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Zusammenfassung

Nanopartikel -basierte Wirkstofftransportsysteme sind sehr vielversprechend

fur die Behandlung ve rschiedenster Krankheiten. Mith ilfe von Nanopartikeln
konnen Wirkstoffe  eingeschlossen, transportiert und freigesetzt werden.
Trotz vieler vorhandener Systeme, ist ein tieferes Verstandis der Prozesse
notwendig. Das Ziel dieser Dissertation war es, einen tieferen Einblick in

zwei hierfur relevante Themen zu erhalten: (i) eine Herstellungsmethode fur
nanoparti kulére Wirkstofftransportsysteme  und  (ii) ein  neues
Zellmembranmodel | fir Untersuchung en auf zellularer Ebene

FUr ein besseres Verstandnis der Wirkstoffaufnahme in Zellen und der
Passage der Membran werden Zellmodelle verwendet.  Ein beliebtes Modell
sind die gigantischen unilamellaren Vesikel (GUV). Diese Arbeit stellt eine

neue Methode vor, mit der GUV mithilfe eines oberflachenstrukturierten

Polymerhydrogels groRenspezifisch hergestellt werden kodnnen. Die
Herstellung hunderter verankerter GUV in drei ver schiedenen Grof3en und
der Nutzen dieser Herst ellungsmethode wird anhand von zwei

Anwendungsbeispielen in dieser Dissertation  veranschaulicht.

Im zweiten Projekt liegt der Fokus auf einer Herstellungsmethode fir
Polystyrol (PS)Nanopartikel als Wirkstofftr ~ &gersysteme. Der Verlauf der
Partikelbildung aus Nanotropfen wurde untersucht . Die Veranderung dieser
Tropfen und deren PS -Anteil konnte mithilfe von fluoreszierenden
Rotormolekilen, deren Fluoreszenzlebenszeit sich ab hangig von der
Viskositat ander t, beob achtet und analysiert werden.

In beiden Projekten dieser Arbeit wird die Fluoreszenzspektro skopie zur
Analyse genutzt.

In Kooperationsprojekten innerhalb des Sonderforschungsbereichs 1066
wurde die Fluoreszenzkorrelationsspektro skopie zur Analyse von
verschiedenen  Polymersystems fi r  Wirkstofftransporta nwendungen

eingesetzt. Die Projekte sind am Ende dieser Dissertation zusammengefasst.






Abstract

Nanocarrier -based drug delivery is a promising approach for treating various
diseases. Nanocarriers can enca psulate and deliver drug molecules and a lot

of work has been done in developing new systems. But still, a deeper
understanding of the processes is n  eeded. The aim of this thesisi s to look
deeper into two relevant processes for drug delivery studies : (i) on the
extracellular level - studying the formation of polymer nanoparticle s as
nanocarrier s and (i) on the cellular level & developing a new cell membrane
model .

In this regard, a new cell-model formation method is introduced in the first
part of the the sis. Giant unilamellar vesicles (GUVs) serve as cell membrane
models. Based on a functionalized polymer hydrogel , anchored GUVs of a
defined size were produced using a very fast procedure. Three different size s
of GUV s were prepared on the pre -structured polymer hydrogel surface. Two
application examples show the advantages of the array of hundreds of
uniform anchored vesicles.

Polymer nano particles for drug carrier systems  can be prepared in a diversity
of methods. In the second part of this thesis , the ph ysico-chemical
under pinnin gs of the preparation and development of polystyrene (PS)
nanoparticles by solvent evaporati  on from emulsion droplets (SEED) were
studied to understand the process.  The formation of the nanodroplets and
the fraction of PS inside t he droplets was monitored  via fluorescence
spectroscopy measurements of a fluorescent molecular rotor in the system

Both projects profit from the usage of fluorescence molecules and their
analysis via fluorescence spectroscopy.

As joint work with the coll aborative research center 1066, fluorescence
correlation spectroscopy (F CS) was used in many cooperative projects to
analyze different polymer -based systems for drug delivery applications. The

projects are summarized at the end of the thesis.
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1 Introduction

Polymer science is present in various research areas, ranging from medical
applications to  electronics. Polymers are not only plastic bottles made from
polyethylene terephthalate (PET) or polystyrene (PS) in the form of Styrofoam.
Polymers also play a significant role in biology and medicine. Natural
polymers are for example DNA molecules or pro teins, which are essential for
every living species. Both types, natural and synthetic polymers , are highly
interesting for researc hers of different fields and studies on polymers are

growing year afte r year .

One research area, in which polymers gain more and more importance, is

the field of biomedical systems. The natural polymers, such as the DNA or

the variety of proteins, are mainly investigated in the biological science s. But

in terms of polymer research it is not possible to define the main natural

sciencesd discipline, in which polymers are

disciplines together and lead to interdisciplinary work.

A very popular interdisciplinary  topic is the research of polymeric drug
delivery systems. [ New innovative drug molecules show high potential to
treat spe cific diseases, butresearchers  often face the problem of bring ing the
drug molecules to the body area of interest. In this regard, polymers are  often
selected to work as nanocarrier systems. [267] In some cases the cargo or drug

is attached to the polymer nanoparticle, in other cases the drug is
encapsulated by a polymer shell, that can be opened in the appropriate area

in the body by external stimuli. 8 The diversity of nanocarrier systems is
huge: copolymer micelles, polymer nanoparticles, nanohydrogel particles,
polymer capsules, liposomes or dendritic po lymers. €1 In every case, the
carrier together with the ¢ = argo needs to be brought to a certain place in the

body. This uptake ensures the best treatment. [1.567,10]



Regarding the re search on nanocarrier -based drug delivery, two main
research areas exist. One area deals with the studies in aqueous solutions,
including all studies performed outside the body or the cells. Here, the
researchers look at the particle formation , the encapsu lation of the drug
molecules and the biocompatibility of the carrier systems. Also important in
thisfield i s t he anal ysi sprapdries dueh ascsiza, stabiktyr 0b
drug loading efficiency. [©11813] The other research area looks at the cellular
level of the nanocarrier -based drug delivery. Here, questions about targeted
delivery, cellular uptake and drug release play an important role. [14 The
systems must ensure, that  the cargo is attached to the (nano  -)carrier, and
that the whole carrier systems reaches the pla ce where the cargo should be
released. Furthermore , it is important that the cargo can be released and
that the carrier,theu  ptake and the whole process does not harm the healthy
cells or the body in any way . In this challenging field, many research groups
focus on the synthesis of the carriers , on drug loading , release and cellular

uptake.

This thesis deals with two topics that play an important role in the field of
polymer systems for drug delivery. The first topic is related to research on
cellular level, whereas the second topic belongs to the category of ex -vivo

studies of nanoparticles and their characterization.

The first part of the thesis describes a new ly developed method for the
preparation of a cell membrane model. This method is based on a polymer
system, more precisely a (poly(N -isopropylacrylamide) (PNIPAAmM) terpolymer
hydrogel. PNPAAmM wa s polymerized with functiona | comonomers and cross -
linked to a covalently bound swellable network. Via photo -lithography this
polymer network can be patterned, in order to form a template for the
preparation of size-defined cell membrane models on its surface. The type of
cell model is called giant unilamellar vesicle (GUV) and was formed from
phospholipids. These size -defined GUVs can be used as cell models for an
easier understanding of the cell membrane. Furthermore, model systems are

useful for gaining insight into drug delivery r esearch.



In the second topic the focus is  on the research of the nanopatrticle systems
and the understand ing of their formation process es. A lot of work has been
done regarding the synthesis or preparation of nanoparticles as well as their
applications, esp ecially in drug delivery studies. This project focuses on the
physico -chemical understanding of the process of polymer nanoparticle
formation viaso -called dsolvent evaporation from emulsion droplets (SEED) o]
Polystyrene nanoparticles we re prepared with th is kind of formation me  thod
and the process of solvent evap oration from the nanodropletswa s monitored
with the help of a fluorescent molecular rotor. This type of molecule changes
its fluorescence lifetime depending on the microenvironment. The li fetime
was measured via time -correlated single photon counting (TCSPC)
experiments. Furthermore, the size and concentration of the nanodroplets
during the evaporation process wa s monitored via fluorescence correlation
spectroscopy. Both studies we re obtain ed simul taneously in a single
experiment. Polymer nanopatrticles for drug delivery can be prepared by the
SEED process. Therefore, it is important to understand the process and the
particle formation, in order to control the method to obtain ideal drug

delivery systems.

The analysis of polymer -based systems for drug delivery studies via
fluorescence correlation spectroscopy (FCS) was a third part of this work .
FCS was used in m any cooperative projects to determine the diffusion
coefficient s, hydrodynamic radii and a ggregation behavior or to confirm
successful chemical reactions. In the last chapter, the joint projects are

presented.






2 Physio-ChemicaConcepts and
Methods

For the characterization and the physico -chemical understanding of
molecules, it is necessary to understand the underlying physical and
physico -chemical concepts. Furthermore, v arious characterization methods,
which are used in chemical, biomedical or material science s, are based on
physical phenomena. In this w  ork, the main physical concept wa s the
fluorescence of molecules. The first part of the thesis used confocal laser
scanning mi croscopy (CLSM) as main method for imaging. This require d
samples, which were labeled with fluorescent dyes. Additionally,
fluorescence correlatio n spectroscopy (FCS) wa s used to demonstrate  the
application of the developed method . In the second part of this work, the
fluorescence wa s even more important , because a fluorescent molecular
rotor was used , which changed the fluorescence lifetime de pending on the
microenvironm ent. The formatio n of polystyrene nanoparticles and
concentration changes in the nanodroplets were monitored with the help of
this rotor molecule by fluorescence spectroscopy via time  -correlated single

photon counting and fluorescence correlation spectrosc opy.

This chapter briefly explains the physico -chemical concept of fluorescence

and the fluorescence based methods that were used in this work.



PhysiceChemical Concepts and Methods

2.1 Fluorescence

Fluorescence is a widely used phenomenon, not only in nature, but also in
research. The fluorescenc e of molecules gains a lot of interest in many
disciplines and fluorescence spectroscopy methods are research tools in

chemistry, physics, biotechnology or medical diagnostics. (15]

Fluorescence is a phenomenon of luminescence, which is the emission of

light from electronically excited states. Depending on the nature of this
excited state, the emission is either called fluorescence or
phosphorescence. 151 The emission and absorption of light is only possible in
discrete increments of energy and can be exp lained using photons , if light is
considered as discrete particles. [161 Molecules, that are able to absorb and
emit photons, are called fluorophores . The absorption and emission
process es are illustrated in the Jablonski diagram ( Figure 1). This diagram
schematically explains the electronic states as well as absorption and
emission processes of a molecule. In Figure 1 the singlet electr onic states
(So, S1, S2) and their numerous Vvibrational
triplet state (T 1) are shown. When a fluorophore absorbs light, different
processes occur. Usually, the molecule is excited to some higher vibrational

levels of the S 1 or S, state. When the fluorophore relaxes to the lowest
vibrational level of S 1, the process is called internal conversion. Another
process can occur when a molecule in the S 1 State undergoes a spin
conversion, called intersystem crossing, to the T 1 state. In general, the
emission from this state is shifted to longer wavelengths and is described as
phosphorescence. The emission of a fluorophore from the lowest energy
vibrational level of S 1 to So state is described as fluorescence. In case of
fluorescence, the electron in the excited orbital of the excited singlet state is
paired to the electron in the ground state orbital. Hence, the return of the

excited electron to the ground state is very fast and leads to the emission of

a photon. The general fluorescen ce emission rates are around 10 8 s,

Typically, the absorption energy is higher than the emission energy, and

evel
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Fluorescence

fluorescence appears at lower energies and longer wavelengths,

respectively. [15]
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Figurel: Jablonski diagram, showing the absorption and emission characteristics of fluorescence

and phosphorescence processe3he singlet electronic states ¢SS, $) and their numerous
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light, it is excited to some higher vibrational levels of the & S state. Relaxation to the lowest

vibrational level of $is calledinternal conversion.When a molecule in the Sstate undergoes a

spin conversiorto the T; state it is called intersystem crossingEmission from this state is shifted

to longer waveleryths and iscalled phosphorescence. The emission of a fluorophore from the

lowest energy vibrational level of S8o S state iscalledfluorescence.

The fluorescence lifetime f of a fluorophore is the average time that the
molecule is in the excited state before returning to the ground state.

Typically, fluorescence lifetimes are around 10 ns. 18]

Fluorescence is the basic concept of various analytical methods, such as
fluoresce nce spectroscopy or microscopy. It is also the underlying conce  pt

for other phenomena, such as Forster resonance energy transfer (FRET).

The fluorescence of a molecule can be different, depending on the
environment, such as the solvent, if the molecule isin a solution. Additional
substances in the solution can also infl uence the fluorescence behavior. They

are often reacting a s quencher molecules. [15]



PhysiceChemical Concepts and Methods

Typical commercially available fluorescent dyes for  fluorescence
spectroscopy or mi  croscopy are sold under the brand names  Alexa Fluor and

Atto . Usually these dye molecules have conjugated double bond system S,
oftenin form of ar omatic ring system. Small changes in the functionalities of

the molecules lead to different excitation and emission spectra of the se dyes.
In case of Alexa Fluor dyes, a variety of different structure exist, which can

be excited at wavelength s from 350 nm up to 790 nm. [17]

Besides the commercial fluore scent dyes wused for spectroscopy and
microscopy, many other fluorescent molecules are of interest. One special

example will be discussed in the next section .



2.2 Fluorescent Molecular Rotors

Commercially available fluorescent dyes are very useful for various
applications and studies in the fields of microscopy and spectroscopy.
Especially in biomedical science s fluorescent molecules are of high interest.
This chapter introduces a special type of fluorescent dyes: fluorescent

molecular rotors.

Fluorescence mole cular rotors are fluorophores which undergo twisted
intramolecular charge transfer (TICT). (18191 These molecules consist of an
electron -donating unit and an ele ctron -accepting unit. Typically a 0-
conjugated moiety allows electron transfer in the planar conformation. [18,19]
Upon irradiation , electrostatic forces occur an  d result in the formation of a
twisted state around the R-bond between both parts of the molecule. This
twisted conformation has a lower excited -state energy and can either show a
red -shifted fluorescence emission or can show a non -radiative process. [18821]
The TICT of the rotor molecule strongly depends on the environment. (18,21,22]
Inside a high viscosity environment , the intramolecular rotation is hindered

and the non -radiative pathway is prevented. This results in the relaxat ion of
the molecule via the radiative pathway, restoring the fluorescence. (18621 A

scheme of the excitation pathway is shown in Figure 2.[23]



PhysiceChemical Concepts and Methods

Energy

Excitation

Planar state Twisted state

Figure2: Scheme of the electronic states and possible relaxation process for a fluorescent molecular
rotor. If the electron donor part(D) of the molecular rotor and theacceptor (A) are in the planar
state, the excitation and emission process is the same as for conventional fluorophdreis. is the
case for a high viscosity environment, resulting in longer fluorescence lifetimes. For the twisted
state of molecular rotors(in low viscosity environment), the Jablonski diagram needs to be
extended. Theexcited-state energyfor a twisting moleculeis lower in the TICT state, whereaseh
ground-state energy is higher. The energy gab between these states is lower and the fweree
lifetime is shorter.Adapted from[19].

The spectroscopic properties of the molecular rotor are dependent on several
aspects. Besides the viscosity and the polarity of the solvent, the formation

of hydrogen bonds and the excimer formation should be taken into account
Polar solvents, for example, stabilize the TICT state of the molecule and
increase the relaxation time from this state. The polarity is linked to the
ability to build hydrogen bonds. And the formation of these bonds between

the molecule and the solventi  ncreases the TICT formation rate. Nevertheless,
the viscosity, predominantly the viscosity of the microenvironment of the

molecule, is often the dominating factor. [19]

Molecular rotors can be fo und in several chemical classes. Examples of
molecular rotors are  benzylidene ma lononitriles, stilbenes or benzonitrile -

based fluorophores .[124626] The mo lecule thatwas used in this projectis called

10



Fluorescent Molecular Rotors

LBX37 and pictured in  Figure 3. Itis composed of a naphthalene unit, the

electron -acceptor and a dibenzoazepine unit, the electron -donor. 127

Figure3: Chemical structure of the molecular rotor LBX37 used in this work. The molecule rotates
around the axis of the @\-bond between the naphthalene unitwhich isthe electron-acceptor (red,
upper part) and the dibenzoazepine uniivhich isthe electrondonor (green, lower part).

Fluorescence molecular rotors are oft  en applied for real-time monitoring of
polymerization reactio ns or aggregation phenomena. Furthermore, the usage

for reporting protein conformation changes was reported. (28] In biological
research fields, molecular rotors have the advantage to result in a
guantitative fluorescence response, compared to qualitative data for other

fluorescent probes. 19

In this work, th e fluorescence molecular rotor wa s used to monitor the
form ation of nanopatrticles via a solvent evapo ration (SEED) process. The fast
response of its fluorescence lifetime to changes in the microenvironment
enabled determination of the concentration in the nanodroplets during
SEED.

11
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2.3 Fluorescence Spectroscopy vianke-Correlated
Single Photon Counting

Fluorescence spectroscopy methods are of high interest in all natural science
disciplines. Especially time  -resolved fluorescence spectroscopy is a powerful
tool in the analysis of molecules. In this regard, time -correl ated single photon
counting (TCSPC) enables temporal resolution to obtain fluorescence
lifetimes as well as the decay shape, in order to resolve not only mono -
exponential, but multi -exponential decays. 29 The arrival time of every
individual photon is measured by TCSPC. (26l The method work s as following:
A fluorescent sample is excited repetitively by short laser puls es and the time
between excitation and  emission is measured. [29 The principle of TCSPC
(Figure 4) can be described with a stop  -watch. The laser pulse resembles the
start of the clock, whereas the clock stops when the first photon arrives at

the detector. This process is repeated many times to count the number of
photons arriving at a certain time or time rage (bin). According to their arrival

time , the photons are sorted in  to a histogram.

Time

Counts

Photon » »

Laser Pulse Time

W N O AW N R

s

Figured4: Principle of timecorrelated single photon counting (TCSP@®) A fluorescent sample is
excited repetitively by short laser pulses and the time between excitation and emission is
measured. The laser pulse the start andthe photon arrival timeat the detector isthe stop. The
time in between is measured(B) This praess is repeated many times to count the number of
photons arriving at a certain time or time ragéC) According to their arrival time, the photons are
sorted into a histogramAdapted from[15,16,29]

12



Fluorescence Spectroscopy via Fuerelated Single Photd@ounting

The counts or the intensity | is plotted againstthe  photon arrival time t and

the fluoresce nce lifetime F can be determined from the slope of the

exponential decay fit function (equation 1). 301
© o0Q 1)
In case the measured sample shows two different fluorescence lifetimes ( f1,

f2), the decay curve is the sum of two intensity decay curves and can be

expressed as following (equation 2) to obtain both fluorescence lifetimes

oG 9 G Q9 (2)

The general term (equation 3) for samples with more than one lifetime is

described with the amplitude A as:

O B & Q A3)

The resolution o f TCSPC experiments is given by its instrument response
function (IRF), that contains the pulse shape of the laser, the temporal
dispersion in the optical system, the detector as well as the electronic
characteristics. 1€ |deally, the IRF is infinitely narrow, due to an infinitely

sharp excitation pulse and infinitely accurate detectors and electronics.

To define an average fluorescence lifetime value for each measurement or
each decay curve, the weighted average fluorescence lifetime fwa Ccan be used.
This lifetime takes the different single lifetimes fi as well as their amplitudes

Ai into account as described in equation 4,

s (4)

In this work, TCSPC was used to determine the fl uorescence lifetime of the
fluorescent molecular rotor LBX37, in order to monitor the formation process

of nanoparticles via a solvent evaporation process.

13
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2.4 Confocal Laser Scanning Microscopy

Confocal laser scanning microscopy (CLSM) is a versatile tool to image
fluorescently labeled probes. Bl The confocal scanning mic roscope was first
invented in the 1950s by M. Minsky and was improved from that time on

until today. [32

The universal application of CLSM is cause d by the advantages of the
method. H igh resolution images and  relatively high frame rates  are among
the main features of CLSM. 133341 The main advantage is 3D sectioning.
Confocal laser scanning microscopy can visualize details of fluoresc ently
labeled probesina 3D image: details, that previously were only seen in very
thin samples with the  conventional epifluorescence microscopes. In thick
samples the fluorescence background  overwhelmed the focal plane signal. 1Bl
In contrast to standard epifluorescence microscopy, CLSM images only show
the focal plane . The principle ( Figure 5) is based on scanning the sample
point by point using a laser beam thatis focused in to the sample. The laser
light is scanned across the sample and the fluorescence signal is collected
using the single objective lens. With a lens of 1.4 numerical aperture (NA)

the theoretical lateral resolution is 0.14 pm and the vertical resolution is
0.23 pm.[31 Additionally, a spatial filter (pinhole) is needed to remove
unwanted fluorescence light coming fromthe background .B.34 The signal is
detected by a photode tector, like a photomultiplier tube (PMT)  or Avalanche
photodiode (APD) , behind the pinhole. Only light focu sed at the pinhole and
therefore coming from the focal plane within the sample is detected. A
stepper motor or piezo -drive is used to go small steps along the z -axis to

obtain three -dimensional information and images. (34]
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=== Pinhole

Detector

Figureb: Scheméc setup of a confocal laser scanning microscope. The sample is illuminated with
a focused laser beamwhich passes a dichroic mirror and the objective leffhe laser beam is
scanned across the sample and the fluorescence signal is collected asinbjective lensand the
dichroic mirror. A pinhole is placed in front of aletector to remove unwanted fluorescence from
areas around the focus point.

There exist di fferent types of CLSM, which can be classif ied by the scanning
process. 3D images can eitherbe taken by stage -scanning orbeam -scanning.
The latter process is more suitable for biological probes, because image

acquisition times are faster. 81

Confocal laser scanning microscopy is used in many disciplines, such as
biology, medicine, chemistry, physics and material sciences. The CLSM
method itself is already afre  quently used analysis tool, but CLSM is also the
basic concept for many other methods, such as f luore scence correlation
spectroscopy (FCS, described in the next section) or fluorescence lifetime

imaging microscopy (FLIM).
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2.5 FluorescenceCorrelationSpectrosopy

Fluorescence correlation spectroscopy (FCS) was first introduced by Madge,
Elson and Webb in the 1970s and became more and more interesting for
researchers, especially in the fields of physical chemistry or biophysics. [35646]

FCS investigates the dynamics of fluorescent or fluorescently labeled

molecules, nanoparticles or macromolecules and is compatible with  a variety
of solvents . This allows to study the dynamical behavior of fluorescent
molecules in various environments. [46]

Different from conventional fluorescence spectroscopy studies, the principle

of FCS is based on the small statistical fluctuations of the light inte nsity of
a fluorescent species dif fusing through a very small ob  servation volume. [36]
This observation volume is determined by th e focus of a confocal microscope
and typically has a volume of around 1 pm3. The in tensity fluct uations are
correlated to analyz e the dynamics ofthe sample system . Therefore, diffusion
coefficients, hydrodynamic radii, aggregation behavior or chemical rea ctions
can be observed by fluorescence correlation spectroscopy. 138 Due to
fluorescence, this technique is very sensitive, and i ndiv idual molecules can
be analyzed. B¢l FCS also has a high selectivity. Different from dynamic light
scattering techniques, FCS only detec  ts fluorescent probes. So, it  is possible
to selectively label single component of the measured system. Another
advantage is the short mea surement time, w hich is usually a few seconds,

enabling the investigation of time  -dependent processes.

The FCS setup i s based on a confocal microscope as shown in Figure 6. A
laser is used as light source to excite the fl uorescent sample. The wavelength
needs to match the excitation wavelength of the fluo rescent species.
Commo nly used lasers are argon ion lasers or helium  -neon lasers. The laser
light passes a dichroic mirror before it is focused by the objective into the
sample. As soon as the fluorescent molecules diffuse inside the observation

volume, they are excited by the laser light and emit light, which passes back
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through the objective, the dichroic mirror, an emission filter and the pinhole,
before it arrives at the de  tector. Often Avalanche photodiode (APD) detectors

are used in FCS setup s.

Sample

Objective

Observation volume

Mirror

Emission Filter

Lens
W Pinhole

Figure6: Fluorescene correlation spectroscopy (FCS) setup, based on a confocal microséope.
laser is used as light source to excite thadtescent sampleThe laser light passes a dichroic mirror
before it is focused by the objectivimto the sample.Huorescent moleculesre excited by the laser
light and emit light, which passelsackthrough the objective, the dichroic mirror, an emission filter
and the pinhole, before it arrives at the dector.

Even though many solvents can be used for FCS experiments, mainly
sample s are dissolved in aqueous solution s. The ideal concentration of the
fluorescent species is around 10 nM to observe in average one molecule that

is diffusing through the observation volume at a time. The observation
volume Voos shows a Gaussian profil e and c an be described by its radial ro

and axial zo dimensions; [45]

G tta o ®)

The fluorescent molecules diffuse into and out of the observation volume,

because of Brownain motion and cause a variation in the light int ensity,
which is detected by the APD. This signal is a time trace as depictedin  Figure
7 (left).
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Intensity

Auto-
correlation

Figure 7: Principle of fluorescence correlation spectroscopy (FCS) measurements: Intensity
fluctuations from the excited fluorescent species (left) are transferred into an autocorrelation
function (right) and fitted with an appropriate model function to gain information about the
diffusion time _p and the number of particlesN in the observation volumeAdapted from[44,45].

The fluorescence intensity signal F(t) is fluctuating around a temporal

average :[36:45,46]
06 6060 1 "®8 ©

To gain information out of the light intensity fluctuation signal it is necessary

to auto -correlate the signal fo r any delay time f*, in order to obtain the

normalized fluctuation autocorrelation function G(f*) (Figure 7):036.45.46]

I 0 e

ot % & (7)
To extract parameters as the diffusion coefficient D or the concentration c,

experimental autocorrelation must be fitted with a mathematical model
function. Therefore, the approximat ion is made for measurements in
solution: the detection volume can be seen as a three -dimensi onal Gaussian
profile, as descri bed in equation 5 . If the fluorescence fluctuations are cause

by only one type of molecules, which is significantly smaller than th e
observation volume , and if the molecules are able to diffuse freely in three

dimensions, the autocorrelation function is describes as: [44846]

of  p ————r ®)
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The autocorrelation function in three dimensions contains the number of
particles N in the observation volume and the structural parameter S, which

is the ratio of the axial Zo to the radial ro dimension, describing Vobs.
Equation 8 depends on the diffusiontime  fp of the fluorescent species, which

is the decay time of the correlation curve. It can be calculated from the

diffusion coefficient D:[44.46]

o= 9)

The Stokes -Einstein equation (10 ) describes the relation between the
hydrodynamic radius  Ru of the molecule and its diffusion coefficient D taking
the temperature T, the Boltzmann constant  k as well as the viscosity of the

solution E into account.
Y — (20)
Fluorescence correlation spectroscopy is frequently used in the study of

nanoparticle systems for drug delivery. Examples of FCS studies in different

cooperation projects are shown in chapter 6 of this thesis.
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3 Polymer GelAssisted Formation of
Giant Unilamellar Vesiels

Every single human being consists of trillions of cells (471 & our smallest living
building units. Even though there exist different types of cells, such as
eukaryotic and prokaryotic cells, they all have a protection against their

direct environment - th e cell membrane. This membrane consists of a lipid
double layer, also called bilayer.  [48] |t consists mostly of phospholipids, which
have an amphiphilic character, and therefore form the characteristic double
layer. In case of eukaryotic cells, the lipid double layer contains other
components , such as proteins or protein channels. 49 Because of the
complexity of cells and cell membranes , it is very importan t to understand
our smallest building units. Hence, cell membrane model systems are used
in biological, medical or biochemical studies. (49,50 There are different types of
models, for example black lipids membranes , solid supported bilayers or
vesicles .[518561 Probably the most relevant among these model s ystems are
giant unilamellar vesicles  (GUVs). They resemble the basic structure of all
living cells, mimicking the closed cell membrane. 53571 GUVs and their
preparation are well known, butstill  the size -controlled formation is missing.
Desirably, hundreds of vesi cles with defined diameters can be prepared in
an easy and comparably low -priced way. To address this probl  em, a polymer
gel-based system wa s used in this project to create uniform and well -defined

giant unilamellar vesicles.
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3.1 ChemicalConceptsand Methods

The theoretical concepts of cell membrane models as well as the chemical
background of the polymer hydrogel, used in this work, is explained in this
chapter. Confocal laser scanning microscopy and fluorescence correlation
spectroscopy as the analytical me  thods of choice for this work, are explained

in section 2.4 and section 2.5.

3.1.1 Giant Unilamellar sicles

The word vesicle describes a structure of one or more spherical bilayer s that
enclose a small aqueous volume. 571 The hilayer s consist of amphiphilic
molecules that self -assemble into the vesicle structure. The amphiphile s
contain a hydrophilic part, which is in contact with the aqueous solution,

and a hydrophobic part , which interacts to form the inner part of the
bilayer. 621 In case of vesicles that have lipids as amphiphiles, they are called

lipo somes. These lipids are often phospholipids, which have hydrophobic,
non -polar hydrocarbon chain s and a hydrophili ¢, polar phosphate head

group_ [49,63]

A variety of phospholipids  is existing . One prominentexampl eis1,2 -dioleoyl -
sn-glycero -3-phosphocholine  (DOPC, Figure 8A) that belongs to the
phosphatidylcholines, a major component of biological cell membranes. This
phospholipid is the main lipid component used for vesicles formation in  this
work . Two other phospholipids  were also used : 1,2-dioleoyl -sn-glycero -3-
phosphoserine  (DOPS, Figure  8B) belongs to the group of
phosphatidylserines , which play an important role in blood coagulation [64]
1,2 -dioleoyl -sn-glycero -3-phosphoethanolamine (DOPE , Figure 8C) is a
phosphatidylethanolamine and can mainly be found in the cytoplasmic side

of the membrane bilayer .[65]
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If a vesicle consists of a single bilayer, it is called unilamellar. [57]
Multilamellar vesicles are formed from multiple bilayers. Unilamellar vesicles

can be differentiated by their sizes. Small unilamellar vesicles (SUVs) show
diameters below 100 nm, often even below 50 nm. S ometimes the y are also
called sonicated unilamellar vesicles, because they are formed upon applying
an external sonication energy. 571 The diameter of large unilamellar vesic  les
(LUVs) ranges from 100 nm up to 10 pm.i5357 They can be prepared by an

extrusion process .[66]
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Figure8: Chemical structures of thehosphdipids used in this workfor vesicle preparationA: 1,2-

dioleoyl-snglycera-3-phosphocholineDOPCa phosphatidylcholineand the main component of the
vesicles prepared in this work B: 1,2dioleoyl-snglycero3-phosphoserine DORS a

phosphatidylserine C 1,2dioleoyl-snglycerc-3-phosphoethanolamine DOREa phosphatidyt

ethanolamine

Vesicles with a single double layer and with dimeter s between 10 8 200 pum
are called giant unilamellar vesicles (GUVs, Figure 9).57671 Due t o their
properties , giant unilamellar vesicles (GUVs) are perfect candidates for cell
membrane models. [68] Their size is in the same range as the sizes of biological
cells and the wunilamella r character perfectly fits to biological cell
membranes. Similar to cells, GUVs are flexible. All these characteristics
make them ideal models for an easier understanding of membrane
processes. GUVs can notonly b e used as membrane models, but also as cell

models. They were already used in different studies, such as the imitation of
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cytological processes, studying the dynamics of lipid membranes or gene

expression .[44.69 671]
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Figure9: Schematic image of aignt unilamellar vesicle(GUV) consisting ofone bilayer ofself-
assembled amphiphili¢phosphao)lipids. The diameter of GUVs ranges from 10 to 200.
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The advantage of GUVs compared to other membrane models, especially to
support ed bilayers is their shape. The vesicle form is comparable to the cells,
whereas the planar supported bilayers are not flexible. Membrane stacks as
membrane models are also not perfect, because of their geometry and

because they contain more bilayers than biological cells.52

3.1.2 Common Methods for Preparin@ant Unilamellar Vesicles

The preparation of giant unilamellar vesicles (GUVS) is possible using many

different procedures andis studied since the 1960s .72

The most widely used technique is the electroformation .[731 This method uses
an externally applied electric field for the formation of GUVs. Therefore, the
lipids are deposited from an organic solution on a conductive surface. (571 This
can be a buffer -filled chamber with conductive slides. An (alternating ) electric
field starts the hydra tion of the lipids into GUVs. [581 There are sever al
advantages of the electroformation method. The first factor is the speed of

the vesicle formation, which is a few hour s or even minutes. A second factor

is the good quality of the GUVSs. Their hydration can be easily controlled by

adjusting the electric  field. Another advantage lays in the  direct observation
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of the formed vesicles under a microscope, if suitable chambers are used in

the process. The reproducibility of the process is high and results in
unilamellar and spherical vesicles. [57.74,751 But there are also disadvantages
in the electroformation technique: For this process a special equipment is
needed. The formation is very sensitive to charged lipids and may not work

if too m any charged lipids are present. Furthermore, this procedure forms
interconnected vesicles, which may exchange their lipids with their
neighbors. 57.741 The formation process in shown in Figure 10. The procedure
is also possible without an electric field. In this case , the method is called
gentle hydration. The procedure is similar to electroformation: lipids are
deposited on a solid surface, but here the vesicles form by spontaneous
swelling and not from the influence of an electric field. The addition of water
orsolvent tothe already pre -organized lipids ( into bilayers) results in swelling

of th e bilayers. Upon disturbance (e.g. mechanical shaking) parts of the

bilayer release to the bulk solution and self -close.

FigurelO: Scheme of the preparationf giant unilamellar vesicles by lipid film hydration on a solid
surface. The process starts from (&) multilayer sta& of lipid bilayersthat is (B)hydrated by a
solventand grows (GE) into (ff a selfclosed vesicleln case of electroformationthe sdid surface

is conductive and an electric field is applied, whereas the method is called gentle hydration when
there is no electric field presentAdapted from[57,59,76]
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The advantages of the gentl e hydration are the simplicity, because no special
equipment is needed , and the possibility to use charge  d lipids for the GUV
preparation. Disadvantageously, the formation is difficult to control and
take s afew days. [57.741 Both processes, electroformation and gentle hydration,

are lipid film hydration methods and were optimized and improved in the last
decades. The control of the vesiclesd size
methods. Tao etal. foundaway forp reparing GUVSs via electroformation with
low polydispersity by adding Ca 2+ or CaCO 3 to the lipid film surface. 771 But
the presence of these ions or mole cules may influence the membrane

behavior.

Another possibility for GUV  formation is the fusion or coalescence of small
vesicles. In one method, s mall vesicles are stored in suspension for several
days to form GUVs. [57.78 The reason s for their coalescence could be  the usage
of oppositely charged lipids , the addition of fusogenic peptides or additional
poly ethylene glycol (PEG).[7?881 This technique is simple, does not need
special equipment and is  free from organic solvents, but the vesi cle size and
the lamellarity are  not controllable . Furthermore, this method is not sui table

for every type of lipids.

The formation of GUVs is also possible from a micellar lipid solution. In this
process, the lipid s are forces into micellar structure s due to a high amount

of micelle -forming surfactants, which are present in the lipid solution. When

the surfactant is removed, the micelles form into giant vesicles. 821 This
method is simpl e and does not require special equipment . But it does not
control of the vesicles 0size and is limited to certain lipids. (571

3.1.3 GelAssisted Formation of Giant Urilnellar \esicles

Besides the commonly used GUV preparation methods such as
electroformation or gentle hydration ,whichare performed on asolid surface s

from lipid bilayers, other methods were established in the last years.

26

i s

a

c hal



ChemicalConcepts and Methods

In 2008 Horger et al. improved the gentle hydration technique . They used a
layer of agarose gel on glass to form the vesicles on a gel substrate. For this
process, thr ee steps we re relevant. First, afilm  of an ultralow melting agarose
was deposited on a glass slide. Secon d, lipids wer e added to generate an
agarose -lipid hy brid film. And third, the film wa s hydrated, so vesicles are
forming. This method has many advantages, especially compare d to the
gentle formation on solid substrates. With the agarose gel -assisted GUV
formation proces s, it wa s possible to work in the presence of physiological
buffer, such as phosphate buffered saline (PBS). The vesicles form ed within
minutes inremarkably high yields. Furthermore, no special equipment or an
electric field wa s needed and no additional p  re-hydration step required. This
method works for a variety of lipids and lipid mixtures. Besides all the
advantages of this method, there still remain some problems. The agarose
can dissolve in the aqueous solution and end ed up inside in the giant
vesicles. Additi onally, this procedure generated unilamellar as well as

multilamellar giant vesicles.  [83l

To improve the gel -assisted GUV formation , Weinberger et al. changed the
agarose gel by a fully hydrolyzed high -molecular weight polyvin yl alcohol
(PVA). This p olymerwa s used as a dry but swellable film on a glass substrate.

The lipids for the vesicle formation were spread on this gel surface and
hydrated in an aqueous  (buffer) solution. GUVs form ed very fast from a film,
which was composed of lipids in the flui  d state. From this process , many
unilamellar vesic les can be prepared within two minutes. Small vesicles as
well as large ones can be obtained from ( Figure 11). During the growing

process, small vesicles fuse d into large vesicles.

27



Polymer GeAssisted Formation of Giant Unilamellar Vesicles

Figure 11: Gonfocal laser scanning image€<Z plane) of DORGUVs labeled with 0.5 mol%
RhodamineB-PE, grown on unlabeled PVA filfBcale bars are 20 unReprintedfrom [59].

The mechanism of the GUV formation is not fully understood, vyet.
Weinberger et al. described the possible pathway for GUV formation on solid
(glass) substrate and gel substrate as the following: The water penetration
on glass into pre -ordered lipid bilayers has two mai n water transport ways.
On the one hand, water approaches the interlamellar regions from the edges
and swells the bilayer stack. On the other hand, water can permeate the
bilayer directly, because a phospholipid bilayer has a certain water
permeability ( Figure 12A). In the case of GUV formation on a gel surface, the
same water transport modes occur, but there is an additional pathway from

the gel side. The PVA gel takes up water and creates a chemical potential
gradient between the dry gel and the outer region. This circumstance drives

water across the membrane stack (  Figure 12B).59
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Figure 122 Water penetration pathways(blue lines)through a lipid bilayer stack deposited on
(A)glass andB)PVA gelAdapted from[59].

The PVA gel-assisted method has the advantage that it is even faster than

the electroformation and it avoids the risk that lipids degr ~ ade. Furthermore,
the GUVs are free of polymer, which is a great advantage compared to the
agarose gel-assisted process. Therefore, it is possible to encapsulate
biomolecules, such as drugs, or other species in the GUVs with this method.
Numerous lipids or  lipid mixtures can be u  sed in the PVA gel -assisted GUV

formation to obtain defect -free vesicles. 59

Even though the gel-assisted GUV formation  methods alrea dy have many
advantages compared to other methods, some pro blems remain. In case of
the agarose gel-assisted method the substrate dissolves and remains in the
vesicles. This is not the case for PVA as substrate, but with this method the
size of the vesicles is not controllable. Giant vesicles are formed, especiall y
when small vesicles fuse to large  r ones, but the diameter of the GUVs ranges
between5and 50 pum. For specific cell model experiments it would be helpful
to generate GUVs, that have a defined diameter. Furthermore, the PVA gel is

a physically cross -linke d gel and does not stick to the glass surface. So the
substrate cannot be used again. Ideally , the gel -assisted GUV for mation
could be done with a gel that is attached to the glass surface and show s all
the advantages that the gel -assisted methods already have. Asitis shown in
the following , such a gel could be a polymer hydrogel, that is based on poly( N-

isopropylacrylamide) (PNIPAAmM)
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3.1.4 Poly(N-isopropylacrylamide)

Poly(N-isopropylacrylamide) , or short PNIPAAm, is one of the most widely
used and known therm os-responsive polymers. Research on PNIPAAmM deals
with its solution properties, phase transitions or functionalization and its
applications. [84387 A simple search for this polymer in the chemical reaction
database SciFinder results in 14687 references containing poly(N -
isopropylacrylamide) ( status January 18, 2018). Many research areas are
interested in the molecule , so the studies and pub lications about PNIPAAmM

increased in the last decades , as summarized in  Figure 13.
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Figurel3: Number of references foundor poly(N-isopropylacryamide) orthe database SciFinder
for the decades from 198 until today, increasing exponentially @axis in logarithmic scale)The
chemical structure of PNIPAAm is presented within the graphics.

To understand why PNIPAAmM is so interesting, it is necessary to take a look

atits chemical structure ( Figure 13). PNIPAAm s a pol ymer thatis composed
of the monomer unit N-isopropylacrylamide  (NIPAAm), which is an N-
substituted acrylamide with an isopropyl group at its nitrogen atom.
PNIPAAmM is a hydrophilic polymer with a special property. | t has a transition
temperature close to the physiological temperature. The structure of
PNIPAAmM in aqueous solutions changes rapidly from a more hydrophilic to

a more hydrophobic behavior between 30 and 35°C, which defines its lower
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critical solution tempe  rature (LCST). [8689] |n this transiti on, the hydrophobic
isopropyl groups of the polymer and their local environment play the most
important role. In water or other aqueous solu tions, which are able to form
strong hydrogen bonds, PNIPAAmM is soluble. Temperature dependent
interactions between the polymer and the solvent arise because of changes
in the local environment aroun  d the hydrophobic isopropyl do  mains . Below
the LCST, only water molecules surround the isopropyl groups, building
hydrogen bonds, whereas above the LCST the isopropyl groups interact with
the water molecules and with the polymer chain segments. Hence, above
35°C the hydrogen bond s are repealed and PNIPAAmM phase separates and
precipitates . PNIPAAmM is a thermo -responsive polymer that shows inverse

solubility upon heating.  [86889]

Poly(N-isopropylacrylamide) is known since the 1950s , when its monomer
unit  N-isopropylacrylamide (NIPAAmM) was first synthesized and
polymerized. 87901 PNIPAAmM can be synthesized by various methods, but the
most widely used synthesis procedure is free radical polymerization. 87 In
this procedure , the monomer N IPAAm is dissolved in an organic solvent and

the reaction is started with an initiator molecule upon heating. Here, the
initiation reaction generates free radicals, which are the active center from

which the polymer chain is growing (propagation) by adding one monomer
after the other to the radical chain. The polymer chains do not start
simultaneously. The growing of the polymer chains can be stopped by

recombination, disproportionation or conversion. (01]

The thermo -respons ive PNIPAAm is of high interest for many research areas

and a variety of applications. Depending on the architecture of the polymer :
different studies have been published. If PNIPAAmM is used as a solid it can

be coated onto glass surfaces, which should the n absorb and release water
vapor as humidity sensors  orforuse ingree nhouses. 87 In the biological field
PNIPAAmM chains in solution could be used as immunoassa y technology
because of its thermos -responsive behavior in the physiological temperature
regime. 921 The combination of PNIPAAmM and polystyrene (PS) can give a fully

reversible thermo -responsive block copo lymer membrane. [931 Furthermore,
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PNIPAAmM can also occur in a micellar form. Together with polylactic acid

PNIPAAmM can control drug delivery from core -shell nano -sized micelles. 4]

As already mentioned in some of the application examples, the thermo -
responsive property of PNIPAAmM is  often combined with the proper ties of
another polymer unit. Hence, it is possible to combine tw 0 or more polymers
to a copolymer . This can be a block copolymer, a grafted polymer or a
statistical copolymer. One interesting candidate is a PNIPAAmM -based
terpolymer (polymerized from three different monomers) , which i s already
used for a few yearsi n di fferent studies. 1959 |t is a statistical copolymer and
the main part of this terpolymer is NIPAAmM, to retain the temperature -
responsive solubility behavior. The second mo nomer is methacrylic acid
(MAA). Thisionizable function is needed for a higher hydrophilicity. The polar
MAA groups increase the swelling ratio and ensure a homogeneous swelling
behavior .19 The third part in the terpolymer is the hydrophobic mol ecule 4-
methacryloyloxybenzophenone (MABP). The benzophenone group is needed

to cross -link the terpolymer. MABP is photo -reactive, so aliphatic groups
from the polymer cha in react with the benzophenone moieties under UV

(365 nm) irradiation.

Figure 14 shows the cross -linking mechanism:  Through UV irradiation a
photon absorbs and promotes one electron on the oxygen from a nonbondin g
sp2-like n -orbit al to the anti bonding ~*-orbital of the carbonyl. The n  -orbital
on the oxygen is electron -deficient and interacts with the weak C -H G-bonds.
This results in hydrogen abstraction. The two new radicals rapidly recombine

and form anew C -C bond and cross -link the two polymer chains.  [97]
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Figure14: Photochemical msslinking mechanism of benzophenone units by UV irradiatiaith
365nm. UV light promotes one electron on the oxygen from a nonbongdiap2like n-orbital to the
antibonding “ *-orbital of the carbonyl.The rorbital on the oxygen interacts with the weak-8 0-
bonds, resulting in hydrogen abstraction. The two new radicals rapidly recombine and form a new
GC bond and crosBnk the two polymer chainsAdapted from[97,98].

Once the terpolymer is irradiated with UV light, the benzophenone units of

the MABP moiety react with the aliphatic groups and form a chemically
cross-linked polymer network. This network can absorb a high amount of
water by swelling into a hydrogel . Hydrogels are defined as materials that
have the ability to swell in water and keep a high amount of water within
their network structure due to  the presence of high amounts of  hydrophilic
groups in the structure. 1 The PNIPAAmM terpolymer has exactly this
behavior. The network structur e arises from the cross -linked benzophenone

groups and the NIPAAm groups as well as the MAA groups are hydrophilic

to retain the water inside the polymer. PNIPAAmM hydrogels and many other
hydrogels are often used in biomedical applications or bioscience st udies
because their high water content leads to a good biocompatibility .[1008103]
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3.2 Experiments und Materials

In this section, the chemicals and materials as well as the analytical setups
that were used for this work are summarized. Furthermore, the chemical
reactions and the experiments with all important parameters are described

in detail.

3.2.1 Materials

4-Hydroxybenzophenone (98 %), anhydrous dichloromethane (DCM,

099.8 %) , met hacryl oyl %cthd iomé drey | (adni ©®%),( TEA, o)
diethyl ether ( ©99.7 %), sodium sulfate ( Na>SO4, 99 %), anhydrous hexane

(99 %), azobisiso butyronitrile  (AIBN, 98 %) and anhydrous 1,4 -dioxane

(99.8 %) were purchased from Sigma  -Aldrich and used as received. Ethanol

( ©9.8 %) was purchased from VWR Chemi cals and c®lMroform (O
from Acros Or gani cs. M ©9.8n %) rwasl purc¢ha&3ed from Alfa Aesar.

All solvents were used as received. Phosphate buffered saline (PBS), N-

isopropylacryl amide (NIPAAm) and methacrylic acid (MAA) were purchased

from Sigma -Aldrich. PBS was received as powder and dissolved in deionized

water to obtain a 0.01 M solution with a pH of 7.4. N-isopropylacrylamide

(NIPAAmM) was recrystallized from toluene/hexane 1:1 and MAA was

distillated before use. Phospholipids were purchased from Sigma -Aldrich as

powders. 1,2 -dioleoyl -sn-glycero -3-phosphocholine (DOPC)and 1,2 -dioleoyl -

snh-glycero -3-phosphoserine (DOPS) were dissolved in  chloroform (c =1 g/L).

As fluorescent mar kers Atto488 - and Atto633 -labeled 1,2 -dioleoyl -sn-

glycero -3-phosphoethanolamine (Atto488 -DOPE and Atto633 -DOPE) were

used and dissolved in DCM and methano | 4:1 (c =1 g/L). Erythrosine was

purchased from Sigma -Aldrich as a powder and diluted in PBS to a

concentration of 50 uM.  The synthesis of benzophenone triethoxysilane was

performed by G. Kircher (MPI -P) according to the literature  .[%]
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3.2.2 4-Methacryloyloxybenzophenone (MABP)

10 g (50 mmol) of 4 -hydroxybenzophenone were dissolved in 100 mL of DCM,
the mixture was cooled in an ice bath and a solution of 5.1 mL (53 mmol) of
methacryloyl chloride and 7.7 mL (56 mmol) of TEA in 20 mL of dry DCM
were added dropwise. The reaction was stirred at room temperature for 4 h.
The solvent was evaporated and the residue was dissolved in diethyl ether.

The non -soluble triethylammonium salt was removed by filtration. The
organic phase was washed with wa  ter three times and afterwards dried over
Na,SOs. The solvent was evaporated and the crude product was
chromatographed over DCM/hexane 7:3. The product was recrystallized

from a mixture of DCM and hexane (1:4).

IHNMR ( CDCI2®1(3 &)s),5.74(1 H,q),6.32(1 H,t),7.15 67.22 (2 H,
m), 7.37 67.48 (2 H, m), 7.48 87.57 (1 H, m), 7.69 67.76 (2 H, m), 7.76 8 7.85
(2 H, m).

3.2.3 Functionalization of the GlassuBstrates

Round microscope cover slides (diameter: 25 mm, thic kness: 160 pm) were
used as substrates for the polymer films. The glass slides were cleaned in an
ultrasound bath, 4x 15 min () ina 2 vol% Hellmanex solution (Hellmanex®

I, Hellma GmbH, Mdillheim), (i) in ultrapure water (Milli -Q water,
18.2 MNt ¢ m) (ii§ @din ethanol. Afterwards  the glass slides were stored
foratleast24 hina6 % solution of benzophenone triethoxysilane in ethanol
under argon in the dark. Finally, the slides were washed with ethanol and

dried under vacuum for 1 hat50 °C.

3.2.4 Poly(N-isopropylacrylamide) BasedeFpolymer

10 g (88 mmol) NIPAAmM, 380 mg (0.37 mL, 4.4 mmol) MAA and 235 mg

(0.88 mmol) MABP were dissolved in 68 mL dioxane. Argon was flown
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through the solution for 1 h. 67 mg (0.41 mmol) AIBN were added to the
solution and t he reaction was stirred at 60 °C under argon for 48 h. For
purification, the reaction solvent was evaporated and the product
precipitated from methanol inice cold diethyl ether . The m olecular weight of
the productwa s My = 221 kg/mol and the polydispersit  yindexis PDI = 1.55,

as obtained from gel permeation chromatography.

3.2.5 Preparation of the Polymer Template

Polymer films were prepared from a 10 wt% PNIPAAM terpolymer solution in
ethanol. The solution was spin -coated at room temperature onto the pre -
func tionalized round microscope glass substrates at a spinning speed of

2500 rpm for 30 s. After spin -coating the samples were solvent vapor
annealed for 1 h in ethanol vapor and afterwards temperature annealed for

1 hat 170 °C in vacuum. Then, the samples we re dried for 24 h at 50 °C
under vacuum. The polymer was cross  -linked and anchored to the glass
substrate by irradiation with UV light (365 nm), using an LED (LCS -0365 -
02-22 High -Power LED Collimator Source, 365nm, 13W, 22mm aperture,
Type-B). The distance between the light source and the sample was always
kept to 13 cm. To homogenize the light, a glass diffuser (DGUV10 -1500,
Thorlabs, Newtown, USA) and a 12  cm tube were mounted between the
LED and the sample holder. With this setup, 1  min illumination time

corresponds to an energy dose of 1.68  J/cmz2 at the sample position.

For micro -patterning different photolithography masks ( Table 2) with

appropriate structure were positioned onto the samples.

The total irradiation energy dose f or the cross -linking was 4.2 J/cmz,
0.28 J/cm2 without and 3.92 Jicm2 with photolithography mask.
Subsequently, the samples were rinsed with pure ethanol and dried at 50 °C

for 1 h under vacuum.
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3.2.6 Giant Unilamellar Anchored &sicle(GUAV) Brmation

Lipid sol utions were stored at -20 °C before use. The final lipid solution for
GUV formation was prepared from DOPC solution with 20 % DOPS and
0.5 % Atto488 -DOPE. 30 pL of the lipid solution were added to the polymer
sample. After evaporation of chloroform, 600 puL PBS were used to grow
GUVs.

3.2.7 Confocal Laser Scanningidvioscopy

Confocal laser scanning microscopy CLSM experiments were performed with
a commercial setup (Carl Zeiss, Jena), consisting of a n inverted microscope
model Axiovert 200 , the module LSM510 and a Zeiss C-Apochromat
40%x/1.2 W water immersion objective . The Atto488 -labelded lipids were
excited with an argon ion laser with a wavelength of 488 nm. The samples

were measured in Attofluor cell chambers at room temperature.

3.2.8 Determination of the Lipids Difision Coefficient via ES

To the mixture of phospholipids for the GUAV formation 0.05 % Atto633 -
DOPE were added and the GUAVs were prepared as describes before. FCS
experiments were performed on  an LSM 880 (Carl Zeiss, Jena, Germany)
setup . Excitation la ser light was focused on  the samples using a Zeiss C-
Apochromat 40x/1.2 W water immersion objective. Emission was collected

with the same objective and, after passing through a confocal pinhole,
directed to a spectral detection unit (Quasar, Carl Zeiss). | n this unit ,
emission is spectrally separated by a grating element on a 32 channel array

of GaAsP detectors operating in a single photon counting mode. A HeNe laser
(I =633 nm) was used for excitation of  Atto633 -labeled lipids and emission
in the range fr om 650 to 696 nm was detected. An  AttoFluor metal chamber

was used as a sample cell. For each sample, 10 measurements (30 seconds

37



Polymer GeAssisted Formationf@iant Unilamellar Vesicles

each) were performed. Obtained experimental autocorrelation curves were

fitted with a theoretical 2D model function. [44]

3.2.9 Photo-Oxidation

For imaging an LSM 880 confocal laser scanning microscope (Carl Zeiss,
Jena, Germany) was used. Atto488 -DOPE lipids were exc ited by an argon
ion laser with a wavelength of 488 nm. Excitation laser light was focused on
the sample wusing a Zeiss C-Apochromat 40x/1.2 W water immersion
objective. Emission light was collected with the same objective and, after
passing through a confo cal pinhole, directed to a spectral detection unit
(Quasar, Carl Zeiss). In this unit , emission is spectrally separated by a
grating element on a 32 channel array of GaAsP detectors operating in a
single photon counting mode. For irradiation of the photo -oxidizer
erythrosine a mercury lamp ( HXP 120 C, FSet43wf) was used. Image

analyzation was performed with the software ImageJ.
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3.3 Results and Discussion

As explained above, the gel-assisted formation of giant unilamellar vesicles
(GUVs) is a new, promising met hod that offers numerous advantages
compared to classical methods . It is faster than the most widely used
methods, such as electroformation, and does not require special and
expensive equipment. Furthermore, a variety of different lipids can be
processedt o defect-free GUVs. The vesicles are free of gel polymer molecule s,
while various biomolecules can be purposefully encapsulated. However, this
method has two main disadvantages: (i) the physical polymer gel is not
permanently attachedto  the glass substrat e and thus can be only used once
and (ii) the formed GUVs are polydisperse, their size can not be controlled or

tuned. The following section describes a PNIAAmM -based hydrogel system that
overcomes both disadvantages and can be used for th e preparation of

uniform giant unilamellar vesicles with pre -defined size.

3.3.1 Preparation ofHat PNIPAANT erpolymerHIims

The PNIPAAm ter polymer was synthesized by free radical polymerization with
the initiator AIBN using 94 % NIPAAM, 5 % MAAand1 % MABP (Figure 15)
with a yield of 80 %. The synthesis via fre e radical polymerization resulted

in a statistical polymer whose monomer units are randomly distributed.

(0] AIBN
/ —_—
dioxane, 60 °C, 48 h ra ran ran
O COOH
[o) NH + + (0} NH (o] (0]
X 0P o Py A

e

Figure 15. Free radical polymerization scheme of NIPAAm, MAAdaMABP copolymerized in
dioxane at 60°C for 48 h, using AIBN as initiatbhe product is a PNIPAAbesed terpolymer.
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The amount of the cr oss-linking unit MABP is only 1 %, meaning that the
molecular weight of the final polymer needed to be higher than 113 kg/mol
to ensure that at least  ten cross-link ing units were present in each polymer
chain to obtain a sufficient ~ network as soon as the polymerwa s cross -linked.
The polymer was synthesized with Mw = 221 kg/mol and a polydispersity
index PDI of 1.55. This molecular weight wa s high enough to build a
sufficient network after cross  -linking, because statistically around 20 cross -

linking units  are present in each polymer chain.

This work wa s based on the previously published gel -assisted methods for
giant ves icle formation and had the goal to improve them. 59831 These
methods were based on gel-fiims on glass substrate. In this work, the
PNIPAAmM terpolymer was spin  -coated from a 10 wt% solution in ethanol on

glass substrates to gain a polymer film with a thickness of about1 pm.

In contrast to the existing gel-assisted methods, the PNIPAAmM hydrogel was
anchored to the supporting glass substrate.  To this end, the glass substrates
were functionalized before usage. The functionalizati on was needed to
covalently bind the polymer chain s to the functional groups on the glass
support upon UV irradiation. [104105] The glass surface wa s coated with
benzophenone units, which react with the polymer chain s trough UV light
activation as described in section 3.1.4. The glass s urface wa s covered with
a benzophenone -functionalized silane through self  -assembly, resulting in
replacement of the alkoxy groups of the silane by the hydroxyl groups of the

glass, forming covalent Si  -O-Si bonds. 8 This process wa s easily done by
placing clean ed glass substrates in an ethanolic solution of benzophenone

silane. Numerous glass substrates wer e functionalized in one step .

After spin -coating the PNIPAAm films to the functionalized glass substrates ,
one more step was required:  solvent vapor annealing.  Laying the sample in
a closed chamber with ethanol vapor , resulted in partial re -solubilization of
the film and flattening o f the surface. The solvent vapor annealing  process
was of high importance to reduce the roughness and to gain a flat film
surface, because it was necessary for the subsequent procedure : The UV

lightin the cross -linking step should arrive perpendicular to the film surface

40



Results and Discussion

and the ap plication of the lipids required a very flat surface for a plain lipid
distribution.  After solvent vapor annealing , the PNIPAAm terpolymer film  was

temperature annealed to obtain a completely dry and homogeneous sample.

The film preparation procedure  was finalized with the cross -linking step.
Irradiation of the poly mer film with UV light activated the benzophenone
groups (Figure 14, section 3.1.4) both in the polymer chain and on the
functionalized (glass, resulting in cross -linked polymer chains and anchoring
the polymer to the glass.  The cross -linking steps generated a chemically
cross-linked and anchored polymer network, improving the GUV formation
method that wa s based on th e physically cross -linked PVA gel that loosens

from the glass substrate.

The addition of water to the cross  -linked PNIPAAmM terpolymer film le d to
swelling into a hydrogel. In general, the swelling behavior depends on the
amount of water or agueous solution , which the polymer network  can hold
and therefore depends on its cross -linking density.  Since the gel wa s

anchored to the g lass surface, the hydrogel stayed in the exact position on

the glass.

3.3.2 Properties ofFlat PNIPAANT erpolymerHIims

The PNIPAAmM based terpolymer film, consisting of 94 % NIPAAM, 5 % MAA
and 1 % MABP, was cross -linked via UV irradiation to a chemically cross -
linked pol ymer network. The polymer film was colorless and had a thickness
of hg = 1.1 ym in the dry state. An important step in the film preparation
procedure wa s the solvent vapor annealing of the film surface, as explained

in section 3.3.1. Without this solvent annealing the s urface of the polymer
film showed a high roughness with height d ifference up to 0.35 pm, which
were more that 30 % of the film thickness (  Figure 16A). After the solvent
annealing process ( Figure 16B) the surface wa s much smoo ther and the

height difference wa slessthan 0.09 pm (< 8 % of the film thickness)
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Figurel6: Surfaces of PNIPAAm terpolymer films, prepared (A) without and (Bhwolvent vapor
annealing Images (320x320um) were taken with a white light confocal microscopdased
profilometer (Nanofocus®, puSurf@&anoFocus AG, Oberhausen

By the addition of water or aqueous solutions to the polymer film, the system
swells into a hydrogel and absorbs the added water inside the polymer chain

network, whereas the whole network extends ( Figure 17).

Swollen PNIPAAm hydrogel

Dry cross-linked PNIPAAm terpolymer m
Glass substrate

Figurel?: Swellingscheme. The dry terpolymer film with a thickne$a was anchored ¢ the glass
substrate and swellednto a hydrogelupon addition ofwater. The polymer chains exterat to
absorb thewater inside the network with thethicknesshs of the swollen polymer film.

Since the polymer is cross -linked to the glass substrate, the dry film as well
as the hydrogel were anchored to the glass. Therefore, the swelling process
was mainly in one dir ection: vertical ly upwards. On the bottom the gel
swelling wa s hindered by the glass . In the hor izontal direction the swelling
was hindered, because the polymer chains are fixed to the glass and the gel
can only extend little.  The anchored parts of the polymer con fined it in the

swelling process.

The energy do se that wa s used to cross-link the polymer  can vary, resulting

in different cross -linking degrees and therefore  in different swelling behavior
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of the hydrogel. The less the polymer chains we re cross -linked (low energy
dose), the weaker wa s the network, the mo re the gel could swell. The
thickness of the swollen polymer hs was determined by z-scans performed on
a confocal microscope ( LSM510, Zeiss, Jena) in the fluorescence mode

Therefore, the fluorescent tracer dye Rhodamine 6G was added to the
hydrogel . This weakly hydrophobic  dye interacted with the hydrophobic
segments on the polymer chains of the hydrogel and partitions more into the

gel than in the supernatant water above it 561 By z-scanning from the glass
surface through the gel, into the supernatant aqueous solution, there wa s a
visible difference in fluorescence intensity and the thickness hs of the gel

could be determined. The ratio between the thickness  hs in the swollen state
and the thickness in the dry state hq is defined as the swelling ratio Rs. The
polymer films were cross -linked with various energy doses to obtain diffe rent
swelling ratios ( Figure 18). The minimum energy dose  Othat wa s needed for
this polymer to anchor it to the glass and to create a c hemically cross -linked
network wa s O& 0.2 Jlcm? . In this case , the hydrogel wa s weakly cross -
linked and it is not possible to de termine the hydrogel thickness, because

the Rhoda mine 6G concentration difference betwe en the gel and the
supernatant wa s not observable anymore. But , itis proved that the polymer
was cross -linked, because itwa s already attached to the glassandc  ould not
be removed by rinsing with ethanol , which would be the case for non -cross-
linked polymer . Andi fthislow energy dose activated  the benzophenone units
onthe glass surface italso activated  the benzophenone units in the polymer.
Below the energy dose of O& 0.2 Jicm? the polymerwa s completely removed
from the glass by rinsing with ethanol. The lowest swelling ratio  for this
terpolymer hydrogel is 2.4 . It needed an energy dose of O&84.6 Jicm? . In

this state , the polymer network wa s as dense as possible.
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Figure18: Swelling ratiosRs for flat PNIPAAm terpolymer hydrogel films at different crodisking
energydosesA. Below 5 J/cm? a linear dependency was observed, caused by a fast consumption of
benzophenone units and efficiecrosslinking. Aboveb J/cmz less benzophenone units remained
for crosslinking and further crosdinking was less efficient.

In the low energy range (  O<5J/cm?) was a linear dependency of the swelling
ratio on the energy dose , caused by a fast consump tion of benzophenone
units and efficient cross  -linking. This linear depende ncy in the lower energy
regime wa s also described in the literature. (108] |n the higher energy range
(O> 5 J/lcm?), less benzophenone units remain ed for cross -linking, resulting

in slower and less efficient  further cross-linking.

Table 1 summarizes the energy dose that was used for cross -linking and the
resulting swelling ratios a nd polymer volume fraction s (U =1/ Rs) of the

PNIPAAmM terpolymer films.
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Tablel: Energy doses, that were usedor the crosslinking of PNIPAAm terpolymer filmgesulting
swelling ratiosRs and polymer volume fractions .

Energy d ose O [J/cm? ] Swelling ratio Rs | Polymer volume fraction U
1.7 10.6 0.09
25 8.3 0.12
4.2 5.9 0.17
8.4 4.3 0.23
16.8 3.7 0.27
25.2 3.5 0.29
50.4 3.0 0.33
84.6 2.4 0.42

With the PNIPAAmM b ased terpolymer hydrogel there wa s already a huge
variety in the swelling behavior. It was tune d by adjusting the energy that
was used in the cross -linking step. To change the cross  -linking density even
more, another possibility could be to polymerize more benzophenone units
into the terpolymer. The more cross  -linki ng units are present, the dense  rthe
network w ould be. This was not necessary for this work, so no furth er studies

were performed in this direction, but it is a possibility for other purposes.

3.3.3 GUV lermation onFlat PNIPAAnTerpolymerAIlms

For the preparat ion of giant unilamellar vesicles via a gel -assiste d method, a
solution of lipids wa s essential. Within this  work the main lipid component
was 1,2 -dioleoyl -sn-glycero -3-phosphocholine (DOPC, see Figure 8A). The
second lipid type t hat wa s used in this work is 1,2  -dioleoyl -sn-glycero -3-
phosphoserine (DOPS, see Figure 8B). These types of lipids we re used,
because they are major component s of biological cell membranes. To make
the lipids and GUVs visible for ¢ onfocal laser scanning microscopy (CLSM),

a third kind of lipids was added 0 an Atto488 -labeled 1,2 -dioleoyl -sn-glycero -
3-phosphoethanolamine (Atto488 -DOPE). This is a commercially available
labeled lipid and perfectly suitable for CLSM imaging. The lipids were used
from a chloroform solution with 80 % DOPC and 20 % DOPS. The amount of
labeled lipids wa s 0.5 %.
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To generate GUVs, the first step wa s to add the lipids by dropping 30 pL
lipid -chloroform solut ion to the polymer surface. The chloroform  drop
evaporates very fast and a layer of lipids is created on the surface. The second
step is t he addition of an aqueous solution and leads to self -assembling of
the lipids into bilayers, to the swelling of the polymer gel and to the formation

of GUVs. As hydration solution phosphate buffered saline (PBS) is used
instead of water to simulate physiological conditions, which are importan t
when dealing with cell membrane models. The generated GUVs can be

observed by CLSM imaging as shown in Figure 19.

Figure19: Confocal laser scanning microscof@LSM)images of DOPDOPSGUVs labeledwith
0.5%Att0488-DOPEgrown on PNIPAArterpolymer films.

The vesicles grow within less than 5 minutes to diameters between 5 pm and
25 um. If they are fully grown |, they have a spherical shape, but it is clearly
observable in Figure 19 that some vesicles are in contact with others and in
some cases, they merge to one big vesicle. The vesicles are unilamellar,
because in the CLSM studies the intensity of the lipid membranes are always

the same , which would not be the case if there were mono -, bi- or

multilamellar membranes.

Compared to previous studies about gel -assisted GUV formation, the
prepared GUVs are comparable in size and growing speed. 59.831  The

advantage here is the chemically cross  -liked hydrogel, because it does not
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dissolve in the buffer  solution and stays exactly at its position on the glass
substrate. The PNIPAAm terpolymer represents a perfect template to prepare
GUVs, because it is a chemically cross -linked and anchored hydrogel, on

which the form ation of GUVs is easy and fast.

The PNIPAAmM terpolymer gel enables the formation of GUVs, but their
formation and especi ally their size strongly depend on the cross -linking
density of the polymer gel  (Figure 20). When GUVs are formed on polymer
gel with alow cross -lin king density (energy dose: 4.5  J/cm?), the GUVs show
sizes between 3 pm and 20 pm (Figure 20A). Higher cross -linking density
(60 J/cm?) results in much smaller vesicles with diameters between 1 pum
and 3 pm (Figure 20B).

Figure20: CLSM images of GUVs, formed on differently crtisked PNIPAAmM terpolymer gel§A)

Crosslinked with an energy dose ofl.5J/cm2. Resulting GUV diameters are betweenu and

20um. x-z-plane images wre taken at several positions (4%). (B) Crostinked with an energy
dose of 60J/cm2. Resulting GUV diameters are betweeruth and 3um. x-z-plane images were
taken at several positions (5)7).

A possible reason for the different GUV diameters could b e, that the lipids
are able to diffuse inside the polymer gel. The mesh size of the polymer

network is large for weakly cross -linked polymer. The polymer volume
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fraction is around 10 % for the sample from  Figure 20A, so the amount of
agueous solution is very high and the network very wide. Hence, the lipids

have enough space to diffuse into the gel. The less lipids remain on the
polymer surface, the less m aterial remains for the vesicle  formation, so the
vesicles grow larger. The | ipids inside the gel are also the reason why the
polymer gel looks greeninx -z-CLSM images. The polymer is not labeled, but

the lipids are and  they are inside the polymer gel.

3.3.4 Preparation of Patterned PNIPAAirerpolymerHIms

As already discussed, the PN IPAAmM-based method to prepare GUVs is very
successful and exhibits advantages to other methods. The aim of this work
was the size -defined formation of GUVs.  If GUVs are used as cell membrane
models, it would be very advantageously if the size of the vesicl es can be
defined during the preparation process. This ¢ ould be achieved by growing
the vesicles on a patterned polymer gel.

Therefore , the PNIPAAmM terpolymer film is prepared as described in section
3.3.1: a thin film is generated by spin -coating an ethanolic  PNIPAAmM
terpolymer solution on a functionalized gla  ss substrate. The difference lie s
inthe cross -linking step. A pattern is generated on the polymer film by micro -
patterning via  structured illumination with a photolithog raphy mask. For
this procedure the before mentioned solvent annealing step is even more
important. Because for the pho tolithography , the maskis laying directly on
the polymer surface. It is important that the film is completely flat, so that
the photolith ography maskisin full contact with the polymer. Only if this is

the cas e, the UV light illuminates only the parts of the film , which are not

covered by the mask.
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Figure 21: Schematic micrepatterning procedure via photolithograhy of PNIPAAmM terpolymer
films. (A) PNIPAAm terpolymer film on a functionalized glass substrate. Mdhoring of the
PNIPAAm terpolymer film to the glass substraa@d weak crossinking via UV irradiation(365nm,
0.28J/cm2). (Q Patterning by UV irration through the non-covered glass o& photolithography
mask (365nm, 3.92J/cm?2). Polymer chains below the mask do not crelask further, but
illuminated polymer chains crosBnk further via their benzophenone units(D) Rinsing with
ethanol removesnon-crosslinked polymer, leading to a PNIPAArerpolymer film with a defined
hole pattern.

First, t he polymer filmis illuminated with UV light for a short period of time
or a low energy dose, respectively. The energy dose is 04 0.28 J/lcm? , which
is hig h enough to cross -link a few benzophenone units with in the polymer
and to anchor the polymer to the glass ( Figure 21B). In the next step, the
pattern is created by illumination with the same light source through a
photolithography mask ( Figure 21C). This mask covers the parts of the
polymer film , which do not need further illumination and cross -linking.
Therefore,an ener gy &dB®2 #cmdisnedded. Thenon -covered parts

are illuminated further , to cross -link the polymer even more and therefore
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create areas in the polymer film with different cross -linking densities. After
the illumination all uncross -linked and not anchored polymer is removed by
rinsing the film with ethanol. This process results in a polymer film with

holes in a defined pattern with defined diameters ( Figure 21D).

The procedure to form the patterned PNIPAAmM films is straight forward and

not very time consuming. The UV illumination step takes around three

minutes and the rinsing with ethanol to remove non -cross -linked parts of
the film take three more minutes. To dry the film completely one hour in th e
vacuum oven is necessary, but then the film is ready to be used. The final

patterned PNIPAAm terpolymer sample shows a defined pattern with holes
in the dry film that have a weakly cross -linked polymer layer on the bottom
(Figure 22).

Figure22: 3D imageof a PNIPAAm terpolymer film that was micoatterned via photolithography
with a special photolithography maskKmageswere taken with a white light confocal microscope
based profilometer(NanoFocus®Surf®, NanoFocus AG, Oberhausen).

The PNIPAAmM terpolymer is ideal to create GUVs on flat film s, but due to the
possibility to cross  -link it chemically, a pattern can be created. This is a great

advantage compared to previous gel -assisted GUV formation met  hods.
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3.3.5 Properties of Patterned PNIPAATerpolymerAIims

In general the properties of the patterned polymer film are comparable to the

flat film. The PNIPAAmM terpolymer film consists of 94 % NIPAAM, 5 % MAA
and 1 % MABP and was cross -linked via UV irradiatio n. The polymer film
was colorless , attached to a round glass substrate (diameter 2.5 cm), had a
round shape with a diameter of 1 cm and had a thickness of hgr = 1.1 pmin
the dry state. But the important property and difference to the flat film is the

patt ern on the surface of the polymer film. As shown in Figure 22, the film
had a defined pattern with roun  d shaped holes. These holes had  a depth of

0.4 pm in the dry state, or a remaining film thickness of hagh = 0.7 pm.

The thickne ss was not the only difference.  Due to the short term cross -
linking in the beginning of the micro -patterning procedure, the cross -linking

densities we re different in the holes compared to the rest of the film. The
difference in cross -linking, result ed in d ifferent swelling behavior . Because
of the pattern in the polymer film and in this regard because of the different

areas of cross -linking density, the hydrogel swelling wa s predestinated by

the pattern. The highly cross -linked areas of the film show ed a weaker
swelling then the less cross -linked parts (defined as holes in the dry state of

the polymer film). In the state of a completely swollen gel , the predefined

pattern wa sviceversa. The parts , that had been holesinthe dry flmpatt ern,
were pillarsin the hydrogel (Figure 23). This treatmentresult ed in a swelling

ratio of Rs rm a 8 for the stronger cross -linked polymer film and a swelling

ratio of Rs, patern @ 20 for the weaker cross -linked pattern.
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A Dry, cross-linked PNIPAAmM terpolymer

Glass substrate

| H,0

Swollen PNIPAAm hydrogel
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Figure23: (A) Scheme of the swelling behavior of the micqmtterned PNIPAAm terpolymer film.
Stronglycrosslinked areas K ¢ height of the dry film) swell lesshi ¢ height of the swollen film)
upon addition of water compared to weakly crodmked areas fan ¢ height of the polymer layer
below the dry holes), which swell into a pillar patterm{ ¢ height of the swollen pillar)(B) CLSM
image (xz-plane) of a swollen patterned PNIPAAm terpolymer film PBS, labeled wittAtto488-
dye. The swelling ratio of the film iBs = 8and the swelling ratio of the pillars i&s = 2Q

The principle thatis  picturedin Figure 23A was working as shownin  Figure
23B. The weakly cross -linked parts (bottom of the holes in the dry state)
swell ed much more compared to the rest of the film. The shape of the forming

pillars wa s not perfect cylindrical, but behaved as expected and wa s suitable

to generate vesicles.

3.3.6 GUV Formation on Patterned PNIPAArarpolymerHIms

The giant unilamellar vesicles (GUVs) were formed from DOPC and DOPS
lipids, labeled with Atto488 -DOPE lipids as described in section  3.3.3. The
lipid application procedure wa s the same and the polymer together with the

drie d lipids was swollen with PBS.  The idea was to grow vesicle on top of the

52



Results and Discussion

patterned polymer gel, on the areas that swell into pillars and remain in the
same size as the pillar diameter. Experiments on flat PNIPAAmM terpolymer

film show ed, that GUVs grow better on weakly cross -linked gel areas with
swelling ratios above 10. Therefore, the GUVs formed on the weak ly cross -
linked pillars. Their size defined the maximum size of the vesicles. Within
5 minthe gel sw elled to athickness ofaround 9  um with a pillar size of about
15um and numer ous vesicle form ed (Figure 24). Vesicle fo rmation speedwas
comparable to that observed on PVA  -gels or agarose substrate .159.83]

With the pattern ed PNIPAAm terpolymer films it wa s possible to generate
hundreds of uniform  GUVs with a diameter size that wa s defined by the
polymer pattern (  Figure 24 A). The vesicles gre w on the polyme r pillar top and
their growing wa s restricted by the pillar diameter. H ence, every polymer
pillar hosted one GUV ( Figure 24B/C). A few small vesicles also gre w on the
film surface and on the pillar si de surface. These vesicles we re very small
compared to the GUVs and are in the size range of LUVs. The GUVs on the

pillars show ed diameters that we re comparable to the pattern sizes. When
the pattern diamete r of the photolithography mask wa s 30 um, the for med
vesicles had a diameter of 30.9 £ 2.4 um. This PNIPAAmM -based technique
can create GUVs with desired diameters to use them as cell membrane
models. The advantage of this method is not only the fast, easy and size -
defined preparation of GUVs, but also th e fact, that the vesicles we re
anchoredt o the polymer substrate. The so  -called giant unilamellar anchored
vesicles (GUAVSs) did not need to be immobilized for further studies, because
they we re already attached to the polymer during the formation. With an

array of hundreds o f vesicles different studies could be performed

simultaneously (see section 3.3.8).
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Figure24: CLSM images of DOPC/DOPS GUVs formed on ipatterned PNIPAAnterpolymer
films. (A) 2D image of an array of hundreds of uniform GUYB)3D image of a 4x4raay of swollen
PNIPAAm terpolymer pillars with GUVs formed on the top of the pillaf€)3D image of a single
GW on a PNIPAAm hydrogel pillar.
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3.3.7 Size Ontrol

The diameter of the vesi cles was defined by the micro -patterned PNIPAAmM
terpolymer film . The growing process wa s limited to the surface area  of the
pre -defined pattern , which wa s the top of the pillars . Consequently, the size
of the swollen polymer pattern  defin ed the size of th e GUVs. Within this
study, three different pattern sizes and vesicle diameters were prepared . The
diameters were chosen in the range of cell and cell membrane sizes to obtain

ideal models for cell membrane experiments. Defined by the
photolithography mask,  the pattern diameters were 15  um for mask 1, 30
pm for mask 2 and 50 pm for mask 3 (see Table 2). The distances between
the center s of the patterns were 40 um for mask 1, 60 pm for mask 2 and
100 um for mask 3. For every pattern GUVs were prepared . The mean
diameter for GU Vs on the 15 um pattern wa s 17.6 +2.9 um, on the 30 um
patternitwa s$30.9 +2.4 ymandonthe50 pum patternitwa s46.4 +2.4 um.
Figure 25 shows the results of the new method for PNIPAAmM gel -assisted
formation of GUVs . Their size wa s comparable to the pattern size, giving the
ability to create vesicles that are uniform and have a desired size between 15

and 50 pm.

Table 2. Specifications of the potolithography masks for micrepatterning of the PNIPAAmM
terpolymer films.

Pattern diameter a Pattern distance d
Mask [um] [um]
e 9
1 15 40
30 60
50 100
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Figure 25: Left: CLSM images +{#plane and xz-plane) of uniform giant unilamellar vesicles
prepared by PNIPAAm galssisted swellindor (A) 15um, (B) 30um and (C) 5um pattern size
Right: Histograms of the vesicle size distribution.
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The PNIPAAmM gel-assisted formation of GUVs has several advantages
compared to othe r methods. As already explained, the polymer film cannot
dissolve in the solvent, because it is an anchored network. That means there

is no freely diffusing  polymer inside the GUVs as it wa s the case for GUV
preparation with agarose gel. Furthermore, this method enables the
formation of hundreds of uniform and size defined vesicles within a few
minutes . The next advantage of this  technique is the immobilization of the
vesicles. Usually the immobilization of GUVs as cell models is a big challenge,

but with this method , the vesic les were already in a controlled position,
anchored to the PNIPAAmM  substrate . This new type of giant unilamellar
anchored vesicles (GUAVs) easily enable s further investigations on an array

of hundreds of vesicles simultaneously.

3.3.8 Applications

With the PNIPAAmM gel -assisted method , size-defined giant unilamellar
anchored vesicles were prepared . Hundreds of vesicles were in a defined and
controlled position . The GUAVs did not move or flow in the solution, which

is an advantage compared to cell-mimicking GUVs that were prepared with
other methods, such as electroformation. These GUVs need ed to be

immobilized after their preparation of perform further experiments.

This chapter shows two different application examples for giant unilamellar

anch ored vesicles (GUAVs). T he first applicationused  the advantage that the

vesicles were immobilized and did not move from their position. Hence,
fluorescence correlation spectroscopy measurements ¢ ould easily be
performed to determine the diffusion coeffici ent of the lipids in the

mem brane. The second example used the advantage to have tens or
hundreds of GUAVs immobilized and together in order to investigate the

photo -oxidation behavior of the lipid s inthe membrane.
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Application 1: Investigating the Diffusion of DOPHipids in Gant
Unilamellar AnchoredVesicles

Biological membranes are not only a barrier between the exterior and interior

of cells, but also segregate into specialized functional domains. (107,108] The
membrane forms a structural matrix, providing mechanical stability. (107]
Already in 1972 Singer and Nicolson described the importance of
understanding the dynamics of ce Il membranes. 1199 The diffusion coefficient
of membrane lipids belongs to the most important parameters regarding the
dynamical studies, because it is closely related to the structure of the
biological membrane. 1071 To characterize the diffusion of lipids in biological
membranes or membrane models, various experimental techniques are
useful. Mainly, fluorescence correlation spectroscopy is used, but
fluorescence recovery after photobleaching, single part icle tracking or
nuclear magnetic resonance measurements are other  possible

methods. [107.110]

Herein, f luorescence correlation spectroscopy (FCS) measurements were
used to investigate the dynamics of the GUAV lipid bilayer that represents
the cell membrane. [44 Forthese measurement0.01 % of fluorescently labeled
lipids (Atto633 -DOPE: Atto633 -1,2-dioleoyl -sn-glycero -3-pho sphoethanol -
amine ) were added to the standard lipid mixture that was used forthe GUAV
formation . Via confocal laser scanning  microscopy and z-scanning in the
fluorescence mode , the laser beam was focused on the membrane. Once the
focus wa s fixed , measurem ents c ould be performed for several minutes in
the same position, b ecause the vesicle membrane did  not move and the only
diffusion wa s coming from the lipids inside the membrane. Measurements
were done in three different samples and 12 different vesicles. Figure 26
represents an autocorrelation (AC) curve of the DOPE lipid diffusion in the
GUV membrane, as determined by FCS measu rements. The experimental
autocorrelation curve  was fitted with a single component model, showing
only o ne type of species diffusing in the membrane. The diffusion coefficient
of this species was found to be D =1.01-10 -1t + 0.14-10 -1t m2/s, which isin
the same order of magnitude as described in the literature  for comparable

systems .[107.111,112]
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Figure26: Autocorrelation curve of Atto63dabeled DOPE lipilin GUV membrane, fitted with a
single component model fit. Resulting diffusion coefficientlis=1.01-10" m?/s.

Fluorescence correlat ion spectroscopy measurements could be easi ly done
once the GUVs we re formed on the patterne d PNIPAAmM gel. No further step
was necessary. The vesicles we re already anchored and in a physiological
medium (PBS).

Whereas this first application example of GUAVs showed the advantage of
anchored vesicles , the second application example will show the benefit of
hundreds of uniform anchored vesicles. In a single experiment , Studies on

plenty of vesicles were performed at the same time.

Application 2: Photeoxidation in the vesiclemembrane

Oxygen is not onl y important, but essential for life and the reason for
oxidation processes. Reactive oxygen species can exhibit enough energy for
oxidative damage to the DNA or proteins or they can initiate the peroxidation

of the lipids in biological membranes. (113114 Oxygenation in the cell
membrane is not generally bad. For cell functions, such as signaling, cell

apoptosis or maturation, a certain amount of oxidized lipids is required. (115]
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Nevertheless, uncontrolled oxidation of lipids can lead to diseases, such as
Parkinson or Alzheimer. 1151 Therefore, the investigation of the photo

oxidation process in the membrane is of high importance.

In this study, the oxidation of lipids in the vesicles membrane was
investigated and monitored using confocal laser scanning microscopy . This
study was based on the hydroperoxidation of the double bonds in the lipids

tails by inserting OOH groups , that ledto cha nges in the chain conformation
and therefore to an increase of the area per lipid inside the vesicles. To
generate hydroperoxide groups , the photo -oxidizer molecule erythrosinewa s
used. Irradiation of erythrosine at 547 nm create d singlet oxygen , that

reacted with the unsaturated lipid bonds to hydroperoxide. [116,117]

GUAYV were formed on patterned PNIPAAmM gels as describes before .A50 uM
solution of the photo -sensitizer molecule erythrosine in p  hosphate buffered
saline (PBS) wa s used for the GUAV formation. After the formation process,
the area increase of the vesicles was studied without further preparation.

The area increase occur red upon irradiation of erythrosine and subsequent
hydroperoxidation of the lipids. The areaincrease was moni tored by confocal
laser scanning microscopy (CLSM) at  the equator of the GUAVs after different
irradiation times and irradiation doses, respectively. The results are  shown
in Figure 27: an increase in radius and area of the vesicl es as well as a
deformation of the round shape was observed . The more energy wa s used,
the more singlet oxygen wa s generated by the erythrosine molecules. This
led to the deformation and area increase of the GU AVs. Befor e the irradiation
the vesicles we re uniform and completely round shaped. After 1 min or
3.1 kd/lcm 2 irradiation of the photo -oxidizer erythrosine , the GU AVs were
larger, deform ed and move d from their positions. After 3 min (9.3 kd/cm 2)
the GU AVs grew even larger and even more of them deform  ed or move d from
their position. After 11  min (33.9 kJ/cm 2) the GU AVs reach ed their final size
and most of them have moved from their initial position. The CLSM images
in Figure 27 clearly show the advantage of this GU AV formation m ethod: The
sample can be used for further studies di  rectly after GU AV preparation and
gives the ability to monitor and analyze the behavior of dozens of vesicles

simultaneously.
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Figure27: Results of the photeoxidation experimeris on GUAVs with the phot@xidizer molecule
erythrosine. (A) Area Increase of the GUAVs equator at different irradiation energy doseg) (B
Confocal laser scanning images of the equator of GUAVs at different irradiation times: (B) Before
irradiation the GUAVs are uniform and completely round shaped. (C) Aftenifh irradiation of the
photo-oxidizer erythrosine (corresponds to an energy dose 31 kJ/cn¥) the GUAVs are larger,
deform and move from their positions. (D) After 3 mi®.@ kJ/cn?) the GUAVs a even larger and
more of them deform and move from their position. (E) After tdin (33.9kJ/cn?) the GUAVs reach
their final size and most of them have moved from their initial position.
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3.4 Summaryand Outlook

Research on biological cells, our smallest liv ing building units, is important

to understand life in general, but also to understand and treat diseases. For
a better research on cell s and cell membranes, model systems are useful
tools. Very promising cell model system s are giant unilamellar vesicles
(GUVs). They can be prepared from different procedures. All of them have

their advantages and disadvantages. The presented method for GUV
formation i s polymer hydrogel based and overc ame the disadvantages of the
known gel -based methods. This GUV formation w as based on a
functionalized PNIPAAmM  terpolymer hydrogel film. A benzophenone unit
inside the polymer chain  allowed to cross -link the polymer and anchor  ed it
to a glass substrate by UV irradiation. Hence, the polymer gel stayed at its
position and did not dissolve. Hence, no free polymer  was found in the GUVs
after their fo rmation. The formation of GUVs wa s possible on t he surface of
the polymer film by spreading phospholipids on the film and growi ng them
with a buffer solution (simulating physiological con ditions ). Furthermore, the
GUV growing process work ed without the addition of organic solvents. Only

the add ition of the lipids beforehand wa s done from a lipid -chloroform
solution, because of the solubility of the used phospholipids. The great est
developm ent of this method wa s the GUV size control. GUVs were grown in
a size-defined manner, by forming them from a micro -patterned PNIPAAmM
terpolymer hydrogel.  The GUV diameter corresponded to the pattern
diameter . In this procedure , hundreds of uniform vesicle s were prepared
within a few minutes.  Additionally, this method resulted in GUVs, which

were anchored to the polymer gel, enabling studies on hundreds of vesicle
simultaneously, without the necessity to immobilize them as it is needed for

other GUV formati on methods.

The PNIPAAmM gel -assisted method for GUV preparation is very promising
and overcomes several disadvantages that other methods have, but it is still

in the fledgling stages. In the future work , it could be interesting to test the
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method with a la rge variety of phospholipids and phospholipid mixtures as

well as amphiphilic polymers to generate polymersomes. For studies on the

cell membrane model it might be interesting to encapsulate particles, such

as drug molecules into the GUVs and study their b ehavior to pass the
membrane. The same could be interesting for polymersomes as drug delivery
vehicle s. Anot her future work ¢ ould be the detachment of the GUVs. Even
though the advantage of anchored vesicles is part of this method, it would

be good to have the possibility to detach the GUVs. This might be achieved

by temperature changes. PNIPAAmM is a thermo  -responsive polymer with an
LCST around 30 -35 °C. Above this temperature , the polyme r collapses and
this can result  in GUV detachment.

The PNIPAAm terpol ymer hydrogel -assisted method enables the formation of
size-defined giant unilamellar vesicles within a few minutes. On a micro -
patterned polymer , hundreds of anchored cell membrane models were

generated.
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4 Monitoring PolymerNanoparticle
Formaton usinga Fluorescent
Molecular Rotor

Nanoparticles are objects with a size between 1 nm and a few 100 nm and
they are of high interest in many disciplines .23 Because of their small size
nanoparticles show different proper  ties compared to their bulk materials. 4
The patrticles can be synthesized either biologically or chemically.  ©“ One of
the extensively studied groups of nanoparticles are the polymer
nanoparticles. [ Many studies were performed, focusing on the preparation

of a diversity of differ ent polymer particles and a lot of effort was put on their
applications. [23118]  The preparation and characterization of polymer
nanopatrticles is of large interest in the field s of chemistry, material science
and biomedicine, e.g . in tumor therapy. [8119 The polymer nanoparticles can
be synthesized from micelles or emulsi  on droplet templates  or they can be
prepared from pre -synthesized polymers from emulsified solutions of the

polymer (e.g. by SEED - solvent evaporation from emulsion drople ts). [119,120]

Polymer nanop articles are small and  show a fast diffusion . Hence, i tis very
difficult to get information on how the formation process is taking place. In
the SEED proc edure, the drying process of the nano dropl ets is not fully
understoo d yet. This project investigated the drying process of polystyrene
nanoparticles prepared by solvent ev  aporation. Herein, polystyrene wa s a
model system to test and develop the method. In this project, fluorescence
correlation spe ctroscopy and fluo rescence lifetime measurements we re used
to monitor both size  and concentration changes in the nanodroplet s with the

help of a fluorescent molecular rotor molecule
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4.1 Chemical Concepts and Methods

This chapter introduces the chemical backg round about nanoparticles,
especially polystyrene and the preparation methods of nanoparticles with a
focus on the formation via solvent evaporation from emulsion droplets. The
physical concepts of fluorescence , fluorescent molecules and the analytical

methods are explained in section 2.

4.1.1 PolystyreneNanoparticles

Polystyrene (PS) is one of the most extensively studied polymers . This
aromatic polymer is a commodity plastic  and has been widely used in
research reports because it i s relatively chemically inert. It can be
synthesized from its monomer styrene by many different polymerization
types. Often free radical polymerization (Figure 28) is used .l1211 In this
method , styrene can function as electron acceptor or electron donor and the
polymerization does not necess arily need to be started with an initiator.
Styrene can form the initiating radicals itself. (12181231 The chain growth
process mainly terminates with a recombination step. (121] The resulting
polymer is a linear hydrocarbon chain with phenyl side groups, which is

soluble in aromatic and halogenated hydrocarbons, esters, ketones and
aliphatic ethers, but not in aliphatic hydrocarbons and alcohols. (121]
Amorphous atactic PS homopolymer s are durable and transparent a nd
commonly used as molded or expanded foams. Other applications of PS can

be found in the food industry, because PS is hardly biodegradable.
Furthermore, the usage of PS in medical products and laboratory equipment

is of in terest, because it is very cheap  and biocompatib le.l'24 The special
properties of PS results in a very wide range of applications and make PS to

one of the most quantitatively important chemicals. It is produced in

industrial process since the 1920s. [121]

66



Chemical Concepts and Methods

Figure28: Synthesis of polystyrene (PS) from its monomer styrene (vinyl benzene).

Considering PS nanoparticles, the properties and applications differ from the

bulk material. The surface area is very hi gh compared to their volume,
affecting the mechanical, electrical and optical properties as well as the
chemical reactivity. PS nanoparticles are used in self -assembling
nanostructures or as biosensors. (1251261 QOne of the most promising
application field for nanoparticles and -carriers is drug delivery.
Biocompatible nanoparticles are needed. Often, drug molecules are poorly
soluble in biological media, due to their hydrophobicity. This can be solved

by encapsulati ng these drugs into protective nano carriers , generating a

hydrophilic surface and  enabling drug delivery.

4.1.2 Nanoparticle FormationTedniques

Nanoparticles as well as their preparation techniques are manifold. The
material of the particle can vary from proteins or polysaccharides to synthetic
polymers, on which this work is focused. The choice of nanoparticle
formation met hod depends on numerous factors that define the desired
properties for particular applications. Size, size distribution, solubility and
stability, surface characteristics as well as biocompatibility and

biodegradability are factors to take into account when choosing the

nanoparticle preparation technique. (2.3.127]
In general, there are two main methods for the formation of polymer
nanoparticles (Figure 29): direct polymerization of monomers and dispersion

of preformed polymers. Other possibilities a re ionic gelation or coacervation
of hydrophilic polymers or particle replication in non -wetting templates

giving an absolute control of particle size and shape. (2.3]
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Figure 29: Summary of the two main polymer nanoparticle formation processes: monomer
polymerization and dispersion from preformed polymer.

During t he nanoparticle formation by monomer polymerization in direct
systems, such as oil -in-water, monomers are polymerized in aqueous
solution to form nanoparticles. 1231 This can be performed in different
methods. The emulsion polymerization is the most commonly used technique

in this field. The nanoparticle formation can be done on the conventional way
with water, a monomer with low solubility in water, water -soluble initiator
and surfactant, but it is also possible to perform a surfactant -free emulsion
polymerization.  Different to emulsion polymerization , In miniemulsion
polymerization a low molecul ar mass compound is used as a co  -stabilizer
together with the other ingredients, such as water, monomer, surfactant and

initiator. Furthermore, high shear forces, e.g. ultrasound, are necessary for

the miniemulsion . Micro-emulsion polymerization or interfa cial

polymerization are other techniques to form polymer nanoparticles .27

The dispersion of preformed polymers is the second main technique for
nanoparticle formation.  Here, nanoparticles can be obtained from a salting -
out process, which  avoids surfactants and chlorinated solvents, from
nanoprecipitation, also called solvent displacement method, or from dialysis.

But most commonly, nanoparticles are prepared by solvent evaporation. It is
the first and most widely used method for the prepa ration of nanoparticles
from a preformed polymer.  In principle, a p olymer dissolved in the organic
solvent forms the oil -phase, and the aqueous solution with the stabilizer
forms the aqueous phase. Two main preparation strategies are possible:

single - or d ouble -emulsion. Oil -in-water (o/w) is an example for the single -
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emulsion preparation, whereas (water  -in-oil)-in -water (w/0)/w is an example

for the double -emulsion preparation. [127]

4.1.3 Solvent Evaporation from Emulsion Droplets

One possible wa y to prepare polymer nanporaticles is decribed in detail with
the solvent evaporation from emulsion droplet s (SEED) process. Herein, a
pre synthesized polymer is dissolved in a good organic solvent and then
emulsified in water with the help of a stabilizer or surfactant . High -speed
homogenization or ultrasound are necessary to obtain the emulsion. In the
next step the organic solvent is evaporated through the continious aqueous
phase and so a polymeric emulsion is formed. Therefore, contine ous
magentic stir ring or reduced pressure are nee ded. The solvent evaporation
leads to the formation of surfactant stabilized polymer nanoparticles

disperse d in the aqueous phase (Figure 30).[119.120,127]

Stirring Solvent
o Ultrasonication evaporation

A > | ’
o5 EA s

Water Organic Solvent ®— Surfactant ) Polymer

Figure30: Solvent evaporabn from emulsion droplets (SEED) processpre-synthesized polymer

is dissolved in a good organic solvent and emulsified with an aqueous surfactant solution, giving
stabilized polymer/organic solventiroplets. Solvent evaporation leads to polymer nanopites.
Adapted from[119,120]

The SEED process has the great advantage that it is free from impurities in

the final product, e.g. monomers, catalyst or even toxic residuals. [120]
Additionally , the process is easy and very fast. The parti cle size can be
influenced by the process parameters, such as type and concentration of the
stabilizer, polymer concentra tion or speed of homogenization or

ultrasonication. [3!
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4.2 Experiments und Mterials

In this section, the chemicals an  d materials as well as the analytical setups
that were used for this work are summarized. Furthermore, the experiments

with all important parameters are described in detail.

4.2.1 Materials

Chl or of ®9 %) wasurchased from Acros  Organics and anhydrous

tolu ene (100 %) from VWR Chemicals. The solvents were used as received.

Sodium dodecyl sulfate (SDS, 99 %) was purchased from  AlfaAesar and

diluted in ultrapure water (Milli -Qwater, 182 MNtcm) to a concentratio
1 g/L. The fluorescent dye Atto425 was purc hased from ATTO -TEC GmbH

(Siegen, Germany) and diluted in ultrapure water (Milli -Q, 182 MNt cm) .

Polystyrene ( My = 75 kg/mol , PDI = 1.03) was provided by J. Thiel (MPI  -P).

The molecular rotor LBX37 was provided in a 5-10 -4 M solution in toluene

from the gr oup of Roberto Simonutti ( Department of Materials Science

University of Milano  -Bicocca, ltaly ).

4.2.2 Time-Correlated Single Photon Counting (TCSPC)

Time -correlated single photon counting (TCSPC) data were recor ded on a
confocal setup. A PicoQ uant diode laser (405 nm) was coupled into a Zeiss
LSM 880 microscope (Carl Zeiss, Jena, Germany) using a MBS405 dichroic
mirror (Carl Zeiss, Jena, Germany) . The laser beam was focused through a
Zeiss C-Apochromat 40%/1.2 W water immersion objective into the sample
solutio ns. Emitted fluorescence light was collected with the same objective,
passed through a pinhole and a band pass filter EM525/50 (Chroma
Technology, Vermont, USA), detected by a PDM SPAD (Micro Photon Devices,

Bolzano, Italy) and processed using a TimeHarp 2 60. An eight -well
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polystyrene, chambered cover glass (Laboratory -Tek, Nalge Nunc
International) was used as a sample cell for agueous samples and an
Attofluor® cell chamber (Invitrogen, Paisley, UK) was used for organic
solutions and dry samples. If not me ntioned in particular, the focus of the
beam was positioned 30 um inside the solution or emulsion, above the glass
surface. Analysis of the TCSPC data was performed usi ng the PicoQuant
SymPhoTime 64 software. The instrument response function (IRF) was
reconstructed with the PicoQuant SymPhoTime 64 software by directly

evaluating the onset of the decay.

4.2.3 TCSP®easuremers of the Molecular Rotolin Toluene

A 500 nM solution of LBX37 in toluene was prepared. The sample was
measured in an Attofluor® cell chambe r at room temperature (T =22 °C).
The setup specifications are described in section 4.2.2 . The sample was
measured for 120 s and the resulting decay curve was fitted with a single
exponential reconvolution fit (see equation 1) . The experiment was repeated

five times.

4.2.4 TCSP®easurements of Atto425 in Water

A 50 nM solution of Atto425 in water was prepared. The sample was
measured in a NUNC chamber at room temperature (T =22 °C). The setup
specifications are described in section 4.2.2 . The sample was measured for
120 s and the resulting decay curve was fitted with a single exponential

reconvolution fit (see equation 1). The experiment was repeated five times.

4.2.5 TCSP®easurementsin PolystyreneSolutions

Polystyrene (PS , 75 kg/mol ) was dissolved in toluene . The PS fractions were

ranging from 10 % PS in toluene upto 90 % PS in toluene. To each solution
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the molecular rotor LBX37 was added in a concentration  of
5.10-¢ M. Polystyrene solutions below 60 % were prepared by dissolving PS
in the appropriate amount of toluene. The solutions were stirred for 24 hto
obtain homogeneous solution s. For samples with PS concentrations above

60 %, the viscos ity wa s too high to dissolve the polymer  appropriately in the
comparably low amount of toluene. The high viscosity also precludes stirring.

To overcome this problem, samples with a high PS concentration were
prepared from a sample with initial 5 0 % PS. This sample was dried at
ambient atmosphere and room temperature. The resulting PS concentration
was calculated from the weight of the initial sample and the dried sample.

Since the weight loss only appeared from evaporate d toluene, the
concentration could be determined. With this preparation method , it was
possible to 0 btain samples with PS concentrations up to 90 %. To measure
the rotor molecule in pure polystyrene, a polymer film was prepared from the

50 % PS solution by drying it for 72 hat50 °C undervacuum. Samples were
measured in Attofluor® cell chamber s at 22 °C as describes in section 4.2.2.
The measurement time was 180 s and the obtained decay curves were fitted
with a biexponential reconvolution fit (equation 2) for the PS toluene

mixtures and a monoexponential reconvolution fit f or pure PS (equation 1).

4.2.6 Polystyrene Nanoparticle Formationia SEEh Toluene

50 mg PS (Mw = 75 kg/mol ) were dissolved in 1.44 mL toluene. The solvent
contained the molecular rotor LBX37 in a concentration of 1 -10-6 M. 10 mL
of an aqueous solution of SDS (1 g/L) were added to the organic solution. A
macroemulsion was obtained by stirring for 1 h at 1250 rpm at room
temperature. The macroemulsion was sonicated using a Branson W450 -D
sonifier with ¥2  -inch tip in a pulsed regime (30 s sonication, 10 s pause) for
2 minat70 % amplitude under ice cooling. The obtained emulsion was either
directly measured or stirred at 40 °C at 500 rpm to evaporate the organic
solvent. For the kinetic measurements from the large volume, after specific

time intervals 100  pL oft he emulsion were diluted 5x in water and measured.

In case of the droplet measurement, 150 pL of the diluted emulsion were
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used for the measurement.  The samples were measured in a NUNC chamber
at room temperature (T = 22 °C). The setup specifications are d  escribed in
section 4.2.2 . The samples were measured for 120 s and the resulting decay

curves were fitted with a biexponential reconvolution fit (see equation 2).

4.2.7 Dried Polystyrene Nanoparticles

Polystyrene nanoparticles were  prepared as explained in section 42.6.To
study the fluorescence lifetime of the molecular rotor in dry PS nanoparticles,

the dispersions from the final SEED step were dried from small dispersion
droplets on round microscope ¢ over slides. The drops were dried for 30 min
under vacuum at 50  °C and then a next portion of droplet was added to the
dry thin layer. The process was repeated five time s to obtain a layer of PS
nanoparticles. The beam was focused into the nanoparticle lay erand TCSPC
measurements were performed as describes above. The decay curves were
fitted with a single exponential reconvolution fit (equation 1). Four samples

were prepared and measured.

4.2.8 SEED Process Without Polymer for Studying SDS Influence

1.44 mL tol uene, containg the molecular rotor LBX37 in a concentration of

1.10-8 M were added to 10 mL of an aqueous solution of SDS (1 g/lL). A
macroemulsion was obtained by stirring for 1 h at 1250 rpm at room
temperature. The macroemulsion was sonicated using a Bra nson W450 -D
sonifier with ¥2  -inch tip in a pulsed regime (30 s sonication, 10 s pause) for
2 min at 70 % amplitude under ice cooling. The obtained emulsion was
stirredat40 °C at500 rpm to evaporate the organic solvent. The sample was
measured in a NUNC ¢ hamber at room temperature (T =22 °C). The setup
specifications are described in section 4.2.2 . The sample was measured for
120 s and the resulting decay curve was fitted with a single exponential

reconvolution fit (see equati on 1).
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4.2.9 Polystyrene Nanoparticle Formation via SEELCoroform

50 mg PS (My =75 kg/mol ) were dissolved in 0.84 mL chloroform . The
solvent contained the molecular rotor LBX37 in a concentration of 1 106 M.
10 mL of an aqueous solution of SDS (1 g/L) wer e added to the organic
solution. A macroemulsion was obtained by stirring for 1 h at 1250 rpm at
room temperature. The macroemulsion was sonicated using a Branson
W450 -D sonifier with %2 -inch tip in a pulsed regime (30 s sonication, 10 s
pause) for2 minat 70 % amplitude under ice cooling. The obtained emulsion

was either directly measured or stirred at 40 °C at 500 rpm to evaporate the
organic solvent. For the kinetic measurements from the large volume, after

specific time intervals 100 L of the emulsion  were diluted 5x in water and

measured. In case of the droplet measurement, 150 puL of the diluted
emulsion were used for the measurement. The samples were measured in a
NUNC chamber at room temperature (T = 22 °C). The setup specifications

are described in section 4.2.2 . The samples were measured for 120 s and the
resulting decay curves were fitted with a biexponential reconvolution fit (see

equation 2).

4.2.10Fluorescence Correlation Spectroscopy (FCS)

Fluorescence correlation spectr oscopy data were recorded with the same
setup as describes for TCSPC measurements. The recorded photon data were
correlated to FCS autocorrelation curves, giving the diffusion times of the
nanoparticles, according to equation 6. The observation volume was
calibrated using Atto425 as reference dye. FCS Data were analyzed using the
software ZEN. The hydrodynamic radii were calculated from the measured

diffusion coefficients using the Stokes -Einstein relation (equation 10).
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4.3 Results and Discussion

This chapter focuses on the formation of  polystyrene nanoparticles . A lot of
work was done regarding the synthesis and preparation of nanoparticles and
their applications, especially as drug delivery s ystems . Understanding the
process and its physico -chemical propertie s is another important aspect to
study . The formation of polystyrene nanopatrticles from solvent evaporation

from emulsion droplets (SEED) was monitored by using a fluorescence
molecular rotor.  With the help of the rotor, itwa s possible to monitor the size
and concentration change of the nano droplets by fluorescence correlation

spectroscopy and time -correlated single photon counting experiments.

4.3.1 Fluorescence Lifetime dflolecular Potor LBX37n Toluene

A fluorescent molecular rotorwa s used to study the for mation of polystyrene
nanoparticles. This rotor is called LBX37 and is composed of a naphthalene

part, acting as the electron -acceptor, and a dibenzoazepine part, which is

the electron -donor (Figure 2C and Figure 31). Its fluorescence lifetime
depends on the microenvironment, mostly defined by the viscosity (see
section 2.2). To understand the behavior of the rotor, the fluorescence
lifetime was measured in pure toluene. Toluen e was chosen, because itis a
good solvent for the molecular rotor and it is suitable for the following
nanoparticle  formation  experiments. The fluorescence lifetime was
determined wusing time -correlated single photon counting (TCSPC)
experiments. The decay curve of this experiment is pictured in  Figure 31.
From the experimental decay a single exponential fit gave a fluorescence

lifetime of 0.6 ns.
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Fluorescent molecular rotor
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—— Single exponential fit, t = 0.6 ns
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Figure31: Experimental @cay curve(black)of the fluorescent molecular rotor LBX3in toluene,
together with the single exponential fit (red) and the instrument response function (IRF, grey). The
fluorescence lifetime was found to be Oss. The bemical structure of the molecular rotor LBX37

is depictedin the figure

The fluorescenc e lifetime of LBX37 in toluene wa s quite small compared to

conventional fluorescent dye s, such as Atto425. The reason wa s the special

property of the molecular rotor, as discussed in section 2.2. The
intramolecular rotation of the molecule is high in a low -viscosity
environment, such as pure toluene, resulting in a short fluorescence lifetime

To assure, that the method and setup work ed correctly, an additional
experiment with a fluorescent dye with know n fluorescence lifetime was
measured. Atto 425 is a commercially available fluorescent dye with a
fluorescence lifetime of = 3.6 ns.i128] The decay curve of the Atto425
measurement is shown in Figure 32. The fluorescence lifetime was found to
be 3.6 ns, which corresponds to the literature v alue. This measurement

reassured the method for the fluorescence lifetime determination.
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Figure32: Experimental decay curve (black) of the fitescent dye Atto425 in water, together with

the single exponential fit (red) and the instrument response function (IRF, grey). The fluorescence
lifetime was found to be 3.61s, as it is described in the literature. The chemical structure of the dye
Atto425 is depictedn the figure

4.3.2 Master Qurve for Polystyrene Toluene Mtures

The aim of this work was to monitors the formation process of polystyrene
(PS) nanoparticles from the solvent evaporation from emulsion droplets
(SEED) process. During this process, toluene evaporated from surfactant
stabilized toluene -polystyrene droplets, forming polystyrene nanoparticles.
The concentration of PS inside the droplets was investigated during the

drying process.

Before performing the SEED experiments, a master curve was created by
measuring the fluorescence lifetime of the molecular rotor present in

polystyrene toluene solutions of different concentrations

77



Monitoring Polymer Nanoparticle Formation using a Fluorescent Molecular Rotor

Therefore, solutions of d ifferent PS concentrations in toluene  containing the
molecular rotor were prepared. Additionally, a sample with the rotor
molecule in pure PS was prepared. To study the behavior of the molecular
rotor, t he fluorescence lifetimes of the  samples were measured. The decay
curves are shownin Figure 33. The decay curves shift ed to longer times with
increasing amount o f PS in toluene. These results we re in agreement with
the theoretical concept, as explained in section 2.2.The fluorescence lifetime
of a molecular rotor wa s longer, the higher the viscosity of the
microenviron ment wa s. In case of 10 % up to 4 0 % PS in toluene, the
viscosity wa s comparably low and  the shift in the decay curveswa s small. A
clear shift was observed between 50 % and 80 % PS intoluene. PS amounts ,
th at we re larger than 80 9% show ed small shift s until the lifetim e of LBX37

in pure polystyrene wa s reached.

T T T T T T T

] Experimental decays: LBX37 in PS-toluene mixtures ]

10° Fraction polystyrene in toluene
] 0.10 —0.50 1
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%‘ 0.30 ——0.80
S 1074 —040 —0.85 -
IS ] ——0.90 ;
@' pure PS
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Figure33: Experimentaldecay curves of the molecular rotor LBX37 in differdPfsconcentration in
toluene, ranging from 10% polystyreneup to 90% polystyrenein toluene and additionallythe
experimental decay in pure polystyrene, showing longer decay times with increasing PS fraction
(increasing viscosity).
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The decays of the PS toluene mixtures were fitted with a biexponent ial fit
function, resulting in two fluorescence lifetimes, as shown in Figure 34.The
short lifetime increased  from 0.6 ns in pure toluene and up to a fraction of

20 % PSto 3 nswhen the PS fraction reached 90 %. The long lifetim e started
around 3 ns in very di luted PS solutions and increased to 5.1 ns in pure

polystyrene.

The reason for two (or more) di  fferent fluorescence lifetimes wa s the presence
of two different microenvironments the mol ecular rotor was surrounded by
Rotor m olecules that were closer to the toluene molecules may show faster
fluorescence lifetimes than rotor molecules that interacted more with the
polystyrene chains. Hence, two different lifetimes appeared in the decay. The

short fluorescence lifetimes in the samples with less than 50 % PS were in
the same range as the fluorescence lifetime of the molecular rotor in pure

toluene.
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Figure34: Fluorescence lifetimes of the molecular rotor LBX37 in PS toluene solutions of various
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The accuracy of the small lifetime f1 was much better in the low PS fraction
range, whereas the accuracy for the larger lifetime f> was low, as the error
barsin Figure 34 indicate. This occurs from the fractions of the two lifetimes,
which are defined as their amplitudes, as they will be called in the rest of the

thesis. The corresponding amplitudes f  or the PS -toluene samples are

presented in Figure 35.
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Figure 35: Amplitudes of the fluorescence lifetimes of the molecular rotor LBX37 in PS toluene
solutioqs pf varjqus concentratipns. BI}Je triangles spow Ehe ain,uig Al,of thAe short fluorescgncev A
fAFSUANWRS 2Nl y3IS aul NR NBaSYofS UKS | YLE AlGdzRS
In the regime of 10 % to 30 % PS in the solution, the short fluorescence

lifetime is dominant and the long lifetime is almost ne gligible. That was the
reason for the low accuracy of the value for the long lifetime in the low PS

fraction range. Between 40 % and 70 % PS concentration the short lifetimes

was still dominant, but the amplitude and the influence of the long lifetime

incr eased. At concentrations about 80 % PS in toluene the amplitudes of

both lifetimes were equal and the long lifetime dominated in regimes higher

than 80 9% PS concentration.
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Results and Discussion

To define one fluorescence lifetime value for each measurement or each
decay curve, the weighted average fluorescence lifetime fwa Ccan be used (see
equation 4) . This lifetime takes the different single lifetimes fi as well as their
amplitudes A, into account. The weighted average fluorescence lifetime is a

helpful value to simplify very ¢ omplex systems and to be able to compare

data more easily, as it was shown in the literature , €.9. for the polymerization

of PMMA. [129]

The dataset of the fitted curves can be found in Table 3 inthe appendix. The

wei ghted average fluorescence | ifetimes of

curves we re plotted aga inst the PS fraction in toluene t 0 obtain a master

curve (Figure 36).
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Figure36: Master curve. Weighted average fluorescence lifetimes of the molecular rotor LBX37 in
solutions of polystyrene in toluene in various concentrations.

The fluorescence lifetime of LBX37 in pure toluene was 0.6 ns, which did not
change significantly when 10 8 20 % polystyrene were present. Until a PS

fraction of 0.4 was reached, the lifetime was still below 1 ns. A stronger
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change was observed from 50 % PS wit h a lifetime of 1.1 nsto 70 % PS and
25 ns up to 90 % PS with a lifetime of 4.8 ns. In pure polystyrene the

fluorescence lifetime was found to be 5.1 ns.

The weighted average fluorescence lifetimes in the master curve clearly
confirm the trend that the f  luorescence lifetime increased with increasing
amount of polystyrene in the solution, due to higher viscosity in the
molecular rotors microenvironment. The fluorescence lifetimes from the
master curve were used in the following to determine the PS concentr ation

in the nanodroplets of the SEED process.

4.3.3 Monitoring the Polystyrene Nanoparticle Formatiovia SEED

The aim of this project wa s to monitor the formation of po lystyrene
nanoparticles, which we re formed in a solvent evaporation process (SEED).
The form ation process and especially the drying process of the nanodroplet S
is not fully understood , yet. From section s 4.3.1 and 4.3.2 the basic
parameters as well as the ra nge of fluorescence lifetimes we re known.
Therefore, polystyrene  with the molecular rotor LBX37 wa s dissolved in
toluene. To the organic solution an aqueou s surfactant (SDS) solution wa s
added and emulsified, in order to obtain surfact ant -stabilized toluene -
droplets that contain ed the po lymer and the rotor mol ecule. The process of
interest wa s the evaporation of toluene from these nanodroplets, forming PS
nanoparticles. Herein, the solv ent evaporation process itself wa s studied .
Therefore, the fluorescence lifetimes we re determined at sev eral time
intervals during the evaporation process to obtain kinetic information.
Additionally to the fluorescence lifeti me, which wa s obtained from TCSPC
experiments, the hydrodynamic radius of the toluene -PS-rotor -droplets wa s
determined by fluorescence correlation spectroscopy ( FCS). During the
evaporation process, the droplet wa s expected to shrink due to the loss of
the solvent. In the case that no coalescence wa s happening in the process,

as described in the literature, the droplet had a larger size in the beginning
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compared to the end of the process. [119 The final hydrodynamic radius was
the one from the PS nanoparticles.

Sample V1was prepared as described (4.2.6) and directly used forthe TCSPC
as well as for the FCS experiments. Hourly a 100 pL prob e was taken from
the sample to be measured. The decay curves ( Figure 37) show a clear shift
to higher fluorescence lifetimes with increasing toluene evaporation time. In
the fi rst two hour, the decay curves we  re similar. After 3 h a clear shift to
longer decay time wa s observab le. After 4 h the system reached its final

stage, becau se no more shift of the decayswa s observed in the following 3 h.
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Figure37: Experimental decay curves of sample Yfbrmation of polystyrene nanoparticle from
solvent evaporation from emulsion droplets)n 1-h-time intervalsa probe was measured via time
correlated single photon counting, giving the plotted decay curvés.the first 2h the decays did
not change, whereas theqocess wa finished after 4h.

The decay curves signalize d that the behavio r of the molecular rotor changed
between two and four hours of the toluene evaporation process. Before and

after wards the signalwa s constant. Thatmeans that there wa s adelay oft he
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evaporation start. One hypothesis for the behavior is the following: If the
water t hat surrounded the nanodroplets wa s saturated with the maximum
miscible fraction of toluene, no more toluene could move from the
nanodroplets towards the water phase . Fir st, the toluene in water needed  to
evaporate at the liquid airi  nterface and then the droplets we  re able to loose
toluene. To r each this state a certain time wa s needed to start the process.
As long as the nanodroplet wa s not cha nging, the molecular rotor  stayed in
the same microenvironment and no change in the decays or fluorescence
lifetimes was observed. Furthermore, the evaporation process was carried

out at 40 °C, but directly after sonication the emulsion wa s at room
temperature and needed sometimet o heat upto 40 °C. This may also shif t

this starting point for the toluene evaporation.

The dataset of the fitted curves can be found in Table 4 inthe appendix. The
weighted average fluorescence lifetimes, cal culated from the de cay curves,
were plotted in  Figure 38 against the evaporation time. In th e first two hours
the lifetime wa s around 1 ns, whereas the final lifetime was found to be

45 965 ns.
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Figure 38: Weighted averagefluorescence lifetime at different evaporation timesfrom TCSPC
measurements of sample V1.
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Comparisons of these fluorescence lifetimes to the master curve show ed that
the evaporation process started  with a polystyrene concentration of around

45 8 50 %. From the preparation pr ocess, the initial PS fraction was 5 %.
Hence, there wa s a significant loss of toluene between the preparation and

the evaporation step. Most likely, toluene evaporated during the sonication
process. During this step, th e glass bottle with the sample wa s open and
even with ice coo ling, the sample heated up during the sonication. Within
the 2.5 min sonication a large amount of toluene evaporated, so PS toluene
nanodroplets with roughly 50 % PS were present at the beginning of the

actual evaporation process.

From the weighted average fluorescence lifetimes and the master curve, the

PS concentration of the nanodroplets was determined. Black squares in
Figure 39 show the PS concentration plotted against the evapora tion time.
As already discussed the evaporation process starts with 50 % PS. Regarding
the data calculated from the master curve, the fluorescence lifetime for the
final state (after 4 h and more), only reaches 90 % PS, but not 100 %, as it
was expected fo r the final PS nanoparticles. One reason might be, that even

after 7 h evaporation time, toluene did not evaporate completely and that the

last 10 % toluene evaporate very slowly or not at all.

Two more experiments (V2 and V3) were performed in the same w ay as
described here, giving comparable results, which are shown i n the appendix.
One difference wa sthe delay time of the evaporation start . In both cases the
delay was more than 4.5 h and the evaporation process was finished after

24 h.

One great advanta ge of the applied method of fluorescence spectroscopy is,

that the diffusion coefficient of the nanodroplets can be determined
simultaneously to the TCSPC measurements via fluorescence correlation
spectroscopy (FCS). The hydrodynamic radius and therefore t he droplet size
can thus be determined via FCS. Assuming that the size, measured in t he
final state of the process, wa s the actual nanoparticle size, without toluene,

the PS concentration inside the nanodroplet was recalculated from the

85



Monitoring Polymer Nanoparticle Formation using a Fluorescent Molecular Rotor

hydrodynamic radius . The data were plotted as red circles in Figure 39. The

final nanoparticle size was a hydrodynamic radius of Ry =45 nm.
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Figure39: Fraction of polystyrene in the nanodroplet of the solvent evaporatiprocess at different

evaporation times, calculated from the PS master curve (black squares) and calculated from the
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Figure 39 shows that the PS frac tion in the SEED nanodroplet could be

determined from TCSPC and FCS measurements simultaneously. Both

datasets show ed the increase of PS fraction with increasing toluene

evaporation. This method enables to monitor the n anoparticle formation

from the emulsion droplets.

4.3.4 Monitoring the NanoparticleFormation in a Droplet

Additionally to the above discussed experiment, the evaporation process was

also monitored from a small sample volume, in the size of a 150 uL droplet
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(D1). The advantag e was on the one hand that the evaporation process wa s
faster , due to the better surface to volume ratio. On the other hand , exactly
the same sample droplet ¢ ould be monitored during the whole process and
was not disturbed mechanically. In th e previous experiment, for each
measurement always a new probe was takes from the reaction volu me, but

here the probe stayed the same.

A sample (D1) was prepared similar to the discussed sample, but a 150 uL
droplet was used for the measurements. In the be ginning of the process,
every 5 min, later every 10 8 20 min a measurement was performed. The
decay curves are shown in  Figure 40. The curves show the increase of the
decays during the process. The complete ev  aporation process t ook about

45 min, whereas the strongest changes were observed in the first 15  min.
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Figure40: Experimental decay curves a¢fample O (formation of polystyrene nanoparticle from
solvent evaporation from emulsion droplets), a 130 droplet. Every 5 20min a probe was
measured via timecorrelated single photon counting, giving the plotted decay curvekeprocess
was finished after 45min.

87



Monitoring Polymer Nanoparticle Formation using a Fluorescent Molecular Rotor

From the decay curves the weighted average fluorescence lifetime were
calculated and plotted against the evaporation time. Figure 42 shows that
the obtained dat awere similar to the data from sample V1. The initial lifet ime
was around 1 ns and increased to 5 ns in the final state of the evaporation
process. In a second e xperiment (D2) the findings were comparable to D1

and are shown in the appendix ( Figure 52).
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Figure41l: Weighted average fluorescence lifetimes at different toluene evaporation times from
TCSPC measuremis of sample D1.

To obtain information about the nanodroplets, the data points were
compared to the master curve and the PS fraction in the nanodroplet was
plotted against the toluene evaporation time. Again, the data show ed that
the initial P S concentrat ion in the dropletwa s around 50 %, as discussed for
sample V1. The increase of PS fraction during the evaporation process wa s
clearly observable. The final state of the process wa s again comparable to a

polystyrene fraction of 90  %. In this sample as well  as in sample V1 the
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fluorescence lifetime of the molecular rotor in p ure polystyrene was not

reached .

Maybe it is just a question of the error of the measurements and calculations

or it might be possible that the complex SEED system influenc ed the
fluores cence lifetime. In case of the master curve, only the rotor dye, PS and
toluene we re present. In the SEED samples , water and the surfactant SDS
were also present. It might be possible that their presence influence d the
rotors fluorescence lifetime. Sections 4.3.5, 4.3.6 and 4.3.7 focus on this

problem in more details.

Additional to the PS concentration s determined from the master curve the
obtained dataset were used for F CS autocorrelation to calculate the PS

concentration from the nanodroplet sizes.
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Figure42: Fraction of polystyrene in the nanodroplet of the solvent evaporation process at different
evaporation times, calculated from the PS mastcurve (black squares) and calculated from the
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The PS concentrations ca Iculated from the master curve we re in good
agreement with the P S concentration s calculated from the FCS data. The

final size of the nanoparticle was Ry =20 nm.

The presence of the molecular rotor LBX37 in the SEED process allowed
monitoring the shrinkage of the nanodroplets during the solvent evaporation
and therefor e the formation of the nanoparticles. The actual evaporation
process started with a much lower solvent concentration as initially present

in the preparation process, which wa s most likely caused by the sonication

step. But the question why the final state of the process d id not give a
fluorescence lifetime that is similar to th e lifetime measured in pure PSwa s
still not clear.

4.3.5 Polystyrene Nanoparticles in Drynkironment

To exclude that the behavior of the fluorescent molecular rotor is different in

bulk PS compared to PS nanoparticles , the prepared nanoparticle
dispersions were dried and a thin film of solvent free PS nanoparticles was
measured. The obtained decay curve is depicted in Figure 43. The measured
dataresultedinafl uorescence lifetime of F =5.4 ns. This value corresponded

to 100 % PS in the master curve.

Hence, it was clear, that the fluorescence lifetime of PS nanoparticles
prepared from solvent evaporation from emul sion droplets was not lower
than in bulk polystyr ene. The experiment was repeated with four different
batches of polystyrene nanoparticles prepared from the SEED process. All

samples gave the same results.
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Figure 43: Experimental decay curve (black) of the fluorescent molegulator LBX37 in PS
nanoparticles prepared from SEED. The instrument response function (IRF) is shown in grey. The
decay was fitted with a single exponential fit function (red), givingflaorescence lifetime of
_=5.4ns. The lifetime is comparable to 108S in the master curve.

The nanoparticle formation by solvent evaporation can be monitored via
time -correlated single photon counting and fluorescence correlation
spectroscopy. The concentra tion change inside the nanodroplet as well as
the droplet shrinkage can be monitored. The experiment can either be
performed from a larger reaction volume or from a small droplet. Both

experiments show the same process behavior, but at different timescales

4.3.6 LongTerm $udy of the Drying FPocess

Kinetic studies of the nanoparticle formation via solvent evaporation from
emulsion droplets showed a fluorescence lifetime of less than 5 ns. This
value was observed for studies from a large reaction volume as well as for
monitoring the process from a small reaction droplet. In comparison to the

master curve , the obtained f luorescence lifetime corresponded to a
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polystyrene concentration of 90 %. But in the final state of the evaporation
process a PS nanoparticle and  therefore 100 % PS were expected. From the
previous stu dy of dried PS nanoparticle itwa s clear that the final SEED state
was different from the dry particles. So the question occurred whether the

SEED particles are really in their final state. The experim ents showe d that
the evaporation process wa s very slow in the last phase. To be sure that no
more toluene evaporateed after more than 24  h, one sample was measured
again after three months. The measurements gave exactly the same
fluorescence lifetimes valu es and amplitudes as obtained for the same
sample after 24 h of evaporation. Hence, the evaporation process was
completed inlessthan 24 h and no change was monitored after a longer time

interval .

So, the assumed short evaporation was not the reason for the final lifetime

in the SEED process that represented a PS concentration of 90  %.

4.3.7 Influence of SDS

As already mentioned it is possible that the presence of the surfactant SDS
played a role in the experiments. SDS was needed to stabilize the emulsion
and later the PS particle  dispersion. The SDS molecules we re present
everywhere in the aqueous solution. Mainly they we  re separating the PS
toluene emulsion droplets fromt  he aqueous solution, but SDS could have
also be en present inform of micelles. It could be possible that these micelles
encapsulate d rotor molecules without polystyrene being present in the

micelles .

To investigate the hypothesis of the SDS influence, an experiment was
performed, in which a sample was prepared in the same way as it was done

for the SEED kinetic experiments, but without any polystyrene.

The aim was to monitor the behavior of the molecular rotor in SDS solutions.
After the evaporation of toluene (same procedure as done before), a decay

curve as shown in  Figure 44 was obtained. The fluorescence lifetime was
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found to be 4 ns. Considering that this experiment showed only one species,

it is most likely that the se were rotor molecules in  SDS micelles. These
micelles could have been present in the actual SEED process for the
formation of PS nanoparticles. If that is the case, the amount of micelles

might be comparably small, but can still have an influence on the weighted

average fluorescence lifetime.

Molecular rotor LBX27 in SDS

—— Experimental decay
1000 - —— Single exponential fit
| —— Instrument response function

rel. intensity

; : , . .
0 10 20 30 40
time [ns]

Figure44: Experimental decay awe of the molecular rotor LBX37 in an SDS solution. The sample
was prepared as described for the polymer nanoparticle formation via SEED, but without polymer
to obtain data for the behavior of the rotor in SDS.

This study can explain that the average fluo rescence lifetime of the final state
particles was lower than expected, because SDS influenced the lifetime and

changed it to lower values.

In conclusion, the formation of polystyrene nanoparticles via solvent
evaporation from emulsion droplets was success fully monitored. The
presence of the fluorescent molecular rotor LBX37 enabled determining the

PS concentration as well as the size of the nanodroplet via TCSPC and FCS

93



Monitoring Polymer Nanoparticle Formation using a Fluoreskttecular Rotor

measurements. Both analysis techniques can be performed simultaneously,

giving comparab le results. This method can be applied for samples from large
reactions volumes as well as for small volumes, such as single droplets. Since
the system is very complex, herein only the weighted average fluorescence
lifetimes were taken into account. But as the results show, the influence of
SDS, water or other factors can play a role. Therefore, the fluorescence
lifetimes need to be analyzed in more details to obtain even more information

about the drying process of the nanodroplet and the formation of the
nanoparticles. This analysis is very complex, but more than interesting as a

follow up project. Some initial studies are presented in the following.

4.3.8 A Closer Looknkidethe Nanodroplets

In the previous experiments  only the weighted average fluorescence li  fetimes
of the samples were discussed. But , if the decay ¢ ould not be fitted with a
single exponential fitting function, two or more fluorescence lifetimes were
present. These lifetimes as well as their fraction s might give a closer look

inside the microen vironment and the nanopatrticle formation process.

As an example , the short and long fluorescence lifetimes  and amplitudes of
sample D1 are shown in  Figure 45 and Figure 46. The values for the short
lifeti mes increased from 0.6 ns to 2 ns with increasing toluene evaporation
time. These values were also  found in the master curve for PS concentrations
upto 70 %. The long fluorescence lifetime increase  d from4.3 nsupto7.4 ns,
values that ¢ ould not be found in the master curve. The weighted average
fluorescence lifetimes were suitable for comparisons to the master curve, bu t
the short and long lifetimes we  re not. Maybe the drying process influence d

the particle formation quite a lot.
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To get a better insight, a closer look to the amplitudes of both lifetimes can

be helpfu I. Figure 46 shows that the amplitudes of the sh ort lifetime we re

dominant in the first minutes of toluene evaporation, but the amplitudes for

the long lifetime increase d and dominate d the process in the final state.

Nevertheless, both lifetimes we re present in the final state of the particle

formation. One hypothesis is that the particles were not homogeneous

particles, but they may have been driedinac apsule like shape. Maybe there

was an out er layer, or skin, that consisted of dry pol ystyrene, whereas inside

there wa s still a fraction of toluene present. Both microenvironments would

give different fluorescence lifetimes. Two different domains might also occur

for the molecular rotor from the interaction with PS and SDS molecule s and

only with PS molecules.
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Figure46: Amplitudes of the fluorescence lifetimes of sample D1. Blue triangles show the amplitude
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4.3.9 PolystyreneNanoparticles from SEED withhforoform

Another interesting factor for investigating the nanodroplet drying behavior

is the solvent. T oluene as solvent for the nanoparticle formation was used

for several rea sons, but mainly because it did not evaporate too fast at room
temperature, that measurements we re possible in the time scale of the
evaporation process. But , to gain more information about the influence of

the sol vent, the particle formation via SEED was also performed with
chloroform as solvent. Both ways, from a large reaction volum e (CV1) and
from a single droplet (CD1) were tested. As an example the decay curves,
fluorescence lifetimes and amplitudes of the droplet sample CD1 are
presented and discussed in the following. Figure 47 presents the decay

curves for sample CD1 that shift ed to longer times dur ing the chloroform
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evaporation. The behavior was similar to the samples made from toluene.
The data for the experiment from a large reaction volume CV1 are shown in

the appendix.
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Figure47: Experimental decay curves cfampleCD1 (formation of polystyrene nanoparticle from
solvent evaporation from emulsion droplets with chloroform as solvent), a 150 droplet. In
appropriate time intervals a probe was measured via tingerrelated sngle photon counting, giving
the plotted decay curves. The process wéinished after 44min.

A closer look to the fluorescence lifetimes was made in Figure 48. The short,
long and weighted average fluorescence lifetimes we re plo tted against the
chloroform evaporation time. All three datasets show ed a similar behavior.
In the first minutes of the evaporation process, the changes we re small, but
withi n 15 min a strong change appeared . In this time range , the main
process has happen ed. After 44 min the complete process wa s in the final
state. If the lifetime values from Figure 48 were compared to the values
obtained from toluene samples, the datasets we re similar and the

nanoparticle formation looked the sam e.
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Figure48: Fluorescence lifetimes of sample CD1. Blue triangles show the short fluorescence lifetime
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Looking at the amplitudes in Figure 49, the fast e vaporation and the lifetime

change was observed, too. The short lifetime had a high amplitude in the

first minutes, but the fractio n of the long lifetime increased  drast ically with in

15 min, that showed the strong jump of the lifetimes. Here in, as well as in

the toluene samples, the final state of the nanopa rticle formation showed a

long lifetime to short lifetime ratio of 6:4.
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Figure 49: Amplitudes of the fluorescence lifetimes of sample CD1. Blue triangles show the
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In conclusion, the nanoparticle formation via solv ent evaporation from

emulsion droplets can be monitored in the presence of different solvents,

such as toluene and chloroform and the obtained data show a similar

behavior of the fluorescence lifetimes and amplitudes of the molecular rotor.
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4.4 Summaryand Qutlook

This project presents a different perspective in the field of polymer
nanoparticles, besides the preparation methods themselves or the possible
applications of the particles. Herein, the formation process of nanopatrticles
was studied, to gain more i  nformation about the technique, in order to use

this process for the formation of nanoparticle drug delivery systems.

In this work, the nanoparticle formation of the SEED (solvent evaporation

from emulsion droplets) process was studied. With this method,
nanoparticles for drug delivery issues ¢ ould be prepared. A deeper
understanding of the formation process , would enable easier formation of
new drug delivery systems. Polystyrene (PS) nanoparticles were prepared by
the evaporation of toluene from an emulsif ied system. This evaporation
process was monitored by adding a fluorescent molecular rotor to the
procedure. This rotor showed a fluorescence lifetime , which depends on the
microenvironme nt and mainly on the viscosity. Hence, the determin ation of
the lifet ime, led to information about each stage in the process of

nanoparticle formation.

Experiments regarding the fluorescence lifetime of the rotor molecule in
different environments from pure toluene, various PS -toluene solutions and
pure PS, clearly showed t he viscosity -dependent behavior. In a low viscosity
environmen t, as in toluene, the lifetime wa s 0.6 ns and increased with
increasing fraction of PS in the solutions until a f luorescence lifetime of
5.1 ns was reached in a pure PS film. The weighted averag e fluorescence
lifetime s of these samples formed the master curve for later determination of

the PS concentration

To understand the particle formation during the evaporation process, the
weighted average fluorescence lifetimes were determined via TCSPC

measurements and with the help of the master curve the PS concentration

100



Summary and Outlook

in the nanodroplets was calculated. Hence, the method enabled the

determination of the stage of the particle formation process.

Additionally to the lifetime measurements, fluorescence co rrelation
spectroscopy (FCS) was used to investigate the size of the toluene -PSdroplets
during the evaporation process. The hydrodynamic radius of the droplet was
calculated from the diffusion coefficients . FCS data showed a decreasing
droplet size from t he beginning of the evaporation process until the final
particles size was reached. Furthermore, FCS data were used to determine
the PS concentrations in the nanodroplet s, which were in good agreement to
the concentrations calculated from TCSPC experiments and the master

curve.

The presence of two fluorescence lifetimes in the particle formation process

has shown that the nanoparticles may form in an inhomogeneous way. It is
possible that a core-shell -like drying process wa s present in the SEED
nanoparticle formation procedure. Further investigations are necessary to

understand the process in more details.

Fluorescence molecular rotors are helpful molecules to monitor the
nanoparticle formation via SEED and give the possibility to understand the
evaporation process. Even though, this work gives just afirstglance on what
is possible, further studies could be beneficial to understand the process

even more. An interesting aspect  would be to investigate in much more
details , if the particles dry in a homogeneou s way or if they end up more
heterogeneous, e.g. forming capsules. Therefore, the precise determination

of the fluorescence lifetimes from multi -exponential decay s needs to be
improved further . Another interesting study could be to monitor the same

particl e formation, b ut with another rotor molecule and compare the results.

Besides the SEED process for nanoparticle formation, there are many more
other ways. The investigation of these methods, such as miniemulsion
polymerization, would be beneficial to under stand the ways to prepare

nanoparticles for drug delivery in a defined process .
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4.5 Appendixc Additional Datasets

Additional data are presented in the figures and tables of this section.

Table3: Fluorescence lifetimes, amplitudes aneeighted average fluorescence lifetime data of the
master curve (molecular rotor in different concentrations of polystyrene PS in toluene).

Fraction Fluorescence | Fluorescence | Amplitude Amplitude Weighted
PSin lifetime 1 lifetime 2 ofs T of, 7 average
toluene f1inns f2 in ns Al A2 flu?i;:(r:ne:ce

fwa IN NS
0 0.60 - - - 0.60
0.1 0.60 3.0 0.997 0.003 0.61
0.2 0.62 3.5 0.995 0.006 0.63
0.3 0.69 3.3 0.982 0.018 0.74
0.4 0.75 3.6 0.973 0.028 0.83
0.5 0.93 35 0.923 0.077 1.11
0.6 1.20 3.7 0.84 0.16 160
0.63 1.13 3.4 0.85 0.15 1.64
0.65 150 4.0 0.70 0.30 2.25
0.7 1.58 4.3 0.68 0.32 2.42
0.73 1.91 4.9 0.27 0.73 3.36
0.8 2.03 4.5 0.45 0.55 3.07
0.85 2.20 5.0 0.25 0.75 4.30
0.89 3.20 5.6 0.28 0.72 4.93
0.9 3.00 5.2 0.20 0.80 4.76
1 - 51 - - 51
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Table 4. Fluorescence lifetimes, amplitudes and weighted average fluorescence lifetime data
sample V1 (SEED of PS toluene nanodroptgtrge reaction véume).

Toluene | Fluorescence | Fluorescence | Amplitude Amplitude Weighted
evapo- lifetime 1 lifetime 2 ofq F of, T average
ration oo - fluorescence

- f1inns f2 inns Al A2 e
time lifetime
tinh fwa iN NS

1 0.797 5.10 0.92 0.08 1.16
2 0.801 5.20 0.92 0.08 1.16
3 1.22 6.04 0.80 0.20 2.19
4 1.55 6.91 0.45 0.55 4,52
5 1.52 6.92 0.45 0.55 4.50
6 1.53 6.92 0.46 0.54 4.47
7 1.58 6.93 0.44 0.56 4.57
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Figure50: Sample V2, SEED of polystyrene toluene nanodroplets. Left: Experimental decayas
measured via TCSPC at different time intervals of the evaporation process. Right: Weighted average
fluorescence lifetimes, obtained from the experimental decays.
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Figure51: Sample VX SEED of polystyrene toluene nanodrofde Left: Experimental decay curves
measured via TCSPC at different time intervals of the evaporation process. Right: Weighted average
fluorescence lifetimes, obtained from the experimental decays.

Table 5: Fluorescence lifetimesamplitudes and weighted average fluorescence lifetime data
sample D1 (SEED of PS toluene nanodroplets from apd5@roplet).

Toluene Fluorescence | Fluorescence | Amplitude Amplitude Weighted
evapo- lifetime 1 lifetime 2 ofys F of, F average
rz:ir:)en f1inns f2inns Al A2 fluclji?;;c;qegce

tin min fwa iN NS

0 0.68 4.29 0.904 0.096 1.03
5 0.77 5.55 0.758 0.242 1.93
10 1.06 6.64 0.652 0.348 3.00
15 1.27 6.68 0.591 0.409 3.49
25 1.60 7.12 0.506 0.494 4.33
35 1.75 7.26 0.466 0.534 4.69
45 1.74 7.29 0.452 0.548 4.78
60 1.66 7.2 0.439 0.561 4.77
80 1.77 7.32 0.443 0.557 4.86
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Figure 52 Sample D2¢ SEED of polystyrene toluene nanodroplets in a |H0 drodet. Left:
experimental decay curves measured via TCSPC at different time intervals of the evaporation
process. Right: Fluorescence lifetimes, obtained from the experimental decays.

Table 6: Fluorescence lifetimes, amplitudes andeighted average fluorescence lifetime data
sample CD1 (SEED of PS chloroform nanodroplets from aul5froplet).

CHCI ;5 Fluorescence | Fluorescence | Amplitude Amplitude Weighted
evapo- lifetime 1 lifetime 2 ofys F of, T average
rzlt,inog f1inns f2 in ns Al A2 ﬂucl)i:cizcrfgce
tin min fwa IN NS
0 0.585 5.62 0.934 0.066 0.91
5 0.640 5.80 0.949 0.051 0.90
10 0.677 590 0.909 0.091 1.15
15 0.724 5.98 0.879 0.121 1.36
19 1.00 6.00 0.779 0.221 2.10
21 140 6.90 0.569 0.431 3.77
23 1.38 7.24 0.499 0.501 4.31
25 1.61 7.30 0.457 0.543 4.70
27 1.70 7.45 0.453 0.547 4.85
29 1.71 7.34 0.429 0.571 4.92
34 1.67 7.34 0.413 0.587 5.00
44 2.0 7.54 0.404 0.596 5.30
94 2.1 7.52 0.361 0.639 5.56
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