT50, which is known to yield larger spheres with
narrow size distribution **. This sample was also synthesized with a high dye loading, so that
the large size and the high dye content together should yield a particularly strong fluorescence
signal. The synthesis of sample PMMA-BP1-2 was done with 1.5%-wt. of SDS. Additional
PMMA particles were provided by members of the group of Prof. Dr. Landfester. These were
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also synthesized with 1.2%-wt. of SDS. The PMMA-AT3 particles were applied in early
STED microscopy and in FC single particle detection. The sample CH235-3 with the BP1 dye
was used in SPM to test the lower detection limit. The particle samples are listed in Table 9.

Table 9. Properties of the studied nanoparticles with different fluorescent markers.

Dye added Dye absorption Solid content Particle size [nm]

Particle [per 6 g monomer] maximum Latex color %-wt. Xso X Xeo
PS-AM-2 2mg LFY 578 nm yellow 19 211 178 250
PS-AM-8 6 mg LFR " rose 20 227 196 265
PS-LFY-1 2mg LFY 488 nm yellow-green 20 112 93 134
PS-LFY-2 4 mg LFY " yellow 20 125 101 153
PS-LFY-3 8 mg LFY " yellow 20 114 93 140
PS-LFY-4 12 mg LFY " orange 19 118 99 141
PS-SDS-4 4 mg MS1B 511 nm orange 19 124 101 153
PS-SDS-5 4 mg MS1C 588 nm purple 19 115 93 143
PS-SDS-7 18 mg Ya795 499 nm yellow 12 154 129 184
PS-Lut-1 32 mg MS1B 511 nm orange 17 178 153 206

PMMA-BP1-2 10 mg BP1 520 nm peach 19 155 133 180
CH235-3" 48 mg BP1 520 nm orange 20 656 nm
PMMA-AT3"” 4 mg BP2, ca. 620 nm blue 1.47 121+10 nm

* The samples PMMA-AT3 and CH235-3 were provided by members of the work group.
** The sample was provided after dialysis.

Particle size and solid content of the dispersions were found to be in the expected range
except in the case of PS-SDS-7 (12%-wt.) and PS-Lut-1 (17%-wt.). Due to the large amount
of dye in these recipes the miniemulsion was less stable and the synthesis impaired.

With the PS-LFY series, the influence of the particle fluorescence intensity on the signal
strength in the flow cytometer was to be studied. It was obvious that the changes in dye
concentration in the samples PS-LFY-1 to -4 had affected the dye. The samples with more dye
had a slightly red-shifted color. The absorption of the dissolved particles was measured in
THF to retrieve the relative (compared to sample PS-LFY-1) dye content, see Figure 24.
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Figure 24. The absorption of the PS-LF series at 472 nm was measured (A) and the
relative dye content, referring to sample LFY-1, was calculated (B).
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The calculation yielded relative dye contents of 1 (LFY-1), 3 (LFY-2), 7 (LFY-3) and 12
(LFY-4), see Figure 24B. Quenching and spectra shifts can alter the effective emission
intensity of nanoparticles, especially if detection is only done in a narrow bandwidth (as is in
the used flow cytometer). But the amount of fluorophore is generally a good approximation
for the particles’ fluorescence intensity *°"**%. In this case the absorption analysis did not fully
correlate with the amount of dye added in the synthesis. Likely the measurement was less
precise for the samples LFY-1 and -2, as they contained only little dye and the absorption
peak was very narrow.

The sample PMMA-BP1-2 was chosen as the main particle for the quantitative cell studies for
several reasons: i) the diameter of 160 nm was an ideal compromise of small particle size (at
the lower detection limit of the cytometer) and a yet tolerable signal-to-noise ratio; ii) the
sample was monomodal with a narrow size distribution (see also EM image in Figure 25); iii)
the dye was added as a comonomer and was therefore covalently fixed; iv) BP1 was also fully
photostable and offered the possibility for STED imaging and v) the particle demonstrated
high fluorescence intensity in the flow cytometry measurements (see chapter 4.3.3).

t..-;g;,?' i

‘h“‘ﬂ die,
70

®. —r
g‘. Q.; 500 nm 500 nm

®

Figure 25. TEM images of carbon-coated PMMA-BP1-2 particles.

The number of NPs per volume had to be calculated so that the latices could be used for flow
cytometric single particle measurement (SPM).

Calculation of the particle concentration

The presented approach was based on the assumption that all NPs were spheres of similar
diameter (which was the average size as obtained by DLS) and with a material density in the
range of 1 [g-em™].

m +m

Monomer

Ultrahydrophobe (Xl I |a)
mcont. Phase(H,O-+Tenside)

m

E Weight percent of the sample (%-wt.)  %-wt. =

Approximately — %-wt. = Monomer (X111b)
mkont.Phase(HZO) + mMonomer
. . 3 4 3 S
B Particle volume: Vyp [nm”’] V.= 3= 41813 (XIV)
B Particle mass: myp [mg] M = Prgensy V e 107 (XV)
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B Particle number in 1 pl: Nyp [NPs-pl™]

mPoI
0,
N . mPonmer(pereuI) . wt A)(per uy mPoI + mHZO
NP(per 1ul) - - .
Mye Mye Pre -V o (XVI)

During the particle synthesis, minor deviations in the sample composition were already
introduced by sonication, refilling, filtration etc. Therefore some minor composites of the
recipe, e.g. the hexadecane, were neglected in the calculations (see formula XI11b).

As a further fine-tuning of this model, the calculations were based on the size distribution
curve (measured by DLS) instead of using the mean particle size. This way, the calculation of
the NP number was less susceptible to broad size distributions.

Calculation of the particle concentration based on the size distribution

This approach was based on the weighted NP size distribution as demonstrated in Table 10.
Calculations based on the average NP size are less precise than those based on the weighted
size distribution, especially in the case of broader size distributions. Therefore the calculations
based on the size distribution were taken as reference for the volumetric counting of particles
in the FC. This was required only for the ‘main’ samples PMMA-BP1-2, PS-Lut-1 and
PS-SDS-7.

Table 10. Exemplary data how the number of NPs per volume was calculated based
on the size distribution.

X Qinlg Megt Number of NPs:
[nm] au] | Mo [mal | Moy (-2) Yom [mg Pol. per pl] Merr © M (p)

72 0 2.08E-13 | 0.00E+00 0.00 0.0000 0.00E+00

78 0.05 2.59E-13 | 1.29E-14 0.04 0.0001 3.21E+08

83 0.24 3.22E-13 | 7.72E-14 0.25 0.0005 1.54E+09

' ete.

172 0.08 2.83E-12 | 2.27E-13 0.73 0.0015 5.13E+08

185 0 3.52E-12 | 0.00E+00 0.00 0.0000 0.00E+00
Sum| 3173 |9.8310" 100 0.2 1.02:10"in 0.5 pl

X: particle diameter, ging: distribution density, mnp): mass of one particle,

m (e -Z: Mass of the fraction of a specific size range (weighted by numbers),

%m: percentage weight share of one fraction, mes: effective mass of one fraction (referring to
0.2 pg which is the amount of monomer that is contained in 1 pl of 20%-wt. latex)

For all other experiments the data derived from the average NP size provided a good
approximation of the NP number per volume. The sample concentrations were calculated as
required (see Table 11). Amino-functionalized PS particles, due to their polymodal size
distribution, were not used for precise NP counting in the flow cytometer. These were used in
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the screening for new fluorophores and for other measurements that do not require the precise
NP concentration.

Table 11. Sample concentrations [particles per volume] as calculated based on the
particle size distribution (A) or on the average particle size (B).

Sample Size [nm] 9%0-wt. Concentration [NPs per 0.5 pul]
A B
via size distribution via average size

PMMA-BP1-2 * 160 22* 4.49.10% 5.1.10%
PS-Lut-1 179 17 2.56.10% 2.9-10%
PS-SDS-7 154 12 2.75.10% 3.1.10"%
CH235-3 70 20 / 5.6-10"
PS-LFY-3 118 20 / 1.2.10"
PS-AM-2 ** 211 20 / 2.0-10"%

PS-AM-5 ** 255 20 / <1.6.10%
PS-AM-8 ** 227 19 / 1.6:10%

* A different aliquot of the particles was used later on and meanwhile sedimentated particles
were removed and a new solid content was measured.

** Amino-functionalized NPs were added to this list for completion. But as those samples had a
broad (PS-AM-2 & -8) or even bimodal (PS-AM-5) size distribution, their concentration
could not be calculated precisely. The NP concentration of PS-AM-5 was expected to be lower
than in the other 2 amino-functionalized samples, due to the larger particle size.

SUMMARY The proved method of radical polymerization in miniemulsion was applied to
synthesize polymeric nanoparticles with a particularly high loading of fluorescent markers.
Spheres of PS and PMMA with various dye molecules could be synthesized using SDS as a
surfactant. The ionic surfactant ensured a low size distribution but it was observed that an
initial high dye loading (0.4%-wt. referred to the monomer) affected the synthesis. High dye
concentration resulted in low monomer conversion and large particle size, however the size
distribution remained monomodal and rather narrow. Several sets of highly fluorescent PS and
PMMA spheres sized between 100-200 nm were obtained to be used in flow cytometry. The
detection of single nanoparticles in a non-scanning flow cytometer is difficult due to the bad
signal-to-noise ratio and has rarely been reported up to now 1315,

Incorporating a highly fluorescent dye in polymer nanoparticles is the most convenient way to
detect these spheres in a flow cytometer — in particular if their scattering signals do not
surpass the background signals. It was of particular importance to provide a fluorophore
which has a strong emission in the precise band width range of the FC detection channel — and

which retains this emission when incorporated inside the particle with a high concentration.

Incorporating highly fluorescent dye is the most suitable way to detection of polymer spheres
in the FC whose scattering signals do not surpass the background level.

48 |[Page



The Effect of Polymer Nature on the Cellular Uptake | Resulty and Discussion (IR

4.2 The Effect of Polymer Nature on the Cellular Uptake

Numerous properties of a particle (e.g. shape, size, softness, hydrophobicity, surface charge,
protein corona) act in combination to guide the particle-cell interaction. These factors are
responsible for the route of entry, the uptake efficiency and in consequence the intracellular
fate of a particle. But a direct comparison of the raw particle material regarding its
endocytotic properties is rarely approached and specific information in the literature is rare.
This project, which was focused on PS, PLLA and PMMA particles, could provide such a
comparison.

The effect of the polymer nature on the particle-cell interaction was singled out, amongst
others by a competitive experimental setup. In a unique competitive setup, two particle
species were co-incubated with the cells. The cellular uptake was studied in a qualitative
(cLSMy and TEM) and a semi-quantitative (FCy) way. The basic idea behind the co-
incubation experiments was that any cellular uptake mechanism should have a certain
capacity or maximum rate of endocytosis. Therefore, when two particle species are incubated
simultaneously and possibly even target the same endocytotic pathway, they might compete
for a limited resource. This might concur with a competition for certain coating proteins that
are rare in the fetal calf serum and thus available only in small quantities. Or the limited
resource could be those domains on the cell surface where binding of the NPs occurs. The
competitive experimental setup could reveal that the particles mutually affect their uptake,
e.g. in such a way that the internalization of one particle species is hindered.

Parts of this topic are published in the paper ‘Hoecherl A. et al, Competitive cellular uptake of
nanoparticles made from polystyrene,poly(methyl methacrylate) and polylactide  **°.

4.2.1  Interaction of Polymeric Nanoparticles with Cells

Prior to the co-incubation, the 3 particle species were incubated separately with cells and
imaged by cLSMy. The particles’ intracellular localization should be investigated and
furthermore NPs that were merely adhered to the cell surface should be identified.
Intracellular localization of all 3 species was proven and no extracellular NPs were found
adhered to the cytoplasma membrane. This was especially important for the cytometry
studies, as this method cannot differentiate between internalized particles and those only
attached to the cell surface. Smaller particle aggregations were spread throughout the cell,
likely gathered in endosome-like structures, see Figure 26. In the case of PLLA (Figure 26B)
the accumulations appear to be slightly larger. In general, all NPs were found intracellular but
the stronger PLLA signals indicated larger particle accumulations than for the PMMA and PS
samples. The negative control displayed no particle signals.
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Figure 26. Uptake of fluorescent nanoparticles made from PLLA (B), PMMA (C)
and PS (D) in HelLa cells after 4 h incubation time with 75 g of
polymer. (A) depicts the control sample without NPs. The cytoplasma
membrane (red) was stained with Cell Mask Orange and the NPs are
pseudo-colored in green.

For a more quantitative approach the uptake of the 3 analyzed particle species was studied by
flow cytometry which allows for the rapid analysis of thousands of cells. Prior to the
competitive studies, the cellular uptake of PS, PLLA and PMMA particles was studied in
single species experiments. The cellular uptake in dependence of incubation time (Figure 27)
and of particle concentration (Figure 28) was measured. As an important factor of particle-cell
interaction, the adsorption of serum proteins on the different polymeric particles was studied
by DLS and by zeta potential measurements.
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Figure 27. Uptake kinetics of PLLA2 (square), PMMA2 (triangle) or PS2 (dot) into
HeLa cells after 0 to 24 h incubation with 75 ug-ml™ of NPs. The
median values of fluorescence were normalized by the NP fluorescence
utilizing factor fypoy to retrieve the normalized fluorescence intensity
Flipoi. The graph of F l1p 4 Shows the highest signal intensities and thus
the greatest uptake for PLLA particles.

From Figure 27 it can be seen that more PLLA particles were internalized in the cells in
comparison to the other polymeric NPs. After 24 h of incubation the uptake of PLLA particles
was approximately 5 times higher as compared to those of PS and PMMA. The increased
uptake of PLLA spheres correlated with larger intracellular particle accumulations compared
to PMMA and PS, as visualized by cLSM (Figure 26).

This superior internalization rate could be based on an enhanced interaction of PLLA with the
cells. The main differences between PLLA or PMMA and PS particles are the following: The
lowest molecular weight, the absence of Ty and the presence of covalently bound carboxyl
groups on the surface of PLLA particles (see Table 5). All these factors might affect the
interaction of the serum proteins with the particle, resulting in different thickness and
chemical composition of the protein corona around the particle *°*.

In order to study the protein adsorption, all particles were incubated without cells in
DMEM10% i.e. in the standard cell medium supplied with 10% FCS. After separation of the
particles by centrifugation, the average size and zeta potential were measured and compared
with the data measured before incubation. The obtained values are summarized in Table 5.
After incubation with serum supplied cell medium, the adsorption of the serum proteins on the
particle surface caused a decrease of zeta potential. A value of approximately -30 mV after
incubation was measured for all three types of particles. The adsorption of proteins on the
particle surface lead to an increase of the average diameter and of the size polydispersity. The
difference in size is slightly higher for the PLLA particles as compared to the other ones. It
was concluded that the amount of protein adsorbed onto the PLLA surface was higher as
compared to PMMA and PS particles.

The concentration-dependent uptake of three types of polymer particles was studied by a 4 h
incubation experiment with particle concentrations in the range of 15 to 75 pg-ml™. These
concentrations correspond to the amount of fluorescent particles in the competitive studies.
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Previously it was shown that the saturation effects of SDS coated particles will not occur at
such low particle concentrations, but rather above several 100 pg'ml™ **2. As can be seen in
Figure 28 the different polymeric particles did indeed yield a linear course within the range of
experimental error. It was concluded that up to a concentration of 75 pg-ml™ the dependence
of cellular uptake for all three types of polymer particles was entirely direct and no saturation
effect occurred.
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Figure 28. Mean fluorescence intensity of HeLa cells after incubation for 4 h with
particles of PLLA (green), PMMA (red) or PS (black). A straight line
(dashed grey) running from Ppin(0]0) to Prax(75/100) demonstrates the
course of a linear increase in fluorescence with increasing particle
concentration. The particle-free control sample was subtracted and
fluorescence intensity Fli(pony Was normalized to the respective value of
the maximal concentration of 75 ug-mI™ of each polymer.

4.2.2  Competitive Uptake after Co-Incubation of Two Particle Species

For evaluation if the presence of one particle type could influence the uptake kinetic of
another type, two types of particles were incubated simultaneously with the cells for 4 h. It
could be hypothesized that upon simultaneous incubation of two particle species, mutual
influence on their cellular uptake might occur due to the competition of both materials for the
cell’s endocytosis capacity.

Competitive experiments were performed with the following particle pairs: PMMA+PLLA,
PMMA+PS and PS+PLLA. The fluorescence values were normalized to the respective
maximum value of the NPs. The PMMA samples displayed particularly weak FL1 signals
because of the low particle fluorescence and the low uptake efficiency. The fluorescence
signal of cells loaded with PMMA NPs roughly exceeded the signal of particle-free cells by
300%. As a consequence the standard deviation was high. The uptake of PMMA+PLLA and
PMMA+PS hardly showed any competition. The obtained graphs followed the linear fit (see
Figure 29).
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Figure 29. Fluorescence intensity of HelLa cells after the competitive incubation of
PLLA+PMMA (A) respectively PS+PMMA (B) particles. The mean
fluorescence intensity is displayed as [%] of the sample incubated with
only fluorescent particles.

But when PS and PLLA particles were co-incubated together the graphs did not follow a
linear fit. Instead the experiment yielded a bended graph which was curved upwards when
fluorescent PS particles (PS2) were used and bended downwards when the fluorescent PLLA
(PLLA2) NPs were used (Figure 30A). It was an interesting observation that the competitive
effect, i.e. the curvature of the graph, was markedly reduced when the serum concentration in
the incubation medium was increased from 10% to 75% (Figure 30B).
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Figure 30. Mean fluorescence intensity of Hela cells after co-incubation of
PS+PLLA particles in cell medium containing 10% (A) and 75% (B)
FCS. The mean fluorescence intensity is displayed as % of the sample
incubated with only fluorescent particles. The dotted line indicates the
linear increase of fluorescence without a competitive effect.

The curvature of the graphs demonstrated the change of particle uptake efficiency from the
linear course one would expect. To express this change in a quantitative way, the difference
between the effective (measured) and the theoretical (expected, linear) uptake was calculated
(4y). This difference 4y was expressed as the percentage 4Yy, of the theoretical value Yp
(4Y9 = Ay-Yp™). This is schematically demonstrated in Figure 31. Depending on if the particle
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uptake was relatively high or low, the difference value was displayed with a positive or
negative sign.

Ay= |+ [% of YD]
D Al ey < x—axis Amount of fluorescent particle [% of total NPs added]
Ay: y-axis Relative particle uptake rate [Mean fluorescence intensity]
Ay Percentage difference of the Y-value from Yo, [% of YD]
-t TssY~-/ - - 0-== with pos. or neg. sign depending if Y is higher resp. lower than Yp

Figure 31. The measured relative particle uptake (blue) was set off against the
theoretical particle uptake as represented by the grey dotted diagonal.
Hereby, the y-values of the diagonal, representing an imaginary uptake
of particles without a competitive effect, were set as 100%.

Following this scheme, the difference in uptake efficiency was displayed in an alternative way
(see Figure 32). This more quantitative display revealed that the competitive effect on PS was
slightly stronger than on PLLA, as represented by the higher difference in percentage. It also
demonstrated that with 75% FCS the effect was markedly decreased suggesting a reduced
influence of the particles on each other’s uptake efficiency.
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Figure 32. Percentage deviation Ay of the measured particle uptake rates (curved
graphs see Figure 31) from a theoretical uptake rate (diagonal, following
a linear course). The change of internalization rate is expressed as a
percentage deviation (Ay) from the theoretical value (diagonal).

The data suggested that the properties of PS and PLLA particles trigger their endocytosis into
HeLa cells in a way that they compete for the same uptake capacities of the cell. Furthermore,
the two particle species also seemed to compete for certain endocytosis-favoring proteins in
the serum-supplied incubation medium. The competition for coating proteins would be one
factor of the observed competitive effect as it would largely influence competition at the cell
membrane and, finally, the cellular uptake.
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To further pursue this idea of protein coat involvement, the interaction of the three particle
species with serum proteins was studied by isothermal titration calorimetry. The NPs were
titrated with 10% FCS and the total heat development was measured, see Figure 33. Because
fetal calf serum is a mixture of many different proteins, the total heat depends on the detailed
adsorption pattern i.e. on the amount and type of adsorbed protein. In any case the heat
development is a measure for the intensity of the particle interaction with proteins. The NPs
displaying the competitive effect i.e. PS and PLLA developed more heat than the PMMA
particles (Figure 33). This could not be tied directly to the competitive effect but the stronger
particle-protein interaction of the materials PS and PLLA stressed the involvement of serum
proteins.
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Figure 33. Total heat development of the different polymeric NPs during 50 titration
steps against diluted serum, as obtained in the ITC measurement.
Particle dispersions of the concentration 75 pg-ml™* were titrated
against a 10%-vol. serum dilution.

The strong particle-protein interaction of PS and PLLA samples could be an indicator for the
involvement of serum proteins in the competitive effect. Protein coatings that specifically
enhance the cellular uptake of NPs have been reported ®*. For example immune globulins,
proteins of the complement pathway and coagulation factors were reported in the protein-
corona of blank and of carboxyl-functionalized negatively charged PS particles. Concerning
these proteins an endocytosis-enhancing effect is being discussed. A decrease in NP
endocytosis when the serum was switched for heat-treated serum indicated as much 3 —
because the heating would inactivate the proteins in question. It should be pointed out that the
model of this study was a human epithelial cancer cell line (as are HeLa cells) and not capable
of macrophagocytosis. All experiments in this thesis were done with heat-inactivated serum,
so proteins of the coagulation and of the immune response cascade can be ruled out. But the
possibility of other endocytosis-favoring proteins has to be considered.

Finally the hypothesis of the competitive uptake of PS and PLLA particles was investigated
by TEM, in cooperation with another member of the electron microscopy team in the group.
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to locate the particles inside the cell at high resolution. In particular, it should be studied if
PLLA and PS particles were stored in similar compartments inside the cell after co-
incubation. The TEM studies gave no proof of extracellular particle coagulates adsorbing to
the cell membrane. The observed NPs were at times in proximity to each other, but always
separated and not as a dense aggregate, see Figure 34. This supported a model where single
particles adsorb on the cell surface and compete for the uptake one by one. Unlike the samples
for cLSM and FC, the cryo TEM samples were not rinsed prior to the preparation, which is
why here many loosely adhered NPs were present around the cell.

Figure 34. TEM images of the cytoplasma membrane and extracellular particles
which were in close proximity or adhered to it. The images display the
cells after incubation with an equal mix of PS and PLLA particles for 4
h (A, B) and 24 h (C). The particles of PLLA (black arrows) and PS
(white arrows) are marked.

The high resolution TEM studies confirmed an intracellular co-localization of PS and PLLA
NPs after an equal mixture of those had been incubated with the cells. After 4 h incubation
time, membrane-enclosed compartments were detected that contained a single particle of PS
(Figure 35A & B) or PLLA (Figure 35C & D). Endosomes or invaginations with more than
one particle were not found. Those could not be excluded based on TEM studies. But at least
those had to be a rare occurrence if none were spotted in TEM, and should be ruled out as the
major mechanism of uptake.
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Figure 35. HeLa cells after 4 h co-incubation with 300 pg of an equal mixture of
PLLA and PS particles. Shown are PLLA (black arrows) and PS (white
arrows) particles located separated in organelles.

Even after the long incubation time of 24 h, the TEM studies yielded no proof for the
presence of larger particle aggregates inside organelles, as all NPs appeared separated. Not
enough cells were analyzed to extract an absolute result. Furthermore some of the observed
organelles might contain more nanoparticles than what was visible, considering that the
analyzed slices were 80 nm thin. But the overall impression was that the majority of
compartments still contained only one particle (Figure 36C & D). Few compartments
contained <5 NPs (Figure 36B) and only one very large organelle with >15 particles was seen
(Figure 36A). The exact nature of those compartments could not be defined. But the presence
of other small particles and multi-membrane structures, in combination with the dark staining,
indicated that the NPs were likely gathered in lysosomes or late endosomes (multivesicular
bodies), see Figure 35 and Figure 36. The dark color of such organelles is a typical feature of
late endosomal structures, as well as the presence of other particles and vesicles ***.
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Figure 36. HeLa cells after 24 h co-incubation with 300 pg of an equal mixture of
PLLA and PS NPs. Shown are PLLA (black arrows) and PS NPs (white
arrows) co-localizing in a cell organelle likely corresponding to a late
endosome or lysosome (A, B). Few membrane-enclosed compartments
containing a single PS (C) or PLLA (D) particle were observed.

The following model for the competitive endocytosis of PLLA and PS nanoparticles was
developed (see Figure 37).
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Figure 37. Scheme of the competitive uptake: Upon single species incubation of
PLLA (green, A) and of PS particles (blue, B), PLLA exhibit a
significantly more effective uptake. Upon simultaneous incubation of the
two particles species (C), the uptake of PLLA is comparably reduced
whereas PS internalization is increased. Particle concentration in (C)
was doubled to better depict the shifting ratio of the uptake efficiencies
in the competitive setup. Particles adhere to the CM and are
internalized separately. Co-localization of these particles (bottom) is
only observed, when the endocytotic vesicles merge after a while to
form larger endosomal structures.
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SUMMARY Three types of negatively charged PS, PMMA and PLLA nanoparticles with
comparable physico-colloidal properties were used to study the influence of polymer nature
on the uptake into HeLa cells. Fluorescence microscopy proved that none of the particle
species showed any significant adsorption to the extracellular side of the cytoplasma
membrane. This concurred with earlier reports, where particle accumulation on the outer CM
side was rarely observed with negatively charged particles *

Single species studies by FCy showed that the internalization rate of PLLA nanoparticles was
approx. 5-fold higher than that of PS and PMMA. Presumably that preferential uptake of
PLLA particles was due to the surface and the chemical composition of these NPs: Low M,
polymer ‘softness’ (absence of a Ty) and the carboxylic groups on the surface. The positive
effect of carboxyl functionalization on the endocytosis rate of polymeric NPs had been
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reported earlier *

functionalization.

In the case of co-incubation, only the combination of PS and PLLA resulted in a competitive
effect. When given the choice between PS and PLLA particles during co-incubation the cells
preferably internalized particles of PS. At the same time the uptake rate of PLLA NPs was
decreased accordingly. This suggested that the polymeric spheres compete for resources.

, but the polymer PLLA even offers these groups without further

These resources would likely be the sites of endocytosis on the cell’s surface, or certain
proteins that are present in the serum in only small amounts and which enhance endocytosis.
Supposedly those two issues are linked, as the affinity of nanoparticles to specific sites (or
even receptor molecules) of endocytosis might be significantly governed by the protein
corona around the NP **# 11 |n any case the ITC measurements indicated that PS and PLLA
particles showed stronger interactions with proteins than did PMMA NPs.

The strong particle-protein interaction of PS and PLLA seemed to link the competitive effect
to a shortage of specific endocytosis-favorable coating proteins, as one of several possible
reasons. This idea was supported by the observation that a higher serum protein concentration
decreased the competitive effect. Furthermore the competition should not be based on the
lactide’s carboxyl groups, as it did not occur during the co-incubation of PLLA and PMMA
NPs.

The hypothesis of the competitive uptake would require that the particles are only internalized
one by one and not in groups, which should be verified by EM microscopy. Indeed, TEM
imaging revealed mostly single particles, being adhered at the CM and, after 4 h incubation,
inside the cell in organelles. Only after 24 h incubation several organelles, presumably late
endosomes or lysosomes *** were observed that contained more than one particle. After longer
incubation time the once separated NPs had been transported to larger containers and
accumulated in said compartments. The conclusion was that both PS and PLLA particles were
mainly internalized by a mechanism that transports only one particle at a time. This ruled out
macropinocytosis as major player, but of course this pathway may still be involved to a
certain extent because cells always have several endocytotic mechanisms activated .
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4.3 Flow Cytometry for Single Nanoparticle Detection

4.3.1  The Impact of Experimental Settings and Sample Properties

In this chapter the impact of experimental conditions and particle features on the flow
cytometry data is investigated. These factors greatly influence the morphology of the obtained
data. Wrong settings e.g. a high threshold or insufficient amplification can lead to wrong
conclusions, and in the worst case, hide the objects of interest from detection. On the other
hand, by methodical variation of the experimental conditions conclusions about the sample
can be drawn. The work presented in this chapter laid the base for the precise measurement of
submicron particles.
The following factors are particularly important for the NP measurement in flow cytometry:

Threshold

PMT signal amplification

Laser power

Sample concentration

Measurement speed

Properties of the particles
- Size and refractive index

- Excitation & emission range of the incorporated dye
- Overall fluorescence intensity

Some of these criteria are linked and should not be looked at isolated, for example PMT
amplification & threshold or sample concentration & measurement speed. Based on the listed
factors above, several approaches were developed that should help to identify the events
representing single nanoparticles. Later on different NPs were analyzed in a fixed set of
parameters.

The most relevant properties of the utilized particles are summarized in Table 12:

Table 12. Key properties of the used polymer particles.

. Laser FC channels
Sample = Diameter Dye for excitation for detection
PMMA-SDS-4 120 nm PMI 488 nm FL1, FL2, FL3
PS-LFY-1 112 nm LF Yellow 488 nm FL1
PS-LFY-2 125 nm LF Yellow 488 nm FL1
PS-LFY-3 114 nm LF Yellow 488 nm FL1
PS-LFY-4 118 nm LF Yellow 488 nm FL1
PMMA-BP1-2 155 nm BP1 488 nm FL1, FL2
PMMA-AT3 120 nm BP2 640 nm FL5
IMMUNO-BRITE™*  pum-range n.a. 488 nm FL1, FL2, FL3
CountCheck Beads ** « n.a. 488 nm FL1, FL2, FL3

These PS microspheres were purchased from Beckman Coulter (*) and Partec (**).
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4.3.1.1 Threshold, PMT Amplification and PMT Linearity

Nanoparticles are very small compared to the total illuminated and detected volume in the

cytometer. Therefore the number of noise events exceeds the particle count by far. The rather

weak particle signal intensity adds to the complication, as this prevents sorting out noise

events by threshold. This is particularly difficult if particle signals fully ‘co-localize’ with

noise events, concerning e.g. their location in SSC-FSC or SSC-fluorescence plots. In the data

of this study, several populations of events were discernible in the dotplots and in the early

stage it was not yet clear which of these correlated to particle signals. Therefore threshold and

detector signal amplification had to be balanced carefully.

The settings needed to be chosen such that nearly all events are detected — and no particle

signals might be falsely lost. Therefore in the beginning, experiments with varying

photomultiplier amplification (of channel FL1 and SSC) and varying thresholds were applied.

Once the particle signals were identified, signal amplification and threshold could be fine-

tuned to ensure ideal NP detection. The importance of the threshold setting for the

measurement of nanoparticles is demonstrated by Figure 38. PMMA-SDS-4 particles (120
nm, dye PMI) were measured with the threshold on the FSC (0.5, 3, 6 & 15) or the SSC (10).
In Figure 38 the measurements (A) to (D) demonstrate that the threshold has great impact on

the acquired data. Each run contained a similar number of events, 80-10°, but the data set was

very different. If a threshold is not defined properly the results can be misleading. At low

threshold settings as in (A) and (E), mostly events of low signal intensity were detected, as

these are vastly exceeding in numbers in every sample, but in images (B) to (D) these events

were excluded from detection by the higher threshold. Only then, outnumbered events e.g.

those with a strong signal intensity, became visible. This was apparent in the additional peak

in the FL1 histogram at approx. 10-fold signal intensity (blue arrows in images B-D). This

population emerged only when the threshold was higher i.e. on FSC3. The high fluorescence

intensity suggested that this peak depicted NP-derived signals. It was concluded that a

moderate threshold, between FSC3 and 6, could be suited. It allows to detect both populations

(see FL1 histogram in images B & C) and should be suitable for most samples. With the

chosen settings, existing event populations were fully visible in the dotplots i.e. none were cut

off. This included false-positive fluorescence events e.g. when measuring a reference sample

like pure water. As a consequence of these sensitive settings the count rate reached several

thousand events per second, resulting in large data files.
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Figure 38. Measurement of nanoparticles (PMMA-SDS-4, 120 nm, dye PMI) at high
concentration. Different threshold settings on the FSC, including value
0.5 (A), 3 (B), 6 (C) and 15 (D), were compared to a SSC threshold of
value 10 (E). Each run comprised 80-10° events. In the scatter dotplots
(1) a region of lower (g1, blue) and of higher SSC signal strength (G2,
green) was gated. Histograms of FL1 (r.) display the complete data set
(black) and the gated events in region g1 (blue) and G2 (green).

In theory, the PMT amplification could be increased at will, as long as the threshold is adapted
accordingly; but in fact the photomultipliers are not fully linear in the complete range of
voltage. The FL signals of two objects with different fluorescence intensities have to be
amplified by exactly the same factor. The voltage range where the PMT works correct (Volt;in)
was identified with specific calibration beads ‘IMMUNO-BRITE™ Fluorospheres’ as
described in a white paper publication by Beckmann Coulter *°°. The set consisted of blank
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reference beads and 4 bead species with varied fluorescence intensity. The latter contained a
dye which emits at 525 to 700 nm after excitation at 488 nm. A mix of the beads Nr. IV & V
was measured and the voltage was varied from 145 to 500 in small steps. Plotting the ratio of
the beads’ mean fluorescence intensities against the voltage yielded the linear voltage range of
the photomultipliers (see Figure 39).
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Figure 39. Measurement of the beads Nr. IV and Nr. V: The ratios (Nr. V / Nr. IV) of
the FL median values were plotted against the PMT voltage. The graphs’
inflection points mark the begin of the linear work range of the PMT of
channel FL1 (square), FL2 (circle) and FL3 (triangle).

The inflection points were well visible and marked the start of the linear ranges (\Volt;,) of the
respective photomultipliers. The tilted course of Volt;, was neglected as it is dependent on the
different signal processing in the flow cytometers of Partec and Beckman Coulter.

A similar experiment was exercised with the beads Nr. Il and Il that possess lower
fluorescence intensity and thus allowed to probe higher voltage settings (data not shown).
Here the PMTs of FL1 and FL2 could be regulated up to 500. This was the possible maximum
because above 500 V the beads exceeded the upper detection limit.

The combined results of these experiments showed that the PMTs worked in a linear fashion
up to 500. Linear ranges Volt;, of 230-500 (FL1), 200-500 (FL2) and 280-500 (FL3) were
identified. In the FC experiments the PMT voltage on FL1 and FL2 was always within the
linear range.

4.3.1.2 Laser Power

The power of the 488 nm laser could be regulated between 40-200 mW. Up-regulating the
laser input should increase all scattering signals. This includes the SSC signals as expected,
but also the false positive signals in FL1 that are no real fluorescence signals. Finally, up-
regulation of the excitation source would also intensify the FL1 fluorescence signal — possibly
to a different extent than the scattering signals. If that was the case, then particle-derived
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signals could be distinguished better from the noise by varying the laser power. In addition
different laser settings had to be tested to optimize the fluorescence signal-to-noise ratio.
Measurements with PS-LFY-3 particles (sized 120 nm, dye LFY) were exercised under
variation of the laser power. Settings of 40, 100, 150 and 200 mW were tested (Figure 40).
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Figure 40. SSC-FL1 dotplots of the analysis of PS-LFY-3 particles at 40 (A),
100 (B), 150 (C) and 200 mW (D) power of the 488 nm laser.

A population in the right top corner was observed that as a first impression seemed to be
particles (maximum FL1 intensity). But particle signals, at such a high sample concentration,
would have to be present in much higher numbers. The presence of this population, that has a
10-100x higher signal strength than all other observed populations, cannot be fully explained.
Phenomena like partial um-sized coagulate formation or a sub-population of especially large
spheres could be an explanation. In this early stage of work, with the purpose of laying the
base for nanoparticle detection in flow cytometry, this population was not discussed further.
In any case, the higher power input increased all signals, as expected, but the focus was on the
FL1 channel. The interesting observation was that all FL1 signals were increased, but not to
the same extent. Raising the laser power from 40 to 100, 150 and 200 mW had the effect that
certain populations (observed at 40 mW) were each split up into two distinct populations (as
observed at 200 mW). This is demonstrated in the direct comparison of the 40 mW and the
200 mW sample (see Figure 41).
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Figure 41. SSC-FL1 dotplots in density (top) and contour (bottom) mode, and the
location of important populations are indicated by grey vertical arrows
linking the two plots. The results of a measurement of PS-LFY-3 particles
at 40 mw (A) and 200 mW (B) are displayed. The black horizontal
arrows mark populations that were split into two distinct clouds when the
laser power was increased from 40 mW to 200 mW.

At 40 mW, only one population was discernible by FL1 and at 200 mW, this population
seemed to be split into two distinct clouds. Obviously, some events had gained more FL1
signal intensity than other events. It was hypothesized that the latter had to be false positive
signals, i.e. merely scattering of the laser beam that passed the band pass filter of the FL1
channel. In contrary those events with the stronger gain in signal intensity were assumed to be
real fluorescence signals, origination from particles that contain the fluorophore. Possibly, the
capacity of the dye inside the particles was not fully exploited at 40 mW, leaving room for
signal improvement at e. g. 200 mW laser power with more photons available for excitation.

This indicated that the selective up-regulation of particle signals — i.e. a significant
improvement of the signal-to-noise ratio — was achieved. In Figure 42A a pair of high
resolution SSC-FL1 contour plots visualizes the improved signal-to-noise ratio as achieved by
up-regulating the laser power: Two populations (supposedly NPs and background) were gated
with maximum precision by following the contour lines. The pair of 100 mW and 200 mW
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power was chosen for this comparison because these settings ensured that no events of low
FL1 signal intensity could be lost, whereas at 40 mW laser power it was possible that signals
of low FL1 signal intensity were excluded by the minimum threshold.

B 200 wwW

/ AN

({f o Lphd
) 107
7 Population2 @ "‘
100 wmW
Population2
<\ /\{ 200w
Population i
lOO o, . \ Pa—p{u{ix{—i,om/j_
200 W
| A
10" 10% 10° 10 102
FL1 Fl1
Figure 42. High magnification SSC-FL1 density dotplots, showing the results of a

measurement of PS-LFY-3 particles at 100 mW (A) and 200 mW (B). In
each dotplot the two populations of interest were gated in turquoise
(Populationl) and dark blue (Population2).

The mean signal intensities (SSC and FL1) of the gated events in Figure 42 were interpreted
separately for the two populations, see Figure 43.
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Figure 43.
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The SSC scatter signals of both populations behaved identically i.e. increased by a factor of 3.
But the FL1 signal in ‘Population2’ increased by a factor of 2 (from 16 to 29 [a. u.]) when the
laser power was up-regulated from 100 to 200 mW. In contrary, the FL1 signal intensity of
‘Populationl’, which supposedly represents background events, remained nearly constant.
The FL signal intensities of the two populations were indeed amplified with a different factor.
This suggested that ‘Population1’ (marked dark blue in Figure 42A & Figure 42B) included
particle-derived signals. The high sample concentration and the strong FL1 signal intensity (4-
7x the signal intensity of ‘Population2’) suggested coincidences or coagulates. These
experiments showed that 200 mW laser power should provide the best conditions for the
detection of single nanoparticles.

4.3.1.3  Apparent Sample Concentration

In flow cytometry the measurement speed (Vexp) cannot be fully separated from the sample
concentration. At high veyp, a large volume of sample i.e. a larger amount of objects passes the
detection spot per second — which imitates a higher sample concentration. Therefore sample
concentration and measurement speed should only be discussed together. Both factors
contribute to a final ‘apparent sample concentration’ i.e. the actual number of objects that
passes the flow chamber per second. Whenever different sample concentrations were
compared in this study, the vep Was kept constant and therefore may be neglected and will not
be discussed separately. But there is one important property that should be kept in mind: At
high speed, the sample stream will not only flow faster but also grow in diameter. The
resulting different locations of objects in the flow chamber (in combination with e.g. the
detection angle, detection time window and the intensity distribution profile of the laser
beam) decrease the measurement’s accuracy. Therefore, all nanoparticle experiments were
obtained at & Ve, 0F 0.5, 1 or 2 [ul-s™].

The first and most difficult task in nanoparticle measurement by FC is to get a clear
distinction between events of noise, nanoparticles, coincidences and possibly coagulates.
There are several approaches to this task, one of them being to seek the typical characteristics
of the possible 3 states: Particle dispersions can be of low (a), medium (b) or high (c)
concentration. In theory, case (a) represents a sample with such a low particle content that
coincidences will not occur. Therefore, if any events of high fluorescence and scattering
intensity are observed, these must originate from coagulates. As a drawback the low particle
content leads to a bad signal to noise ratio. The measurement is susceptible to the daily
performance of the cytometer. This includes even minor ‘contaminations’ with particles or air
bubbles that are irrelevant for standard applications as e.g. cell analysis. At a moderate sample
concentration (b), many single NPs are detected and the signal-to-noise ratio is good, even
though coincidences cannot be excluded anymore. In contrary, for (c) nearly any particle
signal is in a coincidence event because the sample is concentrated.

Therefore, varying the sample concentration whilst closely watching the morphology of SSC
and FL1 peaks should yield the information where to look for the NP signals in the data. With

68| Page



Flow- Cytometry for Single Nanoparticle Detection [ Resudts and Discwssion || R

increasing NP concentration, each coincidence represents the summed up signal intensity of
an increasing amount of particles. As a typical characteristic of the coincidence population,
the signal intensity in SSC and FL1 should rise with the sample concentration. Signals
originating from NPs could be tracked down this way even if a true single particle
measurement (SPM) would still be lacking. Theoretically, if the concentration were reduced
enough to allow SPM, a second peak should appear to the left (representing single NPs).
Simultaneously, further dilution should gradually remove the coincidence peak.

In an early approach, highly concentrated dispersions of PMMA-SDS-4 (diluted 1:1000, and
1:4000) were measured. At such high concentrations, single particle detection was not
expected and the minimum threshold was set accordingly high (FL1:20). In this experiment,
mainly coincidences were observed. This first comparison of varying dilutions (see Figure 44)
demonstrated the impact of sample concentration on the morphology of the cytometry results.
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Figure 44. Measurement of washed PMMA-SDS-4 particles (120 nm, dye PMI)
diluted 1:1000 (A) and 1:4000 (B), displayed in FSC-SSC dotplots (top)
and FL1 histograms (bottom). The gates g1 (blue) and G2 (green) mark
particles of lower and higher SSC intensity, respectively. The histograms
display the content of gate g1 (blue), G2 (green) and the un-gated data
(black).

In the scatter plots of Figure 44, two populations of SSC signals above or below 25 [a. u.]
were marked by the gates g1 (blue) and G2 (green). The given percentage values, i.e. which
percentage of the total particle number is contained in the gate, do not add up perfectly
because the two gates slightly overlap.

Gate G2 in Figure 44 demonstrates that increasing the sample concentration nearly doubled
the number of events of higher SSC intensity (> 25 a. u.). At the same time the number of
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events in gate g1, with a low SSC intensity, was halved. When the sample concentration is too

high, several particles pass the detection chamber simultaneously and are therefore

summarized as one event termed coincidence Ee,. The SSC and fluorescence values of those

depend on the number of particles which are contained in the Eg. The SSC and FL1 signal

intensity is accordingly high at high sample concentration and decreases when the sample is

diluted.

Another dilution series of fluorescent NPs (PS-LFY-3, dye LFY, size 120 nm) was analyzed.
The samples V1-V8 were obtained by a dilution row in triple filtrated (0.2 um pore size)

water, as shown in Table 13. Filtrated water was also used as the reference sample.

Table 13. Properties of the PS-LFY-3 dilution series, samples V1-V8.

Dilution Concentration Particle flow
factor [NP per 0.5 ul] [NP per s] *
c0 / 1.04-10" /
V1 1185 87.763.713 88-10°
V2 3555 29.254.571 29.10°
V3 11-10° 9.751.524 9.7-10°
V4 32.10° 3.250.508 3.2.10°
V5 96-10° 1.083.503 1.1-10°
V6 288-10° 361.168 360-10°
V7 864-10° 120.389 120-10°
V8 2.592.10° 40.130 40-10°

* NPs that cross the flow chamber i.e. pass the detection spot per
second when measuring with a speed of Veyp= 0.5.

The data sets were displayed in SSC-FL1 plots (see Figure 45) where an 8-shaped gate (red)
marked the majority of the NP-derived signals. The SSC-FL1 plots showed that several
populations were present and that some of these changed their morphology or location in
dependence of the sample concentration. Any population that changes with the sample
concentration must originate from the sample itself. In contrary, the populations that remained
the same in all samples were considered ‘background’ in the FC (air bubbles in the sheath

etc.) and non-related to particles.
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Figure 45: Results of PS-LFY-3 particle dilution series. The SSC-FL1 plots (A)-(H)
correspond to the samples V1-V8 as achieved by the dilution row in
Table 13, with (A) as the maximal and (H) as the minimal concentration.
A sample of filtered water was measured as particle free reference (1).

The reference (see Figure 451) showed that the standard background signals were located in
two main regions as sketched in Figure 46. These populations (a) and (b) had a SSC intensity
of y;= 3 and y,= 20 [a. u.], respectively. Their fluorescence signals are equally weak. A third
population (c), with identical FL1 signal, was considered irrelevant and presumably
represented non-fluorescent events of noise of higher SSC intensity.

a—c¢ =

Populations of  (supposed)

background signals

10" 10" 102 10° 10*
FL1

Figure 46. Schematic SSC-FL1 plot of the measurement of filtrated water (reference
sample). No particles are contained; hence the spotted populations (a) &
(b) correspond to the standard background signals. Population (c)
represents noise events of higher signal intensity that are not observed in
all samples and will not be discussed further.
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The mentioned populations (a) and (b) were also emerging in the samples of lower particle
concentration (see Figure 45F - H). This proved that either a) hardly any NPs were left in the
sample (H) or b) there were still many particles but their FL1 signals were indistinguishable

from those of the background events.

Consequently the other event population, the one which shifted in dependence of the NP
concentration, was defined as ‘particle-derived’. This expression refers to any signals caused
by particles and does not specify between single NPs, coagulates or coincidences; such a

distinction was not possible at this point.

The SSC-FL1 dotplots in Figure 46 depicted a cloud that shifted from the right top corner to
the left bottom until it apparently disappeared or merged with the upper background cloud
(which is termed population (b) see Figure 46). This shifting cloud is described in Figure 47.
The more the sample is diluted, the more this population shifts to lower FL1 and SSC

intensities and in the process changes from an elongated to a near circular shape.

4
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Figure 47. Comparing the population of particle-derived signals at high (1) and at

low (2) sample concentrations (schematic display).

For a closer look on the shifting signal intensities, the ‘particle-derived’ events (as defined by
the gate in Figure 47) were displayed in SSC and FL1 histograms. Figure 48 shows the
signals of SSC (A) and FL1 (B) at varying sample concentrations. Additionally the signal
intensities in FL1 and SSC were plotted against the particle concentration in the samples (C).
To compare the relative changes in signal intensity of SSC and FL1 in dependence of the

particle concentration, these intensities were additionally normalized to 100% (D).
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Display of the supposed particle-derived signals (= gate in the SSC-FL1

plots). These signals in sample V1-V8 are displayed in histograms of FL1
(A) and SSC (B). The displayed peaks were normalized to an identical
event number so that the shape of the peaks can be compared. Below, the
mean signal intensity of FL1 (green) and SSC (black) was read out as
median value and plotted against the particle concentration. In (C) the
median [a. u.] is utilized. To compare the behavior (i.e. the relation of
signal strength vs. particle concentration) of SSC against that of FL1, the
median values were normalized to 100% in a second graph (D).

From the histograms in Figure 48A & B it was obvious that the coincidence signal intensity
decreased with decreasing particle concentration, as expected. Varying the NP concentration is
equal to varying the number of particles per coincidence. Furthermore it was also observed
that at low particle count, the SSC signals became more imprecise than the FL1 signals. This
was obvious by the broader peaks and the higher coefficient of variation in the SSC samples
of decreasing concentration.

The scattering of single particles (<200 nm) follows the Mie function and therefore does not
behave similar to the FL1 signals. The relation between size and scattering at 90 ° is directed
by the Mie scattering function ‘*”. Coincidences are an overlay of scattering and fluorescence
from several objects that are randomly distributed in a 3D space. Defined rules of scattering
such as e. g. Mie do not apply here. Still the SSC intensity of a coincidence is reproducible —
as long as the number of particles and their scattering properties (size, Rl etc.) are
approximately the same. So if the SSC intensities of coincidences in different samples are
similar it may be assumed that these coincidences also contain a comparable number of NPs.
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Figure 48D demonstrated that both FL1 and SSC signals of the coincidences were affected in
a similar way by the varying particle concentration. The earlier observed shape change of the
coincidence population (see Figure 47) therefore is just an artifact of the display mode in the

SSC-FL1 scatter.

Finally a direct comparison of the particle-free reference and the PS-LFY-3 particle sample of
minimum concentration was done. The diluted sample V8 should yield a count of approx.
40-10° [NPs-s™'] when measuring with vey, =0.5. Therefore the vast majority of the observed
particle-derived signals were coincidences. In Figure 49 the upper population was selectively
gated in the reference (A) and in the particle (B) sample. The gated data was displayed in FL1

(C) and SSC (D) histograms.
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Figure 49. Comparing the reference sample water (A) with sample V8 (B) that
contains 40-10° NPs per 0.5 pl. The data sets were gated as given in
A & B. The gated data was displayed in histograms of FL1 (C) and SSC
(D) in black (water) and green (particle sample). The histograms were

normalized to an identical event number.

The SSC signal of the particle sample was stronger than that of the reference, which indicated
the presence of NPs. But despite this increased signal intensity, the events could not be
isolated from the noise peak. In channel FL1, the peaks were not distinguishable at all (see
Figure 49D & C). The conclusion was that at the high dilution V8, the coincidences contained
only such a low amount of particles that the total fluorescence signals of even the
coincidences were indistinctive from the background. Hence the detection of single PS-LFY-3

NPs would be impossible.
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The conclusion was that either the SSC or the fluorescence signal intensity needed to be
increased to enable a proper NP detection. The <200 nm sized particles, supplied with 1.33
[ug-g”? polymer] of LFY dye, created insufficient signal strength of fluorescence and
scattering.

The possible presence of nanoparticles in the bottom population (with the low SSC signal, see
Figure 49 above) had to be addressed as well. The SSC and FL1 signals in this population
were identical for the reference and for sample V8 (data not shown). The presence of single
particles in this population is unlikely for the following reason. The signal of a single NP is
within the same dimension as the signal of a smaller coagulate or coincidence. The generally
broad distribution of all populations, spanning over one decade, further complicates such a
distinction. In any case the two discussed populations are well separated and differ by a factor
of >10 in their SSC signal strength. It was already proven that particle-derived signals are
present in the top population; hence there should not be any in the 2" population at 1/10 of
SSC signal intensity.

Differentiating single particles and coincidences would only be possible with a strong particle
signal as e.g. from calibration microspheres. Experiments with micron sized calibration beads
(Partec) had confirmed this. Figure 50 demonstrates that here the distinction between single
spheres (Gate 1), duplets (Gate 2) and triplets (Gate 3) was easy. Compared to the single
sphere event, the fluorescence intensity of duplets and triplets was increased to 200% and
300%, respectively. For scattering signals, the FSC was utilized instead of SSC, due to the
large size of the spheres. The FSC signal of duplets and triplets was increased, but, as
expected, did not follow a direct proportional relation.
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Figure 50. Calibration beads were measured and in a FSC-FL1 plot (A) three
distinctive populations termed Gate 1-3 were identified. The gated data
was projected into histograms of FL1 (B & C) and FSC (D). In images
(C) and (D) the peaks were normalized to an identical event count.
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With the nanoparticles and the machine used in this thesis, the fluorescence and scatter signals
of single LFY marked nanoparticles were too weak and had a high CV. The resolution of
single particle events from coincidences or duplets was not possible under these

circumstances.

Based on these findings a criterion was developed which allowed one to evaluate if single
particle detection would be possible with a certain particle sample: Possibly only one
population is visible and its FL1 and SSC signals decrease with lower sample concentration
until the population merges with the background and disappears. Such a sample should not be
considered for SPM. But with a suitable sample, at some point a population will be visible
that retains a constant fluorescence intensity — despite further sample dilution. The events in
this population will retain a constant fluorescence signal intensity until this population
disappears (when the sample is diluted such that it hardly contains any particles). If this is the
case then the sample is eligible for SPM; these events are representing single particles which

can be distinguished from the background.

To provide a supplementary strategy to identify the single particle population, the variation in
particle concentration was imitated: A highly concentrated sample was measured shortly to
load the NPs into the FC. When a particle-free sample was measured afterwards the cytometer
interior was still ‘contaminated’ with remaining NPs. Therefore it was possible to watch live,
in the course of the measurement, how the NPs were gradually washed out. The decreasing
particle count simulated the subsequent analysis of samples of decreasing concentrations. The
unique benefit of this approach was that it provided a seamless transition from high to low
sample concentration and to a particle-free sample. The information was collected by taking

screenshots from the live measurement (see Figure 51).
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Figure 51. The FC had been loaded with NPs by measuring an over-concentrated
PMMA-BP1-2 sample. The remaining particles were gradually washed
out throughout 3 min (A-C) during the next run (new sample: water).
Below (D) a particle-free reference measurement of water is provided.

In Figure 51 the gates RN5 and RNG6 in the FL1 histograms demonstrated that the peaks did
not shift position throughout the measurement. RN5 marked the fluorescence signal intensity
of the background as this peak was equally present in the control sample (D). The RN6 peak
does not further shift to the left and merge with the RN5 peak, but instead remained at the
same position until it disappeared (A-C) when there were no more NPs left in the FC. As
discussed earlier, this proved that peak RN6 represented a population of single nanoparticles.

4.3.1.4 Particle Scattering Properties (Size and Refractive Index)

In a first approach to identify particle-derived signals by size (or scattering signals), the
sample was filtrated prior to the FC measurement. The filtration step, through 0.2 and 0.45
pm pore size membranes, removed all objects larger than the pore size — which should include
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coagulates, particle aggregates and contaminating objects. Comparing the data morphology of
original and of filtrated samples, particle signals might be identified. The measurement of a
non-filtered and a 0.2 um filtered PMMA-AT3 (120 nm, dye BP2) sample was compared, see
Figure 52.

1 0 38 113 180
10 FEC

Figure 52. Measurement of PMMA-AT3 particles before (A) and after (B) filtration
with 0.2 um pore size. The SSC-FL3 plots demonstrated that filtration
changed the sample morphology. The SSC-FSC scattering plots (center)
define two gates for lower (g1, blue) and for higher (G2, green) SSC
signal intensities. The percentage of events per gate is given to the right.

Larger objects and particle coagulates should be expected rather in gate G2 than in g1, as G2
defines a higher SSC signal. Before filtration, gate G2 contained approx. 23% [events of the
total sum of events], which was reduced to 4% after the sample was filtrated. Simultaneously,
the content in gate g1 was increased from 77% to 96%. The 0.2 um filtration selectively
removed G2 events which showed that the G2 events mostly represented objects larger than
0.2 um (and coincidences). The SSC signal intensity depends not only on the object size but
also on parameters like e.g. the refractive index RI. The SSC should preferably be used for
size comparisons of objects with similar properties (material, RI, shape, etc). The experiment
proved that the fluorescence of PMMA-AT3 particles was not suitable for SPM. No specific
pattern in the SSC-FL plot, which could be attributed to nanoparticles, was visible (see Figure
52, left). A 0.45 um pore-size filtration yielded similar results (data not shown).

This experiment demonstrated that objects smaller than 0.2 pum (contaminations and
particles), and possibly minor coincidences, were located in gate g1. Therefore any single
nanoparticle population should as well be sought in the location of gate gl (using similar
experimental conditions).
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4.3.1.5 Fluorescence of the Nanoparticles (Emission Spectra and Intensity)

When particles below 200 nm size cannot be distinguished from the background by their
scattering signals (which mostly is the case), the other option is the fluorescence signal. In
particular, the emission properties of different particles could be exploited to differentiate
single particle events from coincidences. This approach is described in the following. For
these experiments, two species of particles were mixed that are distinguishable by a certain
parameter, the emission intensity or the emission wavelength. In the case of successful SPM
the flow cytometry data should reveal two separate populations with the mentioned emission
properties. But in the case of coincidences, some of the E¢ would contain a mix of the two
particle species — and thus combine the properties of both species and e.g. yield fluorescence
signals in both FL channels. The working principle of two approaches is given in Figure 53.

Cotncidences NF 1 Cotnecidences NF 2 Cotncidences
NP1 & NP2
SsC | ssc ssc| |
. B 2
10" 102 101 102 10 102
D FLA1 E FL1 FL1
Mosty single NP, Mosty coincidences,
low~ concentration hugh concendration
.
FL1| FL1 3
FL5 FL5

Figure 53. Proof of coincidences by measuring a mix of two NP species with different
properties: In one approach (A-C), two particle samples are used which
emit in the same FL channel but with different intensity. These are
measured separately at similar, high, concentrations so that coincidences
occur (A & B). Then an equal mixture of both species with a similar total
NP concentration is analyzed; these coincidences should represent a
comparable amount of NPs but now contain a mixture of both species
(C). A new population appears and whilst its SSC intensity should be
roughly similar (because the total particle content is the same) the FL
signal should be an intermediate of both species’ FL intensities.
Alternatively an equal mixture of two NP species that emit in different FL
channels (D-E) can be used. When measuring at low concentration (that
allows SPM), a separate NP population should be observed in each of
the FL channels (D). The two species with different fluorophores can be
distinguished in the fluorescence dotplot. At high concentration,
coincidences appear as a 3rd population (E) that combines the
fluorescence properties of both NPs. Scatter and fluorescence signals of
this population should be higher than for the single-species populations.
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According to the method described in Figure 53A & B, a mix of two particle species with
different fluorescence intensities (in the FL1 channel) was measured. By synthesis, particle
PS-LFY-4 should contain the 6-fold amount of dye compared to PS-LFY-1. If the
fluorescence intensity was roughly in proportion to the dye content, this difference might be
sufficient to distinguish the two particle populations by their FL1 signal intensity. For
synthesis of the PS-LFY-1 till -4 series, an amount of 2, 4, 8 and 12 mg dye were added per
6 g monomer. Absorption spectroscopy revealed a relative dye content of 1, 3, 7 and 12,
normalized to the 2 mg sample. Particle material, refractive index and size were the same so
the particles’ SSC signals should be similar. The samples PS-LFY-1 till -4 were treated in a
similar manner, centrifuged and the pellet was re-dispersed in water. All dispersions were
diluted 1:2000 prior to the FC measurement, so that the NP concentrations in the final
samples were nearly similar. The fluorescence intensity of the different particle species was
first measured separately (see Figure 54) to ensure that PS-LFY-1 and -4 were eligible for the
described proof for SPM.
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Figure 54. FC measurement of LF yellow marked nanoparticles at 100 mW laser
power. The particles were synthesized with 2 mg (A), 4 mg (B), 8 mg (C)
and 12 mg (D) of dye per 6 g monomer. Particle-derived signals i.e.
coincidences were marked in the SSC-FL1 dotplots (blue gate) and
projected into the FL1 histogram to extract the median value.

At this concentration of the particle samples SPM was excluded and the observed fluorescing
events could only be coincidences. Under the assumption that the particles have similar size
and scattering properties, the SSC signal of a coincidence only depends on the number of NPs
it is summing up. Therefore, if the coincidence events in the samples had a similar SSC
signal, the average number of NPs per coincidence should also be similar. The SSC values
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(data not shown) of the discussed events differed by less than 5%. It was concluded that, in
good approximation, the average NP count was the same in all coincidences. Hence the FL1
signal strength of each coincidence was dependent on the FL1 signal intensity of the particles
— and therefore increased with the amount of incorporated dye. The fluorescence of the
nanoparticles could be compared at the base of coincidence events alone — which is a vital
tool for the flow cytometric measurement of all those NPs that have insufficient signal
strength for real SPM. The experiment also proved that the FL1 signals of PS-LFY-1 and -4
differed by a factor of approximately 5.

The pair of PS-LFY-1 and 4 was therefore suitable for the above described measurement (see
Figure 534 - C) where a mix of two particles is measured to prove SPM. The samples PS-
LFY-1 (diluted 1: 20-10%) and -4 (diluted 1: 32:10%) were measured separately under identical
conditions (laser power 100 mW, FLI: 500, threshold on FSCS, v.,,= 1). Then an equal
mixture of both NPs was measured in a similar manner. The total count in each run was
80-10° events. The results of this experiment are shown in Figure 55.

In Figure 55 the coincidences in the mixed sample (image C, gates / & 4) have a higher SSC
signal compared to the separate sample of the dim (4, gate /) and the highly fluorescent (B,
gate 4) particle species. This demonstrated that the coincidences of the mix sample contained
slightly more particles. But more importantly, the FL1 signals in the mixed sample (C) were
higher than those in the weakly fluorescent sample (4) but lower than in the highly
fluorescent particle sample (B). This was the proof that the coincidences contained particles of
high (PS-LFY-4) and of low (PS-LFY-1) fluorescence intensity. As was expected, in the
mixed sample the coincidences had fluorescence properties (here: the FL1 signal intensity)

that lay between those of the two particles species.
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Figure 55. Comparing the separate measurement of PS-LFY-1 (low fluorescence, A)
and PS-LFY-4 (high fluorescence, B) against the measurement of a
mixture of both particle species (C). In the SSC-FLI dotplots (left),
events of interest, i.e. assumed particle coincidences, were gated with
black regions. In the statistics to the right, the SSC (y-median) and the
FL1 signal (x-median) of the respective gated regions are highlighted

(blue circle).

The identification of coincidences on the base of particles with different fluorescence
intensities was successful. It would be even more convenient to do this test by measuring a
mix of NPs that emit at different wavelengths i.e. that are detected in different FL channels.
For this reason the proof of SPM was done with a pair of NPs that had different fluorescent
markers: One for detection in channel FL5 (PMMA-ATS3 particles with the BP2 dye) and one
for detection in channel FL1 (PMMA-SDS-4 particles with the dye PMI).

Both NPs were of similar material and size hence their SSC signals should be similar. An
equal mixture of both NPs at high concentration (a 1:2000 dilution guaranteed the presence of

coincidences) was measured to prove the presence of coincidences (see Figure 56).
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Figure 56. Measurement of a mixture of particles which could be detected separately

in the channels FL1 (PMMA-SDS-4) and FL5 (PMMA-AT3). In addition
to the scatter plot (l.) the data set is displayed in a SSC-FLI dotplot.
Here the upper populations were marked by gate 1 (green) and gate 2
(blue). Particle coincidences should be contained in at least one of these
gates, due to the high scattering intensity.

In order to prove the presence of coincidences, which contain both particle species, the events

in gate 1 and gate 2 were displayed separately (see Figure 57).
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Selective dotplots of the events that were gated as described in the
previous figure. Gate 1 contained events of low FLI1 (4) and FL5 (B)
signal intensity, which was particularly obvious in the FLI1-FL5 dotplot
(C). In contrary, gate 2 mostly enclosed events of high FLI (D) and
medium FLS5 (E) signal strength. The combined FLI-FLS5 dotplot (F)
demonstrated that gate 2 included events with strong emission in both
fluorescence channels. These events were located in the upper right
area of the displayed population (black circle).
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A distinction between coincidences and single particles was not possible with this set of
particles. But the presence of coincidences was proven without a doubt — by the fact that the
features of both particle species (fluorescence in FL1 and in FL5) were found combined in

one event.

SUMMARY The importance of a careful balance between signal amplification and threshold
minimum setting was demonstrated. Concerning nanoparticles, a low threshold on the FSC
was suited for detection because it was ensured that no event population is excluded. Once the
location of particle signals is known, the threshold can be fine tuned to exclude noise signals
more specifically. The studies of higher precision yielded thatthe threshold is ideally set on
the low SSC for NP detection. Furthermore it was shown with LF yellow marked spheres that
increasing the laser power can selectively enhance the particles’ FL1 signals. Neither the SSC
signals (background or particles) nor the background FLI1 signals (false positive) were
enhanced to the same extent. Therefore most NP measurements were done with 200 mW laser
power.

The importance of correct sample dilution in FCy was stressed as the NP count rate is
regulated by sample concentration and measurement speed. If the concentration is too high,
only coincidences are observed, as demonstrated by a measurement of PMMA-SDS-4
particles. Analysis of a PS-LFY-3 dilution series, however, demonstrated that also
coincidences can be a ‘controllable’ system to some extent. It could be shown that the
fluorescence and SSC intensity of a coincidence was precisely linked to the number of NPs it
contains. This enables one to judge the number of NPs per coincidence when different
polymeric NPss (of similar size and RI) are to be compared. This gives the opportunity to
compare particle fluorescence based on coincidences measurements — which is particularly
useful if the fluorescence signals are too weak for single nanoparticle detection. The location
of NP-derived and of noise events in the SSC-FL1 dotplot was evaluated.

In order to differentiate singlets from duplets, or from small coincidences, a minimum signal
intensity (in SSC or FL) is required. Submicron particles of the current size and fluorophore
content distribution did not fulfill this criterion; unlike e.g. um sized calibration beads.
However, the differentiation between single NP events and small coagulates or coincidences
is crucial. Therefore another proof for SPM was provided where a mixture of two particle
species was measured. The two NP species differed in one particular property — in the
wavelength or in the intensity of their fluorescence emission. If, in the equal mixture, a
population of events occurred that combined the properties of both NP species, then these
events had to be coincidences. An FCy measurement of the PS-LFY particle series (loaded
with 2-12 mg dye per 6 g polymer) had shown that their dye loading ratio was sufficient to
notice the difference in the FL1 signals. Hence an equal mixture of the samples PS-LFY-1
and -3 (loaded with 2 and 8 mg dye per 6 g monomer) was measured at high concentration.
Events with fluorescence intensities that lay in between that of the two samples were observed

and the existence of coincidences was proven. However, such proof would be most useful if it
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could be applied for lower sample concentrations, that enable an SPM. Therefore a pair of
NPs with different fluorophores, to be detected independently in channel FL1 and FL5, was
measured following the same principle. Unlike the approach with varying FL1 intensities, the

method with 2 fluorophores would also work at low sample concentrations.

4.3.2  Screening for Suitable Fluorescent Nanoparticles

For flow cytometric applications, the fluorescence of a single particle needs to be strong
enough to distinguish it from the background. Therefore a screening method was applied to
quickly identify promising particle species that were likely to fulfill this criterion for SPM.
Particles were tested at low dilutions of approx. 1:10° (of the 20%-wt. samples). The principle
was to watch the signal intensity of coincidences. The 1:1 mio dilution of 20%-wt. samples
contains 16-10° to 500-10° NPs per 0.5 ul when the diameter is 220 to 70 nm. If, at such high
sample concentration, the coincidence events do not surpass an FL signal intensity of
20 [a. u.], then the sample is not suitable for FC SPM. Several particle samples were tested
this way at a laser power of 200 mW with identical settings (FL1: 500, threshold set to
SSC30, vex,= 0.5 ul-s’l), if not described else.

This screening method was implemented to help identify promising fluorophores that can be
loaded into particles at a high concentration and retain a high fluorescence intensity. Some
perylene dyes (including e.g. the dye PMI that was until then used for most of the NP
syntheses) were susceptible to a) varied hydrophobicity of the polymer material, b) to high
dye concentrations inside the particles (stacking occurred) and they c) displayed a limited
solubility in e.g. the styrene monomer. For these reasons the desired fluorescence signal
strength of NPs could not be achieved with the PMI dye. Therefore several particles were
synthesized and a variety of fluorophores was incorporated (see chapters 3./ and 4.1/.3). An

overview of these particles with the incorporated dyes is given in Table 14.

Table 14. Properties of the tested nanoparticles.

. Laser FC channels
Sample ~ Diameter Dye for excitation for detection
PS-SDS-1 120 nm none / /
PMMA-BP1-2 160 nm BP1 488 nm FL1, FL2
CH235-3 70 nm BP1 488 nm FL1, FL2
PMMA-AT3 120 nm BP2 640 nm FL5
PS-AM-5 >250 nm PMI 488 nm FL1, FL2, FL3
PMMA-SDS-4b 120 nm PMI 488 nm FL1, FL2, FL3
PS-SDS-4 125 nm MS1B 488 nm FL1, FL2, FL3
PS-SDS-5 115nm MSI1C (488 nm,) 562 nm FL5, FL6
PS-LFY-3 115nm LFY 488 nm FL1
PS-AM-8 230 nm LFR 562 nm FL5 (, FL6)
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4.3.2.1  Blank reference particles

PS-SDS-1 (blank) particles were measured as reference. The sample PS-SDS-1 (diameter 120
nm) was diluted 1:1-10° so that the theoretical count rate was in the range of 100-10° s™. Due
to limited temporal resolution and coincidence formation less than 4-10° particles s were
detected. As shown in Figure 58 the median values [a. u.] of 3 (FL1), 5 (FL2) and 1 (FL5)
were defined as the average signal intensity of non-fluorescent NPs and of noise such as air
bubbles or contaminating objects.
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Figure 58. FC measurement of 1:1-10° diluted PS-SDS-1 NPs. The data is displayed
as SSC (A), FLI (B), FL2 (C), and FL5 (D) histograms. Gates were
applied on the various SSC-FL plots (E-G). The gated events were
projected in the histograms (green) to evaluate the FL median (tables).

4.3.2.2  BODIPY Dyes

PMMA-BP1-2 (BP1) These medium sized particles (160 nm) yielded an FL1 median of 48
[a. u.]. At the dilution of 1:1-10° the theoretical count was 40-10° s and 9700 s were
measured. It was confirmed that this sample was suitable for the SPM. In the SSC-FL1 plot a

cloud of particle-derived events was well separated from the background (Figure 59).
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Figure 59. FC measurement of 1:1-10°diluted PMMA-BP1-2 particles. Histograms

of SSC (A) and FLI (B) demonstrate the strong SSC and FLI signals.
The population in the SSC-FLI plot was gated (C) and the FLI median
of the gated events was evaluated (D).

CH235-3 (BP1) The small particles with a diameter of 70 nm yielded a count of 3300 s at
the dilution 1:1-10°. The theoretical particle count was 550-10° s and an FL1 signal in the

range of 35 [a. u.] was measured. Considering the high sample concentration (approx. 10-fold
higher than that of the previous sample PMMA-BP1-2) and the comparably low FL signal, the

particles might have insufficient fluorescence properties for SPM. But on the other hand the

rather low SSC signal indicated that these NPs had a strong fluorescence intensity considering

their small size.

A diagonal upwards shift of the population in the SSC-FL1 dotplot (see

Figure 60C) further indicated that these NPs might be suitable for SPM despite the small size.
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Figure 60. FC measurement of 1:1-10°diluted CH235-3 particles. Histograms of

SSC (A) and FL1 (B) showed that the particles had strong FLI signals
and comparably weak SSC signals. A gate (not shown) was applied on
the visible population in the SSC-FLI plot (C) and the FLI1 median of
the gated events was evaluated (D).
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PMMA-AT3 (BP2) The particles with a diameter of 120 nm were measured with an increased
background. Only a dialyzed sample of these was available and it contained more
contaminating particles, hence the strong SSC signal. The fluorescence should be detected in
channel FL6 after excitation with the 640 nm laser. But despite high signal amplification
(PMT set to 650) no FL6 signal could be detected that was above the background signature. It

was concluded that this sample was not suitable for SPM.
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Figure 61. FC measurement of dialyzed PMMA-AT3 particles. Histograms of SSC
(A) and FL6 (B) show that the particles had strong SSC signals but
hardly any in FL6. A gate (not shown) was applied on the visible
population in the SSC-FL6 plot (C) and the FL6 median of the gated
events was evaluated (D).

4.3.2.3  Perylene Monoimide Dyes

PS-AM-5 (PMI) These large particles (diameter >250 nm) yielded a count of 4500 s”'. The
particles yielded intensive fluorescence but also high scattering signals. It was interesting to
note that in both SSC and FL1 a bimodal distribution was observed. The intensity of SSC
scatter and the presence of 2 populations confirmed the Nicomp DLS data. The NP signals
could be distinguished very well from the background. These NPs were perfectly suitable for
SPM, but in any case the intention of this work was the SPM of particles smaller than 250 nm.
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Figure 62. FC measurement of 1:1-10° diluted PS-AM-5 particles. SSC (4) and FLI
(B) histograms show that the particles had strong SSC and FLI signals.
A gate (not shown) was applied on the population in the SSC-FLI plot
(C) and the FLI median of the gated events was read out (D).

PMMA-SDS-4b (PMI) For the sake of comparison, this screening was also demonstrated with
NPs that were synthesized for non-quantitative cell uptake experiments. The sample had been
synthesized following the standard recipe and contained only a small amount of the PMI dye.
These particles (diameter approx. 120 nm) should have yielded a count of approx. 100-10° s,
but only 4800 s were measured. With a FL1 median of 6 [a. u.] the sample demonstrated
only weak fluorescence (see Figure 63). The signal intensity was only doubled compared to
that of the background events (see Figure 58 above). With this weak fluorescence signal
despite the high concentration, the sample was not suitable for SPM.
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Figure 63. FC measurement of 1:1-10° diluted PMMA-SDS-4b particles. Histograms
of SSC (A) and FLI1 (B) show that the particles had low SSC but in
particular low FLI signals. A gate (not shown) was applied on the
visible population in the SSC-FLI plot (C) and the FL1 median of the
gated events was read out (D).

Page |89



N R oclts and Discussion | Flow- Cytometry for Single Nanoparticle Detection

4.3.2.4  Various Perylene Dyes

PS-SDS-4 (MS1B) The particles with a diameter of approx. 120 nm yielded a median value of
10 [a. u.] in the FL1 channel. Of the expected 10-103 approximately 5000 NPs-s-1were
measured in the 1:10-106 dilution (see Figure 64). The FL1 intensity hardly exceeded the SSC
intensity, which indicated that the fluorescence of these NPs was too low for SPM. But
obviously the dye MS1B emitted stronger than the dye PMI (see PMI-marked particles of
similar size in Figure 63). Due to the enlarged I1-system, a better solubility in the monomer
and less stacking effects of the MS1B dye were expected. The dye should therefore be used
for another synthesis of highly fluorescent NPs with high dye loading (PS-Lut-1).
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Figure 64. FC measurement of 1:10-10° diluted PS-SDS-4 particles. Histograms of
SSC (4A) and FLI (B) show that the NPs had medium SSC and FLI
signals. A gate (not shown) was applied on the visible population in the
SSC-FLI plot (C), and the FLI1 median was evaluated (D).

PS-SDS-5 (MS1C) In this sample (120 nm diameter) approximately 4000 NPs-s-1 were
measured. The theoretical count was 25-103 NPs-s-1 when diluted 1:5-106. Median values of
3 (FL1) and 2 (FL5) were measured after excitation at 488 nm and 562 nm. This corresponds
to the signals of background events. This dye was not suitable for excitation at 488 nm, as

expected, but it neither was suitable for the 562 nm laser (see Figure 65).
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Figure 65. Measurement of PS-SDS-5 NPs. Histograms of SSC (4), FL1 (B) and
FL5(C) demonstrate that the NPs had a medium SSC. As demonstrated
in the SSC-FL dotplots (D & F), the signals in FLI and FL5 were weak.
Populations were gated in the SSC-FL (D & F) and projected into the
histograms (green graphs) to evaluate the median values (E & G).

A comparison with sample PS-SDS-4 (see Figure 66) showed that the dye MSI1B yielded
measurable emission signals in FL1 and a weak tendency in FL2. In these channels, an
elongated population appeared that was stretched along the diagonal. But MS-1C gave no
significant fluorescence signals at all, as observed not only by the low median values but also
by the circular shape of the population in each dotplot. The signals did not even exceed the
level of background and PS-SDS-5 or rather the dye MS1C was found unsuitable for SPM.
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Figure 66. Comparison of PS-SDS-5 (top) and PS-SDS-4 (bottom) in FC after
excitation at 488 nm and 562 nm. The data is displayed as SSC-FL
dotplots of the channels FL2 (A & E), FLI (B & F) and FL5 (C & G).

A direct comparison of PS-SDS-4 and -5 in Figure 66 demonstrated that neither of the NP
species had significant emission in channel FL2 (4 & E) or FL5 (C & G). The only significant
fluorescence signal was detected in channel FL1 with the sample PS-SDS-4 (F). The particle
signal could be identified, which demonstrated that, in principal, the dye MS-1B is suitable
for SPM applications. But for full separation of the particles from the background, a new
batch of particles with a higher load of MS-1B should be synthesized (see sample PS-Lut-1).

4.3.2.5 Lumogen F Dyes
PS-LFY-3 (LFY) These particles with a diameter of 120 nm yielded 4500 NPs's” instead of

calculated 116-10° at a dilution of 1:1-10°. The median was 6 [a. u.] and therefore too low for

an approach of SPM, in particular at such a high concentration.

A PS-LFY-3 LFY =120 wm B
3000+
+ 2250
5 E
315003
O 7504
04 —TTTTTTTT T—T—TTTTTIT
0 1 2
10 10 10
C SSC
3500+ D
26253 NP FL1: green
g E Overlay | # of % of | Median | CV
01750': Gate | Events | all
© g751 cells
0 S —— S —— No Gate | 547864 |100,0 | 5,4 241,
10° 10" 102 NPFL1 [470007 [858 (6,1 ) |50

FL1

Figure 67. Measurement of 1.1 mio diluted PS-LFY-3 particles (=120 nm, dye PMI).
Histograms of SSC (A) and FL1 (B) show that the particles had median
SSC but in particular low FLI signals. A gate (not shown) was applied
on the population in the SSC-FLI plot (C) and the FLI median of the
gated events was evaluated (D).
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PS-AM-8 (LFR) As LFR was already known to be of medium fluorescence intensity, and the
power of the 562 nm laser cannot be up-regulated, the LFR-marked particles were not
expected to yield a strong signal. Therefore a 1:1-10° dilution of the larger PS-AM-8 particles
(220 nm, dye LFR) was chosen for the measurement. For these large NPs (see Figure 68) a
strong SSC signal in the form of a second peak above background level confirmed their
presence (4). They yielded an FL5 median of 1 which is the signal intensity of background
events (C & F). Of the expected 16:10° approximately 4500 particles were detected. It was
observed that the fluorophore was partially excited by the 488 nm and showed minor emission

in channel FL2 (D). No stronger FL5 signal was detected; these particles and the dye LFR in
general were not suitable for SPM.
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Figure 68. FCy data of PS-AM-8 particles. The SSC histogram (4) showed that the
particles had a very high SSC signal and were even visible as a
separate peak. The FLS5 histogram (C) and dotplot (F) however
demonstrated that the NPs had no significant FL5 fluorescence signal.
It was observed that the fluorophore was also excitable at 488 nm
because some fluorescence signals in channel FL2 (B & D) appeared.
The visible population in the SSC-FLI1 (D) and SSC-FL5 (C) plots was

gated, projected into the histograms (green graphs) and the median
values were evaluated (E & G).
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SUMMARY It was crucial to distinguish those nanoparticles that were possibly suitable for

SPM from those that would never be due to their low fluorescence signal. For this purpose a

screening method was developed, where promising particles were measured at high sample

concentrations that should be roughly similar. Blank spheres without dye provided reference
values. It was found that, as was already known, the particles PMMA-BP1-2 (dye BP1) had a
strong fluorescence signal. The much smaller CH235-3 particles, also with the dye BP1, had a

slightly weaker signal despite the higher concentration. Despite the rather high FLI1

fluorescence intensity, compared to the SSC signal, it could not be defined if these particles
were suitable for SPM or not. Other particles like PMMA-SDS-4b (dye PMI), PS-SDS-4 (dye
MS1B), PMMA-AT3 (dye BP2), PS-SDS-5 (dye MS1C) or PS-LFY-3 (dye LF yellow) could

be excluded. These created low signals that never exceeded the reference value by more than

a factor of 3. Also the large particles PS-AM-8 (dye LF red) gave weak FL signals despite

their size of approx. 200 nm. Presumably the dye LFR yielded no strong signals in the

available detection channel, as was indicated already by cell experiments with other LFR

marked particles (data not shown). The large PS-AM-5 particles (dye PMI) in contrary were
well visible in both FL1 and SSC channel and found perfectly suitable for SPM. Here the

problem was that, due to the obvious bimodal distribution, the precise particle concentration

in the volume should be difficult to calculate. Based on these observations it was also decided

that the dye MS1B should be introduced into a new particles at a higher concentration to

obtain highly fluorescent particles. As described in chapter 4.1.3, this repeated synthesis with

MSI1B indeed yielded spheres with a strong fluorescence emission (PS-Lut-1).
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433 Particle Fluorescence Measurement

Sufficient dilution, low measurement speed and a low noise level are required for high
precision measurements. The latter should be achieved by integrating a 15 nm pore size filter
(filter;snm) into the sheath liquid circulation. However this ultra-fine filter frequently disturbed
the sample flow at low speed. This hampered the efforts for quantitative measurements which
require a stable sample flow throughout 5-10 min time. Hence these sensitive ‘settings #1’
were only used to measure the mean fluorescence intensity of single particles MFIyp in a non-
quantitative approach.

With ‘settings #1° the nanoparticles PMMA-BP1-2 were measured. The noise was low

enough to allow precise fluorescence measurements (see Figure 69).

A B

FL1

Figure 69. High precision measurement (‘settings #1°) of PMMA-BP1-2 particles,
depicted in SSC-FLI density (A) and contour (B) plots. Gate ‘noise’
(black) marks the background signal and gate ‘all NP’ (blue) marks the
vast majority of detected nanoparticles. A fraction of nanoparticles
which is fully separated from the background are indicated by gate ‘NP’
(green). This gate ‘NP’ was intended for measurements with a higher
background level, e.g. when the NPs are counted using ‘settings #2’.

Based on the data set in gate ‘all NP’ the fluorescence MFInp.aw could be read out as the
median value in channel FL1. Events with a fluorescence signal below the particle signal
intensity were gated in the SSC-FL1 dot plot and defined as noise. Particle fluorescence was

found to be nearly one magnitude higher than the noise signal intensity, which diminished the
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risk of introducing errors due to bad signal-to-noise ratio. Subtraction of the noise resulted in
a final PMMA-BP1-2 particle fluorescence MFInp of 19 [a. u.] (reproducible in >3
independent experiments). As the cytometer needed to be re-adjusted from time to time, the
absolute values of NP fluorescence slightly varied. In later measurements, the MFIyp of
PMMA-BP1-2 was increased to 22 [a. u.] (data not shown). These values were reproducible.
When a quantitative uptake cell experiment was done, the single particle fluorescence was
measured each time to confirm the MFIyp.

In a similar manner the particles PS-SDS-7 and PS-Lut-1 NPs were measured, see Figure 70

and Figure 71.
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Figure 70. High precision measurement (‘settings #1°) of 1:40-10° diluted PS-SDS-7
particles, depicted in SSC-FLI1 density (A) and contour (B) plots. Gate
‘noise’ (black) marks the background signal and gate ‘all NP’ (blue)
marks the vast majority of detected nanoparticles. A fraction of
nanoparticles which is fully separated from the background are
indicated by gate ‘NP’ (green). This gate ‘NP’ was intended for
measurements with a higher background level e.g. when NPs are
counted using ‘settings #2’.
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Figure 71. High precision measurement (‘settings #1°) of 1:50-10° diluted PS-Lut-1
NPs, depicted in SSC-FLI1 density (A) and contour (B) plots. Gate
‘noise’ (black) marks the background signal and gate ‘all NP’ (blue)
marks the vast majority of detected particles. A fraction of these which is
fully separated from the background is indicated by gate ‘NP’ (green).
This gate ‘NP’ was intended for measurements with a higher
background level, e.g. when the NPs are counted with ‘settings #2°.

The second gate ‘NP’ was deliberately set to mark only particle events that were well
separated from the background. The percentage of NP events in gate ‘NP’ (when gate ‘all NP’
is defined as 100%) was calculated. The obtained calculation factor provided the option to
count particles in less clean samples with a high background level. The particle count could
be obtained in gate ‘NP’ (which is less sensitive to high background levels), then multiplied
with the factor to extrapolate the number of particles that should be inside gate ‘all NP’.

The calculation factors (linking gate ‘NP’ and ‘all NPs’) and the measured fluorescence

intensities of the particles are summarized in Table 15.

Table 15. Results of the precise measurement (‘settings #1°) of the 3 model particles.

Particle Calculation factor X, FL1 mean fluorescence intensity [a. u.]
N’NP’ * Xgate = N’all NPS” MFINP-raW MFInoise MFINP (ﬁnal) St.dev.
PMMA-BP1-2 1.112 21 2 19 +5%
PS-SDS-7 1.189 20 2 18 +5%
PS-Lut-1 1.114 38 2 36 +5%
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The final MFIxp of the two 150 nm sized particle samples was nearly similar i.e. 18 and
19 [a. u.], whereas that of the 180 nm sized spheres was doubled i.e. 36 [a. u.]. Repeated
measurements lead to the conclusion that an MFI standard deviation of approx. 5% should
be considered for the SPM. The fluorescence of all NPs was at least 10-fold the background
signal intensity. The SSC-FL1 plots demonstrated that this signal-to-noise ratio was the
required minimum for a rough separation of NP and noise signals (Figure 69, Figure 70 &

Figure 71). A 20:1 signal-to-noise ratio, like with PS-Lut-1 NPs, is ideal.

As mentioned earlier a more suitable band pass filter for the FL1 channel was available. This
changed the detection range of FL1 from 52710 nm to 53620 nm — thus to a slightly longer
wavelength and a larger window. This should both reduce the input of scattered laser light
(false positive signals, background) and increase the signal input of BP1 fluorescence. This
was particularly important with regard to the precise detection of PMMA-BP1-2 particles in

cells. The new band pass filter significantly increased the signal-to-noise ratio, see Figure 72.
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Figure 72. Measurement of 1:60-10° diluted PMMA-BP1-2 particles with different
FL1 band pass filters. Filter BP536£20 was used to obtain the data in
A-C and filter BP527£10 was used in D-F. The respective SSC-FLI
plots (A & D) and FLI histograms (B & E) demonstrate how the NP
population shifted to higher FLI values. Regions mark background
(noise 2, grey) and NPs (BP536, red) in the data of the BP536120 filter
(A-C). In a similar manner gate ‘noise 1’ (black) and BP527 (blue) were
drawn in the other data set (D-F). The gates were projected into the
FL1 histograms and the FLI median of the noise and the particle
population was evaluated (C & F, green circle).
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The fluorescence signal of single PMMA-BP1-2 particles rose from previously MFInp_raw 17
to 32 [a. u.]. Changing the band pass filter of FL1 increased the signal of BODIPY-1 marked
particles by a factor of = 2, whereas the background only slightly increased. In the SSC-FL1

plots (Figure 72) the particle events were separated more clearly from the background.

4.3.4  Volumetric Counting of Particles

For the full benefit of SPM in flow cytometry it would also be advantageous if the FC could
be utilized to directly count the number of NPs per volume. This cannot be measured directly
with other methods and is usually calculated at the base of particle size and solid weight
content. Flow cytometry, however, could not only provide a double check on the calculated
concentration but would even assign a certain value of sideward scattering (‘size’) and dye
content (‘fluorescence intensity’) to each particle. It would also enable one to count objects in
dispersions that are of low concentration or contain other ingredients (e.g. cell medium
supplied with serum). FCy would offer the possibility to count objects in dispersion under
experimental conditions that hinder most other analytical methods. In addition, the number
ratio of the two populations of a sample with bimodal size distribution could be obtained. This
would provide valid information, in particular if coupled with information about the dye

content (fluorescence) of the NP populations.

4.3.4.1  Counting >200 nm Spheres

The first approach to volumetric particle measurement was done with large spheres of high
fluorescence intensity (PS-AM-5), as those could easily be distinguished from the
background. But due to the bimodal size distribution of the sample, the particle concentration
per volume could not be calculated precisely so that no reference value N, was available.
Filtered water, which was the dilution medium of all samples, was measured as reference
(Figure 73). The measurements were run at velocity of 0.5 ul's™ with the laser set to 200 mW.

To ensure a low background and a steady flow rate the 0.2 um pore size inline filter was used.
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Figure 73. FC measurement of the reference sample filtered water.

Page |99



N R oclts and Discussion | Flow- Cytometry for Single Nanoparticle Detection

In the reference sample the count rate was low and the median of FL1 was below 0.5 [a. u.].
As the settings were very sensitive, the low count rate also demonstrated that the machine was
very clean. Under similar conditions PS-AM-5 samples were measured at different
concentrations i.e. the 20%-wt. latex was diluted 1:20 and 1:50 -10°. The low concentration
prevented coincidences and ensured the SPM (Figure 74). The double peak in the SSC
histogram (gates RN2 & RN3) represented the NPs. This confirmed the observations in TEM
and DLS that had indicated a bimodal distribution.
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Figure 74. FC measurement of PS-AM-5 particles at a dilution of 1:50-10° (4) and
1:20-10° (B). The count rates provided to the right are referring to a
measurement speed of Vey,= 0.5 ul-s™.

When the concentration was increased by 2.5 (from 1:50-10° to 1:20-10° dilution), the particle
count likewise increased by 2.5 (from 110 to 280 NPs's™"). The double peaks were still visible
and the signal intensities had not changed, which proved that at both dilutions single NPs
were measured. This experiment demonstrated the precision of particle counting and in the

next step it should be applied on smaller particles.

4.3.4.2  Counting 100-200 nm Spheres

In order to improve the counting method, the built in true volumetric counting (TVC) feature
of the CyFlow ML should be used. The counting was done with the most promising particles
PMMA-BP1-2 (160 nm), PS-SDS-7 (150 nm) and PS-Lut-1 (180 nm). To test the limit of the
cytometer the counting was also attempted with the small 70 nm sized CH235-3 particles. For
these samples a precise calculation of the theoretical NP concentration (N.,c) was available.
Both approaches to volumetric counting were compared: Over-time (countyn.) and true

volumetric counting (count,,) where the built in feature of the CyFlow ML analyses precisely
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200 pl sample volume and automatically calculates the concentration. The results of several
independent measurements, run at ve,= 0.5-1 [ul's'] with a laser power of 200 mW, are
summarized in 7able 16. A more detailed list with the results of the single measurements is
listed in the appendix (see Table A).

Table 16. Volumetric counting of the NPs PMMA-BPI1-2, PS-SDS-7 and PS-Lut-1.
The experimental data count,, and count,y. is compared with the value
that was calculated via the size distribution (N_q.).

count,, countgme

FC results, based on true volumetric counting FC results, based on v,,, and duration

Sample [%] of N.y.  St.dev. Nr. of runs [%] of Ny  St.dev. Nr. of runs
PMMA-BP1-2 58 +25 6 74 +21 8
PS-Lut-1 / / / 58 +20 7
PS-SDS-7 61 +6 2 69 +17 5
total of all NP 59 21 8 67 20 25

The particle concentrations retrieved by calculating the flow speed and measurement duration
were too low. The total average of countyme was 67 [% of N.4.] with a standard deviation of
+20 (Table 16). Calculating the NP concentration with the true volumetric count mode was
not more precise, with an average county, of 59 [% of N.4.] and a standard deviation of +21.

Summed up, counting the particle concentration by flow cytometry yielded values that were
33-40% below the expected value. As this value N.,. was based on the sample solid content
and on the size distribution, this theoretical calculation might have introduced an error. So did
most likely the dilution steps that were needed to dilute a 20%-wt. (200 pg-ul™) latex to the
required concentration in the range of 4-10° pg-ul™ (1:50-10° dilution). Nevertheless the
measured values should have been higher and no explanation was found. A systemic error is

suspected — as the in total 33 runs of 3 different NP species yielded values below N,

4.3.4.3  Counting of 70 nm Sized Spheres

In order to probe the possibilities of this method, the particle measurement protocol should
also be applied on the particles CH235-3, which are only 70 nm in diameter. As a double
check (if particles or coincidences are detected), these measurements were set up in a way that
volumetric counting was also included. For these measurements a 15 nm in-line filter was
used to reduce the background to a minimum. The CH235-3 particles could be detected, as
demonstrated in Figure 75 where two concentrations (1:50-10° and 1:100-10° dilution) were

compared.
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Figure 75. Measurement and counting of CH235-3 particles diluted 1:50-10° (4) and
1:100-10° (B). The standard settings for NP detection were applied and
the ultrafine inline filter with 15 nm pore size was used. Events with
lower (gate ‘noise’, red) and higher (‘NPs’, blue) FLI signal intensity
were gated.

A population of fluorescent events could be differentiated from the background in the
1:50-10° diluted sample (see Figure 754, blue graph). These events represented either NPs or
possibly smaller coincidences and were gated in region ‘NPs’. The calculated count N, [NPs
per 0.5 pl and 1 s] was 11-10% in the 1:50-10° dilution and 5.6-10° in the 1:100-10° dilution. In
both samples less than 300 NPs-ul' were counted. It was assumed that the filter had
hampered the flow rate and consequently the particle counting, even though instabilities of the
sample flow could not impair the measurement to such an extent. Furthermore, when the
calculations were based on the frue volumetric count mode which is less susceptible to
varying flow rates the results were similar (data not shown).

By raising the SSC amplification from 251 (standard) to 420, the detection of these small
particles was improved. At the same time the 15 nm pore size filter was switched for a larger
model with 1 m? surface area, to avoid flow disturbances. It was concluded that in the
previous experiment the settings (which were sufficient to detect 150 nm sized NPs) were not
suitable for 70 nm sized NPs. Presumably many 70 nm NPs, and also small coincidences,
were lost because their SSC signals were below the minimum threshold (that was set on the
SSCO).

A 1:100-10° diluted sample of CH235-3 (N, = 5600 NPs-ul'l) was therefore measured at two
different SSC amplification settings, SSC251 and SSC450 (see Figure 76). All other

experimental conditions, including the lower threshold that was set on the SSC, were similar.
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Figure 76. Measurement of the 1:100-10° diluted CH235-3 particle sample at a SSC
amplification of 420 V (top) and 251 V (bottom), with 251 V being the
standard setting for particle measurements. The FLI histogram (A) and
the SSC-FLI dotplot (B) of the high SSC sample demonstrated that a
large number of strongly fluorescent events was detected at SSC420.
Those events were gated in region ‘NPs SSC=420" (black gate in B,
green curve in A). In contrary with low SSC amplification, the according
histogram (D) and dotplot (E) showed that the vast majority of detected
events was of low fluorescence intensity. Only few events of high
fluorescence were detected and could be gated as a separate region ‘NPs
SSC=251" (black gate in E, green curve in D). The FLI histogram data
and the NP count count,,; were also given (C & F).

The histogram data of the high SSC (Figure 76C) and low SSC (Figure 76F) reveal that at
SSC251, mostly events of low FLI intensity were detected and only few of high FLI1
intensity. The latter are likely large coincidences. In contrary at SSC420, mostly events of
medium fluorescence intensity were observed and the two populations of different FL1
intensity cannot be separated. Already early measurements had demonstrated the effect of the
threshold and amplification settings on the data set. Most likely, in the previous experiment
with SSC251 the relatively low SSC amplification of 251 sorted out all weaker signals from
CH235-3 particles (single NPs and smaller coincidences). As shown in Figure 76D-F, the
result is a small (1% of total) and well separated population of highly fluorescent events — the
largest of the particle coincidences. In contrary (4)-(C) show a sample with many (50% of
total) medium fluorescent events, as marked by the black region. It was concluded that the
previously used amplification was sufficient for the other particles, but for the smaller NPs the
SSC should be raised to at least 420.

Furthermore a feature of the FCSxpress software to subtract whole data sets might be used to
subtract the data of an empty sample (water) from the data set of a particle sample (NPs
dispersed in water). Applying this feature on measurements of the 150 nm sized particles in
previous tests had proven the relative reliability of this calculation (data not shown).
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Measurement of the 70 nm particles was repeated again under the best possible experimental
conditions (see Figure 77): The more suitable FL1 band pass filter (BP536+20) was used, the

large 15 nm pore size filter was placed with an additional 0.2 pm filters before and the SSC
amplification was set to 420.

10° 10' 10 10'
FI 1 FLI

Figure 77.  The measurement of CH235-3 (B) particles diluted 1:50-10° under ideal
conditions is compared with the reference sample water (A).

Also at the high sample concentration of the 1:50-10° dilution (11-10°> NPs per 0.5 ul) the
particle coincidences were not fully separated from the background (compare Figure 774 &
B). Judged by the theoretical particle count, the detected fluorescent events were coincidences
that summed up 4-6 nanoparticles. The histogram subtraction tool of the FCSxpress software
was utilized to calculate the particle and the reference sample in the FL1 channel. A well

separated peak of events was retrieved, see Figure 78.
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Figure 78. Histogram subtraction in channel FLI1 of a sample with CH235-3
particles and a reference sample of pure water. The histogram of FLI
(A) and SSC (B) compare the data of water (black), of the original
CH235-3 (green) and of the new (blue) particle data set, from which
the control (water sample) was subtracted.

The last measurement showed that sample CH235-3 was not fully suitable for SPM if the
background noise could not be reduced. For unknown reason the 15 nm filter with 1 m?
surface produced a high background. The particle-derived signals in channel FLI partially

overlapped with the background even though still coincidences were measured (the latter have
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higher signal intensity than single particles). In the SSC channel no differentiation was
possible, as expected (Figure 78B). Single CH235-3 particles should have approx. 1/3-1/6 of
the current coincidence FL1 signal intensity. But the subtraction method itself seemed reliable
as precisely those events with the highest fluorescence were separated by the calculation (see
Figure 784 blue peak). Presumably this would not be precise enough for absolute
quantitation. But this FL1 value obtained by subtraction would be a good approximation of

the particle fluorescence.

4.3.4.4  Particle Counting in the Presence of Serum

The previously described counting of particles was done in water, which is a clean dilution
medium. However, this method could be further improved if transferred into a much less
clean dilution medium i.e. into serum supplied cell medium. The volumetric NP counting in
incubation medium would offer a variety of possibilities: Most importantly it could a)
demonstrate the dispersion’s stability in the presence physiological buffer & serum proteins,
and b) provide the tool to count NPs in the supernatant before and after incubation with cells
(thus yielding the NP internalization efficiency). It would also give rise to other experimental
setups like e.g. quenching assays of nanoparticles where the fluorescent marker is located at
the particle surface).

Therefore the volumetric counting of PMMA-BP1-2, PS-Lut-1 & PS-SDS-7 particles was
done after incubation in serum supplied cell medium (DMEM10%). The formation of
coagulates should be observed by flow cytometry, as an additional test for the dispersions’
stability. After at least 30 min incubation with proteins (2.5 pgrml” of polymer), the particle
dispersions were further diluted to a final dilution of 1:133-10°. As a comparison the samples

were also diluted 1:133-10° in water and measured, this data is contained in Table 16.
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Measurement of 1:133-10° diluted samples of PMMA-BP1-2 (A, D), PS-
Lut-1 (B, E) and PS-SDS-7 (C, F) in filtered water (left) and after
incubation with serum proteins (right). The particle population was
gated in the SSC-FLI dotplots (not shown) and projected into the
histograms as green (FLI1) and teal (SSC). The black graph in the
histograms displays the un-gated data set in FLI.

The FC data after incubation in protein-supplied medium, and after normal dilution in pure

water, were compared. It could be demonstrated that counting the particles was still possible

even if serum had been added to the respective samples see Figure 79.
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Measurement of 1:133-10° diluted samples of PMMA-BPI-2 (4), PS-
Lut-1 (B) and PS-SDS-7 (C) displayed as color dotplots. The samples
were either diluted in pure water (black) or incubated with serum
proteins prior to the FC measurement (red). The co-localization plots
reveal a slight shift of the red dots to the left, corresponding to a minor

decrease in fluorescence intensity.
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Comparing the FL1 histograms and SSC-FL1 dotplots of the protein-free references with the
protein-supplied samples (see Figure 79) showed that no coagulation appeared. The particles
were diluted in PBS buffer solution after they had been incubated in DMEM with 10% FCS.
Visual testing and DLS measurements had demonstrated that some of the SDS-stabilized NPs,
e.g. PMMA-BP1-2, became unstable when dispersed in PBS (unpublished data). This was
because the ionic stabilization of the dispersion, which is particularly vulnerable towards
bivalent cations, was disturbed by the buffer solution. Serum components like proteins
stabilized the particles by coating them, so that they remained stable when transferred into
PBS thereafter.

An interesting observation was the 10% decrease of the FL1 fluorescence intensity. The
populations shifted in the SSC-FL1 dotplot (see Figure 80), but these minor shifts hardly
required a readjustment of the gates. Therefore the particle count should not be effected at all.
But apparently the serum components caused a partial loss of the particle fluorescence
signals. Either the coat on the NPs or the presence of the serum components in the sample
(approx. 107 %-vol.) affected the FL1 signal strength. Even though proteins are known for
absorption in the UV wavelength range due to aromatic amino acids '°®, an absorption at 488
nm (that would reduce the incoming laser power) or above 526 nm (which would reduce the

detected emission of the dye in channel FL1) has not been reported.

SUMMARY The volumetric counting of large spheres in the range of >200 nm diameter
yielded approx. 50% of the expected N,4.. This might be based on the fact that the N ;. was
not correct, because the effective particle concentration could not be calculated in the bimodal
sample. Apart from this, the counting seemed to be successful because a clear correlation
between the sample dilution and the decreased particle count was observed. The count rate
had increased by 2.5 when the concentration was increased by the same factor.

After this first proof of particle counting the method should be applied on three particles of
interest: PMMA-BP1-2, PS-SDS-7 and PS-Lut-1. Also, the concentration of these samples
could be calculated with increased precision so that a reliable N, was available. In addition
two methods over-time (countiy.) and true volumetric counting (count,,), where the
cytometer analyses a fixed sample volume of 200 pl and automatically calculates the
concentration, were compared. Both methods yielded a particle count that was significantly
below the expected value of N,4.. It was also an interesting finding that the count,. method
yielded 67% of N.,. and therefore was closer to the expected value than the inbuilt count,
feature with 59%. The average standard deviation of both methods was 20-25%.

Finally the smallest available particles CH235-3, with a diameter of 70 nm, should be
counted. As these particles were small and close to the detection limit, the count feature
should also provide a backup if any detected fluorescent objects are single NPs or still

coincidences. The measurement of different dilutions first lead to the conclusion that the up to
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now used threshold of SSC10 was suitable for >150 nm NPs but not for the small CH235-3
particles. Many coincidences and single particles were excluded by the SSC threshold criteria.
Other analysis with a higher SSC amplification prevented this and a new measurement at
ideal conditions was exercised. Diluted 1:50-10°, this sample should contain approx. 11-10°
NPs per 0.5 pl and therefore the detected signals had to be coincidences summing up
approximately 4-6 particles. These signals were not fully separated from the background,
which gave the final proof that single CH235-3 particles could not be detected properly. With
the histogram subtraction feature of the FCSxpress software, the coincidence peak could be
isolated. This way the mean fluorescence intensity of 4-6 NPs together in one event and a
rough number count of CH235-3 particles was achieved.

Furthermore it was demonstrated for the three particles of interest that the volumetric
counting was still possible after the spheres had been incubated with cells in medium
containing 10% serum. This would be a useful tool if particles of high uptake efficiency were
studied — here the uptake could simply be defined by counting the NPs in the incubation
medium before and after incubation with the cells. It was interesting to note that the trace of
serum proteins, freely in the sample or possibly adsorbed on the particle surface, seemed to

reduce the fluorescence intensity by approx. 10%. This was observed for all three particles.
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4.4 Absolute Quantification of Nanoparticles in Cells

The successful measurement of single nanoparticles by flow cytometry enabled the
development of a new quantization method. By comparing the fluorescence intensity of
particle-loaded cells with that of empty (control) cells, the absolute number of contained NPs
could be concluded. Calculating this difference in fluorescence intensity of the two cell
samples with the average signal intensity of a single NP should provide the particle count.
This new method should be developed and combined with quantitative cLSM experiments,
where the particles were directly counted in the cells. The intention of this approach by cLSM
was to back up the quantitative FC results with a more direct method — as in contrary to the
flow cytometric approach. Confocal laser scanning microscopy was applied to determine ‘by
hand’ the number of particles in a cell, i.e. without the help of specific quantifying software.
For this purpose, HeLa cells were incubated with NPs under similar conditions as in the FCy
experiments and analyzed in the cLSM performing z-stacks of the cells. The particles were
tagged by hand and counted. The results from flow cytometry and confocal imaging were
compared to prove that the new method yielded reliable results.

Pre-testing of suitable experimental conditions

A couple of quantitative FC experiments was done in 24-well plates with 1 ml incubation
volume in order to find the best experimental conditions. In particular, a balance should be
found between the required minimum (to ensure a certain precision of the measurement) and
maximum (to enable manual particle counting in cLSM) amount of internalized nanoparticles.
Furthermore the ideal particle loading should happen within a short time frame of a few hours
at maximum. Else the NPs get transported to endosomal structures where they accumulate. In
visual counting via cLSM it is crucial that the particles are located singled because the
resolution is not sufficient to resolve particles in accumulates and in close proximity to each
other. Particle concentration and incubation time must be balanced.

Therefore the particles were incubated for 1 h and 2 h with varied concentrations (75, 150 and
300 ug'ml™) and incubated for 0-24 h at a higher concentration (300 pg-ml™). The results are
presented in Figure 81. The fluorescence after 24 h incubation was beyond the scale in FL1,
but based on the FL2 data which yields lower signal intensities, approx. 600 NPs were
internalized per cell after 24 h (data not shown).

It was decided that the incubation time should be set to 2 h to reduce intracellular NP
accumulation. An uptake of 40-50 particles per cell, as was the case after 2 h incubation
with 300 pg'ml™ of polymer, seemed a good choice for further quantitative experiments.
Considering that the added 300 pg of polymer correspond to 2.4-10° particles per cell, the
uptake of approx. 40 NPs per cell after 2 h is a very low efficiency (2:10°%). After 24 h
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incubation the efficiency is improved and approx. 600 particles i.e. 25:10°% of the added
amount are internalized.

50+ soous 150 -
1 —a— 15019 I
= 40 —A— 75ug = 1251
o [}
< 5]
g 2 1004
B 304 [
2 =
E ) g 75 1
= 20+ &
8 =
N i & 504
= - — =
=
E 10 ¥ £
8 8 254
E I =
0 T T T T T T T T 1 0 T T T T T T T T
0 1 2 0 1 2 3 4

Incubation time [h] Incubation time [h]

Figure 81. Incubation of cells with PMMA-BP1-2 NPs in 1 ml volume, for up to 2 h
(A) at a concentration of 75 pg (triangle), 150 (square) and 300 (circle)

ug-ml*. Additionally the incubation with 300 ug'mI™ of polymer for up
to 4 h (B) is shown.

The uptake of PMMA-BP1-2 particles after 2 h incubation at 300 pg-ml™* was reproduced
again. Another particle eligible for SPM (PS-SDS-7, 150 nm, dye Ya795) was incubated
under similar conditions. The results of the quantitative measurements of the two particles are
given in Figure 82. These results were compared with the findings of the competitive uptake
study that was done with similar particles (see chapter 4.2.1).
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Figure 82. Incubation of cells for 2 h with 1 ml medium containing 300 ug-m/I™* of
polymer. The data for PMMA-BP1-2 (PMMA) and PS-SDS-7 (PS)
particles were retrieved in 3 and 2 independent experiments, respectively.

For PMMA-BP1-2 and PS-SDS-7 particles the experiments yielded an average uptake of 40
NPs per cell after incubation under similar conditions. This observation complied with the
findings of the competitive study (see chapter 4.2.1) where the uptake rate of PS and PMMA
NPs was also compared. Even though these measurements were of a semi-quantitative nature,

110|Page



Absolute Quantification of Nanoparticles in Cells | Results and Discussion [N

the observation (that PS and PMMA particles are internalized with roughly similar uptake)
concurred with the absolute quantification data. This indicates that the absolute quantization
method worked correctly.

All experiments presented in the following were done with the model particle PMMA-BP1-2.

Counting PMMA-BP1-2 particles in the cLSM

As discussed before, confocal laser scanning microscopy was applied to determine ‘by hand’
the number of NPs in a cell i.e. without the application of automated quantification software.
HelLa cells were incubated with particles under similar conditions as in the FC experiments
and analyzed in the cLSM. Z-stacks with narrow step size were obtained to manually count
the particles inside one cell. The intention of this approach was to back up the FC results with
a method that is direct — in contrary to the flow cytometric approach where the NP count was
a result of two measurements and a calculation. Z-stacks of whole cells were run in the cLSM
with a narrow step size. Several subsequent layers of one z-stack were projected into one
plane termed smart object (SO) and in each of the SO a different color was chosen to tag the
internalized NPs with dots. The total amount of dots corresponded to the final particle number
in the cell. Particles co-localizing in x-y location (and situated above each other in z-direction)
were marked as ‘dots directly next to each other’. This was in concession to the automated
count feature in the utilized software Photoshop. The theoretical optical resolution of /2
suggested an ideal resolution of roughly 300 nm. Considering that the particles of question
measure 160 nm in diameter, STED mode would be needed to depict single NPs as in theory
the resolution in cLSMy is insufficient to differentiate between single particles and duplets.
But under the assumption that the vast majority of NPs were located separated in the cell,
lacking resolution is not an issue. Other factors such as the average intensity, size and shape
of the particle signal spots indicated that the fluorescent pixels indeed represented single NPs.
A good assumption of the particle number was possible. Taking also into account the
dimension and shape of the particle signal in the z-axis, the error could be further reduced.
Particles were only incubated for 2 h with the cells to keep endosome fusion low. The high
magnification images below showed that the NPs created a fluorescence signal sized roughly
300-400 nm which is the expected size with the given resolution limit (see Figure 83).
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Figure 83. Shown are subsequent images (a & b) of a z-stack with step size 250 nm.,
Two separate NPs are indicated (1 & 2) and the upper fluorescence
signal spot is sized approx. 300 nm. Several layers of the z-stack were
projected into one plane (c) and a line profile in x-y-direction was drawn
(d) on the particles 1 and 2. The line profile (grey value intensity in y-
axis) on the neighboring NPs revealed a core-to-core distance of 390 nm.

2 separate particles were visible and the upper fluorescence signal spot was sized approx. 300
nm. It was concluded that at a particle core-to-core distance of approximately 400 nm, two
particles could be separated. This suggested that even at smaller distances it should be
possible to differentiate between a particle duplet and a large particle. As the particles are
perfectly spherical, most accumulations should be identified by their non-spherical shape.
Despite minor imprecision, the overall amount of counted NPs should therefore not differ by
more than a factor of 2 from the real particle number in the cell. The main difficulty about this
method was to analyze enough cells so that the results would be of statistical relevance.
Without using quantification analysis software, this was impossible. Therefore the results of
cLSM studies were intended as a good approximation of the intracellular particle numbers.

Quantifying PMMA-BP1-2 nanoparticles in HeLa cells via FC and cLSM

In the first quantitative cLSM experiment the cells were incubated with 500 pg-ml™ of
PMMA-BP1-2 particles for 1 h and 2 h, then washed and fixed in the adhered state. Some
particles were attached to the cell surface but the majority was intracellular (see Figure 92).
This behavior was similar to that of the PMMA NPs in the competitive uptake studies.
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Figure 84. Hela cells after 2 h incubation with 500 pg-ml™ of PMMA-BP1-2 NPs.
False coloring of the membrane marker (red), the NPs (green) and the
partial Hoechst staining (blue) was applied. The scale bar is 10 pum.

It was observed that this technique even allowed an assignment of the particle numbers to a z-
axis location in the cell. The color change of the dots from red-pink-purple-blue represented
moving through the cell in z-direction. Hereby NPs near the plate bottom were marked in red
and those located in the top area of the cell were marked in blue. In some cells the 3D
distribution pattern of the differently colored dots even indicated the shape of the cell’s
spherical nucleus (see Figure 85).
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Figure 85. CLSM image analysis of a HeLa cell after incubation with 500 pg-ml™ of
PMMA-BP1-2 particles for 2 h. In adhered HeLa cells the nucleus is not
as flat as the rest of the cell. The particle distribution in the bottom SO
(red), centered SO (purple) and top SO (blue) visualizes the rounded
contour of the nucleus in 3D. The spherical shape of the nucleus,
contoured by the differently colored dots, is indicated (curved arrows) in
the respective color of the NP marking dots.
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Analyzing 10 cells in this fashion yielded an approximated count of 24635 particles per cell.
The images of all analyzed cells are given in the supplement section (Table B & Figure A).
The results are summarized in Figure 86.
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Figure 86. Counting of PMMA-BP1-2 particles in HelLa cells after 2 h incubation.
The cLSM samples were incubated in 0.6 ml volume supplied with 500
ug-ml™ and the FC samples were kept in 1 ml containing 300 pg-ml™ of
particles. All samples contained in total 300 pg of polymer.

The cells for FC and cLSM were seeded at the same day i.e. from the identical batch of
prepared cells. Also the FC experiments were seeded in Ibidi plates, so that the cell density
and the amount of added particles (500 ul of 300 ug-ml™) were also identical. Yet the flow
cytometry measurement counted only 50% of particles compared to the cLSM method. The
cellular uptake measured by FC (111+12 NPs per cell) did not concur with the results from
cLSM (246+35 NPs per cell). Apart from the fact that the cLSM data may not be seen as an
absolute value (insufficient cell number for statistics and the above described difficulties in
perfect identification of NPs), explanations for this discrepancy were sought.

Possibly the main difference between FC and cLSM samples was that the latter were instantly
fixed, and left adhered to the bottom. In contrary the FC samples were trypsinized to detach,
washed, centrifuged and then fixed after approx. 30 min. It was reported by other members of
this work group that cells, when washed after particle incubation and left in buffer solution,
exocytosed again a fraction of the NPs (unpublished). In this case the cells of the FC sample
would have lost some particles but not more than 10%. Those of cLSM would not lose any
NPs because they were fixed directly after a <3 min washing procedure.

The amount of 6.1.10* added particles corresponded to approx. 1-10° added NPs per cell
(assuming the initially 40-10° seeded cells had increased to approx. 60-10° over night). The
measured 111 particles via FCy showed that the uptake efficiency was extremely low i.e. in
the range of 5:10°% of the added NPs.

In any case the number of internalized NPs was too high for proper cLSM analysis and made
the by hand counting of particles a tedious task. Furthermore the optical counting of the
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intracellular NPs relied on the assumption that the vast majority of them should be singled in
organelles and not accumulated and in close proximity to each other. This was important
because the correct counting of the particles in an accumulation by cLSM is a difficult task
and prone to yield wrong numbers.

The setup of the second series of quantitative experiments was similar except that the NP
concentration was reduced to 500 pl of 300 pg-ml™ of polymer in the incubation medium.
TEM studies of the particle uptake with similar experimental conditions were done to evaluate
the precise intracellular localization of the NPs and to demonstrate that the NPs were located
separately. Differentiation between particles and cell structures was difficult due to the light
coloring and the low intracellular numbers of the NPs (see Figure 87).

Figure 87. TEM studies of structures likely corresponding to larger PMMA-BP1-2
particles (arrows) in HeLa cells. The cells had been incubated for 2 h
with 300 pg-ml™ of polymer in the volume 500 ul (similar experimental
conditions to the FCy and cLSMy studies given in Figure 88). In
concession to the cryo preparation the cells were seeded on sapphire
discs in 24-well plates.

The TEM analysis demonstrated that co-localization of NPs had to be very rare, if present at
all. The data gathered in the FCy experiments and the corresponding cLSM measurement are
given below (Figure 88). A detailed listing of the cLSM analysis and the image gallery of the
analyzed cells is provided in the appendix (Table C and Figure B).
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Figure 88. Quantification of PMMA-BP1-2 NPs in HelLa cells after incubation for
2 h with 300 pg:ml™ of polymer in the volume 500 pl in Ibidi slides
(identical experimental conditions). The results of manual counting in
adhered cells by cLSM are given and compared with those obtained in
flow cytometric analysis of dispatched cells.

It was observed that, compared to the first FC experiment series, the overall particle uptake
was markedly decreased. This was attributed to the reduced NP numbers and to the fact that a
different batch of cells was used. The FC data yielded 29+4 NPs per cell whereas the
accompanying cLSM experiment suggested 65+36 NPs per cell. The difference to the
approximation by cLSM (as a statistically non relevant number of cells could was counted
here) was only a factor of 2. Moreover this factor was reproducible and seemed to be a
systemic error that might be solved later on.

The precision of the measurement was further increased by narrowing the number of possible
reasons for the observed discrepancy (between cLSM and FC): As in the experiment
described above, cell density, culture dish, NP concentration and incubation volume were kept
identical for the cLSM and the FC samples (as applied already in the previous experiment).
Moreover, in the new setup the cLSM cell samples were prepared precisely like were the FC
cells — i.e. they were equally trypsinized, washed and analyzed in the detached state after FA
fixation. These precautions allowed to rule out another three possible reasons for the
discrepancy, which were the following: a) the possible loss of particles in FC samples due to
trypsination, b) the possible loss of NPs due to the cells’ extended incubation in particle-free
buffer during the cLSM analysis and c) the risk of false-positive NP counts in cLSM (by
mistaking NPs for ‘internalized’ even though these were in fact located on the culture plate
beneath the cell).

Yet other explanations were taken into account. A loss of fluorescence signal intensity was
suggested, caused by scattering and adsorption of serum or cell components. The overall FL1
signal loss might therefore be stronger than expected. In this case the intracellular particle
count (retrieved with the quantitative FCy method) would indeed be falsely decreased.
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Therefore the possibility of any fluorescence loss was evaluated in a spectroscopic
measurement using 96 well plates in a plate reader machine. The absorption and emission of
empty and of PMMA-BP1-2 loaded cells should be compared. It was assumed that the
amount of HeLa cells per sample (also in the lysates) did not differ by more than Y. Particle
fluorescence was detected with settings that closely mimicked those of the FC: After
excitation at 48845 nm the emission was detected in the window 545+10 nm. Intact and lysed
cells (with & without NPs) were compared to find out if structures of the intact cell scattered
the NP fluorescence and reduced the detected FL signal (Figure 89A). Additionally the
absorption spectra of particles and serum were compared (Figure 89B). The particles’
fluorescence signal in intact cells was similar to that in the lysate sample (data not shown).
This demonstrated that the detected particle fluorescence was not influenced by the presence
of ordered cell structures like nucleus, organelles and membranes. Furthermore it was
observed that intact cells showed higher absorbance (at 520-570 nm i.e. within the emission
range of BP1) than did the lysed cells (Figure 89A). The strong absorption peak serum
supplied incubation medium (see Figure 89B) demonstrated that serum components interact
strongly with light in the range of 500-600 nm.
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Figure 89. The absorption of cells or cell lysates (A) and of the cell free serum-
supplied incubation medium (B) was compared. In (B), the emission
spectrum of PMMA-BP1-2 NPs is indicated.

This observation was particularly interesting because the fluorescence of single nanoparticles
was decreased in the presence of serum-supplied incubation medium. It could be concluded
that serum components significantly reduced the detected emission of PMMA-BP1-2
nanoparticles, seemingly due to absorption in the wavelength range of BP1 emission. In this
context it is important to note that cell samples prepared for FC analysis contain residues of
serum and incubation medium, as the cells are kept in serum supplied medium during
cultivation and during particle incubation. Also, DMEM10% medium is added after
trypsination to stop the digestion process. A contribution of serum proteins or other serum
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components therefore appears likely. In theory, the phenolsulfonphthalein (a pH indicator also
termed phenol red) in the medium might also contribute to the loss of fluorescence signals in
channel FL1 — but unlike the serum which made up 10%-vol. of the incubation medium,
phenol red is contained in DMEM at a concentration of 15 mg:™ i.e. 0.04 mM (see

manufacturer information %)

The basic form of phenolsulfonphthalein absorbs in the
emission wavelength range of BP1 ®*™* and therefore should not be neglected. Finally, the
protein samples (either in form of intact or of lysed cells) did not demonstrate any significant
absorption in the mentioned wavelength range and were therefore ruled out — indeed, cell
autofluorescence has mostly been reported for shorter wavelengths due to e.g. flavins *'2.
Apart from possible inaccuracy of the quantitative cLSM data, the presence of incubation
medium residues in the FC samples might reduce the detected particle fluorescence and thus
be responsible for the discussed discrepancy between FC and cLSM data.

These findings point out that the described absolute quantitation should be tuned to full
precision if the fluorescence dimming is avoided, e.g. by using particles with a more red-

shifted emission spectrum.

During some cell experiments the observation was made that the cells split up into two
populations (see Figure 90).
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Figure 90. Exemplary data set of HeLa cells without particles, measured at 200 mW
under the conditions for quantitative experiments. The SSC-FSC scatter
plot (I.) and the FL1 histogram data (r.) distinguish 2 cell populations.

More importantly, it seemed that those populations differed in their particle uptake efficiency
by a factor of nearly 3 (see Figure 91). All data of the quantitative experiments are based on
the average of all cells, i.e. no distinction between the two populations was made, see red gate
in Figure 91A. But separate analysis of the two subpopulations (see Figure 91B), if required,
were possible because they could always be differentiated in the SSC-FSC plot. The FL1
intensity of the respective particle free cell population, which was required for the
calculations, could be derived as demonstrated in Figure 90.
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Figure 91. Exemplary data set of HeLa cells incubated with 300 ug-mI™* of NPs for
2h, measured at 200 mW under the conditions for quantitative
experiments. Two subpopulations of cells were distinguished in the SSC-
FSC plot (l.). The cells were gated into the FL1 histogram (r.) combined
in one gate (A) or in 2 separate gates (B).

Unlike in the NP-free sample, a differentiation between two peaks in the FL1 histogram (see
Figure 90) was not possible anymore in the samples with NPs (see Figure 91). But the
populations could still be gated by the FSC-SSC scatter plot, and transferred into the FL1
histogram (Figure 91B). In general the population split did not occur when the laser power
was reduced to 40 mW (data not shown). When measuring at 200 mW, the population
splitting occurred in formaldehyde-fixed and live cells alike (data not shown). After ethanol
fixation the cell population was more diffuse and a clear split into 2 populations was not
observed (data not shown). In total, the effect seemed more pronounced in FA fixed cells,
because there the effect already appeared at a lower laser power (100 mW) compared to the
non-fixed cell sample (only >150 mW).

If this was not an artifact or coincidence it might be based on certain structures or bio
molecules. In this case these structures would be damaged or altered in the FA fixation
process in a way that their emission properties would change (FA forms covalent bonds
during the fixation process; ethanol does not).

As discussed, this effect did not occur in all experiments and no cause for the phenomenon
could be found. A dependence of the effect on the cell cycle was suspected but could not be
studied. The discussed effect was not visible anymore when cell samples had been prepared
following the protocol for cell cycle analysis (data not shown).
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SUMMARY The absolute counting of intracellular NPs was exercised in flow cytometry and

in cLSM, which was chosen to provide a direct method of counting the fluorescent NPs.

Measurements in cLSM demonstrated that even PMMA-BP1-2 particles located in a 400 nm

core-to-core distance could be dissolved as separate particles. Still, as the cLSM was not run

in STED mode, it was crucial that the particle-loaded endosomes did not fuse. Therefore a

short incubation time of 2 h was chosen. Another requirement was that the cells should

contain approximately 40 particles each. This would be a suitable number of internalized NPs

for the manual counting in the cLSM.

Therefore incubation time and concentration were balanced in precursory experiments.

Incubation for up to 2 h with 75, 150 and 300 pg-ml™*showed that a maximum of approx. 40

NPs was taken up after 2 h incubation with 300 pg'ml™. Studies of the uptake over time, at

the concentration of 300 pg'ml™, showed that after 1 h only 25 particles were taken per cell

up. After 4 h incubation approx. 130 NPs were internalized.

In the first quantitative testing the FC measurement counted 111+12 and the cLSM counted

246x35 NPs per cell. As, with 500 pg'ml-1 of polymer, the concentration was rather high the

particle uptake was also high. Nevertheless the particle counts obtained by the two methods

differed by a factor of 2. The reason for this has to be found (apart from the fact that the

cLSM data have a high standard deviation due to the low number of analyzed cells). Most

likely the reason was that the cLSM cell samples remained adhered until fixation — whereas

the FC samples were trypsinized and washed before fixation. This might lead to particle loss.

It was concluded that the best conditions for quantitative studies were 2 h incubation time and

a NP concentration of 300 pgml™. With these experimental conditions a set of 4 FCy

experiments were done. Coupled to these FCy measurements a complimentary cLSM analysis

was done: The cLSM samples were those cells that were left-over in the cytometry tubes. This

ensured that the cell samples in the FC and in the cLSM were identical. But again, the FC

yielded a lower count (29+4) than the cLSM (65+36 NPs per cell).

After these possibilities were excluded, the most likely explanation for the reduced NP count

in the FC was a specific property of the biological sample that reduced the detected emission

of the BP1 fluorophore. A spectroscopic analysis of intact and lysed cells demonstrated that

neither showed significant absorption at the emission wavelength of BP1. But a sample of

serum supplied medium showed a strong absorption peak where the BP1 fluorophore emits. It

was concluded that most likely, residues of the serum were contained in the FC samples and

absorbed a fraction of the particle fluorescence signals.

Furthermore a split of the cells into 2 populations (distinguished by FL1 and by scattering)

was observed in some samples. But it only occurred under specific conditions i.e. when the
488 nm laser was up-regulated to >100 mW (FA-fixed cells) or >150 mW (live cells). This
difference between live and FA treated cells might indicate that chromophoric cell molecules

are involved which are partially altered or destroyed by covalent reaction with FA.
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5 Summary and Conclusions

1. The effect of polymer nature of the cellular uptake of nanoparticles

The aim of this thesis was to study essential properties of polymeric NPs that are seemingly
overlooked today — those of the polymeric material itself. The variety of materials for
nanocarriers is overwhelming and the developed nanoparticulate systems get more and more
complex due to surface functionalization, core-shell morphologies, stimuli-response modules
or capsule morphology, to name a few. For this study a set of nanoparticles made from PS,
PLLA and PMMA, with similar physico-chemical properties and deliberately without further
functionalization, were synthesized. Their interaction with HeLa cells was compared and their
behavior upon co-incubation of two particle species was studied. It could be shown that the
uptake efficiency of PLLA particles was the most effective, which should be linked to the
inherent carboxyl groups, the polymer softness (no Tg) and presumably a specific strong
interaction with serum proteins. The competitive co-incubation of PS and PLLA particles
demonstrated that these two particle species mutually affected their cellular uptake in a way
that the relative internalization rate of PS was increased and that of PLLA got decreased. It
could be shown that these two species significantly interact with serum proteins and it was
observed that a high serum protein concentration markedly reduced the competitive effect.
The TEM studies of PS and PLLA co-incubation revealed that the NPs attached to the cell
membrane as single particles. Also inside the cell the vast majority of these were located in
separate compartments. Based on these findings it was concluded that PS and PLLA
nanoparticles adhere to the cell surface one-by-one and compete for the internalization into
HelLa cells via a one-particle process. The competition for specific, yet unidentified, coating
serum proteins is part of this process. Such details about the basic properties of the polymeric
material itself could be applied to more complex nanocarrier systems, to create a finely tuned
DDS.

The synthesis of all required NPs was deliberately made a part of this thesis, as it enabled a
better knowledge of the colloidal NPs that were used in the cell experiments. The established
technique of ME was applied to prepare polymeric nanoparticles from PS, PLLA and PMMA
with the ionic surfactant sodium dodecylsulfate. These particles were of narrow size
distribution and stable in the presence of serum proteins. Furthermore, large PS NPs with
amino-functionalization were synthesized. Due to the presence of 2 %-wt. of the comonomer
AEMH in the continuous phase the ME was slightly impaired and the samples showed a
bimodal size distribution. It was shown that this could be corrected by appropriate
centrifugation steps to selectively remove one of the 2 populations by sedimentation. Other
sets of PS or PMMA particles should be synthesized with a maximum amount of incorporated
dye. For this purpose, new modified dye molecules were provided by other members of the
Landfester and Miullen groups at the Institute. These syntheses were successful and only
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samples with the highest dye loading (0.3-0.4%-wt. ref. to the monomer) had a lower
conversion. But also these samples had a sufficiently narrow size distribution.

2. Flow cytometry for single nanoparticle detection

The prime intention of preparing NPs with high dye loading was the development of a method
to measure single NPs in the flow cytometer. Single particle measurement (SPM) would offer
valuable possibilities. For one thing the fluorescence intensity distribution of submicron
particles was achieved. Additionally the number of NPs per volume could be counted which
so far is only possible with a few sophisticated methods. More often, the NP concentration is
calculated based on the particle size and the solid content. Once SPM is established it could
be exploited to count the absolute number of internalized NPs in cells in a convenient and
swift manner. This so far is impossible with polymeric particles and therefore with a majority
of the available nanocarrier materials. Only materials like ferrum can be quantified by other
means to count the NPs in a cell.

Only the measurement of the small 70 nm particles remained difficult and their fluorescence
could not be obtained with precision. But the measurement of 150 nm sized particles of PS
and of PMMA was successful and the mean fluorescence of a single sphere could be
determined with a standard deviation below 10%.

The particle number per volume was also counted in the FC and compared with the
concentrations calculated at base of the particle size measurement in DLS. The FC analysis
did not fully concur with the theoretical values but instead yielded slightly less particles
(60%) than was expected. This was successfully applied also on particles that had been
incubated with cells in serum supplied medium for several hours — counting polymeric NPs
under such conditions is difficult and only few detection methods are available.

3. Absolute quantification of nanoparticles in cells

Three promising particle samples were chosen to be incubated with HelLa cells and then
counted in a quantitative manner by FCy and by cLSMy. At the base of the most promising
sample, 150 nm sized PMMA spheres stabilized with SDS and marked with copolymerized
dye, the quantitative counting method in cells was developed. For a backup of the new flow
cytometric quantification the NPs were also counted manually in the cells using cLSMy. No
specific automated software was used here and the particles were deliberately counted ‘by
hand’ in the cLSM images of the cells. The intention was to get a direct look into the system —
as opposed to the more abstract FC method. Flow cytometric quantification repeatedly yielded
50% of the particle count that was observed in cLSMy. This discrepancy was assumed to be a
combination of several aspects like loss of particle fluorescence due to absorption by residues
of the incubation medium. The FCy data was the average value of several thousand cells and
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it was therefore more precise than the findings from cLSMy where a small number of cells
was analyzed manually. Spectroscopic analysis of cell samples disproved scattering or
absorption of cell contents as a reason for the fluorescence loss, but indicated that serum-
supplied incubation medium absorbed in the emission range of BP1.

Despite possible imprecision, which should not exceed a factor of 2, it could be shown that
the uptake efficiency of negatively charged non-functionalized NPs was very low. After 2 h of
incubation with the HeLa cells, less than 5-10"°% of the initially added particles were detected
inside the cells. Future studies with fluorophores emitting above 650 nm wavelength should
avoid any fluorescence loss and increase the counting precision. The particles’ fluorescence
signals in the far red range should not be dimmed by biological material as cellular
absorbance and autofluorescence are restricted to shorter wavelengths. Compared to the
current ways of quantifying polymeric NPs inside cells, this new approach is a significant
improvement. The particle fluorescence needs to be measured merely once and then the
intracellular counting of these particles is a swift routine measurement.
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7 Appendix

I. List of Abbreviations

7AAD
AEMH
...BP+...
BODIPY, BP
CD

Ch
CLA
cLSM
cLSMy
CM
CMC
CMO
CP

CT

Ccv
CVA
DDS
DiD
DLS
DMEM
DMEM10%

DSC
ECM
Erec

fl(PoI)
fZ(PoI)

FA
FACS
FC

FCS
FCy
filtero oum
filterispm
FISH
FL
FIl(PoI)
FIZ(PoI)
I:IPoI
FSC

7-Aminoactinomycin D

Amino ethylmethyl methacrylate

Band pass filter, e.g. 527BP+10 [nm] range
4,4-Difluoro-4-bora-3a,4a-diaza-s-indacene

Cluster of differentiation

Detection channel

Clathrin

Confocal laser scanning microscope

Confocal laser scanning microscopy

Cytoplasma membrane

Critical micelle concentration

CellMask™ Orange

Cytoplasma

Cytoskeleton

Coefficient of variation

Caveolin

Drug-delivery system

Membrane staining dye (Invitrogen)

Dynamic light scattering

Dulbecco’s Modified Eagle Medium

Prepared incubation medium, DMEM supplemented 10%-vol. fetal calf serum,
100 U penicillin, and 100 pg-ml™ streptomycin

Differential scanning calorimetry

Extracellular matrix

Receptor-mediated endocytosis

Fluorescence normalization factor (derived from the fluorescence of dispersed NPSs)
Fluorescence normalization factor (derived from the dye content of the NPs)
Formaldehyde

Fluorescence activated cell sorter (abbreviation is © Becton Dickinson)
Flow cytometer

Fetal calf serum

Flow cytometry

Filter with 0.2 um pore size (Millipore)

High throughput filter with 15 nm pore size (Planova)

Fluorescence in situ hybridization

Fluorescence channel in a flow cytometer

Normalized fluorescence of particle-loaded cells, utilizing factor f; o)
Normalized fluorescence of particle-loaded cells, utilizing factor f,po
Fluorescence of particle-loaded cells, not normalized

Forward scatter
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GPC
HD

ITC

LR, LRs
Lut-50
MFI
MFlinp
MFILyp
AMFI
MFInoise-
MFINp-raw
MFIyp
MFlpq
MRNA
Noge)
NP, NPs
NT
(o/w)
PBS
PDI
PEG
PLLA
PMI
PMMA
PMT
PS

SDS
SO
SPM
SSC
STED
Surfactant
TEM
Tq

Tmelt
WGAgs0
(w/0)
ZP
AMFI
GPC
HD

ITC

LR, LRs
Lut-50
MFI
MF1Lnp
MFI1_\p
AMFI
MFInoise-
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Gel permeation chromatography

Hexadecane

Isothermal titration calorimetry

Lipid raft, ~s

Lutensol AT50, non-ionic surfactant with one C,5 or Ci5 and 50 PEO units
Mean fluorescence intensity value, as measured in the flow cytometer

MFI of cells containing nanoparticles

MFI of particle-free cells (cell control sample)

Increase of the cells' MFI due the internalization of fluorescent nanoparticles, MFlL.yp
MFI of the background i.e. of the respective control sample

MFI of a single nanoparticle (before subtraction of the background MFInoise)
Final MFI of a single NP (after subtraction of the background), MFlnp.raw — MFlice
Final MFI of particle-loaded cells (after subtraction of the background i.e. of the MFI
Messenger ribonucleic acid

Number of NPs per ul of latex, calculated value

Nanoparticle, ~s

Nanotechnology

Oil-in-water

Phosphate buffered saline

Polydispersity index

Poly ethylene glycol

Poly(L-lactide)

N-(2,6-Diisopropylphenyl)-perylene-3,4-dicarbonacidimide

Poly(methyl methacrylate)

Photomultiplier

Polystyrene

Sodium dodecylsulfate

Smart Object

Single particle measurement (in flow cytometry)

Sideward scatter

Stimulated emission depletion

Surface active agent

Transmission electron microscope

Glass transition temperature

Melting point

Alexa680-coupled wheat germ agglutinin

Water-in-oil

Zeta potential

Difference in fluorescence, MFl,yp - MFlyp

Gel permeation chromatography

Hexadecane

Isothermal titration calorimetry

Lipid raft, ~s

Lutensol AT50, non-ionic surfactant with one C,¢ or Cig and 50 PEO units
Mean fluorescence intensity value, as measured in the flow cytometer

MFI of cells containing nanoparticles

MFI of particle-free cells (cell control sample)

Increase of the cells' MFI due the internalization of fluorescent NPs, MFl,yp - MFlyp
MFI of the background i.e. of the respective control sample



Ii. Supplementary Data

Table A. Volumetric counting of the particles PMMA-BP1-2, PS-SDS-7 and PS-Lut-1.
The experimental data count, and count;n. are compared with the
theoretical count value which was calculated via the size distribution (Ncaic).

Particle Neatc county county countiime countiime
[per 1 ul] [per 1 ul] [%0] [per 1 pl] [%6]
dilution of the | calculated FC, _ FC, via _
original latex via size via true volumetric = percentage measurement percentage
[-10°] distribution counting Of Neatc time & speed Of Neatc
1:60 727 721 99%
1:40 1090 618 57%
1:133 675 227 69%
1:133 675 682 101%
PMMA- 1:40 1442 1498 96%
BP1-2 1:50 1796 1750 97%
1:40 2246 1042 46% 895 40%
1:50 1796 1408 78% 1201 67%
1:50 1796 1702 95%
1:40 2246 1666 74%
1:50 1796
ca. 1:30 3062 1057 35%
ca. 1:60 1531 715 47%
ca. 1:60 1531 660 43%
1:133 414 423 100%
1:40 962 1378 70%
PS-SDS-7 1:50 1102 1050 95%
1:50 1102 794 70%
1:30 1836 1029 56% 906 49%
1:60 596 65% 539 59%
1:133 385 208 54%
1:133 385 265 69%
1:40 1048 1282 82%
ps.Luty 180 524 640 85%
1:50 1024 669 65%
1:50 1024 318 31%
1:50 1024 550 44%
1:10 5120 2208 43%
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Table B. Data table of the cLSM counting of PMMA-BP1-2 particles in HeLa cells
at a concentration of 500 pg of polymer per ml.

[Particles per cell]

Sample Cell Nr. # Single FC samples Total average of St.Dev.  St.Dev.

/ single cells in cLSM  samples / of cells +% *NPs
FC >5000 cells 97, 115, 121 111 11% 12
cLSM  Stack 19, Cell 1 1 275 246 35% 86
Stack 19, Cell 2 2 244
Stack 19, Cell 3 3 275
Stack 19, Cell 4 4 291
Stack 19, Cell 5 5 249
Stack 16, Cell 1 6 407
Stack 12, Cell 1 7 99
Stack 23, Cell 4 8 231
Stack 23, Cell 1 9 125
Stack 24, Cell 3 10 264

=
N

)

#6

#10

L4
@
4

¢

Figure A. Image data (excl. cell #7) of the cLSM counting of PMMA-BP1-2 particles
in HeLa cells after incubation for 2 h at a concentration of 500 pg
polymer per ml.
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Table C. Data table of the cLSM counting of PMMA-BP1-2 particles in HelLa
cells incubated at a concentration of 300 g of polymer per ml for 2 h.

[Particles per cell]

Sample Cell Nr. # Single FC samples/  Total average of St.Dev. St.Dev.

single cells in cLSM samples / cells +% +NPs
FC~* >2500 cells 35,29,32 29 20% 6
cLSM **  Dayl, #3, S23 1 51 65 56% 36
Dayl, #3,S27 2 37
Day2, #2, S05 3 60
Day2, #2, SO7 4 33
Day2,#2,S09 5 30
Day2, #2, S13 6 126
Day2, #2, S15 7 113
Day2, #2, S17 8 67

#3
#2

Figure B. Image data of the cLSMy counting of PMMA-BP1-2 particles in HeLa
cells incubated at a concentration of 300 pug polymer per ml for 2 h.
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