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Zusammenfassung

Zusammenfassung

Die Verwendung von Nanopartikeln als Transportvehikel, um Medikamente Uber die Blutbahn
zu ihrem Zielort innerhalb des Korpers zu bringen, ist ein vielversprechender therapeutischer
Ansatz fir eine wirksame Behandlung verschiedener Krankheiten. Uber die letzten Jahre
wurden viele Forschungsanstrengungen unternommen hinsichtlich der Synthese,
Charakterisierung, Wirkstofffreigabe, und dem Verhalten von Nanopartikeln unter in vitro und
in vivo Bedingungen. Zielsetzung dieser Arbeit ist es, zwei Forschungsbereiche naher zu
beleuchten, ndmlich den Bildungsprozess von Nanopartikeln und die Charakterisierung von

Nanopartikeln in komplexen Umgebungen wie Vollblutproben.

Der Entstehungsprozess von Nanopartikeln ist, aufgrund fehlender geeigneter
Untersuchungsmethoden, mechanistisch nicht gut untersucht. Speziell der Ubergang der initial
gebildeten Emulsionstropfen zur finalen Partikeldispersion ist nur unzureichend verstanden.
Daher Dbefasst sich der erste Teil dieser Arbeit mit dem Entstehungsprozess von
polymerbasierten Nanopartikel. Untersucht werden zwei verschiedene Synthese Anséatze: die
Losungsmittelverdampfung aus Emulsionstropfen und die Miniemulsionspolymerisation.
Vorgestellt wird ein Ansatz, der zwei Charakterisierungstechniken kombiniert, die
zeitkorrelierte Einzelphotonenzéhlmethode und die Fluoreszenzkorrelationsspektroskopie, um
den Entstehungsprozess der Nanopartikel zu verfolgen. Hierflr, wird ein fluoreszierender
molekularer Rotor in die Emulsionstropfen eingekapselt. Uber Messungen der
Fluoreszenzlebensdauer des molekularen Rotors konnten lokale Viskositatsanderungen in
Abhangigkeit des Reaktionsfortschrittes detektiert werden. Zeitgleich konnte tber FCS
Messungen die GroRenanderung wahrend der Reaktionen verfolgen werden.

Die Charakterisierung von Nanopartikeln in komplexen Umgebungen wie Blut, gestaltet sich
schwierig, aufgrund der zellularen Bestandteile von Blut, die wéahrend einer FCS Messung das
Detektionsvolumen besetzen kdénnen und somit die FCS Messung verhindern. Daher wird im
zweiten Teil ein neu entwickelter Ansatz prasentiert, welcher es ermdglicht, das FCS
Detektionsvolumen wahrend einer Messung frei von zelluldren Bestandteilen zu halten. Hierfur
wurde eine Membran verwendet, welche fiir Blutzellen undurchldssig ist. Um die Praktikabilitat
des hier vorgestellten Ansatzes zu demonstrieren, wurden Nanopartikel einer Maus injiziert und
die entnommen Blutproben untersucht. Es wurde festgestellt, dass die Nanopartikel bis zu drei

Tage nach Injektion noch in den Blutproben nachgewiesen werden konnten.
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Abstract

Abstract

The use of nanocarriers (NCs) to deliver small and sensible drugs to their target site inside the
body via the blood stream is a promising approach for the effective treatment of different
diseases. Over the last decades, a lot of research effort has been done regarding NCs designed
for drug delivery reaching from the synthesis and the characterization to studying the behavior
of these NCs in vitro and in vivo. The objective of this thesis is to look closer into two research
fields: the first part of the thesis will deal with the monitoring of the formation process of
nanoparticles, whereas the second part of this thesis will present a newly developed

experimental method for NCs characterization in whole blood samples.

Due to a lack of suitable characterization methods, a broad understanding of the mechanism
regarding the formation process of nanoparticles is still missing. Especially, a broad
understanding of the transition of the initial emulsion droplets to the final nanoparticle
dispersion is missing. Therefore, the first part of this thesis will investigate the formation
process of polymeric nanoparticles with two commonly used methods: the solvent evaporation
from emulsion droplets process and the miniemulsion polymerization. Here an approach is
presented which combines two characterization techniques the time-correlated single-photon
counting method and the fluorescence correlation spectroscopy to follow the formation process.
A tailored fluorescent molecular rotor acts as a reporter and provides information from the
inside of the emulsion droplets. The recorded fluorescence lifetime reflected local viscosity
changes in dependence on the reaction progress. Further, the fluorescence signal of the

molecular rotor is also utilized to track the evolution of the size during the reaction.

Characterizing nanoparticles in more complex environments such as blood is difficult due to
the cellular components of blood which can occupy the FCS detection volume, preventing the
recording of autocorrelation curves. Therefore, the second part of this thesis will introduce a
newly developed approach that enables FCS measurements in small whole blood samples by
preventing the cellular fraction to enter the FCS detection volume. To accomplish this, a
membrane was used which separates the liquid part of the blood from the cellular fraction. This
approach enabled a unique way for following the fate of NCs in living mice with FCS
experiments. Small blood (~ 50 pL) samples were collected at predefined time points after
injection of the NCs and measured with the newly developed approach. It was possible to follow

the injected NCs for up to 72 hours inside the mouse.
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Introduction

1. Introduction

The word polymer is derived from the Greek word “poly” which means “many” and “meres”
meaning “parts”. Hence, polymers are made of repeating units, called monomers, and can reach
very high molar masses.* Polymers possesses a broad application range reaching from plastic
bags to cloths made of synthetic fibers!, and from electronics®* to medical implants® . Besides
synthetic polymers, biopolymers like DNA and proteins are fundamental for biology. Due to
their natural occurrence and biocompatibility, biopolymers are also utilized in the biomedical,

food, and biofuel sectors.” 8

Interestingly, the properties of polymeric bulk materials change, if the dimensions of these
materials are decreased to a nanometer size range of around 1 to 100 nm.® ° Polymeric
nanoparticles (PNPs) can be used in different application fields ranging from electronics and
photonics to biotechnology and medicine.’**® Especially the application of PNPs as
nanocarriers (NCs) in the medical field is very promising. The possibility to encapsulate small
drug molecules in such NCs can increase the drug molecules stability by protecting them during
their transportation inside the blood vessel system, reducing potential side effects, and can alter
their pharmacokinetics.'® 162 Further, the NCs can be fully optimized for a specific target
inside the body. The material, size, shape, and surface functionalization are only a few

parameters that can be optimized. 15 16,20, 24

Nowadays, several NCs designed for drug delivery got approved in the USA or in South Korea
e.g. Doxil® or Genexol-PM.* 16 2% The aforementioned approved nanomedicines are relying
on different NCs architectures to deliver the encapsulated drug to their target site. For example,
the NC architecture of Doxil® is based on phospholipids assembled into a liposome
encapsulating the drug doxorubicin. Liposomes are spherical vesicles consisting of a lipid
bilayer membrane structure. Due to their bilayer structure liposomes can encapsulate
hydrophilic drug agents in their aqueous core, while hydrophobic drugs can be encapsulated in
the hydrophobic regions of the bilayer.?® ? In different to Doxil®, the utilized NC architecture
for the nanomedicine Genexol-PM is based on a polymeric micelle. Polymeric micelles consist
of block-copolymers which self assemble into micelles with a hydrophobic core and a
hydrophilic shell.!® % The self-assembling of the block-copolymers into micelles occurs
spontaneously after a certain concentration is reached, the so-called critical micellar
concentration. The micelle used for Genexol-PM consists of the block-copolymer

poly(ethylene glycol)-poly(D,L-lactide) which encapsulates the drug paclitaxel. Besides
1
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poly(D,L-lactide) other polymers like poly(lactide-co-glycolide), polycaprolactone,
poly(glutamic acid), and N-(2-hydroxypropyl)meth-acrylamide are utilized as building
materials for NCs.?225: 27 Further, naturally occurring polymers are also considered for building

NCs including albumin, dextran, gelatin, and heparin.?’-?°

For a broad understanding of the NC-mediated drug delivery process, it is necessary to possess
information about the whole process, reaching from the synthesis of the NCs to the drug release
at the target site inside the body. Therefore, two research fields can be identified which
contribute toward a broad understanding of the NC-mediated drug delivery processes. On the
one hand, researchers conduct mechanistic studies on the NCs formation in aqueous
environments, including the formation process of NCs, encapsulation efficiency, optimizing the
stability in different environments reaching from aqueous buffer to human blood plasma, and
biocompatibility studies.®**? On the other hand, researchers concentrate on studies performed
in cells and in vivo. Here, the research interests focus on the drug delivery process, cellular
uptake, drug release, and toxicity studies.® 33-3

Synthesizing PNPs can be achieved by various synthesis strategies. Commonly used strategies
for producing PNPs are based on emulsified systems.®” For example, PNPs can be produced by
emulsification of pre-synthesized polymer with subsequent evaporation of the discontinuous
phase.3840 Contrary to using pre-synthesized polymers, PNPs can also be produced by
emulsifying monomers with subsequent polymerization.'? 40 4 Advantageous of using
emulsion droplets as “nanoreactors” is the controllable size of these droplets by emulsifying
methods e.g. ultrasonication.*? Further, the aforementioned methods hold the potential for
encapsulation of different compounds* or to build complex morphologies**. After the synthesis
of the PNPs, the final particle dispersion can be characterized by several methods including
dynamic light scattering, nanoparticle tracking analysis, fluorescence correlation spectroscopy
(FCS), size exclusion chromatography, zeta potential measurements, or scanning electron
microscopy.*® 6 These techniques can characterize PNPs in an aqueous environment like buffer

solutions in regards to stability, aggregation behavior, size, and premature drug release.

Despite huge research efforts over the past years, open questions and challenges remain in the
field of nanoparticle synthesis and characterization. For example, the stabilization mechanism
of emulsified systems is well understood®®:3% 4748 hut mechanistic studies to obtain information
about the transition from the initial liquid nanodroplet to the final particle dispersion are still
missing. The polymerization rate during the formation process of PNPs can be determined using

e.g. calorimetric methods, but this method does not provide further information about the local
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viscosity and morphology of the PNPs. In general, there is a lack of experimental techniques
which are able to probe nanoparticles regarding their inner morphology and structure while
diffusing in a continuous phase. With this in mind, Chapter 3 of this thesis presents a
mechanistic study on the possibility of utilizing a tailored fluorescent probe and combining
time-correlated single-photon counting and FCS for gaining information about the inner
morphology and simultaneously tracking the size evolution during the PNP formation process.
Two commonly used synthesis strategies for PNPs are explored, the solvent evaporation from

emulsion droplets and the miniemulsion polymerization are investigated and compared.

Another challenging undertaking is the characterization of NCs in complex biological
environments like blood. The complexity of blood arises from an increased scattering and
absorption coefficient** and a high concentration of cells and blood plasma proteins.
Predetermined properties of NCs in an aqueous environment can change if they are in contact
with blood. Interaction between the NC and the blood can lead to a formation of a protein
corona>® !, aggregation, degradation, or inducing a premature drug release®?. The stability of
NCs is crucial for a successful delivery process and if the NC suffers a drug leakage during the
transportation in the blood vessel system it can be harmful to healthy tissue. Therefore, studying
NCs in blood is important to understand how the NC behaves in contact with blood. Commonly
utilized characterization techniques like dynamic light scattering, size exclusion
chromatography, or scanning electron microscopy cannot be applied in blood, due to the high
concentration of cells and blood plasma proteins. Therefore, an experimental FCS approach for
NCs characterization in whole blood samples is presented in Chapter 4. The new approach
enables FCS blood measurements with small blood volumes (~ 50 pL) and without the need
for further sample preparation, thus allowing ex vivo monitoring of the fate of drug NCs in the

blood stream over long periods of time.

Furthermore, cooperative projects as part of the collaborative research center (CRC) 1066
utilizing the FCS technique are presented in Chapter 5. The objective of the CRC1066 is to
develop multi-functional NCs for the effective treatment of malignant melanoma. The
developed PNPs which are used as NCs can be monitored with the FCS technique regarding
the size, investigation of the stability in e.g. blood plasma, drug loading efficiency, and tracking
of the kinetic of reactions.>® Here, the role of FCS for the publication will be outlined.






Physical Phenomena and Methods

2. Physical Phenomena and Methods

2.1. Fluorescence

Luminescence describes the physical phenomena of light emission from an electronically
excited state.>* Luminescence can be divided into two categories, namely fluorescence and
phosphorescence. The process of emitting photons from a singlet state is called fluorescence
and it is called phosphorescence if photons are emitted from a triplet state. Absorption and
emission processes can be illustrated and explained with a Jablonski diagram (Figure 1). The
Jablonski diagram schematically shows the underlying fundamental physical processes which

can occur when a fluorophore absorbs light.>* %

3
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\ 4
0

Figure 1: Schematic Jablonski diagram, illustrating the absorption and emission processes of a fluorophore. The absorption
(blue arrow) takes place from the ground state So, o into an electronically excited state (S, x, Sz, x) with a respective vibrational
state x =0, 1, 2, .... Via internal conversion (yellow arrow), the lowest vibrational state in the excited state Sy, o is reached.
From there the molecule can emit a photon to reach the ground state (green arrow). This process is called fluorescence. Another
pathway is to enter the triplet state T, x by an intersystem crossing (orange arrow). Emitted photons from this state are called

phosphorescence (red arrow).

Figure 1 shows schematically the electronic states (So x, S1,x, ...) with their respective
vibrational states (x = 0, 1, 2, ...). Generally, fluorophores are excited into a higher vibrational
state after absorption of a photon with suitable energy. Through a relaxation process, the

so-called internal conversion (~ 1072 s), the lowest vibrational state of the excited state is
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reached. From here, the molecule has different possibilities first it can reach the ground state
So, x, through emitting photons. The process of emitting photons from a singlet state is called
fluorescence. Another pathway is that the excited molecule can undergo a spin conversion
called intersystem crossing and the molecule enter the triplet state T1, x. The process of emitting
photons from a triplet state is called phosphorescence. The time the molecule stays in the S1, o
without undergoing an intersystem crossing or emitting a photon is defined as fluorescence
lifetime 7. In general, the fluorescence lifetime is around 10 ns.> The lifetime of triplet states
is typically around 107 s to 1 s°, due to a spin-forbidden transition from singlet to triplet state
and vice versa. The fluorescence lifetime can be influenced by the environment, for example
by the solvent, polarity, or viscosity. Besides environmental influences on the fluorescence
lifetime, molecules can influence the fluorescence lifetime of a fluorophore too. Molecules

which influence directly the lifetime of a fluorophore are called quencher molecules.

Fluorescent dyes are commercially available on the market, with emission wavelengths
reaching from 350 nm up to 800 nm.>® Common fluorescent dyes for fluorescence correlation
spectroscopy (FCS) and fluorescence microscopy are sold under the names Alexa Fluor, Atto
Fluor, Rhodamine dyes, and Cyanine dyes to name a few. Common for these dye classes is a
large conjugated double bond system with aromatic rings. These conjugated systems can be
functionalized to optimize the absorption and emission spectra of the dyes. Besides the
commonly used fluorescent dyes like Alexa Fluor and Atto Fluor dyes, another class of dyes

will be presented in the next section.

2.2. Fluorescent Molecular Rotors

Fluorescent molecular rotors can undergo a twisted intramolecular charge transfer (TICT) after
excitation.>” 8 Typically structural motifs for molecular rotors are the linking of an
electron-donating group and electron-accepting group through a sigma bond. The absorption of
a photon leads to a charge transfer between the electron donor group and the electron acceptor
group. Electrostatic forces arise through the charge transfer process in the planar ground state.
The molecular rotor can reduce these electrostatic forces by undergoing a twisting around the
bridging sigma bond to enter a twisted state. From there two relaxation processes are available
for the molecular rotor to reach the ground state: the molecular rotor can emit a photon
(Figure 2) or reach the ground state through a non-radiative process.>” These processes are

influenced by the environment because the intramolecular rotation is vigorously influenced by

6
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the local viscosity. In a high viscosity environment, the rotational motion is hindered and
therefore a stronger fluorescence activity can be observed because the high viscosity prevents
the relaxation through the non-radiative pathway from the TICT state. Under these
circumstances, the Jablonski diagram presented in Figure 1 can be modified to describe the

situation for fluorescent molecular rotors (Figure 2).

EnergyA
DHA| D*-A| D*A4;
S, TICT state
Planar excited]| 2+ 1 i — —
state R e
c Emission Emission
= from the from the
% LE state TICT state
x —
So — o
Ground .
state

Figure 2: Modified Jablonski diagram for a fluorescent molecular rotor. Presented is the radiative pathway for the molecular
rotor. In the ground state, the donor (D) and the acceptor (A) are in a planar conformation. After excitation, charge separation
occurs, which could lead to the formation of the TICT state to reduce occurring electrostatic forces. The TICT state possesses
lower energy in the excited state, but higher energy in the ground state. The molecule could relax to the ground state by either

emitting a photon from the locally excited state or the TICT state.

Besides the viscosity, other factors can influence the fluorescence behavior of the molecular
rotor. Solvent polarity, pH, or hydrogen bonds can stabilize or destabilize the excited state and
influence the rate between the non-radiative and radiative relaxation pathways. Nonetheless,
the viscosity possesses the largest influence on the formation of the TICT state and its relaxation

processes.>” 58

Typical representatives for molecular rotors are shown in Figure 3A-C. Illustrated are the
9-(dicyanovinyl) julolidine (Figure 3A), p-(dimethylamino) stilbazolium (Figure 3B), and
1,4-dimethylamino benzonitrile (Figure 3C). In Figure 3D the molecular rotor AzeNaphl is
shown, which was used as a tailored fluorescent molecular rotor to probe the formation process

of nanoparticles described in Chapter 3.
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CN
A B = N@)/
CN ‘
A
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. |
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Figure 3: Overview of different types of fluorescent molecular rotors. Donor groups are marked in green, the spacer groups in
black, and the acceptor units are marked in red. The arrows indicate the sigma bond around the intramolecular rotation takes
place. A) 9-(dicyanovinyl) julolidine, B) p-(dimethylamino) stilbazolium, C) 1,4-dimethylamino benzonitrile, D) AzeNaphl.

Fluorescent molecular rotors can be utilized for monitoring the formation of micelles®, tracking
polymerizations®, or observing conformational changes from proteins.?% ¢! Further, they can
be utilized as probes for detecting the local viscosity or as sensors for organic vapor.®2-64
Fluorescent molecular rotors are also applied in biological research fields like probing the

viscosity inside cells® or cell membrane imaging.5®- ¢’

The fluorescent molecular rotor used in chapter 3 is shown in Figure 3D. The electron-rich
dibenzol[b,f]lazepine acts as an electron donor for the electron-poor naphthalene imide unit after
absorbing a photon. Both groups are connected through a C-N sigma bond that allows an
intramolecular rotation. The change in the fluorescence lifetime of AzeNaphl is independent
of the solvent polarity, therefore the viscosity possesses the main influence on the fluorescence
lifetime of the molecular rotor.>® Therefore, AzeNaphl is a suitable candidate to track the
viscosity changes inside the emulsion droplets during the SEED and MEP and can monitor the
formation process of the nanoparticle. The technique used to record the fluorescence lifetime is

presented in the following section.
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2.3. Time-Correlated Single-Photon Counting

Time-resolved measurement techniques are powerful techniques to characterize different
systems in all-natural science disciplines. The fluorescence decay of a fluorophore is the most
direct parameter which gives insights into the interaction of the fluorophore with its direct
environment.®* %8 Technically time-correlated single-photon counting (TCSPC) experiments
are realized by shooting repeatedly a short laser pulse on fluorescent molecules. The emitted
photons are detected and counted (Figure 4A). Hereby, the short laser pulses function as a start
signal, from there on the time is recorded until a photon is detected by the detector. This cycle
is repeated many times to count the arriving photons. The arriving photons are then sorted into

a histogram depending on their arrival time or a specific time range (bin) (Figure 4B and C).

>
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Figure 4: Principle of a TCSPC measurement. A) Repetitive excitation of a fluorophore by short laser pulses. The time is
measured between every laser pulse and the respective first arriving photon. B) Step A) is repeated many times to count the
number of arriving photons. C) Sorting of the photons into a histogram either by their respective arrival time or by a specific

time range.
To analyze the obtained data from the measurements the intensity I can be plotted against the
arrival time from the photons t. If the population of the excited states is homogeneous, the

recorded decay can be described with a single exponential expression. The fluorescence lifetime

t of the sample can be then determined by the slope of the curve (equation 1).>*

I =1,- e‘% equation 1

If the measured sample possesses two or more different fluorescence lifetimes the decay curve

is the sum of two or more decay curves (equation 2). These decay curves can be fitted with the
following analytical expression:

I, = e T equation 2

In equation 2 the amplitude is represented by A to account for the different fractions of the

fluorescence lifetime. In a system with more than one fluorescence lifetime, a weighted average
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fluorescence lifetime tay can be defined (equation 3). This fluorescence lifetime takes the single
lifetime’s i and their respective amplitudes A; into account.
_ =1 4i T

Tay = n
i=1Ai

equation 3

The timing precision of a TCSPC experiment is described by the so-called instrument response
function. Different aspect influences the IRF, e.g. the pulse shape, the characteristics of the
electronics, and the detector.%® In an optimal system the instrument response function is
infinitely narrow, due to an infinitely narrow excitation pulse and accurate electronics and
detector. Every deviation from the ideal systems leads to a broadening of the IRF and therefore

to a timing imprecision of the TCSPC experiment.

2.4. Fluorescence Correlation Spectroscopy

FCS was first introduced by Magde, Elson, and Webb in the 1970s.”® Over the past decades,
FCS became more and more interesting for researchers in physical chemistry and biophysics.
The wide applicability of FCS allows the studying of fluorescent species in different solvents,
e.g. aqueous solution®® ™ 72 piofluids®> ">, or cells.”® 7" Samples can be characterized

regarding size, concentration, fluorescence brightness, and stability.

The differentiation of FCS from other conventional fluorescence-based spectroscopy studies is
the principle of investigation of small statistical fluctuations of the light intensity of
fluorophores.>® The statistical intensity fluctuations arise from the Brownian motion of the
fluorophores through a very small observation volume. These intensity fluctuations are then
analyzed by an autocorrelation function. The fitting of the autocorrelation function can provide
information regarding the diffusion coefficients, aggregation behavior, and chemical
reactions.!® 3¢ 7879 Dye to the small observation volume (~ 1 um3) FCS is very sensitive, even
capable to detect a single fluorescent molecule. Advantageous of FCS is, that only fluorescent
molecules or labeled molecules are detected.

In Figure 5 a schematic FCS setup and the data procession are shown. In the schematic in
Figure 5A, the excitation laser beam is reflected by a dichroic mirror into the objective. The
objective focuses the light into the sample. The fluorescent molecules which are diffusing
through the observation volume become excited and emit light. The fluorescence light is

collected by the same objective and directed to the dichroic mirror. Due to a bathochromic shift,
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the fluorescence light can pass the dichroic mirror and is focused on a pinhole. The pinhole
blocks all light, which is not generated from the focal plane. After passing the pinhole the light
reaches the detector. The detected intensity fluctuations (Figure 5B) can be correlated with an

autocorrelation function to obtain the autocorrelation curve (Figure 5C).

A C
Sample
x
0]
10°¢ ulrﬁ 16-‘ 16'3 ﬂl)'f 16" 10°
t [ps]
Lenseg Lenses Laser
B I I
Pinhole <= —_
N
I
= ¢ / |:: > =
Recycling Diffraction  myltichannel § J J 'U\
loop grating photomultiplier

Time [s]

Figure 5: Schematic FCS setup overview with data procession. A) Schematic beam path for a confocal FCS setup. B) Typical
recorded intensity pattern during an FCS experiment. C) Normalized autocorrelation function derived from the intensity pattern
of B). In red is shown the fitting of the autocorrelation function. Further, the diffusion time and the average number of particles
are marked in blue in the graph. Reprinted and adapted from Biomacromolecules 2019, 20, 3786—3797,
https://doi.org/10.1021/acs.biomac.9b00868. Copyright 2019 American Chemical Society.

The observation volume Vops possess a Gaussian profile and can be described with the following

equation.®

3 .
Vobs = M2 - 1¢ - Zg equation 4
Here, ro represents the radial and zo the axial dimensions. The diffusion of the fluorescent
molecules through Vobs causes intensity fluctuations, which fluctuate around a temporal

average. The fluorescence intensity signal F(t) can be described as:

F(t) = (F(t)) + 6F(¢t) equation 5
Here, (...) denotes to the time average. The intensity signal at a time point t can be
autocorrelated with a delay time t to obtain the normalized fluctuation autocorrelation function
G(7).

_(BF(t) - 6F(t + 1))
B (F(1))?

equation 6

G(1)
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For fitting the autocorrelation function with an analytical expression, the observation volume
is approximated by a Gaussian function described in equation 4. Through the analytical fitting
of the autocorrelation function parameters like the diffusion coefficient D or the
concentration ¢ can be obtained. If the fluorescence arises only from one type of molecule,
which is significantly smaller than Vons and the molecules can diffuse freely in three dimensions

the analytic equation can be formulated as followed:

1 1

N(l + T) 1 "‘Sz equation 7

G(r)=1+

Here, N denotes the average number of molecules in Vqbs and S the structural parameter, which
is the quotients of zo and ro, and 1o is the diffusion time. If the fluorescence originates from
more than one specie the autocorrelation curve is a sum of the different species and can be

expressed as followed:

fi

D) =14~ Z cauation 8
N (1_'__)\/? quation
S Tp,i

Here fi denotes the fraction of the i-th species and 1p, i is the respective diffusion time of the i-th

component. If the fluorophores show significant triplet contributions an additional term needs
to be introduced to equation 8. In the newly introduced term, fr is the triplet fraction and z is

the decay time of the triplet state (equation 9).

fi

G =1+[1+7—— _T/TT] Z( ) ﬁ equation 9

The diffusion coefficient D of the i-th species can be calculated with the diffusion time 1p,i and

the width of the observation volume ro.

ré .
D=— equation 10
4‘TD
With the diffusion coefficient, the hydrodynamic radius Ry can be calculated using the
Stokes-Einstein equation 11. In equation 11, kg is the Boltzmann constant, T the temperature,
and 7 the viscosity of the solvent.®> 78

kgT

equation 11
6nnD

H:
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3. Chapter: Monitoring the Formation of Polymer Nanoparticles

with Fluorescent Molecular Rotors!

Due to their unique properties polymeric nanoparticles (PNPs) have attracted considerable
interest over the past decades. The term polymeric nanoparticle referred to any type of
nanoparticle derived from polymers. The most common approach to synthesizing PNPs is based
on using emulsion droplets as templates including solvent evaporation from emulsion droplets
(SEED) and miniemulsion polymerization (MEP). Despite a vast research effort, a complete
understanding of the transition from the initial liquid droplet to the final particle dispersion is
still missing. A major reason is the lack of experimental techniques for probing the transition

directly inside the nanoparticle.

Therefore, this chapter presents an experimental approach that uses molecular rotors as
fluorescent reporters and combines time-correlated single-photon counting (TCSPC) and
fluorescence correlation spectroscopy (FCS) to follow the change in the inner structure of
nanoparticles and simultaneously track the size evolution of the nanoparticles. The
aforementioned synthesis approach, SEED, and MEP will be investigated and are discussed in
sections 3.1.1 and 3.1.2. Section 3.3.1 will then present the fluorescence behavior of the
molecular rotor AzeNaphl. The formation process of PNPs during the SEED and the MEP

reaction will be presented in section 3.3.3 and section 3.3.5, respectively.

! This chapter “Monitoring the formation of polymer nanoparticles with fluorescent molecular rotors” is based on

a manuscript which is still in preparation.
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3.1. Introduction

3.1.1. Solvent Evaporation from Emulsion Droplets

The SEED process was first proposed in the early 1980s by Gurny et al.?% to produce
poly(lactide) nanoparticles. As the first step water containing a surfactant was mixed with an
organic phase, containing a pre-synthesized polymer (Figure 6). This macroemulsion was then
emulsified by e.g. high pressure or ultrasonication, creating a miniemulsion. This miniemulsion
is then heated to start the evaporation process. Creating nanoparticles using the SEED method
has some major advantages such as the absence of toxic residual monomers, unreacted agents,

or catalysts.'?

P—
oA

B Water Organic solvent —@ Surfactant - Polymer

Ultrasonication Heating

Figure 6: Schematic overview of the SEED process. The first step is creating a macroemulsion by stirring a water phase,
containing a surfactant, and an organic phase. The organic phase contains the fluorescent probe and the pre-synthesized
polymer. The macroemulsion is then ultrasonicated to create a miniemulsion. By heating the obtained miniemulsion the

evaporation process is started.

The size of the particle can be well controlled through the emulsification process. By varying
the power and time of sonication, surfactant concentration, or oil/water ratio the size of the
particles can be controlled.*? 8! In 2003 Desgouilles and co-workers® conducted zeta potential
measurement during the SEED process to observe if every nanodroplet forms one nanoparticle
in the final particle dispersion. The zeta potential measurements remain unchanged during the
SEED process. Therefore, the authors concluded that no size increase occur during the
formation process. This observation was further investigated in 2013 by Staff et al.>°. The
authors observed with fluorescence cross-correlation spectroscopy which role coalescence
plays in the final size distribution. The authors found no evidence for coalescence during their
fluorescence cross-correlation spectroscopy experiments and concluded that coalescence plays
only a minor role. Another study focused on the evaporation kinetics of the dispersed phase.

Wang and Schwendeman®® observed the evaporation of different organic solvents during the
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SEED process. They demonstrated that the mass transport of the organic solvent through the
continuous phase depends on the properties of the solvent. Here, the diffusion coefficient of the
organic solvent and the saturation solubility in the continuous phase plays an important role.3

The SEED process can be conducted with different types of polymers including polystyrene,
poly(L-lactide), poly(methyl methacrylate), or poly(vinyl acetate) to name a few.®® Further,
SEED is capable of synthesizing complex structures including Janus particles®® & or

nanocapsules with a hydrophobic liquid core® 8,

3.1.2. Miniemulsion Polymerization

The MEP process is conducted in an emulsified system and the steps to produce the
miniemulsion are comparable to the preparation for the SEED process described in
section 3.1.1. For the MEP reaction the monomer, which functions as the organic phase, is
mixed with an initiator and an ultra-hydrophobic reagent to stabilize the miniemulsion against
Ostwald-ripening.® The organic phase is then mixed with an aqueous SDS phase and stirred
for obtaining a macroemulsion. Through an ultrasonication step, a miniemulsion is obtained.
By heating the miniemulsion, the polymerization is started through the thermal decomposition

of the initiator.

In contrast to conventional emulsion polymerization, the initiation of the polymerization can be
influenced by selecting an oil-soluble initiator. In the case of an oil-soluble initiator, the
initiation process of polymerization takes place inside the nanodroplets (droplet nucleation). In
the case of a water-soluble initiator, which can be added after the ultrasonication process, the
radicals are produced in the water phase and delivered to the micelles containing the
monomer.®® % The emulsion droplet size can be influenced by the ultrasonication or the
concentration of the surfactant® and the MEP reaction is capable of polymerizing different
monomers e.g. styrene, methyl methacrylate, or acrylonitrile.*% 8 However, the MEP is not
limited to only one monomer. Koénig et al. reported the successful synthesis of
polyurethane-block-polystyrene particles through the MEP reaction.®® In 2009 Guo and co-
workers reported the copolymerization of ethylene and vinyl acetate.’* Also the inverse
miniemulsion polymerization process is reported in the literature. The inverse MEP was used
to produce magnetic nanoparticles by encapsulating nickel inside the nanoparticles® and can

also be utilized to prepare nanocapsules® or nanogels®’.
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3.2. Experiments and Materials

3.2.1. Materials

Chloroform (>99.8 %) and toluene (>99.8 %) were purchased from Fisher Scientific.
Anhydrous hexadecane and the radical initiator Azobisisobutyronitrile (AIBN, > 98.0 %) were
bought from Sigma Aldrich. The solvents chloroform, toluene, and hexadecane were used
without further purification. Styrene (> 99.5 %) was purchased from Carl Roth and was purified
using a column packed with neutral aluminum oxide (Al.Os, 50-200 pm, 60 A, Acros
Organics). AIBN and Styrene were stored in a dark and cooled environment. The surfactant
sodium dodecyl sulfate (SDS, 99 %) was purchased from Acros Organics. The fluorescent dye
Atto425 was bought from ATTO-TEC GmbH (Siegen, Germany). J. Thiel (MPIP-P) provided
the polystyrene (PS, Mw = 60 kg mol™). The molecular rotor AzeNaphl was provided by the
group of Roberto Simonutti (Department of Materials Science, University of Milano-Bicocca,

Italy) as a 5-10™* M solution in toluene.

3.2.2. Time-Correlated Single Photon Counting Experiments

A confocal setup was used to record the TCSPC data. A pulsed diode laser (405 nm) from
PicoQuant was coupled into a commercially available LSM880 microscope (Carl Zeiss, Jena,
Germany). For the coupling, an MBS405 dichroic mirror (Carl Zeiss, Jena, Germany) was used.
A Zeiss C-Apochromat 40x/1.2 W water immersion objective was used for focusing the light
into the sample. The emitted fluorescence light was collected with the same objective, passed
through a pinhole, a band-pass filter EM525/50 (Chroma Technology, Vermont, USA), and was
detected by a PDM SPAD (Micro Photon Devices, Bolzano, Italy). The recorded data were
processed using a TimeHarp 260 (PicoQuant, Berlin, Germany). As a sample holder, an
eight-well polystyrene chambered cover glass (Laboratory-Tek, Nalge Nunc International) was
used for aqueous samples. For organic and dry samples an Attofluor™ cell chamber
(Invitrogen, Paisley, UK) was used. If not otherwise stated, the focus of the laser beam was
positioned 20 um deep into the sample above the glass surface. The recorded TCSPC data were
analyzed using the PicoQuant SymPhoTime 64 software. With the same software, the

instrument response function was reconstructed by directly evaluating the onset of the decay.
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All TCSPC experiments were conducted with 250 uL of the undiluted sample in a Nunc
chamber at room temperature. 250 pL sample volume was used to slow down evaporation of
the discontinuous phase during the SEED reaction. The measurement duration for one
measurement was set to 180 s with a laser current of 80 % and a pulse rate of 20 MHz. An OD
(optical density) filter was used to adjust the intensity of the excitation light. The decay curves

were fitted using equation 2 with eithern=1orn=2.

3.2.3. Fluorescence Correlation Spectroscopy

Fluorescence correlation spectroscopy measurements were conducted on the same setup
described for TCSPC. The emitted fluorescence light was detected by a 32-channel GaAsP
photomultiplier, after passing the pinhole and spectrally separated by a diffraction grating. The
detection band width was set to 500-553 nm to match the same spectral range as for the TCSPC
experiments. Calibration of the observation volume for FCS experiments was done using
Atto425 as a reference dye (D = 438 um? s in water at 25 °C)%. The observation volume was
positioned 20 um deep in the sample (above the glass surface). The obtained FCS data were
analyzed by the ZEN software (Carl Zeiss, Jena, Germany) using the analytical expression in

equation 8.

FCS experiments during the SEED process were conducted with 250 puL in a Nunc chamber at
room temperature. A typical measurement duration for FCS was recording the intensity
fluctuations for 200 s (20 x 10 s). The samples were used without further dilution. The laser
current was set to 80 % in continuous wave mode and the count rate was adjusted using optical
density filters. The FCS data were analyzed with the analytical equation described with equation
8 (m=1 or 2). Hydrodynamic radii were calculated using equation 11 with the obtained

diffusion time.

The samples for FCS experiments during the MEP reaction were diluted with water to adjust
the concentration. FCS measurements were conducted with 200 pL using a Nunc chamber as a
sample holder. All samples were measured for 200 s (20 x 10 s) with a laser current of 80 % in
continuous wave mode. The count rate was adjusted using optical density filters. The recorded
data were analyzed using equation 8 with either m =1 or m = 2. Hydrodynamic radii were
calculated using equation 11 with the obtained diffusion time.
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3.2.4. Synthesis of Nanoparticles using the Solvent Evaporation from

Emulsion Droplets with Toluene

For the SEED reaction pre-synthesized PS (50 mg, M = 60 kg mol™) was dissolved in 1.44 mL
toluene containing the molecular rotor AzeNaph1 (¢ = 5-10° M). A water phase containing the
surfactant SDS (20g, c=1gL™) was added to the organic phase and stirred at room
temperature for 1 h at 500 rpm in a closed vessel creating a macroemulsion. After the stirring,
the macroemulsion was ultrasonicated (Branson Digital Sonifier W450-D) with a Y2-inch tip,
for 120 s and 90 % amplitude under ice-cooling. The obtained miniemulsion was transferred to
a 50 mL round flask and stirred for 6 h at 500 rpm at 40 °C. 250 uL samples were taken at
specific time intervals and directly ice-cooled to stop the evaporation of the toluene.

3.2.5. Synthesis of Nanoparticles using the Solvent Evaporation from

Emulsion Droplets with Chloroform

Pre-synthesized PS (50 mg, M = 60 kg mol™) was dissolved in 0.84 mL chloroform containing
the molecular rotor AzeNaphl (¢ =5-10° M). A water phase containing the surfactant SDS
(20 g, c=1gL™) was added to the organic phase and stirred at room temperature for 1 h at
500 rpm in a closed vessel creating a macroemulsion. After the stirring, the macroemulsion was
ultrasonicated (Branson Digital Sonifier W450-D) with a %-inch tip, for 120 s and 90 %
amplitude under ice-cooling. The obtained miniemulsion was transferred to a 50 mL round flask
and stirred for 6 h at 500 rpm at 40 °C. 250 pL samples were taken at specific time intervals
and directly ice-cooled to stop the evaporation of the chloroform.

3.2.6. Synthesis of Nanoparticles using the Miniemulsion Polymerization

6 g Styrene containing the molecular rotor (c = 10® M) was mixed with 300 mg hexadecane
and 100 mg of AIBN. To the organic phase, 24 g of an aqueous SDS solution (c=3 mg L™?)
was added and stirred for 1 h at room temperature to create a macroemulsion. After the stirring,
the macroemulsion was ultrasonicated (Branson Digital Sonifier W450-D) with a ¥2-inch tip,

for 120 s and 90 % amplitude under ice-cooling. The obtained miniemulsion was transferred to
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a 100 mL round flask and was stirred at 500 rpm at 72 °C for 12 h. At specific time intervals,
250 pL samples were taken and quenched by ice-cooling.

3.2.7. Preparation of AzeNaphl in Solutions of Polystyrene in Toluene or

Styrene

PS (M = 60 kg mol™) fractions reaching from 10 wt% to 50 wt% were dissolved independently
in toluene or styrene containing the molecular rotor (¢ = 10 M). The solution was stirred for
one day before the TCSPC measurement. Solution with a polystyrene fraction upwards of
50 wt%, viscosity was too high to obtain a homogenous solution through stirring. Therefore,
samples with higher polymer fractions were obtained by removing toluene or styrene from a
50 wt% sample. The evaporation of the toluene or styrene was accomplished by drying the
sample in an oven at 70 °C. The actual polystyrene fraction was then calculated by weight loss.
By repeating this process, samples with a polymer content up to 95 wt% could be obtained.
Samples were measured in an Attofluor™ cell chamber at room temperature and the recorded
decay curves were fitted with equation 2 (n = 2).

3.2.8. Preparing Solutions of Chloroform, Styrene, and Hexadecane

Containing AzeNaphl

50 uL of toluene containing the molecular rotor AzeNaphl (c=10*M) was dried and
re-dissolved in chloroform, styrene, or hexadecane with the respective amount of solvent. For
the TCSPC measurements, the samples were diluted with the respective solvent to a final
concentration of AzeNaph1 to ¢ = 107 M. The measurements were done in an Attofluor™ cell

chamber at room temperature and the obtained decay curves were fitted with equation 1.

3.2.9. Preparing Drop-Casted and Spin-Coated Polystyrene Film

Drop-casted PS films were prepared by dissolving 50 mg PS in 200 pL toluene containing the

molecular rotor AzeNaphl (c=10°M). The solution was stirred at 300 rpom at room
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temperature for 2 h. After obtaining a homogenous solution, the solution was deposited on a
cover slide and subsequently heated at 80 °C for 24 h.

Spin-coated PS films were prepared by dissolving 15.6 mg PS in 282 L toluene containing the
molecular rotor AzeNaph1l (¢ = 10 M). For a film thickness of around 500 nm, 150 pL of the
previously prepared solution was spin-coated on a glass slide (30s at 2000 rpm) and

subsequently dried for 24 h under reduced pressure at 80 °C.
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3.3. Results and Discussion

3.3.1. Fluorescence Lifetime Measurement in Different Organic Solvents

The tailored fluorescent molecular rotor AzeNaphl was selected due to its negligible water
solubility.®®  Commercially  available  molecular ~ rotors  like  BODIPY®,

9-(dicyanovinyl)-julolidine!®, or thioflavin®

are mostly designed for an aqueous environment
and therefore not suitable to monitor the formation process during the SEED or MEP reaction.
Indeed, it was crucial that the molecular rotor possesses a negligible water solubility and is only
dissolvable in the organic phase of the emulsion to provide information about the local viscosity
inside the nanodroplets. Further, AzeNaphl offers a high Stokes shift (~ 70 nm), stability, and
a fluorescence lifetime that strongly depends on the viscosity and ranges from less than 1 ns in

pure organic solvents to 5-8 ns in solid polymer films.>®

At first, the molecular rotor AzeNaph1 was studied in different organic solvents to gain insights
into the fluorescence behavior. Here, only organic solvents were selected with relevance to
either the SEED or the MEP reaction. The fluorescence decay curves of AzeNaphl in toluene,

chloroform, hexadecane, styrene, and polystyrene films are shown in Figure 7.
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Figure 7: Typical fluorescence decay curves for AzeNaphl in chloroform (magenta), styrene (green), toluene (black),
hexadecane (purple) and polystyrene (dark yellow). The inset provides the obtained lifetimes recorded in the respective solvent.

21



3. Chapter: Monitoring the Formation of Polymer Nanoparticles with Fluorescent Molecular Rotors

Toluene and chloroform are the relevant solvents for the SEED reaction (section 3.3.3 and
section 3.3.4) and styrene and the osmotic pressure agent hexadecane are relevant for the MEP
reaction (section 3.3.5). The illustrated curves in Figure 7 were fitted with a one-component fit
using equation 2 (n = 1) and the yielded fluorescence lifetimes of AzeNaphl are shown in the
inset in the top right corner. Comparable short lifetimes are observed in toluene, chloroform,
and styrene of around t = 0.5 ns. In comparison, longer lifetimes are observed in hexadecane
1 = 1.7 ns and polystyrene film t = 5.1 ns. The differences in the observed fluorescence lifetime
can be attributed to the different viscosities, reaching from chloroform (0.52 cP)'%, toluene
(0.52 cP)1%2, styrene (0.70 cP)'%, to hexadecane (3.03 cP)!% with the highest viscosity of the
tested organic solvents. The fast decay times were observed in low viscosity environments
(chloroform, toluene, and styrene). In these solvents, the internal rotation of AzeNaphl is not
restricted by the viscosity. This results in an unhindered population of the twisted
intramolecular charge transfer (TICT) state and consequently leads to short measured lifetimes.
Contrary, hexadecane possesses an influence on intramolecular rotation, due to the higher
viscosity. Here, the measured lifetime is larger than in the other solvents. Hexadecane is used
as an osmotic pressure agent in the MEP reaction, but only at very small volume fractions and

therefore possess a negligible influence on the fluorescence lifetime of AzeNaphl.

The final obtained nanoparticles from SEED and MEP are made of PS, and therefore PS films
containing AzeNaphl were prepared. The detected fluorescence lifetime in pure drop-casted
polystyrene films is tps = 5.1 ns and is around one order of magnitude larger than lifetimes
found in toluene, chloroform, or styrene. Since the polystyrene films were produced using the
drop-casting method remaining solvent inside the polymer film cannot be excluded, due to the
thickness of the polymer film and could not be removed by heat and reduced pressure. To
further observe the possibility of entrapped solvent in drop-casted films, polymer films with
thicknesses of around 500 to 1500 nm were prepared. But even in the spin-coated films, the
fluorescence lifetime of AzeNaphl remained identical to the previously measured fluorescence
lifetimes. Therefore, no further enhancement of the produced polystyrene films by decreasing
the thickness could be achieved. Interestingly, the recorded decay curves could be adequately
fitted using a one-component fit (equation 2; n = 1) indicating that all molecular rotor molecules
experience a similar environment possessing similar local viscosities. This finding suggests that

the molecular rotors are embedded in a homogeneous environment.
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3.3.2. Recording the Fluorescence Lifetime of AzeNaphl in Polystyrene

Containing Toluene or Styrene Solutions

During the SEED and MEP reactions, the molecular rotor AzeNaphl is embedded in a
toluene-polystyrene mixture or styrene-polystyrene mixture, respectively. These mixtures are
changing from a low polystyrene percentage in the freshly prepared nanodroplet to a higher
polystyrene percentage in the final nanoparticles. Therefore, as a reference, the fluorescence
behavior of AzeNaphl was studied in polymer solutions with well-defined concentrations.
Figure 8 illustrates the monitored AzeNaphl of polystyrene in toluene, whereas the

measurements of polystyrene in styrene are shown in Figure 9.

Figure 8A show normalized recorded TCSPC decay curves of AzeNaphl of polystyrene in
toluene. Fitting these curves with equation 2 (n = 2) and calculating the average fluorescence
lifetime with equation 3 leads to the graph in Figure 8B. With increasing polystyrene fraction,
the decay curves in Figure 8A show a clear shift to longer decay times, reflecting the increasing
local viscosity of the environment. This trend of the increasing decay times is also reflected in
the calculated average fluorescence lifetime shown in Figure 8B. Additionally, in Figure 8B,
two further points were added, a brown symbol representing measurements done in pure toluene
and a blue symbol for monitoring AzeNaphl in dry polystyrene films. The additionally shown
data points could be fitted with equation 2 (n = 1), meaning that all of the rotor molecules are
embedded in a similar local environment. The fluorescence lifetime values of AzeNaphl were
yielded to 1t = 0.6 ns in toluene and tps = 5.1 ns in dry polystyrene films. Contrary, the
fluoresce decay curves measured in the polymer solutions (Figure 8A) required a
two-component fit yielding two decay times t1 and 12, and their respective amplitudes A; and A,

are shown in Figure 8C and D.
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Figure 8: Illustration of the fluorescence behavior of AzeNaphl in toluene solutions of polystyrene. A) Typical recorded
fluorescence decay curves of AzeNaphl versus the polystyrene concentration with their respective fits. B) Weighted average
fluorescence lifetimes calculated with equation 3 of AzeNaphl versus the polystyrene fraction in toluene. The data point at
0 % polystyrene (brown symbol) was done in pure toluene and the data point at 100 % polystyrene (blue symbol) in a dry
polystyrene film. C) Short (red symbols) and long fluorescence lifetime (blue symbols) versus the polystyrene fraction in
toluene obtained from the fitted decay curves in A). D) Respective relative amplitudes of the short (red symbols) and long (blue

symbols) fluorescence lifetime in C) polystyrene fraction in toluene.

The short fluorescence lifetime 11 at low polymer concentration is similar to the fluorescence
lifetime measured in pure toluene, whereas the long fluorescence lifetime t2 is considerably
longer and at higher polymer concentration similar to the one measured in polymer films. This
further indicates that during a TCSPC experiment some of the AzeNaph1 molecules are located
in toluene-rich environments and other rotor molecules are located in a polymer-rich
environment. The fractional amount of AzeNaph1 in the respective environment is indicated by
their relative amplitudes shown in Figure 8D. The relative amplitude A; is decreasing, while
the relative amplitude A2 is increasing with increasing polystyrene concentration. In contrast,

their respective fluorescence lifetime t1 and t2 are both increasing. This indicates that the local
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viscosity is increasing in both environments, the polymer-rich environment and also to a lesser
extent in the solvent-rich environment. Furthermore, neither the solvent-rich environment nor
the polymer-rich environment represents a completely homogeneous environment. A
two-component fit is the simplest possible representation of the studied environments. This
discrepancy points out the nonhomogeneous nature of the polystyrene in toluene solutions on a
length scale of the molecular rotor molecules of around 1 nm. Therefore, 1 and T2 are hence
the average fluorescence lifetime of various lifetimes that the molecular rotor possesses in the

solvent-rich and polymer-rich environment.

Similar fluorescence behavior of AzeNaphl could be observed for recorded decay curves of
polystyrene in styrene solution. Figure 9A shows the recorded decay curves of AzeNaphl of
polystyrene in styrene solution, whereas Figure 9B shows the calculated average fluorescence
lifetime. In Figure 9B are added two further data points, one at 0 % polystyrene as a brown
symbol representing the recorded fluorescence lifetime in pure toluene and at 100 %
polystyrene as a blue symbol representing the recorded fluorescence lifetime in dry polystyrene
films. The recorded decay curves in Figure 9A are fitted with a two-component fit (equation 2,
n = 2) yielding a short fluorescence lifetime t1 and a long fluorescence lifetime t2 and their
respective amplitudes A; and A>. These data are shown in Figure 9C and D. The discussion of
the recorded fluorescence lifetime of AzeNaphl in polystyrene containing styrene solution is
identical to the previously discussed detected lifetimes of AzeNaphl in polystyrene containing

toluene solution.
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Figure 9: Illustration of the fluorescence behavior of AzeNaphl in styrene solutions containing polystyrene. A) Typical
recorded fluorescence decay curves of AzeNaphl versus the polystyrene concentration with their respective fits. B) Weighted
average fluorescence lifetimes calculated with equation 3 of AzeNaph1l versus the polystyrene fraction in styrene. The data
point at 0 % polystyrene (brown symbol) was done in pure toluene and the data point at 100 % polystyrene (blue symbol) in a
dry polystyrene film. C) Short (red symbols) and long fluorescence lifetime (blue symbols) obtained from the fitted decay
curves in A) versus the polystyrene fraction in styrene. D) Respective relative amplitudes of the short (red symbols) and long

(blue symbols) fluorescence lifetime in C) versus the polystyrene fraction in styrene.

3.3.3. Solvent Evaporation from Emulsion Droplets in Toluene

The first process to study was the SEED process. Here, the toluene acts as the organic phase
and contains the molecular rotor. The process was carried out as described in section 3.2.4.
Small samples (~ 200 pL) were taken at regular time intervals of 0, 1, 2, 2.5, 3, 3.5, 4, 4.5, 5,
and 6 h after starting the evaporation process by heating the solution. In Figure 10A the working
principle of the combination of TCSPC and FCS is schematically presented. For recording

TCSPC decay curves the emitted fluorescence photons of the individual rotor molecules are
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utilized, whereas for FCS the fluorescence of the whole polystyrene particle is utilized to record
the autocorrelation curve. For the TCSPC experiment, the arrival time of the emitted photons
from the molecular rotor embedded inside the nanoparticles was recorded to obtain the decay
curves shown in Figure 10B. In difference, if the intensity fluctuation of the fluorescence of the
whole nanoparticle is recorded (caused by the NP diffusion through the confocal volume) an

FCS autocorrelation could be obtained and is shown in Figure 10C.
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Figure 10: Overview of the recorded data from the SEED reaction with TCSPC and FCS. A) Working principle of the
combination of TCSPC and FCS method. The molecular rotor was used as a probe to provide information about the local
viscosity from inside the nanodroplets and the size of the polystyrene nanoparticle during the formation process. For TCSPC
the fluorescence photons of the individual rotor molecules were utilized to record the TCSPC curves (B), whereas the
fluorescence of the whole nanoparticle was utilized to record FCS autocorrelation curves (C). D) Here, the calculated average
fluorescence lifetime versus the heating time is presented obtained from the TCSPC curves in B) after fitting these curves with
a two-component fit. E) Yielded diffusion times of the polystyrene nanoparticles from the FCS curves in C) versus the heating

time.
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The decay curves in Figure 10B exhibit a clear shift towards longer decay times. This shift can
also be observed in the average fluorescence lifetime shown in Figure 10D. For obtaining the
fluorescence lifetime of the molecular rotor the decay curves shown in Figure 10B were fitted
with a two-component fit (equation 2) and calculated using equation 3. An increase in the
fluorescence lifetime of AzeNaphl could be observed from Ttav,seep,on=0.8ns to
Tav, SEED, 6h = 4.2 NS with increasing heating time. This increase originates from advancing
evaporation of toluene from the nanodroplets and therefore an increasing polystyrene fraction.
The increasing polystyrene fraction leads to an overall increased viscosity in the nanodroplets.
Simultaneously, to the recording of the TCSPC decay curves, FCS autocorrelation curves were
recorded (Figure 10E). The FCS autocorrelation curves shown in Figure 10E were fitted with
equation 8 to yield their corresponding diffusion times. The diffusion times in Figure 10E
experienced a decrease with increasing evaporation time. The decrease reflects the shrinkage
of the nanodroplets with subsequent evaporation of the toluene from the nanodroplets through
the water phase. The smaller nanoparticles possess a faster diffusion and therefore a shorter
diffusion time is recorded with FCS.

By combining the results from the TCSPC experiment and FCS measurements a broad picture
of the kinetics of the formation process can be obtained. In Figure 11 the evolution of the
hydrodynamic radius and the estimated polymer content are illustrated. The hydrodynamic
radius was calculated using equation 11 and the diffusion times yielded from the FCS
measurement. The polymer content was estimated by comparing the average fluorescence
lifetime with the previously presented lifetimes measured for AzeNaphl in polystyrene
containing toluene solutions (see Figure 8).
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Figure 11: Combination of the results from the TCSPC and FCS experiments. Shown is the dependence of the hydrodynamic
radius (black symbols) versus the progressive heating time. Further, the estimated polymer content (hollow orange symbols)
versus the heating time is shown. Three stages are marked in the graph: the solution state (red), the gel state (dark yellow), and
the glassy state (green).

The formation process of the nanoparticles by the SEED process can be divided into three
stages.'? 10° 106 The first stage is referred to as the “solution stage” (red region in Figure 11). In
this state, the polymer content in the nanodroplets is around 20 %, and they possess a
hydrodynamic radius of Ry ~ 46 nm. Dominant in this stage is a slow evaporation of toluene
through the water phase. The plateau is arising from the slow evaporation process and lasts up
to 1.5 h. With ongoing evaporation of toluene from the nanodroplet, the second stage, the
“gelation stage” is reached (yellow region in Figure 11). This stage can be characterized by a
fast evaporation of toluene from the nanodroplets through the continuous water phase. In this
stage, the polymer content experienced a fast increase from ~ 20 % to almost 80 %, while the
hydrodynamic radius of the particle decreased to around 33 nm. The particles start to stabilize
and the polymer chains tend to become entangled. The entanglement concentration of PS with
a molar mass of 60 kg mol™* can be estimated to be around 40 %.%%7 The third stage, the “glassy
state” of the SEED process is reached by further solvent evaporation (green region in
Figure 11). The glassy regions are most likely to form in the outer area of the nanoparticles and
hinder the remaining solvent diffusion into the continuous phase and evaporating from the
reaction system.!2 This results in a slowdown of the evaporation process. The formation of a
polymer “skin” in form of the glassy region at the outer regions of the nanoparticles resulting

from evaporation of the solvent in a confined geometry was observed in the literature.1% In the
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third stage plateaus in the hydrodynamic radius and by the polymer content could be observed.
From the slow down or hindrance of the solvent evaporation from the outer glassy regions arises
that the polymer content is still at ~ 80 % after 6 h of heating the solution.To gain a more in-
depth picture of the SEED process, the short and long lifetime and their respective relative
amplitudes of the formation process of the particle during the SEED reaction can be studied.
The short and long fluorescence lifetime and their respective amplitudes are shown in
Figure 12A and B.
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Figure 12: A) Recorded short (red symbols) and long (blue symbols) fluorescence lifetime of AzeNaphl during the SEED
reaction versus the heating time. B) Respective relative amplitudes of the short and long fluorescence lifetime from A) versus

the heating time.

The two recorded fluorescence lifetimes of AzeNaphl arise from two different environments,
a solvent-rich environment, and a polymer-rich environment. The molecular rotors located in
the solvent-rich environment increase from t1,0n = 0.7 ns to 11,6n = 1.6 ns after 6 h of solvent
evaporation. The respective relative amplitude decrease in the same time decreases from
Az, rel =95 % to around Ag rel = 52 %. Molecular rotor molecules located in the polymer-rich
environment experienced an increase in their fluorescence lifetime from 12,00 = 3.1 ns to around
T2,6h = 7.1 ns. The respective relative amplitudes are increasing from Az, re =5 % to around
Az, rel = 48 % in the same time range. The changing of the relative amplitudes and the increase
of the fluorescence lifetimes of AzeNaphl were caused by the continuous solvent evaporation.
This leads to an increase in the polymer concentration in the nanodroplets and therefore an
increase in the viscosity. During the whole SEED process, two fluorescence lifetimes were
observed, even after 6 h of evaporation time. Fluorescence lifetime measurements in bulk
polymer solution at a high polymer concentration of the long fluorescence lifetime 12 are around

6 ns (compare section 3.3.2 and Figure 8C). Fluorescence lifetime measurements of AzeNaphl
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in nanoparticles revealed a long fluorescence lifetime of 12,6n = 7 ns after 6 h of heating the
SEED process. Such values were observed in multiple independently performed experiments.
These values can be attributed to the formation of very dense polymer regions in the
nanoparticles. These dense regions restrict the intramolecular rotation of the molecular rotor
even stronger, than in bulk polystyrene films. In literature, the fluorescence behavior of
molecular rotors is often discussed related to available free volume.1% 1% This free volume can
affect the rotational mobility of the molecular rotor. The previously presented fluorescence
lifetime data indicate that some of the molecular rotors in polystyrene particles are located in
regions with less free volume than in dry polystyrene films. Further, in dry polystyrene films,
only one fluorescence lifetime could be observed. This indicates that the molecular rotor is
embedded in a homogeneous environment, whereas the molecular rotor in the nanoparticle
experienced a non-homogeneous environment leading to two detected fluorescence lifetimes.
The relative amplitudes of the final particles suggest that the final particle still consists of
around 50 % of a solvent-rich environment, but this value does not provide any information
regarding the amount of the remaining solvent inside the nanodroplets. The relative amplitudes
are not changing even after heating the SEED solution for 24 hours at 40 °C. The remaining
solvent could only be removed by drying the whole solution on a glass slide and an annealing
step to dry the nanoparticles at 70 °C for 2 h. Recorded TCSPC decay curves of this film could
be fitted with a one-component fit (equation 2, n = 1) and are comparable to dry polystyrene
films prepared as in section 3.2.9 described. The fluorescence lifetime was yielded to
ps film = 5.2 ns. Commonly, the SEED process is carried out with low boiling solvents, e.g.
chloroform, dichloromethane, or ethyl acetate.'? By replacing these solvents with toluene a
slowdown of the evaporation process is reached. The slow down of the SEED process was
necessary to follow the kinetics of the reaction and prevent the evaporation of the discontinuous
phase during the measurements. Nevertheless, SEED experiments with chloroform as solvent

were carried out and are presented in the following section.

3.3.4. Solvent Evaporation from Emulsion Droplets in Chloroform

Commonly used solvents for the SEED process are chloroform, dichloromethane, or ethyl
acetate'?, therefore chloroform was selected as a further solvent to study the SEED process.
Samples (~ 200 pL) were taken after regular time intervals of 0, 10, 25, 30, 40, 45, 50, 60, 70,

and 90 min after starting the heating process. To slow down the evaporation of chloroform
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during TCSPC and FCS measurements, 200 pL was used and the coverage of the sample holder
was necessary to slow down the solvent evaporation. The decay curves were fitted with a
two-component fit (equation 2; n = 2) and are illustrated in Figure 13A. The obtained short and
long fluorescence lifetimes were used to calculate tay (equation 3) and are presented in
Figure 13B. Recording FCS data with chloroform as the discontinuous phase was not possible
because undiluted samples were too concentrated, and dilution of the samples led to disruption

of the already formed emulsion droplets.
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Figure 13: Overview of the SEED process done with Chloroform as the organic phase. A) Recorded decay curves from the
SEED reaction with chloroform. The decay curves were fitted using equation 2 (n = 2). B) Average fluorescence lifetime versus
the heating time. Further, three regions are marked: the solution phase (red), the gel phase (yellow), and the glassy state (green).
C) Short (red symbols) and long (blue symbols) fluorescence lifetime versus the heating time. D) Respective relative amplitudes

Az (red symbols) and Az (blue symbols) from the short and long fluorescence lifetime in C) versus the heating time.

The recorded TCSPC curves in Figure 13A show a clear shift observable after 10 min. Upwards
25 min after starting the heating process only slight changes are observable. The calculated

average lifetime of AzeNaphl is changing from 7o min, chioroform = 1.7 NS measured before the
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heating started to 9o min, chioroform = 5.6 ns after 90 min of heating the miniemulsion. Similar, to
the SEED process done with toluene, increase fluorescence lifetimes are detected with
proceeding evaporation time. The vanishing solvent leads to a progressively confined
environment where the molecular rotor is embedded. This causes a stronger restriction for

intramolecular rotation movements and shifts the fluorescence lifetimes to larger values.

Similar to the SEED reaction done with toluene, three phases can be assigned to the SEED
process with chloroform. In Figure 13B the red region represents the solution phase, the yellow
region displays the gel state and in green is marked the glassy state of the SEED process. In the
first stage, the solution state persists from 0 min to ~ 10 min and is much shorter compared to
the solution state found for toluene (0 h to 3 h) as an organic solvent. Chloroform possesses a
lower boiling point than toluene (Ty, chioroform = 61 °C; Tb, toluene = 110 °C) and evaporates faster.
Further, the average lifetime at O min, o min, chioroform = 1.7 ns, is higher than the lifetime found
for the SEED reaction conducted with toluene, tomin, toluene = 0.8 ns. This arises from two
reasons: first, the initial volume of chloroform was smaller compared to toluene. In both
experiments, the same mass fraction was used and toluene possesses a lower density than
chloroform, more toluene was needed initially. Therefore, the initial nanodroplets possess a
higher polymer content than the emulsion droplets in the toluene experiments. Further,
evaporation from the emulsion droplets during the stirring to obtain the macroemulsion cannot
be excluded. Furthermore, sonification experiments were conducted under ice-cooling, but this
does not prevent completely the evaporation of chloroform during the sonication process. With
ongoing heating of the SEED reaction, the next phase is reached, the gel phase, which occurs
from ~ 10 min to ~ 30 min. In this phase, the evaporation of the chloroform from the reaction
solution takes place. During this phase, the fluorescence lifetime of AzeNaphl is increasing
due to an increase in the local viscosity. After ~ 30 min the last stage, the glassy state is reached.
In this state, no significant change in the measured fluorescence lifetime of AzeNaphl is
observed, indicating that the SEED process has reached its final state. The average fluorescence
lifetime after 90 min is yielded to 9o min, chioroform = 5.6 NS and is higher than the value found for
toluene, Ten, tolene =4.2 NS, and even the fluorescence lifetime in pure polystyrene films,
Tpolystyrene film = 5.1 NS. The recorded lifetime of 5.6 ns arises from the formation of a polymer

“skin” similar to the observed dense polymer region for the SEED process with toluene.

To gain a more in-depth picture of the SEED process with chloroform, the short and long

fluorescence lifetime (Figure 13C) and their respective relative amplitudes (Figure 13D) can be

studied. The two recorded fluorescence lifetimes arise from two different environments. The

short lifetime can be attributed to a solvent-rich environment, whereas the long lifetime
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originates from a polymer-rich environment. The short lifetime is increasing from
71,0 min = 0.5 ns to 11, 90 min = 2.0 ns after 90 min of heating the solution. The respective relative
amplitude decreases in the same time span from Ag re =97 % to around Ag rel =21 %. The
fluorescence lifetime detected in polymer-rich regions is increasing from 12, omin = 5.7 ns to
around 12,61 = 5.9 ns. The respective relative amplitude is increasing in the same time span
from Az el =3 % to around Az, rel = 79 %. Both lifetimes, the short and the long fluorescence
lifetime, are increasing caused by the continuous solvent evaporation. The trend of the short
and long lifetime and their respective relative amplitudes is similar to the trend observed during
the SEED process with toluene as the discontinuous phase. However, the relative amplitude of
the polymer-rich lifetime after 90 min of Az re =79 % indicates that around 79 % of the
molecular rotor molecules are located in these regions. In comparison, for toluene as a
discontinuous solvent, the relative amplitude after 6 h was around 50 %. The detected 79 % for
chloroform indicates that more solvent has evaporated from the nanoparticles than in the SEED
process with toluene. The increased evaporation of chloroform was expected due to the smaller
boiling temperature of chloroform.

Overall, the SEED process with chloroform occurs on a much faster time scale (90 min
compared to 6 h) than the SEED process with toluene. The faster evaporation of the chloroform
leads to difficulties in the measurements, first FCS autocorrelation curves could not be observed
and the recorded TCSPC fluctuate as can be seen in the short and long lifetime and their
respective relative amplitudes (Figure 13C and D). The recorded relative amplitudes indicate
that more solvent evaporated from the nanodroplets and polymer-rich regions in the particles
are more pronounced than in the nanoparticles produced with toluene as the discontinuous
phase. Therefore, the use of chloroform or the utilization of solvents with a low boiling point is
advantageous for the SEED process, due to a shorter reaction time and the increased

evaporation from the nanodroplets.

3.3.5. Monitoring AzeNaphl During the Miniemulsion Polymerization

After studying the formation process of nanoparticles produced by the SEED reaction, the next
process to observe was the MEP reaction. Here, the molecular rotor AzeNaphl was dissolved
in styrene and mixed with the radical initiator and hexadecane. The process was carried out as
in section 3.2.6 described. Samples of around 250 pL were taken after 0, 5, 10, 20, 30, 40, 60,
90, 120, 150, 180, 240, 300, 360, and 1440 min after starting the polymerization through
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heating. The samples were immediately cooled in an ice bath to prevent further polymerization
of styrene. The samples were then observed using the combination of TCSPC with FCS. The
normalized TCSPC curves are shown in Figure 14A. Fitting of the recorded fluorescence decay
curves was done using equation 2 (n = 2) and with equation 3 the average fluorescence lifetime
was calculated. The average fluorescence lifetime and the estimated polymer content are shown
in Figure 14B. The polymer content was estimated by comparing the average fluorescence
lifetime with the measured lifetime of AzeNaphl in polystyrene containing styrene solution
(see Figure 9). During the MEP reaction, no significant change in the diffusion time of the
nanoparticles could be observed by FCS measurements. The identical size of the nanodroplets
could also be observed in literature by comparing the size prior to the polymerization and
afterward.® The size during the MEP reaction was determined through FCS measurements

to ~ 35 nm.
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Figure 14: Typical recorded TCSPC decay curves during the MEP reaction. A) Normalized fluorescence decay curves were
recorded during the TCSPC experiments after certain time intervals. B) Calculated average fluorescence lifetime (black
symbols) versus the heating time. Further, the polymer content (hollow orange symbols) versus the heating time is shown.
Three regions are marked in the graph: the initiation stage in red, the polymerization stage in yellow, and the glassy state in

green.

The decay curves in Figure 14A experience an early shift towards longer decay times after
~ 30 min. Upwards 120 min no further change in the decay curves could be observed. In
Figure 14B the calculated average fluorescence lifetime and the polymer content summarize
the provided information by the molecular rotor. Even, if a size change during the MEP with
FCS was not observed, the internal structure was changing and was probed by the rotor
molecules. This change is reflected in the increase in the average fluorescence lifetime and the
polymer content. In the beginning, a low viscosity was observed in form of a small average

fluorescence lifetime and at later stages of the polymerization, a high fluorescence lifetime was
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observed originating from the conversion of styrene into polystyrene. The polymer content is

also reflecting this trend, by increasing from ~ 5 % to ~ 90 % after 340 min.

Similar to the particle formation process using the SEED reaction, three stages could be
observed in the MEP reaction. The first stage is called the initiation stage (red region in
Figure 14B) and lasts for the first 20 min of the MEP reaction. The recorded fluorescence
lifetime in this region was around 0.6-0.7 ns. The recorded fluorescence lifetimes in this stage
are similar to the recorded fluorescence lifetimes of AzeNaphl in pure styrene (compare
Figure 7). Mechanistically in this stage, radicals are formed through thermal decomposition
induced by heating the solution to 72 °C. The produced radicals initiate the polymerization of
styrene and induce through this the transition to the second stage, the polymerization stage
(yellow region in Figure 14B). This stage occurs from around 30 min to ~ 120 min and can be
characterized by an increased viscosity, reflected by an increased recorded fluorescence lifetime
of AzeNaphl from tav,30min = 1.2 ns to Tav, 120min = 4.5 ns after 120 min. In this stage, the
polymer content of the nanoparticles increased from around 5 % to more than 80 %. The last
observed stage is the glassy state (green region in Figure 14B) and begins upwards of 120 min.
Here, the monitored fluorescence lifetime of AzeNaphl remains at a plateau value of around
TAv, 360 min = 4.9 ns. This repeatedly measured lifetime of 4.9 ns indicates the completion of the
polymerization of styrene to polystyrene. Compared to the recorded fluorescence lifetime in
dry polystyrene films tps fim = 5.1 ns the plateau value of tav, 360 min = 4.9 ns suggested that still,
unpolymerized styrene is present in the nanoparticle after 340 min. TCSPC measurements after
further heating of the MEP reaction for 1440 min revealed a fluorescence lifetime in the final
nanoparticles of tav, 1440 min = 5.1 ns. If this value is compared to the fluorescence lifetime
recorded in pure polystyrene films of tps = 5.1 ns, the lifetime measured after 1440 min
suggested a complete conversion of the styrene into polystyrene. As discussed below this 100%
are an overestimation, because the average fluorescence lifetime measured in NPs cannot be

directly compared to that in PS film.

All recorded fluorescence decay curves were fitted with a two-component fit yielding two
fluorescence lifetimes and their respective relative amplitudes. This indicates that the molecular
rotor was still distributed in two different environments, a solvent-rich environment, and a
polymer-rich environment. By analyzing the short and long fluorescence lifetime (Figure 15A)
and their respective relative amplitudes (Figure 15B) this distribution could be observed in more
detail.
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Figure 15: A) Short (red symbols) and long fluorescence lifetime (blue symbols) versus the heating time. D) Respective relative

amplitudes from the short lifetime (red symbols) and long lifetime (blue symbols) from the graph in A) versus the heating time.

Both detected fluorescence lifetimes start increasing after the short initiation stage from
0-20 min. The detected increase lasted until 120 min and upwards 120 min both detected
lifetimes reached a plateau value. The short lifetime increased from 0.5 ns to about 1.7 ns, while
the long lifetime increased from ~ 3.6 ns to about 7 ns. The detected 7 ns for the long
fluorescence lifetime was higher than the recorded lifetime in dry polystyrene films
Tps film = 5.1 ns. This indicates that molecules of the molecular rotor are embedded in a region
with a very high local viscosity. The relative amplitude of the long lifetime is increasing from
roughly 0 % to around 60 % at the end of the polymerization process. Correspondingly to this,
the relative amplitude of the short lifetime is decreasing from ~ 100 % to around 40 %. This
indicates that in the final nanoparticle around 40 % of the molecular rotor molecules can be
located in a low viscosity environment. A similar finding was reported by Nolle and
co-authors® by studying the fluorescence lifetime of BODIPY-C12 during a bulk
polymerization of methyl methacrylate. The distribution of around 50 % of the molecular rotor
BODIPY-C12 in a low viscosity environment was also found after several days. This finding
can be influenced by an uneven distribution of the respective molecular rotor between
solvent-rich and polymer-rich environments. Nevertheless, the here presented study of the
fluorescence lifetime in nanoparticles with AzeNaphl and the observed bulk polymerization
with BODIPY-C12% indicates a significant inhomogeneity on the molecular length scale. The
fluorescence lifetime of molecular rotors critically depends on the available free volume in their
local environment. Therefore, the results indicate that a significant variation of free volume is
present in polystyrene nanoparticles with a diameter of ~ 100 nm produced by the SEED

process and the MEP reaction.

37



3. Chapter: Monitoring the Formation of Polymer Nanoparticles with Fluorescent Molecular Rotors

3.4. Summary and Outlook

This chapter outlined that simultaneous measurements of TCSPC and FCS could be achieved
by using a tailored fluorescent molecular rotor. Two different synthesizing processes were
observed using the molecular rotor AzeNaph1, the SEED, and the MEP reaction. The utilization
of the molecular rotor enables to follow the evolution of the inner structure of the nanodroplets
into solid nanoparticles and simultaneously tracking the size of the nanoparticles. The evolution
of the inner structure was followed by detecting the changing fluorescence lifetime of the
molecular rotor due to increased viscosity. In both reactions, three stages could be identified
during the formation process. In both reactions, in the first stage, the viscosity was low,
increased during the second stage due to the solvent evaporation of polymerization, and ended
in a glassy stage of the nanoparticles. In the third stage, the detected fluorescence lifetime
reached a plateau value of tay, seep = 4.2 ns for the SEED process and tav, mer = 4.9 ns for the
MEP reaction. Analyzing the short and long fluorescence lifetime and their respective
amplitudes indicates that the molecular rotor is distributed between solvent-rich and

polymer-rich environments.

The here presented experimental approach enables to estimate of the polymer content during
the SEED process and the MEP reaction and gives valuable information about the transition
from a nanodroplet to the final solidified nanoparticle. Further, it is possible to obtain
information about structural heterogeneities on the molecular length scale. The presented
concept of combining TCSPC and FCS measurements can be extended to study e.g. the internal
phase separation of polymer blocks during the synthesis of block copolymers or to follow the

formation of nanocapsules.
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3.5. Appendix

This section provides further data sets for the SEED and MEP reactions. Information is
provided in form of tables and graphs.

Table 1: Average fluorescence lifetime, short and long fluorescence lifetime, and their respective relative amplitudes of
AzeNaphl in polystyrene containing toluene solutions (section 3.3.2).

Polystyrene

TAv [NS T1[NS T2[NS A1 Ao
content [%] vIns] <] [ne]

10 0.7 0.6 4.3 1.00 0.00
20 0.7 0.6 4.0 1.00 0.00
30 0.8 0.7 4.1 0.00 0.00
40 11 0.8 3.8 0.98 0.02
50 1.4 0.9 3.9 095 0.05
60 2.2 1.2 3.8 0.84 0.16
67 2.9 1.5 4.3 0.00 0.00
70 3.4 1.7 4.6 0.65 0.35
81 4.6 2.2 5.2 0.38 0.62
85 4.8 2.7 5.4 0.37 0.63
90 5.0 3.3 5.6 0.37 0.63

Table 2: Average fluorescence lifetime, short and long fluorescence lifetime, and their respective relative amplitudes of

AzeNaphl in polystyrene containing styrene solutions (section 3.3.2).

Polystyrene Polystyrene
TAv T1 T2 TAv T1 T2
content sl sl [ns] A1 A2 content ns] [ns] [ns] At A2
ns] [ns] [ns ns] [ns] [ns
[%0] [%0]

10% 08 05 43 099 0.01 70% 32 16 46 0.72 0.28
20% 11 06 4.8 0098 0.02 80% 39 18 49 058 042
30% 12 0.7 46 0098 0.02 85% 49 31 6.0 055 045
40% 1.7 10 48 0095 0.05 90% 51 33 58 043 0.58
50% 18 10 41 092 0.08 95% 52 36 59 044 0.56
60% 26 14 44 083 0.17
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Table 3: Weighted masses for the presented SEED processes. S1-SEED was presented in section 3.3.3, sample S2 and

sample S3 are only presented in the appendix.

Sample  V(Toluene) [mL] m(SDS)[mg] m(H20) [mL]

S1-SEED 1.45 10.5 10
S2 1.45 10.1 10
S3 1.45 10.3 10

Table 4: Average fluorescence lifetime, short and long fluorescence lifetime, their respective relative amplitudes, estimated
polymer content, diffusion times, and the respective hydrodynamic radius of AzeNaph1 during the SEED reaction with toluene

as the discontinuous phase described in section 3.3.3.

Time tav T1 T2 Al N Polymer TDiff RH
[h] [ns]  [ns] [ns] content[%]  [us] [nm]
0 08 07 31 09 0.05 30 1940 46
1 0.8 0.7 3.2 095 0.05 30 1894 45
2 1.2 0.8 3.6 088 0.12 41 1699 41
2.5 27 09 67 069 031 65 1572 38
3 4.2 1.6 72 053 047 76 1282 31
3.5 4.2 1.5 71 052 048 76 1191 29
4 4.2 1.5 71 052 048 76 1207 30
4.5 4.3 1.6 72 052 048 76 1215 30
5 4.2 1.5 71 053 047 76 1236 31
6 4.2 1.6 71 052 048 76 1250 31

Table 5: Average fluorescence lifetime, short and long fluorescence lifetime, and their respective relative amplitudes of

AzeNaphl during the SEED reaction with chloroform as the discontinuous phase described in section 3.3.4.

Time zav T1 T2 Time ~tav T1 T2
A1 A2 AN A2

[h]  [ns] [ns] [ng] [h] [ns] [ns] [ns]
0 1.7 0.5 5.7 0.97 0.03 45 5.6 2.8 6.1 025 0.75
10 2.1 0.6 5.1 094 0.06 50 5.7 3.5 6.2 030 0.70
25 51 2.7 6.0 046 054 60 54 0.9 55 0.10 0.90
30 55 2.7 59 0.28 0.72 70 5.1 1.6 6.0 050 0.50

40 5.6 2.8 6.0 023 077 90 56 20 59 021 0.79
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Table 6: Additional data set of the S2-SEED process with toluene. Average fluorescence lifetime, short and long fluorescence
lifetime, their respective relative amplitudes, estimated polymer content, diffusion times, and the respective hydrodynamic
radius of AzeNaph1 during the SEED reaction.

Time tav T1 T2 Al N Polymer TDiff RH
[h] [ns]  [ns] [ns] content [%]  [us] [nm]
0 09 07 28 093 0.07 30 2288 52
1 0.9 0.8 29 094 0.06 30 2278 52
2 0.9 0.7 31 095 0.05 30 2330 53
3 09 07 31 09 0.05 30 2046 47
3.5 2.7 0.9 6.8 070 0.30 65 1620 38
4 4.3 1.6 72 052 048 74 1424 34
5 4.2 1.4 71 051 049 74 1388 33
6 4.2 1.5 71 052 048 74 1339 32
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Figure 16: Overview of the S2-SEED reaction with toluene as the discontinuous phase. A) Normalized recorded decay curve.

Curves were fitted with a two-component fit (equation 2; n = 2). B) Diffusion times versus the heating time. The diffusion

times were obtained from fitting FCS autocorrelation curves. C) Calculated average fluorescence lifetime versus the heating

time. D) Calculated hydrodynamic radius and polymer content versus the heating time. The hydrodynamic radius is calculated

with the diffusion times shown in B). The polymer content was estimated by comparing the average fluorescence lifetime in

C) with the measured values of AzeNaph1 in polystyrene containing toluene solutions. E) Single fluorescence lifetime, 11 (red

symbols) and t2 (blue symbols) versus the heating time. F) Respective relative amplitudes of the short and long lifetime

presented in graph E) versus the heating time. The graphs in B-F) are prepared with the presented values in Table 6.
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Table 7: Additional data set of the S3-SEED process with toluene as the discontinuous phase. Average fluorescence lifetime,
short and long fluorescence lifetime, their respective relative amplitudes, estimated polymer content, diffusion times, and the

respective hydrodynamic radius of AzeNaph1l during the SEED reaction.

Time tav T1 T2 Al N Polymer TDiff RH
[h] [ns]  [ns] [ns] content [%]  [us] [nm]
0 09 08 29 094 0.06 35 2398 54
1 0.9 0.7 29 094 0.06 35 2278 52
2 0.9 0.7 3.0 095 0.05 35 2199 53
3 09 07 32 09 0.05 35 1985 46
3.5 2.7 0.9 6.8 069 031 65 1598 37
4 4.2 1.5 71 052 048 74 1366 32
5 4.3 1.6 72 051 049 75 1396 33
6 4.2 1.5 71 053 047 74 1463 34
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Figure 17: Overview of the S3-SEED reaction with toluene as the discontinuous phase. A) Normalized recorded decay curve.
Curves were fitted with a two-component fit (equation 2; n = 2). B) Diffusion times versus the heating time. The diffusion
times were obtained from fitting FCS autocorrelation curves. C) Calculated average fluorescence lifetime versus the heating
time. D) Calculated hydrodynamic radius and polymer content versus the heating time. The hydrodynamic radius is calculated
with the diffusion times shown in B). The polymer content was estimated by comparing the average fluorescence lifetime in
C) with the measured values of AzeNaph1 in polystyrene containing toluene solutions. E) Single fluorescence lifetime, 11 (red
circle), t2 (blue triangles) versus the heating time. F) Respective relative amplitudes of the short and long lifetime presented in

graph E) versus the heating time. The graphs in B-F) are prepared with the presented values in Table 7.
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Table 8: Average fluorescence lifetime, short and long fluorescence lifetime, their respective relative amplitudes, estimated
polymer content, diffusion times, and their respective hydrodynamic radius of AzeNaph1 during the MEP reaction described

in section 3.3.5.

Time  7tAv T1 T2 Al N Polymer TDiff RH
[min]  [ns] [ns] [ns] content [%]  [us] [nm]
0 06 05 59 099 0.01 5 1279 30
5 0.6 0.5 6.0 099 0.01 5 1493 35
10 0.6 0.5 64 099 0.01 6 1540 36
20 07 06 44 098 0.02 8 1530 36
30 1.2 0.9 3.6 088 0.12 22 1672 39
40 1.5 0.9 3.9 080 0.20 45 1920 44
60 28 11 58 0.63 037 65 1695 39
90 3.1 1.1 6.2 0.60 0.40 70 1409 33
120 4.5 1.4 6.9 045 0.55 83 1386 33
150 4.9 1.8 71 041 0.59 89 1457 34
180 4.9 1.8 72 041 0.59 89 1354 32
240 4.9 1.8 70 040 0.60 89 1523 36
300 49 16 7.1 041 059 89 1365 32
360 4.9 1.6 71 041 0.59 89 1445 34
1440 5.2 1.7 71 036 0.64 100 1455 34

Table 9: Weighted masses for the MEP reaction. M1-MEP was presented in section 3.3.5. Sample M2 and sample M3 are
presented in the Appendix.

V(Styrene) m(AIBN) V(HD) m(H20) m(SDS)

Sample
[mL] [mg] [uL] [mL] [mg]
M1-MEP 6.55 100.2 325 24 71.8
M2 6.50 104.4 325 24 73.1
M3 6.53 101.6 325 24 72.5
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Table 10: Additional data set of the M2-MEP reaction. Average fluorescence lifetime, short and long fluorescence lifetime,
their respective relative amplitudes, estimated polymer content, diffusion times, and their respective hydrodynamic radius of
AzeNaph1l during the MEP reaction.

Time  7tAv T1 T2 Al N Polymer TDiff RH
[min]  [ns] [ns] [ns] content [%]  [us] [nm]
0 06 05 58 099 0.01 8 1609 40
10 0.6 0.5 64 099 0.01 8 1555 39
20 0.6 0.6 6.3 099 0.01 9 1668 41
30 06 06 56 099 0.01 9 2283 55
50 1.0 0.7 6.3 095 0.05 15 2336 56
60 1.3 0.8 64 092 0.08 30 2063 50
90 2.3 1.2 6.2 078 0.22 62 2134 52
120 3.3 1.5 64 064 0.36 72 1453 36
150 3.9 1.6 6.6 053 047 81 1768 44
180 4.3 1.6 6.9 049 0.52 84 2256 94
240 4.0 1.7 6.6 054 0.46 82 2022 49
300 3.8 1.6 6.4 053 047 80 1964 48
360 38 19 60 054 0.46 80 1644 41
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Figure 18: Overview of the M2-MEP reaction. A) Normalized recorded decay curve. Curves were fitted with a two-component

fit (equation 2; n =2). B) Calculated average fluorescence lifetime (black symbols) and polymer content (hollow orange

symbols) versus the heating time. C) Single fluorescence lifetime, 71 (red symbols), 2 (blue symbols) versus the heating time.

D) Respective relative amplitudes of the short and long lifetime presented in graph C) versus the heating time. E) Hydrodynamic

radius versus the heating time. The graphs in B-E) are prepared with the presented values in Table 10.
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Table 11: Additional data set of the M3-MEP reaction. Average fluorescence lifetime, short and long fluorescence lifetime,
their respective relative amplitudes, estimated polymer content, diffusion times, and their respective hydrodynamic radius of
AzeNaph1l during the MEP reaction.

Time tav T1 T2 Al N Polymer TDiff RH
[min]  [ns] [ns] [ns] content [%] = [us] [nm]
0 05 05 55 099 0.01 8 1634 38
10 06 0.5 6.3 099 0.01 8 1923 44
20 06 0.5 59 098 0.02 9 2457 55
30 09 06 66 094 0.06 9 2572 57
50 1.2 038 6.2 092 0.08 30 1799 42
60 18 11 55 083 0.17 50 2386 54
90 30 13 59 062 038 69 1585 37
120 44 15 6.8 046 0.54 83 1609 38
150 51 16 71 036 0.64 100 1599 37
180 53 17 72 036 0.64 100 1614 38
240 49 16 72 040 0.60 87 1480 35
300 48 15 70 041 0.59 85 1443 34
360 47 15 70 041 0.59 84 1487 35
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Figure 19: Overview of the M3-MEP reaction. A) Normalized recorded decay curve. Curves were fitted with a two-component

fit (equation 2; n =2). B) Calculated average fluorescence lifetime (black symbols) and polymer content (hollow orange

symbols) versus the heating time. C) Single fluorescence lifetime, t1 (red symbols), 72 (blue symbols). D) Respective relative

amplitudes of the short and long lifetime presented in graph C). E) Hydrodynamic radius versus heating time. The graphs in

B-E) are prepared with the presented values in Table 11.
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4. Chapter: Fluorescence Correlation Spectroscopy for Monitoring

the Fate of Degradable Nanocarrier in the Blood Stream?

Nanocarrier (NC) mediated transportation of sensible or toxic drug molecules to their target site
IS a promising therapeutic approach. For a successful transportation of the cargo to the intended
target site, it is necessary for the NC to circulate for a prolonged period of time in the blood
vessel system. During the circulation time, interaction of NCs and blood plasma proteins, blood
cells, or the experienced shear forces can lead to an alteration in the properties of the NC. The
characterization of the alternated NCs properties is a challenging task due to the high
concentration of blood cells and plasma proteins. Nonetheless, it is necessary to monitor the

properties of NC in whole blood for the development of efficient NC-based therapies.

Therefore, the following chapter presents a newly developed approach that enables NC
characterization in whole blood samples. The composition of blood will be presented in
section 4.1.1, followed by section 4.1.2, which deals with the interaction between NCs and
blood. In section 4.1.3 techniques are presented to monitor NCs from an aqueous environment
to in vivo conditions. In section 4.3.1 the fluorescence correlation spectroscopy (FCS) blood
measurement approach will be introduced and initial tests will be discussed. Section 4.3.3 will

deal with the monitoring of the fate of NCs inside living mice.

2 The chapter Fluorescence Correlation Spectroscopy for Monitoring the Fate of Degradable Nanocarrier in
the Blood Stream is based on the publication published in Biomacromolecules “Fluorescence Correlation
Spectroscopy Monitors the Fate of Degradable Nanocarriers in the Blood Stream” by Sascha Schmitt, Anne
Huppertsberg, Adrian Klefenz, Leonard Kaps, Volker Mailédnder, Detlef Schuppan, Hans-Jirgen Butt, Lutz
Nuhn, Kaloian Koynov (https://pubs.acs.org/doi/10.1021/acs.biomac.1c01407). Figures in this section are
adapted and reproduced by the permission American Chemical Society (ACS).
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4.1. Introduction

4.1.1. Blood

The main function of blood is the transportation of nutrients, metabolites, and respiratory gases
like oxygen and carbon dioxide and their distribution over the whole body. Further, it maintains
homeostasis and plays an important role in the counteraction of bleeding by coagulation and

the immune defense.'* 12 Blood is also considered as connective tissue.

An adult body possesses around 5 L of blood, which makes up 6 % to 8 % of the body weight,
whereby the cellular fraction is around 42 % for women and 47 % for men.** The cellular
fraction is called hematocrit and is composed of the red blood cells erythrocytes, white blood
cells the leucocytes, and the platelets also called thrombocytes. A healthy adult possesses
around 5-10% red blood cells (erythrocytes) per liter of blood. The red blood cells contain large
amounts of hemoglobin, which are responsible for oxygen transportation. Oxygen can bind to
the free coordination site of an iron ion, which is part of the protoporphyrin ring of the
hemoglobin. Depending on the oxygen saturation of the blood, the color of blood can be a
darker or brighter red. The leucocytes (white blood cells) are the second cellular fraction and a
healthy adult possesses around 7-10° leucocytes per liter of blood. Leucocytes play an important
role in specific and unspecific immune defense. Depending on their origin the leucocytes can
be divided into three subgroups: the granulocytes, monocytes, and lymphocytes. The
granulocytes possess an important role in the unspecific immune defense. The monocytes and
the tissue macrophages are responsible for the phagocytic system of the body and can
encapsulate foreign particles and neutralize them. The specific immune system is formed by
the third fraction, the lymphocytes. The thrombocytes are the third cellular fraction of blood. A
healthy adult possesses around 250-10° thrombocytes per liter of blood and they are responsible

for the initiation of blood coagulation.!!

The remaining part of the blood (58 % for women; 53 % for men) consists of blood plasma.
The aqueous blood plasma contains a large number of proteins, the so-called plasma proteins
(~ 70 g L'HH nutrients, and metabolites. The most abundant plasma proteins are albumin, a1-,
a2-, -, and y-globulin and are mostly synthesized in the liver. Albumin, the most abundant
blood plasma protein, is mostly responsible for the transportation of bilirubin, urobilin, and
fatty acids. Further, the albumin proteins are responsible for around 80 % of the osmotic
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pressure of blood. The globulins are mainly responsible for the binding and transportation of
vitamins, hormones, lipids, and minerals.!'% 112 Furthermore, the blood plasma proteins
contribute to the buffer capacity of the blood. Blood plasma is generated by removing the red
blood cells from whole blood samples, whereas blood serum is produced by removing the red

blood cells and the coagulation proteins.

4.1.2. The Fate of Nanocarrier Inside the Blood Stream

After intravenous injection of NCs into a patient’s body, the first environment encountered by
the NC is blood. The blood stream will bring the NCs to their specific target site inside the
body. Therefore, the fate of the NCs critically depends on the stability of the NCs inside the
blood stream.'!3 114 After intravenous injection of NCs interactions between the NCs and the
biological environment take place, as the interaction with blood plasma proteins and blood cells.
Therefore, it is essential to ensure that NCs possess a prolonged circulation time inside the
blood stream without undergoing aggregation, decomposition, or a premature loss of the drug

cargo.

A prolonged circulation time inside the blood stream from NCs is counteracted by rapid
clearance from the blood stream. The clearance can be induced by the adsorption of blood
plasma proteins, commonly referred to as protein corona. Positively charged particles with a
hydrophobic surface tend to attract more plasma proteins than neutral or negatively charged
particles with a hydrophilic surface.!*®> ¢ Immunoglobins and fibrinogen are among the
abundant plasma proteins and are commonly referred to as opsonins.!!’ The protein corona of
nanoparticles containing opsonic proteins can be recognized and phagocytosis by immune cells.
The immune cells, which are a part of the mononuclear phagocyte system can be found in
organs such as the liver, spleen, lung, and bone marrow.!® 1 Therefore, NCs with a protein
corona containing opsonic proteins are cleared from the blood stream mainly by the spleen and
liver.!?® Besides being recognized by the mononuclear phagocyte system, the protein corona
possesses also an influence on the size?! 122 surface charge!?*-1%, can induce aggregation?5 127

and can hinder the active targeting of ligands28-13L,

Nevertheless, several strategies are available to increase the blood circulation time of NCs by
reducing the adsorption of proteins and the recognition by the mononuclear phagocytosis
system. These strategies can prolong the resident time inside the blood stream and therefore
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also increase the probability to reach their target site. One strategy relies on giving the NC a
pre-coating of specific proteins. Here, a pre-incubation of NCs in blood plasma with a reduced
concentration of opsonic proteins showed a reduced cellular uptake by macrophages.t32-1%
Besides controlling the size, surface charge, or shape of the NC, modifying the surface is
another strategy for increasing the circulation time of NCs in the blood vessel system.
Therefore, the NCs surface can be coated with so-called “stealth” polymers including
polyethylene glycol3¢-13° polysarcosine!®®143, or zwitterionic polymers'#4146, NCs which are
modified with the aforementioned polymers show a prolonged circulation time inside the blood
stream by reducing the adsorption of proteins or by promoting the adsorption of proteins of a

specific type. 13" 147

One important aspect is that the observed protein corona of NCs from in vitro experiments
differ from protein coronas observed during in vivo experiments.!t” 13! Therefore, investigation
of the interaction between NCs and plasma proteins is only limited transferable between in vitro
and in vivo experiments. Hence, is it necessary to observe the behavior of NCs directly under
in vivo conditions to gain a complete understanding of the fate of the NC inside the blood

stream.

4.1.3. Techniques to Study Nanocarrier: From Aqueous Environment to In Vivo

NCs are characterized after the synthesis in regards to size, dispersity, surface properties,
stability, and purity. Especially, NCs designed for the drug delivery process needed to be
characterized in different environments. Here, the complexity of the environment is increasing
starting from the aqueous buffer condition for storage and preparation to a more complex
environment like blood serum, blood plasma, and whole blood. To characterize NCs under
aqueous conditions a vast toolbox of measurement techniques is available for determining the
aforementioned properties like size and stability. Commonly applied characterization
techniques to study NCs are dynamic light scattering (DLS), FCS, transmission electron
spectroscopy (TEM), nanoparticle tracking analysis, size exclusion chromatography, zeta
potential, and nuclear magnetic resonance.'® > 2 45 46 However, most of these techniques
cannot be easily adapted to more complex environments like blood plasma or whole blood

samples.
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For studying NCs in blood serum or blood plasma characterization methods are needed which
tolerate high protein concentrations. One possible characterization method is the DLS
technique. DLS is based on measuring the scattering intensity arising from the Brownian motion
of the solutes. The intensity fluctuation, similar to FCS (compare section 2.4), is autocorrelated
and could be fitted by an exponential function. In difference to FCS, the DLS techniques do not
rely on fluorescence and therefore the technique is not limited to fluorescently labeled samples
only. As a consequence, a multi-exponential fitting function is a necessity to take into account
the different contributions arising from the blood proteins and lipids. Nevertheless, DLS was
successfully applied to measure PEGylated poly-L-lysines (PEG: polyethylene glycol)
nanoparticles and polystyrene particles in blood serum and blood plasma.t®® 1% Another
method, which tolerates high protein concentrations is the FCS technique. FCS has been widely
used to study NCs in an aqueous environment®® 72 149 150 jn regards to drug loading
efficiency®*152, stability™>® 1 and drug release'®. Furthermore, FCS can also be conducted
in blood serum and blood plasma’™ ¢ and was also applied to follow the size change after a

protein corona formation®®’,

After studying the properties of NCs in blood serum and blood plasma, the influence of whole
blood on NCs needed to be investigated. Therefore, NCs can be incubated in blood followed
by a subsequent sample work-up to remove the blood cells. The blood cells possess a disruptive
influence on the aforementioned characterization techniques like DLS, TEM, or size exclusion
chromatography. Removing the cellular fraction of the blood can be achieved by centrifugation,
dialyzing, or precipitation. For example, Tiiman et al.’*® studied with FCS the presence of
amyloidogenic oligomeric aggregates in blood serum from Alzheimer's patients. Herefore,
Tiiman and co-workers used a centrifugation step prior to the FCS measurements to remove the
blood cells and found with FCS that the size and the concentration of these aggregates are higher
than in a control group. However, these measurement conditions differ from the biological
environment in which the incubation takes place. Further, during a centrifugation step, strong
shear forces occur which can harm the sample in regards to decomposition, loss of cargo, or
induce aggregation. Moreover, large blood volumes (~ mL) are needed for a sample work-up,
which cannot be obtained for example from rodents at regular time intervals. In 2018 a study
was published where the authors applied FCS directly in whole blood samples.>? They used
NCs labeled with a near-infrared (NIR) dye to reduce light absorption and studied the size,
stability, and premature drug release of NCs incubated at 4 °C in blood for a total time of

30 hours. Therefore, they applied a very slow continuous flow to the blood sample inside a
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microchannel. This procedure ensures that the FCS observation volume is not blocked by blood

cells the whole measuring time.

After measuring the properties of NCs, ex vivo in whole blood samples, the next step is to
measure the properties of the NCs in vivo. Besides the disturbing influence of the blood, the
biological tissues like the skin possess a disturbing influence, too. Optical methods, operating
in the visible light region, suffer from a reduced penetration depth due to scattering and
absorption. For example, hemoglobin and oxyhemoglobin show strong absorption in the visible
wavelength range (A < 600 nm), whereas the absorption of water increases around A > 1100 nm.
This leads to an absorption minimum in the NIR region, the so-called biological window
(700 nm to 1100 nm). Measurement techniques operating in this NIR region profit from the
reduced absorption.’®® For example, the NIR fluorescence imaging technique uses very
sensitive detectors in the NIR region to visualize the distribution of fluorescent species in the
NIR region inside the body.3* 160-164 The FCS technique can be adapted to the NIR range as
already presented by the work from Negwer and co-workers® and is also able to measure NCs
directly in vivo as demonstrated by Fu and co-workers’®. The authors used multi-photon FCS
to quantify with fluorescent nanoparticles the in vivo cerebral blood flow in thinned-skulled live
mice. Besides the quantification of the blood flow, the authors were able to obtain some
qualitative information on changes in the nanoparticle concentration and on the dissociation of
fluorophores from the nanoparticles. In addition to the techniques using the biological windows,
visualization techniques for NCs in vivo are available which do not rely on the biological
window. Techniques like computer tomography*> 46165 or magnetic resonance imaging®*® 46: 166

are broadly applied to observe the biodistribution of NCs in vivo.

The aforementioned techniques are able to follow the biodistribution of NCs over time, but
could not observe if the NCs aggregated, undergo a decomposition, or if they suffer from a
premature loss of cargo. The aforementioned studies applying FCS in whole blood samples are
not well-suited to follow the fate of NCs during the drug delivery process in a live rodent. The
necessity for large blood volumes to apply the flowing blood method®? makes this method
impractical for monitoring the fate of NCs in a mouse model. Also, the method to record FCS
through a thinned skull” lacks the quantitative accuracy needed for precise NCs
characterization. This limitation arises from the high flow rates in the blood vessel system.
Therefore, a newly developed characterization approach for NCs with the FCS technique in
blood is presented and discussed in this chapter. The new approach enables FCS blood

measurements with small sample volumes and without the need for further sample preparation.
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4.2. Materials and Methods

4.2.1. Materials

Solvents (HPLC grade) were purchased from Acros Organics (Geel, Belgium) and Fisher
Scientific. A MILLI-Q® Reference A+ System was used to obtain Millipore water. Fluorescent
dyes (Alexa 488, OregonGreen cadaverine 488, Alexa 647) were bought from Thermo Fisher
Scientific (Waltham, MA, USA). The Vivid™ plasma separation membrane GR grade was
obtained from Pall Corporation (Port Washington, NY 11050). TEM grids (mesh size 100;

Standardnetzchen “Pyser”) were purchased from Plano GmbH, Wetzlar, Germany.

The pH-responsive nanogel which acts as NCs were synthesized by Anne Huppertsberg, WG
Nuhn MPIP following an earlier report.® Briefly, methacrylamides with squaric ester amides
as functional groups were grafted under controlled radical polymerization conditions on linear
PEG chains. These block copolymers self-assemble into precursor micelles which then could
be sequentially functionalized with amine-bearing acid-sensitive ketal crosslinkers, drugs, dyes,
and short oligo(ethylene glycol)s. For this project, the precursor micelles were labeled with

OregonGreen 488 dye.

The guidelines of the ethics committee of the state medical association Rhineland-Palatinate
were followed if human blood plasma and human blood were collected and handled. Human
blood was obtained by a male volunteer donor and was collected in Li-Heparin coated tubes
(Sarstedt, NUmbrecht, Germany) for preventing clotting. The collected blood was used

immediately or stored at 4 °C for a maximum of two days.

4.2.2. Fluorescence Correlation Spectroscopy

A commercially available confocal microscope (LSM 880, Carl Zeiss, Jena, Germany) was
used to perform the FCS experiments. The LSM880 was equipped with a C-Apochromat
40x/1.2W (Carl, Zeiss, Jena, Germany) water immersion objective. Alexa 488,
OregonGreen 488, and Alexa 647 were excited by an Argon laser (A =488 nm) and a HeNe
laser (A = 633 nm) respectively, which were coupled to the LSM by glass fiber. For Alexa 488
and OregonGreen 488, the spectral range of 508-562 nm, and for Alexa 647 the spectral range

57



4. Chapter: Fluorescence Correlation Spectroscopy for Monitoring the Fate of Degradable Nanocarrier in the Blood Stream

of 655-699 nm was detected using a spectral detection unit (Quasar, Carl Zeiss). This spectral
detection unit comprises a multi-anode photomultiplier operating in photon counting mode. A
stainless steel Attofluor™ chamber (Thermo Fisher Scientific, Waltham, MA, USA) was
utilized as a sample holder, holding a coverslip. The studied sample, PBS buffer, and blood
plasma (~ 50 pL) were placed directly on the coverslip and measured. The observation volume
was placed ~ 15 um above the coverslip. Such short penetration lengths are necessary to
diminish spherical aberration effects, due to the higher refractive index of blood plasma.> For
measuring whole blood samples, a round slice of the plasma separation membrane was placed
in the Attofluor™ cell chamber. Between the plasma separation membrane and the coverslip
was placed a TEM grid, which acts as a spacer. Before adding the blood sample on top of the
plasma separation membrane, the TEM grid was localized in the reflection mode and the
observation volume was placed next to it. Then carefully 30 pL of the blood sample was added
on top of the plasma separation membrane. FCS autocorrelation curves were recorded for 200
seconds in repetitions of 10 seconds. The autocorrelation curves were fitted with the analytical
expression of equation 8 using the ZEN software (Carl Zeiss, Jena, Germany). The Alexa 647
dye and the unimer were fitted with an additional triplet component with tr in the range of
2-4 us (equation 9). This triplet component was not necessary for measuring other dyes or
multiple labeled NCs. Calibration of the observation volume for FCS experiments was done

before every measurement with either Alexa 488 or Alexa 647 dissolved in MilliQ-water.

58



4. Chapter: Fluorescence Correlation Spectroscopy for Monitoring the Fate of Degradable Nanocarrier in the Blood Stream

4.3. Results and Discussion

4.3.1. Blood Measurement Approach for Enabling Fluorescence Correlation

Spectroscopy Measurements

Positioning the confocal detection volume inside a blood droplet results in a partially or fully
occupied FCS detection volume from blood cells. As a result, the blood cells inside the
detection volume prevents the recording of FCS autocorrelation curves. Therefore, recording
FCS autocorrelation curves in a static blood droplet is accompanied by a tedious search for a
cell-free spot as already reported by Negwer and co-workers.>? For realizing FCS measurements
without a tedious search for a cell-free spot a porous structure is needed that allows only the
liquid part of the blood and the NCs to pass through and therefore hinder the blood cells from
entering the FCS detection volume (see Figure 20C). As a porous material, membranes are
suitable candidates for separating blood cells from the liquid part of the blood and its solutes.
Thus, several commercially available membranes were characterized and one suitable
membrane was selected from Pall Cooperation. The selected Vivid plasma separation
membrane possesses a high blood plasma recovery, low analyte binding, and a low tendency to
induce hemolysis.'®” The selected membrane consists of an asymmetric porous polysulfone

structure (see Figure 20D) with a thickness of around 330 pum + 20 pm.

To utilize the selected plasma separation membrane for the blood measuring approach round
slices of the plasma separation membrane with a diameter of ~ 10 mm were prepared. These
slices were placed on top of a TEM grid (thickness ~ 20 um) with a coverslip as support. An
AttoFluor™ cell chamber functions as a sample holder for the coverslip. In Figure 20A the
AttoFluor™ cell chamber with plasma separation membrane and blood is shown mounted on a
confocal microscope. The utilized confocal FCS setup is shown schematically in Figure 20B
and is described in more detail in section 2.4 and section 4.2.2. The setup discussed in
section 2.4 differs from the setup shown here in regards to the sample holder. Here, the shown
AttoFluor™ cell chamber containing the TEM grid and the plasma separation membrane with

a blood droplet on top.
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Figure 20: Schematic overview of the FCS setup optimized to enable blood measurements. A) Picture of the blood measuring
setup. Marked are the objective, blood droplet, the AttoFluor™ cell chamber, and the plasma separation membrane. B) The
illustrated optical setup differs from the setup discussed in section 2.4 in regards to the sample holder. Here, the AttoFluor™
cell chamber hosts the plasma separation membrane and the TEM grid. C) The inset illustrates schematically how the membrane
prevents the blood cells from entering the confocal volume. By placing the blood droplet on top of the plasma separation
membrane the liquid part of the blood and the NCs can diffuse into the membrane, whereas the blood cells are hindered to enter
the plasma separation membrane. In the space between the membrane and the coverslip, the confocal detection volume is
placed. This enables disturbance-free FCS measurements in the generated blood plasma. D) SEM pictures showing the top and
bottom sides of the membrane (scale bar 50 um). Reprinted and adapted from Biomacromolecules 2019, 20, 3786—3797;
https://doi.org/10.1021/acs.biomac.9b00868. Copyright 2019 American Chemical Society.

The working principle of the blood measurement approach is illustrated in Figure 20C. After
placing the blood on top of the plasma separation membrane, the liquid part of the blood is
diffusing inside the membrane, whereas the blood cells are restrained to enter the plasma
separation membrane, due to their larger size. The asymmetric nature of the plasma separation
membrane is shown in Figure 20D in form of SEM pictures of the top side and bottom side of

the membrane. The porous structure of the membrane is decreasing from a relatively open
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structure (Figure 20D, top view) with large hole diameter to a structure possessing only a small
hole diameter (Figure 20D, bottom view). By continuous diffusion of the blood droplet towards
the bottom of the membrane, the hole size (void volume) decreases leading to entrapping the
cellular components of the blood. As a result, only the liquid part, the blood plasma, and its
dissolved compartments e.g. the dissolved NCs can pass through the membrane and reach the
free space between the coverslip and the membrane. The free space between the coverslip and
the membrane is provided by the thickness of the TEM grid and is around 20 pum. In this region
is placed the confocal detection volume and due to the restraining of the blood cells,

disturbance-free FCS measurements are possible.

Experimentally the blood measurement approach was utilized as followed: Prior to the
measurement, the TEM grid was localized in the reflection mode and the confocal detection
volume was positioned directly next to the TEM grid. After positioning the detection volume
next to the TEM grid, a blood droplet (~ 30 pL) was placed carefully on top of the plasma
separation membrane. Next, the position of the detection volume was checked again and placed
for all blood measurements 15 pum above the glass slide. Such short penetration lengths were
necessary to avoid measuring inside the plasma separation membrane, due to the thickness of
the TEM grid of ~ 20 um. At this position, FCS measurements were conducted for 200 s in

repetitions of 10 s.

Initial FCS measurements were performed with Alexa 647, a commonly used FCS dye with a
well-known diffusion coefficient. Therefore, Alexa 647 was incubated for 30 min in either PBS
buffer, human blood plasma, or heparin-treated human blood at a concentration of 10 nM L
(Figure 21).
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Figure 21: Normalized FCS autocorrelation curves of Alexa 647 in PBS buffer (blue symbols), human blood plasma (black
symbols), and heparin-treated human blood (red symbols). The measurements in PBS and blood plasma were measured without
the blood plasma separation membrane, whereas Alexa 647 in human blood was measured using the blood measurement
approach with the plasma separation membrane. Reprinted and adapted from Biomacromolecules 2019, 20, 3786—3797;
https://doi.org/10.1021/acs.biomac.9b00868. Copyright 2019 American Chemical Society.

The measurements in PBS buffer and blood plasma were done without using the blood plasma
separation membrane. All curves were fitted with a one-component fit and a triplet term
(equation 9; m = 1). Nearly indistinguishable autocorrelation curves were recorded in blood
plasma and human blood. The diffusion times for both solvents were vyielded to
Tplasma = 69 + 4 Us and thicod = 71 £ 4 ps. The recorded diffusion time for Alexa 647 in PBS
buffer was recorded to tres = 45 + 2 ps. The difference in the recorded diffusion time for
Alexa 647 in the tested solvents arises from an increased viscosity in blood plasma and is
roughly 1.5-times® higher if compared to PBS buffer. Carefully considering the increased
viscosity the hydrodynamic radius Rn can be calculated with the Stokes-Einstein relation
(equation 11). For all three sets of experiments (PBS, blood plasma, whole blood) the
hydrodynamic radius could be calculated to R+ = 0.8 nm. These experiments indicate several
conclusions, first that the Alexa 647 dye molecules do not interact with blood plasma proteins'®
as shown by the diffusion times (hydrodynamic radius respectively) obtained from the blood
plasma and whole blood measurements. Second and more importantly these results indicate that
the developed blood measuring approach can be used to successfully monitor diffusion times

in a nanomolar concentration range without influencing the observed species.
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4.3.2. Characterization of the pH-responsive Squarogel Nanocarrier

After building and testing the developed blood measurement approach, a biodegradable drug
NC with potential application for immunodrug delivery and sufficient blood circulation time
was observed. For this purpose, a pH-degradable nanogel NCs were selected, which were
provided by Anne Huppertsberg and Lutz Nuhn (MPIP). For a brief synthesis® description for
the squarogel NCs see section 4.2.1. The squarogel NC possesses a high degree of PEGylation,
which results in prolonged blood circulation time.'® Further, as a crosslinking reagent for the
NC squarogel a pH-responsive amine-bearing acid-sensitive ketal crosslinker was selected. The
pH-responsive crosslinking of the squarogel NC was tested under acidic conditions and could
be followed by FCS. To monitor the degradation of the squarogel NC with FCS, the NC was
labeled with OregonGreen 488. In Figure 22 normalized FCS autocorrelation curves are shown
for the pH degradation over time of the NCs within 480 min.
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Figure 22: Monitoring of the degradation of the squarogel NCs followed by FCS measurements in an acidic environment
(pH =5.2) over a total time of 480 min. Adapted and reprinted with permission from J. Am. Chem. Soc. 2021, 143, 9872—9883;
https://doi.org/10.1021/jacs.1c03772. Copyright 2019 American Chemical Society.

The autocorrelation functions shown in Figure 22 were either fitted with a two-component fit
(equation 8, m = 2) reflecting a free dye fraction and the squarogel NC or a three-component fit
(equation 8, m = 3). The third component and its origin will be discussed below. Within the first
90 min, no change in the detected diffusion time and the related hydrodynamic radius could be

observed. First changes in the size, related to the degradation of the NCs, could be observed
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after 120 min. The ongoing degradation process and the associated decrease in the
hydrodynamic radius could be observed until 270 min. During the incubation experiment, the
calculated hydrodynamic radius of the NCs decreased from Rn omin=41nm to
RH, 270 min & 17 nm. Even after one day of incubation under acidic conditions, no further change
in the NC radius could be observed, indicating that no further degradation takes place. The
degradation of the squarogel NC leads to the situation that the autocorrelation curves upwards
of 270 min could not be well fitted with a two-component fit. Therefore, the third component
was introduced to account for an increasing fraction of a third component. The third component
could be identified as the respective building block, the unimer. The recorded diffusion time
corresponds to a hydrodynamic radius of R, unimer =5 + 1 nm, and was confirmed through

independent measurements with the unimer.

After observing the degradation of the pH-responsive crosslinking, the stability in PBS buffer,
human blood plasma, human blood, and mouse blood was investigated. In Figure 23A
normalized FCS autocorrelation curves are shown in PBS buffer (blue), human blood plasma
(black), and heparin-treated human blood (red), whereas Figure 23B shows typical normalized

FCS autocorrelation curves for the NCs incubated in mouse blood.
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Figure 23: Squarogel NCs incubation in different media, including human blood and mouse blood. A) Normalized
autocorrelation curves of the squarogel NCs in PBS (blue symbols), human blood plasma (black symbols), and heparin-treated
human blood (red symbols). B) Normalized autocorrelation curves of incubation experiments of the squarogel NC in mouse
blood for a total time of 30h. Reprinted and adapted from Biomacromolecules 2019, 20, 3786—3797,
https://doi.org/10.1021/acs.biomac.9b00868. Copyright 2019 American Chemical Society.

For all three sets of experiments in Figure 23A, the NCs were incubated for 30 min in the
respective media. Fitting of the curves was done with a two-component fit (equation 8, m = 2)
to obtain the respective diffusion time of the NCs and to account for a free dye fraction
(~ 20 %). In PBS the NCs possess a diffusion time of tpes = 1400 + 60 ps, in human blood
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plasma Tplasma = 2200 + 160 ps, and in human blood, Thicod = 2100 £ 250 ps. With these
diffusion times and accounting for the viscosity change in human blood plasma and human
blood, the respective hydrodynamic radius could be calculated to Rn, s, ncs =32 £ 3 nm,
RH, NCs, plasma = 33 £ 3 nm, and RH, ncs, blood = 31 + 4. Further, the average number of particles in
the observation volume during the FCS experiments was similar for PBS, human blood plasma,
and human blood. This indicates that the plasma separation membrane does not affect the NCs
by their passage through the membrane, in regards to the concentration or inducing degradation
or aggregation. Another observation from these measurements is, that the NCs show no change
in their hydrodynamic radius if measured in blood plasma or whole blood. This was also
demonstrated in previous experiments by poor uptake by phagocytes and other cells, and long

circulation times in the blood stream.!®

The next step was to evaluate the properties of the NCs in mouse blood and observe the stability
of the NCs during incubation experiments. Therefore, the NCs were incubated at 4 °C in
heparin-treated mouse blood for a total time of 30 hours. Normalized FCS autocorrelation
curves after 30 min, 20 h, and 30 h of incubation time are shown in Figure 23B. A
two-component fit was necessary to properly fit the obtained autocorrelation curves. A fast
component identified as freely diffusing OregonGreen 488 dye and a slow component
identified as NC was present in the sample. During the incubation experiments, the diffusion
time was yielded to t3omin=2117 £250 us and after 30 h to 130nh =2288 + 250 us. The
hydrodynamic radius could then be calculated to Ru,30min=30+4nm, and
RH, 30n, = 30.8 = 3 nm. The stable hydrodynamic radius over 30 hours proves the stability of the
NCs in whole blood over longer periods and indicates that no degradation or loss of cargo

happens during the 30 hours of incubation in mouse blood.

4.3.3. Monitoring the Fate of Squarogel Nanocarrier in Live Mouse

For proving the applicability of the newly developed blood measurement approach, the
previously tested and characterized NCs were injected into living mice. 8-10-week-old female
BALB/c mice (body weight ~ 20-25 g) were injected with 100 pL of a2 mg mL™* NCs solution
in PBS buffer. Further, two independent mice were injected with non-crosslinked polymers
(unimer). After injection of the NCs or unimers small blood samples (~ 50 yL) were taken after
0, 6, 24, and 72 h via puncture of the submandibular vein. The blood samples were collected in

heparin-coated Eppendorf vials to stabilize the samples against coagulation. FCS measurements
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were conducted within 1 h after blood collection. Figure 24A schematically shows the
procedure and Figure 24B typical normalized FCS autocorrelation curves obtained from the

blood measurements.
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Figure 24: Following the fate of NCs after injection into live mice. A) Schematic overview of the procedure for following the
fate of NCs in live mice. Illustrated is, from left to right, the injection, blood collection, and FCS measurement. B) Normalized
FCS autocorrelation curves obtained from blood measurements after 0, 6, 24, and 72 h after NCs injection. Reprinted and
adapted from Biomacromolecules 2019, 20, 3786—3797; https://doi.org/10.1021/acs.biomac.9b00868. Copyright 2019
American Chemical Society.

The kinetic of the NCs stability during circulation in the blood vessel system of live mice is
shown in Figure 24B. The recorded curves after 0 h and 72 h were fitted with a two-component
fit (equation 8, m =2), whereas the recorded curves at 6 h and 24 h are fitted with a
one-component fit (equation 8, m = 1). Due to a fast decay of the 0 h sample, a two-component
fit was necessary to consider the fast component present in the sample. The fast component
could be identified as non-bound OregonGreen 488 dye, which was still present even after
several washing steps before the injection of the NCs. The slower component could be
identified as the NCs. In difference, the recorded autocorrelation curves after 6 h and 24 h
possess only a slow component and could be well fitted using a one-component fit. Species
smaller than 5 nm, such as free dye molecules, are rapidly cleared from the blood vessel system
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by the kidney.™® In the 6 h and 24 h samples, only a slow component could be observed, which
is generated by the NCs. This confirms the rapid clearance of the small species, namely the
unbound OregonGreen 488 dye, from the blood vessel system. From the first three samples
(0, 6, and 24 h after NC injection) the diffusion time and the respective hydrodynamic radius
of the NC remain unaffected by the blood and the circulation in the blood vessel system. The
hydrodynamic radius of the NC could be calculated for the first three samples (0, 6, and 24 h)
t0 RH, ncs, mouse = 33 £3 nm. The unchanged hydrodynamic radius within the first 24 h indicated
that neither aggregation nor degradation of the NCs occurred inside the blood vessel system of
the mouse. Further, the average number of particle N remains unchanged within the first 24 h
(see Figure 25D, open symbols), indicating indirectly that no NCs stick to blood cells or are
endocytosed by macrophages or monocytes. However, partial degradation of the NCs could be
observed 72 h after injection of the NCs. The degradation process causes a shift of the
autocorrelation curve to smaller lag times (compare Figure 24B, magenta curve). For properly
fitting the autocorrelation curve measured after 72 hours it was necessary to use a
two-component fit. With the two diffusion times, the hydrodynamic radius can be calculated
for the fast species and the slower species. The hydrodynamic radius for the slow fluorescent
species was calculated to RH, ncs, mouse, 72n = 24 £ 2 nm (See Figure 25B), and the hydrodynamic
radius of the species with the fast diffusion time to R, fast component, 720 =5 £ 1 nm. The
occurrence of the fast component after 72 h with a hydrodynamic radius of 5 nm and the
decreased hydrodynamic radius of the NCs indicates that the fast component arises from the
respective building blocks of the NCs the unimer. The unimers originated from the degradation
of the ketal crosslinks inside the NCs, similar to the observed degradation of the NC under
acidic environments (see section 4.3.2). The hydrolysis of the ketal crosslinks inside the
squarogel and with this the associated degradation of the NC leads to the freely unimers inside
the blood vessel system. The degradation of the NCs leads to an increase of the overall number
of fluorescent species present in the blood vessel system of the mouse (see Figure 25D, open
symbols) and is also reflected by the respective fraction of the unimer and NCs (see
Figure 25C). Within the first 24 h, the fraction of the NCs remains unchanged at around 100 %
but decreases after 72 h to around 40 %. As a result, the unimer fraction is increasing with
progressive degradation of the NCs and is increasing after 72 h to around 60 %. Additionally,
these measurements allow estimating the loading efficiency of the OregonGreen 488 dye as a
model for drug cargo. The estimation is shown in Figure 25D as dye per NC in green star
symbols. Note that the estimation of the loading efficiency is an average value obtained from

three independent sets of mouse experiments. The data indicates that the NCs were loaded on
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average with 7-8 cargo molecules. These loaded molecules remain at the NCs within the first
24 h of circulation in the blood stream. A decrease of loaded molecules could only be observed
after 72 h of circulation time in the mouse. These values should be considered carefully, due to
the slightly lower signal-to-noise ratio during the blood measurements. Blood possesses an
autofluorescence of around 10 % of the total measured fluorescence intensity and at 0 h and

72 h, other species were present, like free dye and the unimer. This can lead to an over- or

underestimation of the dye loading.
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Figure 25: Overview of the results from the mice experiments obtained through blood FCS measurements. The presented results
in B)-D) were obtained from three independent sets of mouse experiments represented by three different symbols: circle, square,
and triangle. Each symbol stands for one mouse experiment. A) Schematic overview of the degradation process of the squarogel
NCs. B) Calculated hydrodynamic radius obtained from three independent sets of mouse experiments. C) Fraction of the NCs
(open red symbols) and the unimer fraction (closed blue symbols), and D) Dye per particle (green stars) and the overall
concentration (open black symbols). The lines in the graphs B-D) are a guide to the eye. Reprinted and adapted from
Biomacromolecules 2019, 20, 3786—3797; https://doi.org/10.1021/acs.biomac.9b00868. Copyright 2019 American Chemical
Society.

Everything considered, 72 h after NCs injection into a living mouse the NCs are still circulating
inside the blood vessel system and only partially degraded. The degradation was proven by

measuring a smaller radius for the NCs and a second species of around RH, unimer =5 nm.
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Interestingly, these small species of around 5 nm are not cleared fully from the blood vessel
system. To further investigate these findings, unimers were injected into the blood stream of a
mouse. The normalized autocorrelation curves recorded after 6, 24, and 72 h after injection are

shown in Figure 26.
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Figure 26: Monitoring the fate of non-crosslinked unimers during the circulation in the blood stream of a live mouse.
Normalized autocorrelation curves were recorded after 6 h (blue symbols), 24 h (orange symbols), and 72 h (magenta symbols)
after injection. Reprinted and adapted from Biomacromolecules 2019, 20, 37863797,
https://doi.org/10.1021/acs.biomac.9b00868. Copyright 2019 American Chemical Society.

The diffusion times obtained from the 6, 24, and 72 h measurements are almost identical and
were yielded to Tunimer, mouse = 300 = 30 ps. The diffusion time corresponds to a hydrodynamic
radius of RH, unimer, mouse =5.1 £ 1 nm. This finding is similar to the hydrodynamic radius
obtained from PBS measurements Rn, unimer, pBs = 5.8 £ 1 nm. These values indicate that the
unimers are still circulating in the blood vessel system of the mouse, even after 72 h. The long
circulation time of the unimers can only be explained by the high degree of PEGylation of the

hydrophilic block copolymers. 16170

The degradation of the NCs could be induced by different factors, such as the shear forces in
the blood vessel system or the elevated temperature in comparison to normal storage conditions.
Therefore, to fully understand this partial degradation of the squarogel NCs an incubation
experiment over 72 h was conducted to exclude the influence of the shear forces on the
degradation process. The squarogel NCs were incubated in either human blood, human blood
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plasma, or PBS buffer at both 4 °C and 37 °C. FCS measurements were conducted over a time

range of 72 h, similar to the animal experiments (Figure 27).
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Figure 27: Normalized autocorrelation curves recorded during the incubation experiments of the squarogel NCs in either human
blood, human blood plasma, or PBS buffer, at 4 °C and 37 °C. A) NCs in human blood at 4 °C and B) at 37 °C. C) NCs
incubated in human blood plasma at 4 °C and D) at 37 °C. E) NCs incubated in PBS buffer at 37 °C. Reprinted and adapted

from Biomacromolecules 2019, 20, 3786—3797; https://doi.org/10.1021/acs.biomac.9b00868. Copyright 2019 American
Chemical Society.

In both media, human blood and human blood plasma, the NCs possess high stability at 4 °C
over the whole observed time range of 72 h (Figure 27A and C). A similar trend is observed for
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the NCs in all three media within the first 24 h at 37 °C. The recorded autocorrelation curve
after 72 h at 37 °C showed that the NCs are degraded (Figure 27B, D, and E). The recorded
autocorrelation curve after 72 h in human blood and human blood plasma possesses a similar
trend like the autocorrelation curve recorded during the life mouse model after 72 h (compare
Figure 24). Interestingly, the NCs undergo also in PBS buffer a partial degradation process and
not only in human blood and human blood plasma. This indicates that the ketal crosslinks
provide sufficient stability under physiological pH and temperature within 24 hours. Only after
24 h, ketal crosslinks do undergo partial disassembly. The instability of the ketal group in
aqueous environments is related to the hydrolytic sensitivity at 37 °C in PBS and during the

blood circulation in live mice.

4.4. Summary and Outlook

In conclusion, a new approach has been developed to enable FCS measurements in whole blood,
which allows following the fate of squarogel NCs injected into living mice. Advantageous of
this method is the need for only a small amount of blood volume (~ 50 pL) and no need for
further sample treatment before the measurement. During the circulation of the NCs in living
mice, it was possible to monitor the size and the loaded cargo molecules for a total time range
of 72 h. Besides the size and drug loading in the form of an OregonGreen 488 dye, following
the concentration increase of the fluorescent species in the undiluted whole blood after the
partial degradation of the sample was possible with the presented approach. These types of
experiments can be performed with commercial FCS equipment and common fluorophores with

any excitation wavelength reaching from the visible up to the near-infrared wavelength range.

It was further possible to quantify the stability of the ketal crosslinking in the nanogel system
after intravenous injection and in vitro at 37 °C with incubation experiments. During the
circulation experiments, the clearance of small non-conjugated dye molecules from the blood
vessel system in less than 6 h could be observed. The NCs were stable within the first 24 h and
only after 72 h a degradation process could be monitored with FCS measurements. This leads
to an increase of fluorescent species in form of the unimer. These unimers were not cleared
from the blood vessel system and this was further supported by independent injection of unimer

in live mice.
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This approach enables the accurate and quantitative monitoring of the fate of NCs with FCS in
small drop samples (~ 50 pum). It provides new opportunities to follow the NCs during blood
circulation and can contribute towards the development of more advanced NC-based
therapeutics. The possibility to use dyes over the whole spectral range, from 400 nm up to the
near-infrared range enables to follow the fate of the NCs inside the blood stream and the
utilization of common monitoring techniques like fluorescence imaging. The combination of
the newly developed FCS blood measurement approach and commonly used techniques to
monitor NCs in vivo can contribute toward a broad understanding of the drug delivery process

and the optimization of suitable NCs for immunodrug delivery processes.
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5. Chapter: FCS Analysis for Cooperation Projects of the

Collaborative Research Center1066

In the following chapter FCS experiments are presented that were performed in the framework
of various cooperation between the sub-project Q2 “Optical methods to study endocytosis,
intracellular trafficking, and cargo release” and other sub-projects, as a part of the collaborative
research center (CRC) 1066 “Nanodimensional polymer therapeutics for tumor therapy”.
Within the CRC1066 the Q-projects are the bridge between the A-projects and B-projects and
are mainly focused on characterization. The A-projects deal with NCs development, whereas
the B-projects are focusing on the application of the developed NCs for tumor immunotherapy.
In these cooperations, FCS was utilized to study various polymer-based NC systems by
monitoring diffusion times, hydrodynamic radii, stability in different solvents, and to monitor
reaction Kkinetics. The following sections present the publications which arise from the
cooperation projects and give a brief description of how FCS experiments help to characterize

the polymer-based systems in these publications.

5.1. HPMA-Based Nanoparticles for Fast, Bioorthogonal iEDDA
Ligation

In this study’®, the click reaction between 1,2,4,5-tetrazines with trans-cyclooctene was
observed with FCS. The tetrazine unit was introduced to an amphiphilic copolymer made of
2-Hydroxypropylmethacrylat. The copolymer was used to form polymeric micelles covered
with tetrazine groups (Figure 28A). To the core-cross-linked micelles, carrying the tetrazine
groups, was then an antibody added, carrying a trans-cyclooctene, and the reaction between the
tetrazine and the trans-cyclooctene was observed with FCS in buffer and human blood plasma
(Figure 28). To follow the reaction with FCS the trans-cyclooctene antibody was labeled with
the NIR-dye CW800 and the size increase was monitored. The binding of the trans-cyclooctene
antibody to the micelle after the click reaction was accompanied by an increase in the
hydrodynamic radius. Figure 28B shows typical normalized FCS autocorrelation function of
the antibody (black symbols), the click reaction products in PBS (green symbols), and in blood

plasma (blue symbols). The calculated hydrodynamic radius increased from 7 nm to 13 nm after
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the click reaction. In Figure 28C the fraction of the unbound antibody (black symbols) and the
product of the click reaction (red symbols) are illustrated. The fractions were yielded from a
two-component fit of the autocorrelation curves from Figure 28B. The yielded fractions from
the analysis of the autocorrelation curves indicate that within 10 min around 80 % of the

antibody had bound to the micelle.
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Figure 28: A) Schematic overview of the preparation of the particle with subsequently crosslinking and click reaction.
B) Typical normalized autocorrelation curves of the antibody (black symbols), antibody + micelle in PBS (green symbols), and
antibody + micelle in blood plasma (blue symbols). The measurements were recorded after incubating the antibody and the
micelle for 1 h in the respective solvent. C) Evolution of the fraction from the free antibody (black symbols) and the click
reaction product (red symbols) versus incubation time in blood plasma. The fractions were obtained from a two-component fit
of the autocorrelation curves shown in B). Reprinted with permission from Biomacromolecules 2019, 20, 3786—3797;
https://doi.org/10.1021/acs.biomac.9b00868. Copyright 2019 American Chemical Society.

This work “HPMA-Based Nanoparticles for Fast, Bioorthogonal iEDDA Ligation” was
published in 2019 in the journal Biomacromolecules (2019, 20, 3786-3797,
https://doi.org/10.1021/acs.biomac.9b00868) as a cooperation project of the CRC1066 together
with Stefan Kramer, Dennis Svatunek, Irina Alberg, Barbara Grafen, Sascha Schmitt, Lydia
Braun, Arthur H. A. M. van Onzen, Raffaella Rossin, Kaloian Koynov, Hannes Mikula, and
Rudolf Zentel.
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5.2. Core Cross-Linked Polymeric Micelles for Specific Iron

Delivery: Inducing Sterile Inflammation in Macrophages

In this project'’ iron oxide nanoparticles were encapsulated in a polymeric micelle. These
micelles were then delivered to macrophages to induce sterile inflammation. The micelles
consist of polysarcosine-block-poly(S-ethylsulfonyl-L-cysteine) and  were  further
functionalized to yield glutathione-responsive core cross-linked polymeric micelles. FCS
experiments help to characterize these micelles in regards to the hydrodynamic radius and
estimation of unbound dye (Figure 29). The hydrodynamic radius of the micelles was calculated
for the micelle without encapsulated iron oxide to RH, micelle = 47 nm and for the micelle with
iron oxide t0 RH, micelle + iron oxide = 72 NM. The autocorrelation curves in Figure 29 were fitted

using a one-component fit, confirming that no unbound dye fraction was present.
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Figure 29: Normalized FCS autocorrelation curves of iron oxide carrying micelles (red symbols) and micelles without iron
oxide (blue symbols) labeled with Cy5 measured in PBS buffer. The applied one-component fit (equation 8; m = 1) confirmed
the absence of an unbound dye fraction. Reprinted with permission from Adv. Healthcare Mater. 2021, 2100385;
https://doi.org/10.1002/adhm.202100385. Copyright 2021 Advanced Healthcare Materials published by Wiley-VCH GmbH.

This work “Core Cross-Linked Polymeric Micelles for Specific Iron Delivery: Inducing Sterile
Inflammation in Macrophages” was published in 2021 in the journal Adv. Healthcare Mater
(2021, 2100385; https://doi.org/10.1002/adhm.202100385) as a cooperation project of the
CRC1066 together with Tobias A. Bauer, Natalie K. Horvat, Oriana Marques, Sara Chocarro,
Christina Mertens, Silvia Colucci, Sascha Schmitt, Luca M. Carrella, Svenja Morsbach,
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Kaloian Koynov, Federico Fenaroli, Peter Blimler, Michaela Jung, Rocio Sotillo, Matthias W.

Hentze, Martina U. Muckenthaler, and Matthias Barz.

5.3. Squaric Ester-Based, pH-Degradable Nanogels: Modular
Nanocarriers for Safe, Systemic Administration of Toll-like

Receptor 7/8 Agonistic Immune Modulators

This publication'® deals with pH-responsive nanogels serving as drug nanocarriers for
delivering TLR7/8-stimulating imidazoquinolines. Herefore, squaric ester amide block
copolymers were used, which self-assemble into precursor micelles (Figure 30A). Their cores
consist of amine-reactive groups, which can be reacted with dyes, crosslinkers, or
imidazoquinolines. Figure 30B1 illustrates recorded normalized FCS autocorrelation in human
blood plasma to investigate the hydrodynamic radius and stability of the pH-responsive nanogel
over a total time range of 24 h. Further, Figure 30B2 shows FCS autocorrelation curves
following the degradation of the pH-responsive cross-linking under acidic conditions over a
total time of 480 min.
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Figure 30: A) Schematic overview of the particle preparation. B1) Normalized FCS autocorrelation curves of incubated
OregonGreen 488 labeled nanogels in an acidic environment (pH = 5.2) for a total time span of 480 min. B2) Normalized FCS
autocorrelation curves of OregonGreen 488 labeled nanogels in human blood plasma after 0, 6, and 24 h incubation at 37 °C.
Reprinted with permission from J. Am. Chem. Soc. 2021, 143, 9872—-9883; https://doi.org/10.1021/jacs.1c03772. Copyright
2019 American Chemical Society.
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This work “Squaric Ester-Based, pH-Degradable Nanogels: Modular Nanocarriers for Safe,
Systemic Administration of Toll-like Receptor 7/8 Agonistic Immune Modulators” was
published in 2021 in the journal J. Am. Chem. Soc. (2021, 143, 9872-9883;
https://doi.org/10.1021/jacs.1c03772) as a cooperation project of the CRC1066 together with
Anne Huppertsberg, Leonard Kaps, Zifu Zhong, Sascha Schmitt, Judith Stickdorn, Kim
Deswarte, Francis Combes, Christian Czysch, Jana De Vrieze, Sabah Kasmi, Niklas
Choteschovsky, Adrian Klefenz, Carolina Medina-Montano, Pia Winterwerber, Chaojian Chen,
Matthias Bros, Stefan Lienenklaus, Niek N. Sanders, Kaloian Koynov, Detlef Schuppan, Bart
N. Lambrecht, Sunil A. David, Bruno G. De Geest, and Lutz Nuhn.

5.4. pH-Degradable, Bisphosphonate-Loaded Nanogels
Attenuate Liver Fibrosis by Repolarization of M2-type

Macrophages

The following study'’2 deals with pH-degradable squaric ester-based nanogel as an NC system
to deliver bisphosphonate alendronate for the repolarization of macrophages. The delivery of
bisphosphonate alendronate should reprogram profibrotic M2 towards antifibrotic M1-type
macrophages. FCS experiments were conducted to evaluate the stability of the
alendronate-loaded pH-degradable squaric ester-based NCs in human blood plasma
(Figure 31). The alendronate-loaded NCs were incubated for a total time range of 24 h and FCS
experiments confirmed the stability of the NC by detecting an unchanged hydrodynamic radius
of Ry =55 nm.
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Figure 31: Normalized FCS autocorrelation curves of nanogel NC loaded with alendronate in human blood plasma incubated
for a total time span of 24h. Reprinted with permission from PNAS 2022 Vol. 119 No. 12;
https://doi.org/10.1073/pnas.2122310119. Copyright 2022 by PNAS.

This work “pH-degradable, bisphosphonate-loaded nanogels attenuateliver fibrosis by
repolarization of M2-type macrophages” was published in 2022 in the journal PNAS (2022,
119, No. 12; https://doi.org/10.1073/pnas.2122310119) as a cooperation project of the
CRC1066 together with Leonard Kaps, Anne Huppertsberg, Niklas Choteschovsky, Adrian
Klefenz, Feyza Durak, Babara Schrors, Mustafa Diken, Emma Eichler, Sebastian Rosigkeit,
Sascha Schmitt, Christian Leps, Alicia Schulze, Friedrich Foerster, Ernesto Bockamp, Bruno
G. De Geest, Kaloian Koynov, Hans-Joachim Ré&der, Stefan Tenzer, Federico Marini, Detlef

Schuppan, and Lutz Nuhn.
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6. Concluding Remarks

In this thesis, two different experimental approaches were presented regarding the
characterization of polymer-based nanocarriers. The first part concentrates on the monitoring
of the formation process of nanoparticles with two different approaches, whereas the second
part was concentrating on the characterization of nanocarriers in whole blood samples. For both
approaches, the fluorescence correlation spectroscopy (FCS) technique was utilized to observe
polymeric nanoparticles related to the drug delivery process.

Chapter 3 monitored the formation process of nanoparticles during the solvent evaporation from
emulsion droplets and the miniemulsion polymerization reaction. Here, two fluorescence-based
techniques were combined to monitor the formation process of nanoparticles. Time-correlated
single-photon counting (TCSPC) was combined with FCS to monitor the transition from the
initial liquid nanodroplet to the final particle dispersion and simultaneously track the size
evolution of the nanodroplets. Therefore, a tailored fluorescent molecular rotor was embedded
inside the nanodroplets as a reporter to track local environment changes during both reactions.
The presented results in Chapter 3 demonstrated that the combination of the TCSPC and FCS
technique is suitable to monitor the formation process of nanoparticles. In all measurements,
two distinguishable fluorescence lifetimes were recorded. These lifetimes could be attributed
to a solvent-rich and polymer-rich region. This approach can be further extended to study more
complex formation processes, €.g. monitoring the phase separation during the synthesis of
nanocapsules or the phase separation between polymer blocks during the formation of block

copolymer nanoparticles.

Chapter 4 presented a newly developed approach for FCS measurements in small whole blood
samples. For realizing the approach a plasma separation membrane was utilized to prevent the
blood cells to enter the detection volume during the recording of FCS autocorrelation curves.
The developed approach was able to follow the fate of squarogel nanocarriers injected into
living mice. By collecting small amounts of blood after pre-defined time points, it was possible
to monitor the nanocarrier in these blood samples up to 72 hours after injection. These studies
revealed a degradation process of the squarogels nanocarrier after 24 h inside the blood stream,
due to the hydrolysis of the ketal crosslinking. This finding was further supported by
independently conducted incubation experiments at 37 °C in human blood. The presented
approach shows the potential to follow nanocarriers during their circulation in living mice or

patients regarding their stability, premature drug release, and aggregation behavior. The
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approach is not limited to a specific spectral range and can also measure nanocarriers labeled
with NIR dyes. This opens the possibility to combine the presented approach with other
techniques relying on NIR dyes, like NIR imaging. The combination of different
characterization techniques can lead to a broader understanding of the drug delivery process

and can help to develop more efficient nanocarriers.

The whole thesis is centered around polymeric nanoparticles. Due to their small size, polymeric
nanoparticles possess different properties than their respective bulk materials. This difference
makes them interesting for many applications, especially the application as nanocarriers. Here,
two different approaches are presented which contribute toward a broader understanding of the
synthesis of polymeric nanoparticles, which can be used as nanocarriers, and their
characterization in whole blood. A broad understanding in these fields contributes to the

synthesis of more efficient nanocarriers for treating different diseases.
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8. List of Figures

Figure 1: Schematic Jablonski diagram, illustrating the absorption and emission processes
of a fluorophore. The absorption (blue arrow) takes place from the ground state So,o into an
electronically excited state (Si,x, S2,x) with a respective vibrational state x=0, 1, 2, ....
Via internal conversion (yellow arrow), the lowest vibrational state in the excited state Sy o is
reached. From there the molecule can emit a photon to reach the ground state (green arrow).
This process is called fluorescence. Another pathway is to enter the triplet state T x by
an intersystem crossing (orange arrow). Emitted photons from this state are called
PhOSPNOTESCENCE (FEA AITOW)......uiiiiieiitieiieiesiee ettt b et sbe b i 5

Figure 2: Modified Jablonski diagram for a fluorescent molecular rotor. Presented is the
radiative pathway for the molecular rotor. In the ground state, the donor (D) and the acceptor
(A) are in a planar conformation. After excitation, charge separation occurs, which could
lead to the formation of the TICT state to reduce occurring electrostatic forces. The TICT
state possesses lower energy in the excited state, but higher energy in the ground state.
The molecule could relax to the ground state by either emitting a photon from the locally excited
State OF the TICT SLALE. ...c.eeeieeeeeee bbb bbb 7

Figure 3: Overview of different types of fluorescent molecular rotors. Donor groups are marked in
green, the spacer groups in black, and the acceptor units are marked in red. The arrows indicate
the sigma bond around the intramolecular rotation takes place. A) 9-(dicyanovinyl) julolidine,
B) p-(dimethylamino) stilbazolium, C) 1,4-dimethylamino benzonitrile, D) AzeNaph1l. .......... 8

Figure 4: Principle of a TCSPC measurement. A) Repetitive excitation of a fluorophore by
short laser pulses. The time is measured between every laser pulse and the respective first
arriving photon. B) Step A) is repeated many times to count the number of arriving photons.
C) Sorting of the photons into a histogram either by their respective arrival time or by a specific
L] TR =V o =TSSP PRRSPRN 9

Figure 5: Schematic FCS setup overview with data procession. A) Schematic beam path for a
confocal FCS setup. B) Typical recorded intensity pattern during an FCS experiment.
C) Normalized autocorrelation function derived from the intensity pattern of B). In red is shown
the fitting of the autocorrelation function. Further, the diffusion time and the average number of
particles are marked in blue in the graph. Reprinted and adapted from Biomacromolecules 2019,
20, 3786—3797; https://doi.org/10.1021/acs.biomac.9b00868. Copyright 2019 American
ChEmMICAI SOCIELY. .....viiiiiiieie it b e bbbttt e et sbe e 11

Figure 6: Schematic overview of the SEED process. The first step is creating a macroemulsion by

stirring a water phase, containing a surfactant, and an organic phase. The organic phase contains

96



List of Figures

the fluorescent probe and the pre-synthesized polymer. The macroemulsion is then
ultrasonicated to create a miniemulsion. By heating the obtained miniemulsion the evaporation
OO0 T - L (=T USSR 14
Figure 7: Typical fluorescence decay curves for AzeNaphl in chloroform (magenta), styrene
(green), toluene (black), hexadecane (purple) and polystyrene (dark yellow). The inset provides
the obtained lifetimes recorded in the respective SOIVENt. ... 21
Figure 8: Illustration of the fluorescence behavior of AzeNaphl in toluene solutions of polystyrene.
A) Typical recorded fluorescence decay curves of AzeNaphl versus the polystyrene
concentration with their respective fits. B) Weighted average fluorescence lifetimes calculated
with equation 3 of AzeNaphl versus the polystyrene fraction in toluene. The data point at 0 %
polystyrene (brown symbol) was done in pure toluene and the data point at 100 % polystyrene
(blue symbol) in a dry polystyrene film. C) Short (red symbols) and long fluorescence lifetime
(blue symbols) versus the polystyrene fraction in toluene obtained from the fitted decay curves
in A). D) Respective relative amplitudes of the short (red symbols) and long (blue symbols)
fluorescence lifetime in C) polystyrene fraction in tolUENe. ..........cccccvvevveieiicie e 24
Figure 9: Illustration of the fluorescence behavior of AzeNaphl in styrene solutions containing
polystyrene. A) Typical recorded fluorescence decay curves of AzeNaph1 versus the polystyrene
concentration with their respective fits. B) Weighted average fluorescence lifetimes calculated
with equation 3 of AzeNaphl versus the polystyrene fraction in styrene. The data point at 0 %
polystyrene (brown symbol) was done in pure toluene and the data point at 100 % polystyrene
(blue symbol) in a dry polystyrene film. C) Short (red symbols) and long fluorescence lifetime
(blue symbols) obtained from the fitted decay curves in A) versus the polystyrene fraction in
styrene. D) Respective relative amplitudes of the short (red symbols) and long (blue symbols)
fluorescence lifetime in C) versus the polystyrene fraction in styrene...........ccccceevvveiiveienenne, 26
Figure 10: Overview of the recorded data from the SEED reaction with TCSPC and FCS. A)
Working principle of the combination of TCSPC and FCS method. The molecular rotor was used
as a probe to provide information about the local viscosity from inside the nanodroplets and the
size of the polystyrene nanoparticle during the formation process. For TCSPC the fluorescence
photons of the individual rotor molecules were utilized to record the TCSPC curves (B), whereas
the fluorescence of the whole nanoparticle was utilized to record FCS autocorrelation curves
(C). D) Here, the calculated average fluorescence lifetime versus the heating time is presented
obtained from the TCSPC curves in B) after fitting these curves with a two-component fit. E)
Yielded diffusion times of the polystyrene nanoparticles from the FCS curves in C) versus the
NEALING TIME. ..t bbb e bbbt et e b et e bt e e e st e enbenae s 27
Figure 11: Combination of the results from the TCSPC and FCS experiments. Shown is the

dependence of the hydrodynamic radius (black symbols) versus the progressive heating time.
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Further, the estimated polymer content (hollow orange symbols) versus the heating time is
shown. Three stages are marked in the graph: the solution state (red), the gel state (dark yellow),
and the glassy SLAte (GIrEEN). ..o i ittt bbb s sb e s sb e e sneene s 29
Figure 12: A) Recorded short (red symbols) and long (blue symbols) fluorescence lifetime of
AzeNaph1l during the SEED reaction versus the heating time. B) Respective relative amplitudes
of the short and long fluorescence lifetime from A) versus the heating time...............ccccc....... 30
Figure 13: Overview of the SEED process done with Chloroform as the organic phase. A) Recorded
decay curves from the SEED reaction with chloroform. The decay curves were fitted using
equation 2 (n = 2). B) Average fluorescence lifetime versus the heating time. Further, three
regions are marked: the solution phase (red), the gel phase (yellow), and the glassy state (green).
C) Short (red symbols) and long (blue symbols) fluorescence lifetime versus the heating time.
D) Respective relative amplitudes A1 (red symbols) and Az (blue symbols) from the short and
long fluorescence lifetime in C) versus the heating time. .........ccccccovvvieniiinnese e 32
Figure 14: Typical recorded TCSPC decay curves during the MEP reaction. A) Normalized
fluorescence decay curves were recorded during the TCSPC experiments after certain time
intervals. B) Calculated average fluorescence lifetime (black symbols) versus the heating time.
Further, the polymer content (hollow orange symbols) versus the heating time is shown. Three
regions are marked in the graph: the initiation stage in red, the polymerization stage in yellow,
and the glassy StAte IN GIEEN. ....c.iiieii ettt e sbeeneesreenees 35
Figure 15: A) Short (red symbols) and long fluorescence lifetime (blue symbols) versus the heating
time. D) Respective relative amplitudes from the short lifetime (red symbols) and long lifetime
(blue symbols) from the graph in A) versus the heating time. ...........ccoocevieriiiene e, 37
Figure 16: Overview of the S2-SEED reaction with toluene as the discontinuous phase. A)
Normalized recorded decay curve. Curves were fitted with a two-component fit (equation 2;
n = 2). B) Diffusion times versus the heating time. The diffusion times were obtained from fitting
FCS autocorrelation curves. C) Calculated average fluorescence lifetime versus the heating time.
D) Calculated hydrodynamic radius and polymer content versus the heating time. The
hydrodynamic radius is calculated with the diffusion times shown in B). The polymer content
was estimated by comparing the average fluorescence lifetime in C) with the measured values
of AzeNaph1 in polystyrene containing toluene solutions. E) Single fluorescence lifetime, 1 (red
symbols) and 1. (blue symbols) versus the heating time. F) Respective relative amplitudes of the
short and long lifetime presented in graph E) versus the heating time. The graphs in B-F) are
prepared with the presented values in Table 6. .........ccocviieiiiiiiic e 42
Figure 17: Overview of the S3-SEED reaction with toluene as the discontinuous phase. A)
Normalized recorded decay curve. Curves were fitted with a two-component fit (equation 2;

n = 2). B) Diffusion times versus the heating time. The diffusion times were obtained from fitting
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FCS autocorrelation curves. C) Calculated average fluorescence lifetime versus the heating time.
D) Calculated hydrodynamic radius and polymer content versus the heating time. The
hydrodynamic radius is calculated with the diffusion times shown in B). The polymer content
was estimated by comparing the average fluorescence lifetime in C) with the measured values
of AzeNaph1 in polystyrene containing toluene solutions. E) Single fluorescence lifetime, 1 (red
circle), T2 (blue triangles) versus the heating time. F) Respective relative amplitudes of the short
and long lifetime presented in graph E) versus the heating time. The graphs in B-F) are prepared
with the presented values IN TaDIE 7. .......ooi i 44
Figure 18: Overview of the M2-MEP reaction. A) Normalized recorded decay curve. Curves were
fitted with a two-component fit (equation 2; n = 2). B) Calculated average fluorescence lifetime
(black symbols) and polymer content (hollow orange symbols) versus the heating time. C) Single
fluorescence lifetime, 11 (red symbols), T2 (blue symbols) versus the heating time. D) Respective
relative amplitudes of the short and long lifetime presented in graph C) versus the heating time.
E) Hydrodynamic radius versus the heating time. The graphs in B-E) are prepared with the
presented values in Table 10. .......ccooiiiiiiiii e 47
Figure 19: Overview of the M3-MEP reaction. A) Normalized recorded decay curve. Curves were
fitted with a two-component fit (equation 2; n = 2). B) Calculated average fluorescence lifetime
(black symbols) and polymer content (hollow orange symbols) versus the heating time. C) Single
fluorescence lifetime, 11 (red symbols), t2 (blue symbols). D) Respective relative amplitudes of
the short and long lifetime presented in graph C). E) Hydrodynamic radius versus heating time.
The graphs in B-E) are prepared with the presented values in Table 11........cccccoceviviveieninnne 49
Figure 20: Schematic overview of the FCS setup optimized to enable blood measurements.
A) Picture of the blood measuring setup. Marked are the objective, blood droplet, the
AttoFluor™ cell chamber, and the plasma separation membrane. B) The illustrated optical setup
differs from the setup discussed in section 2.4 in regards to the sample holder. Here, the
AttoFluor™ cell chamber hosts the plasma separation membrane and the TEM grid. C) The inset
illustrates schematically how the membrane prevents the blood cells from entering the confocal
volume. By placing the blood droplet on top of the plasma separation membrane the liquid part
of the blood and the NCs can diffuse into the membrane, whereas the blood cells are hindered to
enter the plasma separation membrane. In the space between the membrane and the coverslip,
the confocal detection volume is placed. This enables disturbance-free FCS measurements in the
generated blood plasma. D) SEM pictures showing the top and bottom sides of the membrane
(scale bar 50 pm). Reprinted and adapted from Biomacromolecules 2019, 20, 3786—3797;
https://doi.org/10.1021/acs.biomac.9b00868. Copyright 2019 American Chemical Society. .. 60
Figure 21: Normalized FCS autocorrelation curves of Alexa 647 in PBS buffer (blue symbols),

human blood plasma (black symbols), and heparin-treated human blood (red symbols). The

99



List of Figures

measurements in PBS and blood plasma were measured without the blood plasma separation
membrane, whereas Alexa 647 in human blood was measured using the blood measurement
approach with the plasma separation membrane. Reprinted and adapted from
Biomacromolecules 2019, 20, 3786—3797; https://doi.org/10.1021/acs.biomac.9b00868.
Copyright 2019 American ChemiCal SOCIELY. ........cuevviiieriiiieesee s 62
Figure 22: Monitoring of the degradation of the squarogel NCs followed by FCS measurements in
an acidic environment (pH =5.2) over a total time of 480 min. Adapted and reprinted with
permission from J. Am. Chem. Soc. 2021, 143, 9872—-9883;
https://doi.org/10.1021/jacs.1c03772. Copyright 2019 American Chemical Society. .............. 63
Figure 23: Squarogel NCs incubation in different media, including human blood and mouse blood.
A) Normalized autocorrelation curves of the squarogel NCs in PBS (blue symbols), human blood
plasma (black symbols), and heparin-treated human blood (red symbols). B) Normalized
autocorrelation curves of incubation experiments of the squarogel NC in mouse blood for a total
time of 30h. Reprinted and adapted from Biomacromolecules 2019, 20, 3786—3797,
https://doi.org/10.1021/acs.biomac.9b00868. Copyright 2019 American Chemical Society. .. 64
Figure 24: Following the fate of NCs after injection into live mice. A) Schematic overview of the
procedure for following the fate of NCs in live mice. lllustrated is, from left to right, the injection,
blood collection, and FCS measurement. B) Normalized FCS autocorrelation curves obtained
from blood measurements after 0, 6, 24, and 72 h after NCs injection. Reprinted and adapted
from Biomacromolecules 2019, 20, 3786—3797; https://doi.org/10.1021/acs.biomac.9b00868.
Copyright 2019 American ChemiCal SOCIELY. .......ccvevuiiiieriiiieie e 66
Figure 25: Overview of the results from the mice experiments obtained through blood FCS
measurements. The presented results in B)-D) were obtained from three independent sets of
mouse experiments represented by three different symbols: circle, square, and triangle. Each
symbol stands for one mouse experiment. A) Schematic overview of the degradation process of
the squarogel NCs. B) Calculated hydrodynamic radius obtained from three independent sets of
mouse experiments. C) Fraction of the NCs (open red symbols) and the unimer fraction (closed
blue symbols), and D) Dye per particle (green stars) and the overall concentration (open black
symbols). The lines in the graphs B-D) are a guide to the eye. Reprinted and adapted from
Biomacromolecules 2019, 20, 3786—3797; https://doi.org/10.1021/acs.biomac.9b00868.
Copyright 2019 American ChemiCal SOCIELY. ........cceviiiiiiiiieie s 68
Figure 26: Monitoring the fate of non-crosslinked unimers during the circulation in the blood stream
of a live mouse. Normalized autocorrelation curves were recorded after 6 h (blue symbols), 24 h
(orange symbols), and 72 h (magenta symbols) after injection. Reprinted and adapted from
Biomacromolecules 2019, 20, 3786—3797; https://doi.org/10.1021/acs.biomac.9b00868.
Copyright 2019 American ChemiCal SOCIELY. .......ccvcvuiiiierieiiee e 69

100



List of Figures

Figure 27: Normalized autocorrelation curves recorded during the incubation experiments of the
squarogel NCs in either human blood, human blood plasma, or PBS buffer, at 4 °C and 37 °C.
A) NCs in human blood at 4 °C and B) at 37 °C. C) NCs incubated in human blood plasma at
4 °C and D) at 37 °C. E) NCs incubated in PBS buffer at 37 °C. Reprinted and adapted from
Biomacromolecules 2019, 20, 3786—3797; https://doi.org/10.1021/acs.biomac.9b00868.
Copyright 2019 American Chemical SOCIELY. ........cccoiiiiiiriiieie e 70

Figure 28: A) Schematic overview of the preparation of the particle with subsequently crosslinking
and click reaction. B) Typical normalized autocorrelation curves of the antibody (black
symbols), antibody + micelle in PBS (green symbols), and antibody + micelle in blood plasma
(blue symbols). The measurements were recorded after incubating the antibody and the micelle
for 1 h in the respective solvent. C) Evolution of the fraction from the free antibody (black
symbols) and the click reaction product (red symbols) versus incubation time in blood plasma.
The fractions were obtained from a two-component fit of the autocorrelation curves shown in
B). Reprinted with permission from Biomacromolecules 2019, 20, 3786—3797;
https://doi.org/10.1021/acs.biomac.9b00868. Copyright 2019 American Chemical Society. .. 74

Figure 29: Normalized FCS autocorrelation curves of iron oxide carrying micelles (red symbols)
and micelles without iron oxide (blue symbols) labeled with Cy5 measured in PBS buffer. The
applied one-component fit (equation 8; m =1) confirmed the absence of an unbound dye
fraction. Reprinted with permission from Adv. Healthcare Mater. 2021, 2100385;
https://doi.org/10.1002/adhm.202100385. Copyright 2021 Advanced Healthcare Materials
published by Wiley-VCH GMDBH. .......cooiiiiieiic e 75

Figure 30: A) Schematic overview of the particle preparation. B1) Normalized FCS autocorrelation
curves of incubated OregonGreen 488 labeled nanogels in an acidic environment (pH = 5.2) for
a total time span of 480 min. B2) Normalized FCS autocorrelation curves of OregonGreen 488
labeled nanogels in human blood plasma after 0, 6, and 24 h incubation at 37 °C. Reprinted with
permission from J. Am. Chem. Soc. 2021, 143, 0872—-9883;
https://doi.org/10.1021/jacs.1c03772. Copyright 2019 American Chemical Society. .............. 76

Figure 31: Normalized FCS autocorrelation curves of nanogel NC loaded with alendronate in
human blood plasma incubated for a total time span of 24 h. Reprinted with permission from
PNAS 2022 Vol. 119 No. 12; https://doi.org/10.1073/pnas.2122310119. Copyright 2022 by
N TSRS 78

101



List of Tables

9. List of Tables

Table 1: Average fluorescence lifetime, short and long fluorescence lifetime, and their
respective relative amplitudes of AzeNaphl in polystyrene containing toluene solutions
(=T o 1S T 0 TSRS 39

Table 2: Average fluorescence lifetime, short and long fluorescence lifetime, and their
respective relative amplitudes of AzeNaphl in polystyrene containing styrene solutions
(=T o 1R T 0 TSRO 39

Table 3: Weighted masses for the presented SEED processes. S1-SEED was presented in
section 3.3.3, sample S2 and sample S3 are only presented in the appendiX. ..................... 40

Table 4: Average fluorescence lifetime, short and long fluorescence lifetime, their respective
relative amplitudes, estimated polymer content, diffusion times, and the respective
hydrodynamic radius of AzeNaphl during the SEED reaction with toluene as the
discontinuous phase described in SeCtion 3.3.3. .....cviiieiiciicc e 40

Table 5: Average fluorescence lifetime, short and long fluorescence lifetime, and their
respective relative amplitudes of AzeNaphl during the SEED reaction with chloroform as
the discontinuous phase described in Section 3.3.4. .......cccoviiiiie i 40

Table 6: Additional data set of the S2-SEED process with toluene. Average fluorescence
lifetime, short and long fluorescence lifetime, their respective relative amplitudes, estimated
polymer content, diffusion times, and the respective hydrodynamic radius of AzeNaphl
during the SEED FeaCHION. ........ccviiiieie ettt sae s 41

Table 7: Additional data set of the S3-SEED process with toluene as the discontinuous phase.
Average fluorescence lifetime, short and long fluorescence lifetime, their respective relative
amplitudes, estimated polymer content, diffusion times, and the respective hydrodynamic
radius of AzeNaphl during the SEED reaction. ...........ccceeeivieiieriiieiicce e 43

Table 8: Average fluorescence lifetime, short and long fluorescence lifetime, their respective
relative amplitudes, estimated polymer content, diffusion times, and their respective
hydrodynamic radius of AzeNaph1l during the MEP reaction described in section 3.3.5...45

Table 9: Weighted masses for the MEP reaction. M1-MEP was presented in section 3.3.5.
Sample M2 and sample M3 are presented in the ApPPendiX. ......cccccvevieiiieiiieiiee v 45

Table 10: Additional data set of the M2-MEP reaction. Average fluorescence lifetime, short

and long fluorescence lifetime, their respective relative amplitudes, estimated polymer

102



List of Tables

content, diffusion times, and their respective hydrodynamic radius of AzeNaph1 during the
e =T T £ o RSO SOTPR 46
Table 11: Additional data set of the M3-MEP reaction. Average fluorescence lifetime, short
and long fluorescence lifetime, their respective relative amplitudes, estimated polymer
content, diffusion times, and their respective hydrodynamic radius of AzeNaphl during the
e =T T £ RSOSSN 48

103



Symbols

10. Symbols

TAv
T1
T2
A1
Az

G(7)

F(t)

()

D
1T

fr

VObs

Intensity
Time
Fluorescence lifetime
Average fluorescence lifetime
Short fluorescence lifetime
Long fluorescence lifetime
Relative amplitude of 71
Relative amplitude of 7,
Autocorrelation function
Fluorescence intensity signal
Time average
Average number of particles
Structure parameter
Diffusion time
Decay time of the triplet state
Fraction of the triplet state
Concentration
Molar mass
Observation volume
Width of Vops
Height of Voos
Hydrodynamic radius
Boltzmann constant
Temperature
Viscosity
Wavelength

104



Scientific Contributions

11. Scientific Contributions

Article

Article

Article

Article

Stefan Kramer, Dennis Svatunek, Irina Alberg, Barbara Grafen, Sascha
Schmitt, Lydia Braun, Arthur H. A. M. van Onzen, Raffaella Rossin,
Kaloian Koynov, Hannes Mikula, Rudolf Zentel;, HPMA-Based
Nanoparticles  for  Fast, Bioorthogonal IEDDA  Ligation.
Biomacromolecules 2019, 20, 3786-3797

Tobias A. Bauer, Natalie K. Horvat, Oriana Marques, Sara Chocarro,
Christina Mertens, Silvia Colucci, Sascha Schmitt, Luca M. Carrella,
Svenja Morsbach, Kaloian Koynov, Federico Fenaroli, Peter Blumler,
Michaela Jung, Rocio Sotillo, Matthias W. Hentze, Martina U.
Muckenthaler, Matthias Barz, Core Cross-Linked Polymeric Micelles for
Specific Iron Delivery: Inducing Sterile Inflammation in Macrophages.
Adv. Healthcare Mater 2021, 2100385

Leonard Kaps, Anne Huppertsberg, Niklas Choteschovsky, Adrian
Klefenz, Feyza Durak, Babara Schrors, Mustafa Diken, Emma Eichler,
Sebastian Rosigkeit, Sascha Schmitt, Christian Leps, Alicia Schulze,
Friedrich Foerster, Ernesto Bockamp, Bruno G. De Geest, Kaloian
Koynov, Hans-Joachim Réader, Stefan Tenzer, Federico Marini, Detlef
Schuppan, Lutz Nuhn, pH-degradable, bisphosphonate-loaded nanogels
attenuate liver fibrosis by repolarization of M2-type macrophages. PNAS
2022, 119, No. 12

Anne Huppertsberg, Leonard Kaps, Zifu Zhong, Sascha Schmitt, Judith
Stickdorn, Kim Deswarte, Francis Combes, Christian Czysch, Jana De
Vrieze, Sabah Kasmi, Niklas Choteschovsky, Adrian Klefenz, Carolina
Medina-Montano, Pia Winterwerber, Chaojian Chen, Matthias Bros,
Stefan Lienenklaus, Niek N. Sanders, Kaloian Koynov, Detlef Schuppan,
Bart N. Lambrecht, Sunil A. David, Bruno G. De Geest, Lutz Nuhn,

105



Scientific Contributions

Review article

Article

Squaric Ester-Based, pH-Degradable Nanogels: Modular Nanocarriers
for Safe, Systemic Administration of Toll-like Receptor 7/8 Agonistic
Immune Modulators J. Am. Chem. Soc. 2021, 143, 9872-9883

Sascha Schmitt, Lutz Nuhn, Matthias Barz, Hans-Jurgen Butt, Kaloian
Koynov, Shining Light on Polymeric Drug Nanocarriers with
Fluorescence Correlation Spectroscopy; Macromol. Rapid Commun.
2022, 2100892

Sascha Schmitt, Anne Huppertsberg, Adrian Klefenz, Leonard Kaps,
Volker Mailander, Detlef Schuppan, Hans-Jirgen Butt, Lutz Nuhn,
Kaloian Koynov, Fluorescence Correlation Spectroscopy Monitors the
Fate of Degradable Nanocarriers in the Blood Stream;
Biomacromolecules 2022, 23, 1065—-1074

106



